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Ghim mot kénh khoang chira nudc giup
tach cac ion dat hiém rat giong nhau

Magie giitt mot khe mangan oxit ngdm nwdc gan bang bé rong vé nwdc ctia ion lanthanide
va cdi thién lam giau theo cdp trong thit nghiém phong thi nghiém. Céng trinh duwoc
chitng minh chi dung mililit dung dich va miligram vat liéu; van hanh dong chay, tuoi
tho chu ky dai va hiéu nang mai truong thwong mai van chuwa duoc chitng minh.
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THE CLEAN PAPER tach dat hiém

Gilt c6 dinh mot kénh khoang chira nudc gitup
tach cac ion dat hiém rat gibng nhau

Cdc ion dit hiém kho tach vi cung 1y do anh chi em c6 thé kho phéan biét tir xa: khac biét 1a cé
that, nhung rat nhé.

Caclanthanide ndm canh nhau trong bang tuan hoan va thuong tao ion c6 cung dién tich. Kich
thudc ctia chung thay d6i dan doc chudi, trong khi hanh vi hda hoc van tuwong tu. Vi thé tinh
ché cong nghiép phai dya vao rat nhiéu budc tach lap lai.

Mot nghién citu phong thi nghiém méi tiép can bai toan d6 bang su giam gitt khéng gian. Cac
nha nghién cttu dung céc 16p mangan oxit xé€p chong, gitta chtiing 1a mdt khe chira nuwéc. Mot
ion dat hiém tién t&i khe nay trong 16p vé cac phan t& nuwéc. Néu khong c6 “nep”, cac 16p co
thé tach xa nhau dé chwta né. Ion magie déng vai tro nhu nep: khi chiing con & gitta céc 16p,
chung giup gitt khe hep. Khi d6 cac ion dat hiém khac nhau phai tra chi phi ndng lwong khac
nhau dé mat b&t nuwdc, di vao kénh va gan véi nguyén t oxy trong chat ran.

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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Cac kénh khéng ghim va ghim béng magie 1 dién giadi cd ché dugc hé trg bdi cau truc, dién hoa va tinh toan.
Khéng mét thi nghiém dan 1& ndo quan sat truc tiép toan bd chudi phan tu.
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V6i mot cap dugce thi, lanthanum va neodymium, viéc ghim nay lam hé s6 lam giau tang tw
1,6 1én 5,4. V6i lanthanum va praseodymium, né tang tir 1,5 1én 4,2. Hé s6 lam giau so sanh
ty 1é hai ion sau tach véi ty 1é cia chung truwéce tach. Gia tri 1 nghia la khéng cé wu tién; 5,4
nghia vat liéu dugc bat gitt wu tién neodymium hon lanthanum manh gap 5,4 1an so vdi hon
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hgp ban dau.

Do 1a cac két qua phong thi nghiém cé y nghia nhung dac hiéu theo tirng cap. Chung khong
phdi bang chirng moi dat hiém gio cé thé dugc tach sach, mot quy trinh dong chay da duoc
chirng minh hay chiét dung méi c6 thé bi thay thé.

Y twdng manh nhat trong bai nhé hon nhiéu so v6i mot nha mdy tinh luyén: gitt mot khe
khoang wdt khong mé rong.

Mot ion trong nudc 16n hon ion tran

Cac nguyén t6 dat hiém gom lanthanide cong scandium va yttrium. Nghién cttu tht muoi hai
ion lanthanide mang dién dwong tir lanthanum dén ytterbium. Cerium bj loai vi dé ddi trang
thai oxy hda, con promethium phong xa bi loai.

Trong nudc, ion khong di mdt minh. Cac phan t& nwdc sdp x€p quanh dién tich cia no tao
thanh vé hydrat héa. Dé di vao kénh hep va gin 1én chit ran, ion c6 thé phai tai sdp xép hoic
bd mot phan 16p nudce nay. Chi phi nang lwgng phu thudc ca ion 14n moi trudng xung quanh.

Kich thuéc duge do biang angstrom (A). Mot angstrom biang mot phan muoi ty mét (1 A =
10~ m). V6 hydrat héa thit nhat cia cac lanthanide dwoc thit cé duwong kinh khoang 6,6 dén
7,1A.

Cac nha nghién ctu dung mot mangan oxit ngam nuwdc dang 16p goi la buserite. Cac 16p xép
chéng cach nhau khoang 9,6 dén 9,7 angstrom, do tUr vi tri 16p 1dp nay t6i 16p ke tiép. Nhung
ban than 16p chiém khong gian. Khe ty do chita nuwéce that sy gitta cac 16p chi khoang 6,8 dén
6,9 angstrom.

Sy phan biét d6 quan trong. Khodng cach gitta 16p 9,7 angstrom khong phai mdt kénh mé 9,7
angstrom.

Mot s6 lanthanide nhe 1am cdu tric nd ra thanh pha giau nuéc hon. & d6 khoang cach 16p-16p
khoang 11,2 angstrom va khe ty do wdc tinh khoang 8,42 angstrom. Mot cau truc ho hang
hep hon, birnessite, c6 khe tw do khoang 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
free gap and interlayer spacing are different hydration, coordination and binding also affect
measurements selectivity
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So sanh la gilra dudng kinh gan ding cua vo hydrat hoa va khe tu do chiia nudc, khéng phai gilia ion tran va
toan bd khoang céch 18p-I8p. Kich thudc I& mot phan clia co ché, khéng phai toan bo I6i giai thich.
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Khodng vat c6 theé thich nghi véi ion

Khoéng c6 magie ghim, kénh khong phai mét cai sang cing: cac 16p xép chéng cé thé di chuyén.
Trong thi nghiém, c4c ion nhe hon lanthanum, praseodymium va neodymium khién vat liéu
hép thu thém nuwéc va mé rong hon. Cac ion nang hon tir europium tdi ytterbium cé xu huwéng
gitt kénh hep. Samarium nam gitta hai kiéu phan @ng.

Bai bao goi kiéu dau la Nhém I va kiéu sau la Nhém II. Bay 1a nhén cho céch céac ion lam vat
liéu cu thé nay phan &ng, khong phai s6 nhém trong bang tuan hoan. Ranh gidi ciing c6 thé
doi dudi diéu kién thyc nghiém khac.

Khéc biét cau tric dé gitp vai cac cap khac nhém. Trong trao do6i ion tryc tié€p, hé s6 lam
giau duoc bao cao la 7,8 cho lanthanum so vé4i dysprosium, 5,7 cho praseodymium so vGi
dysprosium, 4,5 cho neodymium so vi dysprosium va 2,6 cho neodymium so vdi europium.

Phan 16n céc cdp lan can khé hon nhiéu, véi hé sé lam giau gan 1,1. Gia tri gan 1 nghia 1a it
wu tién. VAt liéu phan biét dé hon khi hai ion wa cdc cdu tric kénh khac nhau so vdi khi chung
nam gan nhau trong cing mot nhém phan @ng.
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Magie ghim kénh

Sau d6 cac nha nghién ctu dung xen cai dién héa: phan &ng dién chén ion vao gitta cac 16p
chat ran. Ion magie van & trong kénh khi ion dat hiém di vao. Magie duoc gitt lai gitp khodng
cach buserite khong né ra.

Bén trong khe wGt hep hon nay, ion ngdm nudc di vao cé it chd hon. Co ché dugc dé xuat
két hop giam gitt, mat nuwdc mot phan, phai tri va gan két. Phai tri la cdc nguyén ti lan can,
thuong la oxy, truc tiép bao quanh va twong tac véi ion.

Bang chitng dén tir nhiéu loai cong viéc. Do tia X theo doi cau truc chat ran. Thi nghiém dién
héa do qua trinh chén va tach. Ly thuyét phiém ham mat a9, mot phép tinh co hoc lwgng t,
so sanh cdu truc, hydrat hoa va gan két. Cac phép tinh gitp dién gidi co ché; chung khong phai
video tryc ti€ép cia mot ion di qua kénh.

Co ché cling khong don gidn la “ion nhé di qua, ion 1én bi chdn”. Vé nuéc, cach cac 16p phan
ung, chi phi mat nudc va cach ion phai tri véi chat ran déu gép phan.

Ghim cai thién mot s6 cdp lan can

Thay do6i n6i bat nhatlalanthanum va neodymium: hé s6 lam giau tang tir 1,6 +/- 0,1 khi khong
ghim 1én 5,4 +/- 0,1 khi ghim bang magie. Lanthanum so véi praseodymium téng tir 1,5 +/- 0,1
1én 4,2 +/- 0,1. Neodymium so v6i samarium tang tw 1,6 +/- 0,1 1én 2,9 +/- 0,1.
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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.

M&i hang so sanh ba quy trinh phong thi nghiém riéng biét, khéng phai cac giai doan lién tiép ctia mét qué trinh.
Hé s6 1 nghia la khéng cé uu tién; gia tri cao han chi lam giau manh han theo tiing cap. Cac diém la trung binh
va cac rau thé hién +/- do léch chuan (n = 3).
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O pH 2, gia tri lanthanum-neodymium 14 5,6 +/- 0,2. Tang téc dd dién gdp nam lan, tir 0,1C Ién
0,5C, lam né gidm tr 5,4 +/- 0,1 xuong 4,3 +/- 0,4. C-rate so sanh dong dién ap dung véi dung
lwong vat liéu. Téc d6 cao hon cho ion va chat ran it thoi gian phdn &wng hon.

Khoéng cé mot gia tri nao mo ta vat liéu mot cach pho quat. Lam giau phu thudc cap ion, cau
trac chat ran, do axit va toc do van hanh.
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Bai bdo con thit vat liéu vai cac ion khong phai dat hiém c6 mait du thira. Hon hgp ban dau c6
mot ion dat hi€ém cho mai 1.000 ion canh tranh. D6 chon loc béo cédo khoang 1.200 so v§i natri,
6.500 so vGi canxi va 1.700 so v4i magie.

bay l1a bang chirng hitu ich rang ion pho bién khong ty dong ap ddo qua trinh tach trong cac
diéu kién phong thi nghiém nay. N6 khong phai phép tht mot dung dich hoan chinh tir quang
vGi toan bo kim loai, do axit va tap chat.

Lam giau, hé so6 tach, do tinh khiét, mirc loai bo
va thu hoi 1a cac két qua khac nhau
Bai bao dung nhiéu chi s6 hiéu nédng va khong thé thay thé ching cho nhau.

Hé s6 lam giau so sanh ty 1é hai ion sau tach véi ty 1é trwdc tach. Gia tri 5,4 nghia la vat liéu
bat gitt wu tién mot thanh vién cta cap manh gip 5,4 1an so vGi hon hop ban dau.

Heé s6 tach con tinh ca phan con lai trong dung dich: n6 so sdnh lwgng moi ion bi bt vdi lugng
khong bi bat, roi so sanh hai can bang d6. Vi vay né co thé tang khi nhiéu vat liéu bi loai khoi
dung dich du hé s6 1am giau dién bién khac.

Do tinh Kkhiét 1a ty phan cia mot ion muc tiéu trong phan thu hoéi. CAc minh chitng hai giai
doan dat khoang 97,0% @6 tinh khiét neodymium va 92,3% d9 tinh khiét dysprosium theo
cac 10 trinh cu thé.

Mirc loai bo 1a ty phan bi 1dy khoi dung dich ban dau. Tam 1an b6 sung néi ti€p, moi 1an 10
miligram bot, loai 72% dysprosium trong tht nghiém neodymium-dysprosium va tao hé so
tach tich liy 10,8.

Thu héi héi bao nhiéu ion da bat cé thé dugc giadi phong sau dd. Trao déi ion nguoc thu hoi
80% trong mot thao tdc neodymium-dysprosium. Thao bang dién hoa thu hoi 89% trong mot
thao tac lanthanum-neodymium.

Thu hoi cho thiy tinh thuin nghich. N6 khong xac 1ap dién cuc cé thé tai st dung bao nhiéu
1an ma van gitt hiéu nang.
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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
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B6n chi s6 dudc bao cdo dung cac mau sé khac nhau va dén tU cac thi nghiém khac nhau. Chuing la cac thé
bang chung, khéng phai cac giai doan ndi tiép ciia mét qua trinh.
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Vi sao hai ty 1& phan tram an tugng c6 thé nghia khac nhau?

Gia st mot quy trinh loai 90% mdt ion khdi dung dich ban dau. b6 la mic loai bé cao.
Néu nhiéu ion khong mong mudn di cung, vat liéu thu hoi van cé thé c¢6 do tinh Khiét
thap. Nguoc lai, mot phan nho rit tinh khiét ¢ thé dai dién cho thu hdi kém néu phan
16n muc tiéu bi bé lai. Panh gia quy trinh can moi can bang nay, khong chi con so6 16n
nhat.

Thiét bi dugc chung minh van la thi nghiéem
trong coc

Cac thr nghiém dién hoa huwdng t¢i quy mo bat dau véi 5 mililit dung dich chira 25 millimol
trén lit cia moi ion. Pién cwc mang khoang 25 dén 40 miligram vt liéu hoat tinh.

Mot dién cuc loai khodng 40% neodymium. Ba dién cyc dung néi tiép dat khoang 90% mirc
loai bd va hé so tach tich 1ty 16,6 +/- 0,4. Tuy t6c d6 van hanh, phdn &wng kéo dai tir 200 pht
dén 13 gio.

Nhitng kich thudc va thoi gian dé thudc vé cau chuyén chinh vi ching xac dinh cdi gi thyc sw



THE CLEAN PAPER tach dat hiém

duogc ching minh.

Phan bo sung con xac dinh mot gigi han truyén khéi. Véi muc tiéu coc & nong do cao hon, dé
dat 50% tong murc loai bd wdc tinh can mot dién cwe 266 miligram, titc 532 miligram vat
liéu hoat tinh trén moi centimet vuéng. Nhoi nhiéu vat liéu nhu vay 1én dién cuc nho sé
lam ion hoa tan kho tiép can toan bo. Vi vay cac tac gid chuyén sang dung dich lodng hon cho
thi nghiém coc.

Mot flow cell gid dinh chi xudt hién duédi dang dy phoéng. Véi cell gid dinh 1,25 mililit va dién
cuc 5 x 5 centimet, phan b6 sung wéc tinh khodng 20 phiit ¢ 1C hoac 40 phut & 0,5C dé dat
khoang 90% loai bo. Khong c6 thi nghiém flow-cell nhw vay duoc bao céo.

The evidence ladder ends before a refinery

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

Original diagram - The Clean Paper - CC BY 4.0

Bac thang két thic 8 mét ranh gidi: cé bang chiing nhi phan va theo giai doan & phong thi nghiém, trong khi thoi
gian flow-cell va hiéu nang maéi trudng van la du phéng hodc kich ban, chua dugc chitng minh & quy mé nha
may.
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So sanh moi truong la mot kich ban, khong phai
két qua nha may

banh gid vong doi bo sung so sanh cac budc tach két thic & oxit dat hiém va bao dau vao trén
1 kilogram neodymium oxide.
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N6 khong bao gom khai mo, tién x& Iy quing hay toan bg chubi tinh luyén thuwong mai. Quy
trinh phong thi nghiém dwgc biu dién bing céc gid dinh ghép tir nhiéu ngudn. Tudi tho dién
cuc 10, 20 va 100 chu ky la gia tri kich ban va do nhay, khong phai d¢ bén dugc do trong
nghién cttu. M6 hinh gia dinh dung dich thu h6i magie c6 thé tai s& dung téi khi nong do thay
do6i 10%, gid dinh 95% tai ché nwé'c, va bao gom nung & 450-600 d6 C trong hai gio du viéc
nung khong duwgc chitng minh thyc nghiém & day.

Panh gia vong doi tinh ganh ndng moi trwong bén trong mot ranh giéi hé da néu. Cau tra 1oi
chi rong bang ranh gidi d6 va chi dang tin bang kiém ké cung gia dinh quy mé cta né.

Phan tich cé thé xac dinh noi nang lugng, vat liéu va tai s& dung quan trong. N6 khéng thé
chitng minh mdgt phién ban thuwong mai sé cé tac dong moi truong thap hon chiét dung moi
cong nghiép.

Mot co ché, mot nén tang va con duong ky thuat
con dai

Bai bdo xac 1ap rang khoang cach va méi treong héa hoc ciia mot chat ran 16p ngdm nuéce co
thé dugc diéu khién cé chd dich dé cai thién mot s6 phép tach lanthanide. Ghim bing magie
khong chi thém mot vi tri gdn héa hoc khac: n6 rang budc cau tric ma cac ion boc nwéc phai
di qua.

Két qud d6 md ra cdc cau hoi thye dung. Hiéu nang c6 séng sét trong hon hop that tir quing
khong? Dién cyuc cd thé san xudt vai tai khoi lwgng kha thi khong? Mangan oxit 6n dinh dén
dau qua nhiéu chu ky chén va giai phéng? Cell lién tuc cé duy tri do chon loc, thong lwgng va
can bang nudc khong? So sanh moi trwong sé ra sao vdi kiém ké pilot-scale do thye té?

Thi nghiém khong tra 161 nhitng cau d6. N6 lam chung cu thé hon.

Thanh tyu khong phai mot nha mdy tinh luyén dat hiém hoan chinh. N6 1a bang chitng rang
vai angstrom khong gian chita nuéc dugc kiém soat co thé thay déi mot phép tach kho.

Tém tat gon

Céc nha nghién cttu dung mangan oxit dang 16p ngdm nudc dé tach mot sé cap ion lanthanide
trong nudc. Khe ty do cua vat liéu khoang 6,8-6,9 angstrom, gan véi duong kinh 6,6-7,1
angstrom dugc bdo cdo cda vé hydrat héa th nhat. Magie dwoc gitt lai giup ghim kénh
va cai thién lam giau theo cdp, gom lanthanum-neodymium tw 1,6 1én 5,4 va lanthanum-
praseodymium ttr 1,5 1én 4,2. Nghién cttu con béo thi thach véi ion du, d6 tinh khiét theo giai
doan, loai b6 noi tiép va thao tac thu hoi. Quy mo6 chitng minh van 1a thi nghiém céc 5 mililit
v&i 25-40 miligram véat liéu hoat tinh va thoi gian phan tng 200 phut dén 13 gio. Thoi gian
flow-cell chi dugc du phéng, tai st dung qua nhiéu chu ky chwa dwgc thi va so sdnh vong doi
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phu thugc gid dinh quy mo6 phong thi nghiém. Bai bdo ho trg mot co ché giam gitt va mot nén
tang phong thi nghiém, khong phai thay thé cong nghiép cho chiét dung moi.

Danh gia thang than

Bai bao cho thay gi: Gitt mot khe mangan oxit ngdm nuwéc gan 6,8-6,9 angstrom bang magie
duogc gitt lai lam thay doi su tach cia mot s6 cap lanthanide. Do cdu truc, dién hoa va tinh toan
ho trg co ché gom giam gitt, mat nuwdc, phéi tri va gan két.

Diéu hoat dong tot nhat: Trong diéu kién cu thé, 1am giau lanthanum-neodymium dat 5,4 +/-
0,1 va lanthanum-praseodymium dat 4,2 +/- 0,1. Cac cap khdac cho gia tri khac. Cac thi nghiém
riéng bao do tinh khiét, loai bé va thu héi dung cadc mau s6 khac nhau.

DPiéu n6 khong cho thay: Mot bo tich phé quat cho moi dit hiém; van hanh trén dong quang
hoan chinh; flow cell lién tuc d&@ dwgc chitng minh; dién cwc bén qua nhiéu chu ky; thay thé
chiét dung méi; hay wu thé méi truong thwong mai da dugc chitng minh.

Giéi han quy mo chinh: Thit nghiém ching minh dung 5 mililit dung dich, khoang 25-40
miligram vat liéu hoat tinh va 200 phut dén 13 gi¢. Muc tiéu nong do cao hon dan tGi van dée
tai 532 miligram trén centimet vuong. Thoi gian dong chédy la ngoai suy. Tudi tho dién cyc va
cac dau vao tai ché 16n trong danh gia vong doi la gia dinh.

Mot doc gia pho thong nén tin ciy dén mie nao? Tin cao vao cac phép do phong thi nghiém
dugc bédo cdo cho cac cidp va diéu kién cu thé. Tin vira phai vao dién gidi phan t& dé xuit vi
no két hgp cdu truc va dién hoa truc ti€p voi tinh toan. Tin thap rang dit liéu hién tai dyw doan
dugc thong luwgng, tudi tho hay hiéu nang moi tredng cong nghiép.

Nguon

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

M


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

	Giữ cố định một kênh khoáng chứa nước giúp tách các ion đất hiếm rất giống nhau
	Một ion trong nước lớn hơn ion trần
	Khoáng vật có thể thích nghi với ion
	Magie ghim kênh
	Ghim cải thiện một số cặp lân cận
	Làm giàu, hệ số tách, độ tinh khiết, mức loại bỏ và thu hồi là các kết quả khác nhau
	Thiết bị được chứng minh vẫn là thí nghiệm trong cốc
	So sánh môi trường là một kịch bản, không phải kết quả nhà máy
	Một cơ chế, một nền tảng và con đường kỹ thuật còn dài
	Tóm tắt gọn
	Đánh giá thẳng thắn

