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ABSTRACT: The extraction and subsequent separation of individual
rare earth elements (REEs) from REE-bearing feedstocks represent a
challenging yet essential task for the growth and sustainability of
renewable energy technologies. As an important step toward
overcoming the technical and environmental limitations of current
REE processing methods, we demonstrate a biobased, all-aqueous REE
extraction and separation scheme using the REE-selective lanmodulin
protein. Lanmodulin was conjugated onto porous support materials
using thiol-maleimide chemistry to enable tandem REE purification
and separation under flow-through conditions. Immobilized lanmo-
dulin maintains the attractive properties of the soluble protein,
including remarkable REE selectivity, the ability to bind REEs at low
pH, and high stability over numerous low-pH adsorption/desorption
cycles. We further demonstrate the ability of immobilized lanmodulin to achieve high-purity separation of the clean-energy-critical
REE pair Nd/Dy and to transform a low-grade leachate (0.043 mol % REEs) into separate heavy and light REE fractions (88 mol %
purity of total REEs) in a single column run while using ∼90% of the column capacity. This ability to achieve, for the first time,
tandem extraction and grouped separation of REEs from very complex aqueous feedstock solutions without requiring organic
solvents establishes this lanmodulin-based approach as an important advance for sustainable hydrometallurgy.

■ INTRODUCTION

Rare earth elements (REEs), comprising the lanthanides,
yttrium, and scandium, are essential for the transition from the
fossil fuel era into the low-carbon era.1 Five REEs (Tb, Dy, Eu,
Nd, and Y) in particular have been highlighted by the U.S.
Department of Energy for supply vulnerability and criticality
for clean energy technologies, such as electric vehicles, wind
turbines, and LEDs.2 Conversely, however, current REE
extraction and separation processes require high energy
consumption and pose severe environmental burdens that
impede the development of a diversified REE supply chain and
undercut the environmental benefits of clean energy
technologies.3,4 To meet the REE demands of the emerging
clean energy technology market, it is thus imperative to
develop new processing methodologies that enable environ-
mentally friendly REE extraction from current and future
resources.
Owing to their similar chemical properties and co-

occurrence in REE-bearing deposits,5,6 the separation among
REEs is particularly difficult, accounting for ∼30% of the total
environmental impact during REE production.3,7,8 Currently,
REE separation is dominated by organic solvent-intensive
hydrometallurgy processes that involve a primary REE
separation from impurities in acid leachate solutions and

subsequent group or individual REE separation by liquid−
liquid extraction.6 In order to achieve high-purity single REEs,
liquid−liquid extraction may require hundreds of stages (i.e.,
mixer-settlers or pulsed columns), which requires a large
process footprint and high investment cost and generates a
large volume of secondary liquid waste. Furthermore, for
environmental and economic reasons, liquid−liquid extraction
is typically not directly compatible with dilute REE leachate
solutions (REEs < 1%) from unconventional sources, such as
industrial wastes (e.g., coal fly ash, mine tailings) and end-of-
life consumer electronics (e.g., electronic waste, or “E-waste”),
given the challenge of REE preconcentration from these
sources relative to high-grade ores. In addition, such dilute
leachate solutions require a higher aqueous to organic phase
ratio, resulting in large separation units (i.e., high capital
expenditure), longer equilibration time, higher energy cost, and
losses of extractant dispersed into aqueous systems.9 To reduce
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solvent losses, the liquid−liquid extraction process has been
adapted for column chromatography by dissolving REE-
selective ligands in organic solvent and loading within a solid
support.10−12 However, this physical impregnation strategy still
inevitably results in leaching of the stationary liquid phase,
causing cross-contamination and limited reusability.13

Ion exchange chromatography (IX) is an alternative to
liquid−liquid extraction for intra-REE separation.14 In conven-
tional IX, REEs are separated based on differences in the metal
ion migration rates in the presence of a chelating eluent [e.g.,
citrate or ethylenediaminetetraacetic acid (EDTA)] or by
using a selective stationary phase (e.g., iminodiacetic acid-
bound silica). IX approaches can achieve ultrapure (99.9999%)
individual REEs in a single run with high yield15 but are
typically restricted to applications where small quantities of
ultra-high-purity REEs are required (e.g., electronics or
analytical applications) given the high cost and low
productivity.15 However, recent advances in process simu-
lations and design methods have facilitated IX methods with
higher productivity.16 For example, a two-zone ligand-assisted
displacement approach separated a ternary REE mixture (Pr,
Nd, and Dy with a composition typical of magnet waste) into
individual components (∼99%) at a production scale that is
competitive with solvent extraction.17 Nevertheless, the
application of IX for intra-REE separation from feedstocks
containing significant non-REE impurities remains a challenge
considering the low REE selectivity of the resins.
Solid−liquid extraction, whereby chemical ligands with high

REE affinity are covalently anchored onto solid support resin,
provides an effective means to achieve REE recovery from
complex feedstock leachates.18,19 Here, REEs are selectively
adsorbed to the resin until the column is saturated, at which
point a stripping solution is applied to elute the REE
concentrate. This process offers several advantages relative to
liquid−liquid extraction,18,20−22 including faster phase separa-
tion between the solid adsorbent and REE-bearing solution
and high stability for reuse.23 However, most of the solid-phase

adsorbents employed for REE separation are based on existing
chemical ligands, which limits the intra-REE separation
potential of the process.24

The incorporation of biological ligands into a solid−liquid
extraction process offers the potential for novel chemistries and
environmentally sustainable REE separation process develop-
ment.25,26 For example, lanthanide binding tags (LBTs), short
peptides that have been engineered for affinity and selectivity
toward REEs, have been displayed on biomaterial surfaces
(cells, curli fibers, etc.) and employed in solid−liquid
extraction for selective recovery of middle and heavy REEs
from various feedstock leachates.27−29 However, the low
selectivity against Cu2+ and negligible REE binding below a
pH of 5 limit the feedstock compatibility of LBT.27,30 More
recently, the discovery of lanmodulin (LanM), a small (12
kDa) protein that is involved in lanthanide trafficking in
methylotrophic bacteria, holds promise as a new ligand for
process development.31 Biochemical and biophysical character-
ization of LanM revealed remarkable selectivity for REEs
against non-REE cations, the ability to bind REEs down to pH
≈ 2.5, and uncommon robustness (relative to other proteins)
to repeated acid treatment cycles.32 Despite the protein’s high
affinity, REE desorption can be induced by relatively mild
treatments (lowering pH or common chelators like water-
soluble carboxylates), allowing multiple cycles of binding and
desorption. Furthermore, LanM also displayed an unusual
preference toward middle−light REE over heavy REE;
although modest [Kd(Dy)/Kd(Nd) ∼ 5, (Kd = dissociation
constant)], such a preference might allow for efficient
separation of light/heavy REE groups or even important
REE pairs.31

Here, we report a bio-material-based, all-aqueous REE
extraction and separation scheme using the REE-selective
LanM protein chelator. To enable facile protein reuse, we
immobilized LanM onto porous agarose microbeads, which are
biorenewable and commercially available.33 The resulting
biomaterial allowed effective grouped REE extraction from

Figure 1. LanM immobilization and characterization. (A) Overall process for immobilization of LanM protein onto agarose microbeads through
thiol-maleimide click chemistry. (B) Fourier transform infrared spectroscopy (FTIR) spectra of amino-agarose, N-succinimidyl 4-
(maleimidomethyl) cyclohexane-1-carboxylate (SMCC), maleimide-agarose, and LanM-agarose (see the Supporting Information for further
details of interpretation). (C) LanM immobilization kinetics, mean ± standard deviation for 3 independent measurements. (D) Fluorescence
microscopy image confirming LanM immobilization onto agarose microbeads using FITC-LanM. Scale bar is 100 μm. Bottom images are split
channels of the top image.
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unconventional, low-grade REE feedstocks. Furthermore, by
exploiting the preference of LanM for middle−light REE, we
demonstrate proof-of-concept high-purity separation between
REE pairs (Nd/Dy, and Y/Nd) and grouped separation
between heavy REEs (HREE, Tb−Lu + Y) and light REEs
(LREE, La−Gd). As such, a key advantage of this approach
over liquid−liquid extraction is the combination of primary
REE extraction from non-REEs and secondary separation
between heavy and light REEs within a single, all-aqueous
adsorption/desorption cycle. This advance greatly simplifies
further processing and provides the basis for a full protein-
based scheme for efficient REE extraction, concentration, and
separation from both high- and low-grade feeds.

■ RESULTS AND DISCUSSION

Immobilization of LanM onto Agarose Microbeads.
To facilitate the application of LanM for REE recovery in a
flow-through format, we immobilized a LanM variant
containing a C-terminal cysteine residue with a GSG spacer
(hereafter LanM) on agarose microbeads using thiol-
maleimide click chemistry (Figure 1A).34,35 Compared with
other immobilization strategies, such as physical binding and
entrapment, site-specific covalent attachment enables a stable
and surface-accessible protein display, which is desirable for
repeated cycles of adsorption/desorption under harsh
conditions (e.g., low pH and high ionic strength). Thiol-
maleimide chemistry was pursued given the ease of encoding a
terminal cysteine residue and the linkage’s stability at low pH
(vide inf ra). This construct exhibited REE binding consistent
with the wild-type protein (Figure S1). Purified LanM was
handled at low pH (see the Methods section in the SI) to
preclude oxidation while avoiding the need for a reducing
agent, which we found to adversely affect LanM immobiliza-
tion (data not shown). Maleimide and LanM functionalization

of the agarose beads was confirmed by FT-IR (Figure 1B;
Supporting Information), and the immobilization kinetics were
monitored by quantifying the free LanM concentration in the
conjugation solution over a 16 h conjugation reaction.
Approximately 97% of the added LanM was loaded within 3
h (Figure 1C), resulting in an immobilization density of 2.47 ±
0.54 μmol LanM/mL agarose. To visualize the distribution of
LanM within the agarose bead, a fluorescently tagged variant of
LanM (FITC-LanM, green) was incorporated during immobi-
lization. Confocal microscopy imaging confirmed a homoge-
neous distribution of FITC-LanM within the agarose micro-
beads (Figure 1D).

Immobilized LanM Retains the Ability to Bind REEs at
Low pH and Is Stable for Reuse. To test the efficacy of the
immobilized LanM for REE extraction under flow-through
conditions, fixed-bed columns were packed with the LanM
conjugates, and influent breakthrough behavior was assessed
with synthetic REE-containing solutions. Nd3+ was selected as
a representative model REE due to its abundance in REE
deposits and high criticality for renewable energy technolo-
gies.2 The Nd breakthrough point (at pH 5) occurred after
∼25 bed volumes, in contrast to 1 bed volume with
nonconjugated agarose beads, which is due to the passage of
the void volume, indicating that LanM retains high affinity for
REEs upon immobilization (Figure 2A). The adsorption
capacity of the LanM column was 5.77 ± 0.67 μmol/mL,
which corresponds to a ∼2:1 stoichiometry of Nd per
immobilized LanM. Interestingly, in solution, LanM binds 3
equiv of REEs (Figure S1), suggesting that one metal site is
destabilized or inaccessible upon immobilization, or in the
column format. We suggest that this observation reflects the
greater lability of metal ions bound to EF hand 1, especially at
pH ≤ 5,36 which may lead this site to not be stably occupied
under flow-through conditions. The lability of EF hand 1 may

Figure 2. Immobilized LanM enables high-selectivity REE extraction at low pH. (A) Effect of pH on Nd breakthrough. Experimental conditions:
0.2 mM Nd in 10 mM glycine buffer (pH > 2.2 condition; for pH < 2.1 conditions, Nd was diluted in HCl solution), 0.5 mL/min flow rate. The
control experiment was performed at pH 3 by using a column packed with maleimide-functionalized agarose. (B) Effect of HCl concentration on
Nd desorption. Columns were preadsorbed with 40 bed volumes of 0.2 mM Nd at pH 3. (C) Column reusability shown by 0.2 mM Nd
breakthrough curves for 10 consecutive adsorption/desorption cycles at a flow rate of 0.5 mL/min. Desorption condition: 10 bed volumes of pH
1.5 HCl. (D) Independent single-element breakthrough curves of Y, La, Nd, Dy, and Lu at pH 3. Feed: 0.2 mM. (E) Nd selectivity of the LanM
column against non-REEs. Metal ion breakthrough curves using synthetic feed solution containing 0.2 mM Nd and order-of-magnitude higher
concentrations of each non-REE at pH 3 (the detailed feed composition and uncertainties are listed in Table S1). (F) Desorption profile of metal
ions following treatment with pH 1.5 HCl. For panels A−D, 1 bed volume = 0.94 mL. For panels E and F, 1 bed volume = 0.80 mL.
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also explain the requirement that LanM be added at a 1:2
(REE:protein) rather than 1:3 stoichiometry to achieve
quantitative REE extraction in prior experiments with
industrial feedstock leachates.32

Given that our prior work revealed that solubilized LanM
can bind REEs at a pH as low as 2.5−3, we tested the effect of
influent pH on Nd extraction performance over the pH range
1.7−5 (Figure 2A). Our results indicate that immobilized
LanM can effectively bind Nd down to pH 2.4, consistent with
the results for solubilized LanM.32 Nd binding to immobilized
LanM is reduced by 50% at pH 2.2 and becomes insignificant
at pH ≤ 1.7.
Taking advantage of the pH dependence of REE binding, we

tested Nd desorption by pumping HCl solutions through Nd-
saturated columns. A sharp desorption peak was observed
between 1 and 6 bed volumes with pH ≤ 1.7 with Nd
concentrated by over an order of magnitude relative to the feed
solution (Figure 2B). In contrast, a pH 2.0 HCl solution
yielded a tailed desorption profile with 16.5 bed volumes
required to desorb >95% of the Nd. Importantly, the LanM-
based sorbent was resilient to repeated low pH exposures given
that 10 consecutive absorption/desorption cycles (pH 3.0 and
1.5, respectively) yielded no reduction in adsorption capacity
(Figure 2C). To confirm the generalizability of low-pH
binding, breakthrough curves with other representative REEs
(i.e., Y, La, Dy, and Lu; Figure 2D) were performed at pH 3.0
and yielded indistinguishable results from that of Nd. Overall,
the results demonstrate effective and reversible REE binding by
immobilized LanM under low-pH conditions.
LanM Enables High-Purity Recovery and Concen-

tration of REEs. To test the REE selectivity of immobilized
LanM, Nd (0.2 mM) breakthrough experiments were
conducted with a synthetic feed solution at pH 3.0 that
contained millimolar concentrations of Mg2+, Al3+, Ca2+, Co2+,
Ni2+, Cu2+, and Zn2+, which are abundant in REE-containing
feedstocks.15 The breakthrough of Nd occurred after 24 bed
volumes (Figure 2E), whereas all non-REEs emerged with the
void volume. Importantly, the Nd breakthrough curve and
subsequent desorption curve were indistinguishable from the
curves observed with a synthetic solution lacking non-REEs
(Figure 2E,F), indicating that the behaviors of the REE and
non-REE are completely decoupled in the process owing to the
selectivity of LanM. Lastly, whereas the limited solubility of
Fe3+ precluded its use in the multielement experiment, a
breakthrough experiment using a binary Nd/Fe solution
containing citrate to maintain Fe solubility through coordina-
tion confirmed the selectivity of LanM for Nd3+ over
Fe3+(Figure S2 and Table S2). Collectively, these results
show that immobilized LanM retains the high REE selectivity
of LanM in solution and can be employed to separate REEs
from non-REEs.
Ligand Competition with Nonimmobilized LanM

Reveals Potential for Intra-REE Separations. LanM
exhibits an inverse affinity trend relative to most REE ligands
(e.g., diglycolamides37) with a preferential response to
LREEs.38 However, despite our studies of REE extraction in
solution32 and on column (vide supra), we had not yet
attempted to exploit these affinity differences for intra-REE
separations (vide inf ra). We reasoned that competition with a
mild chelator with a preference for HREEs, such as citrate,39

could allow for enhanced selectivity in a desorptive process. To
establish this principle, we first investigated ligand competition
with nonimmobilized LanM. We took advantage of our

observation that the fluorescence of the sole tyrosine residue
in LanM (Y96), which is adjacent to EF hands 2 and 3, is
quenched upon REE binding, which may reflect differences in
solvent exposure and hydrogen bonding.31 Titrations of LanM
with REE displayed a maximal change in tyrosine fluorescence
at 2 equiv of REE, which was counteracted upon binding of the
third equivalent (Figure 3A). Our recent work has identified

EF1 as the weakest of LanM’s three lanthanide binding sites;
therefore, we suggest that the first two equivalents of metal
bind to EF2/3, and the third equivalent (to EF1) perturbs the
environment of Y96.36 This fluorescence change provides a
convenient handle with which to assay conditions for REE
desorption from LanM. These studies, using titrations with
LanM bound to individual REEs, revealed that citrate
selectively outcompeted LanM for HREEs before LREEs, as
expected given LanM’s apparent Kd’s (Figure 3B). For
example, 10 mM citrate is sufficient to fully desorb Dy from
LanM, whereas Nd is still mostly bound to the protein. The
sharp desorption profiles (occurring over a 4-fold concen-
tration range) are consistent with cooperativity in LanM’s
metal binding.31 These results demonstrate that, despite
LanM’s high REE affinity, mild chelators can be used to
desorb REEs. Furthermore, and importantly, an adjustment of
conditions can be used to selectively desorb HREEs from
LanM without destabilizing LREE-LanM complexes, setting
the stage for on-column separations.

On-Column Separation between REE Pairs. Next, we
examined whether judicious selection of desorption conditions
could allow on-column separation among REEs, first using
individual REE-loaded LanM columns over a range of pH
(Figure 4A) and citrate steps (Figure S3A). A representative
set of REEs (Y, La, Pr, Nd, Dy, and Lu) was tested
independently to cover the entire ionic radius range of
lanthanides (La and Lu) and based on their criticality for
renewable energy technologies (Y, Pr, Nd, and Dy). Distinct
elution profiles were observed for each REE using both
desorption options (Figure 4A and Figure S3A). For citrate,
the order of REE elution was correlated with the ionic radius
and closely matched the solution data (Figure 3). A similar
trend was observed for pH, with the notable exception that Nd
required a lower pH for desorption compared to La. This
result is suggestive of higher relative stability for the LanM-Nd
complex compared to LanM-La and is consistent with a local
maximum in stability for LanM in the Nd/Pr range.31,32 We

Figure 3. Spectrofluorometric titrations of LanM. (A) Fluorometric
titration of LanM (20 μM) with Nd3+, Dy3+, and Y3+, showing
quenching of tyrosine fluorescence upon metal binding. (B)
Desorption of LanM bound to 2 equiv of each metal using citrate,
followed fluorometrically. Excitation at 278 nm, emission at 307 nm,
pH 5.0. All data points represent mean ± standard deviation for 3
independent experiments.
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anticipated that the differences in stability among tested LanM
REE complexes could be exploited to achieve separation
between certain REE pairs.
Guided by the above results, we first tested the ability of

LanM to separate Y from Nd (Figure 4B and Figure S3B), as
both REEs are abundant in primary REE deposits (e.g., those
bearing monazite, xenotime, and/or allanite) and coal
byproducts.6,32 The proportion of Y and Nd in the feed
solution was set to 22% and 78%, respectively, to resemble the

HREE and LREE compositions in typical coal byproduct
leachates.40,41 The LanM column was loaded to ∼75%
saturation (∼1 bed volume before breakthrough point, C/C0

= 0.05) followed by either a two-pH desorption scheme or by
combining an initial citrate-mediated Y desorption followed by
pH-mediated elution of Nd. Two distinct peaks were collected
after the two-step pH desorption, with 95.6% Y purity and
99.8% Nd purity achieved, respectively (Figure 4C). A small
overlap region (<25% of the adsorbed metals) of nearly

Figure 4. LanM enables high-purity separation of Nd/Y and Nd/Dy pairs. (A) Accumulative desorption profiles of single-element independently
loaded columns using a stepwise pH scheme. REE ion desorption was normalized to the total REE desorbed. (B) Two-pH desorption scheme of a
binary REE-loaded column. Experimental conditions: REE solutions (Nd:Y = 78:22) at pH 3 were used to load the column to 75% saturation
before a pH 2.3 and pH 1.7 desorption step was carried out (feed loading and washing not shown). The values above each panel indicate the purity
of REE over each elution zone. The duration of each pH step is depicted by the dark gray dashed line. Summary of the REE distribution in the
initial feedstock and three desorption regions relative to the total REE in feed solution using (C) a two-pH scheme and (D) citrate-pH scheme,
respectively. (E, F) Demonstration of Dy/Nd separation using two coupled adsorption/desorption cycles. (E) A feedstock comprising a 5:95
mixture of Dy:Nd was subjected to a two-step pH desorption scheme that was repeated 5 times (Figure S4C). The resulting Dy-rich desorption
fractions were combined, adjusted to pH 3 by adding concentrated glycine buffer (1 M), and used as a feed solution in a second adsorption/
desorption cycle. (F) Two-step pH desorption scheme with the combined 44% Dy/56% Nd solution. The zones of feed loading, washing, and each
desorption step are divided by vertical dotted gray lines. The detailed feed composition and measurement uncertainties are listed in Tables S3 and
S5. For panels A and B, 1 bed volume = 0.94 mL. For panels E and F, 1 bed volume = 1.0 mL.
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identical composition as the influent feed solution (20.9% Y +
79.1% Nd) was collected and can be recycled as feed solution
in a subsequent adsorption/desorption cycle. Remarkably,
desorption using 15 mM citrate eluted 95.8% of the adsorbed
Y at 99.4% purity, while a subsequent pH desorption step
eluted 99.7% of the Nd at >99.9% purity (Figure 4D). Thus,
with a single adsorption/desorption cycle with the LanM-
based column, Y can be separated from Nd, supporting the
feasibility of a HREE vs LREE separation step.
We next tested the efficacy of the LanM column to separate

the clean-energy-critical REE pair Dy/Nd by loading the
column to ∼75% saturation with a solution of Nd and Dy at a
50:50 molar ratio followed by a stepwise desorption process
(Figures S4A and S3C). For the two-pH scheme, 76.2% of the
Dy was eluted with 99.9% purity with an initial pH 2.1
desorption, while 76.8% of the Nd was eluted with 99.9%
purity with a second pH 1.7 desorption. Notably, both
products exceed the minimal purity threshold (99.5% rare
earth oxide) for salability.42 Less than 24% of the loaded REE
material was present in the peak overlap region; considering
the identical Nd/Dy composition as the feed solution (50.8%
Dy; Figure S4A), this fraction can be combined with the initial
feed solution and processed during a future purification cycle
(hence, avoiding any loss of REE). The citrate/pH
combination eluted 94.2% of the adsorbed Dy at a purity of
99.1%, while a subsequent pH desorption step eluted the
remaining Nd (99.2%) at a purity of 94.6% (Figure S3C).
Collectively, these results show that the LanM column can
produce high-purity Dy/Nd products when starting with an
equimolar mixture of both metal ions.
To test with a feedstock composition that reflects NdFeB

magnet-bearing E-waste, we loaded the column to ∼75%
saturation with a feed solution comprising 95% Nd and 5%
Dy.43 The use of Nd as a surrogate for the combined Nd/Pr
content (typically 3:1 Nd:Pr) is supported by the nearly
identical desorption profiles of both metal ions as a function of
pH or citrate concentration (Figure 4A and Figure S3A).
Successful separation of Dy from Nd/Pr would enable the
production of high-value dysprosium and didymium (NdPr)
oxide products that could be fed back into the magnet
manufacturing supply chain. As shown in Figures S4B and
S3D, both the two-pH and citrate desorption schemes yielded
high-purity Nd fractions (99.8% and 98.7%, respectively) while
significantly upgrading the Dy purity. For example, a pH 2.2
elution step yielded 88.6% of the Dy content at 46.1% purity
while the citrate desorption step yielded 73.9% of the Dy at a
purity of 50.3%. Given the earlier results with 50:50 mixtures,
we hypothesized that the roughly 50% purity Dy fractions can
be further upgraded to high purity by using a second
adsorption/desorption cycle. To confirm this hypothesis, we
repeated the Nd/Dy separation using the 95% Nd/5% Dy feed
5 times to accumulate a sufficient volume of a 44% purity Dy
desorption fraction to enable a second separation step (Figure
4E and Figure S4C). Despite the dilute nature of the Nd/Dy
feed solution, the LanM column exhibited a high loading yield
(>99%) and achieved 88% of Dy at a purity of 99.2% and 82%
of Nd at a purity of 99.9%, respectively, following the pH
desorption step. Our results suggest that the LanM column is
able to effectively separate Dy from Nd starting with low-purity
Dy solutions typical of E-waste leachates. We anticipate that an
even higher yield and product purity will be achieved with
higher operational volumes. In addition, further REE
separations can likely be realized upon the fine-tuning of

column operation conditions, such as pH, competing chelator
identity and concentration, flow rate, and column geometry.
Such optimization will be the subject of future studies.
To facilitate a comparison of our LanM-based separation

approach with the prior art, we present the feed composition,
operating conditions, and product purity achieved in several
exemplary REE separation studies in Table S4. When
compared to liquid−liquid extraction and novel crystalliza-
tion-based approaches, LanM enables a comparable Nd/Dy
separation efficacy in an equal or fewer number of steps
without using organic solvent (Table S4). For example, a
liquid−liquid extraction process using bis(2,4,4-trimethylpen-
tyl) phosphinic acid (Cyanex 272) in kerosene for Nd/Dy
separation concentrated a feed solution containing 6.7% Dy to
∼47% purity Dy using a single extraction stage with 92.3% Dy
extraction yield.44 Similarly, a counter-current extraction
configuration with 2-ethylhexyl phosphonic acid mono-2-
ethylhexyl ester (PC88A) extractant in kerosene required
three extraction stages to upgrade a 16% Dy/84% Nd feed
solution to a 74.5% purity Dy solution, while a fourth
extraction stage only increased the Dy purity to 94.6%.45

Additionally, novel tripodal ligands have been used to separate
50:50 and 25:75 Dy:Nd solutions into 95% purity products by
leveraging differences in the solubility of the resulting Dy/Nd
complexes in organic solvent (i.e., tetrahydrofuran, benzene, or
toluene).46,47 As such, our results suggest that immobilized
LanM can be used as an effective and environmentally friendly
alternative to organic solvent-based extraction processes for the
production of high-purity (up to 99.9%) Nd and Dy.
Despite being column-based, these stepwise desorption

schemes using immobilized LanM are fundamentally different
from traditional ion exchange chromatography.48,49 In our
experiments, ∼75% LanM column capacity was utilized in a
single adsorption/stepwise desorption cycle, whereas only a
small volume of feed solution (∼2−5% with respect to column
size) is processed in a typical chelation ion chromatography
cycle, due to the requirement of repeatedly partitioning
(adsorption/desorption) between the mobile and ligand-
functionalized stationary phases, which yields higher-purity
REEs but limits the throughput of the separation process.49 As
such, our approach exceeds the capacity of traditional ion
exchange chromatography while still achieving a high-purity
product. In contrast, the capacity of the LanM approach is
lower, but purity is higher compared to the recently developed
two-stage ligand-assisted displacement chromatography that
effectively separated a ternary REE mixture (Pr, Nd, and Dy)
into individual components at ∼99% purity.17 However, it is
unclear whether the ligand-assisted displacement process
would be compatible with non-REE impurities present in the
initial feed. Based on the results in Figure 2E, we hypothesized
that LanM will select against such impurities in the adsorption
step, thereby uniquely allowing the REE extraction and
selective desorption steps to be coupled.

Grouped REE Extraction and Separation from a Low-
Grade Feedstock Leachate. Recovering REEs from
abundant waste products, such as coal fly ash and red mud,
provides a potential means to diversify the REE supply while
avoiding pollution inherent to mining. However, the leachate
solutions produced from such low-grade REE-bearing wastes,
which contain high levels of metal ion impurities, such as Al3+,
Ca2+, and Fe3+, are problematic for traditional liquid−liquid
extraction approaches.6,15 For example, Al3+ is commonly
coextracted with REEs in liquid−liquid extraction, resulting in
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low REE purity and the formation of emulsions or a third
phase via gelatinous hydroxides.15 Similarly, other impurities,
such as Ca2+, may cause fouling in liquid−liquid extraction
processes through gypsum formation.50 As such, leachate
solutions are commonly subjected to a pretreatment
precipitation step to remove impurities before feeding into a
liquid−liquid extraction unit. Although selective precipitation
is effective for removing certain impurities, such as Fe3+, the
complete removal of Al3+ presents a major challenge as REE
hydroxides coprecipitate with aluminum hydroxide.15,51,52

Therefore, an REE extraction method with high REE
selectivity over non-REE impurities, particularly Al3+ and
Ca2+, is highly desirable.
As an industrially relevant performance test, we demon-

strated LanM column-based REE extraction and separation
concepts using an exceptionally low-grade leachate (0.043 mol
% REE, excluding monovalent ions) prepared from Powder
River Basin (PRB), USA, fly ash.53,54 The leachate contains
∼150 μM total REEs compared with millimolar levels of Na,
Mg, Al, Ca, and Sr (Table S6) and significant transition metal
content (e.g., Zn, Ni, Cu, and Mn). Using the LanM-based
column, the breakthrough of REEs occurred after 30 bed
volumes, whereas non-REEs were eluted in the void volume
(Figure 5A). To assess the REE purity of the adsorbed metal
content, the metal ion composition was determined following

nonselective desorption using a pH 1.5 solution. Over 96.5% of
the REEs were desorbed within the most concentrated
fractions (total 3.9 bed volumes, Figure 5B and Figure S5).
A total REE purity of 88.2% was observed (Figure 5C),
indicating a striking 2040-fold increase in purity compared
with the feed solution (0.043 mol % REEs). Importantly, the
radionuclide uranium was not concentrated from the PRB
leachate.
To benchmark the REE selectivity of the LanM-based solid-

phase adsorption with a liquid−liquid extraction approach
(Figure 5D), the purification factor (see the Methods section
in the SI for a definition) for total REEs relative to base metal
ions was compared with data recently generated by Smith et al.
using the commercial extractant di-2-ethyl-hexylphosphoric
acid (DEHPA), with coal fly ash leachate of a comparable
composition.55 The LanM-based approach exhibited signifi-
cantly higher selectivity against all non-REE impurities
(purification factors of between 100 and 500 000 for the
LanM column, depending on the element, versus only 10−
5000 for the liquid−liquid extraction procedure) with the
exception of Fe and Si. The high selectivity of LanM for REEs
over Mg2+, Al3+, and Ca2+ is particularly compelling
considering their abundance in low-grade feedstock leach-
ates.41,56 This improved selectivity represents a key advance
over our prior biosorption-based REE extraction method using

Figure 5. A LanM column facilitates REE recovery and grouped REE separation from a Powder River Basin (PRB) fly ash leachate solution. (A)
Adsorption profiles of metal ions. Adsorption condition: pH 5, 0.5 mL/min. One bed volume = 0.8 mL. (B) Metal compositions in PRB feed and
recovered biosorption solutions (desorption fractions 2−4 from Figure S5). Desorption was performed by using the column used in panel A after
35 bed volumes of adsorption. Note that, because the column adsorption was carried out slightly past the breakthrough point (30 bed volumes),
some displacement of the heaviest REEs (Ho−Lu) by LREEs had occurred (see Table S6). (C) Metal ion percentage in PRB feed and recovered
biosorption solutions (excluding monovalent ions). (D) Purification factor for total REEs relative to selected non-REEs. The values for liquid−
liquid extraction were determined from the data of Smith et al.,55 which used di-2-ethyl-hexylphosphoric acid (DEHPA) to extract REEs from fly
ash generated from Appalachian coal using a single-stage liquid−liquid extraction with kerosene. Values above the dotted line indicate REE
selectivity over non-REE. (E) Selective desorption of HREE (Tb−Lu, Y) and LREE (La−Gd) using a two-step pH scheme. The values above panel
D indicate the purity of LREE or HREE versus total REE contents. Three elution zones are divided by vertical dotted lines. Experimental
conditions: 29.1 bed volumes of PRB fly ash leachate was pumped through a 0.94 mL column, followed by a washing step with 10 bed volumes of
pH 3.5 water. Desorption was performed with 16 bed volumes of pH 2.3 HCl solution and 10 bed volumes of pH 1.7 HCl solution, sequentially.
(F) HREE and LREE distribution in the PRB feed and each elution zone feed from panel E relative to the total REE in PRB. The detailed ion
composition and measurement uncertainty are listed in Tables S6−S8.
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LBT-displayed Escherichia coli cells, which was adversely
affected by the high Ca/Mg content of the PRB leachate.54

This selectivity advantage is expected to be even more
pronounced at lower pH, where a higher solubility of metal
ion impurities (e.g., Al) is observed. We suspect that the lower
relative selectivity against Si and Fe reflects the formation of
unfilterable colloid particles that accumulate on-column and
are dissolved during the low-pH desorption step.57 As such,
our current column-based approach necessitates precolumn
methods to minimize Fe/Si content to maximize the effect of
LanM. In sum, these results highlight the ability of the
immobilized LanM to selectively concentrate REEs from low-
grade leachates containing a wide array of metal ion impurities.
Having demonstrated effective removal of the vast majority

of non-REE impurities during the adsorption stage, we next
tested the ability of LanM to achieve grouped separation of the
REEs adsorbed from the PRB leachate [72% LREE (La−Gd);
28% HREE (Tb−Lu, Y)] using a two-pH desorption scheme.
Grouped separation of REEs into HREE and LREE fractions is
an important early step during liquid−liquid extraction and
requires multiple extraction and stripping stages to enrich for
HREEs, typically involving the use of a different extractant
from that used in the non-REE removal stage.6 In the case of
the LanM-based column, two distinct peaks composed
predominantly of either HREEs or LREEs were observed
(Figure 5E); 82% of the HREEs were eluted with 72.6% purity
at pH 2.3, while 80% of the LREEs were eluted with 98.8%
purity at pH 1.7 desorption. Importantly, such group
separation was achieved with ∼90% REE loading (29.1 bed
volumes). We anticipate that even higher-purity LREE and
HREE fractions could be achieved with lower REE loading. In
previously proposed methods, to achieve a similar-purity LREE
separation from an acid leachate generated from ion adsorption
ores, 11 stages of counter-current extraction through a stepwise
liquid−liquid extraction process involving the sequential use of
2-ethyl-hexyl phosphonic acid mono-2-ethylhexyl ester (HEH-
(EHP), P507) and di(2-ethylhexyl)phosphoric acid (HDEHP,
P204) were required.58 Collectively, these results highlight an
unprecedented advantage of the LanM column: the ability to
achieve both non-REE impurity removal and grouped REE
separation starting from low-grade leachates in a single
adsorption/desorption step without using organic solvent or
hazardous chemicals. Based on our separation data with Nd/
Dy, and Nd/Y pairs, we anticipate that finer separation within
the HREE and LREE groups is possible by linking a small
number of adsorption/desorption steps and/or by judicious
incorporation of water-soluble chelators in the desorption step.
The applicability of this LanM-based biosorption technology

for industrial-scale REE extraction and separation will require
scale-up and increased column capacity. While commercial
agarose resin was employed in this proof-of-concept work,
significant improvements in both porosity and surface area for
LanM attachment can likely be realized by using other
substrates and/or modifications to LanM to increase metal-
binding stoichiometry. With respect to scaling, the high
expression yield of LanM (80 mg/L with no optimization yet
performed) offers promise for the development of a low-cost
purification scheme, while the high stability of the LanM
column over multiple adsorption/desorption cycles (Figure
2C) supports its reuse potential. A further step critical for
scaling will be the conversion from a semicontinuous to a
continuous process by employing a rotating column operation
that is commonplace in industrial adsorption/desorption

operations.59 In conclusion, while the current LanM-based
process should not be considered as a direct competitor for
liquid−liquid extractionparticularly with regard to process-
ing concentrated feed solutions from high-grade ore sources
a scaled-up, continuous process would be uniquely positioned
to unlock low-grade leachate solutions that are not currently
profitable with traditional hydrometallurgical methods.

■ CONCLUSION
We have demonstrated a reusable, all-aqueous REE extraction
and separation platform using an REE-selective protein
chelator immobilized on a biorenewable support. This concept
represents a crucial step toward sustainable REE production
and minimizing global dependence on primary REE resources.
Immobilized LanM retained its remarkable REE selectivity and
facilitated near-quantitative REE separation from non-REE
impurities. Followed by a sequential pH gradient or mild
chelator treatment, coextracted Nd/Dy, the most critical REE
pair for E-waste recovery, can be separated to high purity
(>99.9% purity) within 1 or 2 adsorption/desorption cycles
depending on the feed ratio. We further demonstrated the
application of LanM for REE extraction and separation into
heavy and light REE groups in a single adsorption/desorption
cycle, even starting from a highly complex feed solution with
low REE content. Our continued efforts are directed at
increasing the adsorption capacity to improve productivity,
improving selectivity against process impurities, and fine-
tuning the REE separation process. However, our process
already has several unique advantages over prior art, including
its compatibility with low-grade feedstock leachates, its lack of
organic solvents, and its ability to achieve high-purity
separation of certain critical REEs while using up to ∼90%
column capacity. Consequently, this work establishes lan-
modulin as the basis for an ecofriendly process for not only
REE recovery but also tandem separation that is broadly
applicable to both high-grade (e.g., scrap NdFeB magnets) and
low-grade (e.g., fly ash) REE feedstocks. Sustainable hydro-
metallurgical approaches such as the one proposed here will be
necessary to implement a coherent transition from the fossil
fuel era to low-carbon energies.
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