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Didi ikanni mineral ti omi kiin mé iwon kan ran 10wo
lati ya awon ion rare-earth to jora soto

Magnesium di aaye hydrated manganese-oxide m¢ iwon té sun m¢g water shell ion lanthanide, 6 si mii
enrichment awon bata kan ddra si i ninii test yard. Isé ti a fi han lo millilitre solution ati milligram material;
flow operation, cycle life gigun ati environmental performance commercial ko tii jé mimii ddjii.
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Didi ikanni mineral ti omi kdn mé iwon kan ran 10wo lati
ya awon ion rare-earth to jora soto

Awon ion rare-earth soro 14ti ya sét0 fin idi kan néa ti 6 fi 1 soro 14ti mo awon ard idilé mé;ji t6 jora lati ona jijin:

iyatd nda wa ni to6td, sugbon 6 kéré.

Awon lanthanide jokoo 1¢gbeé¢ ara won nind periodic table, won si séba mda 1i d4 ion ti charge r¢ ddgba sil¢. Iwon
won 11 yi diedi¢ koja jara naa, nigba ti iwa kemistri won si jora. Nitori naa, refining ilé-isé gbéke 1€ Op0 igbése

iyapa ti a 1i tdn se léekan si i.

Iwadii yara tuntun kan doji ko isoro nda peli confinement — fifi aye ti ion I&¢ gbé din kii. Awon oluséwadii lo
awon féléfélé manganese oxide ti won ko séri ara won, peld aaye ti omi kin laadrin won. Ion rare-earth kan maa i
stin m¢ aaye yii peld awon molikdlt omi t6 yi 1 kd. Bi ko b si ohun ti 6 di awon fé1¢fé1¢ nda mo, won 1e ya sira ki
jon nda 1& wolé. Awon ion magnesium sisé bi ohun idéna: nigba ti won diré laaarin awon féléfél€, won ran 16wé
lati jé ki adye nda din. Nigba nda, awon ion rare-earth t6 yatd ni iye agbdra té yato 14ti san ki wén 1¢ yo ap4 kan ti

omi t6 yi won kd, wo ikanni naa, ki won si so mé awon atomu oxygen nind solid.

The separation trick was holding the wet gap narrow

Structure, electrochemistry and calculations support the mechanism from different angles.
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Ikanni ti a ko di m¢ ati ikanni ti magnesium di m¢ jé itumo Ona isé ti iséto, electrochemistry ati calculation i se
itiléyin fun. Ko siidanwo kan soso té wo gbogbo itési molikulu naa lati ibere dé opin.
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Fun bata kan ti won dan wo, lanthanum ati neodymium, pinning yii mu enrichment factor po lati 1.6 si 5.4. Fin
lanthanum ati praseodymium, 6 goke lati 1.5 si 4.2. Enrichment factor 1 fi ipin awon ion méjeeji I€yin iyapa wé
ipin won sddju iyapa. Iye 1 timo si pé ko si aayo; 5.4 timo si pé ohun ti a md yan neodymium ju lanthanum lo ni
ilopo 5.4 ju bi adalu ibere se ri lo.
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Awon wonyi jé abajade yard té ni itumo fin awon bata paté. Won ki 1 se ¢ri pé gbogbo rare earth 1¢ j¢ mimé ni

z N7z 7z

iyapa bdyii, pé a ti fi ilana flow kan han, tabi pé solvent extraction I¢ jé riropo.

Ero t6 ldgbdra ju nind iwé iwddii nda kéré ju refinery kan lo: m4 jé ki aaye mineral ti omi wa nind r¢ s si i.

Ion nint omi tébi ju atomu ti ko ni omi yi ka lo

Awon eroja rare-earth ni awon lanthanide peld scandium ati yttrium. Iwéadii nda dén awon ion lanthanide t6 ni
charge rere mejilda wo, 14ti lanthanum dé ytterbium. Wén yo cerium kuro nitori pé 6 rorun fiin un 1ati yi oxidation

ipd pada, won si yo promethium radioactive kuro.

Nind omi, ion ki 1 rin nikan. Awon molikdli omi mda A s€td ara won yi charge r¢ kd 14ti d4 hydration shell sile.
Ki ion l¢ wo ikanni kékeré ki 6 si so m¢ solid kan, 6 1¢ ni lati tin féléfélé omi yen seto tabi yo apa kan kiro. Iye
agbdra t6 1l nd da 1611 ion nda ati ayika re.

Wén 1t diwon awon iwon yii ni angstrom A). Angstrom kan j¢ id4 okan nind bilioni méwaa ti mita (1 A=10"10

m). Iwon iwon koja adrin hydration shell akdko ti awon lanthanide ti wén ddn wo jé nnkan bi 6.6 si 7.1 A.

Awon olusewddii lo manganese oxide f¢1¢f¢l¢ ti omi kiin ti a i p& ni buserite. Awon f¢léf¢1¢ ti a k6 jo ya sira ni
nikan bi 9.6 si 9.7 angstrom, ti a diwon lati ibi fél¢f€lé kan ti 6 1i tiin ara re se si ekeji. Sugbdn féléf¢lé finra re

s\ 2 2

gba aye. Aéyé 0fé ti omi kuin t6 wa ldaarin awon féléfélé jé nnkan bi 6.8 si 6.9 angstrom nikan.
Iyato yen se pataki. Interlayer spacing 9.7 angstrom ki i se ikanni sisi 9.7 angstrom.

Di¢ l4ra awon lanthanide féeré mu ki iseto nda gbooro si phase ti omi r¢ p0 si i. Ni be, aye lati fé1éfél¢ kan si ekeji
jé nnkan bi 11.2 angstrom, aaye 0f¢ ti won se isiro re si j¢ ninkan bi 8.42 angstrom. Structure t6 din sii ti 6 jora,

birnessite, ni aaye of¢ t6 fere jé 4.42 angstrom.
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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
.'— _________________________________________________________________________________ 1
: MECHANISTIC COMPARISON, NOT A SIZE-ONLY FILTER :
| free gap and interlayer spacing are different * hydration, coordination and binding also affect 1
! measurements selectivity 1
: i
1 1
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Afiwé naa jé laaarin iwon hydration shell t6 feré t6 ati aaye ofé ti omi kun, ki i se laaarin ion ti ko ni omi yi ka ati
gbogbo aye lati féléféle kan si ekeji. lwon jé apa kan ti ona is€, ki i se gbogbo itan naa.
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Mineral nda 1€ yi ara re si ion nda

Laisi pinning magnesium, ikanni nda ki i se sieve lile ti ko yi pada: awon fél¢fél¢ ti a ko jo e rin. Nind idanwo,
awon ion féer¢ lanthanum, praseodymium ati neodymium mu ki ohun €16 nda gba omi si i ki 6 si si gbooro. Awon
ion té wuwo lati europium dé ytterbium saba jé ki ikanni din nda duré bo se ri. Samarium wa ldadrin thuwasi
méjeeji.

iwé iwadii nda pe ihuwasi akoké ni Group I, ekeji ni Group II. Awon ortko wonyi jé label fiin bi awon ion se mu
ki ohun €10 pat6 yii ddhun, ki 1 se ndriba egbé nind periodic table. Aala naa I¢ tin yi pada 1abé condition idanwo

miiran.

iya‘lt(} iseto yen ran 1owo fin awon bata t6 kojd egbé. Ninu taara ion exchange, enrichment factor ti won royin jé
7.8 fin lanthanum si dysprosium, 5.7 ftin praseodymium si dysprosium, 4.5 fiin neodymium si dysprosium ati 2.6
fiin neodymium si europium.

Opo awon bata aladutgbo nira pipo si i, peld enrichment factor t6 sun m¢ 1.1. Factor t6 sun mé 1 tdmo si aayo
di¢. Material nda I¢ ya wén mora rorun si i nigba ti awon ion méjeeji fé iseto ikanni t6 yatd ju nigba ti won wa
sunm¢ ara won nind iddhtin egb¢ kan nda.
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Magnesium 1 di ikanni nda mé

L¢yin nda awon olusewadii lo electrochemical intercalation: reaction itanna kan ti i fi ion sind adrin fél¢fél¢
solid. Awon ion magnesium diré nind ikanni bi awon ion rare-earth se A wolé. Magnesium t6 ki nind r¢ ran 1w
lati ma j¢é ki spacing buserite nda gbooro.

Ninud aaye omi t6 din yen, ion hydrated té i wolé ni aye kékeré. Mechanism ti won dabaa ké confinement, partial
dehydration, coordination ati binding jo. Coordination timo si awon atomu té wa nitosi, nigba pip0 oxygen, ti 6
yi ion k& taara ti won si il bd a se interaction.

Eri nda wa lati opo ird isé. Iwon X-ray topinpin isetd solid. Experiment electrochemical diwdn insertion ati
separation. Density functional aba-¢k¢, calculation quantum-mechanical kan, fi iseto, hydration ati binding wé

ara won. Awon calculation nda n ran I0w¢ lati tdmo Ona is€; won ki 1 se fidio taara ti ion kan ti 1i rin nind ikanni.

Mechanism nda ki 1 se “ion kékeré 1 kojd, ion ild i dir6” nikan. Water shell, bi awon layer se 1i dahun, iye agbara

ti dehydration 1i nd, ati bi ion se coordinate peld solid gbogbo won ni ipa.

. . /7 N\ LN / N / \ / N\ / /s °
Pinning mu iyapa di¢ lara awon bata aladuugbo dara si 1
Iyipada t6 ga jui ti iwé iwadii nda tenumg ni lanthanum ati neodymium: enrichment goke l4ti 1.6 +/- 0.1 l4isi
pinning si 5.4 +/- 0.1 peld magnesium pinning. Lanthanum si praseodymium goke lati 1.5 +/- 0.1 si 4.2 +/- 0.1.
Neodymium si samarium goke lati 1.6 +/- 0.1 si 2.9 +/- 0.1.
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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.

112 kdokan n fi yara idanwo protocol méta té yatd wé ara won, ki i se ipele té i télé ara won ninG ilana kan. Factor
1tumo si dayo kankan ko si; iye té ga si i A fi pair-specific enrichment té lagbara si i han. Awon koéké fi mean han,
whisker si fi +/- standard deviation han (n = 3).

The Clean Paper CC BY 4.0

Ni pH 2, iye lanthanum-neodymium jé 5.6 +/- 0.2. Nigba ti won mu rate itanna po ni ildpo marun-tn, lati 0.1C
s1 0.5C, iye nda sokale lati 5.4 +/- 0.1 s 4.3 +/- 0.4. C-rate 1 fi current itanna ti a 10 wé capacity ohun ¢lo. Rate

t6 ga 1 fin ion ati solid ni akdko di¢ 14ti dahun.

Ko si iye kan soso t6 sapejiwe ohun €lo nda ni gbogbo condition. Enrichment da 1611 bata ion, iseto solid, acidity

ati rate isé.
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iwé twadii nda tin ddn ohun ¢lo nda wo peld Opo ion ti ki 1 se rare-earth. Adalu ibére ni ion rare-earth kan fin
gbogbo ion oludije 1,000. Awon iye selectivity ti won rdyin jé nikan bi 1,200 10di si sodium, 6,500 1odi si calcium
ati 1,700 lodi si magnesium.

Eyi jé eri té wilo pé awon ion ti 6 wopo ki 1 se pé won mda bori separation naa laifowoyi 1abé condition yara

wonyi. Ki 1 se iddnwo 16ri omi gidi ti a yo 1ati ore peld gbogbo metal, acidity ati contaminant r¢.

Enrichment, separation, purity, depletion ati recovery j¢
abajade t6 yato

Opo metric isé han nind iwé iwadii nda, a ko si I¢ fi 0kan répo omii.

Enrichment factor 1 fi ipin ion méji 1€yin separation wé ipin won sadju separation. Iye 5.4 timo si pé ohun ¢lo
ti a md f¢ okan nind bata yen ju elékeji 1o ni ilopo 5.4 ju adalu ibere lo.

Separation factor tin ka ohun ti 6 ku nind liquid si: 6 i fi iye ion kookan ti a mi wé iye ti a ko mu, 1€yin nda 6 fi
balance méjee;ji wé ara won. Nitori nda 6 & goke bi a se i yo ohun ¢l0 si i, bi enrichment factor til¢ 1 t¢lé apeere
miiran.

Purity ni ipin ti ion ti a yan nind fraction ti a gba pada. Awon demonstration ipele méji dé nikan bi 97.0%
neodymium purity ati 92.3% dysprosium purity nind pathway ti won salayé.

Depletion ni ipin ti a yo kird nint solution ibére. Ifikin powder 10 milligram 1éekan 1é¢kan ni igba méjo yo 72%
dysprosium nint idinwo neodymium-dysprosium, 6 si d4 accumulated separation factor 10.8 silg.

Recovery béere iye ion ti a ti mu ti a le td sile 1€yin nda. Reverse ion exchange gba 80% pada nind operation

neodymium-dysprosium kan. Electrochemical removal gba 89% pada nind operation lanthanum-neodymium kan.

Recovery 1 fi reversibility han. Ko fi han iye igba ti electrode 1¢ tin 10 ldipeya performance.
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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
I'— —————————————————————————————————————————————————————————————————————————— N
: A LARGE VALUE IN ONE CARD CANNOT REPLACE THE OTHERS
i high depletion can coexist with low purity * one recovery operation does not establish cycle
! life
1
1
1
1

________________________________________________________________________________
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Metric mérin ti won royin lo denominator t6 yato, won si wa lati idanwo to yatd. Won jé kaadi eri, ki i se ipele to n
télé ara won ninu ilana kan.
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Ki l6 dé ti percentage méji to dara lé timo si ohun to6 yato?

Ka so pé ilana kan yo 90% ion kan kiro nind liquid ibere. 1y¢n jé depletion t6 ga. Bi opo ion ti a ko fé ba
tdn wé peld re, ohun elo ti a gba pada 1¢ si ni purity kéré. Ni ona keji, fraction kékeré t6 m¢ gan-an I& ni
recovery baburd bi dpo target ba kit séyin. Isird ilana nild gbogbo balance wonyi, ki 1 se nériba té tébi ju
nikan.

\ \ / / \ o * / N / \ o /
Ohun ¢lo ti won fi han si jé idanwo ina beaker
AW(_)n idanwo electrochemical ti 6 doju ko scale bere pela S millilitre solution ti 6 ni 25 millimole fin litre ti ion
koodkan. Awon electrode ni nikan bi 25 si 40 milligram active ohun &lo.

Electrode kan yo niikan bi 40% neodymium. Electrode méta ti a 10 1és¢s¢ dé nnkan bi 90% depletion ati accumu-
lated separation factor 16.6 +/- 0.4. Gégé bi operating rate se ri, reaction gba lati 200 minute si 13 hour.

Awon iwon ati akéko wonyi ye ki won wa nind itan pataki nitori pé won 1i so ohun ti a fi han gangan.

Supplement nda tiin toka mass-transfer aala kan. Fun target beaker ti concentration re ga si i, won se 1siro pé
lati dé 50% total depletion y6o nilo electrode 266 milligram, tabi 532 milligram active ohun ¢élo fiin square
centimetre. Fiftin electrode kékeré nda ni ohun €10 t6 po bée y60 jé ki 6 soro fiin ion ti 6 td nind omi lati dé
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gbogbo r¢. Nitori nda awon onkowe yi pada si solution t6 dilute si i fiin iddnwo beaker.

Flow seeli aroso han gégé bi projection nikan. Fun seeli 1.25-millilitre ti a ro pe¢li electrode 5 x 5 centimetre,
supplement se isird nnkan bi 20 minute ni 1C tabi 40 minute ni 0.5C fin ninkan bi 90% depletion. Ko si flow-

cell iddnwo bée ti iwé 1wddii nda royin.

The evidence ladder ends before a refinery

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

© rar © 1LAB © 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
— = operation — 532 mg/cm2 loading
problem at higher
target
¢« - T TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT ST T ST TS TTTTTT T TS TS T TSI TSI TSI TI T I T TSI TS \
: SCALE BOUNDARY :
| * the final card is a research boundary, not a * no complete ore stream or commercial plant was 3
| success state tested 1
: |
1 1
7
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Atégun éri naa pari ni 4314 kan: éri yara fun binary mixture ati staged operation wa, nigba ti timing flow ati
environmental performance si jé projection tabi scenario, ki i se ohun ti a ti fi han ni scale ilé-isé.
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Afiwé ayika jé scenario, ki 1 se abajade ilé-

Supplementary life-cycle assessment fi awon igbés¢ separation t6 pari ni rare-earth oxide wé ara won, 6 si royin

input fin 1 kilogram neodymium oxide.

Ko ka mining, ore pretreatment tabi gbogbo commercial refining chain si. Wén se asoju ilana yard p¢li assumption
ti a ko6 jo 1ati opo orisun. Electrode lifetime ti 10, 20 ati 100 cycle jé iye scenario ati sensitivity, ki i se durability
ti a diwon nind iwadii yii. awose nda ro pé a I¢ tin magnesium recovery solution 10 titi concentration r¢ yoo fi yi ni
10%, 6 ro 95% water recycling, 6 si ka calcination ni 450-600 degree Celsius fuin wakati méji si, bi calcination
ko til¢ jé ohun ti a fi han ni iddnwo yii.

Z NN

Life-cycle assessment 1 se akosilé erll ayika nind &to aala ti a salayé. Idahin r& gbooro t6 2ala naa, 6 si gbéke 16

bi inventory ati assumption scale se déra to.
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Itdpale nda 1¢ tdka ibi ti agbdra, ohun ¢lo ati reuse se pataki. Ko le fidi mul¢ pé commercial ¢da y606 ni environ-

mental impact kéré ju industrial solvent extraction lo.

Mechanism kan, platform kan ati ona engineering gigun

iwé iwadii naa fidi mule pé spacing ati ayika kemistri ti hydrated layered solid 1¢ jé isakoso peld eéte lati mua
separation awon bata lanthanide kan déra si i. Magnesium pinning se ju fifi binding site kemistri miiran kun lo: 6

di iseto ti awon ion ti omi yi kd ni lati gba koja.

Abajade yen si awon ibéere practical sile. Sé performance 1¢ diré nind adalu gidi lati ore? S€ a I¢ se electrode pela
mass loading t6 sisé¢? Badwo ni manganese oxide se durd pé t6 kojd opo insertion ati release cycle? Sé continuous
seeli I pa selectivity, throughput ati water balance m¢? Bawo ni afiwé ayika se ri ti a ba ni inventory pilot-scale ti
a diwdn gangan?

Experiment nda ko ddhtin awon ibéere wonyi. O kan mi won di ohun té seé béere ni kedere si i.

Aseyori naa ki 1 se refinery rare-earth ti ¢ ti setdn. O jé eri pé aye omi di¢ t6 jé angstrom mélod kan, ti a sakéso,

1 yi separation té nira pada.

Akoétan mimo

Awon oluisewadii lo hydrated layered manganese oxide lati ya awon bata lanthanide-ion kan s6to nind omi. Aaye
0f¢ ohun ¢lo nda jé nnkan bi 6.8-6.9 angstrom, t6 sun m¢é iwon 6.6-7.1 angstrom ti hydration shell akoké awon
ion. Magnesium t6 dird nind r¢ ran 10w lati di ikanni, 6 si mu pair-specific enrichment ddra si i, p¢ld lanthanum-
neodymium l4ti 1.6 si 5.4 ati lanthanum-praseodymium lati 1.5 si 4.2. Iwadif nda tén royin iddnwd peld ion t6 po,
staged purity, sequential depletion ati recovery operation. Scale ti won fi han si jé idanwo beaker 5-millilitre pela
active ohun elo 25-40 milligram ati reaction akéko lati 200 minute si 13 hour. Won se projection flow-cell timing
nikan, a ko dadn reuse Opo cycle wo, afiwé life-cycle si gbéke 1€ assumption scale yard. iwé iwadii nda se itil¢yin
fin confinement Ona isé ati yard idinwo platform, ki 1 se rir¢po industrial fin solvent extraction.

\ \ N N /N \

ayewo laisi asodun

Ohun ti iwé iwadii naa fi han: Didi aaye hydrated manganese-oxide m¢ nikan bi 6.8-6.9 angstrom péli magne-
sium t6 diré nind r¢ yi separation awon bata lanthanide kan pada. Iwdn iseto, electrochemistry ati calculation se

itiléyin fn Ona isé ti confinement, dehydration, coordination ati binding wa nind re.

Ohun ti 6 sisé dara ju: Labé condition patd, lanthanum-neodymium enrichment dé 5.4 +/- 0.1, lanthanum-
praseodymium si dé 4.2 +/- 0.1. Awon iye bata miiran yatd. Experiment t6 yatd royin purity, depletion ati recovery

ti denominator won yato.

10
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Ohun ti ko fi han: Separator t6 sisé fiin gbogbo rare earth; operation 16ri gbogbo ore stream; continuous flow seeli
ti a ti fi han; electrode t6 duré fin Opo cycle; rirdpo solvent extraction; tabi environmental superiority commercial
ti a ti fidi mule.

Awon 2ala scale pataki: idanwo ti a fi han lo 5 millilitre solution, nikan bi 25-40 milligram active ohun &lo
ati 200 minute si 13 hour. Target concentration t6 ga si i fi isoro loading 532 milligram fin square centimetre
han. Flow akdko jé extrapolation. Electrode lifetime ati awon input recycling pataki nint life-cycle assessment jé

assumption.

Igboya méloo ni olika gbogbogboo ye ki 6 ni? Igboya giga nint awon iwdn yard ti a rdyin fin awon bata ati
condition ti a dardko. igboyél adrin nind itum molecular ti won dabaa, nitori pé 6 ko iseto ati electrochemistry
taara jo pelid calculation. Igboya kéré pé data lowolowo 1& so industrial throughput, lifetime tabi environmental

performance téle.
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