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Project Highlight

= List of Publications

1. International Journal of Coal Geology, Volume 227, 103532, 2020 (Middleton et al, 2020)
Separation and Purification Technology, Volume 241, 15: 116726, 2020 (Park et al, 2020)
ACS Sustainable Chem. Eng. 2020, 8, 49, 17914-17922. (Alipanah et al, 2020)
Environmental Science & Technology (10.1021/acs.est.0c08632) (Dong et al, 2021)
Bulk Microbe Encapsulation (Manuscript in preparation).
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= Patents

o Scandium separation from rare earth element containing material (U.S. Provisional Patent
Application No. 63/015,354; non-provisional to be filed by end of April)
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Outline

= Biological materials are promising REE adsorbents (biosorbbents)
» Engineering of REE-selective biosorbents

 REE-selective biological ligands
* Engineering platforms
 REE recovery performance

+ TEA
= Summary and future plan
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Biological materials are promising REE adsorbents
(biosorbents)

= Inexpensive and readily available

= Effective in treating chemical contaminants including heavy
metal pollutants

= Contain high-density of functional groups for metal binding

Coconut sh

244
o Carboxyl Fatty acids, proteins, H Sulfhydryl Cysteim'a (amino acid),
/ organic acids | proteins
R—C R—C~— SH
\ |
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However...
most
existing
ligands
suffer from
low binding
selectivity
toward REEs




Engineering biosorbents to improve REE selectivity

Laboratory screening Look deep into nature...

Bacterium Methylobacterium extorquens living on REE

Peptide emits luminescence upon Tb binding

Silvaggi, et al, J. Am. Chem. Soc. 129, 7114- Ref: Elizabeth Skovran, and Norma Cecilia Martinez-Gomez
7120 (2007) Science 2015;348:862-863
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Biological ligands, LBT and LanM, bind REEs with high
affinity and selectivity

Lanthanide Binding Tags (LBT) Lanmodulin (LanM)

B. Imperiali at MIT J. Cotruvo at PSU
Liang, H. H., et al. (2013). JACS 135(6) Cotruvo, et al. (2018) JACS 140
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Lanthanide binding tags and lanmodulin bind REEs with
high affinity
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Lanmodulin
(LanM) shows

high selectivity
towards REEs
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A selective biosorption approach for REE recovery

non-REE flow-through
Acid

j i Leaching Seeboy 28 Bioadsorption
(pH 3-5) :O @00 O 9
Coal byproducts 8% SSP oy
REE-binding
ligand \@ ¥ Y Y @ S Q,QQ
v (R grmmen
® REEs Q(biosorbent?l 0( biosorbenD
© Ca and Mg QE\’_’_’_/@ 0(‘\ »{Q
@ Other (Fe, Al, Cu) A A A A 6%%° °°0

Desorption

citrate or HCl
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REE-binding ligand immobilization for column purification

Biological approach

Nor

Purification column

Polymer beads
with ligands
immobilized

Refs: Brewer et al, ES&T 2019; Dong ES&T 2021
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2. Silica sol-gel encapsulation

13

Pros:
o Emulsion free fabrication

Three microbe encapsulation approaches developed
3. Bulk PEG encapsulation

1. PEG microbead encapsulation

Pros:
o Confined spherical structure
o Chemically stable

Cons:

o Extra washing step required
o Relatively low loading capacity
o Low mechanical strength

Packed Bed Column

Feedstock

Leachate

Cell
Immobilization in
polymer matrix

Selective REE
Adsorption

Contaminant

Elution
%0

Pros:

o Low cost
o Easy fabrication

o High loading capacity

Cons:

o lIrregular shapes

o lower column stability
pH 3 Leachate oH 6 Citrate

(Sc, REEs, Non-REEs)

Regeneration

SiO, NP
500y Lo,
,’,Q;&&

259553) +
Bacteria 1

Crush & Sieve

Microbe Encapsulated Silica Gel

Sc solution

o Scalable fabrication
o High loading capacity
o Chemically stable

Cons:
o lIrregular shapes

15 % PEGDA575

: /
‘ ))/l ‘
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Load liquid to a sandwich b: -—
75% Bacteria q(o.s mm thick) ag UV cross-linking

Ny 1
Cut and select
150 um ~ 700 um particles

-

Unload gel from bag

Manuscript in preparation.

7

(MESG)
Sc depleted Leachate

Environmental Science & Technology 2019 53 (23),

13888-13897.

g LLNL-PRES-

ACS Sustainable Chem. Eng. 2020, 8, 49, 17914-17922

Environmental Science & Technology, 2021 (10.1021/acs.est.0c08632)
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Two-stage sequential recovery of Sc and Ln

REE
Feedstock ‘
H,SO, Se Biosorption % o Screcovery at pH 3
Column REE +Y
V' NH.OH y . e, o Lnrecovery at pH S
0 Column o 2-stage strategy is not
It T as profitable as one-
P 5 mM .
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Sc recovery from lignite
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= 18 mL column at an industrial relevant flow rate (0.001 m/s)
= Sc was concentrated 10-fold.

=  Further removal of Fe and Th is needed
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Column Stability

-©- Cycle1

1 '0- -©- Cycle2

-©- Cycle3

0 : 8_ -©- Cycle4

-©- Cycle5
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o 0 i 6- -©- Cycle7
S~ -©- Cycle8
0 -©- Cycle9
-©- Cycle 10

0 2 4 6 8 10 12

Bed Volume

= Citrate used for Sc recovery and column regeneration

= 10 cycles of adsorption/desorption showed no loss in column performance
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TEA

Adsorbent reuse| Pre-processing cost | Biosorption cost | Post-processing cost | General & indirect cost | Sc production cost
time ($/kg Sc) ($/kg Sc) ($/kg Sc) ($/kg Sc) ($/kg)
1 $32,565 $8,291 $41,543
10 $911 $734 $2,333
100 $594 $652 $1,934
200 $578 $648 $1,913
300 =358 $573 284 $646 $1,906
400 $570 $645 $1,903
500 $568 $645 $1,901
1,000 $565 S644 $1,896

= Production cost with North Dakota lignite containing 35 ppm scandium (90% Sc
recovery from biosorption).

= Sc recovery cost depends on column re-use time

g LLNL-PRES-
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Lanmodulin enables highly selective REE extraction :

from lignite

Lanmodulin
Feedstock l Size-exclusion i
= ; ; » Lanmodulin + REEs
(leachate pH =3.5) filtration
Non-REEs
10,000,000
7 ngnlte EH Initial solution (C)
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/
§ i
100,000 E :
% 10,000 : :
3 : :
1,000 E E
1l ']
w5 M 1 ‘ I
I ' Ll
‘ z
10 / L 1 J T
Li NaMg Ca Sr Al Si Mn Fe Co Ni CuZn U Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Er Tm Yb Lu
L )\
| 1
non-REEs REEs

®* Lanmodulin has sufficiently high affinity and selectivity for both Sc and REE recovery from coal
byproducts.
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Final deliverable: Proof-of-concept, 2-stage Sc, REE+ Y
extraction demonstration in a bench scale packed-bed

bioreactor with at least one coal feedstock

g LLNL-PRES-

Scalable cell-based biosorption column
for Sc recovery

LanM-based biosorption column for Ln
recovery

Conversion of liguids to solids and
product specs (in progress)

Leachate
(REEs, Non-REESs)
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