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Rare earth elements (REEs) are crucial for clean
energy technologies but are predominantly purified by solvent
extraction using strong acids. This work explores two adsorbents
with selective chemistry based on lanmodulin-derived peptides.
Two membrane adsorber platforms were synthesized: (1) a
poly(vinylbenzyl chloride) membrane with a grafted poly(allyl
methacrylate) network and (2) a poly(arylene ether sulfone)
membrane with allyl pendant groups. Both membrane adsorbers
were functionalized with LanM1 peptides via a thiol—ene click
reaction. The morphology, surface chemistry, and adsorption of
select trivalent lanthanides (La, Ce, Pr, Nd) were characterized in

/ Polymer brush

® Lanthanide chelating peptide
o Lanthanide ion

pH 4-35 solutions, mimicking phosphogypsum waste streams. Results from the adsorption experiments indicate that the lanmodulin
peptide sequence maintains its ability to bind when it is immobilized on the surface of polymer fibers for some ions. Despite the
different adsorbent designs, the measured capacity of both adsorbents is on the same order of magnitude, which may be explained by

differences in the surface area of the fibers.

rare earth elements, adsorption, affinity peptide, lanmodulin, biosorption

Rare earth elements (REEs) are crucial for modern technology,
such as smartphones and clean energy. Currently, REEs are
sourced from mined ore and then separated via solvent
extraction." Solvent extraction has several drawbacks as it
requires hundreds of stages, produces mixed organic radio-
active waste, and leaves a CO, footprint of approximately 5SS kg
CO, per kg lanthanide.” Industrial waste has been discovered
as a potential source of REEs. For example, phosphogypsum, a
radioactive byproduct of fertilizer production, contains an
average of 0.1-0.2 wt % REEs™* and has inspired global
research on REE recovery from this waste stream.” Much of
the phophogypsum is stored in open stacks, with an estimated
1 billion tons stored in the US state of Florida alone.’
Recovering REEs from this waste could enable a significant
contribution to the domestic consumption of REEs, which has
been estimated at 9 kt annually.” Other potential REE sources
are recycled nickel-metal hydride batteries and end-of-life
electronic wastes.”” For all feedstocks, REE recovery requires a
two-step process including (1) concentrating the REEs and (2)
separating them from each other in acidic solutions.
Adsorbent materials with selective ligands have been
explored as a more sustainable alternative to solvent extraction.
A commonly used adsorbent technology in small-scale REE
separations is diglycolamide resins in chromatography
columns. These functionalized resin beads have shown
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selectivities of 1.5—3 for neighboring lanthanides.'’ These
selectivity values are generally low and are achieved only at
high acid concentrations (pH 2 or lower). An emerging class of
separation materials, biosorbents, have shown promising
capability to separate ions selectively at more neutral pH—
expanding conditions at which selective REE separations can
be performed.'"'> These materials are often resins or
nanoparticles functionalized with REE-selective proteins or
peptides."*~"”

Membrane adsorbers are a separation technology that has
advantages over resins like fast separation times'® and minimal
solvent use.'” The drawback to using membrane adsorbers is
they tend to have a lower binding capacity than their resin-
based counterparts'® due to lower surface areas. In related
fields, this limitation has been overcome by grafting ligand-
bearing polymer brush-like structures from the surface and
pores of membranes, which increases the ligand density per
surface area.”’ Previous work in our laboratory developed our
first lanthanide-binding membrane materials. A poly(glycidyl
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Figure 1. Visual representation of two peptide-functionalized membrane designs for lanthanide adsorption. (A) PVBC—PAMA, which has
adsorption sites throughout a three-dimensional network of brush-like extensions grafted from the base fibers and (B) APAES which has a
monolayer of peptide adsorption sites on the fibers. Synthetic schemes for the fabrication of (C) peptide-functionalized PVBC—PAMA membranes
and (D) APAES membranes. Note: the alkene groups of the unreacted APAES polymer are represented as cis and trans isomers. In addition, the

unsaturated group may be present as an isomerized terminal alkene.

methacrylate) polymer network was grafted from a commercial
poly(ether sulfone) membrane via ultraviolet (UV)-initiated
free radical polymerization.”’ The epoxide rings were
subsequently reacted with lysine, which served as a ligand.
Equilibrium adsorption experiments revealed good selectivity
for light lanthanides over mono- and divalent metals, but
selectivity between lanthanides remained low.

Biologically derived ligands are highly tunable and may serve
as a platform for studying and designing new ligands that
exhibit high ion—ion selectivity—as required for REE
separations. Lanthanide-binding tag (LBT) peptides based
on the metal-binding sequences known as EF-hands (natively
found in calcium-binding proteins) have been explored for
lanthanide biosorption.””** Meanwhile, lanmodulin (LanM)
proteins””*> have also captured researchers’ interest in REE
recovery from industrial waste. LanM proteins not only have
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high affinity (K; ~ pM) for REEs, but also a remarkable
tolerance for acidic conditions (near pH 2.5) and high
selectivity in the presence of competitor ions at 1000 fold
excess.”® Recent work targeting REE recovery and separation
has used covalently attached lanthanide-binding peptides and
LanM proteins on adsorptive resins,”>~'° on magnetic
nanoparticles'® as well as in elastin-based biomaterials to
isolate lanthanides via induced phase transition.””

Using peptides instead of the full LanM protein for REE
recovery has the potential advantage of higher packing of
ligands on the solid support due to the smaller size of the
biomolecule. When the LanM protein was bound to the resin,
the stoichiometry of binding was found to be ~2 Ln(III) ions
per LanM protein. In contrast, the LanM protein in solution
has three sites with high affinity and a fourth with weaker
affinity, indicating that one of the high-affinity sites is
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deactivated upon immobilization."”> When isolated from the
scaffold of the protein, the four metal-binding peptides from
LanM have similar affinity with Kys on the order of uM.*®
Previously, we found that when bound to a gold surface, an
REE-binding peptide derived from calmodulin and a peptide
from lanmodulin maintained or increased in affinity for REEs.
The K, estimates for Ce(III) are: calmodulin peptide, 1.3 uM
on surface vs 2.9 uM in solution; LanM1, 0.9 uM on surface vs
3.8 uM in solution)."”*? In a follow-up study, the calmodulin
peptide was installed on a grafted polymer network and
demonstrated that the calmodulin peptide maintained the
ability to bind to cerium ions when covalently bound to a
polymer scaffold.* In that approach, poly(glycidyl methacry-
late) was grafted from a poly(vinylidene difluoride) (PVDF)
membrane using activator generated electron transfer atom
transfer radical polymerization (AGET-ATRP) and then the
epoxide rings were converted to azide functional groups to
enable a click cycloaddition reaction with an alkyne-terminated
EF-hand loop peptide. While this initial study was an
important proof-of-concept, confocal microscopy revealed
that the functional coating was localized to the top surface of
the membrane, ultimately limiting the capacity. One strategy to
overcome this limitation is to employ membranes formed from
polymers that incorporate AGET-ATRP initiators or click-
chemistry moieties throughout the polymer backbone.”" To
date, an underexplored aspect of the bioadsorbent design and
manufacturing is how the architecture of the surface impacts
peptide—ion affinity and membrane capacity. Since the peptide
has an entropy-driven binding mechanism'’ where folding of
the peptide around the ion is thought to be important, we
hypothesized that the membrane morphology may impact the
peptide-lanthanide binding.

In this work, we tested this hypothesis by synthesizing two
peptide-functionalized membrane platforms and conducting
initial equilibrium adsorption studies. The first membrane
platform is synthesized by (1) electrospinning poly(vinylbenzyl
chloride) (PVBC) membranes, (2) cross-linking the PVBC
membranes for chemical stability, (3) grafting poly(allyl
methacrylate) (PAMA) via AGET-ATRP, and then (4)
attaching the LanM1 peptide functionality via a thiol—ene
click reaction. This synthesis scheme results in the structure
shown in Figure 1A,C. The second membrane platform uses a
specialty polymer with allyl pendant functional groups
incorporated onto 50% of the monomer units of a poly(arylene
ether sulfone) backbone i.e., allyl-modified poly(arylene ether
sulfone) copolymers [PAES(50)-co-APAES(50)] referred to as
APAES.”' ™ Membranes were fabricated by (1) electro-
spinning the APAES polymer and then (2) attaching LanM1
peptides via a thiol—ene click reaction directly onto the
polymer backbone, according to the process shown in Figure
1B,D. Herein, membrane synthesis and functionalization with
LanM1 peptides is described and membrane surface chemistry
and morphology are analyzed. Membrane adsorption of select
trivalent lanthanides (La, Ce, Pr, and Nd) was evaluated using
equilibrium experiments for both membrane platforms at
acidic pH (pH 4-S5), which maintains solubility of REEs and
mimics the pH of phosphogypsum remediation streams. This
contribution is an important step toward using peptide-
functionalized membrane adsorbers for REE purification to
mitigate the drawbacks of solvent extraction.
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All chemicals were obtained from commercial sources and used as
received unless otherwise specified. Poly(vinylbenzyl chloride)
(PVBC) was purchased from Scientific Polymer Products (M
500,000 g/mol). Allyl-modified poly(arylene ether sulfone)
(APAES, number-average molecular weight, M, ~ 100,000 g/mol)
was synthesized according to previously published methods.>"~>* For
the synthesis of APAES, the following reagents were used: 2,2'-
diallylbisphenol A (DABA, 85%), bisphenol A (BPA, >99%), bis(4-
fluorophenyl)sulfone (DFDPS, 99%), N,N-dimethylacetamide
(DMAc, 99.5%), chloroform (CHCl;, 99%), diatomaceous earth
(Celite 545), and potassium carbonate (K,CO,; >99%) were
purchased from Sigma-Aldrich and were used as received. Hydro-
chloric acid (HCI, 36.5-38%), methanol (MeOH, 99%), and
tetrahydrofuran (THF, 99%) were purchased from VWR and used
as received. Toluene (99.9%) and THF Optima were purchased from
Fisher Scientific and used after being passed through an MBraun SPS-
800 solvent purification system.

Organic solvents used throughout the remaining procedures were
tetrahydrofuran (THF) (unstabilized, HPLC grade, OmniSolve,
Millipore Sigma), dimethylformamide (DMF, certified ACS, Fisher),
and methanol (MeOH, certified ACS, Fisher). Lithium chloride was
used in electrospinning (LiCl, 99+%, Acros Organics). PVBC
membranes were cross-linked using potassium carbonate (99.8%,
Fisher Scientific), potassium iodide (>99%, MP Biomedicals, LLC),
and 2-(dimethylamino)ethylamine (Chem-Impex International).
Deionized (DI) water (10 MQ) was obtained through a RiOS 3
water purification system (Millipore Sigma, Burlington, Massachu-
setts). Inhibitors were removed from allyl methacrylate (AMA,
Scientific Polymer Products) using hydroquinone/methyl ether
(MEHQ) remover chromatographic packing (Scientific Polymer
Products). AGET-ATRP used AMA, ascorbic acid (98+%, Acros
Organics), 1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA, 98+
%, Acros Organics), copper(II) chloride (CuCl,, ultradry, >99.995%
metal basis, Alfa Aesar), and industrial grade nitrogen (size 300
Cylinder, CGA-580, Airgas Great Lakes Inc.).

Membranes were functionalized with cysteine (98+%, Alfa Aesar),
FAM-thiol dye (DiagnoCine LLC), or Lanmodulin-based peptide
(LanM1, sequence: CGGGDPDKDGTIDLKE, 95.0%+, GenScript
Biotech), or scrambled Lanmodulin peptide (scramLanM]1, sequence
CGGGKGEDDDKTLDIP, 95.0%+, GenScript Biotech). The peptide
sequences were designed as previously published'” and selected for
the present work given the relevant surface data found in that
publication. Peptides were used for click reactions as received.

The initiators for the click reaction were lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LiPTP, Sigma-Aldrich) or 2,2-dime-
thoxy-2-phenylacetophenone (DMPA, >98.0%, Tokyo Chemical
Industries, Co.). Adsorption data were collected using solutions
prepared from lanthanum nitrate hexahydrate (99.999%, Sigma-
Aldrich), cerium nitrate hexahydrate (99.99%, Sigma-Aldrich),
praseodymium nitrate hexahydrate (99.9%, Thermo Scientific), and
neodymium nitrate hexahydrate (99.9%, Sigma-Aldrich). Analytical
ion standards (NIST traceable, ISO certified 1000 ppm stock
solutions) of lanthanum, cerium, praseodymium, and neodymium
(in 2 wt % nitric acid) and phosphate (from potassium dihydrogen
phosphate in H,0) were purchased from High Purity Standards.
Solutions of sodium hydroxide (1 N, Fisher) or nitric acid (Optima
grade, Fisher) were diluted with deionized water (10 MQ) and used
for pH adjustments and dilutions.

2.2.1. Electrospinning PVBC and Cross-Linking for Chemical
Stability. PVBC membranes were fabricated by electrospinning
according to a previously published procedure.”* The composition of
the polymer dope was 15 wt % PVBC and 0.5 wt % LiCl in THF. The
PVBC membrane was electrospun onto Fisherbrand P4 filter paper
which was taped to an aluminum foil-wrapped collector plate. All

https://doi.org/10.1021/acsaenm.4c00510
ACS Appl. Eng. Mater. 2024, 2, 2442-2453


pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.4c00510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

membranes were electrospun for 10 min using a solution flow rate of
7 mL/h, ambient temperature, 50% relative humidity, spinneret-to-
collector distance of 7 c¢m, and a voltage of 20 kV. After spinning,
electrospun membranes were left out in a fume hood for 24 h to dry.

After drying, membranes were cut using a 40 mm die cutter
(MAYHEW PRO 66006). The average mass was 0.17 g, which
includes the electrospun fibers and the filter paper support. All cross-
linking and AGET-ATRP reactions were performed with the support
filter paper present. Each membrane was cross-linked using 0.36 g of
K,CO3, 0.22 g of KI, and 109 uL of N,N-dimethylethylene diamine
(DMEDA) in 25 mL of DI water. The concentrations of reactants in
each jar were 104 mM of K,CO;, 53 mM of KI, and 40 mM of
DMEDA. The cross-linking reaction proceeded for 2 days while
mixing on a shaker table (LAB-LINE 3528—5 Orbit Environ-Shaker
table) at room temperature. After drying, membranes were pressed for
10 min under 1 ton pressure using a pneumatic press (Carver Model
C 12 Ton Manual Laboratory Press 3851) between two aluminum
foil-coated plates (15 cm X 15 cm X 2.5 cm) to prevent loose fibers
during further reactions.

2.2.2. Grafting Poly(allyl methacrylate) from the Cross-
Linked PVBC Membrane Using AGET-ATRP. Before AGET-
ATRP, the polymerization inhibitor, MEHQ, was removed from the
AMA monomer using an inhibitor remover column. The column was
prepared by packing a cotton ball into the bottom of a glass pipet.
Then, the pipet was filled with 0.93 g of hydroquinone/methyl ether
remover to create a column height of 7.2 cm. Liquid AMA was loaded
onto the column and purified by gravity. By not applying pressure, the
packed bed is not at risk of cracking, separation, or burping during
purification. Four grams of inhibitor-free AMA were collected in a
glass vial and stored temporarily in the refrigerator until use.

AGET-ATRP was conducted in glass jars with threaded caps
containing a septum lid. To set up the reaction, 25 mL of DI water,
measured using a graduated cylinder, ~0.2 g of dried cross-linked
PVBC membrane, and 4 g of inhibitor-free AMA were added to the
jar. The jars were capped and placed on a shaker table to mix at a
speed of 125 rpm, while the catalyst solution was prepared.

The catalyst solution was prepared by mixing 0.156 g of CuCl,, 100
mL of DI water, and 108.4 uL of PMDETA in a glass jar. This volume
of solution was enough to functionalize four membranes in separate
glass jars—each with concentrations of 5.8 mM CuCl, and 0.45 mM
PMDETA. Separately, a 30 mL solution of 0.25 M ascorbic acid
solution in DI water was prepared in an amber jar. Once mixed, the
ascorbic acid solution was stored for up to 2 weeks. To initiate AGET-
ATRP, 25 mL of the catalyst solution was transferred into each
sample jar using a calibrated pipet. Each jar was purged for 10 min
with nitrogen using a multiport gas manifold (CR Brew Beer gas
manifold—splitter with 5/16 in. barb fittings). After purging, a 0.5 mL
transfer syringe with a permanently attached needle was used to add
464 pL of the AscA solution to each sample jar through the septum
lid. The jars were placed on the shaker table at ambient temperature
for 30 min to 24 h. The reaction was quenched by opening the jars
and exposing the solution to oxygen.

After the reaction was quenched, each membrane was transferred
to a jar containing 30 mL of a 50/50 (v/v%) DI water—methanol
solution and mixed on the shaker table for 24 h to remove unreacted
monomer or physically adsorbed polymer. Following the 24 h wash,
each membrane was transferred to a jar containing 20 mL of a fresh
50/50 DI water—methanol solution and sonicated for 30 min. The
grafted membranes were then dried in a vacuum oven for 24 h at
room temperature and approximately 26 h in an Hg vacuum.

2.3.1. Electrospinning APAES Membranes with Allyl Back-
bones. An alternative membrane architecture with a single
monolayer of adsorption sites was prepared using a specialized
poly(arylene ether sulfone) polymer that contained pendant allyl
groups (APAES) on 50% of the repeating units (Figure 1B,D). For
clarification, “monolayer” in this article refers to a layer of adsorption
sites that has a maximum thickness of a single peptide molecule
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covering the support fibers throughout the thickness of the fibrous
membrane. The polymer was synthesized via a polycondensation
reaction as previously published,’ ™ with a 1:1 stoichiometry
between the dihalide (DFDPS) and bisphenol (BPA + DABA)
monomers and the concentration of allyl groups (50%) was set by the
BPA/DABA molar ratio of 1:1. The pendant allyl groups allowed click
reactions to be performed directly on the polymer fibers as opposed
to on a network of grafted polymer brush-like structures as in the
PVBC—PAMA membranes.

APAES membranes were fabricated by electrospinning at room
temperature. Pellets of the polymer were first dried under vacuum (26
in Hg vacuum) at 60 °C degrees overnight. The polymer dope
solution contained 15 wt % APAES and 0.5 wt % LiCl in DMF.
Electrospinning of APAES was performed in a home-built apparatus®*
using a solution flow rate of 1.0 mL/h, spinneret-to-collector distance
of 7 cm, and a voltage of 30 kV. The ambient relative humidity was
31-32%. Fiber mats used for adsorption experiments were electro-
spun for S min each onto Fisherbrand P4 filter paper taped to a
grounded plate wrapped in aluminum foil. Fiber mats used for
porosity measurements were electrospun for 10—15 min directly onto
the aluminum foil that covered the ground plate. All fiber mats were
dried in a fume hood for at least 24 h. Membranes with a diameter of
30 mm were cut by using a die cutter. Membranes used for porosity
measurements were scraped off the aluminum foil with a razor blade,
while membranes used for adsorption were left on the filter paper
backing. Then membranes were pressed using a pneumatic laboratory
press between two aluminum foil-coated plates. The pressure was
increased to 1 t for 10 min.

Thiol—ene click reactions were used to install LanMI, cysteine, or
thiol dye on the PVBC—PAMA membranes and/or APAES
membranes. Due to the differences in polymer chemistry, the two
membrane designs were functionalized using different conditions, as
described below.

2.4.1. Aqueous Thiol—-Ene Click Reactions for Cross-Linked
PVBC—PAMA Membranes. PVBC—PAMA membranes with a
diameter of 0.71 cm were cut from the dried grafted samples (post-
AGET-ATRP) for use in click reactions. Each membrane (1.5 mg,
filter paper no longer attached) was added to a 20 mL glass vial with 9
mg (0.005 mmol) of LanM1 peptide, 1.243 mg (0.004 mmol) of
LiPTP photoinitiator, and 6 mL of DI water. The concentrations of
reactants in the vial were 0.9 mM LanM1 and 0.7 mM LiPTP. The
vials were capped using rubber stoppers and purged with N, for 10
min. The reaction proceeded on a shaker table at 230 rpm for 30 min
—24 h under a 365 nm UV light (Analytik Jena, 15 W). The distance
between the UV lamp and the membrane was approximately 3 cm.
The temperature was left ambient and not controlled during the
irradiation. Then, the functionalized membranes were washed with DI
water overnight on a shaker table at 125 rpm to remove any physically
adsorbed molecules. After the overnight wash, the membranes were
sonicated for 30 min in fresh DI water and vacuum-dried at room
temperature and approximately 26 h in Hg vacuum for 1 day. The
same reaction conditions and molar concentrations were used to
conduct thiol—ene click reactions with cysteine and the FAM-thiol
dye.

2.4.2. Methanolic Thiol-Ene Click Reactions for APAES
Membranes. APAES membranes with a diameter of 30 mm were cut
using a die cutter and left on the filter paper backing for the duration
of the click reaction procedure (~72.5 + 1.5 mg each, including filter
paper backing). Prior to dissolving reagents, methanol was sparged
with nitrogen gas for ~1 h to decrease dissolved oxygen but was not
kept air-free during reagent preparation. A typical solution was
prepared by dissolving 50 mg (0.03 mmol) of LanM1 peptide and 2.3
mg (0.009 mmol) of DMPA initiator in 12 mL of sparged MeOH. A
3.0 mL portion of this solution, which had a final concentration of 2.5
mM peptide and 0.75 mM DMPA, was used for each membrane. The
reaction setup is depicted in detail in the Supporting Information (SI)
(Figure S1). In brief, an upside-down glass jar was used as the
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reaction vessel to enable UV light to irradiate the solution and activate
the initiator from above. To achieve this for the methanolic reactions,
a threaded septum lid for a 60 mL wide-mouth jar was used as a base
to hold the reaction solution in a small, elevated Petri dish. The Petri
dish was elevated by a plastic mesh drain catcher, and the pieces were
assembled using plastic tape. A 30 mm membrane coupon was placed
in a Petri dish and covered with the reaction solution. The Petri dish
platform with membrane and reagents as it now was attached to the
septum lid, was covered by the 60 mL wide-mouth jar, and sealed.
Then the atmosphere of the upside-down jar was purged with N, gas
through the septum lid for 10—15 min. The methanol reaction
solution did not leak out. Jars were placed under 365 nm UV light and
agitated on a shaker table at 100 rpm for 2 h. The distance between
the UV lamp and the Petri dish was 3 cm. Temperature was left
ambient and not controlled during the irradiation. After the click
reaction, membranes were rinsed 3 times with 2—3 mL of MeOH
using a disposable plastic pipet, then submerged in fresh MeOH (~20
mL each) overnight on the shaker table at 100 rpm. Then membranes
were rinsed 3 times with ~2—3 mL deionized H,O and sonicated in
fresh H,O (~20 mL each) for 30 min. After sonicating, membranes
were rinsed once more with 2—3 mL of H,O, and excess water was
blotted off on weigh paper. Membranes were air-dried for 2—4 h in
the fume hood and dried under approximately 26 in. Hg vacuum
overnight at room temperature.

Slight modifications were made to the conditions to conduct thiol—
ene click reactions of APAES membranes with L-cysteine. A 30 mm
membrane coupon was divided into four quarters, each quarter-
membrane placed in its own glass jar reactor and covered with 3.5 mL
of a reaction solution containing 2.9 mM cysteine and 2.7 mM
DMPA. The UV reaction conditions were the same as those for the
methanol peptide functionalization, as described above.

2.5.1. Attenuated Total Reflectance Fourier-Transform
Infrared Spectroscopy. Attenuated total reflectance Fourier-
transform infrared spectroscopy (ATR-FTIR) was used to character-
ize the growth of poly(allyl methacrylate) (PAMA) from the cross-
linked PVBC membrane fibers. Measurements were performed using
a Nicolet iS50 FTIR instrument (Thermo Scientific) with a diamond
crystal. Each measurement was collected as 32 scans with a resolution
of 8 cm™. Background subtractions and spectra normalization were
performed with Omnic 9 software, version 9.8.372.

2.5.2. Raman Spectroscopy. Raman spectroscopy was per-
formed using a Renishaw inVia Raman microscope and a Leica DM
2500 M with a Renishaw CCD camera detector. Raman spectroscopy
was used to qualitatively confirm the presence of the C=C group
from the pendant allyl group of the PAMA chains before proceeding
with the thiol—ene click reaction. Spectra were collected using a 785
nm edge laser (Innovative Photonic Solutions) at 10 or 100 mW and
a 20X objective lens. Measurements were collected for 2 acquisitions
with an exposure time of 10 s. Spectra were collected in 3 separate
areas on the same membrane to assess the consistency of the
membrane.

2.5.3. X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) spectra were collected by using a PHI 5000
Versaprobe XPS instrument with a monochromatized Al Ka source.
Approximately 0.1—0.5 mg of the membrane was mounted on a 1 in.
holder with carbon tape (5 mm W X 20 mL, Ted Pella). Total
pressure in the vacuum chamber was in the range of 1 X 107° to 1 X
1077 Pa. Spectra were collected before and after thiol—ene click
reaction to evaluate atom percent increases of sulfide. A measurement
of cysteine powder was collected as a control to confirm an S peak
shift after covalent bond formation. Survey spectra were collected
between 0 and 1100 eV at a pass energy of 93.90 eV and an energy
step of 0.4 eV. High-resolution spectra were collected with a pass
energy of 23.5 eV and energy step 0.1 eV. Charge neutralization was
used. Spectra were referenced to adventitious C (284.8 eV) using
MultiPak software version 9.8.0.19. Atomic concentrations (%) were
evaluated by integrating peak areas in the MultiPak software’s Atomic
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Concentrations function, which accounts for the sensitivity factors
supplied by the manufacturer.

2.5.4. Confocal Microscopy. To visualize the reactivity of the
PAMA-grafted membrane, a fluorescent dye with thiol functionality
(FAM-thiol) was reacted with a PAMA-grafted membrane. The
reaction followed the same procedures as the peptide click reaction,
except the dye was used in place of LanMl at the same molar
concentration. Once the membrane was dry, it was mounted on a
glass slide and covered with a glass coverslip (Corning No. 11/2).
The corners of the coverslip were sealed by using clear nail polish.
The membrane was characterized using a Leica HyVolution SP8
confocal microscope with a 40X oil objective and 1.3 numerical
aperture. An argon laser with an excitation wavelength of 488 nm was
used as the light source. LAS X software version 3.5.5.19976 was used
for analysis. The multifocus tool was used to obtain one composite
image rendered from one Z-stack containing 7 images collected at 10
um intervals.

2.5.5. Scanning Electron Microscopy. Membrane morphology
was observed using an FEI/ThermoFisher Apreo 2S scanning electron
microscope (SEM) with an Everhart—Thornley detector. Membranes
were prepared for imaging by mounting them on an SEM pin stub
(Standard SEM Pin Stub Mount, 12.7 mm outer diameter, 8 mm pin
height, Ted Pella) with carbon tape (5 mm width, Ted Pella). Then,
samples were sputter-coated with Pd by using a DentonVacuum
DESK V Sputter Coater for 45 s. Samples were imaged with a working
distance of 10 mm, a current of 13 or 50 pA, an accelerating electron
voltage of 5.00 kV and a 0° tilt. The magnification of samples ranged
from S00X to 10,000X. For measurement of both PVBC—PAMA and
APAES membrane fiber diameters, measurements (fpygc_pama = 7,
Napaps = 12) were made on a single pressed pristine membrane
(postelectrospinning APAES and post-cross-linking PVBC) using the
Apreo 28 software. The fiber diameter is reported as the mean + one
standard deviation.

2.5.6. Nuclear Magnetic Resonance Spectroscopy. One
dimensional 'H nuclear magnetic resonance (NMR) and diffusion-
ordered spectroscopy (DOSY) was performed using a Bruker-BioSpin
Avance III HD 500 MHz NMR spectrometer equipped with a
Prodigy ultrahigh sensitivity Multinuclear Broadband CryoProbe.
Samples of APAES polymers were dissolved in CDCI; to assess the
alkene content and the success of early test reactions of the dissolved
polymer with L-cysteine. DOSY measurement was performed with a
stimulated echo experiment using bipolar gradients and longitudinal
eddy current delay with the duration of rectangular gradient pulses, 5,
of 4.7 ms and a delay between gradient pulses, A, of 140 ms, at a
constant temperature, 298 K. Sixteen spectra were collected with
gradient strength varied from 0.96 to 47.19 G/cm. Spectra were
processed in MestreNova 14.3.1—31739. Samples of electrospun
membranes that were reacted heterogeneously with L-cysteine were
insoluble in common NMR solvents (CDCI, or d¢-DMSO) and could
not be characterized by solution-state NMR spectroscopy. Therefore,
characterization by XPS was favored.

2.5.7. Porosity Measurement of APAES Membranes. The
porosity of PVBC—PAMA-LanM1 membranes was measured to be
83.7%, which fell within the range measured according to a prior
publication.”* APAES membranes were cut using either a 30 mm die
cutter or cut to a size with similar weight (3.9 = 1.0 mg), scraped
from the foil backing, and then pressed using a pneumatic laboratory
press as described above. Membranes were soaked in isopropanol, a
nonswelling solvent, on a shaker table at 50—75 rpm for 25 h. The
porosity was calculated by eq 1.

_ (mw - md)//)i
(mw - md)/pi + (md)//)p

£

(1)

where m,, and mg are the mass (g) of the wet and dry membranes,
respectively, and p; and p, are the density of isopropanol and the
polymer (g/cm®), respectively. The density of the polymer was
estimated at 1.24 g/cm’, and the density of polysulfone (average M,
~ 35,000) at 25 °C was listed by Sigma-Aldrich (Product 428302).
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Figure 2. (A) ATR-FTIR spectra for cross-linked PVBC and PAMA-grafted membranes and (B) Raman spectra for cross-linked PVBC, PAMA-
grafted, and APAES membranes. For both membrane designs, the pendant allyl group is present on the membrane surface prior to the thiol—ene

click reaction.

Three membranes were tested and the error is represented as the
standard deviation.

2.6.1. Adsorption Experiments. Equilibrium adsorption experi-
ments were performed with lanthanum, cerium, praseodymium, and
neodymium to assess the ability of the peptide-functionalized
membranes to adsorb lanthanide ions. These ions were chosen for
this study as they are the lanthanides with the highest concentrations
in our target phosphogypsum feedstock.” Single-species adsorption
experiments were performed with each lanthanide using an initial
concentration of 104—109 4M (15 ppm) at pH 4.2 and 5.2. A follow-
up experiment is described in the SI, which exposed the APAES
membranes loaded with La and Ce from the pH 5.2 batch of
experiments to 103 M (10 ppm) phosphate solution (pH 5.85).

For pH 4.2 lanthanide adsorption experiments, 104—108 uM (15
ppm) solutions were prepared by diluting a commercial stock solution
(1000 ppm lanthanide in 2 wt % nitric acid) using a calibrated
micropipette. The pH of each solution was adjusted to 4.2 + 0.2 by
using solutions of NaOH (1 M) and HNO; (0.3 M). Adsorption
experiments were performed by placing 1 mg of a peptide-
functionalized membrane (without filter paper backing) into a 2
mL microcentrifuge tube with 1.5 mL of 104—108 uM (15 ppm)
lanthanide ion solution. The microcentrifuge tube was equilibrated at
room temperature for 24 h on a rotisserie tube rotator at 40 rpm.
Following equilibration, the solution was filtered using a 13 mm, 0.22
um PVDF syringe filter (VWR) to remove membrane particulates
prior to analyzing the metal concentrations in solution by inductively
coupled plasma optical emission spectroscopy (ICP-OES).

For pH S.2 adsorption experiments, a 3.5—-3.6 mM (500 ppm)
stock solution of each lanthanide (La, Ce, Pr, Nd) was prepared from
the appropriate lanthanide nitrate hydrate in DI H,O in a volumetric
flask and diluted to 104—109 M (1S ppm) using a calibrated
micropipette. The pH of this solution was found to be 52 + 0.2,
without adjustment of pH. The adsorption experiments followed the
same protocols as the pH 4.2 experiment, except the pH 5.2
experiment used a volume of 1.25 mL.

Initial and equilibrium ion concentrations were quantified using
ICP-OES. Calibration standards were prepared with concentrations of
0.07—700 M (0.01—100 ppm) in 2 wt % HNO;. Samples were
prepared for ICP-OES analysis by diluting 1 mL of the filtered sample
with HNO; to achieve a final concentration of 2 wt % nitric and a
volume of 10 mL. The emission wavelength scanned for each
lanthanide are as follows: 333.749 nm (La), 407.570 (Ce), 422.532
(Pr), 410.945 (Nd).

The equilibrium binding capacity of the membrane, Q. was
calculated after measuring the equilibrium concentration according to
eq 2.

(CO_ Ce) XV

m

Q.= @)
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Where C, is the initial ion concentration, C, is the equilibrium ion
concentration, V is the solution volume (L), and m is the membrane
mass (g). At least three replicates using different membranes were
performed for each pH and lanthanide.

2.6.2. Statistical Analysis. Statistical analysis was conducted
using Minitab (& = 0.05). Normality and equal variance were assumed
in all statistical tests based on acceptable ranges of variance, normality
plots, and residual plots (full statistical analysis results found at the
end of the Supporting Information document). Analysis of variance
(ANOVA) followed by Tukey’s post hoc testing was performed on
equilibrium adsorption data to compare the amount of each REE
bound to each membrane. A two-sample, one-tailed t test was
performed on adsorption data for La on each membrane to test
whether the amount of ion bound to the membrane functionalized
with regular LanM1 was higher than the amount bound to the
membrane functionalized with scrambled LanM1.

Analysis of variance (ANOVA) followed by Tukey’s post hoc testing
was also performed on time optimization experiments shown in
Figure S2.

For phosphate experiments described in SI section 8, two-sample,
one-tailed ¢ tests were used to test whether the adsorption of
phosphate to lanthanide-loaded (La and Ce) LanM1 peptide APAES
membranes was higher than the amount adsorbed to the respective
control membranes that had no peptide treatment.

3.1.1. Spectroscopic Characterization of the AGET-
ATRP Reaction for PVBC—PAMA and Electrospun
APAES. Characteristic peaks identified in the ATR-FTIR
spectra support the conclusion that PAMA was grafted from
the PVBC—PAMA membranes. ATR-FTIR spectra are shown
in Figure 2A for cross-linked PVBC and PAMA-grafted
membranes. Absorbance at 1735 cm™' is attributed to the
C=0 of the PAMA. That peak is compared to absorbance at
1600 cm™" which is ascribed to the unchanging benzene ring of
the PVBC. The ratio of these peak intensities was used to
assess AGET-ATRP time optimization experiments (Figure
S2). Time had a significant impact on the peak ratio, and the 2
h reaction time was chosen as there is no significant increase in
grafted polymer at longer reaction times.

The pendant allyl moieties must be present in both PVBC—
PAMA membranes and APAES membranes to perform the
thiol—ene click reaction. Allyl functional groups have a
characteristic Raman shift peak at 1650 cm™'. The growth of
this peak between cross-linked and PAMA-grafted membranes,
and its presence following electrospinning of APAES
membranes, supported the preservation of the allyl moieties.
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Figure 3. X-ray photoelectron spectra of membranes before and after peptide functionalization. The intensity of N 1s and O 1s signals was
observed to increase in both membrane types with peptide addition. (A) Cross-linked PVBC—PAMA-grafted and LanM1-clicked PVBC—PAMA.
In addition to N 1s and O 1s, a new S 2p sulfide signal was observed from peptide addition. (B) APAES and LanM1-clicked APAES. The observed
S 2p signal arises from sulfone in the polymer backbone. Sulfide signals from the peptide were too weak to be characterized in LanM1-clicked
APAES membranes, but an increase in the intensity of the O 1s and a new N Is signal was observed.

Figure 4. SEM images at 500X for (A) PVBC—PAMA membrane, (B) LanM1-clicked PVBC—PAMA membrane, and (C) confocal microscopy
composite image of FAM-thiol dye-clicked PVBC—PAMA membrane and at 3500X for the (D) APAES membrane, and (E) LanMI-clicked

APAES membrane.

Both spectra are shown in Figure 2B. NMR spectroscopy of
electrospun APAES was also used to characterize the allyl
functionality (Figure S3).

3.2. Thiol—Ene Click Reaction

At this stage, both PVBC—PAMA membranes and APAES
membranes were ready for thiol—ene click reactions.

3.2.1. Characterization of Membranes After Thiol—
Ene Click Reactions. As an initial test, a reaction of
solubilized APAES polymer with L-cysteine in DMF was
performed to confirm that a covalent bond formed between
the polymer and a thiol-containing amino acid. The reaction
product was characterized by DOSY NMR (Figure S4)
spectroscopy, which indicated a broad signal attributed to
cysteine protons with roughly the same diffusion coeflicient as
the bulk polymer. Fifty percent of the initial allyl groups were
converted during the reaction in DMF based on analysis of 'H
NMR spectroscopy (Figure S4). Historically, 100% conversion
has been observed for click reaction of the allyl groups in
APAES polymers,”' ~** but incomplete conversion under these
conditions is likely affected by poor solubility of L-cysteine in
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DME. For solid membranes, click reactions were performed
with a solution of thiol-containing reagent (peptide, dye, or
small molecule) under UV light. The success of the solid phase
click reaction was characterized by XPS or confocal
microscopy.

Initially, the aqueous condition used for the PVBC—PAMA
membranes was attempted for the APAES membranes.
However, a higher surface ratio of cysteine to polymer was
observed by XPS when using methanol as a solvent for that
membrane (Figure SS5); therefore, the methanolic click
conditions were used for all subsequent APAES membrane
preparation. Equal cysteine functionalization was observed for
both the aqueous and the methanolic click conditions on the
PVBC—PAMA membranes. The aqueous click condition was
used for all subsequent PVBC—PAMA membrane preparation.

The indicator of a successful thiol—ene click reaction in XPS
is a clear peak shift at 162 eV corresponding to the formation
of a sulfide (S—C) bond (Figure S6). Figure 3 shows spectra
collected using XPS for both PVBC—PAMA-grafted mem-
branes and APAES membranes before and after the LanM1
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Figure 5. Equilibrium adsorption results for both (A) PVBC—PAMA and (B) APAES membranes. Data are represented as the mean =+ standard
deviation with n = 3. Q. is the binding capacity as defined by eq 2. Significant differences in equilibrium adsorption among lanthanides for each
membrane were determined by performing ANOVA and Tukey’s post hoc test assuming equal variances. Groups A and B resulted from the PVBC—
PAMA test, Groups C and D resulted from the separate APAES test and are not comparable with Groups A and B. Groups that do not share a letter
within each graph are statistically different (p < 0.05) at the 95% confidence interval. Significant differences for La adsorption to LanM1
membranes versus scrambled control membranes for each membrane type were determined by performing a two-sample, one-tailed ¢ test assuming
equal variance. (*) represents p-value <0.05 compared to the control.

click. In PVBC—PAMA, the appearance of the sulfide peak at
162 eV for the LanM1-clicked sample along with the growth of
the N and O peaks supports the attachment of the peptide.
Time optimization results are shown in Figure S7. The 3 h
reaction time was chosen for all subsequent PVBC—PAMA
materials, as there is no notable increase in sulfide content for
longer reaction times. A 2 h irradiation time was maintained
for APAES as this was the duration typically used in previous
click reactions with the APAES polymer.’’ ™ In APAES
membranes, the polymer backbone contains a sulfone moiety
visible in the spectrum, but the sulfide signal that could be seen
with cysteine is too weak to characterize in APAES-LanM1
materials. The polymer backbone contains no nitrogen, so the
new N 1Is signal is the result of peptide attachment, as is the
increase in the O 1s signal.

Further analysis of XPS peak ratios is described in the SI
(Figures S8 and S9 and Tables S1 and S2) to show
reproducibility of click reactions. The peak ratio analysis
supports the conclusion that the amount of peptide in
membranes modified with scrambled LanM1 fell within the
range of membranes modified with LanM1. Quantitative
comparisons between membrane types risk misrepresentation
due to differences in chemistry.

SEM images show that the integrity of the polymer fibers was
largely maintained following the click reaction under UV light
for both types of membranes (PVBC—PAMA membranes,
Figure 4A,B; APAES membranes, Figure 4D,E). Some broken
fibers were observed for both membrane types, and some
deformation of the APAES fibers was observed from pressing
the membranes (1 t, 10 min) to prevent loosening of the fiber
mat. SEM images throughout earlier steps of the preparation of
PVBC—PAMA membranes can be found in the SI (Figures
$10-S12).

The porosity of the APAES mats was measured at 92 + 5%.
Measurements of the diameter of the APAES fibers in SEM
images showed thinner fibers (0.525 + 0.158 pm) than
PAMA-grafted, cross-linked, PVBC membrane fibers (3.007 +
0.685 um diameter). An analysis by Boi et al. investigated the
relationship between fiber diameter, porosity, and surface area
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for nonwoven fibers.”> Applying this analysis, the APAES
membrane (0.525 ym diameter, ~90% porosity) would have a
surface area per volume of fiber of 0.8 m*/mL. Likewise, the
PAMA-grafted, cross-linked, PVBC membrane (3.007 ym +
0.685 pm diameter, ~80% porosity) would have a surface area
of roughly 0.3 m?/mL. These measurements indicate that
APAES membranes have approximately 2.5X higher surface
area than the PVBC—PAMA membranes prior to LanMI1
functionalization.

Confocal microscopy imaging supports the success of the
thiol—ene click reaction of the PVBC—PAMA membrane with
the FAM-thiol dye, Figure 4C. Importantly, individual images
taken at 10 pm increments through the thickness of the
membrane, Figure S13, provide direct visual evidence of
functionalization throughout the depth of the membrane,
approximately 60 ym. This data marks an improvement over
the previous design that was limited to the top surface of the
membrane (approximately 3 um).”’ Functionalizing through
the depth of the membrane has the potential to increase the
membrane capacity on a per-mass basis.

Single-species equilibrium adsorption experiments were used
to quantify each lanthanide bound to the membranes after
exposure to 104—109 yM (1S ppm) lanthanide solutions.
These concentrations were chosen to compare directly to prior
work.”’ Results from both PVBC—PAMA and APAES
membranes for pH 5.2 are shown in Figure S and a similar
plot for adsorption results at pH 4.2 is shown in Figure S14.
Adsorption is pH sensitive, as shown by lower binding at pH
4.2. Based on prior work comparing EF-hand peptide-
functionalized membranes with a scrambled control mem-
brane,”® the sequence of amino acids in the binding region of
the peptide is not anticipated to impact peptide loading of the
materials. This hypothesis is supported in this work by analysis
of the XPS peak ratios found in Table S2.

Several observations can be made from the data. First, both
PVBC—PAMA and APAES membranes were capable of
adsorbing at least one REE in single-species adsorption
experiments. This is an exciting step that demonstrates the
feasibility of peptide-modified membrane materials for
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Table 1. Lanthanide-Binding Biosorbent Equilibrium Capacities in Single Concentration Adsorption Experiments (La and Nd)

adsorption experiment La, equilibrium Nd, equilibrium
conditions”” (mass adsorbent, capacity capacity analysis
ligand, support volume solution, pH) (umol ion/g sorbent) (umol ion/g sorbent) technique refs
L-lysine (brush-like), 1S mg membrane, 15 mL 33+ 12 18 +2 UV—vis 21
poly(ether sulfone)-graft-poly(glycidyl methacrylate) solution, pH 5.25 assay
membranes
LanM1, PVBC—PAMA (brush-like) membranes 1 mg membrane, 1.25 mL 94 £ 0.6 11 £3.5 ICP-OES  this
solution, pH 5.2 work
LanM1, APAES, (monolayer) membranes 1 mg membrane; 1.25 mL 77 £ 19 2.7 +£0.8 ICP-OES this
solution, pH 5.2 work
LanM1 on gold nanoparticles ~10.6 mg nanoparticles; 1.5 mL, 4.107 UV—vis 17
pH 5-5.57 assay
lanmodulin protein, dendrimeric magnetic nanoparticles 2.5 mg nanoparticles, 1 mL 6.3° 5.7¢ ICP-MS 16

solution, pH S MES buffer”
“Equilibrated at least 24 h unless specified. “Concentration of lanthanide 100—110 M, unless specified. “pH of unbuffered solutions was adjusted
by the addition of minimal amounts of HCl, HNO;, or NaOH. 990 M REE initial concentration. “Samples equilibrated for 60 min in 70 M REE
concentration. 7ICP-MS = Inductively coupled plasma mass spectrometry. UV—vis assay = ultraviolet—visible spectrophotometric assay by
arsenazo-III complexation with lanthanide.

lanthanide adsorption. Focusing on lanthanum, both LanM1- loading and binding capacity. If the accessibility of the PAMA
clicked membranes adsorbed statistically more lanthanum than brush-like structures is hindered due to steric hindrance or
scrambled controls. This result indicates that, when installed limited swelling, the peptides could attach to the accessible
on the polymer fibers, the specific sequence of the LanM1 PAMA surface in a way that more closely mimics a monolayer
peptide has a direct positive effect on lanthanide adsorption on the fibers. Future work will explore more hydrophilic
that cannot be attributed simply to electrostatic interactions of chemistries than PAMA and study their impact on adsorption.
the peptides’ charged groups with the ions. For each membrane type, ANOVA statistical analysis

When considering La, PVBC—PAMA adsorbed ~9 umol/g revealed that the type of ion significantly impacted equilibrium
of membrane and APAES adsorbed ~8 pmol/g of membrane capacity and was followed by Tukey’s post hoc test. Points that
from a pH 5.2 solution with a C;, of 108 uM. Despite share a letter (A, B and C, D) in Figure S are statistically

differences in the membrane designs, the LanM1 membranes similar. For the APAES membrane, the adsorption of La, Ce,
had similar equilibrium capacities at the tested conditions. and Pr was not found to be statistically different, while the
Initially, this result was surprising because the PVBC—PAMA adsorption of Nd was statistically lower than that of the other
membranes were designed to contain LanM1-decorated brush- lanthanides. For PVBC—PAMA, the adsorption of La and Nd
like structures and anticipated to have a higher capacity than was not found to be statistically different, and the adsorption of
the monolayer-functionalized APAES fibers. To rationalize Ce and Pr was less than both La and Nd. Previously, the
this, we considered the morphology of the two membranes. lanthanide affinity of LanM1 bound to a gold surface was
The APAES membrane had thinner fiber diameters (0.525 + estimated using quartz-crystal microbalance with dissipation,
0.158 ym) than the PVBC—PAMA membrane (3.007 + 0.685 which found higher affinity for Ce than for Nd based on the
pum), resulting in roughly 2.5x higher surface area than PVBC— equilibrium adsorption constants.'” Based on the single test
PAMA (analysis described in Section 3.3). However, the condition in this work, the APAES membranes are consistent
addition of the AMA polymer network by AGET-ATRP is with the gold-bound LanMI1; however, a more rigorous
expected to increase the effective areal density of allyl sites. analysis of the materials will be necessary by constructing an
The ability for brush-like structures to increase capacity was equilibrium adsorption isotherm to clarify trends in selectivity.
previously demonstrated using weak anion exchange mem- Table 1 places our new biosorbent materials in context with
branes with amine functional brushes grafted from regenerated other lanthanide-binding biosorbents in the literature. Since
cellulose membranes. The polymer grafted membranes had 3x full isotherm data are not available for all materials, including
greater capacity for protein binding than commercial those in the present work, data are tabulated for discussion for
monolayer-functionalized membranes.*® Based on the differ- adsorbents at a single C, concentration. Lanthanum and
ence in fiber surface area, it is plausible that the PAMA brush- neodymium were common adsorbates reported for most
like network compensates for the lower surface area, achieving materials and serve as the basis of the discussion. Cerium and
a capacity that is on the same order of magnitude as the praseodymium data are additionally listed in Table S3. For all
monolayer on the thinner fibers. An additional consideration is membranes, the initial concentrations were 100—110 M
that PAMA is a hydrophobic polymer (contact angle of 79°)*” depending on the lanthanide. For the gold nanoparticles, the
and the thiol—ene click reaction was performed in water. If the initial concentrations were 90—100 M, and for magnetic
PAMA brush-like structures have limited swelling in water, the nanoparticles, the initial concentrations were 70 #M.'® The pH
pendant allyl moieties may not be fully accessible for the in all adsorption experiments reported in Table 1 was 5—35.5.
peptide attachment. While brush conformation on fibers is Based on the available data, La adsorption can be used to
challenging to confirm directly,”® others have shown that discuss the impact of ligand size on adsorption capacity. The
incorporating hydrophilic comonomers increases lysosome three ligands include the lanmodulin protein, LanM1 peptide,
binding capacity.”” Related to the hydrophobicity, steric and L-lysine—ranging from largest to smallest. The peptide-
hindrance may be a challenge in the PAMA-grafted membrane functionalized LanM1-APAES and LanM1-PVBC-PAMA
as the areal brush density,*’ spacers within the brushes,*' and membranes adsorbed a comparable quantity of lanthanide
flexibility of the chain®” have been shown to impact ligand (same order of magnitude) as the protein functionalized
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nanoparticles,'® while v-lysine-functionalized membranes
adsorbed more lanthanum at the tested conditions.”’ The
lanmodulin protein magnetic nanoparticles effectively en-
hanced the material surface area by using a dendritic network
extending from the nanoparticle, which may account for the
protein being on the same order of magnitude as the smaller
peptide. Although the L-lysine membranes had higher capacity,
a disadvantage of small molecule ligands is that they are
expected to exhibit less specific metal binding and may be
susceptible to competition at high concentrations of di- or
monovalent metals compared to a biological ligand with a
coordination environment suited for lanthanides. The
observation of higher adsorption for the small r-lysine ligand
encourages the hypothesis that the size of the ligand plays a
role in capacity and suggests that further optimization of
peptide is worth considering, as both high specificity and
capacity are pursued.

The role of the support structure has already been discussed
above in the context of fiber surface area of LanM1 peptide-
functionalized APAES and PVBC—PAMA membranes, but
these data can also be contextualized with respect to LanM1
gold nanoparticles (ie, a solid support). Using data for
neodymium adsorption, we found that LanM1 membranes and
LanM1 gold nanoparticles adsorbed similar quantities of
lanthanide (same order of magnitude). Given that the
equilibrium capacity of these specific materials is similar on
the laboratory-scale, practical factors and scale-up analysis may
play a deciding role in future industrial adoption.

With respect to the broader appeal of these materials, there
has been significant recent interest in lanthanide-containing
materials for the purpose of capturing excess agricultural
phosphate.*”** To test the viability of this future application
for our membranes, we did a brief follow-up study of
lanthanide-loaded peptide membranes for phosphate capture.
Results from phosphate equilibrium adsorption experiments
with the La- and Ce-containing APAES membranes are shown
and discussed in the SI (Figure S15). The experiment
supported that lanthanide-containing membranes are worthy
of further exploration for phosphate recovery and remediation
projects.

In summary, our study characterized the chemistry and
morphology of two new peptide-functionalized materials and
performed adsorption experiments using adjacent REEs. Cross-
linked, PVBC membrane fibers with grafted PAMA brush-like
structures and APAES membrane fibers were functionalized
with lanmodulin-derived peptides using a UV-initiated, thiol—
ene click reaction. To confirm that polymer brush-like
structures were grafted from PVBC fibers, ATR-FTIR
measurements were performed. Raman spectroscopy was
used to confirm that the allyl groups in both membrane
scaffolds were preserved before proceeding with the thiol—ene
click reaction. Functionalized membranes were characterized
via SEM and XPS, which showed that fiber morphology was
preserved throughout functionalization and supported the
covalent addition of the peptide. Depth of functionalization
was qualitatively characterized using a representative small
molecule, FAM-thiol dye, and showed functionalization
throughout the membrane depth (~60 pm).

Equilibrium adsorption studies were conducted at a single
ion concentration (15 ppm) and pH 5.2 for La, Ce, Pr, and
Nd. Adsorption results showed that the lanmodulin peptide

2451

sequence maintains its ability to bind when it is immobilized
on a solid membrane surface. Capacity of both of these new
materials is on the same order of magnitude, which is
surprising as the brush-like morphology was expected to have a
higher capacity than the monolayer. This could be a result of
the fiber diameter, as the monolayer material has a much lower
fiber diameter (0.525 ym vs 3.007 ym), resulting in a 2.5X
higher overall surface area. The grafted hydrophobic brush-like
structures on the PVBC—PAMA material may also be
impacting the material’s capacity, which will be explored in
future work. Promisingly, the membranes showed statistically
different equilibrium capacities for some ions, but further
material testing must be performed to determine whether the
selectivity between ions is influenced.

This contribution is an exciting step toward using
bioinspired membrane adsorbers for REE recovery from low-
concentration waste sources. Future work will continue to
modify the PVBC—PAMA design to increase hydrophilicity
and evaluate the affinity and selectivity for immobilized
lanmodulin peptides on a three-dimensional (3D) brush-like
network.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.4c00510.

Reaction setup for methanol reactions, AGET-ATRP
time optimization, NMR data and analysis, XPS data and
analysis, SEM images, pH 4.2 lanthanide adsorption
data, biosorbents in single concentration adsorption
experiments (La, Ce, Pr, and Nd), phosphate binding
experiment, and tables of statistical output (PDF)
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