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o OVERALL APPROACH: — SOLID SUPPORTED LIGANDS

Overarching Project Goals:
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() BIOSYNTHETIC RHAMNOLIPIDS
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() TECHNOLOGY FOUNDATION

Prior R&D work validation:
Rhamnolipids exhibited selectivity for REEs

Glycolipids Bind Metals
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() APPROACH: LIGAND DEVELOPMENT

Tailored synthetic glycolipids Tailored organic

structures
sugar-moiety OH '
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() RESULTS: GLYCOLIPID SYNTHESIS

Traditional 3- Position Attachment (*normal” binding pocket)
- 100-gram batch syntheses

- Multiple syntheses completed and shipped to WSU
- Improving yields

HO ‘ HO OH
Hoﬁ OH
Ho" ~© ? 1
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Rha-C14C14 Rha7-Ci4 Gly-3hydroxy-Ca4

Rha-Ca4

Xyl-C14C14

Xyl-Ca4
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OVERALL APPROACH: — SOLID SUPPORTED LIGANDS
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OVERALL APPROACH: — SOLID SUPPORTED LIGANDS
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( OBJECTIVE 3: SYNTHESIS OF SORBENT MEDIA LIBRARY

- Commercial ligands .
. P-P'-di(ethylhexyl)methanediphosphonic acid (DIPEX) from Eichrom, LLG  — w & = o

- Synthesized ligands -
- Diethylenetriaminepentaacetic acid (DTPA) ol A

kao

- functionalized with hydrophobic groups

OH

- Bis(ethylhexylamido) DTPA ¢
N~ \/\N\/U\
- EHNH, DTPA \/\J\jr) ﬁ)i/\/

- Glycolipids (numerous types)
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)SOLID SUPPORTS

- Styrene-divinylbenzene

- Organosilica
600 m?/g surface area
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o ORGANOSILICA
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)SOLID SUPPORTS
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o OBJECTIVE 4: LAB-SCALE TESTING AND

ANALYSIS

- Experimental parameters Ligand Solid support
_ . Rhamnolipid C14 Organosilica
- Sorbent characterization
. REE sorption and recovery Rhamnolipid C14 C14 Organosilica / Styrene-DVB
- Effective pH range Rhamnolipid Ca18 Organosilica / Styrene-DVB
- Kinetics Galactolipid C14 Organosilica
- Capacity Glucolipid Ca4 Organosilica / Styrene-DVB
. SeleCtIVIty Xylolipid C14 Organosilica / Styrene-DVB
Xylolipid C14 C14 Organosilica [ Amberlite
Modified DTPA Organosilica




( SORBENT CHARACTERIZATION

dTracing ligand penetration in solid

D TPA with fluorescent moiety
Fixed in epoxy-polished

dIimages shows that

ULigand uniformly diffused




o SORBENT CHARACTERIZATION - ARGONNE
NATIONAL LABORATORY APS




o SORBENT CHARACTERIZATION - ARGONNE

NATIONAL LABORATORY - APS

=] & 2 8 &
E & = E X

55555555




SORBENT CHARACTERIZATION - ARGONNE
NATIONAL LABORATORY - APS
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SORBENT CHARACTERIZATION - ARGONNE
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o OBJECTIVE 4: LAB-SCALE TESTING (>90% ISHP
REOs)

- Obj. 4a: Batch experiments (UCLA)
-5 ppm of 16 REEs (80ppm TREE)

- pH dependency

- Selectivity

1.0 DTPA on organosilica (20 wt%)

Organosilica

mol metal sorbed/mol metal
added
o
H
o
mol metal sorbed/mol metal

0.20
000IiT=I=Li=:;II=TIT17777
Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc¢ Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er TmYb Lu
w pH= 0.9 mpH=3.3 = pH=0.9 mpH=3.3




() rpH-DEPENDENT BINDING (GLYCOLIPIDS)

Xyl C14 Amberlite (2)
Rham C14 C14-Osorb
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7) OBJ. 4B: COLUMN SEPARATIONS (WSU)

_Facion Collector ¥
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O 0BJ. 4B: COLUMN SEPARATIONS

JREEs + Th solution pumped through a column
J1Modified DTPA media

3 pH=3
Media=4.8 g
TREEs= 112 ppm

Er, Sm, Gd
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SEQUENTIAL COLUMN SEPARATIONS
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SC AND TH

JAIl REEs but Sc release in the first few pore volumes

Sc released gradually
JFurther pH decrease releases most of the Th

e Other REEs
Media= 4.8 g Other REEs Th
TREEs= 112 ppm S
C
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2 pH <3 200
$ - S
> (&)
1 100
0
5 10 15 20 25 30 o 5 10 15 20 25 30 35

50 100 150 200 0
No. of Pore Vol.
Yb —e-Lu -—+-Th

—-S¢c oY -ola -+Ce -*+Pr -+Nd —-Sm -eEu -oGd —-eTbh -e-Dy -e-Ho -*-Er -—oTm




() SEQUENTIAL COLUMN SEPARATIONS
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() ENRICHED BASKETS

- Influent solution had 5.8% of each element
- Basket 1 is 90% enriched in Sc (78% of total)
- Basket 2 is 88% enriched in Th (81% of total)
- Basket 3 is 56% enriched in La (21% of total)

age of enrichment

Percent
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GATCH EXPERIMENT MODEL

- PHREEQC model (NIST 46.8): |
- La, Ce, Pr, and Nd are showing poor fit -
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( BATCH EXPERIMENT MODEL

- PHREEQC model calibration:

- The complexation constants of 4 of the 16 modeled elements were adjusted to better match
the model 100%

80%

60%
40%
‘ 1
0% I
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) COLUMNS MODELING

- PHREEQC calibrated model:

Experimental data
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) RHAMNOLIPID C14Ca4 COLUMN SEPARATION

Rha-C14C14 on Osorb - pH 3.6 Rha-C14C14 on Osorb - pH 4.9
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( PHASE | RESULTS

GlycoSurf synthesized many ligands that can be utilized in solid-liquid extraction of REEs
Ligand-associated sorbent media can be used in columns for separation of REEs

Batch experiments and modeling show selectivity based on binding energy and complexation constants
pH-dependent binding ranges and selectivities have been measured for DTPA and various glycolipids

Individually separated high purity (ISHP) solutions from mixed REE+Th solutions
- Sc and Th ~90% purity with 80% vyield
- Other enriched fractions

Calibrated transport model
- Modified DTPA has more selectivity than unmodified DTPA

- Model will enable scaling with fly ash concentrates and leachates

Next Steps for Phase |l
- Calibrate model with rhamnolipid C14C14 for sequential column separation

- Design process for concentrate leach solution
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Phase |l STTR Performance Schedule 'GI:IINI:I-GI:I Decizion; = Report F'2d

F'2 P23
Cluarter| G4 | O (02 Q504 | 01| G2 | Q5
Technical Objective 1: Sunthesis of Ligand Library [SlucoSurf]
Milestone 1: Tradtional 3-hwdrosw glucolipid sunthesis [Rha-C1407d 8 Xul-C14C7d ]

Task 1. Sunthesize Promizing Candidate #1: Rha-C14C04
Task 2: Sunthesize Promising Candidate #2: =ul-C4C74
Milestons 2: Alternative glucolipid development [2-, 3-, and d-hudrasy derivatives] _
Task 1. Navel 2-hudrosy glycolipid sunthesis
Task 2: Sunthesis of four additional 3-hydrasy glucolipids [2 single & double chain)
Task 3: Mawvel d-khudrosy glucolipid sunthesis
Milestane 3: Chelating ligand development [OTRA) _
Taszk 1. Chain-modified OTPA sunthesis
Task 2: Rigid OTPA molecule sunthesis
Technical Objective 2: Development of Model-Informed Ligands [GlucoSurf]
Milestone 1: Model glucalipid-REE coordination energetics
Task 1. Model thamnolipid-REE coordination energetics
Task 2: Model sulolipid-PEE coordination energetics
Task 3: Model 2- and 4-analogs for REE coordination energetics
Milestone 2: Sunthesiz of model-informed ligands
Task 1 Develop Sunthesis procedure far Huz
Task 2: Sunthesiz of condenszed ring analogs
Technical Objective 3: Sunthesis of Sarbent Media Library (W50
Milestone 1. Attach ligands to proven =olid suppaorts
Milestons 2: Attach variable mass loading from 25-75 wiis
Technical Objective 4: Lab-Scale Testing and Calumn Separation [WSL; LUCLA)
Milestane 1: Batch testing of elemental separation for mew sarbents [LICLA)
Task 1. Adsorption kinetics of allmetals
Taszk 2: Optimal conditions [pH, loading, etc. ] for batch studies
Milestane 2 Make high purity TREE solution fram mis remove Fe etc)
Milestane 3: Column Separation
Task 1 Determine optimal flow rate and calumn length to remove REE=
Task 2: Test Sequential separation technigue
Technical Objective 5: BEE-Capture Component Scale-Up [GlucoSurk'SL
Milestone 1: Target molecule sunthesis scale up [GlucoSurf)
Task 1 Glucolipid surthesiz scale-up
Task 2: OTPA derivative sunthesis scale-up
Milestone 2: Sorbent media sunthesis scale-up (W3]
Technical Objective G: Pre-Pilat Scale Pratotupe Construction [WSLE LICLA]
Milestone 1: Design pratotupe column separation system
Task 1. Select column. tubing. fittings
Task 2: Establish operating conditions [flow rate, sto.]
Milestans 2: Procure and Commission Pratotupe
Milestone 3: Test sequential pratotype syustem
Task 1 Single unit aperation
Task 2: Test multi-unit sustem [prep for field deployment)
Technical Objective 7: Beparting & Commercialization Efforts
Milestone 1: Techno-economic analuzis of ligand sunthesiz process (Burk Eng.) _
Milestone 2: Techno-economic analusis of pilot-scale recovers sustem [Burk Eng. ]

!
2
| |

Milestone 3: Final Beport
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GlycoSurf Team:

Dr. Chett J. Boxley (PI)

Dr. Ryan Stolley — Lead Synthesis Chemist

Bobby Bruggeman — Senior Chemist/Lab Manager

GlycoSurf Responsibilities:

* Synthesis of all ligands developed

* Oversee modeling work with consultant

Work directly with Burk Eng. for overal| TEA
Overall project management and report writing

Wayne State University Team:
Dr. Timothy Dittrich

Wayne State Responsibilities:
Ligand attachment to solid supports

UCLA Team:

Dr. Sanjay Mohanty UCLA Responsibilities:
Batch testing

Consultants:

TEA — Burk Engineering
Modeling — Dr. Jessica Johnston
Patents/IP — David Fonda
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