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ABSTRACT 

The extraction of rare-earth elements (REEs) from low-grade sources like electronic waste (E-waste) 

could supplement current unsustainable mining practices. REEs are crucial for various industries, but 

supply struggles to meet growing demand. Herein, we present an environmentally friendly method for 

REE extraction using silk protein sponges functionalized with lanmodulin (LanM), a protein that 

selectively binds REEs. These sponges are relatively facile to fabricate and scale, while offering highly 

selective REE binding. The REEs can then be recovered via simple acid leaching, allowing sponge reuse 

for multiple cycles as well as specific desorption of different REEs by changing the pH of the desorption 

buffer. This method avoids harmful solvents used in traditional extraction and enables recycling of REEs 

from industrial and E-waste. 
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INTRODUCTION 

The rare-earth elements (REEs), which include the lanthanides as well as scandium and yttrium, are 

indispensable to modern technology.1 They are integral to a wide range of applications, from electronics 

to military defense systems, and are especially important in green energy technologies.2,3 Despite their 

widespread use, the production of REEs is hampered by limited supply, widely varying natural 

abundance, and the geographic concentration of deposits.1,2 Recent restrictions on REE exports by China 

due to rising domestic demand has heightened concerns about a global REE shortage.4 The U.S. 

Department of Energy has even highlighted the urgent need for alternative REE sources.5 Furthermore, 

current methods of REE production are environmentally harmful, relying heavily on mining and the use 

of toxic solvents, which generate substantial hazardous waste.6,7 These practices undermine the benefits of 

REEs in green technologies. To address both supply and environmental challenges, alternative methods 

for REE extraction are being pursued, with a specific focus on solid–liquid extraction.8 Solid-liquid 

extraction, which often involves immobilizing extractants onto supporting materials, enhances the contact 

area between the extractant and target elements. This approach improves extraction efficiency while 

mitigating issues like third-phase formation, a common problem in liquid-liquid extraction processes. 
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Recycling REEs from industrial and electronic waste (E-waste) is one promising strategy.6,9,10 However, 

these waste streams often have high levels of impurities, necessitating highly efficient and selective 

separation techniques. This challenge has led to the exploration of a variety of different approaches for 

recovering REEs, including biological approaches such as bioleaching through the secretion of organic 

acids and biosorption through rare earth binding proteins, peptides and small-molecule ligands, and even 

with whole cell microorganisms.11,12,21,22,13–20 Among the various extraction methods, solid-liquid 

separations based on biology-derived molecules have proven particularly attractive due to their ease of 

use, sustainability, and versatility.18 In this context, we present a sustainable method for REE recovery 

using naturally derived silk sponges functionalized with lanmodulin, a highly selective lanthanide-binding 

protein derived from methylotrophic bacteria.6,23–28  

Silk fibroin from the Bombyx mori silkworm, referred to from here on simply as silk, has been widely 

studied as a biomaterial system for applications in tissue engineering,29–32 regenerative medicine,33–35 drug 

delivery,36–38 filtration,19,39,40 and biosensing,41,42 among others.32,34 An extremely versatile material, silk 

can be processed into gels,43,44 aerogels,45,46 fibers,31,35,47 particles,37,48,49 sponges,50,51 films,52,53 and 

thermoplastics.54,55  Furthermore, silk materials are a sustainably sourced raw material, enzymatically 

degradable and biocompatible. The silk sponges designed herein were formed from pre-functionalized 

LanM-Silk through thermally induced phase separation (TIPS) and were naturally porous enough to allow 

for moderate flow rates of REE solutions, while being easy to fabricate and scale to whatever dimensions 

are desired. Our data indicate that LanM-Silk is selective and effective for REE recovery, and silk 

represents an inexpensive and non-toxic substrate that can be used for protein immobilization in metal 

recovery applications.  

 

METHODS 

Materials 
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Chemical reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA) unless otherwise 

noted, at the highest purity available. Neodymium(III) chloride hydrate and dysprosium(III) chloride 

hydrate were dissolved in ultrapure water at 50 mM prior to dilution per the experimental conditions 

(usually to 0.2 mM). Lanthanum (III) chloride heptahydrate was purchased from Sigma Aldrich (St. 

Louis, MO, USA) and similarly stored at 50 mM prior to dilution. 

All glassware used in filtration and REE analysis was rinsed 3 times with HCl (20 mM) and 3 times with 

DI water in between applications of REE solutions and oven-dried before reuse. All water samples for 

REE analysis were stored in HDPE 15 mL centrifuge tubes prior to analysis using inductively coupled 

plasma-optical emission spectroscopy (ICP-OES, Agilent). Neodymium and dysprosium ICP-OES 

standards (1000 ppm in  3% HNO3) were purchased from Ricca Chemical and serially diluted with 

ultrapure water for calibration.  

Silk fibroin preparation 

Silk fibroin solution was prepared as described previously.32 Briefly, unmodified Bombyx mori silkworm 

cocoons were cut into sections and the larva was removed. 5 g of the cut cocoons were boiled in a 

solution of sodium carbonate (Na2CO3) (4.24 g in 2 L of deionized (DI) water) for 30 minutes to remove 

the sericin protein from the fibroin. The resulting fibroin fibers were rinsed in DI water 3x for 20 minutes 

each and dried in a fume hood overnight. The next day, the silk fibroin was dissolved in 9.3 M lithium 

bromide (LiBr) and incubated at 60°C until dissolved. Once dissolved, the solution was dialyzed against 

DI water in a cellulose membrane (3.5 kDa MWCO) for 3 days changing the water 3-5 times per day. The 

solution was then collected, filtered through a 40 µm cell strainer to remove aggregates and centrifuged at 

9,000 rpm for 20 min at 4°C. The silk solution was then transferred to new centrifuge tubes and 

centrifuged again to remove any other precipitate. To determine the concentration of the silk solution, 400 

µL of solution was weighed and then allowed to dry into a film, at which time it was weighed again. The 

ratio of the wet and dry weight was used to determine the concentration. All silk solutions were stored at 

4°C and used within 2 weeks. 
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Synthesis of silk fibroin-vinyl sulfone (SFVS) 

 

Scheme 1: Degummed silk fibroin is reacted with divinyl sulfone in a highly alkaline solution (pH~12.8) 

for 5 minutes. 

Silk fibroin of a known concentration was first diluted to 2 wt% in water. Then, the quantity of serines (-

OH groups) was determined via the following equation: 

(1) 𝑀!" =
#!"
$%!"

∗ $#$
&	#()*	+,

  

Where 𝑀!" is the moles of hydroxyl groups (approximately 659), 𝑚+, is the mass of silk fibroin in 

grams, and 𝑀𝑊+, is the molecular weight of the silk fibroin (assumed to be 417,000 g/mol). To calculate 

the requisite moles of divinyl sulfone, we used a stoichiometric ratio of -./$%&!
&$#$

 where 𝑀01+ is the moles 

of divinyl sulfone. Thus, to determine the volume of divinyl sulfone necessary the following equation was 

used: 

(2) 𝑉01+ =
$%&!$%%&!

2%&!
 

Where 𝑉01+ is the volume of the divinyl sulfone needed for the reaction, 𝑀01+ is the moles of divinyl 

sulfone calculated from equation (1) and the stoichiometric ratio, 𝑀𝑊01+ is the molecular weight of 

divinyl sulfone (118.16 g/mol), and 𝜌01+ is the density of divinyl sulfone (1.212 g/mL). 

The silk was first added to a 0.1 M solution of NaOH while stirring at 1,500 rpm, while continually 

monitoring the pH (~12.8). Then, quickly, the divinyl sulfone was added to the stirring solution and 

allowed to react for 5 minutes.56 Once complete, the reaction was quenched by neutralizing the pH to 7-

7.4 by adding 1M HCl. The resulting vinyl sulfone-functionalized silk fibroin (SFVS) was dialyzed 
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against DI water in a cellulose membrane (3.5 kDa MWCO) for 3 days changing the water twice per day. 

The product was then frozen, lyophilized, and a small amount was dissolved in D2O for proton nuclear 

magnetic resonance (1H-NMR). To determine the degree of functionalization, the vinyl protons (around 

6.9 ppm) were integrated and compared to the pre-functionalized silk fibroin.   

Lanmodulin synthesis 

The lanmodulin used in this study was the protein from Methylobacterium extorquens, containing a C-

terminal GSGC addition for immobilization (called simply “LanM” subsequently), as described.6 The 

plasmid containing the gene encoding this LanM was obtained from Twist Bioscience (pET-29b(+)-

LanM-GSGC). The protein was overexpressed and purified in the CSL Behring Fermentation Facility, in 

the Huck Institutes of the Life Sciences at Penn State University. Pre-cultures of E. coli BL21(DE3) cells 

(NEB) transformed with pET-29b(+)-LanM-GSGC were grown first in 50 mL and then in 250 mL LB 

broth with 50 μg/mL kanamycin at 28 °C, from which 30 L of terrific broth (low P) was inoculated in a 

Sartorius Biostat Cplus fermentor with 30 L working volume. The media contained: 30 g/L tryptone, 40 

g/L yeast extract, 30 g/L glycerol, 1 mM magnesium sulfate heptahydrate, 15.7 mM sodium phosphate 

monobasic, 9.9 mM potassium phosphate dibasic, and 50 μg/mL kanamycin. The pH was set to 6.8, with 

20% dissolved oxygen (30 L/min air and 250-600 rpm agitation). The cells were grown at 37 °C to an 

OD600nm of ~5, at which point isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to 0.5 mM. After 

3 h induction, cells were harvested at 16000 rpm using a Sharples AS-16 centrifuge. The yield was 1.0 kg 

cell paste, which was frozen at -80 °C. Purification was carried out as described previously.6 Briefly, cells 

were lysed and loaded onto a Q-Sepharose Fast Flow column and eluted using a 0.01 to 1 M NaCl 

gradient. LanM-GSGC containing fractions were purified further using gel filtration chromatography 

(HiLoad 16/600 Superdex 75 pg column in 30 mM MOPS, 100 mM KCl, 5 mM CaCl2, 5% glycerol, 5 

mM TCEP, pH 7.0). LanM-GSGC-containing fractions were exchanged by FPLC into 20 mM acetate, 10 

mM EDTA, 100 mM NaCl, 5% glycerol, pH 4.0, concentrated to ~3 mM, and frozen in liquid N2 and 

stored at -80°C until use. 
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Quantifying lanmodulin concentration 

To quantify the concentration of LanM in solution, an assay with Ellman’s reagent was performed. Since 

the LanM protein is modified with a single cysteine we can directly correlate the thiol concentration to 

protein concentration in solution. First, a serial dilution was performed on a stock of cysteine at 2 mM, 

wherein the concentration was diluted by 50% several times yielding standards at 2, 1, 0.5, 0.25, 0.125, 

0.0625, and 0.03125 mM. Each of these was added to a 96 well plate along with 5,5′-dithiobis-(2-

nitrobenzoic acid) (Ellman’s reagent). A noticeable color change was observed in each well. 

Simultaneously, LanM from the stock solution was added to the plate without dilution. All samples were 

measured for their absorbance of 412 nm light on a plate reader (Varioskan LUX Multimode Microplate 

Reader). The standards were then used to prepare a linear standard curve, which allowed us to calculate 

the LanM concentration from its absorbance. 

Sponge fabrication 

 

Scheme 2: SFVS is reacted with LanM in a dilute solution before concentrating, doping with unmodified 

silk, and freezing in a polydimethylsiloxane (PDMS) mold in the presence of 12.5% 1,4-dioxane 

overnight to allow for thermally induced phase separation (TIPS). 

To prepare the LanM-tethered silk sponges, a dilute solution reaction between the SFVS (diluted to 0.44 

wt%) and LanM was conducted for 24 hours at pH 7, 7.5, and 8 in 50 mM 2-[4-(2-hydroxyethyl) 
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piperazin-1-yl]ethanesulfonic acid (HEPES) buffer at room temperature. The solution was slowly rotated 

to ensure appropriate contact between the reactants. Each reaction was monitored by sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Ellman’s test (similar to what was described 

in the previous section to quantify unreacted LanM). The resulting solution was then concentrated using a 

50 kDa MWCO centrifugal concentrator down to the appropriate volume for sponge preparation (~0.7 mL 

for a 1 mL sponge). Any unbound LanM was then recovered from the flow through. Then, a small volume 

of highly concentrated silk (>25 wt%) was added to bring the entire silk concentration to the appropriate 

concentration (usually 10 wt%). The 10 wt% silk was subsequently mixed with 50% dioxane at a ratio of 

3:1 and frozen at -20°C overnight (unless otherwise stated) in a custom PDMS mold. The next morning 

the sponge was thawed and removed from the mold and was ready for use or further β sheeting if desired 

(see section below). 

Morphological analysis of sponges 

Sponges were prepared at a variety of different silk concentrations and freezing temperatures before being 

removed from the mold, lyophilized, and sliced into 100 μm sheets with a microtome blade. These sheets 

were then mounted on conductive adhesive tape and sputter-coated with a layer of Pt/Pd using a sputter 

coater (208HR, Cressington Scientific Instruments Inc.) prior to visualization with scanning electron 

microscopy (SEM, Zeiss UltraPlus SEM or Zeiss Supra 55 VP SEM, Carl Zeiss SMT Inc.). Images shown 

are representative of three sponges. The pore size distribution was then quantified using FIJI image 

analysis software to determine the average pore size for each condition. 

Formation of β-sheets in silk sponges 

A variety of treatments were investigated to induce β-sheet formation in the silk sponges to improve 

mechanical properties: 70% ethanol, 37˚C phosphate buffered saline (PBS), 37˚C water, and 0.5 M citrate 

buffer-pH 6. All treatments were then measured via Fourier Transform Infrared Spectroscopy (FTIR, 
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JASCO FTIR 6200 spectrometer), to quantify the amide I region, which corresponds to the presence of β-

sheets.57 

Rare earth element collection and separation 

Sponges of different diameters (11 and 15 mm) and volumes (0.5, 1, 2, 5 mL) were prepared. These 

sponges were placed into custom-fitted columns to ensure secure housing and uniform flow distribution. 

The columns were attached directly to a peristaltic pump to facilitate consistent solution flow. A sponge 

size of 1 mL and 15 mm diameter with a flow rate of 2 mL/min was selected for most experiments, based 

on preliminary trials that optimized flow rate for minimal pressure drop, efficient REE recovery, and 

sufficient liquid/LanM interaction time. These conditions may provide insight into potential scale-up 

applications, where larger columns will be necessary. Care was taken to ensure that the REE solutions 

fully penetrated the sponge, and breakthrough curves were monitored to confirm efficient binding under 

these conditions. Unless otherwise stated, all data shown herein were collected under these optimized 

conditions. 

For breakthrough experiments, a pure 0.2 mM solution of LaCl3 in 1 mM HCl in water was flowed into 

the column for ~50 column volumes. As the solution was pumped through the sponge, flowthrough was 

collected in separate tubes as 1 mL fractions which were later analyzed for REE concentration by the 

arsenazo assay.6,58 

To verify the point at which the REEs are no longer being captured, we monitored the REE concentration 

in 1 mL fractions over the course of 50 column volumes using an arsenazo assay. Arsenazo was dissolved 

in 6.25% trichloroacetic acid (TCA) to a final concentration of 0.1%. The solution was then filtered and 

stored protected from light until used.  A 40 μL volume of each tube collected from the flowthrough was 

added to a 96 well plate along with 40 μL of 12.5% TCA and 120 μL of the arsenazo stock solution and 

allowed to incubate for 10 min at room temperature. Simultaneously, a standard curve of LaCl3 was 

prepared ranging from 5 to 200 μM. The plate was then measured for absorbance at 652 nm using a plate 
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reader (Varioskan LUX Multimode Microplate Reader). Arsenazo changes color in the presence of metals 

and was a reliable means for determining the point at which the column’s capacity was reached and La3+ 

began to flow through the column. This breakthrough point was then verified via Inductively Coupled 

Plasma Optical Emission spectroscopy (ICP-OES) (ICP-OES 5100, Agilent Technologies). Once the 

column was fully loaded, the La3+ was easily desorbed from the sponge through an acid desorption step 

with 12 mL of 25 mM HCl. This flowthrough was collected and analyzed by arsenazo and ICP-OES to 

verify the total loading capacity of the sponge.  

Similarly, to determine the selectivity of the sponge-LanM system toward lanthanides, a competitive 

experiment between non-REE metals (Na+, K+) and La was performed, with the non-REEs being fed at 

10x the concentration. The desorption step was conducted and analyzed by ICP-OES to quantify the 

amount of each metal that had been sequestered. Finally, separation of Nd and Dy was tested by flowing a 

mixed feed of equimolar NdCl3 and DyCl3 (0.2 mM) over the column. To specifically elute each REEs, a 

2-step desorption was conducted: pH 2.1 for 20 column volumes (20 mL), followed by pH 1.7 for 20 

column volumes, optimized desorption conditions developed previously.6 The flowthrough from both of 

the desorption stages was collected and analyzed by ICP-OES to determine the concentrations of Nd and 

Dy at each point. 

Statistics 

The results are presented as a mean ± standard deviation where appropriate. Comparisons among groups 

were performed by one way analysis of variance (ANOVA) with post-hoc Tukey HSD test. Any 

conditions with p<0.05 were considered statistically significant. 

RESULTS AND DISCUSSION 

Silk fibroin-vinyl sulfone (SFVS) was prepared as previously described.56 In short, silk cocoons were 

degummed and dissolved to extract regenerated silk fibroin, then the resulting silk fibroin was reacted 

with divinyl sulfone briefly in alkaline conditions. The resulting SFVS was reacted with LanM via thiol-
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Michael addition overnight. This silk functionalization was found to be highly pH dependent, as shown in 

Figure 1. The kinetics of the reaction varied significantly across pH conditions, with faster rates observed 

at higher pH levels. At pH 7, thiol loss occurred gradually, as indicated by the relatively shallow slope 

(~0.4 mM/hour) in the initial phase, stabilizing at a higher free thiol concentration (~0.2 mM) after 8 

hours (Figure 1B). This is confirmed in the third gel (Figure 1A) wherein bands are visible throughout 

the entire reaction time. In contrast, pH 7.5 exhibited a steeper initial decline (~0.8 mM/hour), indicating 

accelerated thiol reactivity (Figure 1B), which was mirrored by a decrease in visible bands toward the 

later hours of the reaction (Figure 1A). Finally, pH 8 demonstrated the fastest reaction rate, with a steep 

initial slope (~1 mM/hour) and stabilization at the lowest thiol concentration (~0.1 mM) (Figure 1B). 

This too was confirmed by SDS-Page in the first gel (Figure 1A) which has no visible bands toward the 

end of the reaction time. These trends suggest that higher pH enhances thiol reactivity, likely due to the 

increased nucleophilicity of thiolate anions, which contributes to superior functionalization of the silk. 

 

 

The SFVS-LanM product was then concentrated to ~70% of the desired sponge volume using centrifugal 

concentrators with 50-kDa molecular weight cutoff, which allowed any unreacted LanM to pass through 

the filter. The flowthrough was measured by Ellman’s reagent to quantify the amount of unreacted LanM, 

which was usually less than 5% of the initial LanM added. The resulting concentrated SFVS-LanM was 

Figure 1. A. SDS-PAGE of each reaction (pH 7, 7.5, and 8) between LanM and SFVS. Time points were taken at 0, 
0.1, 1, 2, 4, 8, and 24 h. Note that LanM is ~12 kDa, so it is represented by the first visible bands on the bottom of 
the images. With increasing pH, the quantity of LanM remaining unreacted decreases at every timepoint measured. 
B. Ellman’s assay at various points (0, 0.1, 1, 2, 4, 8, and 24 h) during each experiment. This verifies the finding 
with SDS-PAGE that the reaction is faster at higher pH.  
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then enriched with >25 wt% silk to bring it to the proper final concentration (2.5-20 wt%) before mixing 

with 1,4-dioxane and frozen overnight to induce TIPS. Significant morphological and mechanical 

differences were observed as the silk concentration was altered. Namely, the softest sponges (2.5 and 5 

wt%) appeared to have their pores collapse under their own weight due to their weak mechanics, while 

the stiffest sponges (15 wt% and 20 wt%) had the largest pores that substantially decreased their surface 

area as well as the residence time of solutions passing through them (Figure 2). The 10 wt% sponges 

were found to have the microstructure that best balanced mechanics and flowrate through the sponge.  

 

Different freezing temperatures also resulted in different microstructures (Figure 3). Freezing at -80˚C 

resulted in, on-average, large pores that resulted in limited residence time. Alternatively, freezing in liquid 

Figure 2. Microstructure of sponges formed at a variety of silk concentrations (2.5, 5, 10, 15, and 20 wt%) 
visualized via scanning electron microscopy at two different magnifications (50X and 300X). A. Clear 
morphological differences were present in most conditions, with 2.5-5 wt% sponges seeming to collapse internally 
due to their poor mechanics and 15 and 20 wt% sponges having pores that led to decreased LanM-REE interactions 
due to their larger size. 10 wt% sponges were determined to be the best suited for this application and were thus 
used in all subsequent experiments. Scale bars are 200 μm in the top images and 30 μm in the bottom images. B. 
Pore size quantification of each sponge ranging from 5 to 20 wt% silk. Note that the 2.5 wt% sponges were not 
measured due to the pores collapsing before imaging. 

A 

B 
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nitrogen (-196˚C) resulted in very small pores that entirely prevented flow through the sponge. 

Additionally, the -196˚C sponge was far more brittle than the sponges frozen at the higher temperatures, 

resulting in cracking and damage due to handling. A freezing temperature of -20˚C resulted in 

interconnected pores that provided the proper tortuosity to allow for reasonable flowrates (>2 mL/min) 

that still promoted sufficient REE-LanM interactions.  

 

 

After fabricating the sponges, subsequent β-sheet formation was conducted through multiple, well-

documented treatments: ethanol, 37˚C water, 37˚C PBS, and citrate. β-sheeting in silk sponges provides 

mechanical strength and structural stability, essential for maintaining shape and integrity under stress. It 

also enhances resistance to enzymatic degradation, ensuring long-term stability in relevant environments. 

While all treatments significantly increased the β-sheet content, as measured by FTIR, 37˚C water 

Figure 3. A. Images of sponges (10 wt% silk) formed via 3 different freezing rates (-20˚C, -80˚C, and -196˚C), 
showing some damage on the most brittle sponge (the one frozen in -196˚C) B. Sponge microstructure visualized via 
scanning electron microscopy, indicating substantial differences in pore size. C. Pore size quantification for each 
sponge.  
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resulted in the highest percentage of β-sheeting (Figure 4B) and was used for all subsequently fabricated 

sponges. Notably, this degree of β-sheeting aligns with β-sheet content measured in previous silk sponges 

and in other silk materials (films, electrospun fibers, etc.) more broadly. 

 

 

Initially, the sponges were fabricated in an 11-mm-diameter PDMS mold and placed into a column 

connected to a peristaltic pump, which slowly pumped a solution of 0.2 mM LaCl3 through the sponge. 

The flowthrough was collected and the La concentration was measured, confirming that no substantial 

breakthrough of La was observed until ~20 column volumes. This translates to approximately 4 μmol La 

captured before breakthrough (Figure 5A). We performed acid desorption to quantify the total La 

adsorption capacity of the sponge column, which also includes La captured post-breakthrough, up to 50 

mL. Based on Figure 5B, the sponge exhibits an adsorption capacity of around 10 μmol/mL, which 

corresponds to roughly one mole of La bound per mole of LanM attached to the sponge. Because prior 

studies have reported higher ratios (up to 2:1 REE:LanM), this finding suggests that some LanM may be 

nonfunctional—possibly because certain LanM molecules are shielded from interacting with the La in the 

flowthrough. Notably, these findings were replicated for an additional 2 cycles, addressing the reusability 

of the sponges. 

Figure 4. A. Representative FTIR illustrating the difference in the amide I region before and after treatment with 
PBS. B. β-sheet content, as measured by FTIR, for 4 different treatments (70% EtOH, 37˚C water, 37˚C PBS, and 
0.5M Citrate buffer-pH 6), illustrating that 37˚C water results in the largest increase.  
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To determine the specificity of the LanM sponges for REE binding, a mixed feed of LaCl3, NaCl, and KCl 

was prepared, with both NaCl and KCl at concentrations 10-fold higher than the LaCl3. After a full 50 mL 

loading onto the column, negligible Na+ and K+ were observed, indicating that >99.994% of the bound 

metal was La (Figure 5C, Table S1). Additionally, we repeated this experiment with silk sponges that 

lacked the LanM functionalization and found minimal to no adsorption of any of the 3 metals (Table S2). 

 

 

We hypothesized that early La breakthrough occurred because of the La traveling through the same few 

tortuous pathways through the sponge, which could be ameliorated by increasing the cross-sectional area 

of the sponge by increasing its diameter, without altering its volume. Toward this end, we fabricated new 

sponges in a PDMS mold with a diameter of 15 mm. These larger sponges were then tested via a similar 

LaCl3 flowthrough experiment, and it was found that, indeed, the breakthrough was improved to ~24-30 

column volumes (Figure 6A).  

Lastly, we endeavored to discover the potential to not only capture, but also separate REEs using a single 

sponge adsorption system. A 50/50 mixture of NdCl3 and DyCl3 were fed to the column and allowed to 

adsorb for 50 column volumes, before being desorbed in a staged desorption system. Initially, 20 mL of 

pH 2.1 desorption buffer was pumped through the column to desorb the Dy, followed by an additional 20 

mL of desorption buffer at pH 1.7. Two distinct peaks, one at the beginning of each pH range, were 

Figure 5. A. Breakthrough curves of LaCl3 (pH 3) pumped through the sponges, indicating no substantial La 
breaking through the sponge until ~20 column volumes for 3 adsorption/desorption cycles. B. Desorbed La from the 
column (using 25 mM HCl—pH ~1.6) over 3 cycles, showing approximately 10 μmol La were bound in total. C. A 
mixed feed experiment containing 3 metals demonstrating the high selectivity of these LanM silk sponges toward 
REE sequestration. 
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visible when quantifying the metal ion concentration of the eluted fractions using arsenazo. As expected 

based on characterization of LanM in solution23 and immobilized on agarose beads6, the Dy was desorbed 

first, and was verified to be >95% pure by ICP-OES (Figure 6B, Table S3). Neodymium was collected in 

the second stage of the desorption process at 95% purity as well (Figure 6B). This confirmed that these 

sponges could be used not only to extract REEs, but also to separate certain REEs based on their 

differential affinity to LanM.  

These results are consistent with expectations based on previous work in the field, demonstrating 

comparable performance to established methods for REE separation. Prior studies, such as those by 

Cotruvo et al. and Dong et al.,23,28 showed that LanM is highly selective for REEs like Dy and Nd, with 

purities exceeding 95% achieved in both solution-based systems and agarose bead immobilization setups. 

These results using silk sponges align with this benchmark, as Dy and Nd were desorbed sequentially 

with >95% purity, highlighting the reliability of LanM's differential affinity for REEs.  

The sponges developed in this work exhibit an REE binding capacity of ~10 μmol/mL, surpassing 

agarose bead-based systems (~5.77 μmol/mL for Nd³⁺) while demonstrating higher operational flow rates 

(2 mL/min), making them well-suited for high-throughput applications.6 However, each competing REE 

sequestration approach offers distinct advantages. Agarose bead immobilization, as demonstrated by 

Dong et al., provides a well-characterized and widely used platform that enables precise control over 

column separations and facilitates easy integration into existing purification infrastructure. The beads' 

stability and high selectivity make them particularly useful for batch or continuous chromatography 

applications, though their diffusion-limited binding kinetics and lower flowrate capacity may restrict 

throughput. Elastin-like polypeptide (ELP) conjugates, as reported by Hussain et al., present a highly 

innovative approach by leveraging thermoresponsive phase separation to enable simple REE recovery via 

temperature-induced precipitation.9 This phase transition mechanism eliminates the need for harsh 

chemical desorption steps, allowing for easy recyclability of the material. While this strategy offers 

significant advantages in terms of ease of recovery and reusability, its adsorption capacity per unit volume 
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appears lower than that of the sponge-based system, and the aggregation behavior of ELPs could pose 

challenges in large-scale deployment. Cell surface immobilization, explored by Park et al., represents a 

promising solution for biomining applications, where engineered microbial systems express LBTs on their 

surfaces to continuously extract REEs from dilute sources.59 This approach excels in in situ applications, 

as it does not require pre-synthesized materials and benefits from the self-replicating nature of bacterial 

cultures. However, REE recovery from requires complicating downstream purification, potentially 

limiting the ease of REE extraction in industrial settings. 

Beyond biomolecular methods, traditional industrial REE extraction technologies remain the dominant 

approach. Liquid-liquid extraction (LLE), as described by Pramanik et al.1, is a highly efficient and 

scalable method widely employed in commercial REE refining. By leveraging organic phase separation 

and selective ligands, LLE effectively extracts REEs from complex matrices. However, its dependence on 

toxic organic solvents and the generation of large volumes of hazardous waste raise environmental and 

operational concerns. In contrast, ion exchange resins, as discussed by Jordens et al.3, offer a reusable and 

highly selective alternative, making them a key component of hydrometallurgical REE recovery. Despite 

their efficacy, ion exchange resins are prone to fouling, require costly regeneration, and may have limited 

throughput when processing complex feedstocks. 

In comparison, the silk fibroin sponge system developed in this work presents a promising bio-based 

alternative that combines high adsorption capacity, scalability, and sustainability. Unlike agarose beads, 

the sponge system supports higher flow rates and improved adsorption kinetics. While ELP conjugates 

offer an efficient phase-separation recovery mechanism, the silk-based system achieves greater adsorption 

per unit volume. Similarly, while cell surface immobilization is advantageous for biomining applications, 

the sponge system provides a more straightforward recovery process. Compared to LLE and ion exchange 

resins, which remain the gold standard for industrial-scale REE separations, the sponge system eliminates 

the need for toxic solvents or synthetic polymer resins, reducing environmental impact while maintaining 

a competitive binding capacity.  
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CONCLUSIONS 

The growing demand for REEs in modern technology and green energy solutions, coupled with supply 

limitations and environmentally harmful extraction methods, necessitates the development of sustainable 

and efficient recovery techniques. Herein, we designed a naturally derived silk protein sponge system 

functionalized with LanM, a highly selective lanthanide-binding protein, as a promising solution to these 

challenges. This method leverages the inherent versatility and processability of silk fibroin from the 

Bombyx mori silkworm, which can be easily fabricated and scaled to meet demand based on the large silk 

production infrastructure already in place worldwide to generate silk for textiles via sericulture. The TIPS 

fabrication process enabled the creation of porous silk sponges that facilitate flow rates >2 mL/min of 

REE solutions, thereby enhancing the practicality and efficiency of REE recovery. Other sponge poration 

processes may be amenable to REE recovery,32,34 but we believe that TIPS-based sponges result in pores 

that are an ideal balance of flow rate and surface area. For metal extraction applications, the chosen 

parameter matrix (e.g., 15 mm diameter, 1 mL sponge volume) provided the best compromise between 

scalability, efficiency of target ion binding, and durability during continuous flow. These design 

considerations were informed by both experimental data and the requirements for potential scale-up, 

emphasizing the importance of achieving a balance between structural properties and functional 

Figure 6. A. Breakthrough curves from 15 mm diameter, 1 mL sponges, indicating a marked improvement over the 
11 mm diameter sponges shown previously. These are data from 3 independent runs, with the darker colors being the 
later runs, indicating no drop off in performance. B. Analysis of a mixed Nd/Dy feed loaded onto the LanM silk 
sponges and separated by a simple 2 stage desorption (pH 2.1, then 1.7) showing two distinct peaks, each of which 
is >95% pure in either Dy or Nd, respectively. 
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performance. For scaled up versions of this system, we believe it to be imperative to keep the ratio of 

diameter:volume approximately 15:1. 

Our findings underscore the potential of LanM-Silk sponges as a sustainable alternative to traditional 

REE extraction methods, combining ease of use, environmental friendliness, and high selectivity. This 

approach not only addresses the urgent need for alternative REE sources but also aligns with global 

efforts to reduce the environmental impact of REE production. Future research and development should 

focus on optimizing the fabrication process, improving the selectivity and capacity of the sponges, and 

exploring the scalability of this technology for industrial applications. By advancing such sustainable 

technologies, we can mitigate the environmental footprint of REE extraction and secure a reliable supply 

of these critical elements for the advancement of modern and green technologies. 
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