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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

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

Three laboratory protocols compared for each 1:1
lanthanide mixture

@ Direction exchange
B Intercalation after ion exchange
€ Mg-pinned intercalation

t@4 1.6
La-Nd —m— 3.1
¢l 5.4
@4 1.5
La-Pr Fl4 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
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The evidence ladder ends before a refinery

enrichment
La-Nd 5.4 +/- 0.1

staged purity
sequential depletion

200 min-13 h
one recovery
operation

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

© rar © LAB BEAKER + © 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

cycle life untested
scenario LCA
532 mg/cm2 loading

problem at higher
target

the final card is a research boundary, not a no complete ore stream or commercial plant was
success state tested
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LLEM N&TINC AL POPAE AU-AT APST AG ATLECN PANCTE NPT TINCE AT P60 T LH AS PAhAN,
AEART° 17 014-Néh ANA hF? LAP ATL A+ OLI° U-23-10C Nt LPl:

The Clean Paper CC BY 4.0

AN, 7ZXXE PURF AT 1@+ P4Ach o-mt
hELAT°

TmIED ChLOT-0-LF A9°171 (ANCPPE 9°C ANALLT P99.00% PavAPPTt LLEPTT PLIAKLA A
PNGTET Al Ve 2097009 AhALE CHANA =

90L7 NO-NFTE PUNOLT PLA-MNI°GT ORI av-p 7L TINEL NINATT APNTTI°: PANGAE ULk
hachd: T aFa0at A9°+F FondA: Chahtce 0290 107 20 AT 100 0-&4+F fU-23 AS
PN L1t OAT AGET TFO QLY TST ¢FAh HAEYTT ARLAI°: PLi PU1LHPI° avova| 44T
P07 ST 110% ANhAOT £40 A7815 AmP9® ATILLTA L19°FA: 95% P@Y A7L15 omeI°7
£19°F: RS hANETT ALY (ov-he- 023 29° (1450-600 4714 AANLLN AU-AT O%T NAMLETT?7 fhitdAcx



CNCPP P°LC ALLT

PAHLOT-0-21 U9°191 (1102 P2°C%TF £70C @0 PAhIN. ASPTT LE7LA= AN 704
a7Lo .00 IC NF (4L 107 RG P91 Javi@- P9t HCHE RS PANA °HE A7L°1 300t
avm’y j@-::

TrFem AT RARNT AT AT7L1S omPI° OF ATLILLNLAT A.meI® LTAA: 7L Nt NA TSNS
AAG7T hANTENT7 £10 PANNN. T00F A7L7LTLOD V7 ALLINT hSTAI:

R7L OAT-AweCE A7& ao€ln KRG LE9° P°UTL0NSG
a1 &

olbE (@Y ¢FPH TNCNC LAT- MAC CP S N7LhAC Aha 7 0 N@damc P1+o0r PA7)6L e
A LORTT TNAAA A7LTLFA LALA: (7197P9° av1LA AA PN9LA a0 F hovgnaoC (1AL INCE
N@-y e+a0 ALST ALASOT P9L1N@D7 avPPC 1L0 A=

eV o-mt AP TEEPTT LhEFAx hLAR MAGTHT 91687 OHTF CNASTT ARLT LTAA?
RAONTCET (17we. LB PPl Aol STAN? 2917970 ANALS (H 27010  AS ParAdP 0-L1T
9°7 PUA 140D 107 MRt PAD- LA L TTE PLLT admTT RS @7 TIHTT A.mNP LTAA?
07 eAt AA 0FATr MNYETF AN, 78%4 9°7 LavNAA?

NGO RILVT TERPT RLavAN: LOAT IAKS TR LLCITFPA=

0k PrmGPe PNCPE °LC T1NLE 40N ALLA: T&T RTINTCTT NF LATFO (2PTC NC PP
N@7 e+Phx 0FPTF A0TFIE ALLTT APLs RIL LT £7LPAL “INLE 1=

72V “ImPAS

+av .o PTF (@7 OFLH TNCANC LAD- 0917 I7H ANAL L +mPord- (@Y O-NT PTONT PATFGLE heF
PIETT ASTPA= PO 19 NETT 019°T 6.8-6.9 ATINFCI® INC: LVI° PhPTE PavPavse 1047
A 6.6-7.1 A7A0TFCI® L.2°01C NHHIN@: IC PCA 10 PPLO TINP9° FGhT (NF D ZT5.8L L&
AFOAE PTET TINARNT ATTHAAL ATFI19°-209.71.09° h1.6 ®L 5.47 ATF19°-TL09971.09° hl.5 @fL
4.2 RI°CE TGE MNHF e APTT IC PHLLT &TSPTTFE (184S OHTT 72vUS7T: +HhF 32 “17.mT7
AG PavavAN o> PTTI° HALA: 0300 ANLA 5 “LAATC PLNC oPhe-PT: 25-40 LAEI° T8 d0
AG 1200 L+ Anh 13 A% P°AT LH AL PCEA= PEAF-OA LH 099°T 10C: 0NH 0-LFT A7815
aMPd° AATLAIIT ARG CheOT-0-LT TEXZX4 NANCFL-0A AP1T AL FavChH Az @LPbE Pav18A
NAT-APECT RS PANCAS av&iNT LLA4AT PATSNTS AATTT hANTENTT o007 AELAGI:

10



CNCPP P°LC ALLT

PA “1077 &1

OLPt: 991.0040@+: (@Y FPH P917.97H An0L2L het+7 (Pl 11 P9° @L 6.8-6.9 A7ANTCI° PCA
et CHONT PATFGLE TIET ALY PRZA: PadPPC avAN LPTT AANTCNILONTSE RS NAET
a7 @Y 1M} : coordination AG avffN7 £ttt AAT-Awe-C LL%4( =

0+TA V23 Pweo-; -HI0R U-2FPT P47 F19°-70-9.91.09° “MNARK? 5.4 +/- 0.17 PATF19°-TL-09-9.91.09°
4.2 +/- 0.1 LCAA= NAT PI&T OHALE AMFT INZTFo: ¢HA% oonNePT ¢HALE avNGL PPT7
LI mPbor PIZVSE PUIUI.MT AG PaPavpd @M. FTF HANPA =

P LARD-; AU-A-9° PANCPE I°&C TTL TICT P9Lwe U-ATHSR aPALP: (lovi 297087 F0OT AL AweCE
levhe. P3¢ POLIT LA® PEAT ALALI A 0-LFT7 ¢71.R%a hLaNTCETE POANTT hh0TENTT
oot 0e9° 171L A £1421m LA, A

PG PANA 180T ¢3¢ NPT 5 TLAAAC LATE (09°T 25-40 “LAAC9I° 7€ €0 AG 1200 L¢9
anh 13 A%t +tmPePA=: h& PA PINTTETT LAO 0 NN 07E"LFC 532 “LAAEI° Povsn} TFoC
RAL LA PEAT LRPT M0AT H19°THPA: M LOF-0-LT 19°1710 ChNTCL 0L AG PT PA7L15
anmed° MGFT AT N4

AmPAL K10, 9°7 PUA RP°1T ASLO 2MA? A-T0PeT P78T RS U3 LT OTHHIE PANL RS oA, LT
AL WGF A1z PPLNO PANGAR TCA L PPHT PPPLT AT hANTCENLYA o287 NOAFT OC
NATLLMI°C aNNAT A9°1F=: PAUT o2lF PATH0TE G017 0707 @L9° PANAN. ALRAI°T (HnhA
A7L7LINE NPT A1

o765 T

Zou et al., Pinning angstrom-size solid ionic channels for rare-earth element separation, Nature Chemical
Engineering 3, 402-413 (2026)
https://doi.org/10.1038/s44286-026-00418-8

11


https://doi.org/10.1038/s44286-026-00418-8

	በውሃ የተሞላ የማዕድን ቻናልን በቦታው ማቆየት ተመሳሳይ የብርቅዬ ምድር አየኖችን ለመለየት ረድቷል
	በውሃ ውስጥ ያለ አየን ከባዶው አቶም ይበልጣል
	ማዕድኑ ከአየኑ ጋር ሊላመድ ይችላል
	ማግኒዥየም ቻናሉን በቦታው ያቆያል
	በቦታው ማቆየት የተወሰኑ ጎረቤት ጥንዶችን አሻሽሏል
	ማበልጸግ፣ መለያየት፣ ንጽህና፣ ማሟጠጥ እና መመለስ የተለያዩ ውጤቶች ናቸው
	የታየው መሣሪያ አሁንም የቤከር ሙከራ ነው
	የአካባቢ ንጽጽሩ የሁኔታ ስሌት ነው፣ የፋብሪካ ውጤት አይደለም
	አንድ ስልተ-አሠራር፣ አንድ መድረክ እና ረጅም የምህንድስና መንገድ
	ንጹህ ማጠቃለያ
	ያለ ማጋነን ፍተሻ

