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TomMTOpCKOe pefKoMeTaIbHOE MeCTO-
pPOXJIeHIe PpacIloNiokeHO Ha ceBepe Poc-
CUM B CeBepo-3amafHoil yactu Pecry6nu-
ku Caxa (fxyrusa). ITo cocraBy pym u ux
3armacaM MeCTOPOXK/IeHWe SIBJISIeTCS YHMU-
Ka/IbHBIM CBIPbEBBIM MCTOYHMKOM PENKO-
3eMenbHbIX MeTa/ioB (P3M), B wacTHO-
CcT! — cKaHauA u Huobus [1-3]. Knrouesoit
ocobeHHOCTBIO pyn ToMTOpCcKOro MecTo-

Ta6bnuua 1 — CoctaB o6pasua pyabl
y4dactka BypaHHbIM ToMTOpCcKoro pepn-
KOMeTaJ/IbHOro MecTopoXaAeHUsd

CopepxaHue, %

N2 n/n  SnemeHT, (okena), (macc), [1]
1 >P30 10,2
2 Nb205 6,7
3 TiO, 2.0
a V,0s 12
5 ALO5 71
s P,Os 16,0
7 Fe203 6’9
8 FeO 5,1
9 CaO 2,6
10 SrO 38
1 BaO 32
12 ThO, 015
- UOs 0,01
14 Sio, 38
15 S 02
16 F 05
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POXJEHNA ABJIACTCSA YIbTPAUICIIEPCHOCTD
U CWIbHasA B3auMHasg CPOIIEHHOCTb MU-
HepasIbHBIX YacTuly [4-7], 4To [lenaet Hea-
b dexkTUBHBIM BBIZENIEHNSI MOHAIMTOBOTO
Y IMPOXIOPOBOTO KOHIIEHTPATOB M3BECT-
HBIMM 00OTaTUTEeNIbHBIMM MeTofiaMi. B To
e BpeMs IpUMEHeHUe IPSAMOro BCKpBI-
TV TAKOTO POfia PyA HemsOeXHO BjedeT
3a 0001 3HAYMTE/IbHBII PACXO]] PEareHTOB
Y 3a4aCTYIO Jie/laeT SKOHOMIYECK) HEeBO3-
MO>KHOJI pa3paboTKy MeCTOPOX/EHUI Py,
Jla>Ke TPV BBICOKVUX COJEP>KaHMAX IIeHHBIX
a/eMeHTOB. B HacTosImee Bpems ampo6bu-
POBaH pAJ IIPOLECCOB IPAMOIL ITepepadoT-
KU TOMTOPCKUX pyz. ITo maHHBIM paboTh
(8] mpuMeHeHMe pacTBOPOB a30THON KUC-
JIOTHI TI0Ka3a0 HU3KYI 3(P(PeKTMBHOCTD
U3-32 HU3KUX IIOKasaTe/eil M3BJIeYeHV
PEIKO3eMe/IbHbIX 9/IeMEHTOB, CKaHAUA U
HEKOTOPBIX APYTUX 9/1eMeHTOB. Vcnosnb-
30BaHVe KOMOVHVPOBAHHOI CXEMBI C JVIC-
II0/Ib30BaHVMEM PacTBOpa CEPHOI KMUCIIO-
TBI TaK K€ OTKa3anoch Hed(pPeKTMBHBIM.
Hamnbonee appexTuBHO pyasl MOTYyT OBITH
BCKPBITBI IIeIOYHO-KVICJIOTHBIM METOZHOM,
KOIZIa Ha IepBOJl CTafiNyl MOHAIUT pasja-
raloT KOHIIEHTPUPOBAHHBIMM PacTBOpPaMuU
TU/IPOKCHJA HATPUA, a 3aTeM TUAPOKCU/bI
P3M pacTBOpAIOT B a30THO MU COTSAHOMN
KICTIOTE.

OcHoBHbIe TPO6TEMbI METOfla BO3HMU-
KalOT Ha IIepBOJ CTAANN — IIeJIOYHOTO pas-
JIO>KEHVIs1 MOHAIUTA ¢ yaaneHneM ¢pocdopa
BMeCTe C BBIIETAYVBAIOLINM PaCTBOPOM.



I pyroit mpobnemMoit I1e10YHO-KUCTIOTHO
nepepaboOTKM TOMTOPCKUX PYf, KOTopas
yIIOMMHaeTCs B muTeparype [6], ABnsaercs
3HAYNTe/bHbIE KOMeOaHNs CTelleH! U3BIIe-
yeHus P3M B KucbIll pacTBOp mocse lie-
JIOYHOTO BCKPBITHA.

JKCnepuMeHTasibHas 4acTb

[Ipu BbImOTHEHMM PabOTHI ObIIM VC-
I10/Ib30BaHbl HEOPTaHWYeCKUe COMM, KUC-
JIOTBI I OCHOBAHVIA MAapKN «X.9.» U «9.11.a».
VccnepoBanmsA 1O 1I€IOYHOMY BCKPBITHIO
HIPOBOAMWIN Ha IPEACTaBUTEIbHON Hpobe
TOMTOPCKOJ PyJbI C y9acTKa «bypaHHbII».
CocraB pyzbl IpeficTaB/IeH B Tabmuie 1.

[IleoyHOE BBIIENTAYMBaHNE OCYIECT-
B/SUIA B peakTope u3 GTOPOIUIacTa, CHAb-
JKEHHOTO MeIIaNKol, B oborpeBaeMoit
LIapOBOJl MEJbHUIIE U3 HeprKaBewllei
CTa/M, a TaKXKe CTA/JIbHOM aBTOK/IaBe, Qy-
TepoBaHHOM ¢roporactoM. Ilyrbmy mo-
cle BCKpbITUs QUIBTpOBamM Ha oborpe-
BaeMOM (IIBTp-IIpecce IpY TeMIlepaType
70-80°C s npeoTBpalleH s BbIfIeIeHUS
u3 pactBopa TpuHarpuiidpocdara. Ocamox
IIOC/IE OT/IEIEHMA OT MAaTOYHOIO PacTBOpa
IIpOMBIBa/IN Topsideil BOfoi. 3aTeM, B 3a-

TM3000_5515

BUCUMOCTI OT PEIIaeMOii 3a/lauy, aHa/IN-
3UpOBa/IU TBEPAYIO U KUAKYIO Pasbl.

KoHIleHTpanuio 3/7eMeHTOB B BOJHOI
dase ompemensim  aTOMHO-abcopOLM-
OHHBIM (aBCOPOLMOHHBIN CIIEKTPOMETP
Analist 400 (Perkin Elmer), u macc-crek-
TPOMETPUYECKMM MeTofaMu  (CIeKTpo-
metp ICP-MS 7500C (Agilent) ¢ mHAyK-
TUBHO-CBSI3aHHON IUIa3MOI), B TBEPO
dbaze - peHTreHO-GIIOOPECIIEHTHBIM Me-
togoM (cmektpomerp PANalytical Axios
Advanced). Perncrpanmio peHTIeHOBCKIMX
mudpakTorpaMM IMPOBOAVIIN HA pPEHTre-
HOBCcKOM pudpaxktomerpe [JPOH-3 (by-
peBecTHUK, Poccus). Taxoke 6bU1yu momyde-
HBI M300pa)KeHNsI IOBEPXHOCTHBIX C/IOEB
OCTAaTKOB BBILIETAYVBAHUS [IPU ITOMOIIN
CKaHMPYIOLIETO 9TTeKTPOHHOTO MMKPOCKO-
na TM-3000 (Hitachi, Aimonus), o6opyno-
BAaHHOM 3HEPTOAVCIEPCHOHHON CUCTEMOII
aHammsa Quantax-70 (Bruker, Tepmanus),
3JIEKTPOHHBIX MUKPOCKONOoB S-5500 1 SEM
NV 1000 ¢ cucreMoit MUKpOaHa/In3a.

PesynbTtartbl u o6cyxxaeHus.
Hna omnpenenenus CTPYKTYpbl M COOT-
HOUIEHNS 3/IEMEHTOB B IIOBEPXHOCTHOM

PucyHok 1. — COM wusobpaxe-
HWe obpasua HemsMesibY4eHHOM
TOMTOPCKOW pyAbl:

cepble, MeNKMe YacTuubl — asto-
ModocdaThl; cBeTNnaa Kkaemka Ha
yacTmuax — MOHAauMUT, KpucTan-
Nbl, BKparnieHHble B antoModoc-
daTHYI0 Maccy —nupoxsop.

x1.5k

50 um
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Nb-LA

PucyHok 2. — COM mnsobpaxeHne o6-
pasua HemsMesbYeHHOM TOMTOPCKOMW
PyAbl.

Ce-LA

PucyHok 3 — KapTbl pacnpegeneHus a1eMeHTOB No 0651acTu, onpenensaeMoi pucyHkom 1.

c1oe 00pasIoB PyAbl ObUIN ITOTYYeHbI U30-
OpakeHMsI CKaHUPYIOIIETrO 3/IeKTPOHHOTO
Mmukpockorna (COM). PenkosemenbHble Me-
TaJUIBI IPEeCTaB/IeHbl B OCHOBHOM MOHAIIN-
TOM, YaCTUI[BI KOTOPOTO Y/IbTPALUCIIEPCHBI
U CpolieHsI ¢ amoModocdaramu (puc. 1).

[Iupoxmop npepcrasneH 6onee KpyI-
HBIMI YacCTUIIAMM, PasMep KOTOPBIX JO-
cturaeT 10-30 MKM. [I/14 HETO XapaKTepHbI
ABa Tuma yactui (puc. 2-6).
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1. Yactuisl nepsoro tuma (puc. 5), cBs-
3aHHBIE C Ka/IbI[VieM J HaTpyeM — KOMITaKT-
Hble MacCUBHBIE.

2. Yactuusl BTOporo tuma (puc 6),
CBsI3aHHbIE CO CTPOHILMEM - JIYKOBUIle-
00pasHble, IMEIOT TOHKYI0 MHOTOCTIOHYIO
cTpyKTypy. Takme yacTuubl 4acTo pacce-
KaIOTCS MPOXWIKaMK amoModocdarHoii

dpakunnu (puc.2, 6).
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PucyHok 4 — C3M unsobpaxeHue
dparmeHTa 2 pucyHok 1. Kanbuymmn
copepxatlee a4p0 (TEMHO cepoe)
M MHOTOC/TIOMHAS «CKOPIymna, Co-
hepxalasa CTPOHLUNA.

PucyHok 5 — COM unsobpaxeHune
dparmeHTa 1 pucyHok 1. Kom-
nakTHas MacCMBHas 4acTmLa, Co-
nepxalias HUO6uNn.

PucyHok 6 — COM nzobpaxeHune
YacTuL, HeM3MesNbYeHHON pyabl.
JNlykoBuLeo6pasHble  YacTuubl,
copepkaLlne HIO6UIN, pacceyeH-
Hble MpoXuakamMu anomModoc-
daTHoM dasbl
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YacTuipl 1nepBoro M BTOPOTO TUIIOB
JacTO CBsA3aHBI B arperarbl — YacTUIIBI IIep-
BOTO TUIIA PACIOJIATAIOTCA B AAPE, BOKPYT
KOTOPBIX (GOPMUPYETCS CKOP/yIa YacTHI]
BTOpOro Tuma. B yacTuiax Broporo tuma
cootnomienne Nb/Ti cocraBnsger 10-15. B
YacTULAX NepBoro tuma — okomno 40. [lan-
Hble COM nofTBep>XAA0T, YTO pyha Jeil-
CTBUTE/IBHO ABJIAETCA YIbTPALUCIIEPCHON
" HaO/TI0IaeTCs KpaliHe CUIbHOE B3aIMHOE
IIpopacTaHye MUHePaTbHbIX YaCTHULI.

[TpoBeieHO IpsAMOE 11[€/IOYHOE BCKPbI-
TH€ TOMTOPCKOV pyabl 45% pacTBOpoM
TUIPOKCUIA HATPMS TP TeMIlepaType Kiu-
neHus pactsopa (okono 130°C) nmpu oTHO-
menvy T:)K=1:4, Bpemsa mepememnBaHus
nynbIel — 2 4yaca. [locie BhIIeTaynBaHuA
nynblly (UIBTPYIOT IIpU TeMIeparype
80°C, ocaJioK OTMBIBAIOT OT TPUHATPUII-
dbocdara ropsuum 30% pacTBOpOM TI'M-

TPWIOH. TPaHAaNAKT

TiO2, (71-1168),
TeTparoH. aHatas 2,
2
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Al2(Si205)(OH)¢, (83-462),
1340 TpMKﬂVIHHbWIKaDIMHMT
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FeO(OH), (29-713),
0pTOPOMD . reTHT

Intensity (counts)
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5074
467
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418
376
3308
2794
262
2446
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Ca,5r,Pb)2417(PO4)3(0H)16%3H20, (16-1620,

o
o

APOKCUJA HaTpu4, a 3aTeM Bogoit. I1pn ox-
TXAEHUM PpacTBOpa KPUCTAIU3YeTCs
TUAPATUPOBAHHBI  TpuHATpuitdocdar.
YcTaHOBJIEHO, YTO TPOIECC COMPOBOXK/IA-
€TCsl UHTEHCUBHBIM BbIfIeJIEHIIEM ra3a, YTO
OYEBMJHO CBA3aHO C Pa3O>KEHVEM CYIIb-
¢duoB >xennesa u BbIfie/IeHNeM BOLOPO/ia IO
peakuumsm (1) u (2) (u3BecTHBIT TpoOIECE,
CONYTCTBYIOLIMIT Pa3/lIOXKeHNI0 OOKCUTOB
no merony baitepa):

3FeS, + 12NaOH + H,0 - Fe;0, + 3Na,S +
+3Na,SO, + 7H, (1)
FeS, + 12NaOH + 4H,0 > Fe;O, + 3Na,S +
+3Na,SO, + 10H, 2)

B pesynprare mnpAMOro 1esn04HoOro
BCKPBITIA TOMTOPCKOI PyAbI YOBUIb MacChL
ocajika coctaBmIa okono 30% u o6ycoB-

a)

(Ba,5r)Nb208(OH), (12-285),
Ry6. nupoxnop

=
g (CelaY.Nh)PO4, (11-556),
o MOH. MOHELWT

SrAl3(PO4)2(0H)5*H20, (85-1249)
rofaunT

1,803

2,144
1,756

187

1,985
1,785
1,683
1624
1,588
1,402
147
1,458
1,436
1,37
1,349
133

o7
2,022
153
1,284
126
1235

30
20(degree)

40

70 80

PucyHok 7 — PeHTreHorpaMma McxogHon pyabl TOMTOPCKOro MeCTOPOXAEHUSA

152



100 -

NaNbOs3, (85-390)
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(Ba,Sr)Nb206(0H), (12-281],
GapueBblid nupoxnop
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PucyHok 8 — PeHTreHorpamMma pyabl nocse wenodHon o6padotku npu 210°C

JIeHa IIepeXOfIOM B PAaCTBOP OCHOBHOI Mac-
col amomuana (~80%), docdopa (~60%)
U pasnoxkeHueM Kap6oHatos. ITo maHHBIM
peHTreHO(a30BOro aHaAM3a OCAAKaA, IIe-
JIOYHOE BCKPBITME IPUBOAUT K IIOTTHOMY
pasnoxeHno GocdaToB aOMUHNUA U MO-
HanuTa. Hemonublit mepexon docdopa B
pacTBOp CBA3aH C BBICOKUM COfiepKaHM-
eM II[e/IOYHO3eMeTbHBIX METAa//IOB B PYZe,
¢docdarel KOTOPBIX YCTOMYMBEL B IIEIOY-
HBIX YC/IOBMAX, OHAKO WeHTUUIMPO-
BaTb MX 1O faHHBIM PDA nmpobremaTnyHO
13-32 OTHOCUTE/ILHO HEBBICOKMX KOHIIEH-
TpaUMil B OCAfgKaxX BBIIIEAUYNBAHUA I
CTIOKHOCTM COCTaBa MPOAYKTA.

[Tupoxmop (cTpoHuMIT-6apueBbIil) B
3TUX YC/IOBUAX HE pearupyer ¢ TUPOKCH-
oM HaTpus. IloBblleHVe TeMIeparypbl
no 210°C (aBTOK/IaBHbIE YC/IOBMA, BpeMs
BBIIE/IAYMBAHNUA - 2 4Yaca) NPUBOAUT K
€ro YacTMYHOMY pa3jIOKeHMIo ¢ 06paso-
BaHMEM MaJIOpacTBOPMMOIO MeTaHuobara

HATpUs, a TakKKe Huobara O6apus (mepos-
CKUT). PeHTreHOrpaMMBbl MICXOJHOI PY/bI
U PyABL IOCTIE 1eTIOYHOI 00paboTKM Ipu
210°C npuBeneHsl Ha puc. 7, 8

YcraHOB/IEHO, YTO NOBTOPHOE JC-
I0/Ib30BaHNe 1[€IOYHOTO PACTBOpaA IOCTIe
Kpuctaymmsanum TtpuHarpuitpocdara n
JIOYKpeIIeHUA pacTBOPA I'UPOKCUIOM Ha-
TPUSA OC/IOKHEHO IOCTENIeHHBIM HaKOIlJIe-
HJIeM B pacTBOpe aIIOMUHMA, KApOOHATOB
u cynbduros. ITokasaHo, 4TO 3HAUUTE/ND-
Has 4acTh amoMuHMs u pochopa Moxer
OBITH yHajeHa U3 PyAbl IpeBapUTETbHON
06paboTKoil pa3baBlIeHHBIM OTpPabOTaH-
HBIM IIETI0YHBIM PAacTBOPOM. Pesynmbrarh
P®A ananmsa moxaspIBarT, YTO OCTaBIIAA-
Cs1 4aCTb aJIIOMUHMA B TBEpHOI (paze Haxo-
JUTCA B YCTOMYMBOI B 1I€/IOYHBIX PaCTBO-
pax ¢popme alTOMOCUINKATOB CTPOHLUA.

[Tpu mocnenyromeM KUCIOTHOM pac-
tBOpeHuu P3M rnyOuHa usBnedeHus pen-
KO3eMEJIbHBIX 37IEMEHTOB MEHAETCA B 3Ha-
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Tabnuua 2 - BnuaHue okucneHud
uepusa Ha usenedyeHume P3M B pacTtBop
npy AasoTHOKUC/IOM BbileNla4ynBaHuUn
(pH=1, t=20°CQ).

M3BneyeHune B pac-
TBOP, %

Ce La Nd

SnemMeHT

Ocapok nocsie okucnun-

o 56 62 74
TeNbHOW 06paboTKn

O6pa3seL, cpaBHEeHUS 79 74 84

YNUTETbHBIX TIpefielax OT SKCIEepUMEHTa
K 9KCIEPVMMEHTY, YTO MOXKHO OOBACHNUTD
OKNCJTIEHMEM LepUA 10 TPYLHOPACTBOPHU-
MOTO B KMC/IBIX cpefax okcupa uepus (IV)
KIC/IOPOZIOM Bo3fyXa. [l onpenenenus
BIVAHMA OKUC/IEHUA Liepus KUCIOPOJIOM
BO3[lyXa Ha TIIpOLeCC BblleTaYMBaHUA
pefKo3eMeIbHbIX 3/IEMEHTOB ObIJIO VICCTIe-
IOBAHO KUC/IOTHOE pacTBopeHue P3M no-
CJie IL€IOYHOTO Pa3/I0KEHNsA TOMTOPCKOIA
PYZbI B Pa3/IMYHBIX YC/TOBUAX.

C 9Toll Lenbl0 TIpoOBeieHa 00paboT-
Ka OCaZiKOB BbIIIeNa4NBaHNA U3 IIpe-
ppigymero ombita (G, (NaOH)=45%,
temreparypa ~130 °C) pacTBOpoM, coO-
nepxxamum 1 M NaOH u 0,5 M nepexkucu
BOflopofia, mpu oTHomenun T:7K=1:8 B Te-
yeHuy 1 vaca. O6paboraHHbIl U HeoOpa-
OOTaHHBIN OKUCTNUTE/IEM OCAfIKM BbIIIea-
YMBaIV PACTBOPOM a30THON KUCTIOTHI (1,92
M) npu pH=1 noreHIMOMe TPUYECKNM TH-
TPOBaHMEM IIPY MHTEHCYBHOM II€peMellN-
BaHUY Iy/IbIIbI MaTHUTHON Memasnkoii. I1o
pesynbTaTaM TUTPOBAaHMA YCTaHOBJIEHO,
YTO Ha BCKpbITME 0OpabOTaHHOrO Iepe-
KJICbIO BOJOPOZia OCafika pacXojyeTrcs 3a-
METHO MeHbllle KIC/IOTBI, 4eM Ha HeoOpa-
60TaHHBI — 4,4 U 5,7 MO/Ib Ha KI' OCalKa
COOTBETCTBEHHO.

B Tabnuie 2 mpuBemeHBI JAHHbBIE II0
U3BJIEYEHNIO B PACTBOP Lepys, TaHTaHA U
HeomuMa. Kak BUIHO U3 TaOIUIIBI, OKICITE-
HIe [[epusi BleveT 3a COO0I 3HAYUTENTbHOE
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yXy[lLIeHue IoKasaTesell n3BIe4eHns, KaK
CaMoOro Liepus, TaK U JIAHTaHa ¥ HEOAVMA.
IIpyymHa 3TOrO JOCTATOYHO O4YEBNJIHA:
NP Pas3/loKeHUM MOHALNUTA TUAPOKCHU-
nel P3M o6pasyioT TBeppiblil pacTBOp U
II03TOMY IIOABJIEH)E HA €r0 IIOBEPXHOCTHU
IVIEHKY TPYAHOPACTBOPMMOIO OKCHUZA Iie-
puA NpenATCTBYeT BblllenauynBanno P3M.

B 3TOi1 CBA3M /1A MOBBILIEHUs M3BJIe-
YeHVsI B PacTBOP JIAHTAHOUZIOB HeOoOXO-
IUMO 00ecrednTh Mepbl IO IPefoTBpa-
IIEHNIO OKMC/IEHUA Lepus - YMEHBUIUTD
MaKCUMa/lbHO BpeMs KOHTaKTa OCAJKOB C
BO3/TYXOM.

BbiBoabl

[To maHHBIM 37IEKTPOHHON MUKPOCKO-
vy pyabl TOMTOPCKOTO MeCTOpOXKIeHNA
IIPeJICTaB/IeHbl Y/IbTPaIUCIIEPCHBIMI CPO-
meHHbIMY JacTniamMy. COOTHOIIeHNE HU-
00WIT/TUTaH B MMPOX/IOpe M3MEHAETCS OT
10-15 go 40. YcTaHOB/IEHO, YTO IIleJIOYHAsT
0o6paboTKka B IIMPOKOM JMaIlla30He KOH-
LEHTpaluil TUAPOKCUNOB HATpUA IpuU-
BOINUT K IIOJTHOMY pPa3/IOXKEHWIO aIFoMO-
dbocdaroB ¢ mepexomom OonblIeil YacTu
aJIIOMUHVS B pacTBOp M 0OpasoBaHuEM
B PacTBOpax YCTONYMBBHIX Q/TIOMOCHUIIN-
KaToB cTpoHIMA. ITokasaHO, 4YTO MMpOX-
JIOp HauMHAeT YaCTUYHO pas3/araTbCs Ipu
210°C B aBTOKJIABHBIX yCnoBUAX. Ipdek-
TMBHOCTDb II€/IOYHOTO BCKPBITUA MOXKHO
HOBBICUTD NIPEeIBAPUTEIbHBIM BCKPBITHEM
amomodocdaroB pasdaBIeHHBIM OTpabo-
TaHHBIM PacTBOPOM TMPOKCHJA HaTpUA.
O6paboTka OKUCIMUTENIeM OCTaTKOB Iile-
JIOYHOTO PA3JIOKEHMA CHIDKAETCS CTEHEeHb
U3BJICYCHMI PENKO3eMEIbHbIX 3JIEMEHTOB
IIpY TOCIeAYIOLIeil KUCIOTHOI 00paboTkKe.
OmyicaH BO3MOXXHBINI MeXaHVM3M BIIVISHIA
KICTIOPOJia BO3JyXa Ha IIPOIIecC KICIOTHO-
TO BBIIIe/IAYVBAHNIA.

JlanHass paboTa BBIIIOTHEHA M IOJ-
nep>xke rpanTa PH® Ne 23-63-10017
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The Tomtor rare metal deposit is located
in the north of Russia in the northwestern
part of the Republic of Sakha (Yakutia).
According to the composition of ores and
their reserves, the deposit is a unique raw
material source of rare earth metals (REM),
in particular, scandium and niobium [1-3].
The key feature of the ores of the Tomtor
deposit is ultradispersion and strong
mutual intergrowth of mineral particles
[4-7], which makes it inefficient to isolate

Table 1 — Composition of an ore sample
from the Buranny site of the Tomtor
rare metal deposit

Content, %

N2 Element, (oxide) (mass), [1]
] P30 10.2

2 Nb,Os5 6.7

5 TiO, >0

" V0. 12

5 AlL,O3 171

; P05 16,0

. Fe,Os 6.9

s FeO 21

5 Ca0 26

0 SrO 38

» BaO 32

- Tho, 015

. o 0,01

1 Si0, >8

15 S 92

16 F 9>
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monazite and pyrochlore concentrates by
known enrichment methods. At the same
time, the use of direct opening of such ores
inevitably entails a significant consumption
of reagents and often makes it economically
impossible to develop ore deposits even
at high contents of valuable elements.
Currently, a number of processes for the
direct processing of Tomtor ores have been
tested. According to [8], the use of nitric
acid solutions showed low efficiency due to
low extraction rates of rare earth elements,
scandium, and some other elements. The
use of a combined scheme using a sulfuric
acid solution also proved to be ineffective.
Ores can be most effectively opened by the
alkaline-acid method, when at the first stage
monazite is decomposed with concentrated
solutions of sodium hydroxide, and then
REM hydroxides are dissolved in nitric or
hydrochloric acid.

The main problems of the method arise
at the first stage - the alkaline decomposition
of monazite with the removal of phosphorus
along with the leaching solution. Another
problem of alkaline-acid processing of
Tomtor ores, which is mentioned in the
literature [6], is significant fluctuations in
the degree of extraction of REM into an
acid solution after alkaline opening.

Materials and Methods
In this work, inorganic salts, acids and
bases of the «chemically pure» and «pure
for analysis» brands were used. Studies
on alkaline opening were carried out on a



representative sample of Tomtor ore from
the Buranny site. The composition of the
ore is presented in table 1.

Alkaline leaching was carried out in
a PTFE reactor equipped with a stirrer, in
a heated stainless steel ball mill, and in a
PTFE-lined steel autoclave. The pulp after
opening was filtered on a heated filter press
at a temperature of 70-80°C to prevent
separation of trisodium phosphate from the
solution. The precipitate after separation
from the mother liquor was washed with
hot water. Then, depending on the problem
being solved, the solid and liquid phases
were analyzed.

The concentration of elements in the
aqueous phase was determined by atomic
absorption (Analyst 400 absorption
spectrometer (Perkin Elmer), and mass
spectrometric methods (ICP-MS 7500C
spectrometer (Agilent) with inductively
coupled plasma), in the solid phase - by
X-ray fluorescence method (spectrometer

PANalytical =~ Axios  Advanced).X-ray
diffraction  patterns were  recorded
on a DRON-3 X-ray diffractometer

(Burevestnik, Russia).We also obtained
images of the surface layers of leach residues

! ﬁ 43

TM3000_5515

using a TM-3000 scanning electron
microscope (Hitachi, Japan) equipped with
a Quantax-70 energy-dispersive analysis
system. (Bruker, Germany), S-5500 and
SEM NV 1000 electron microscopes with a
microanalysis system.

Results and discussions.

Scanning electron microscope (SEM)
images were obtained to determine the
structure and ratio of elements in the surface
layer of ore samples. Rare earth metals are
mainly represented by monazite, the particles
of which are ultrafine and intergrown with
aluminophosphates (Fig. 1).

Pyrochlore is represented by larger
particles, the size of which reaches 10-30
microns. It is characterized by two types of
particles (Fig. 2-6).

1. Particles of the first type (Fig. 5),
associated with calcium and sodium, have
a compact and massive structure.

2. Particles of the second type (Fig. 6),
associated with strontium - bulbous, have
a thin multilayer structure. Such particles
are often dissected by veinlets of the
aluminophosphate fraction.

Figure 1 — SEM image of a
sample of unground Tomtor

ore: gray, small particles -
aluminophosphates; light
border on particles — monazite;
crystals interspersed in the
aluminophosphate mass -
pyrochlore.

50 um

x1.5k
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Nb-LA

Figure 2 — SEM image of a sample of
unground Tomtor ore.

Ce-LA

Figure 3 — Maps of the distribution of elements in the area defined by Figure 2.

Particles of the first and second types are
often linked into aggregates - particles of
the first type are located in the core, around
which a shell of particles of the second type
is formed. In particles of the second type,
the Nb/Ti ratio is 10-15. In particles of the
first type - about 40. SEM data confirm that
the ore is indeed ultrafine and extremely
strong intergrowth of mineral particles is
observed.
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A direct alkaline opening of the Tomtor
ore was carried out with a 45% sodium
hydroxide solution at the boiling point
of the solution (about 130°C) at a ratio
of T:W=1:4, the pulp mixing time was 2
hours. After leaching, the pulp is filtered
at a temperature of 80°C, the precipitate
is washed from trisodium phosphate with
hot 30% sodium hydroxide solution and
then with water. When the solution is



TM4000

Figure 4 - SEM image of
fragment 2 Figure 1. Calcium-
containing core (dark gray) and
multilayer «shell» containing
strontium.

Figure 5 - SEM image of
fragment 1 Figure 1. Compact
massive  particle containing
niobium.

Figure 6 - SEM image of
unground ore particles. Bulb-
shaped particles containing
niobium, dissected by veinlets of
the aluminophosphate phase.
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cooled, the hydrated trisodium phosphate
crystallizes. It has been established that
the process is accompanied by intense gas
evolution, which is obviously associated
with the decomposition of iron sulfides
and the evolution of hydrogen according
to reactions (1) and (2) (a well-known
process accompanying the decomposition
of bauxite by the Bayer method):

3FeS, + 12NaOH + H,0 - Fe;0, + 3Na,S +
+3Na,SO, + 7H, (1)

FeS, + 12NaOH + 4H,0 > Fe;O, + 3Na,S +
+3Na,SO, + 10H, (2)

As a result of direct alkaline opening
of the Tomtor ore, the weight loss of the
sediment was about 30% and was due to the
transition of the bulk of aluminum (~80%)
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and phosphorus (~60%) into solution
and the decomposition of carbonates.
According to the X-ray phase analysis of
the sediment, alkaline opening leads to
the complete decomposition of aluminum
phosphates and monazite. The incomplete
transition of phosphorus into solution is
associated with a high content of alkaline
earth metals in the ore, the phosphates of
which are stable under alkaline conditions;
however, it is problematic to identify them
according to XRD data due to relatively low
concentrations in leaching sediments and
the complexity of the product composition.

As a result of direct alkaline opening
of the Tomtor ore, the weight loss of the
sediment was about 30% and was due to the
transition of the bulk of aluminum (~80%)
and phosphorus (~60%) into solution
and the decomposition of carbonates.
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Figure 7 — X-ray pattern of the original ore of the Tomtor deposit
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Figure 8 — X-ray pattern of ore after alkaline treatment at 210°C

According to the X-ray phase analysis of
the sediment, alkaline opening leads to
the complete decomposition of aluminum
phosphates and monazite. The incomplete
transition of phosphorus into solution is
associated with a high content of alkaline
earth metals in the ore, the phosphates of
which are stable under alkaline conditions;
however, it is problematic to identify them
according to XRD data due to relatively low
concentrations in leaching sediments and
the complexity of the product composition.

Pyrochlor (strontium-barium) under
these conditions does not react with sodium
hydroxide. Increasing the temperature to
210°C (autoclave conditions, leaching time
- 2 hours) leads to its partial decomposition
with the formation of poorly soluble sodium
metaniobate, as well as barium niobate
(perovskite). X-ray diffraction patterns
of the original ore and the ore after alkali
treatment at 210°C are shown in fig. 7, 8.

It has been established that the reuse
of an alkaline solution after crystallization
of trisodium phosphate and additional
strengthening of the solution with sodium
hydroxide is complicated by the gradual
accumulation of aluminum, carbonates
and sulfites in the solution. It is shown
that a significant part of aluminum and
phosphorus can be removed from the ore
by pretreatment with a dilute spent alkaline
solution. The results of XPA analysis show
that the remaining part of the aluminum in
the solid phase is in the form of strontium
aluminosilicates, which is stable in alkaline
solutions.

With the subsequent acid dissolution
of REM, the depth of extraction of rare
earth elements varies significantly from
experiment to experiment, which can be
explained by the oxidation of cerium to
cerium (IV) oxide, which is hardly soluble in
acidicmedia, by air oxygen. To determine the
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Table 2 - The effect of cerium
oxidation on the extraction of REM
into solution during nitric acid leaching
(pH=1, t=20°CQ).

Extraction into
solution, %

Ce La

Element

Nd

Precipitate after

oxidation treatment 56 62 74

Reference sample 79 74 84

effect of cerium oxidation with atmospheric
oxygen on the process of leaching of rare
earth elements, acid dissolution of REM
after alkaline decomposition of Tomtor ore
under various conditions was studied.

For this purpose, the leaching
sediments from the previous experiment
(Cy, (NaOH) = 45%, temperature

~130 ° C) were treated with a solution
containing 1 M NaOH and 0.5 M hydrogen
peroxide, at a ratio of T: W = 1:8 for 1 hours.
The precipitates treated and untreated with
the oxidizing agent were leached with a
solution of nitric acid (1.92 M) at pH=1
by potentiometric titration with intensive
stirring of the pulp with a magnetic stirrer.
According to the results of titration, it was
found that the opening of the precipitate
treated with hydrogen peroxide consumes
significantly less acid than the untreated
one - 4.4 and 5.7 mol per kg of sediment,
respectively.

Table 2 shows the data on the extraction
of cerium, lanthanum, and neodymium
into the solution. As can be seen from the
table, the oxidation of cerium entails a
significant deterioration in the recovery
of both cerium itself and lanthanum and
neodymium. The reason for this is quite
obvious: during the decomposition of
monazite, REM hydroxides form a solid
162

solution and, therefore, the appearance of a
film of sparingly soluble cerium oxide on its
surface prevents REM leaching.

In this regard, in order to increase the
recovery of lanthanides into the solution, it
is necessary to provide measures to prevent
the oxidation of cerium - to reduce the
maximum contact time of precipitation
with air.

Conclusions

According to electron microscopy
data, the ores of the Tomtor deposit
are represented by ultrafine intergrown
particles. The ratio of niobium/titanium in
pyrochlore varies from 10-15 to 40. It has
been established that alkaline treatment
in a wide range of sodium hydroxide
concentrations leads to the complete
decomposition of aluminophosphates with
the transition of most of the aluminum
into solution and the formation of stable
strontium aluminosilicates in solutions.
It has been shown that pyrochlore begins
to partially decompose at 210°C under
autoclave conditions. The effectiveness
of alkaline opening can be increased by
preliminary opening of aluminophosphates
with a dilute spent sodium hydroxide
solution. Treatment with an oxidizing
agent of alkaline decomposition residues
reduces the degree of extraction of rare
earth elements during subsequent acid
treatment. A possible mechanism of the
effect of atmospheric oxygen on the acid
leaching process is described.

This work was supported by the Russian
Science Foundation grant No. 23-63-10017
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