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Project Overview and Objectives

Overall Goal: Evaluate emerging separations technologies for REE separation
— Conduct a preliminary evaluation of these innovative (lower TRL) processes
— May include limited experimental evaluation to demonstrate proof-of-concept
— Analysis will include a consideration of gaps and limitations that need to be overcome for commercialization
» Leverage existing LANL expertise in chemistry and separations of f~elements

— Extensive expertise in radiochemistry (quantitative analysis of actinide containing samples), special nuclear
material purification and production (oxides and metals), nuclear fuel cycles, & fundamental science.

— Common separations techniques include solvent extraction, ion exchange, and precipitation

Initial work focused on three thrusts: Program review in

1. Hydrothermal methods for extraction and separation March 2019 resulted in
2. Supercritical CO, and soluble ligands for simple and effective separation | down-select to focus on
3. lonic liquids and process intensification for novel separations Thrust 3 and added a
— Examples of on-going LANL related research using ionic liquids: task on novel
* Process intensification of solvent extraction separations, dissolutionlleaching

low-temperature electrochemical recovery of metals from waste residues
* Nuclear fuel cycle: actinide/lanthanide separations for fuel recycling
« Fundamental science: electrochemical separations in ionic liquids, electrodeposition

chemistry using ABF
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Ammonium Bifluoride Dissolution Process Development

This material is based upon work supported by the Department of Energy
Award Number FE-810-17-FY17

Disclaimer: "This presentation was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof."
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Motivation

* Fly ash is an inhomogeneous solid with both organic and inorganic phases
— Class C fly ash is high in Calcium, Class F is low in Calcium
— Organic fraction is primarily unburned carbon
— Inorganic fraction is primarily amorphous glass, contains Al, Si and Fe oxides
— REESs believed to segregate into the aluminosilicate phases

* Novel selective dissolution chemistry could:
— Reduce amount of harsh chemicals and reaction conditions (e.g. safer and cheaper)
« Concentrated acids, HF/HNO;, alkali fusion, etc.
— Simplify downstream separations via selective dissolution
 Avoid heavily corrosive chemicals (HCI)

— Integrate with existing flowsheets to replace conventional leaching/dissolution
steps, or serve as the basis for a novel process flowsheet.

Los Alamos National Laboratory 5/24/2021




Periodic Table of Fly Ash

miodified from hitp:fwww. mrbigher. com/documeants/Penodic-Table.xs
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Why Ammonium Bifluoride (ABF, NH,HF,)?

ABF was studied as an alternative for
processing the refractory phases such
as silicate based glass phases formed

’ Trinitite sample

within po st-det debris cl,rmw””‘mﬂ»m”WEHHMTHUTT];“E
. . 50 mg powdered
» Used as a fluorinating agent sarple + 500 mg [ Fuso a1 2307 || Reflx i 2rm cone.
» Fusion with ABF has been used sorew top PFA tube

for analytical nuclear forensics

sample dissolution (Nick Hubley &
Chris Leibman)

— Variety of sample types including v

. . . . ) ) E t
post-det debris total dissolution, Disschve Reskius n | solton to
and quantitative recoveries — >

dryness
— U. Missouri, LANL, others

* Developed as an analytical-scale
method for quantitative analysis

AN
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ABF Fusion of NIST 1633c Coal Fly Ash

DoeS the ABF fUSiOn translate tO Coa/ Fly Ash Reference Material Recovery ABF Fusion
140
ﬂy aSh? 120 +

* Achieved high/quantitative recovery 10 ;¢ ¢ + + o + °

of the REEs s +
 Large amount of residue left after % ®0

the procedure ®

— Total dissolution not achieved 22

— ABF appears to target the e fe NdoSsmoBu T By b ke T b

e Fly Ash Average
ABF targets the silicate phase within fly ash
allowing REE recovery, more effective than
boiling concentrated HNO;

aluminosilicate phase
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A METHOD EMBODIMENTS FOR EXTRACTING ELEMENTS
FROM COAL COMBUSTION PRODUCTS, U.S. Provisional

NIST 1633c boiled in HNO ABF fusion Patent App. No. 62/989,497
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Summary of Dissolution Optimizations with NIST 1633c

= 2M NIST 1633c 2:1 ABF + HNO3
| gm
4 R . = " i
4 <
|

La Ce Nd Sm Eu Tb Dy Lu Th U

Optimization of HNO,
concentrations

110 -
100—-
90
80—-

70

% Recovery

60

. ;m NIST 1633c 2:1 ABF + H2SOy4

[ ]
4M u L] u
1|« sm ® & " e . "

L] e -
¢ §

[ ¥ 2 |

La Ce Nd Sm Eu Tb Dy Lu Th U

Optimization of H,SO,
concentrations

% Recovery

100

920
80
70
60
50
40
30
20
10

0

O e e e e e ___
._;;t: --e 1 gram sample
i ‘\\ 2:1 ABF:Fly Ash
N 2M H,S0,
'r__ﬁ\ N \\ ———————
’,ll N & e ____
'l \
i W
[} Y
i \ & -——e
\ - ---- "= EErmecasccoo
VA,
_ -\
//.— "\
T e |
TR R RRE
1
4 La Ce -e Nd Sm Eu Tb
( -e-Dy -eYb -elu -eTh -eU
TT T T I rrrrfrrrrfrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrroig

T TTT T
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hrs)

Optimization of
dissolution time

5/24/2021

Los Alamos National Laboratory



San Juan Fly Ash (NM) Analysis: Fusion method

80
£
60
o °
40 ° ¢
San Juan Generating Station (847 MW)
https://www.enchantenergy.com/san-juan-generating-station/ 20 ot
. ° °
Coal Source: San Juan Mine ° ° ° ° o °
6.4 Million tons annual production 0 ° ® ® °
) p Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu Th U
Class F Fly Ash e Average (n=3)

Total REEs + Sc + Y = 313 ppm

Analytical determination of REEs from NM sourced fly ash, for use in REE
leach scale up demo. Ran in parallel to NIST 1633c for verification of method.
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https://www.enchantenergy.com/san-juan-generating-station/

Comparison of NIST 1663c and San Juan Fly Ash
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1 gram fly ash samples Lower ABF can also be effective for REE recovery.

6 hour contact time At lower ABF, the San Juan Fly Ash exhibits lower
2 M H,SO, recoveries than NIST, while at higher ABF the
recovery is equivalent.
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Flowsheet concept and Scale-up testing

» Scale-up testing performed Q4 Conceptual flowsheet for scale-up testing
of FY20 Fly Ash Leach pH Adjust Hydroxide Precipitation
» Leach tests performed 5 gram -—— -

batches of San Juan Fly Ash.
— Recall San Juan contains high

Ca/Mg and is dilute in REE sulfuric Acid (. D L) ( L)

 Testing based on conceptual  ABF 1 L UDS vy \

flowsheet at right e * " Acid Dissci_!u_lio__n
 Dissolution tests examined ¢ | L

contact times of 2 or 6 hours Y o . A 0

. ] ; Y — = Alkaline

- Also examined multi-contact R N Oxalate g aciq waste

dissolutions (fly ash contacted , rf = Precipitation °)

multiple times with leach 1 nEs Oxatate

solution combined before

subsequent processing Scale-up tests were inconclusive, likely due to the

increased concentration of Ca and Mg in San Juan Fly
Ash (e.g. possible formation of CaF,)
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ABF Conclusions and Recommendations

« ABF has been demonstrated as a viable and safer alternative to HF
— Able to quantitatively recover REEs and actinides
— Acts through targeted recovery from aluminosilicate fraction

— Complete dissolution not necessary, but can be tuned for partial or total digestion

+ selective dissolution of other unwanted metals (Cr, Pb, Ba, and lesser extent Fe and Al) simplifies
purification

— Effective with either Nitric or Sulfuric acid at relatively low acid concentrations (1-2 M)
— Scale increased by factor of 50X over course of FWP (20 mg to 1 gram)
— Typically > 70% recovery of REE with contact times of 2-6 hours

— Novel dissolution chemistry can be integrated into existing process flowsheets or serve as
the front end of new process flowsheets

« Recommendations for future work
— Expand chemistry to test effectiveness with other fly ash sources
— Scale-up testing to 10-100 gram scale will require ash source with reasonable REE content
— Understand the role of Ca and Mg on the dissolution effectiveness
— Determine solubility limits for REE in ABF/H,SO, solutions

Los Alamos National Laboratory 5/24/2021




Novel Separations using High Speed
Counter-Current Chromatography
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High Speed Counter-Current Chromatography (HSCCC)

» High Speed Counter-Current Chromatography:
— Hybrid technique analogous to HPLC with features of a pulsed column
— HSCCC uses liquid phases with the stationary phase held in place by gravitational forces
— Liquid stationary phase gives significantly higher column capacity than conventional HPLC
— Initially developed in the 1970s for bio-separations and purification of natural products
— Small-scale mixing gives enhanced mass transfer rates
— Enables many contacts in short time with a small footprint High g-force (100-200g)
— Can be run with both phases mobile (dual-flow)
— Can be run with solids (S-L-L)

Countercurrent motion In
B the hydrodynamiec CCC system

Head
( |

(T T I
L M T o NI
( T mmr—y 1V

.
Center of revolution

Greater than 100k mixing and settling events per minute!
J. Chromatogr. A, 1372 (2014), pp. 128-132
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HSCCC Details

Counter-current Flow (@ Stationary Phase @ Mobile Phase

e ———— Bleg>t)— — — — — — — — 0 H+—
1 1 Tail
1 =closed 7 = closed
Dual Flow © Heavy Phase @ Light Phase
( 2 2)5 : 12 A,
Head T Tail

1 = Heavy Phase Feed

HSCCC typically used for analytical chromatography separations
Dual flow applications are much more rare, typically used with batch sample injection
No domestic commercial source...LANL has developed in-house fabrication capabilities

LANL has been developing HSCC for a variety of applications including REE separations for
nuclear forensics and heavy metal waste processing

« Currently funded through LANL LDRD for radiolanthanide separations including '6'Tb from 1Y

Los Alamos National Laboratory 5/24/2021 | 16



Solvent Extraction Scheme

* Di-(2-ethylhexyl)phosphoric acid - HDEHP

C2H5
C4H9—A—CH2_O 0
» Tried and tested extractant for REE separation H %
* Multiple studies in various diluents C4H9_S_CH2_O/ N
- D=1 at low aqueous acidity e
» Best suited to separation of the lighter lanthanides ]
2Hs CoHs

Dimeric extraction mechanism with acid e
4Me—C—CH,__ 0o OH 0 0——CH,-
dependence H o o H

C4Ho

H \ H
* Neutral extractant at high acidities et N0’ No__cu it
— Currently used for separation of Ce(IV) from REE(lII) o 2Hs
bt M C.Hs
3+ 4 C4H9—JZ—CH2_O\ /C/ \O /O CHz—é C4H,g
RN H b N\ H
REEj; + 3(HA), (org) = REE(HA3) (org) +3H (aq) oot oo’ Mo No o o,
2Hs isz

D. Qi, Hydrometallurgy of Rare Earths, Extraction and Separation, Elsevier, 2018
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Distribution ratios in HDEHP

* 1 M HDEHP in toluene
« Also measured in xylenes, heptane and n-dodecane
« Comparable with literature data
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Experimental Setup

UV-vis analysis

0.7

IYI

absorbance [a.u.]

0 T T T T T ) S
400 450 500 550 600 650 700 750 800
wavenumber [nm]

HSCCC is highly reproducible and scalable

Analytical samples typically mg scale
Additional off-line analysis with Have processed samples up to 50 grams (dual flow)
ICP-OES and/or ICP-MS Plans to scale-up to > 1 kg/week of product

Los Alamos National Laboratory
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Example of Light Lanthanide Separation

Stationary Phase: 0.02 M HDEHP in n-heptane In-sity UV-vis
Mobile Phase: 0.015 M HCI, 5 ml/min 8 Offline. Bobbin 1
Column Volume: 156 ml ’

La

time [min]
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Improved Light/Heavy Lanthanide Separations with

Isocratic Elution

Stationary Phase: 0.02 M HDEHP in n-heptane In-situ UV-vis
Mobile Phase: 0.06 M HCI, 0.07 M HCI, 5 ml/min 2 Off-line, Bobbin 1

. Off-line, Bobbin 2
Sample: Nd, Sm, Eu, Tb in 5 ml sample ’
Column Volume: 327 ml

Nd Increasing the column volume | o
i increases the peak resolution | 2
E.xcellent separation _of b —

o8 Light/Heavy Lanthanides !

A I

- i

n i

i : i
r—————r "7 [ T [ T+ [ T T T T T T
0 50 100 150 200 250 300 350 400

time [min]
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Improved Light/Heavy Lanthanide Separations with

Step-wise Elution

Stationary Phase: 0.02 M HDEHP in n-heptane In-situ UV-vis
Mobile Phase: 0.06 M HCI, 0.10 M HCI, 5 ml/min 2 Off-line, Bobbin 1

. Off-line, Bobbin 2
Sample: Nd, Sm, Eu, Tb in 5 ml sample ’
Column Volume: 327 ml

1S
n S
= Nd =<
¢
-\ | .
. | Tb elution peak comes out
. ﬁSm | sooner by increasing HCI
) ﬁ oA I
& 7 |
nd SA i Eu i Tb
I e O e L U L A B L
0 50 100 150 200 250 300 350 400

time [min]
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Optimized Separation

Stationary Phase: 0.02 M HDEHP in n-heptane N l(r;]:fS:_tu U\é-vti)st:)_ 1
. ] . -line, Bobbin
Mobile Phase: 0.06 M HCI, 0.07 M HCI, 5 ml/min m) = Oftine. Bobbin 2

Sample: Nd, Sm, Eu, Tb in 5 ml sample
Column Volume: 327 ml

o Step-wise elution allows 2 —
° improved separation and S HSCCC is highly tunable!
2 resolution of the peaks S
A |
“m i Y —
Ap Sm i Tb
. 4 1 oy
A £ 9 Eu | =
4 ! ot ='N
A A Fal | O
. 3 QM } ] 3
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HSCCC Conclusions

« HSCCC is a novel separation technique with significant advantages
over other conventional separation methods

— Large number of stages, small footprint

— Scalable from analytical to industrial scale

— Bobbins are customizable to accommodate a wide range of process
chemistries using either conventional or novel solvent extractants

— Separation can be easily tuned to achieve required purities

LANL has developed capability to design and manufacture HSCCC
units for a wide range of applications

Demonstrated tunable separation of REE using HDEHP in n-heptane
on the analytical scale

—Would love to discuss extending methodology to other industrially relevant
feed materials (e.g. pure or impure REE mixed oxides)
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Thank you!
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