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Penkue sneMeHTBI, BKIIOYAsA pefKo3e-
MeJIbHble METaJUIbl, T€PMaHUIl U TaJUINIL,
IIVIPOKO VICIIONB3YIOTCS B PaslINYHbIX 00-
NMAcTAX HAyKM M TeXHMKM. lepmanuit u
ra/UiMii TPYMEHAITCA B IOMTyIPOBOSHU-
KOBOJI NpOMbIIEHHOCTH, P3M - B KOH-
CTPYKLIMOHHBIX MaTepyajax aBUALVIOHHO-
ro U KOCMMYECKOTO Ha3HadeHle, a TaKXKe
B aTOMHOI 3HepreTuke. CTpaTernyecKum
BOIIPOCOM [/Il OT€YECTBEHHBIX IIPOU3BO-
ouTeNneil peJKOMeTa/JIbHOTO ChIpbs ABIIA-
eTcst 06eCIedeHHOCTh COOCTBEHHBIMU ChI-
PBEBBIMU MICTOYHMKAMM [1].

B Hacrosmee BpeMs 0COOBIl MHTEpec
IIPefICTAB/IAIT PaHee HENCIIOIb30BaBIIN-
ecs, HeTPaJVIVOHHbIE ChIpbeBble MCTOY-
HUKM. K HeTpafgMLIMOHHBIM MCTOYHMKAM
repMaHNsA U PpefKO3eMeNbHBIX MeTa/lIoB
MOYXHO OTHECTV JINTHUTBI, 3HAUNTETbHbIE
3aI1acbl KOTOPBIX BBIAB/ICHBI B CPEIHEM Te-
yeHun p. Exuceir (pajton Hwxuero Ilpu-
aHrappsa). [lo KOHIlEHTpauuy repMaHud u
P3M nUrHUTHI IPEACTABIAT cO60T yHN-
Ka/JIbHOE IpUpORHOe chipbe. IloTeHImann-
HBIM CBIPbEBBIM JCTOYHMKOM TepMaHNA
Y Ta/l/IMs TeXHOT€HHOTO IIPOVCXOXKIEHNA
ABJIAIOTCA OTXOfbI ATIOMUHIEBOTO IIPO-
U3BOJICTBA B BMfe yronbHoi nensl (YII) n
yrnepopsoro koHnentpara (YK) - mpoxpyx-
Ta e€ YTIIN3alNM, KOTOpble Pa3MeIlalTCsa
Ha IIJIAMOBBIX IIOJIAX, OCTIOKHAA 9KOJIOTHU-
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YeCKYIO CUTYAIMI0 BOIV3Y IIPeNIPUATHIL.

Llenp paboTBI — MCCIEIOBaHNE 3aKOHO-
MEpHOCTell IPOLIeCCOB M3BJIEYEHUs TepMa-
Hud, rawma 1 P3M u3 HeTpafiuIMIOHHOTO
IIPUPOJHOTO ¥ TEXHOTEHHOTO YIJIEPOAICOAEP-
JKalllero ChIpbs, — JIMTHUTA U YIJIEPOHOTO
KOHIIEHTPATa, IPOAYKTa YTUIM3aLUU YTO/Tb-
HOI1 IIEHBI a/IFIOMMHIEBOTO 3/IEKTPOIN3EPA.

Omnpepenén coctaB 1 PU3UKO-XMMUYe-
CKIe CBOVICTBA JIMTHUTA. YCTAHOBJIEHO, YTO
cofiep>XKaHue YIZIepofia, BOJOPOZA, a30Ta,
Cepbl ¥ KUCIOPOJa B IMTHUTE COCTABJISAET
68,4; 5,3; 0,7; 0,7 u 25,0 macc. %. cooTBeT-
CTBeHHO. VI3 4mcima MeTainyecKnx KOM-
IIOHEHTOB TIPUCYTCTBYIOT >Xenme3zo (0,7),
amomyanit (0,2). CopmepkaHue repMaHus
cocrapiseT 0,02 macc. % unu 200 /1. Oco-
OEHHOCTbIO JIMTHUTA SB/ISETCA HaIMIme
P3M, B cymme 0,03 macc. % (300 r/t). 30-
JIBHOCTD JIMTHUTA U3MEHSETCA B Uara3o-
He oT 3,6 1o 6,3 Mmacc. %, oO1as Bjiara — OT
28,0 0 47,0 Macc. %, BBIXOJL IETYYMX PABEH
51,5 macc. %, TenuoTa CropaHusa COCTaBIIA-
er 26,2 MJI>x/KT.

Bricokoe copiepskaHme yriepopa Haps-
Iy C HU3KOJ 30/bHOCTDb ¥ 3HAYUTETbHBIM
TeIIOBBIM 9(pPeKTOM IpefonpenenseT Ie-
pepaboTKy MUIHUTA C BBIIE/IEHNEM TepMa-
HIISI METOJIOM COKUTAHVIAL.



Harpesatens = o

o
Keapuesblii peakTop
—_—

]

3arpyaKa MrHuTa

ThaHeBbIN
dunLTp

Muinesan
Kamepa

FazonpoHKuaeman
neperopoaka

Potametp

PVICyHOK 1 - YcTtaHoBKa ANna OKUraHma npnpogHoro U TeXHOreHHoro yrnepoacoepixXallero Ccbipb4d

MUccnepoBaHue npoLueccos nsene-
YyeHus repmaHusa n P3M us nuruura

Cxuranme JUTHUTA TPOBOAUIN B
KNUIIALEM cr1oe npy Temmnepartype 1150 °C
C MCIONIb30BaHNEM BEPTUKAJIbHOTO KBap-
LIEBOTO peakTopa guameTrpoMm 60 MM ¢ ra-
30IIPOHMIIAEMOM IIEPETOPOAKON B HIDKHEN
gacTn. CxeMa yCTaHOBKM ITp€/ICTaB/IeHa Ha
pucyske 1.

ITepen cxuranmeM NPOMSBOSVIIN W3-
MéeJIbYEeHNE JINTHNATA ¥ IIPOCEMBAHME Yepes
CUTa C LIebIO BbIfIeNIeHNsA Gpakmmy ¢ pas-
MepoM 4acTuly oT 3 1o 5 mm. B peakrop 3a-
Tpy’>Xamu yccnefyemyo Ipoby maccoit 0,3
KI' ¥ HarpeBa/lIy BepXHUI CJION 3/IeKTpude-
CKMM HarpeBaTe/ieM JI0 Hadaja ropeHus. B
XOfile IpolLiecca OCYLIeCTB/ANACh IPOJYBKa
OKaTbIM BO3JIYXOM CO CKOpOCTbIO OT 10 1o
25 M*/(MMH-M?), 30Ha TOpeHNs IlepeMella-
Jach BHM3 JIO TIOJTHOTO CTOPAHMSA 9KCIIEpU-
MEHTa/IbHOM TPo6bL. Bo3roHsl ocaxxmamu B
TIBIJIEBOJ KaMepe U Y/IaB/IMBaIN B TKAHEBOM
¢ubTpe.

B OCHOBY ME€TOOMKN COKUTaHUA JINTHUTA
C BBIJIeJICH)IeM TepMaHMs B ra3oBylo a3y, a
P3M - B 30/1bHBI OCTATOK MONIOXKEHA TEP-
MOJIMHaMM4Y€ecKas MOJe/Ib IIpoliecca CXKI-

TaHUsA JIMTHUTA, HpPeNCcTaBIeHHAas HaMU
B pabore [1]. CymHOCTb €€ 3aKII4aeTcst
B IIPOBEJEHNM IPOLecCa CKUTAHUA JINT-
HUTA B PEXMMe KUIALIETO CI0S B TaKUX
ycmoBMsAX (TemIeparypa B 30He TOPEHMS
1150-1200 °C u guanas3oHe MaplMaaIbHbIX
paBeHuit kucnopoga Po or 107 no 10712
aTM), IIpY KOTOPBIX B PEAKIVOHHON 30He
obpasyeTcad IpeUMYIIECTBEHHO BBICOKO-
nery4yuit GeO, a Ha BBIXOJie U3 PEaKIVOH-
HOJI 30HBI NIPU HMOHVDKEHUY TeMIepaTyphl
Y BO3PACTaHMM IAPIMAIBHOTO JjaBIeHNUA
KMCTIOpofa P, POMCXOANT JOOKNCTIEHNE
GeO pgo GeO,, KOTOpbIl yIaBIMBAETCA C
HO/Ty4eHVeM KOHI[eHTpara, oOoraiieHHo-
ro Ge. IIpu 3TOM OCHOBHas MMHepa/IbHasA
4acTb B COCTaBe ChIpbs, BKmodada P3M u
rajuIni, OCTaeTCs B 3071€.

MaxkcuManbHas CTeleHb W3BJIeueHNA
repMaHuA B BO3TOHbI cocTaBiAeT 80 % npu
temneparype 1150-1200 °C u pacxopmom
Bo3zyxa 20 + 1 M3/(MuH-M?), Ipu 9TOM CO-
Iep>KaHMe TepMaHMs B BO3TOHAX COCTaB-
nsiet 1,2 macc. %, B 06pasijax B TKaHEBOM
¢dunbrpe Moxxer mocturatb 2,1 macc. %.
Bo3roHbl ABJIAITCSA IEPBUYHBIM TepMa-
HUEBBIM KOHIIEHTPAaTOM, IIPUTOHBIM IS

nepepabOTKM Ha CIELMaIU3MPOBAHHBIX
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OpegupuATHAX, HalpuMep, Ha KpacHOsp-
ckoM npepnpuATun AO «lepmannit».

BMmecre ¢ TeM, yCTaHOBJIEHO, YTO HE Me-
Hee 85 % P3M ot o61ero ux KoamdecTsa
B COCTaBe MCXOIHOI IIPOObI KOHI[EHTPUPY-
etca B 3071e. CymmapHoe cofiep>kanne P3M
B 30/I€ OT C)KUTAHMA JIUTHUTA COCTAaBJIAET
1,4 macc. %, npeobmanaoT anemeHTs Ce
(0,4), La (0,3) u Nd (0,3 macc. %).

B 4mc10 OCHOBHBIX KOMITOHEHTOB 307IbI
BxomAT (Mmacc. %) xpemHmit (mo 26,0),
amomuanit  (9,0), xemeso (6,0), Kaab-
unit (5,0), kamuit (1,5), turan (1,3) n cepa
(mo 0,8), ocTajpHOE — KMUCIOPOXK ¥ IIPHU-
Mecu. MeTofioM peHTreHOBCKOro ¢$a3oBo-
ro aHa/IyM3a YCTAHOBJICHO Ha/lu4ye B 3071€
crnepyomux as: KBapl U KpUCTOOAINUT
SiO, (B cymme mo 45,0 macc. %), Myt
Aly,5xSiy_5x040-x (~ 8,0 Macc. %), cynbdar
kanpiusa CaSO, wmukpoxmma KAISi;Og,
anoptut CaAl,Si,O4, anoMuHaT KambIus
(mCaO-nAl,O;) u remarut Fe,O3, koTopbIe
cofiep)Xarcsi MPUOMU3UTETBPHO B PaBHOM
KonmM4yecTBe — 5 Macc. %, IPUCYTCTBYIOT
takke mMarHetut Fe;O, (~1,0 macc. %) u
pyrun TiO, (~1,0 macc. %). Kommuectsa
OCTAaTOYHOTO yIepoaa 1 aMopQHOIT ¢assl
COCTAaBJIAIOT B cpefHeM, 5 1 15 macc. %, co-
OTBETCTBEHHO.

JINTHUT OTHOCUTCS K IPUPORHBIM He-
TPafgVLVIOHHbIM MCTOYHMKAM T'€pMaHMA U
P3M. K HeTpaguLMOHHBIM MCTOYHMKAM
rajyInsg ¥ TepMaHUA MOXXHO oTHecTu YII
1 npoaykT eé nepepaborku — YK. VII 06-
pasyeTcsi B Xofie IIpoliecca 37eKTponn3a
KPMOMUTO-ITTMHO3EMHOTO pacIlaBa, Kak
C/Ie[ICTBIE€ MEXaHNYECKO 1 3NEeKTPOXMMU-
YEeCKOI 3pO3UM MOAVIHBI 3JIEKTPOIN3Epa U
aHOMa, MPOTEKaHMs peakiuil rasmpuka-
LV YITIepPOAa U JUCIIPOTIOPLMOHMPOBAHUS
MOHOOKCHJIA YITIEPOJIa, @ TAKXKE — B3aMIMO-
IeiiCTBMA OKCUJOB YITIEpOfia M pacllylaBa
AJTIOMMHMSL.
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lNMpoueccbl u3BNeYEeHUA repMaHmus
W rasnnsa n3 oTxopos aslloMUHMe-
BOro npoumseBoancTtea
Han6ornee 1jeHHBIM KOMIIOHEHTOM B CO-
ctaBe YII aBnsaerca rannuii. B HacTosmee
BpeMs IlepepabOTKy YrO/NbHOM IeHBI Ha
npepnpuATIn AO «PYCAJI Kpacnosapck»
OCYIIECTB/ISIIOT MeTOIOM (PIOTAI[IOHHOTO
oboraiieHnst ¢ pasgeneHrieM (GTOPUITHO
U YIJTIEPOJHON COCTaBJIAIOLIEN, /A 6oree
DIyOOKO BbIfieNleHNsA (PTOPUIOB IPOBOAAT
BBIII[eTaYVBaHye C 00pa3oBaHUEM YIIePOJi-
HOTO KOHIIEHTPATa, PV TOM PTOPU/IBI BO3-
BpAll[alOTCsI Ha 37eKTPO/N3. YITIEPOIHBIIA
KOHLIEHTPAT, AB/IAIIMIICA OJHUM U3 Ca-
MBIX MaCIITaOHBIX OTXONOB a/IIOMIHIEBOTO
IIPOM3BOJICTBA, €1lI€ He HAIIE/ IIPOMBbIIIIEH-
HOTO IIPYMEHEHNA KaK TeXHOT€HHOE ChIPbE
U CKIAJMPyeTCA Ha IIIAMOBBIX HOJIAX.

B xope BbIIONMHEHUsT PabOTHI BIIEPBbIE
BBISB/IEHO HajaM4Yue TepMaHMs U TajUIus
B VIJIEPOZHOM KOHIIEHTpaTe Ha YpPOBHE
0,5x1073 macc. % (5 r/T) u 0,04 macc. %
(400 r/T), COOTBETCTBEHHO.

YcranosneHo, 4to B YK, Hapagy c amop-
¢GHBIM yITIEepofoM B KommdecTse OT 92,5
no 93,5 macc. %, copmepxarcsa ¢rop (0,4),
kucnopog (1,3), amromuunit (1,7) Kanpumii
(0,7), xemneso (0,9) m maramin (0,1 macc.
%), B popme kopyHpa, mmHenmu MgALO,,
dmoopura CaF, u okcupos xenesa. Cepa
cofepKUTCA B Konmmdectse 1o 1,9 macc. %.
Bmecre ¢ TeMm, asbl, copepxaigue cepy, B
YK He oOHapy»eHbI, BO3MOXXHO, YTO OHa
BXOJIUT B cocTaB aMopdHOIT yacTtu. B He-
OONBIINX KOMMYECTBAX IPUCYTCTBYIOT
Na, K, Si, Ni. [Tomumo ¢mnroopura, fpyrue
dbropcopepxamue ¢asbl, Takue Kak, Ha-
puMep, KPMOMUT U XMOMUT, BXOAAIINE B
COCTaB 37IEKTPONINTA, B YITIEPOJHOM KOH-
LIEeHTpaTe METOJOM PEHTT€HOBCKOro (paszo-
BOTO aHa/M3a He OOHAPY>KEeHB.

Ha ocHOBe KOMIIJIEKCHOTO MCCIENOBa-
HuA cocTaBa U xapakrepuctuk YII u YK,



Table 1 — Average REM content in ash from lignite combustion
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PucyHok 2 — 3aBMCMMOCTb CTeMneHu Bbllenadyneanus rannms B pacteopax 0,5 M H,Cy04 + 3 % H0, 1 6 M HzPO4
+ 6 M HNO3 (2:1) ot TeMnepatypsbl pactBopa (T:XX=1:20, BpeMs 2 u)

¢$bopM HaxOXIeHNUA B HNUX TajUINA U repMa-
HIUsA TIPENJIOKEH MeXaHM3M HaKOIUIEHUS
3TUX 37IEMEHTOB B yronbHoit ete n YK [2],
BIIEpBBIE IIPENTIOKEH CIIOCOO COKUTAHWS
YK, obecnieunBaromuii moxy4eHne BO3Tro-
HOB, O0OOTAIEHHBIX TepMaHMeM, U 307IbI —
KoHLeHTpaTa rajums. Cxuranne YK mnpo-
BOJMIN B TOV K€ YCTaHOBKE, B KOTOPOJ
COKUTA/IU JINTHUT, C YIE€TOM cocTaBa 1 u-
3MKO-XMMMYECKUX XapaKTepuctuk YK.

YcTaHOBIEHO, YTO B IIpolLjecce CKUra-
HJIA YITIEPOIHOTO KOHILIEHTpaTa Ia/IInii Ha-
Karymsaetrcs B 3o01e 1o 0,8 macc. %, a rep-
MaHMilI — B BOo3roHax B KonmdyectBe 0,015
macc. % (150 r/t). KomndecTBo mpopyKkToB
COKuranmsa He npespimaer 10 % ot ucxopn-
HOJ Macchl YK, 4TO IO3BO/IAET MUHUMYM
B 10 pa3 COKpaTUTb €ro KOINYeCTBO, KaK
OJHOTO M3 CaMbIX MAcCIITAOHBIX OTXOMOB
AIOMIHJEBOTO IIPON3BOJCTBA.

B cocraBe 307bI Ipeo6ajaloT amoOMu-
umit (17,8), kamprmit (12,2), sxeneso (12,1),
cepa (8,9) u xucmopor, (40,9 macc. %), B

KommyecTse ~ 1,0 macc. % NpuUCyTCTBYIOT
HaTpWil, HUKE/Ib I MarHuii, B KOIMYECTBE
menee 1,0 macc. % - Si, V, K.

MeTtanisl B 3071 IPUCYTCTBYIOT, B OC-
HOBHOM, B OKJCJIEHHOV ¢opMe, TaKuM 00-
pasoM, B ero cocTaBe NpeobIafaloT OKCHA-
Hble ¢asbl, npepcrasieHHeie Al,O; (23,3),
Fe,O; u Fe;0, (cymmapho - 13,7), pasamu
mmyHenbHOro THma (Al j,0Fe) 01.Mg) g60)
(Al 799Feq 06;M80,133)04 1 (Fegg47Aly 53)
(Al; g47Feg 153)0, (cymmapno — 11,9 macc.
%). OrmpezieneHo TaKKe HaluM4me Cysib-
¢dara xampnusa (36,2), MHTepMeTayUIN-
na NisAl; (1,5), ocraroyHoro yriaepopa
(< 3,0 Macc. %) 1, 4TO BaKHO I HAC, — OK-
cupa raynsa B konudectBe 0,9 macc. %.

Jnsa BBIeNeHUA TepMaHuUsA, Ta/UIMA U
P3M wu3 30161 OT Oxkuranmsg muranta u YK
JCIIO/Ib30BaJ/IN BbIIlle/TadVIBaAHIE.
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Bbll.l.l,eﬂa‘-lMBa.HMe repMmaHuA,
rannma n P3M ns 3onbi

BreimenaunBanme raaausg U3 307bI OT
COKWTaHNUA  YIZIEPOJHOTO  KOHIIEHTpaTa
IPOBOAMIN C WCIONb30BAHNMEM pPacTBO-
pos kucnor HCl, H,SO,, H,PO,, H,C,0,
U MX CMeceil, B TOM 4uCJie B IIPUCYTCTBUA
okucmureneit (Hanpumep, HNO;, H,0,), a
TaKXKe B Ie/IoYHbIX pacTBopax (NaOH) B
uHTepBase TeMieparyp ot 50 o 90 °C npu
cootHomennu T:2K = 1:20 B TeyeHue 2 4.
Cnnasnenne 3o0mbl YK ¢ rupokcnom Ha-
TPV WIN TMAPOKApOOHATOM HATpUs IPO-
usBoguu rnpu 900 °C ¢ nocneyoImM Bbl-
IjeTaYMBaHMEM IIJIaBa BOJOIL.

OmnperienieHo, 4TO CTeleHb U3B/IEYEHUA
ra/UynA U3 3071bl CHIDKAETCS IIPY IOBBIILIE-
HuM Temneparypbl oxuranna YK or 750 °C
1o 900 °C u Bpmte. [laHHBI 3P deKT MOXKeT
ObITh CBA3aH C OOpa3oOBaHMEM YIOPHBIX
IINHETbHBIX (a3, B KOTOPBIX HAPS/Y C aJTio-
MIHJEM MOKET IPUCYTCTBOBATD Ta/IINIA.

MaxkcumanbHOE 3HaY€HNE CTENEHN W3-
BJI€YeHMsI Ta/yIisi HAOJIIOfaeTcsl NpU VC-
nonb3oBanun cmecenn 6 M H;PO, + 6 M
HNO; (2:1)u 0,5M H,C,0, + 3 % H,0,,
npu Ttemmeparype 50 °C sTta Benm4mHa
cocraBnsgeT 31 m 22 %, COOTBETCTBEHHO,
yBemmuenne temmneparypsl oT 50 go 90 °C
IPUBOANUT K BO3PACTAHUIO CTENIEHN U3BJIE-
yeHus raanus 1o 61 u 54 %, CooTBeTCTBEH-
HO (PUCYHOK 2).

[TockonbKy focTIDKeHMe Ooree BBICO-
KIX TeMIIepaTyp IpY HOPMAJIbHBIX YCIIO-
BIAIX HEBO3MOYKHO, ITPOBEJIEHbI MICC/IeNl0Ba-
HIIA BbIIIe/Ta4MBaHNA /UM B aBTOK/IaBaxX
npu 160 °C. B ycmoBusAx aBTOK/IaBHOTO BbI-
11e/1a4MBAHMA [TPY MCIIO/Ib30BAHUM CMeceil
111aBe/IeBOJ KUCIOTBI C IEPOKCUIOM BOJO-
porma 1 GochOopHOI KUCIOTBI C a30THON
KJICTIOTOJ CTEIIEHDb M3BJIeYeHNe Tajl/INs CO-
crasmseT 90 u 86 %, cOOTBETCTBEHHO (pu-
CYHOK 2).
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[IpoBenenue mnpouecca cxuranua YK
npu Temneparype 1100-1200 °C, npu Ko-
TOPOJ TOCTUTAETCA NMPAKTUYECKN KOIMYe-
CTBEHHOE yJajieHye repMaHis B BO3TOHBI,
IPUBOJUT K ITOIY4EHUIO 30JIbl, 3 KOTOPOIA
BbIILle/Ia4VBaHVE TAJUINA C VICIIONb30BAHN-
eM pasHOOOpasHBIX areHTOB BeCbMa IIPO-
6nemarnyHo. [losTomMy pmnsa BbIfeneHuA
rajyis U3 3071bl oT oxuranua YK ucrnonb-
30BaH IPUEM €€ CIUIABJIEHUA C ILE/I0YHbI-
MU IUTaBHAMHU (TUIPOKCUIOM WK TULIPO-
KapOOHATOM HAaTpusA) M IOCIAEAYIOINM
pacTBOpeHMEM IIaBa B BOJE, JOCTUTHYThI
CTeIleHN M3BJIEYeHUs Ta/UIMSA B PacTBOP
90 % u 94 %, cooTBeTCTBEeHHO. VI3 11emou-
HBIX PaCTBOPOB IIOC/I€ PAaCTBOPEHNA I/IaBa
B Bojme raynuit Ha 90 % BbIfeeH BOCCTa-
HOBJIEHJEM Ha TajlJlaMe a/IIOMVHMAA.

Boimenaunsanne P3M mposopgwm ¢
npuMeHeHueM pactsopos kucnor HCI,
HNO; n H,SO, ¢ xoHueHTpanuei ot 2
no 6 M B mHTepBane temueparyp ot 20
no 90 °C, coornomenne T:2K cocrasms-
no 1:20, pIUTENbHOCTD Ipolecca — OT 2
1o 6 4. 3aKOHOMEPHOCTH BBII€/Ia4/BaHE
P3M wu3 307bl TUTHUTA AaHAJIOTMYHBI 3aKO-
HOMEPHOCTAM BblfenenuA raums. I1oBbl-
LIEHJME TeMIePaTypbl CKUTaHUA JUTHUTA
oT 550 go 1150 °C npmMBOAMUT K CHUKEHUIO
crenieny uspnedeHnsa P3M us somnbl, npu-
6mu3utenbHO Ha 8 %. CHIDKEHME CTeleHn
U3BJIEYEHNsT MOXKET OBITb OOYCIIOBIEHO
o6pasoBaHMeM Ha OCHOBE AJTIOMOCVIINKA-
TOB CTEKJIOBUIHOI (pa3bl B COCTaBe 307IbI,
cofiep>KaHle KOTOPOl yBeINYNBAeTCA IpU
BO3PAaCTaHMM TEMIIEPATYPhl CKUTAHMA.

YcraHOB/IEHO, YTO MaKCUMa/IbHAsA CTe-
neHb ussnedenna P3M us 307bl, omy4deH-
HOJI B IIP€JIaraéMbIX YCIOBMAX CKUTAHUA
muranTta npu 1150 °C, gocturaer 90 % npn
ucnonb3oBanuu 4 M pacrsop HCL, Bpeme-
HI BbIIIENIAYMBaHuA 4 4, TeMIeparype —
90 °C. B pesynbrare ob6pasyeTcsi pacTBOp €



BBICOKUM cojepKanueM P3M, npuropHblit
IJ1A Ta/IbHENIIETO CENIEKTUBHOIO U3BJIeYe-
HusA P3M copbentamum.

BbiBOAbI

ITpoBemeHbl MCCENOBAHMUA COCTaBa
U (QU3MKO-XMMUYECKMX XapaKTePUCTUK
HETPAJUIMOHHOTO TIPUPOJHOTO U TeX-
HOT€HHOTO YITIEpOJCOfIEPIKAIIErO ChIPbs,
BKJII0Yas yTONbHYIO IIEHY a/JTIOMUHUEBOTO
anekTponmsepa v nuranTel Hyoxuero Ipu-
aHTapbs, HA OCHOBE KOTOPBIX IIPEIOKeH
CII0co6 CXKUTaHMA B KMUIALILEM C/I0€ C KOH-
TPOIMPYEMBIM TapLMaTbHBIM [aBlIeHUEM
KUCTIOPOJia, 00ecIednBatoINil IIOTyYeHe
BO3TOHOB, OOOTAI[eHHBIX TIepMaHNeM, U

3071l — KOHIleHTpara ramma win P3M, a
TaK)Ke BbIPAa0OTaHbI peKOMEHIAINM 10 UC-
[IO/Ib30BAHNIO PA3/INYHBIX PEAreHTOB [IA
KOJIMYECTBEHHOTO BbIIle/IaYMBaHNA TIep-
MaHud, rajummsa 1 P3M us BO3TOHOB U 30-
JIBHBIX OCTAaTKOB.

Pa6ora BBIIIO/THEHA B paMKaxX rocyap-
CTBEHHOTO 3ajaHus Ha Hayky Cubupcko-
ro ¢efepasbHOTO YHUBEPCUTETA, MPOEKT
Ne FSRZ-2020-0013, ¢ wucronb3oBaHMEeM
obopymoBanmsa OUI] KHII CO PAH n
HMA LKII COY «Haykoemkne MeTObI
VICCTIEIOBAHMs ¥ aHa/IM3a HOBBIX MaTepu-
aJI0B, HAaHOMAaTepUajoB ¥ MMIHEPATbHOTO
CbIPbA».
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PHYSICAL AND CHEMICAL REGULARITIES OF THE COMPLEX
PROCESSING OF LIGNITE AND CARBON-CONTAINING WASTES
FROM ALUMINUM PRODUCTION WITH THE EXTRACTION OF
RARE ELEMENTS

Kazantsev Ya.V., Shimanskii A.F,, Losev V.N., Buyko O.V., Eromasov R.G.
Siberian Federal University, Krasnoyarsk, Russia
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Rare elements, including rare earth
metals (REM), germanium and gallium are
widely used in various fields of science and
technology. Germanium and gallium are
used in the semiconductor industry, and
rare-earth metals are used in structural
materials for aviation and space, as well as in
nuclear energy. The sufficiency with own raw
materials is a strategic issue for producers
of rare metal raw materials. Despite the vast
reserves of rare metal deposits in Russia,
they are far from developed infrastructures
and are characterized by a complex
enrichment technology [1].

Currently, non-traditional raw materials
sources are of special interest. Lignite can
be attributed to unconventional sources
of germanium and rare earth metals; the
significant reserves were identified in
the middle reaches of the Yenisei River
(Nizhneye Priangarye region). According to
the concentration of germanium and REM,
lignite is a unique natural raw material.
Wastes from aluminum production in
the form of carbon dust (CD) and carbon
concentrate (CC),a product of its utilization,
are a potential raw material source of
germanium and gallium of technogenic
origin. Carbon dust and carbon concentrate
are placed on sludge fields, complicating the
environmental situation near enterprises.

The purpose of the work is to study the
extraction processes of germanium, gallium
and REM from non-traditional natural
and technogenic carbon-containing raw
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materials - lignite and carbon concentrate,
a utilization product of carbon dust from an
aluminum electrolyzer.

The composition and physicochemical
properties of lignite were determined. It was
found that the content of carbon, hydrogen,
nitrogen, sulfur and oxygen in lignite is 68.4;
5.3; 0.7; 0.7 and 25.0 wt. %. respectively.
Iron (0.7) and aluminum (0.2) are present
as metal components. The content of
germanium is 0.02 wt. % or 200 g/t. The
total content of REM in lignite is 0.03 wt. %
(300 g/t); this is a feature of lignite. The ash
content of lignite varies in the range from
3.6 to 6.3 wt. %, total moisture - from 28.0
to 47.0 wt. %, the volatile-matter yield is
51.5 wt. %, the calorific value is 26.2 M]/kg.

The high carbon content, along with low
ash content and a significant thermal effect,
predetermines the processing of lignite with
the extraction of germanium by combustion.

Investigation of germanium and
rare-earth metals extraction from
lignite

The combustion of lignite was carried
out in a fluidized bed at a temperature of
1150 °C using a vertical quartz reactor 60
mm in diameter with a perforated quartz
plate in the lower part. The installation
scheme is shown in Figure 1.

Before combustion, lignite was crushed
and sifted through sieves in order to
isolate a fraction with a particle size of 3 to
5 mm. The test sample weighing 0.3 kg was
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Figure 1 — Installation for burning natural and technogenic carbonaceous raw materials

loaded into the reactor, and the upper layer
was heated with an electric heater until
combustion began. During the process,
compressed air was blown at a rate of 10
to 25 m?/(minem?), the combustion zone
moved down until the experimental sample
was completely burned. Coal fly ash were
deposited in a dust chamber and captured
by a fabric filter.

The method of lignite combustion
with the release of germanium into the
gas phase, and REM into the ash residue
is based on the thermodynamic model of
the lignite combustion process presented in
[1]. The essence of the method is to carry
out the process of burning lignite in the
fluidized bed mode under such conditions
(the temperature in the combustion zone is
1150-1200°Candtherange of partial oxygen
pressures from 10-!! to 10-'2 atm), under
which predominantly highly volatile GeO is
formed in the reaction zone, and at the exit
from the reaction zone, with a decrease in
temperature and an increase in the partial
pressure of oxygen, GeO is additionally
oxidized to GeO,, which is captured to
obtain a Ge-enriched concentrate. At the

same time, the main mineral part in the
composition of raw materials, including
REM and gallium, remains in the ash.

The maximum degree of germanium
extraction into coal fly ash is 80% at a
temperature of 1150-1200 °C and an air
flow rate of 20 + 1 m3/(minem?), while
the content of germanium in coal fly ash
is 1.2 wt. %, in samples in a fabric filter
can reach 2.1 wt. %. Coal fly ash are the
primary germanium concentrate suitable
for processing at specialized plants, for
example, at the Krasnoyarsk enterprise JSC
Germanium.

At the same time, it was found that at
least 85% of the REM from it total amount
in the composition of the initial sample is
concentrated in the ash. The total content
of REM in the ash from the combustion of
lignite is 1.4 wt. %, the elements Ce (0.4), La
(0.3) and Nd (0.3 wt.%) predominate.

The main components of the ash include
(wt.%) silicon (up to 26.0), aluminum
(9.0), iron (6.0), calcium (5.0), potassium
(1.5), titanium (1,3) and sulfur (up to 0.8),
the rest are oxygen and impurities. X-ray

phase analysis revealed the presence of the
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Table 1 — Average REM content in ash from lignite combustion

Elemen Ce Dy Er Eu

Gd Ho La

Llu Nd Pr Sc Sm Tb Tm Y Yb

Content,

3771 2650 268
mag/kg

N8 459 70 2687 37 401

572 148 533 34 23 2277 255

following phases in the ash: quartz and
cristobalite SiO2 (in total up to 45.0 wt.%),
mullite Al ,xSi, ,xO0.x (~ 8.0 wt.%),
calcium sulfate CaSO,, microcline KAISi;Og,
anorthite CaAl,Si,Og4, calcium aluminate
(mCaO-nAl,O;) and hematite Fe203,
which are contained in approximately equal
amounts — 5 wt. %, magnetite Fe;0, (~1.0
wt.%) and rutile TiO, (~1.0 wt.%) are also
present. The amounts of residual carbon
and the amorphous phase averages 5 and 15
wt. %, respectively.

Lignite is natural unconventional
sources of germanium and REM. CD
and the product of its processing - CC
is non-traditional sources of gallium
and germanium. CD is formed during
the process of a cryolite-alumina melt
electrolysis, as a result of mechanical and
electrochemical erosion of the furnace
hearth of the electrolytic cell and the anode,
the reactions of carbon gasification and
disproportionation of carbon monoxide, as
well as the interaction of carbon oxides and
aluminum melt.

Germanium and gallium extracting
processes from aluminum
production waste

Gallium is the most valuable component
in the composition of CD. Currently,
the processing of carbon dust at the UC
RUSAL Krasnoyarsk plant is carried out
by the method of flotation enrichment
with the separation of the fluoride and
carbon components; for a deeper release
of fluorides, leaching is carried out with

the formation of a carbon concentrate,
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while fluorides are returned to electrolysis.
Carbon concentrate, which is one of the
largest wastes of aluminum production,
has not yet found industrial application as

a technogenic raw material and is stored in
sludge fields.

During the work, for the first time, the
presence of germanium and gallium in
carbon concentrate was revealed at the level
of 0.5 x 103 wt. % (5 g/t) and 0.04 wt. %
(400 g/t), respectively.

It is found that CC, along with
amorphous carbon in an amount of 92.5 to
93.5 wt. %, contains fluorine (0.4), oxygen
(1.3), aluminum (1.7) calcium (0.7), iron
(0.9) and magnesium (0.1 wt.%), in the
form of corundum, spinel MgAl,O,, fluorite
CaF, and iron oxides. Sulfur is contained in
an amount of up to 1.9 wt. %. At the same
time, phases containing sulfur were not
found in CC; it is possible that it is included
in the composition of the amorphous part.
Na, K, Si, Ni are present in small amounts.
In addition to fluorite, other fluorine-
containing phases, such as, for example,
cryolite and chiolite, which are part of the
electrolyte, were not detected in the carbon
concentrate by X-ray phase analysis.

Based on a comprehensive study of the
composition and characteristics of CD and
CC, the forms of gallium and germanium
presence in them, a mechanism for the
accumulation of these elements in carbon
dust and CC was proposed [2]. For the
first time, a method for burning CC was
proposed, which ensures the production of
coal fly ash, enriched with germanium, and
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Figure 2 — Dependence of the gallium leaching degree in solutions 0.5 M M H,C,04 + 3 % H,0, and
6 M HzPO4 + 6 M HNO3 (2:1) on the solution temperature (S:L = 1:20, leaching time 2 h)

ash - gallium concentrate. The combustion
of CC was carried out in the same
installation in which lignite was burned,
taking into account the composition and
physicochemical characteristics of CC.

It is found that during the combustion
of carbon concentrate, gallium accumulates
in the ash up to 0.8 wt. %, and germanium
- in coal fly ash in the amount of 0.015 wt.
% (150 g/t). The amount of combustion
products does not exceed 10% of the initial
mass of the CC, which allows at least 10
times to reduce its amount, as one of the
largest wastes of aluminum production.

The composition of the ash is dominated
by aluminum (17.8), calcium (12.2), iron
(12.1), sulfur (8.9) and oxygen (40.9 wt.%),
in an amount of ~ 1.0 wt. % sodium, nickel
and magnesium are present, in an amount
of less than 1.0 wt. % - Si, V, K.

Metals in the ash are present mainly in
the oxidized form, thus, its composition is
dominated by oxide phases represented by
Al,04(23,3), Fe,05and Fe;0, (13.7 in total),
spinel-type phases ((Aly50Feq012M8 g60)
(Al 799Fe),067M80,133)O04 and (Feg gq7Aly 153)
(Al g47Fe( 153)0, (11.9 mass % in total). The
presence of calcium sulfate (36.2), Ni;Al,
intermetallic compound (1.5), residual

carbon (< 3.0 wt. %) and, what is important
for us, gallium oxide in the amount of 0.9
wt. % was determined.

Leaching was wused to extract
germanium, gallium, and REM from ash
after burning lignite and CC.

Leaching of germanium, gallium
and REM from ash

Leaching of gallium from ash after
burning a carbon concentrate was carried
out using solutions of acids HCI, H,SO,,
H,PO,, H,C,0, and their mixtures,
including in the presence of oxidizing
agents (for example, HNO;, H,0,), as well
as in alkaline solutions (NaOH) in the
temperature range from 50 to 90 °C at a
ratio of S:L = 1:20 for 2 hours. The fusion of
CC ash with sodium hydroxide or sodium
bicarbonate was carried out at 900 °C,
followed by leaching of the melt with water.

It has been determined that the gallium
extraction degree from ash decreases with
an increase in the combustion temperature
of the CC from 750 to 900 °C and higher.
This effect can be associated with the
formation of spinel refractory phases, in
which, along with aluminum, gallium can
be present.
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The maximum value of the gallium
extraction degree is observed using mixtures
of 6 M H;PO, + 6 M HNO; (2: 1) and 0.5
M H,C,0, + 3 % H,0,; at a temperature of
50 °C this value is 31 and 22%, respectively;
an increase in temperature from 50 to 90 °C
leads to an increase in the gallium extraction
degree to 61 and 54%, respectively (Fig. 2).

Since it is impossible to achieve higher
temperatures under normal conditions,
studies of gallium leaching in autoclaves
[3] at 160 °C were carried out. Under the
conditions of autoclave leaching using
mixtures of oxalic acid with hydrogen
peroxide and phosphoric acid with nitric
acid, gallium extraction degree is 90 and
86%, respectively (Fig. 2).

Carrying out the combustion process
of CC at a temperature of 1100-1200
°C, at which almost complete removal of
germanium into coal fly ash is achieved,
leads to an ash residue, that makes the
leaching of gallium using various agents
is very problematic. Therefore, for the
gallium separation from the ash combusted
out of CC, the method of its fusion with
sodium hydroxide or bicarbonate and the
subsequent dissolution of the melt in water
was used; the gallium extraction degree into
the solution was 90% and 94%, respectively.
Gallium is 90% extracted by reduction on
aluminum-gallium alloy from alkaline
solutions after dissolving the melt in water.

REM leaching was carried out using
solutions of acids HCl, HNO; u H,SO,
with a concentration of 2 to 6 M in the
temperature range from 20 to 90 °C, the
ratio of S:L was 1:20, the duration of the
process was from 2 to 6 hours. The patterns
of REM leaching from lignite ash are similar
to those of gallium release. An increase
in the lignite combustion temperature
from 550 to 1150 °C leads to a decrease

in the REM extraction degree from ash,
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by approximately 8%. The decrease in
the extraction degree may be due to the
formation of a glassy phase in the ash
composition based on aluminosilicates,
the content of it increases with increasing
combustion temperature.

It is found that the maximum of REM
extraction degree from ash obtained
under the proposed conditions of lignite
combustion at 1150 °C is 90% when using
4 M HCI solution, leaching time 4 hours,
temperature 90 °C. As a result, a solution
with a high REM content is formed, suitable
for further selective extraction of REM by
sorbents.

Conclusions

The composition and physicochemical
characteristics of non-traditional natural
and technogenic carbon-containing raw
materials, including carbon dust of an
aluminum electrolyzer and lignite of the
Nizhneye Priangarye region, were studied.
A method of combustion in a fluidized
bed with a controlled partial pressure of
oxygen, which ensures the production of
germanium-enriched coal fly ash and ash -
gallium concentrate or REM was proposed
on the basis of the results obtained. As well
as recommendations were developed on the
use of various reagents for the quantitative
leaching of germanium, gallium and REM
from coal fly ash and ash residue.
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Federal Research Center "Krasnoyarsk
Scientific Center of the Siberian Branch
of the Russian Academy of Sciences" and
Research Analytical Center for Collective
Use SFU "Science-intensive methods of
research and analysis of new materials,
nanomaterials and mineral raw materials".
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