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The separation trick was holding the wet gap narrow

Structure, electrochemistry and calculations support the mechanism from different angles.

UNPINNED CHANNEL MAGNESIUM-PINNED CHANNEL

selected light lanthanides retained Mg2+ helps keep

expand the water-rich interlayer the buserite gap narrow

more room changes dehydration, confinement changes dehydration,

coordination and binding coordination and binding

neighboring-pair preference selected neighboring-pair

remains modest enrichment increases
25 Ay

EVIDENCE IS ASSEMBLED, NOT FILMED
° X-ray: solid structure * electrochemistry: insertion and * DFT: hydration and binding
separation interpretation
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The ion enters with water around it

Approximate dimensions connect hydration and confinement without making a rigid sieve.

HYDRATED ION PINNED FREE GAP EXPANDED FREE GAP
first water-shell diameter space between solid sheets water-rich phase

6.6-7.1 angstroms 6.8-6.9 angstroms about 8.42 angstroms

water molecules must rearrange from 9.6-9.7 angstrom from about 11.2 angstrom

or partly leave during binding sheet-to-sheet spacing sheet-to-sheet spacing

MECHANISTIC COMPARISON, NOT A SIZE-ONLY FILTER

|
1
* free gap and interlayer spacing are different * hydration, coordination and binding also affect 1
measurements selectivity 1
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Pinning changes pair-specific
enrichment

Three laboratory protocols compared for each 1:1
lanthanide mixture

® Direct ion exchange
B Intercalation after ion exchange
€ Mg-pinned intercalation

t@1 1.6
La-Nd ~E— 3.1
¢l 5.4
@4 1.5
La-Pr ¢ P4 3-2
1 4.2
t@4 1.6
Nd-Sm P4 2.7
I 2.9
1 2 3 4 5 6

Enrichment factor (1 = no preference)

Enrichment factor is not purity or recovery.

Points are means; whiskers show +/- s.d. (n = 3). Conditions are comparisons, not
sequential stages.
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Four strong numbers, four different denominators

These evidence cards come from different experiments; they are not process steps.

ENRICHMENT PURITY DEPLETION RECOVERY
La-Nd neodymium dysprosium La-Nd operation
5.4+/-0.1 about 97.0% 72% 89%
captured ratio divided target share in a share removed from share of captured
by starting ratio recovered fraction the starting solution rare-earth ions released
high depletion can coexist with low purity one recovery operation does not establish cycle
life

Original diagram - The Clean Paper - CC BY 4.0



THE CLEAN PAPER el et

B195f TfgFs NAFTof 27 ST 92 QofFC T S “IRIFat AT Q30T | Q9FC T 2[00 FIFT, 433 FFAF IR 2@ 79|

The Clean Paper CC BY 4.0

7o baFA AN ot FIOIRT Am! S 27 FaoC A1HC?

4 QG AFFART AL O AR GG AN 90% 0T | B THb A=A | Ff(g O Te# T AP SIFIeFAS
SRS G TIALIT T ML IRAES! B R AR | A Y7 AW Q61 = 15 o g7eT agnais ¢ =t A,
i AFTACE I B 2ITRAT ACHC T | AFFAA TAIFAC ¥ FIGIC I AT 7, T SIANE 771 |

At T Tegetel ueae IfHia Aial

RO FHCC ST A ST CSRAPTARE “AFI<al g 2Ic=e 5 MARABR waaet v, T «reff srwe aeq 2+ 25
s fo7 gl @ifbia | ecsat 1ot AT AW 2fet STAE 25 AT 40 AT |

@FBf ZFCRBAC T8 =1 40% ST 717 | QIR ©f 5 ST CREAC 16 IAI-IT F1C AT 90% WA Q3 &1 2LFF31el 1%
16.6 +/- 0.4 77 | “f=foter =a S afeaft 200 ¥ 2wt 13 =Bt ez |

@ SR @ T o1 SRR S, Flel FF JTOIT WA T Z0=C ©F Q9T T FRLIRet F¢C |

RFF THTAIT TA-TRFTSAT AN T | Thpod-97ed I TARIAC 50% W 16 oFet #Iret i 266-afartyar
ZEARHAC TG, A #{zel 97! AHNBIAT 532 FRHF AR AN #1191 | = 16 TARHAC 18T 98 AW Yo Aol HFaTge S
1 T #iT TRIT T O ZOT 1| ©IF ARSI AR AT G WS A et IR I |

Q51 FFAE IR FC I 20N g G | 1.25-FF0R ST 8 5 x 5 AEENOE TAEHEAC 1€ 47T R4 STl
SigEEE 1C-wt 20 WA ==&t 0.5C-SC 40 SRBT #4707 90% NIF SRR 2K RS JJCRE | 99 F¢ 10 T A702-3C 1§



THE CLEAN PAPER RERE LR

The evidence ladder ends before a refinery

Demonstrated laboratory work stays separate from projected operation and scenario modeling.

© raIr © LAB © BEAKER + O NOT YET

SELECTIVITY CHALLENGES RELEASE SHOWN

binary ion mixtures abundant ions 5 mL solution flow-cell timing

pair-specific 1:1000 25-40 mg material projected

enrichment staged purity 200 min-13 h cycle life untested

La-Nd 5.4 +/- 0.1 sequential depletion one recovery scenario LCA

et e operation e 532 mg/cm2 loading
problem at higher
target
SCALE BOUNDARY

'
1
1
| * the final card is a research boundary, not a * no complete ore stream or commercial plant was
i success state tested

1

1

1
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