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Abstract

Rare earth elements (REEs) are indispensable components of many green technologies and of increasing demand
globally. However, refining REEs from raw materials using current technologies is energy intensive and
enviromentally damaging. Here we describe the development of a novel biosorption-based flow-through process
for selective REE recovery from electronic wastes. An Escherichia coli strain previously engineered to display
lanthanide binding tags on the cell surface was encapsulated within a permeable polyethylene glycol diacrylate
(PEGDA) hydrogel at high cell density using an emulsion process. This microbe bead adsorbent contained a
homogenous distribution of cells whose surface functional groups remained accessible and effective for selective
REE adsorption. The microbe beads were packed into fixed-bed columns and breakthrough experiments
demonstrated effective Nd extraction at a flow velocity up to 3 m/h at pH 4-6. The microbe bead columns were
stable for reuse, retaining 85% of the adsorption capacity after nine consecutive adsorption/desorption cycles. A
bench-scale breakthrough curve with a NdFeB magnet leachate revealed a two-bed volume increase in
breakthrough points for REEs compared to non-REE impurities and 97% REE purity of the adsorbed fraction upon
breakthrough. These results demonstrate that the microbe beads are capable of repeatedly separating REEs from

non-REE metals in a column system, paving the way for a biomass-based REE recovery system.
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Introduction

The rare earth elements (REEs) are critical components of many clean energy and consumer technologies. As
such, the growth of these REE-dependent technologies is expected to significantly increase global REE demand in

the coming decades.” Despite the presence of significant REE resources worldwide,” greater than 80% of the



world’s REE supply is from China,”  leaving global markets vulnerable to supply disruptions.” * As a result of
recent geopolitical tensions, this supply vulnerability has once again been the subject of considerable global
attention. One impediment to a more diversified REE supply chain is the difficulty in achieving economical and
environmentally sustainable REE extraction and separation from ore deposits and REE-containing waste using
current technologies.’ The environmental burden of current industrial REE production processes is severe’ due to
the generation of radioactive wastes (thorium, and uranium®) and high volumes of acidic effluents and organic
solvents.” /’ To alleviate supply vulnerability and diversify the global REE supply chain, it is imperative to develop
new processing methodologies that enable environmentally friendly REE extraction from alternative REE
resources.

End-of-life consumer products (e.g. mobile phones, hard drives, hybrid car batteries, phosphors, LED screens,
etc.) represent a largely untapped REE source with the potential to bridge the gap between the high industrial
demand for critical REEs’""* (i.e., Y, Nd, Eu, Tb, Dy 15) and their low relative abundance in carbonatite deposits,
which dominate the REE supply.” An additional advantage of REE recycling over ore mining is the reduction in
radioactive waste generation given the lack of thorium and uranium in these end-of-life products.”> However, less
than 1% of REEs used today are recycled given the challenge of collection and low efficiencies and limitations in
recycling processes.” ”* As such, processes that enable efficient and sustainable REE recovery from end-of-life
products could help meet the growing demand for critical REEs while addressing the increasing environmental
concerns.

Compared to conventional liquid-liquid extraction methods that require a large volume of solvent, solid phase
adsorption offers increased energy efficiency as well as reduced solvent consumption.’® Traditional adsorbents such
as silica gels and activated carbon have gained attention as solid phase extractants, owing to their high surface area
and abundant negatively charged functional groups.’*?’ Microbe-based adsorptive materials offer similar
advantages for solid-phase REE extraction, with potential for environmentally sustainable and economically
favorable development.?’ Microorganisms naturally synthesize and display high-density surface-accessible
functional groups (e.g., carboxylates and phosphates) as they grow and multiply,* facilitating high-capacity REE
adsorption without requiring the chemical synthesis steps necessary for producing synthetic extractants. Native

microbial surfaces exhibit a general adsorption preference for REEs over most non-REE metal ions,”*° and the



surface-adsorbed REEs can be readily recovered through desorption using a targeted eluent such as citrate,””

enabling REE recovery and biomass re-use. Biosorption techniques can be further improved using genetic
engineering approaches to rationally modify the cell surface functional groups. For example, altering the cell wall
components in Bacillus subtilis through targeted gene deletions enhanced the selectivity differences among REEs.”’
Additionally, engineering Caulobacter crescentus and Escherichia coli (E. coli) to express and display lanthanide
binding peptides (LBT)?” ? at high densities on the cell surface or on extracellular curli fibers’’ enhanced the REE
adsorption capacity. Further batch scale characterization with leachates prepared from legacy gold mine tailings
(CO) and Round Top Mountain ores (TX) revealed that cell surface functionalization with LBT enhanced the
selectivity of E. coli for all non-REEs except Cu, enabling high efficiency REE extraction from feedstock
leachates.”’ However, the current form of most biosorbents, including LBT-displayed E. coli, restricts the
biosorption process to batch scale operations that require energy and time intensive procedures such as
centrifugation and/or filtration to separate the biomass from the feedstock,’ limiting their industrial applicability.
To apply microbial biomass for efficient and scalable rare earth recovery, it is critical to immobilize cells at a
high-density without compromising their adsorptive characteristics. Encapsulating microbes within a porous
polymer matrix provides an effective means to stably immobilize cells and enable facile separation from aqueous

solutions under flow. Several natural and synthetic polymers such as polyacrylamide,” polyethylene glycol,’
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cellulose,” polyvinyl alcohol,” silica,’”*” and more commonly alginate,’® “** have been employed as support
materials for cell immobilization. However, most applications with encapsulated microbes have focused on
environmental remediation rather than the extraction and purification of critical metals for industrial purposes,
where the purity of the recovered metals is critical.

Herein, we report several key advances toward implementing a biosorption-based flow-through process for
selective recovery of critical metals from electronic wastes. A novel biosorbent was developed by encapsulating a
high density of engineered E. coli cells in non-adsorptive (polyethylene glycol diacrylate) PEGDA hydrogel

spheres and the REE extraction performance of the resulting microbe bead adsorbent was characterized in

packed bed columns with synthetic solutions and an E-waste leachate.

Materials and Methods



Bacterial strains and growth conditions. An E. coli strain harboring an Ipp-ompA-dLBTx8 expression plasmid”’
was grown in LB media supplemented with 50 pg/mL ampicillin. Expression of lpp-ompA-dLBTx8 was induced at
mid-exponential phase using 0.002% arabinose for 3 hr at 37°C. The E. coli cells were harvested, washed once in
10 mM MES (2-(N-morpholino)ethanesulfonic acid; pH 6.0), and resuspended in 10 mM MES at an optical density
at 600 nm (ODsg0) of 40 (~1x10"" cells/ml). This cell suspension was used directly for microbe bead synthesis.
Microbe bead synthesis. A bulk emulsion method was used to encapsulate LBT-displayed cells within PEGDA
hydrogel spheres. The polymer precursor was prepared using 1% w/w TPO-L photoiniator (2,4,6-
Trimethylbenzoylphenyl phosphinic acid ethyl ester; Rahn AG) and 99% w/w polyethylene glycol diacrylate (M,
575; Sigma Aldrich). The polymer precursor was then mixed at 25% v/v with a concentrated cell suspension (75%
v/v) containing ~1x10'" cells/ml. The resulting aqueous phase was mixed 12.5% v/v in 40 mL silanized
borosilicate vials with an oil phase, containing 1% w/w Triton X-100 surfactant (Sigma Aldrich) and 99 % w/w
polydimethylsiloxane oil (10cSt PDMS oil; Clearco Products). The vials were agitated by external force for ~15 s
to produce an emulsion and were immediately exposed to UV (4 W/em? at 365 nm) for 120 s to polymerize the
droplets comprised of PEGDA and LBT-displayed cells. The PDMS oil was removed from the polymerized
microbe beads by vacuum filtration through a 20 pm nylon mesh filter and the microbe beads were rinsed 5-10
times in 0.9% w/v NaCl solution to remove any residual oil before storing in 10 mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (PIPES; pH 7) at ~4°C until use. No change in Nd adsorption capacity was observed after a
storage period of 1 month at these conditions (Figure S1). We note that REE biosorption is not dependent on cell
viability so neither the microbe synthesis or storage steps were conducted with the goal of preserving cell viability.
Prior to use, microbe beads were collected on a 20 um nylon mesh filter, residual liquid was removed, and the
wet weights of bead aliquots were measured. Dry weights (dw) of microbe beads were determined after heating the
microbe bead aliquots at ~65°C for 72 hr. The fraction of the wet microbe bead mass contributed by water was
determined by comparing the wet and dry weights and was found to be 76 = 2.1 wt%. Minimal cell loss was
observed after overnight shaking, based on ODgoo measurements of the decanted supernatant, demonstrating the
structural integrity of the microbe beads (data not shown). Based on the known cell and PEGDA masses added

during bead synthesis, the dry microbe beads were calculated to be ~13 wt% cells and ~87 wt% PEGDA.



Batch sorption experiments. The microbe beads were distributed by wet weight into 5 mL Eppendorf tubes for
batch adsorption experiments. 50 mM neodymium (Nd) and Gadolinium (Gd) stock solutions were prepared by
dissolving NdCl; ¢6H>O or GdCl; ¢6H,O (Sigma Aldrich; 99.9% and 99% purity, respectively) in 1 mM HCI.
Stock solutions were diluted in MES (10 mM, pH 6) for all assays. Thermodynamic analyses support high Nd
solubility in pH 6 aqueous solutions.” For the batch adsorption capacity determination, 0.05 g (wet weight) of
microbe beads was exposed to 0-300 uM Nd in 5 mL total volume. For the batch adsorption kinetics experiment, 5
mL of 500 uM Nd was added to 0.2 g (wet weight) of microbe beads. The tubes were mixed in a rotator for the
duration of the experiments (60 minutes for the adsorption capacity test and 1-60 minutes for the adsorption
kinetics test). Adsorbed Nd was calculated colorimetrically by determining the Nd concentration before and after
the adsorption step using Arsenazo III (supporting information).
Breakthrough columns. Econo-Column glass chromatography columns (Bio-Rad) were packed with microbe
beads or cell-free beads for continuous flow REE recovery experiments. A suspension of microbe beads was
initially added to the columns (15 x 0.5 cm, 20 x 0.5 cm, and 100 x 1 cm) gravimetrically and then packed down by
adding slight fluid pressure to the top of the column with a hand-operated syringe. Under pressure, the sorbent bed
compressed and more microbe beads were added. This procedure was repeated until the entire column volume was
filled. The microbe bead sorbent was conditioned with MES (10 mM, pH 6) at >5 times the bed volume in
preparation for adsorption. The REE feedstock was then pumped through the column at a measured rate of 1
mL/min unless otherwise specified. For most tests, the feedstock Nd concentration was 500 uM Nd in MES (10
mM, pH 6). Homopiperazine-1,4-bis(2-ethanesulfonic acid) (10 mM) was used to buffer feedstocks at pH 4 and 5.
The column effluent was collected in 1 mL aliquots and analyzed using Arsenazo III assays and/or Inductively
coupled plasma mass spectrometry (Supporting Information). For column reuse experiments, Nd was desorbed
with at least 10 bed volumes of sodium citrate (10 mM, pH 6) and then the columns were conditioned with MES
(10 mM, pH 6) prior to reuse. Dry adsorbent weights were determined by removing the microbe beads from the
columns and drying at ~65°C for 72 hours. The REE adsorption capacities of the fixed bed columns were
calculated from the measured breakthrough curves via mass balance,” as follows:
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where q is the adsorption capacity (mg/g), Q is the feed flow rate (mL/min), Cy is the feedstock Nd concentration
(mg/mL), C is the effluent concentration (mg/mL), D is the column diameter (cm), L is the bed height (cm), € is the
bed void fraction (cm® void/cm’® bed), m is the adsorbent mass, and t is time (min). The integral portion of the
equation was numerically solved using the MATLAB trapezoidal numerical integration function (trapZ; R2017a).
The void fraction (g) of the packed column (~23% of the total column volume) was determined by analyzing the
REE breakthrough behavior in a column packed with PEGDA beads without cells. Because PEGDA alone is not
adsorptive, any delay in REE breakthrough in the no-cell column is due to the passage of void volume and dilution
of the influent. An estimate of the void volume is calculated based on the extent of the observed delay.
Breakthrough column modeling is described in the supporting information.

Leaching of NdFeB magnets. NdFeB magnet scraps and casings from speakers of mobile devices were separated
from plastic and nonmetallic parts using hand held tools, demagnetized by heating in a muffle furnace at 400 °C for
1 h then incubated at a density of 1.5% (w/v) in H2SO4 (0.2 N) for two weeks at 20 °C. The pH of the resulting
leachate (~pH of 3.7) was adjusted to 6 using NaOH and insoluble precipitates were removed through
centrifugation at 20,000 xg and passage through a 0.2 pm filter immediately prior to column assays. We do not
anticipate the addition of Na ions to affect the selectivity of the biosorption process given prior results that found
Na to be minimally competitive with REEs for the engineered E. coli surface sites.”” The pH adjustment resulted in
a 75% reduction in the iron concentration, but the REE concentrations were unaffected (Table S1). While Fe(IIl) is
expected to precipitate as a hydroxide species at this pH and Fe(Il) spontaneously oxidizes to Fe(Ill), the residual
Fe content in the leachate after filtration could either reflect the slow oxidation of Fe(Il) to Fe(III), which has been
previously suggested to explain Fe solubility in NdFeB leachates in the pH 5-6 range,”® or the formation of soluble
Fe(III) sulfate or carbonate complexes. Boron concentrations was not quantified in this study.

Results

Microbe bead synthesis. To produce a microbe bead adsorbent, we employed a bulk emulsification technique with
UV-crosslinking to encapsulate REE-adsorbing bacteria at high cell-density in PEGDA. PEGDA was selected as
the carrier material given its low cost, mechanical and chemical stability, ease of crosslinking, and lack of metal
adsorption.”” * The encapsulated E. coli cells were previously engineered for cell surface display of lanthanide

binding tags and their selective REE adsorption has been shown in batch with geothermal fluids and mine tailing



leachates.””* In order to determine the optimal microbe bead formulation, the cell density and PEGDA
concentration were varied. As expected, REE adsorption scaled in proportion to cell density between ~1.5x10"°
and ~9.6x10'° cells/mL (Figure S2A). With a cell density above ~4.3x10'° cells/mL, a higher PEGDA content
(>15 vol%) was required to maintain the physical integrity of the microbe beads. Increasing the PEGDA content
between 10 and 25 vol% had a minimal negative effect on REE sorption (Figure S2B). Accordingly, all subsequent
tests of microbe beads were formulated with ~10'" cells/mL in 25 vol% PEGDA.

Adsorption and desorption in batch reactions. The adsorption capacity of the microbe beads was determined in
batch using equilibrium adsorption experiments in a synthetic solution (pH 6) containing Nd, a REE of high
criticality that is abundant in many REE-bearing electronic wastes (Figure 1A). The adsorption data were fit with a
Langmuir isotherm model (r* of 0.997), which revealed a maximum Nd adsorption capacity of ~2.64 mg Nd/g
microbe bead dw. The adsorption capacity of control PEGDA beads lacking bacteria was negligible (Figure 1A),
confirming that the encapsulated microbes were solely responsible for Nd adsorption. The reduced adsorption
capacity of the microbe beads compared to cells alone (~25.7 mg Nd/g dry cells”’) is expected given that PEGDA
constitutes ~87% of the dry weight and is non-adsorptive. Overall, these data confirm that the cell surface sites of
encapsulated cells are accessible for REE adsorption.

To further characterize the microbe bead function, Nd adsorption and desorption kinetics were assessed in
batch reactions. Nd adsorption increased rapidly over the first 10 min, reaching ~90% of the calculated adsorption
maximum (Figure 1B). To recover the adsorbed Nd, desorption was performed using sodium citrate (10 mM, pH
6), which was previously found to enable complete elution of adsorbed REEs.?” ?* Faster kinetics was observed
during desorption, with near complete Nd recovery achieved within 5 min (Figure 1C). To determine the extent to
which cell encapsulation affects the adsorption/desorption kinetics, control experiments were performed with free
cells using the same approximate biomass concentration and equivalent experimental conditions. Faster adsorption
and desorption kinetics were observed compared to the microbe beads, with >80% of the Nd adsorption maximum
and near complete Nd desorption achieved within 1 min (Figure 1B-C). From these data, we conclude that
intraparticle diffusivity (IPD), i.e. the transport of Nd or citrate from the external surface into the PEGDA pores, is
likely the dominant factor that controls Nd adsorption and desorption kinetics in the microbe beads. Nonetheless,

the adsorption/desorption kinetics observed for the microbe beads is suitable for continuous flow applications.



Accordingly, the intraparticle diffusivity was determined by fitting the bead kinetics data using the
Vermeulen model (i.e., pore-surface mass diffusion model), which describes the diffusion in a spherical adsorbent
particle (Figure 1B-C). The model produced reasonable fits for both data sets (r* of 0.98 for both) and predicted an
intraparticle diffusivity of 4.1 x 107 and 1.5 x 10 cm?/min for adsorption and desorption, respectively. These
diffusion values are qualitatively consistent with the experimentally determined intraparticle diffusion rates for
other small molecules, such as a lithium tetra(ethylene glycol) dimethyl ether complex (6.06 x107 cm*min*),
Texas Red (2.52 x10”7 cm*/min’’), and Tetramethylrhodamine isothiocyanate (8.40 x10”" cm*/min’’), in comparable
PEGDA polymers (PEGDA 575-1000). As such, we anticipate that intraparticle diffusion will impact the kinetics
of REE adsorption in a continuous flow process involving microbe beads.

Microbe bead morphology and cell distribution. The microbe bead morphology, size range, and cell distribution
were determined using several complementary microscopy techniques. Scanning helium ion microscopy (HIM)
analysis revealed that the microbe beads were spherical or a cluster of multiple spherical particles and exhibited an
average diameter of 59 + 24 um (n=72) (Figure 2A; Figure S3). In some instances, beads were connected through
small protrusions (Figure S4). The microbe beads exhibited a rough outer surface morphology as a consequence of
partially encapsulated cells at the exterior (Figure 2B-C) and this morphology was not altered following a single
adsorption/desorption cycle with citrate (Figure S5). The lack of visible pore structures within the microbe beads is
consistent with a reported mesh size for similar composition PEGDA hydrogels (M, 575-20000) of ~1-2 nm,*’~
which approaches the resolution limit for HIM. Given aqueous ionic radii for lanthanides of ~0.25 nm’* and a
hydrodynamic radius of 0.37 nm for the eluent citrate,”” we anticipate that this pore structure is sufficiently
permeable for both the REE biosorption and desorption steps. Both confocal microscopy and TEM with thin-
sectioned microbe beads suggested that the cells were homogenously distributed within the microbe beads (Figure
2D-E). Unsurprisingly, some instances of cell lysis and aggregated cell debris were observed within the sectioned
microbe beads (Figure S6). Given the small pore size, we expect this aggregated material to be contained within
the microbe bead and to contribute to REE biosorption.

To confirm REE penetration and adsorption within microbe beads, MRI was performed on microbe beads
with or without Gd exposure. Based on its paramagnetic properties, Gd shortens transverse relaxation times (T2) in

materials where it has accumulated. T»-weighted images revealed lower relaxation times (i.e., brighter images) for



microbe beads with adsorbed Gd (Figure 2G) compared to microbe beads without Gd exposure (Figure 21) or after
Gd was desorbed using citrate (Figure 2H), an effective eluent previously used to recover REEs from LBT-
displayed cells.”” ** The fluctuations in image intensity in the negative control images (Figure 2H-I) may be
attributed to differences in spin density (i.e., the concentration of protons). The cell-specific association of REEs
within microbe beads was further demonstrated using thin section TEM coupled with energy-dispersive X-ray
spectroscopy (Figure S7) and the data are discussed in the supporting text. Collectively, these imaging results
support the stable encapsulation and cell surface accessibility of a dense population of E. coli cells within a
PEGDA matrix.

REE adsorption in a fixed-bed column. To test the efficacy of the microbe beads for REE extraction under
continuous flow, fixed-bed columns were packed with the microbe bead adsorbent and influent breakthrough
behavior was assessed with synthetic solutions containing Nd. The Nd breakthrough point (operationally defined
as C/Cy of 0.05) with the microbe beads occurred after ~7 bed volumes, in contrast to 0.5 bed volumes with the
cell-free beads, which is due only to the passage of the void volume rather than adsorption (Figure 3). The
adsorption capacity of the microbe bead column (~2.6 mg/dry g; Table S2), determined by mass balance, was
nearly equivalent to that determined in the batch adsorption experiment (Figure 1A), indicating that microbial
surface accessibility was not limited by these initial flow parameters (3 m/h linear flow velocity).

The observed Nd breakthrough curve with the microbe bead adsorbent was asymmetrical; the leading-edge
feature (i.e., the breakthrough feature) occurred over a narrow volume range while the trailing edge feature (i.e.,
approach of C/C, towards 1) was more gradual. This tailing effect is commonly observed in packed bed columns
when intraparticle diffusion is the dominant mass transfer process,” consistent with the batch kinetics results
(Figure 1B). As such, the Bohart-Adams model, a commonly employed fixed bed model that does not account for
IPD and produces a centrosymmetric curve fit, did not accurately model the asymmetric trailing and leading-edge
features of the breakthrough curve. However, a modified Bohart-Adams model,”” which yields an asymmetric
breakthrough curve through the introduction of a fractal-like exponent, provided an improved empirical fit to the
breakthrough data (Figure 3; Table S2) and was used to model the Nd data in subsequent experiments. The
improved fit of the fractal-like Bohart-Adams model is consistent with the results for several distinct porous

adsorbents.”” Future work will include the development of a theoretical model that incorporates mass transfer

10



effects, such as the advective transport through the column coupled with diffusive and dispersive transport within
the intra-bead region.
Effect of system variables on REE adsorption in a fixed-bed column. A series of breakthrough curves was
performed to determine the effects of linear flow velocity, REE concentration, and pH on column dynamics. The
Nd breakthrough point was inversely proportional to the influent Nd concentration (Figure 4A-B). As expected,
there was a slight increase in the bed adsorption capacity with increasing influent Nd concentration, with a capacity
of 2.8 mg/g microbe bead dw at 1.5 mM Nd compared to 2.3 mg/g microbe bead dw at 50 pM Nd (Table S3).
Linear flow velocities of 1.5 and 3 m/h yielded nearly identical breakthrough points and bed capacities (Figure 4B,
Table S3). However, increasing the flow velocity above 3 m/h caused increasingly early Nd breakthrough and
significantly reduced the bed capacity, with 1.9 and 1.8 mg/g microbe bead dw observed at flow velocities of 6 m/h
and 15 m/h, respectively, compared to 2.6 mg/g microbe bead dw at 3 m/h. A decrease in column adsorption
capacity with increasing flow rate is commonly observed in fixed-bed column studies and has been attributed to a
failure to reach equilibrium.** ** * Alternatively, it is possible that high flow rates cause a fraction of the available
binding sites to be physically blocked, perhaps due to bead deformation caused by increased pressure in the
column. Based on these results, we conclude that the current version of microbe beads enable robust REE
extraction at Nd concentrations up to 1.5 mM and linear flow velocities up to 3 m/h.

To examine the effect of influent pH on column performance, breakthrough curves were performed over a pH
range of 4-6 (Figure 4C). This pH range was selected based on the lower expected REE solubility above pH 6 and
prior characterization of LBT-displayed E. coli, which revealed a significant reduction in REE adsorption capacity

%% the breakthrough points

at a pH below 4.” Consistent with the prior batch studies with LBT-displayed cells,
and bed adsorption capacities were proportional to the influent pH. Bed capacity was reduced from 2.6 at pH 6 to
1.8 and 1.1 mg/g microbe bead dw at pH 5 and 4, respectively (Figure 4C, Table S2). These data suggest that while
optimal REE extraction performance is achieved at pH 6, the microbe beads are likely amenable, albeit with
reduced performance, to REE extraction with feedstocks in which limited REE solubility requires a lower system
pH.

Microbe bead column reusability. Column reusability is a critical factor for economic feasibility and therefore the

extent to which a microbe bead column can sustain multiple rounds of adsorption/desorption was examined. As a
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first step, we tested the efficacy of citrate to elute adsorbed REEs from the column following a 5x bed volume wash
step (MES pH 6) to clear non-adsorbed Nd from pore spaces. High efficiency (~94%) Nd desorption was achieved
with a 10 mM citrate solution (pH 6) within 3 bed volumes (Figure 5A), confirming the utility of citrate as an
effective eluent in a column setting. This result also demonstrated the concentrating effect of the citrate desorption
step, with the Nd concentration increased by as much as 6-fold for some fractions. A higher concentrating factor
may be achieved by re-circulating a small volume of citrate. To assess column reusability, nine consecutive
adsorption/desorption cycles were run on the same column (Figure 5B) with each cycle consisting of an adsorption
step with 500 uM Nd (pH 6) and a desorption step with 10 mM citrate (pH 6). A small, gradual decrease in bed
capacity (~15% overall) was observed over the course of the first five cycles, reflected in progressively earlier Nd
breakthrough points (Figure 5B). The bed capacity and breakthrough points appeared to stabilize after five cycles
(Figure 5C). We attribute this gradual performance loss to either reduced column porosity caused by irreversible
bead deformation over time or loss of incompletely encapsulated cells, such as those located at the periphery of the
microbe beads (Figure 2C). Nevertheless, the limited reduction in Nd extraction performance over the course of
nine adsorption/desorption cycles is indicative of promising microbe bead reusability.

REE extraction from an electronic waste leachate. To test the efficacy of microbe beads to extract REEs
from an end-of-life feedstock, NdFeB magnet scraps from speakers of mobile devices were leached with sulfuric
acid and the pH was adjusted to 6. The pH-adjusted leachate contained 700 pM total REEs (Nd, Pr, Dy) and a total
of ~1.5 mM of the transition metals Fe, Zn, Ni, Mn, and Co (Table S4). Initial, small-scale (1.5 mL) batch
biosorption assays performed with free LBT-displayed E. coli over a range of biomass concentrations revealed that
REEs could be extracted from the NdFeB magnet leachate with high efficiency and purity; at the optimal cell
density, 91% of the REEs were extracted at a purity of 95% (Figure 6A). To test the feasibility of bench scale REE
extraction under flow through conditions, we performed a breakthrough experiment using a 1 x 100 cm (77 mL)
microbe bead column. The effluent metal concentrations were quantified over four bed volumes and the time-
course adsorption profile for each metal ion was calculated using mass balance (Figure 6B-C; Figure S8).
Consistent with the high REE selectivity observed for LBT-E. coli in batch (Figure 6A), non-REE metal adsorption
was minimal with transition metal breakthrough observed within a single bed volume (Figure 6B). The non-REE

metals, Fe, Ni, Mn, Co, and Zn broke through at approximately the same point; however, the Fe, Ni, Mn, and Co
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effluent concentrations exceeded the influent concentrations following breakthrough (C/Co > 1). In contrast, the
saturation point of Zn was reached without this overshoot (C/Co = 1). This behavior is likely indicative of
competitive displacement (i.e., ion exchange) of Fe, Ni, Mn, and Co by Zn and the REEs, which causes the effluent
concentrations to reflect the sum of the influent and desorbed ion concentrations. Breakthrough of the REEs Pr,
Nd, and Dy occurred after ~3 bed volumes and coincided with a pronounced overshoot of Zn, reflecting
competitive displacement of Zn. At the REE breakthrough point, REEs comprised 97% of the adsorbed metals by
mass, with only a minimal increase in purity expected beyond the breakthrough point (Figure 6D).

Although breakthrough of Pr, Nd, and Dy (Figure 6B) occurred over a narrow volume range, there were notable
differences in the breakthrough curve slopes. In comparison to Nd and Pr, Dy exhibited a more gently sloped
breakthrough curve that is indicative of its higher binding affinity and ability to compete for sites pre-occupied by
the other REEs present. The higher affinity of the microbe beads for Dy is consistent with the general preference
of LBT-displayed cells for REEs of smaller atomic radii.”” Collectively, these data support the efficacy of the
microbe beads to selectively extract REEs from a post-consumer E-waste feedstock leachate and confirm that
PEGDA encapsulation does not adversely affect the selectivity of LBT-E. coli cells .

Discussion
This study was undertaken to develop a cell immobilization system to enable a scalable, flow-through
biosorption-based operation for REE recovery from feedstock leachates. While the REE adsorption properties and

mechanisms of numerous biosorbents have been reported,l 922,60

very few have been developed for a flow-through
operation,’” *? or validated with real world REE feedstocks.”” > % As a step toward addressing these limitations,
which hinder the scalability of the biosorption process, we demonstrated a PEGDA emulsion method to stably
encapsulate bacterial cells as small spherical microbe beads (~60 um diameter). This emulsion process could be
applied at an industrial scale through the use of continuous-flow UV polymerization combined with an in-line
mixer.”” In further support of scalability, we demonstrated the use of microbe bead resin for flow-through REE
extraction with an electronic waste leachate in a packed-bed column format (77 ml total volume) that is commonly

employed for adsorption in chemical process industries. As such, this study lays the groundwork for the

development of biosorption for industrial-scale REE/metal recovery.
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The use of a non-adsorptive support matrix (i.e., PEGDA) allows the selectivity of the encapsulate (i.e., LBT-E.
coli) to dictate the purity of the extracted solution and avoids the potential for matrix-mediated sorption of
contaminant metals. However, the superior selectivity of the PEGDA-based encapsulation approach comes at a
cost of adsorption capacity; the current microbe bead adsorption capacity (2.6 mg/g) is relatively low on a per mass

basis compared to unencapsulated microorganisms’* %

or ligand-functionalized solid phase adsorbents (0.83-176
mg/g).” A recent report described a cellulose encapsulated yeast biosorbent for Eu recovery from phosphor
powder leachates with an adsorption capacity of 25.9 mg/g.>> However, the effect of the cellulose support matrix,
which dominated Eu sorption, was not characterized.” A further improvement in adsorption capacity will be
required to make the microbe bead biosorbent more attractive at an industrial scale, and could be achieved by
increasing the cell:polymer ratio, genetic engineering to increase the number of cell surface functional groups per
unit mass, and/or screening for microbes with higher metal adsorption capacity.

The application of the microbe bead biosorption technology for REE extraction from feedstocks would require
post-biosorption steps to produce a salable product. Based on the breakthrough column results, a concentrated REE
citrate solution can be generated using a circulating citrate desorption step. Subsequently, the mixed REE-citrate
solution would be subjected to precipitation (e.g., as hydroxides, oxalates, or double sulfate salts)* and roasting to
produce high-purity mixed Nd-Pr-Dy oxides, which would approximate the composition of the dissolved magnet
scrap feedstock. As such, it is perceivable that this Nd-Pr-Dy oxide blend, perhaps with a minor adjustment in
composition, could be directly used in magnet manufacturing without the need for purification of individual REEs.
For this reason, several recent reports on REE recovery from NdFeB magnets have targeted a mixed Nd-Pr-Dy
final product.”® % % We have previously examined the technoeconomic feasibility for applying biosorption in a
large-scale process for the production of mixed REE oxides from a range of primary feedstocks.” While favorable
economics were obtained for feedstocks that contain high value REEs (e.g., scandium), the low revenue from
producing low-value mixed REOs makes individual, separated REEs a more desirable end product. REE
separation would also be beneficial for feedstocks of mixed E-wastes that contain magnets of different
compositions. A prior study by Bonificio and Clarke (2016) supports the feasibility of biosorption-based REE

separation using bacterial surfaces, reporting separation factors among REE pairs that rival that of solvent
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extraction.” Future efforts for REE separation will seek to incorporate a differential desorption step to further
exploit the selectivity differences among REEs observed for the adsorption step.

In conclusion, we have developed a generalizable biomass immobilization platform for the selective grouped
extraction of trivalent REEs from complex mixtures of metals. We focused on REE extraction from magnet scraps
since this application has the potential to contribute to the circular REE economy and reduce the dependence on
REE mining. However, we anticipate that the microbe beads will have similar utility for alternative REE feedstock
leachates such as ores, mine tailings, and coal byproducts, based on the selective adsorption of REEs from these
feedstocks using unencapsulated LBT-displayed E. coli in batch.”” More broadly, this technology may have
application in areas beyond REE recovery, such as trivalent metal separation from d-block impurities during spent
nuclear fuel reprocessing.

Supporting Information

Supplemental methods; supplemental text; Table S1, Metal ion composition of E-waste leachate before and
after pH adjustment; Table S2, Effect of pH on microbe bead Nd adsorption in a fixed-bed column; Table S3,
Effect of linear flow velocity and Nd concentration on fixed bed column performance; Table S4, Metal
composition of E-waste leachate; Figure S1, Stability of the microbe beads during storage; Figure S2, Effect of cell
density and polymer fraction on microbe bead adsorption performance; Figure S3, Microbe bead size distribution;
Figure S4, HIM images depicting representative examples of bead fusions and protrusions; Figure S5, HIM images
depicting representative examples of microbe beads before and after treatment with 10 mM citrate; Figure S6, Thin
section TEM images depicting some instances of cell lysis and aggregated cell debris within the PEGDA polymer
at different magnifications; Figure S7, Cell-association of Nd within microbe beads; Figure S8, E-waste
breakthrough curve presented with the absolute metal concentrations in the effluent; Figure S9, Mineral precipitates
were not observed in microbe beads lacking Nd; Figure S10, Colorimetric and ICP-MS quantification of Nd
concentrations for a representative breakthrough curve;

Acknowledgements

We thank Kevin Paulsen for his assistance silanizing the borosilicate vials, Mathew Yim for assistance in
magnet disassembly and leaching, and Gauthier Deblonde for helpful comments on the manuscript. AB
acknowledges funding from the Livermore Graduate Scholar Program from Lawrence Livermore National
Laboratory. HIM and TEM were performed in EMSL, a DOE Office of Science User Facility sponsored
by the Office of Biological and Environmental Research and located at Pacific Northwest National
Laboratory. This research is supported by the Critical Materials Institute, an Energy Innovation Hub
funded by the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, Advanced
Manufacturing Office, and by the Department of Energy through the Technology Commercialization Fund
(TCF). This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DEAC52-07NA27344 (LLNL-JRNL-767490) and by
Idaho National Laboratory under DOE Idaho Operations Office Contract DE-AC07-051D14517.

Conflict of interest statement

LBT-displayed E. coli is included in a prior patent (US 10,196,708) and portions of this study are included
in a pending patent (16/289,382).

15



4
5

Figures

A B Adsorption C Desorption
— 3 -
= O microbe beads 1 )
2 A no cell beads 1
025 E
: D o 2 osl
§ : £
2 ) @
b)) L
§1 5 § 3 0.6
ko] .0 5
z © = 04
5 1 & g
8 e i
§) 0.5 0.2 free cells 0.2 free cells
O O microbe beads O microbe beads
< 0 A A é Vi " " C/ L L
0 100 200 300 0 20 40 60 0 10 20 30
Nd concentration (M) Time (min) Time (min)

Figure 1: Nd adsorption isotherm and Kinetics by microbe beads and free cells. (A) Nd adsorption isotherm
with microbe beads (circles) and beads without cells (triangles). Experimental data were fit to a Langmuir isotherm
(solid line) using nonlinear regression. (B) Nd adsorption kinetics of microbe beads (black circles) in comparison
to free cells (gray circles). MES solution (10 mM, pH 6) containing 500 uM Nd was used. (C) Nd desorption
kinetics using citrate solution (10 mM, pH 6) with microbe beads (black circles) in comparison to free cells (gray
circles). The kinetics data were fit with the Vermeulen model (black line) and yielded correlation coefficient r*

values of 0.98 for both adsorption and desorption.
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Figure 2. Microbe bead imaging. (A-C) Helium ion microscopy images of microbe beads at different
magnification. At high magnification, encapsulated E. coli are visible on the microbe bead surface. (D) Confocal
microscope image showing a 3-D reconstruction of a representative microbe bead from Z stack images. Cells were
visualized by staining with propidium iodide. The image depicts the dense and homogeneous distribution of cells
across the surface of the microbe beads and confirms their mortality. (E) TEM image of a microbe bead cross-
section showing individual cells imbedded in the PEDGA polymer. (F) TEM image of a representative cell from a
Nd-adsorbed microbe bead showing cell-associated needle-like biogenic minerals (See supporting information for
more details). 7>-weighted MRI of microbe beads packed in 1 cm outer diameter NMR tubes with adsorbed Gd

(G), following citrate (10 mM, pH 6)-mediated desorption (H), or without Gd exposure (I). The hotiron- LUT was
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used for all MRI images. A picture of the microbe bead-containing NMR tubes is depicted to the right of the MRI

images as a reference.
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Figure 3: Nd adsorption in a fixed bed column with microbe beads. Columns (20 cm x 0.5 cm) were packed
with microbe beads (circles) or beads without cells (triangles). Breakthrough curves were performed at a linear
flow velocity of 3 m/h with an influent solution containing 500 uM Nd and MES (10 mM, pH 6). The data were fit
to the classical Bohart-Adams kinetic model (gray line) and the fractal-like Bohart-Adams model (black line)’”

using non-linear regression. The parameters obtained from the Bohart-Adams models are displayed in Table S2.
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Figure 4: Breakthrough curves depicting the effect of system variables on column dynamics for columns
packed with microbe beads. (A) Effect of influent REE concentration: influent solution of MES (10 mM, pH 6)

containing 50, 500, or 1500 uM Nd at a linear flow velocity of 3 m/h. (B) Effect of linear flow velocity (m/h) on
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Nd breakthrough behavior at a fixed Nd concentration of 500 uM. The linear flow velocity was defined as the
volumetric flow rate (m*/h) per unit cross-sectional area (m?) of the column. (C) Effect of influent pH: influent of
pH 4, 5, or 6 containing a fixed concentration of 500 pM Nd at a linear flow velocity of 3 m/h. The influent was
buftered with HomoPIPES (10 mM, pH 4 or 5) or MES (10 mM, pH 6). The column dimensions were 15 cm x 0.5
cm for the breakthrough columns depicted in panels A-B and 20 cm x 0.5 cm for the data depicted in panel C. The
data were fit to the fractal-like Bohart-Adams model (colored lines) and parameters obtained from the model are

displayed in Table S2-S3.
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Figure 5: Column reusability tests. (A) Citrate elution profile for column (20 cm x 0.5 cm). The corresponding
breakthrough curve for the adsorption step is plotted for reference. (B) Nd breakthrough curves for each of 9
consecutive adsorption/desorption cycles at a linear flow velocity of 3 m/h. For each cycle, an influent of 500 pM
Nd in MES buffer (10 mM, pH 6) was used for adsorption and 35 ml of 10 mM citrate for desorption. The column
(15 cm x 0.5 cm) was washed with 100 ml MES buffer between each adsorption/desorption cycle. (C) Bed

adsorption capacity calculated for each consecutive adsorption cycle using mass balance.

19



A
3 4 | o — _
— .,_ .! — —_ —_— -
o & 9 &< o
= -
w506} &
P oal
Ty 04~
o Ll © Purity
§ ' @ Recovery Efficiency
(TR 0 1 L 1 1
2 4 6 8 10
B Cell Density (cells / ml) x108
O -
) —
S
O
Impurity [ load | breakthrough + competitive displacement |
REE load | breakthrough |
0 1 2 3 4
Bed Volume
c 15
— * Zn
2
(o))
£
< |
©
=
3
205
o
3
<
0
Bed Volume
D
- 10
EY)
8 >09}
2T
Weogt
W
' :
L
3 o6l s * Fraction Extracted
B * Purity
05 : : : :
0 1 2 3 4

Bed Volume

Figure 6: Bath and continuous flow REE extraction from an electronic waste leachate. (A) REE recovery
efficiency and purity as a function of cell density for non-encapsulated LBT-displayed E. coli. Biosorption was

performed in batch over a range of cell densities in the pH-adjusted E-waste leachate and the adsorbed metal ions
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were desorbed using 5 mM citrate (pH 6). REE purity was defined as the weight percent REEs of the total metal
content in the citrate eluent. The pH (6)-adjusted E-waste leachate described in Table S1 was diluted 20-fold prior
to batch experiments, which were performed in duplicate. Error bars represent the standard deviation calculated
using a formula for propagation of standard error.”® (B) Breakthrough curve for metal ions in the E-waste leachate.
E-waste leachates prepared with sulfuric acid were diluted 10-fold and adjusted to pH 6 prior to use as the influent
in a column (~77 ml bed capacity, 100 cm x 1 cm) packed with microbe beads. The metal ion concentrations are
described in Table S4. A linear flow velocity of 0.76 m/h was employed and 1 ml (0.01 bed volume) fractions were
collected. Metal concentrations were quantified by ICP-MS and the data were median smoothed over a 10 ml (0.13
bed volume) window. The REE and non-REE (i.e., impurity) loading and breakthrough regions are summarized
below the plot. A breakthrough curve depicting the absolute metal concentrations is presented in Figure S8. (C)
The time-course adsorption profile for each metal ion was calculated using mass balance (see methods). (D)
Fraction REE extracted and REE purity as a function of bed volumes. REE purity, defined in panel A, was
determined using the mass balance data in panel C. The fraction of REE extracted was determined using the

effluent Nd, Pr, and Dy concentrations.
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