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ABSTRACT: Rare earth elements (REEs) are essential for low-
carbon technologies and a wide range of consumer products, yet
intra-REE separation remains a critical challenge due to their
similar physicochemical properties and co-occurrence in waste
streams. Here, we developed a novel biosorbent, termed MNP-
Hans-LanM, by immobilizing Hansschlegelia quercus-derived
Lanmodulin (Hans-LanM) on the surface of SpyTag-functionalized
magnetic nanoparticles (MNPs) for the separation of REEs into
light and heavy groups from waste streams. The biosorbent
exhibited an adsorption activity of 5.6 ± 0.8 μmol-neodynium/g-
sorbent, and the adsorbed REEs could be recovered with >90% efficiency. The MNP-Hans-LanM could effectively separate
representative light and heavy REE pairs and maintained >90% of activity over five adsorption−desorption cycles. Importantly, when
applied to a low-grade course coal refuse natural leachate, the biosorbent selectively captured REEs and enabled enrichment of
bound REEs into light and heavy REE groups without the use of hazardous solvents, resulting in 195- and 64-fold enrichment,
respectively, relative to the initial REE feedstock. Results from this study contribute to the development of innovative biosorptive
technologies for sustainable intra-REE separation from complex waste streams.
KEYWORDS: rare earth elements, intra-REE separation, protein, nanomaterials, waste streams

1. INTRODUCTION
Rare earth elements (REEs), including lanthanide (Ln) series,
scandium, and yttrium (Y), are indispensable for clean energy
technologies and manufacturing consumer products (e.g.,
computers and smartphones).1,2 Each REE exhibits distinct
electronic, magnetic, and optical properties, making them
uniquely suitable for a wide range of industrial applications.3

For example, neodymium (Nd) is critical for producing high-
performance magnets used in electric vehicles, while Y is
widely used in phosphors for displaying and lighting
technologies.4,5 While significant progress has been made in
separating REEs from non-REEs (i.e., REE extraction) during
REE mining and recycling,6−9 intra-REE separation remains a
major challenge. The difficulty arises from the similar physical
and chemical properties of REEs and the frequent co-
occurrence in natural ores and waste streams.10,11 Current
methods for intra-REE separation mainly rely on solvent
extraction and ion exchange chromatography, both of which
have some limitations. Solvent extraction involves the use of
organic solvents containing selective extractants to partition
REEs, but achieving high-purity intra-REE separation often
requires dozens to hundreds of extraction stages, which results
in a large process footprint, high capital investment, and the
generation of substantial secondary liquid waste.12,13 Ion
exchange chromatography suffers from its limited capacity

(e.g., <3 mequiv/g-resin) and relatively high operational
costs.14,15 Furthermore, both methods are inefficient for
processing low-grade and diluted REE feedstocks (REEs <
1%) containing high concentrations of non-REE impurities due
to limited selectivity for REEs.16 Pretreatment steps are needed
to remove interfering substances before REE separation.17

Therefore, it is critically needed to develop effective and
environmentally sustainable technologies for intra-REE sepa-
ration from waste streams.
Protein-based biosorption has emerged as a green-chemistry

alternative to conventional methods for effective REE
extraction and separation due to its high affinity and selectivity,
low energy/chemical requirements, and minimal waste
generation. Lanmodulin, a highly selective REE-binding
protein isolated fromMethylobacterium extorquens (Mex-
LanM),18 has been used for efficient REE extraction from
synthetic REE-containing solutions or solid waste leach-
ates.8,19−21 Recent studies further demonstrated that immobi-
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lized Mex-LanM on agarose beads enabled effective separation
of REE pairs (e.g., Nd/Dy) and light/heavy REE groups by
leveraging the protein’s preferential response to light REEs
(La−Gd).22,23 More recently, a newly identified LanM
homologue, Hans-LanM, was isolated fromHansschlegelia
quercus and exhibited a 103−106-fold higher selectivity for
REEs (apparent dissociation constant, Kd,app in the pM to nM
range) over Ca2+ (Kd,app = 60 μM), representing another highly
selective REE-binding protein.24 The bound REEs could be
easily desorbed using a weak chelator (e.g., malonate) or an
acid solution (pH < 2), enabling the efficient recovery of REEs.
Notably, Hans-LanM demonstrated improved light/heavy REE
separation due to a distinct metal coordination mechanism,
wherein its oligomeric state responds sensitively to rare-earth
ionic radius, compared to Mex-LanM.24 Structure-guided
mutagenesis further enhanced its performance, resulting in
the Hans-LanM R100 K variant with greater selectivity for Nd/
Dy pair separation compared to the wild type.24 These
properties position Hans-LanM R100 K as a promising
candidate for intra-REE separation; however, its performance
in complex REE-containing waste streams remains unexplored.
For cost-effective intra-REE separation, it is essential that

Hans-LanM-based biosorbents maintain high functionality,
stability, and reusability. Using free Hans-LanM suffers from
short protein lifetime, nonreusability, and high single-use
costs.25 Protein immobilization onto solid supports offers a
viable strategy to improve protein stability and reusability.26

Recently, we developed a novel nanobio platform for protein
immobilization based on SpyTag-SpyCatcher chemistry (Spy
chemistry).27 This approach enables stable and efficient
immobilization of target proteins onto magnetic nanoparticles
(MNPs) through the formation of a covalent iso-peptide bond
between SpyTag-functionalized MNPs and SpyCatcher-fused
proteins. Based on this platform, we previously constructed a
Mex-LanM-functionalized biosorbent (MNP-LanM) for selec-
tive REE extraction from real-world coal fly ash leachate.19 Our
results demonstrated that immobilization of Mex-LanM on
MNPs considerably enhanced protein stability while preserving
its REE-binding functionality.19 The Mex-LanM-immobilized
MNPs also retained colloidal stability and magnetic
responsiveness, enabling an easy magnetic separation. Addi-
tionally, the covalent attachment enabled the MNP-LanM to
endure multiple adsorption−desorption cycles under harsh
conditions such as high ionic strengths and low-pH treat-
ments.19 Building on these advantages, we envision leveraging
our nanobio platform to engineer a Hans-LanM-based
biosorbent for effective intra-REE separation from waste
streams.
In this study, we developed a novel biosorbent (MNP-Hans-

LanM) by immobilizing Hans-LanM-SpyCatcher on the
surface of SpyTag-functionalized MNPs for intra-REE
separation. We evaluated REE-binding and desorption activity,
demonstrating that MNP-Hans-LanM enabled effective
separation of representative REE pairs using stepwise
desorption conditions. The biosorbent also maintained its
functionality for REE pair separation over five adsorption−
desorption cycles. Furthermore, we tested group separation of
REEs under real-world conditions, where the MNP-Hans-
LanM selectively captured REEs from the natural coarse coal
refuse leachate and enriched bound REEs into light and heavy
REE groups without using hazardous organic solvents. To the
best of our knowledge, this is the first study to demonstrate
that Hans-LanM could achieve group enrichment of REEs

from real-world waste streams, representing an important step
toward practical intra-REE separation. The engineered
biosorbent showed great potential to enable effective and
sustainable intra-REE separation applications, which will
advance green-chemistry strategies for a circular economy of
REEs.

2. MATERIALS AND METHODS
2.1. Chemicals, Strains, and Plasmids. REE chloride

salts (>99.9%) were purchased from ThermoFisher Scientific
(Waltham, MA), and buffer reagents were obtained from
Sigma-Aldrich (St. Louis, MO). Restriction enzymes and
molecular reagents for cloning were purchased from New
England Biolabs (Beverly, MA), while primers for cloning were
synthesized by Integrated DNA Technologies (Coralville, IA).
Escherichia coli T OP10 strain and BL21 (DE3) were used for
gene cloning and for recombinant protein expression and
purification, respectively. E. coli cells were cultured in Luria−
Bertani (LB) medium with 100 μg/mL ampicillin at 37 °C.
The strains, plasmids, and gene fragments used in this study

are listed in Table S1. The Lanmodulin gene from
Hansschlegelia quercus24 with a single mutation of R100 K
was synthesized by Integrated DNA Technology with codon
optimization for E. coli expression. To construct pET21b(+)-
Hans-LanM(R100 K)-SpyCatcher (Figure S1), the Hans-
LanM(R100 K) gene fragment was digested with 5′ NdeI
and 3′ BamHI and ligated to the plasmid pET21b(+)-LanM-
SpyCatcher19 digested with the same restriction enzymes. The
recombinant plasmid was then transformed into E. coli TOP10
competent cells, which were selected on LB agar plates
supplemented with 100 μg/mL ampicillin. The plasmid was
extracted using a ZymoPURE Plasmid Miniprep Kit (Zymo
Research, Irvine, CA) and confirmed by Sanger sequencing.

2.2. Production of Hans-LanM(R100 K)-SpyCatcher
and SpyTag-Functionalized MNPs. The expression and
production of Hans-LanM(R100 K)-SpyCatcher (hereafter
Hans-LanM) followed the previously published protocol,24 and
described in detail in the Supporting Information. SpyTag-
functionalized MNPs were also synthesized as previously
described,27 with details in the Supporting Information.

2.3. Construction and Characterization of MNP-Hans-
LanM Biosorbent. The MNP-Hans-LanM biosorbent was
constructed by incubating Hans-LanM with SpyTag-function-
alized MNPs in a pH 7.0 Tris-buffered saline (TBS) buffer at
room temperature with rotary shaking at 30 rpm for 1 h.
SpyTag:SpyCatcher molar ratio was controlled at 1:1, an
optimal condition for immobilizing SpyCatcher-fused proteins
onto SpyTag-functionalized MNPs.19,28 After immobilization,
MNP-Hans-LanM was washed three times with TBS buffer
supplemented with 150 mM imidazole and 0.05% (v/v)
Tween 20 to remove nonspecifically bound proteins, and the
protein concentration was measured using the detergent-
compatible Bradford assay (Thermo Scientific, USA). The
loading of Hans-LanM onto the MNPs was calculated by
deducting the protein quantity present in both the conjugation
and washed solutions from the initial amount used for
immobilization. To confirm the successful immobilization,
Hans-LanM was labeled with fluorescein isothiocyanate
(FITC)22 and incubated with the MNPs for immobilization,
and the resulting MNP-Hans-LanM was characterized by a
Zeiss fluorescent microscope, with details in Supporting
Information.
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2.4. Intra-REE Separation Experiments. Five mg of
MNP-Hans-LanM was incubated with ∼5 ppm of REE pairs
(Nd/Dy, La/Dy) or a synthetic REE mixture at specified molar
ratios in 1 mL of 10 mM 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (pH 5.0) at room temperature with rotary
shaking (30 rpm) for 60 min. After adsorption, the MNP-
Hans-LanM was washed twice with 1.7 mL of TBS buffer
containing 0.01% Tween 20 to remove unbound REEs, then
resuspended in 1.8 mL of sodium malonate buffer (70−90
mM, pH 5.0) for 60 min. For the second desorption step, the
MNP-Hans-LanM was washed twice, dispersed in 1.8 mL of
pH 1.7 or 1.5 HCl solution, and incubated with rotary shaking
(30 rpm) for 60 min.
REE separation by MNP-Hans-LanM was also tested in the

natural leachate. The leachate was collected from a coarse coal
refuse plant located in western Kentucky.29 Adsorption
experiments were conducted in 15 mL centrifuge tubes
containing 20 mg of MNP-LanM and 3 mL of leachate (pH
5.0) for 60 min. After two washing steps, sequential desorption
was carried out using 3 mL of 80 mM sodium malonate buffer
(pH 5.0), followed by 8 mL of pH 1.5 HCl solution for group
enrichment and separation of REEs. For each test, SpyTag-
functionalized MNPs without immobilized Hans-LanM served
as a negative control. After each adsorption/desorption step,
the sample was centrifuged (13,000 rpm, 3 min), and the
supernatant was collected for REE analysis. Adsorption
efficiency (%) was calculated as the percentage of REEs
adsorbed relative to the initial amount, while desorption
efficiency (%) was the percentage of REEs recovered relative to
the amount adsorbed. All experiments were conducted in
triplicate.
For the REE pair separation experiments, the metal ion

purity and yield were defined as

=
+

C
C C

REE1 purity REE1

REE1 REE1

=REE1 yield
REE1 recovered
REE1 adsorbed

where CREE1 and CREE2 are the molar concentration of REE1
and REE2 in the desorption solutions, respectively.
For group separation of REEs from the natural leachate, the

REE purity and enrichment factor were defined as

=
+ +

LREEs purity
CLREEs

CLREEs CHREEs Cnon REEs

=Enrichment factor
REE purity in desorption solution

REE purity in feed solution

where CLREEs, CHREEs, and Cnon‑REEs are the molar concentration
of LREEs, HREEs, and non-REEs in the desorption solutions,
respectively.

2.5. Analytical Methods. REE and non-REE concen-
trations were quantified using a NexION 300X ICP-MS
instrument (PerkinElmer, Waltham, MA) operating in a
standard mode. Samples were introduced via an ESI PFA ST
nebulizer at a flow rate of 120 μL/min. Calibration was
performed using a commercial standard solution containing
equal concentrations of each REE or non-REE, with indium as
the internal standard. Before analysis, all calibration and
supernatant samples (collected after adsorption and/or
desorption) were acidified to 2% (v/v) with concentrated
nitric acid (70 wt%, trace metal grade, Sigma-Aldrich).

Calcium concentrations were determined separately using an
Optima 8300 ICP-OES (PerkinElmer, Waltham, MA).
Significant difference in Dy desorption efficiency between 80
and 90 mM malonate treatment was performed using two-
sample t tests.

3. RESULTS AND DISCUSSION
3.1. Successful Immobilization of Hans-LanM onto

MNPs. The MNP-Hans-LanM biosorbent was engineered by
immobilizing the Hans-LanM protein onto SpyTag-function-
alized MNPs using highly efficient Spy chemistry. The Hans-
LanM protein was expressed and purified, and its purity was
confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis, which showed a single
band of the expected molecular weight of ∼25 kDa (Figure
S2). The protein could react with cysteine-modified SpyTag in
TBS buffer solution by forming a stable complex resistant to
boiling, confirming that the recombinant protein that we
purified has a functional SpyCatcher domain (Figure S2).
Meanwhile, SpyTag-functionalized MNPs were synthesized
following our previously established procedure.27 Consistent
with our MNP design, the synthesized MNPs possessed a
core−shell-corona structure under transmission electron
microscopy (Figure S3A). Dynamic light scattering analysis
revealed that the MNPs had excellent dispersibility with a
hydrodynamic size of 833 nm (Figure S3B). The MNPs also
demonstrated high magnetic responsiveness, reaching nearly
100% within 10 min (Figure S3C). The amount of SpyTag
incorporated onto each MNP was quantified to be 3.6 wt%
using thermogravimetric analysis and fluorescamine assay
(Figure S3D, S3E). To construct the MNP-Hans-LanM
biosorbent, the purified Hans-LanM was incubated with
SpyTag-functionalized MNPs in TBS buffer at a 1:1 molar
ratio of SpyCatcher to SpyTag. The simple mixing step
enabled covalent iso-peptide bond formation between
SpyCatcher and SpyTag,30 resulting in stable protein
immobilization onto the MNPs. Notably, the immobilization
process was completed within 10 min, highlighting its high
efficiency.
The successful immobilization of Hans-LanM onto the MNP

surface was confirmed through fluorescence imaging and
activity characterization. To visualize protein localization on
MNPs, Hans-LanM was labeled with FITC, a green fluorescent
dye, and conjugated to SpyTag-functionalized MNPs. Under
fluorescence microscopy, the resulting MNP-Hans-LanM-
FITC particles displayed a bright-green shell surrounding a
dark magnetic core (Figure 1A). These MNPs also showed a
strong green fluorescence intensity (825.7 ± 12.2 au), while
the MNPs without SpyTag functionalization (as a negative
control) incubated with Hans-LanM-FITC exhibited back-
ground-level fluorescence intensity similar to that of PBS buffer
(Figure 1B). Additionally, the adsorption activity of the MNP-
Hans-LanM was evaluated using Nd as a representative REE.
The MNP-Hans-LanM biosorbent, with an immobilized
protein density of 2.6 ± 0.6 μmol-Hans-LanM/g-MNP,
adsorbed 5.6 ± 0.8 μmol-Nd/g-sorbent. In contrast, the
empty MNPs without Hans-LanM immobilization showed no
detectable Nd adsorption (Figure 1C). The molar ratio of
adsorbed Nd to the immobilized protein was 2.2 ± 0.4,
aligning with the ∼2:1 REE: protein stoichiometry observed in
previous studies with free and immobilized Hans-LanM on
agarose beads.24 This result suggests that the metal-binding
functionality (e.g., binding affinity) of Hans-LanM was largely
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preserved after immobilization onto MNPs. Furthermore, over
90% of the adsorbed Nd could be efficiently desorbed using a
pH 1.7 HCl solution (Figure 1C). Together, these results
confirmed the functional immobilization of Hans-LanM onto
the MNPs.

3.2. Effective Separation between REE Pairs. We next
investigated the potential of the MNP-Hans-LanM biosorbent
for REE pair separation by using a stepwise desorption
strategy. Previous studies have shown that the HREE complex
of Hans-LanM was more easily destabilized by chelators like
malonate compared to the LREE complex, providing a
mechanistic basis for selective desorption.24 We first tested
the separation of Nd/Dy, a REE pair commonly found in
NdFeB magnet-bearing E-waste, by using a synthetic Nd/Dy
solution (∼95:5 molar ratio) designed to mimic the LREE/
HREE composition.31,32 The MNP-Hans-LanM biosorbent
achieved ∼75% adsorption efficiency, with Nd and Dy
representing 97.3 ± 0.1% and 2.7 ± 0.1% of the adsorbed
REEs, respectively. The increased proportion of Nd on the
biosorbent relative to the feed indicates preferential Nd
adsorption. This result aligns with the behavior of free Hans-
LanM, which binds higher equivalents of Nd than Dy.24 To
separate Dy from Nd, the first-step desorption mediated by
malonate is essential, as Dy is more readily destabilized by
malonate than Nd.24 Therefore, we evaluated the effects of
malonate concentrations (70, 80, and 90 mM) on the recovery
efficiency of Nd and Dy and product purity in the first
desorption solution. Increasing malonate from 70 to 80 mM
improved Dy recovery efficiency from 53.1 ± 2.8% to 70.0 ±
5.7%, while Nd recovery efficiency remained unchanged
(Table S2). Correspondingly, Dy purity in the first desorption
solution increased from 30.5 ± 2.6% to 41.7 ± 2.0% (Figure
2A,B). 90 mM malonate did not further improve Dy recovery
efficiency (two-sample t-test, P > 0.05) compared to 80 mM
malonate, but increased Nd recovery efficiency to 8.6 ± 0.4%
from 2.7 ± 0.4% (Table S2). The unintended increase in Nd
release reduced the Dy purity in the first desorption solution to
18.3 ± 0.3% (Figure 2C). The corresponding mass balance of
REEs for adsorption and desorption processes, shown in
Figure 2, is provided in Table S3. The results showed that REE
recovery was approximately 85−95% after two desorption

steps, indicating that most REEs adsorbed on MNP-Hans-
LanM were effectively recovered. Based on these results, 80
mM malonate was selected for optimal HREE desorption in
the following experiments. After the first-step desorption, Dy
purity was enriched to 41.7 ± 2.0%, representing an 8-fold
increase compared to ∼5% Dy purity in the feed solution
(Figure 2B). Notably, our biosorption approach provides a
greener alternative to traditional solvent extraction methods
that rely on hazardous organic solvents. For example, a prior
study used bis(2,4,4-trimethylpentyl) phosphinic acid dis-
solved in kerosene to enrich Dy purity from ∼6.7% to ∼47%,
whereas our method achieved comparable Dy enrichment
without the use of toxic solvents.33 A second-step desorption
using pH 1.7 HCl yielded a high-purity Nd fraction (99.5 ±
0.004%) with a recovery efficiency of 85.0 ± 4.8% (Figure 2B).
The 99.5% Nd purity met the threshold for commercial
salability, which enables the reintegration of high-purity
neodymium oxide products into the magnet manufacturing
supply chain.34 Similarly, a previous study using a Mex-LanM-
based column achieved 46.1−50.3% Dy purity and 98.7−
99.8% of Nd purity when processing a 95%Nd:5%Dy feed
solution.22 Although a direct comparison with Mex-LanM
under identical conditions was not conducted in this study,
previous work has shown that Hans-LanM immobilized on
agarose beads exhibits greater intra-REE selectivity between
representative LREE/HREE pairs (e.g., Nd/Dy) than Mex-
LanM under comparable conditions.24 We therefore anticipate
that integrating Hans-LanM into our nanobio platform will
provide improved intra-REE separation performance compared

Figure 1. Spectroscopy and activity characterization of the MNP-
Hans-LanM biosorbent. (A) Bright-field (a) and fluorescence (b)
micrographs of SpyTag-functionalized magnetic nanoparticles
(MNPs) immobilized with fluorescein isothiocyanate (FITC)-labeled
Hans-LanM. (B) Fluorescence intensity of MNPs without and with
SpyTag functionalization after immobilization with FITC-labeled
Hans-LanM. Nonfunctionalized MNPs serve as a negative control.
Inset: Digital images of MNPs without (left) and with (right) SpyTag
functionalization after immobilization with FITC-labeled Hans-LanM
under UV illumination. (C) Neodynium (Nd) adsorption and
desorption by SpyTag-functionalized MNPs without LanM immobi-
lization (control) and the MNP-Hans-LanM. N.D. indicates not
detectable.

Figure 2. Separation of rare earth element (REE) pairs from synthetic
feed solutions. (A) Distribution of neodymium (Nd) and dysprosium
(Dy) in the feed solution, the first desorption solution (70 mM
malonate), and the second desorption solution (pH 1.7 HCl). (B)
Distribution of Nd and Dy in the feed solution, the first desorption
solution (80 mM malonate), and the second desorption solution (pH
1.7 HCl). (C) Distribution of Nd and Dy in the feed solution, the first
desorption solution (90 mM malonate), and the second desorption
solution (pH 1.7 HCl). (D) Distribution of lanthanum (La) and Dy
in the feed solution, the first desorption solution (80 mM malonate),
and the second desorption solution (pH 1.7 HCl).
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to Mex-LanM under the same conditions, though further study
on direct comparison by parallel experiments is needed in
future research.
Considering the relatively low Dy purity of 41.7 ± 2.0%, we

investigated whether an additional malonate desorption step
could enhance the Dy enrichment. To evaluate this approach,
we prepared a synthetic feed solution with a ∼55:45 molar
ratio of Nd to Dy that mimics the Nd/Dy composition of the
malonate desorption solution obtained from a ∼95Nd:5Dy
feed. During desorption, 80 mM malonate released 76.8 ±
7.3% of Dy (2.4 ± 0.05 nmol from 3.2 ± 0.3 nmol) with an
improved purity of 84.6 ± 1.9%, and the subsequent pH 1.7
desorption recovered 77.0 ± 3.2% of Nd (5.0 ± 0.08 nmol
from 6.5 ± 0.3 nmol) at 93.4 ± 0.2% purity (Figure S4 and
Table S3). The results suggested that incorporating extra
malonate desorption steps could further improve the
separation efficiency, yielding high-purity Dy from Nd. From
a practical standpoint, the malonate carried over from the first
desorption step may influence the readsorption behavior of Nd
and Dy on MNP-Hans-LanM. Before the adsorption cycle, the
malonate can be removed by pH adjustment to dissociate the
chelates, followed by anion exchange resin treatment.35

Additionally, we evaluated the separation of La/Dy, a
representative LREE/HREE pair that frequently occurred in
coal byproduct leachates, by the MNP-Hans-LanM biosorbent.
A synthetic solution containing ∼95% La and ∼5% Dy was
used to mimic the typical LREE/HREE composition.36,37 The
first desorption step with 80 mM malonate upgraded Dy purity
to 29.8 ± 1.1% with 80.0 ± 3.6% recovery efficiency, while the
subsequent pH 1.7 HCl achieved 77.3 ± 1.5% La recovery
efficiency with nearly 100% purity (Figure 2D). The
corresponding La and Dy mass balance for adsorption and
desorption processes was provided in Table S3. Dimerization is
a unique structural feature of Hans-LanM that has been shown
to contribute to its ability to discriminate between LREEs and
HREEs in solution.24 In our MNP system, Hans-LanM was
covalently attached to the MNP surface via Spy chemistry,
which could spatially restrict rotational freedom compared
with free protein in solution. However, the high density of
SpyTag peptides incorporated into the polymers on MNPs,
along with the excellent water dispersity provided by the
surface-charged polymers,27 may facilitate the close spatial
arrangement of immobilized Hans-LanM to allow functional
dimer formation. In addition, the preferential binding of Hans-
LanM for light REEs is largely an intrinsic property of its
structural features, including binding sites optimized for the
ionic radii and electronic configurations of light REEs.24,38

From this perspective, the immobilization on MNPs is
expected to have a minimal impact on the binding selectivity
between light and heavy REEs, as evidenced by the effective
separation between representative LREE/HREE pairs (Figure
2). Together, these results indicated that the MNP-Hans-
LanM biosorbent could effectively enrich and separate Nd/Dy
and La/Dy pairs, even when starting from feed solutions with
low Dy content, typical of REE-containing E-waste and coal-
derived leachates. The recovered high-purity Nd and La could
be recycled for use in magnet and hybrid-car battery
manufacturing,39 contributing to a more sustainable REE
supply chain.

3.3. Reusability of MNP-Hans-LanM Biosorbent for
REE Pair Separation. A key motivation for immobilizing
proteins onto MNPs is to enable the reuse of proteins for cost-
effective applications. Therefore, we examined the reusability

of the MNP-Hans-LanM biosorbent for REE pair separation
by monitoring the REE adsorption activity over multiple
adsorption−desorption cycles. The Nd/Dy pair (∼95:5 molar
ratio) was used for the adsorption experiments, followed by
stepwise desorption using 80 mM malonate and a pH 1.7 HCl
solution. In each cycle, the adsorption capacity for Nd and Dy
was measured to evaluate the biosorbent activity retention
(Figure S5). The Nd and Dy compositions after each
desorption step were analyzed to evaluate the intra-REE
selectivity during reuse (Table S4). After five cycles of Nd/Dy
pair separation, the biosorbent retained 91.2 ± 2.4% of its
initial adsorption activity (Figure 3), indicating protein stability

during repeated REE pair separation. The Nd/Dy composi-
tions after the first and second desorption steps remained
approximately 55%:45% and 99.5%:0.5%, respectively, up to
the fourth cycle (Table S4), indicating that intra-REE
selectivity was maintained during reuse. Considering the stable
covalent bond between Hans-LanM and SpyTag on the MNPs,
the observed activity loss (∼10%) and altered Nd/Dy
composition (∼65%:35%) after the fifth cycle are likely
attributed to partial inactivation of Hans-LanM from repeated
exposure to low-pH desorption conditions. Notably, this work
is the first to examine the stability of Hans-LanM under
repeated low-pH treatments. The demonstrated stability
enables repeated reuse of the Hans-LanM-functionalized
biosorbent for intra-REE separation, which could help reduce
operational costs. These results highlight the potential of the
MNP-Hans-LanM biosorbent for repeated uses in REE pair
separation with maintained activity.

3.4. Group Separation of REEs from a Complex REE
Solution. Having demonstrated the separation of representa-
tive LREE/HREE pairs (Nd/Dy, La/Dy), we further
investigated whether the MNP-Hans-LanM could achieve
effective group separation of LREEs and HREEs from a
complex REE solution by using a stepwise desorption strategy.
Group separation of REEs is an important early step in the
REE mining and recovery process, particularly considering that
real-world REE sources often contain complex mixtures with
highly unbalanced LREE/HREE compositions.22,40 To this
end, we conducted group separation experiments using a
synthetic feed solution (∼96%LREE:4%HREE) (Table S5)

Figure 3. Reusability of MNP-Hans-LanM for neodymium (Nd)/
dysprosium (Dy) pair separation. Experiments were conducted by
adsorption of the Nd/Dy pair (∼95:5 molar ratio), followed by
stepwise desorption processes using 80 mM malonate and a pH 1.7
HCl solution. The adsorption capacity for Nd and Dy (defined as the
amount of adsorbed Nd and Dy (μmol) per gram of sorbent) was
determined and normalized with the first cycle as the relative activity.
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designed to mimic the LREE/HREE distributions commonly
found in coal combustion products41,42 and mine tailings.43

The biosorbent effectively adsorbed REEs with ∼70%
efficiency, with LREEs and HREEs comprising 97.0% ±
0.1% and 3.0% ± 0.1% of the adsorbed REEs, respectively.
During desorption, 80 mM malonate eluted 64.0% ± 4.9%
HREEs at a purity of 18.5% ± 0.8%, representing a 5-fold
increase in the purity of HREEs compared to that of the feed
solution (3.7% ± 0.01% HREEs), while a subsequent pH
desorption step recovered 82.6% ± 3.5% of LREEs with ∼99%
purity and 26.2% ± 2.2% of HREEs (Figure 4A, Table S6).

Specifically, the purities of Gd, Tb, and Dy in the first
desorption step increased by 5.6-, 3.3-, and 2.6-fold,
respectively, relative to their initial proportion in the feed
solution (Figure 4B). Similarly, a previous study using Mex-
LanM-based column enriched HREEs (Gd−Lu) from ∼5% to
15−25% when processing a synthetic REE mixture.23 The 2.5-
to 6-fold enrichment of HREEs would reduce the number of
downstream intra-REE separation stages needed to produce
high-purity individual REEs compared to that of processing the
feed solution. These results highlighted the potential of the
MNP-Hans-LanM biosorbent for effective LREE/HREE
enrichment and separation from complex REE mixtures.

3.5. Separation of REEs under Environmentally
Relevant Conditions. To assess the feasibility of MNP-
Hans-LanM for group separation of REEs from real-world
feedstocks, we tested its adsorption and desorption perform-
ance with natural leachate. Natural leachate, generated by acid
leaching within the coarse coal refuse pile containing pyrite, is
enriched in REEs at the level of parts per million (ppm) and
has emerged as a promising yet underutilized source for REE
recovery.29 Using such leachate not only supports diversifica-
tion of the REE supply chain but also contributes to the
management of acidic waste streams.43,44 The leachate used in
this study was naturally generated from coarse coal waste
generated from the processing of Baker seam coal and
contained approximately 26 μM (∼3.5 ppm) of REEs, along
with 1−3 order-of-magnitude higher concentrations of
competing ions, including Mg2+, Ca2+, Mn2+, Zn2+, Al3+, Fe3+
(Table S7), making REE molar percentage to be 0.3%. Despite
the low REE concentration, the MNP-Hans-LanM could
effectively adsorb most REEs from the leachate with ∼65%

efficiency, except for Sc (Figure S6). Notably, the MNP-Hans-
LanM showed high selectivity for REEs in the leachate, with
minimal interaction with the major competing non-REEs such
as Ca2+, Al3+, and Fe3+ (Figure 5A, Table S8). The high

selectivity for REEs over non-REEs is attributed to multiple
key amino acid residues (Asn83, Asp85, Asp87, Glu91, Glu94)
in Hans-LanM as well as a backbone carbonyl group (Thr89),
which together form a strong coordination with REEs
involving nine or ten coordination sites.24 Notably, this
selectivity presents a key advantage over traditional solvent
extraction, which is prone to interference from Al3+ and Ca2+.
Specifically, Al3+ can reduce REE purity and promote
emulsions or third-phase formation via gelatinous hydroxide
precipitation, while Ca2+ may contribute to fouling through
gypsum formation, both of which complicate solvent
extraction.17,45 Together, the results demonstrated that
MNP-Hans-LanM could effectively and selectively extract
REEs from complex, low-grade natural leachate, highlighting
its potential for REE recovery under environmentally relevant
conditions.
After demonstrating the effective removal of most non-REEs

during adsorption, we next evaluated the capability of MNP-
Hans-LanM to separate LREEs (La−Eu, 84.6 ± 0.03%) from
HREEs (Gd−Lu, Y, 15.0 ± 0.02%) using the established two-
step desorption scheme. In the first step, 63.4 ± 1.8% of
HREEs were eluted with a purity of 1.9 ± 0.2%, along with
∼20% of LREEs recovered at 3.6 ± 0.5% purity (Figure 5A).
The purity is calculated as the molar percentage of HREEs or
LREEs relative to the total amounts of REEs and non-REEs in
the desorption solution. A subsequent desorption with pH 1.5
HCl recovered 63.5 ± 6.9% of LREEs with considerably
improved purity (48.4 ± 12.0%), along with ∼28% of HREEs

Figure 4. Group separation of rare earth elements (REEs) from a
complex REE solution. (A) Distribution of light REEs (LREEs) and
heavy REEs (HREEs) in the feed solution, the first desorption
solution (80 mM malonate), and the second desorption solution (pH
1.5 HCl). (B) Distribution of individual REE (La: lanthanum, Ce:
cerium, Nd: neodymium, Gd: gadolinium, Tb: terbium, Dy:
dysprosium) in the feed solution, the first desorption solution (80
mM malonate), and the second desorption solution (pH 1.5 HCl).

Figure 5. Performance of MNP-Hans-LanM in the group separation
of rare earth elements (REEs) from the natural leachate. (A)
Concentrations of REEs and non-REEs in the natural leachate before
and after adsorption. Adsorption was conducted in 3 mL of natural
leachate (pH 5.0) using 20 mg MNP-Hans-LanM. (B) Distribution of
light REEs (LREEs) and heavy REEs (HREEs) in the feed solution,
the first desorption solution (80 mM malonate), and the second
desorption solution (pH 1.5 HCl). (C) Enrichment factor of LREEs
and HREEs, defined as the fold increase in REE purity after
desorption, in the two desorption solutions relative to the feed
solution.
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at 2.9 ± 0.7% purity (Figure 5B). Analysis of non-REEs in both
desorption solutions identified Zn2+, Cu2+, and Ni2+ as the
primary impurities (Table S9), which contributed to the
relatively low REE purity in the desorption solutions. These
impurities might result from their unintended binding to the
His6 tag on the Hans-LanM protein.46 This tag contains
histidine residues that can coordinate with transition metals
like Ni2+ or Cu2+, a principle exploited by commercial Ni- or
Cu-nitrilotriacetic acid (NTA) agarose resins commonly used
for His-tagged protein purification.47 A prewash step with
imidazole to strip Zn2+, Cu2+, and Ni2+ bound to the His6 tag,
or removal of the His6 tag prior to immobilizing Hans-LanM
onto MNPs, could be a potential approach to further improve
REE purity.48 To further quantify separation performance, we
calculated the enrichment factor, defined as the fold increase in
REE purity during desorption compared to that of the original
feed solution. In the first desorption step, the enrichment
factors were 43- and 15-fold for HREEs and LREEs,
respectively (Figure 5B). In the second step, the enrichment
was further increased to 195-fold for LREEs and 64-fold for
HREE (Figure 5B). The results suggested that the first
desorption preferentially enriched HREEs, while the second
step more effectively enriched LREEs. Collectively, these
results suggested that MNP-Hans-LanM could enable effective
enrichment of REEs into LREE and HREE groups from real-
world REE sources such as coal refuse leachate.

4. CONCLUSIONS
This study created a novel biosorbent by immobilizing Hans-
LanM onto the surface of SpyTag-functionalized MNPs and
demonstrated effective group separation of REEs from dilute
solutions and low-grade waste streams. The MNP-Hans-LanM
biosorbent effectively enriched and separated representative
LREE/HREE pairs without relying on hazardous organic
solvents, offering a green alternative to traditional solvent
extraction methods. Notably, the biosorbent could be reused
for multiple cycles while retaining its activity under repeated
low-pH regeneration. Using a stepwise separation strategy, the
biosorbent achieved group-specific enrichment of HREE and
LREE groups from a complex synthetic REE mixture.
Furthermore, the MNP-Hans-LanM efficiently and selectively
captured REEs from the real-world natural leachate and
enriched light and heavy groups from the adsorbed REEs. In
summary, these results suggest MNP-Hans-LanM as a
promising biosorptive platform for developing green-chemistry
technologies for intra-REE separation from waste streams,
which will contribute to the circular economy of the critical
materials and sustainable management of REE-containing
waste streams.
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