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OCOBEHHOCTU U3BJIEMEHUA 30JIOTA
N3 NMMPPOTUHCOOEPXALLEIO CbiPbA

Ipuzopvesa B.A.
AO «HIMO «PUBC», r. CankT-lNeTepbypr, Poccusn
viktoriia.grigoreva98@mail.ru

]_[I/IaHI/IPOBaHI/Ie IIO-IIpEXKHEMY OCTA€T-
Cs ONHNMM M3 Hamboree pacIpOCTpaHeH-
HBIX CIIOCOOOB W3BJIE€YEHUS 30J/I0Ta, HE-
CMOTPSI Ha YXKECTOYEeHNE SKOJOTMIECKUX
Tpe6OBaHMIL.

Oxomo 25 % 0O0IIeMUPOBBIX 3aIMacoB
30/10Ta IIPeJCTaBIeHbl YIOPHBIMU (TPYA-
HOIMaHVPyeMbIMI) pyfamu (puc. 1), a Tom
qJIC/Ie 30/I0TOCY/IbGUAHBIMM C BBICOKVMM
cofiep>kKaHyeM Cephl.

MecTOpoX/ieH!sI 307I0TOHOCHBIX DY
XapaKTepu3ylTcsi pasHOOOpasyeM Bellje-
CTBEHHOTO cocTaBa. [lonck peHTabeNnbHOrO
crioco6a nepepaboTKy 30710TOCOAEPIKAIUX
PYZ HepaspbIBHO CBSI3aH C KOMITTIEKCOM VC-
CTIeIOBAHMII, HALIPAB/IEHHBIX HA M3y4eHNe
cocTaBa pynbl, GOpM HaxOXKAEHMs I107Ie3-
HBIX KOMIIOHEHTOB, BK/II0Yasi OL[€HKY BIIN-
SIHVSL TIPYIMECHBIX 3/IEMEHTOB Ha IIPOLiecC
HPSIMOTO M3BJIEYeHNsI 30710Ta, MO0 obora-
LEHVIST PYABL.

AKTUBHOe TUpUMeHeHue B IPOMBIII-
JIEHHOCTU HAIUIM TEXHOMOTUU KOH/UIIN-
OHUpOBaHMs (MOATOTOBKM) CHIPbs TEpPeN
[MaHNPOBAHMEM, BKIIOYAKIINe B cebs
omepanyy CBEPXTOHKOTO M3MeNbYeHNs,
OKVCTTUTETBHOTO aTMOC(HEPHOTO BCKPHI-
TV, 0O>KNMTa, GaKTepUaNTbHOTO VM ABTOK/IaB-
HOTO OKVC/IEHWS, & TAK)Ke KOMOMHUPOBA-
HIA 3TUX OIepaLyIL.

B poxmazie paccMOTpeHBI OCOOEHHO-
CTU TIOBEJieHMs] NMUPPOTMHA B YCIOBUSIX
IIpeIBAPUTENbHON 00pabOTKM, LIMAHUJ-
HOTO BBIIe/TAYMBAHSI, OCBEIleHbl 001Ie-
MI3BECTHbIE TEXHIYECKIIE PeIIeHNs 110 O-
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B Y10pHbIe 30710TOCOAEPXaLLIME pyasl (pecypesi)
® HeynopHble 3onoTocoaepxallme pyosl (pecypob)
= YNopHble 30710TOCOAEPXALLNE pyabl (pesepBhbi)
® HeynopHsle 3onoTocoaepxallue pynsl (pesepssi)

PucyHok 1 — PacnpegenerHne MCB 3onota

JABJIEHNIO HETAaTUBHOTO BIMAHUA JAaHHOTO
MuHepana. IlpuBoparca pesynbTaThl MC-
C/Ie[JOBAaHMIi, HAIIpAB/IEHHBIX Ha M3y4YeHNe
0CO6EHHOCTeIl BEIeCTBEHHOTO COCTaBa, a
TaK)Xe SKCIepUMEHTa/IbHble JaHHbIE, I10-
JTy4eHHbIE IIPU OLIEHKE BIMAHUA CIESYI0-
mux (aKTOPOB HA IpOIlecC LMAHMPOBa-
HIUSA: YPOBHA BOJOPOJHOIO IIOKa3aTeslsd,
HO0aBKM CBUHEICOAEPKAIVIX COENHe-
HUJ, IPVMEHEHNA IIPEABAPUTEIbHON BO3-
IYLIHON 06pabOTKINL.

Hamane cynb@uiHBIX MUHEPAIOB B
CoCTaBe IlepepabaTbhIBaeMOro ChIpbsA OKa-
3bIBA€T 3HAYNTENbHOE BINAHNME HE TONMbKO
Ha CKOPOCTb ¥ IIyOMHY NIPOTEKaHNUA IIPO-
1[eCCa BbIlleNaYMBaHNA 30/10Ta, HO M Ha
pacxonpl peareHToB. [IMppoTun ABnsgerca
OBICTPOOKMCIIAIOMIMMCS CYIbGUIOM 1 ero
OTHOCAT K KaTerOpuy aKTMBHBIX XMMMYe-
CKMX JIETIpeccopoB 1-ro popa.



[Tpy mepememmBaHUM IY/IbIIbI, KOM-
IIOHEHTAMM KOTOPOJl ABJIAKTCA: U3MEJb-
YeHHOe IMPPOTUHCOfiep)Kalllee  ChIpbe
VIV MaTepuajl, B COCTaB KOTOPOTO BXOAAT
VIHBIE aKTVMBHBIE CYIb(UIBI JKene3a, COb,
oOpa3oBaHHasi CUHUIBHON KUCIOTON MU
IIe/IOYHBIMY MeETAJUIaMM, PaCTBOPEHHBIN
kucnopoxn u nonsl OH-, BosHukaloT 6ma-
TONPUATHBIE YCIOBYA JIsi POPMUPOBAHNA
(beppoLUNaHUCTOTO KOMIUIEKCa OJJHOBa-
JIEHTHOTO MeTaIa (ypaBHeHMe 3), 9/IeMeH-
TapHOII cepbl (ypaBHeHMe 1) 1 11e/10ro psaga
cepocopepKamux aHnoHos: SCN-, S,0,%,
SO5*, SO, §* u np.

Fe,S, 1 1(m) + 200, + 2nOH > nFe(OH), +
SO42_(P'P)+ Sol (1)

FenSn+1(TB)+CN'(p_p) 9nFeS(TB) +SCN_(p_p) (2)

HFCS(TB) + 202 (p-p) + 6CN-(P-p) ->
-> [Fe(CN)6]4-(p_P) + 8042_(p_p) (3)

§%+ CN- > SCN- (4)

B tpymax X. Wang u ap. [1] n K. Osseo-
Asare [2] omeHmBaeTCs TepMOAVHaAMMYe-
CKasi BEPOSITHOCTb OOpa3oBaHMs pasyny-
HBIX KOMIUIEKCOB B YCTIOBUAX LIMAHUTHOTO
BBIII[e/TAYMBAHNS, M Harbojiee BEPOSTHBIM
ABJIAETCS 00pa3oBaHMe M CYLeCTBOBaHUE
deppounanugHoro kommekca. Hecmorps
Ha 910, Gardiner [3] n H.G. Linge [4] pac-
CMaTpPUBAIM BO3MOXXHOCTb IIPOTEKAHWSA
peaxkum OKMCIeHUs NUPPOTHHA B HAKNUC-
JIOPO>KEHHBIX I[MAHMJHBIX ITy/IbIIAaX IO Me-
XaHN3MY, ONIJICBIBAEMOMY YPaBHEHUAMI 5,
6u7.

4FenSn+1(TB) + (4n+4)CN-(p_p) + 3n02 (p-p) +
+6nH,0 > 4nFe(OH)s,,) +
+(4+4n)SCN"(, ) (5)

4 FenSn+1(TB) + (9n+6)02 (p-p) +
+(10n+4)H,0 > 4nFe(OH);,, | +
(4n+4)SO42-(p_p) + (8n+8)H+(p-p) (6)

4Fe,S 1) + (9n+2) O, + (8n+4) OH +
+(2n-2) H,0 > 4nFe(OH); () + 4nSO,* +
+2 5,0, (7)

HecMorpsa Ha TO, 4TO B ypaBHEHUAX 6
u 7 cynbdaT-MoH PUrypupyeT, Kak KOHed-
HBIIl IPOAYKT, ero oOpa3oBaHye IIPOUCXO-
IUT Yepe3 psfi IepeXoJHbIX cepocojiepka-
VX TPOAYKTOB, TAaKMX KaK TUOCYIbdar
(ypaBHenne 8), monurtuoHatsl u fp. Hioke
paccMaTpUBAIOTCA BO3MOXXHbBIE peaKLNM
oxucnenus (ypaBHeHus 9 - 11) u cynbdy-
pupoBanus (12-13) B yclIOBUAX IMAHUTHO-
IO BbIIlle/TauVBaHUS:

28* +20,+ H,0 > §5,0,>7+ 20H- (8)

10S,05* +17 0, + 16 OH > 4 SO5% + S5,0¢* +
+12 SO, + 8H,0O" 9)

250,> + 0, > SO, (10)

$,0¢> + 1/, 0, + 20H- 2802 + H,0 (11)

8,0 + CN'> SCN- + SO, (12)

S,04% + (n-2)CN-> (n-2) SCN- + 25052 (13)

[Tpn 06pa3oBaHNMM 3HAYMTENBHBIX KO-
JINYECTB CEPOCOEPXKALUX COEAVHEHUIT B
pacTBOpe IOMMMO HEXe/NIaTe/IbHbIX B3a-
VMOJECTBUI C LMAHULOM HAOIIONaeTCs
BBICOKMIT PacXofi M3BeCTU U3-3a 06pa3oBa-
HUS HEPaCTBOPUMBIX CY/Ib(UTOB U CY/Ib-
¢datoB (ypaBHeHnus 14, 15).

SO;* + Ca?* > CaSO, (14)
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SO, + Ca?* > CaSO, (15)

Takum o00pasoM, /aOWIBHBI aTOM
Cepbl, BXONAIVII B COCTaB NMPPOTVHA
ABJIAAETCS TPENATCTBUEM NI peannsa-
VM TIpoliecca IVMAHUPOBAHMA B CTaH-
JApTHBIX YCIOBMAX, TaK KaK BBICTYIIAeT B
pO/IN aKTMBHOTO HOIJIOTUTENA KICIOPOZa
VI IMaH-VIOHOB, a 00pasyolyecs cepoco-
iep>Kallyie MOHBI BBI3BIBAIOT IIePepacXof
3aIUTHON M3BECTI.

Vcxons 13 SKOHOMIYECKIX cOOOpaxe-
HUIL, @ TAKOKe B CBSI3M C yTBepXX/ieH1eM 60-
Jiee CTPOTMX HOPM IO OXpaHe OKPY>KaolIeit
Cpepbl, HaIlPaBIeHHBIX Ha KOHTPOJIb KO-
JeCcTBa I Ka4yeCcTBa OTXOMIOB, 0Opas3yoIX-
cs1 Ipu Jo6bIYe 1 IepepaboTKe MOJIe3HBIX
VICKOTIAeMBIX TPAJUIIMOHHO IIPYMEHSIEMBII
IVPOMeTAJUTy PrUdecKuii crocob o6pabor-
KII YIOPHOTO 30/I0TOCOZEPIKAIETO ChIPhs
yTPaTuI CBOX0 aKTyaTbHOCTb.

VapiMu 3¢ (PeKTUBHBIMM  MeTO#aMU
[eCTPYKLVM CynbGUIHON MaTPULBI Ha Ce-
TOIHSLIHNIL IeHb SBJISIOTCS: aBTOKTaBHOE
BbIIIe/TIaYMBaHMe, OMONIOrMYecKoe OKMCIe-
HIte, aTMocdepHas 06paboTKa MaTepuana
YIBTPAaTOHKOTO HoMmona ¥ T.J. Iumpome-
Ta/UTypTUYecKue CIOCOObI, YCTpaHAIOLINe
HEZIOCTATKM 00)XKMTOBOII TEXHOIOT UM IIPefi-
BapUTENbHON  IOATOTOBKY, COBEpIIeH-
CTBYIOTCSI U KOPPEKTUPYIOTCA C Y4eTOM
0COOEHHOCTEl BeIeCTBEHHOTO COCTaBa
BOBJIEKA€MOTO B IIepepabOTKY ChIPbA.

OcBelnleHHBIE B HAYYHBIX paboTax CIo-
coObl MHTeHCH(PUMKAIUY TEXHONIOTUI Iie-
pepaboTKM YIOPHBIX 30/I0TOCY/Ib(UIHBIX
MaTepUasIOB, BKIYAOIINX INPPOTHUH, YC-
JIOBHO NOJ[Pa3fie/NAI0TCA Ha ABe IPUHIUIIN-
aJIbHbIE KaTeropyu: NpoBefieHNe OIepanuii
IO NIPeIBaPUTENbHOMY OKMCIEHVUIO ChIPbs
VUM K€ HeTIOCPeNCTBeHHAss MOAMPUKAIS
npoluecca LMAHUIHOTO BbIIe/Ta4VBaHsA/
KOPPEKTMPOBKA 3Talla pyJONOATOTOBKM.
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[TpuHIMT OGMOOKWUC/IEHUSI U €r0 TPu-
MEHUMOCTb [UIsl YIOPHBIX IMPPOTUHCO-
filepXKaluX Py/A/KOHIIEHTPaTOB OIMCaHa
B pabotax S. Ubaldini [5] u Pieter C. van
Aswegen [6]. OnTuMabHBII AVaIIa30H pa-
6otsl mpu pH 1,2- 1,8, perynaropamu cpe-
Jibl B 3aBUCUMOCTY OT (PUKCHPYEMOTO OT-
K/IOHEHUsI SIB/IAIOTCS CepHAsi KUCIOTA WK
U3BECTD.

KiioyeBass ocob6eHHOCTD mepepaboT-
K/ OMOJIOTMYECKMM OKVCIEHVEeM — BBICO-
Kasg IPORO/DKUTEIBHOCTD, MPU 3TOM [JIA
IVPPOTVHOBOTO ChIpbsi HaO/MIOaeTCsl pac-
XO[lJoBaHMe KICTOTBbI B XOfIeé PACTBOPEHUM
Fe,S,. > B TO BpeMs Kak B Iporecce 6100-
KIC/IeHUA NUPUTCOAEePIKAILeTO ChIPbs KIUC-
70Ta 06pasyeTcs.

Takxe pM pacTBOpeHU!U NMUPPOTUHA
B KJCJ/IBIX YC/IOBMAX IPOMCXOAUT BBICBO-
OO>XZIeHMe IByXBaJIEeHTHOTO Xe/e3a U 3Jie-
MEHTApHOII cepbl B U30bITKe, He OKUCISIO-
1IeiicA B IIOIHOM Mepe B JAaHHbIX YCIOBUAX,
4TO BJIeYeT 3a CO0OJl yBemMdyeHue MmoTpe-
OneHVsT IVAaHUAQ, 3ALUTHOI ILIeNOYu U
CHIDKEHME U3BJIEYEHNA 30710Ta.

ABTOK/IaBHOE OKMC/IEHIE HAlpOTUB,
XapaKTepu3yeTCsi BBICOKON MHTEHCHUBHO-
CTBIO TIPOIleCCA U TIOTHOTONM MPOTEKAHUS
peaxInii, OINMCBIBAIOIINX pas3pylIeHye
cynbupHoit Marpunbl. OpHAaKo, IMMMU-
TUPYOLMMHU (aKTOpaMy IPUMEHNUMOCTH
JIAHHOTO CII0C00a ISl BBICOKOCYIbMU/IHO-
ro MaTepuaa sBISITCS:

o HEOOXOIVMOCTb pabOTHI Ha CU/IBHO
pa36aBIeHHBIX ITy/IbIIAX 15 COOIIO-
[leHus1 [JONYCTMMOTO TeMIlepaTyp-
HOTO peXyMa paboThl aBTOK/IaBa I
IpeoTBpalleHs IIEPETrPEBOB;

o BBICOKas CTOMMOCTb M CIIO>KHOCTb
9KCIUTyaTal[My aBTOK/IABHBIX peax-
TOPOB.

Pacuer pas6aBnenusa onpefenseTcsa Mo
ypaBHeHUIO 16.
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PVICyHOK 2 — Bnuanue Ha npouecc uMmaHnpoBaHMNA KOJTIMYeCTBa PACTBOPEHHOINoO KMcnopoda M npuMeHeHua

npenBapuUTeNIbHOM N3BECTKOBO-BO34YLIHOMW 06paboTku

Copeps>xaHue TBEpAOTo B My/bIle, % Macc. =
(0,295Cs2- + 0,825)1-100 (16)

Hambonee pacrnpocTpaHeHHBIM CIO-
coO0M, HallefyM IPOMBIIUICHHOE IIpH-
MEHEHME, ABIAETCA OKMUC/IEHNE U3MENb-
YEHHOJI IIy/IbIIbl B IIEJOYHON Cpefie IIpu
CTaHJAPTHBIX YCIIOBUAX.

OcHOBHBIE peakluy, MPOTeKaIIe Ha
3TaIle BO3[YIIHO-M3BECTKOBOI 00paboOTKIL:

4Fe S, 1(mp) + 91 O, + 8nOH" + 2n H,0 >
4nFe(OH);,y, ) + 4nSO,> +48°]

(17)
nS®+S* >S5 > (18)
4S° + 60H" > S,05> + 2§* + 3H,0 (19)

aS, >+ b0, + cOH > d S, 0> + S,05> +
+S0,2+ H,0 (20)

$,05> +17 O, + 16 OH > 4 SO5* + S,04* +
+12 SO,* + 8H,0 (21)

28042 + 0, > SO, (22)

SO, + Ca?* > CaSO; (23)

SO,> + Ca? > CaSO, (24)

S,0¢ +1/,0, + 20H~> 250,* + H,0 (25)

B pa6ore G. Deschénes et al [7] npu-
BOISTCSL Pe3y/IbTaThl MCCIESOBAHMIL IIO
OlleHKe B/IMSHISI IPEBAPUTENBHOTO OKIUC-
JIEHUsI B LIIEJIOYHON Cpefie IPU HaKUCIOpo-
JKMBaHUM Iy/IbIbl. PUCYHOK 2 oTpaxkaer
BO3MOXXHOCTb IIOBBIIIEHNs U3BI€YEHUs
3omota MO0 3a CYET YBEIMYEHMS KOH-
LEeHTPallMM PAaCTBOPEHHOTO KUC/IOPOfa B
Hy/bIle, 100 3a CYET MPUMEHEeHUs Ipef-
BapUTETBHON M3BECTKOBO-BO3/yLIHOI
IPOJYBKIA.

JlobaBka coefyiHeHWIT CBUHLA B ITy/Ib-
1y obecrieunBaeT CBs3bIBaHVE IIPOAYKTOB
pacTBOpeHus cynbpumoOB B BuAe OCajKa
PbS (ypaBuenme 26). Hambonee pocrym-
HBIM [ IPYMEHEHNUsI B TPOMBIIITIEHHBIX
MaciTabax AB/ISETCs ITIET.

Na,S + PbO + H,0 = PbS + 2NaOH  (26)
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PucyHok 3 — ®parmeHT AndpakTtorpamMMbl MMPPOTUHCOAEPXALLEN PYAbI.
YcnoBHble 0603Ha4YeHUs: 1-noneBble WnaTtbl; 2—NUPPOTUH; 3—kBapL,; 4—cnogbl; 5—xnoput; 6—amMmoubon; 7-rmn-
OPOKCUAbI Xenesa, 8—NupuT, Mapkasut, 9—KkanbumT.

Ta6nuua 1 — XmMn4eckmnin coctae Npo6bl pyabl

CopepxaHue

MpoaykT % /T
Feos, Soew  SiO2 ALOsz CaO KO TiO, Cu MgO Au
NcxopHasa pyna 22,0 10,9 415 1586 140 513 0,62 0,19 240 4,39

Ta6bnuua 2 — MuHepanbHbIX COCTaB pyAbl

MuHepanbl, Fpynnbl MUHEpPAOB MaccoBas gons, %

MuppoTuH 18,2
Xanbkonmput 0,28

MupwT, Mapkasut 2,34
Mppokcuabl xenesa (retu) 6,0
Apo3ut 0,61

CyMMa pyaHbIX MMHepanos 27,43

[MoneBble wWnaThbl (MAarvokias, MUKPOKIINH) 34,96
Keapuy 13,29

Cntogbl (MyckoBWUT, 6MOTUT, brioronuT) 19,52
Kanbuut 0,31

fvnc 0,42

Xnopwut 3,23

Amdbunbon 0,84

CyMMa HepyAHbIX MUHepanos 72,57

NToro 100,0
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[Tono>xnrenbHblit 3¢deKT oT [o6aBKI
HUTpaTa CBUHI[A PACCMATPUBAETCA B CTa-
the G. Deschénes [19]. 3a 24 yaca Bbile-
JTaYMBaHNs U3B/IEYEHIE 30/I0TA COCTABIUIIO
93,9% (nipu mo6asnenun 50 r/T Pb(NO;),)
1o cpaBHeHuto ¢ 78,1% (6e3 mobaBneHus
Pb(NO;),) npu cHMXEeHUY YAeTbHOTO pac-
X0/a [MaHu/A.

OKCrepuMeHTa/IbHblE  MCCIETOBAHNUSA
IPOBOJV/INCH Ha Tpobe MUPPOTUHCOEDP-
Xaieil pyabl. JIist ompesiesieHus a/1eMeH-
tapHoro (Tabmuua 1) n ¢pasoBoro cocraBa
ObLTN UCIIONIb30BAHBI COBpeMeHHbIe hU3N-
KO-XUMMMYeCcKue MeTodbl aHanmsa, CIOM,
POJIA.

CormacHo JaHHBIM peHTreH0(]a30BOro
aHa/mM3a B NpoOe PyAbl OCHOBHBIMM MM-
Hepa/bHbIMK (pasaMu SIBJISIIOTCST TO/IEBbIe
IITIAThI, MAPPOTYUH, KBAPL] ¥ CIIOAbI (puc 3).

CyMMapHas [0/ PYSHBIX MIHEPAJIOB
cocraBiseT 27,43 % € CyleCTBEHHBIM IIpe-
obnmaganueM cynbpuos (20,82 %). OcHOB-
HBIM PY[HBIM MJHEpPAJIOM SABJIACTCS HVP-
POTUH — €r0 OTHOCUTETbHOE COflep)KaHue
mocturaer 18,2% (tabnuma 2), oH HaO/IIO-
JlaeTCs IPEVMYILeCTBEHHO B BUJie CBOOOJ-
HBIX 3€PEeH M B CPAacTaHUM C HEPYHZHBIMU
MUHepanaMi.

3a 6a30BbIIl 9KCIIEPYMEHT IIPUHAT TECT
10 IIPSIMOMY BBILIe/TaYMBAHUIO IMPPOTIH-
Coflep)KallX PYAbl, KOTOPBII B IOCTIEf-

1,8
1,6
1,4
1,2

0,8
0,6
0,4
0,2

Konuentpauus Oz Mr/n

0 8 16 24
[IpoaomxkuTenbHOCTb, 4

PucyHok 4 — KoHueHTpaums Kucnopoaa B nynbne npu
LMaHNPOBaHNN NMMPPOTUHCOAEPXALLEN PYAbl

CTBUM TIOCTYXXVWIM VHAUKATOPOM OLIeHKU
3¢ PeKTUBHOCTY TIpUMEHEHUs TOWl WIN
VIHOJI Ollepauuy 110 MUHVMU3ALWNA BIIUsA-
HUS PeaKIMIOHHOCIOCOOHBIX CYTbMU/HBIX
MMHepaioB. B Tabmuiue 3 mpencTaBeHbI
OCHOBHBIE TTapaMeTpbl 1 [TOKa3aTe/N Ipo-
iecca. ITog6op onTMMaNbHBIX KPYIHOCTH
marepuana (85% - 71 MKM), NPOROJDKMU-
TEIBHOCTY BhIlenaynBauua (24 4), KOH-
nertparyy NaCN (1 1/71), mmoTHoOCTM
nynenel (OK:T=1,5) ocymiecTBieH Ha Ha-
Ja/IbHOM 9Talle UCC/IeOBAHNIT, JAHHbIE I1a-
paMeTpbl IPUHATHI [Isl BBIITOTHEHNS BCeX
OIIBITOB, HAIIPAB/IEHHBIX Ha CHIDKEHIIE pac-
XOJia peareHTOoB.

Beicokmit pacxop IMaHuza 1 U3BECTH,

a Tak)Xe HU3KUI ITOKa3aTelnb U3BJIeYeHUS
30/I0Ta I KOJINYECTBO paCTBOPEHHOI'O KUC-

Ta6bnuua 3 — Pe3synbTaTthl aHanmsa NpoaykToB LLMAHMPOBAHUA NPU NPoOBeAeHUN

TeCTOBOrNo onbiTa NO LMaHNPOBAHUIO

CopepxaHue Au, r/T €Al
HanmeHoBaHMe
PactBop Kek
npoaykTa ncx Kek
% %
Pyna (18,2 % nuppoTuHa,
0,28% xanbkonuputa, 4,39 0,90 79,5 20,5

2,34% nUpwuT, MapKasuT)

nenbHbIN xom, reHTOB npuBedeH Ha TOHH Obl B N yeTe H b aKTWBHOIO BellecTsa:
Yoe acxo, eareHTo ene a TOHHY PV, epecyete Ha 100% a oro BeLllecTBa

NaCN - 15,80 «kr/1, CaO — 23,32 kr/T
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Pynia -5+0 Mm
PbO

85% -71 Mkm

OGopoTHEIii p-p Bosmyx
e il i S

Oxucnenne 2,5 4 (ecrectBennslii pH)

l

Dunprpanus

1 80% TB. CaO

Boszayx

O6opoTHbIil p-p
W3ectkoBas 0OpadoTka 19 u

40% 1B.

NaCN, akTHBHPOBAHHELL .
yromae

Iannpoanue 24 1

l 40% 1B. l

B DrubTparys
Haceimennslii yrosin

B orBan

PucyHok 5 - Cxema

06paboTku

M3BECTKOBO-BO34YLIHOM

K{IKIH‘HT?IUIHI KnCIopoga, mrla

0 Ls 5 7.5 10

TpoIoTENTEILHOCTE MOATOTORKH, 9

125 15 175 0

KHCTIA% cpea IMEJI0MHAS CPena

J0pojia B Iy/IbIle B NPOLECCE BBILEIAYN-
BaHUA (puc. 4) MOATBEPXKAAOT HaMM4ye
3HAYUTE/IBHOTO KONMMYEeCTBa AKTMBHOIO
[UaHNUCUA B Ipobe pyAbl - MUPPOTUHA
MOHOK/IVMHHON Mopnpukanuu. Pexomen-
nyemas pabouast koHeHTpauys O, B XXKUa-
Koi1 (hase My/IbIIBI B IIpOIlecce IMaHNPOBa-
HIA JO/DKHA COCTAB/IATh HE MeHee 3 MI/JI.
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PucyHok 6 — Cxema npoBefeHus npensapu-
TeNIbHOIO OKUC/IeHUS

OBIL, mB

PucyHok 7 — VI3MeHeHMe KOHLeHTpa-
LMW KMCITOPOAA W OKUCSTUTENIbHO-BOC-
50 CTaHOBWUTENIBHOrO MoTeHuMana npu
CTaANMHOM OKMUCIIEHUU MUPPOTUHCO-
nepxatien pyabl (atMochepHble ycno-
BUS)

Ha npumepe pymbl ¢ copepKaHueM
nupportuHa 18,2 % 6b1a mpoBesieHa OleH-
Ka BAMAHMA Ha IpoliecC ILMAHMPOBAHUA
cnepyoomux (GaxkTopos: ypoBeHb pH, BBe-
IieHye [0OAaBKY I7IeTa, Criocob mpepBapu-
TE/IbHOTO OKJCTIEHM .



CHikenue pabouero yposHs pH ¢ 11
fo 10 He fano MONMOXKKUTENTbHOTO 3¢ deKra:
HECMOTps Ha CHIDKEHME YAENbHOTO pacxo-
ma CaO ¢ 17,87 xr/t mo 13,48 xr/T HabdII0-
[ajcsi TPUPOCT MOTpeOIeHns IUaHuga ¢
6,82 xr/T 10 7,54 KI/T 1IpU U3B/IeYEHUN 30-
JIOTa Ha TOM K€ YPOBHe.

/13 OIIBITOB 110 OLlEHKe BAMSHMA 100aB-
ku PbO crnegyert, uto npu pacxope rieta 0,5
KI/T COKpamjaeTcss norpedieHne uaHnaa
Ha 7,5% (oTHOCUTENBbHO TecTa 6e3 mobaB-
Ky okucu cBuHIa), CaO - Ha 10,65 %, npu
IpPUPOCTe U3B/IEYEHNA 307I0Ta B PacTBOP
Ha 7,7%.

ITpy mpoBefeHMM BO3YLIHO-M3BECT-
KOBOJI 00paboTKM 1o cxeMme, 0003Ha-
YeHHOJI Ha puc. 5, ObUIO 3aMeYeHO, YTO
BbICOKMIT pacxop, CaO cBA3aH C MpoTeKa-
HJIEM B IIepPBble Yachl peaKIUil OKVCIeHNA
¢ BBICBOOOX/eHNeM KucinoTel. Ha puc. 6
IpefcTaB/leHa M3MeHeHHas cXeMa Iepe-
paboTKy, BKIIIOYAIOLIAas OKVC/IEHME IIpuU
ecrectBeHHOM pH, ¢unbrpanuio mymbist
C BO3BpallleHIeM PacTBOpa Ha OIlepaIyio
OKIIC/IEHMSI, PACIy/IbIIOBKY KeKa 1 eTo W3-

BECTKOBO-BO3[yLIHYI0 00paborky. Ilpn
peanusauyy IMOATOTOBKM PyAbl C BbICO-
KM COfiep>KaHMeM NMPPOTHHA 110 JJAHHOM
CXeMe Y[IaJloChb CHM3UTb IIPOJO/DKUTENb-
HOCTb IIpollecca OKNC/IEHUs, PacXofbl pe-
areHToB npu uymanuposanun CaO c 20,00
no 15,68 kr/t, NaCN ¢ 7,54 pgo 7,18 xr/T,
U3BJIeYeHe 30/I0Ta COCTaBuno 82 %, BMe-
cT10 77,44 %. [Tog60p mpoOKUTENTbHOCTI
omepanyii OKUC/IeHN OIleHMBAJICA IO Ha-
KJCTIOPO>XEHHOCTH ITY/IbIIbI ¥ VI3MEHEHUIO
OKUCIIUTETBHO-BOCCTAHOBUTETBHOTO  IT0-
TeHnuana (puc. 3).

BoBneuenrne B nepepabOTKy HU3KO-
COPTHBIX 30JI0TOCOfIePXKAIINX PecypcoB
ABJIAETCA HEOTbEeM/IEMOI YaCTbIO Pa3BUTHUSA
30/10TOfOOBIBAIONIE)l  ITPOMBIIIICHHOCTH
U COXpaHeHMA NMPOM3BOACTBA MeTa/lyla Ha
JIOCTUTHYTOM YpOBHe. YCOBepIlIeHCTBOBa-
HIIe TIPOLIeCCOB MeXaHMYeCKOIl aKTUBAIUI,
IIPeBAPUTE/ILHOTO OKVCIEHUA CYIbUa-
HOJl MAaTpULBI MOXET IOBBICUTb CTEIeHb
U3BJIeYeHNA 30/10Ta [PV CHIDKEHNM 3aTpaT
Ha IIPOM3BOJICTBO.
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Cyanidation is still one of the most
common ways to extract gold, despite
stricter environmental standards.

About 25% of all gold in the world is
represented by persistent ores (difficult to
cyanidation) (Figure 1), including gold-
sulfide ores with a high sulfur content.

The search for a profitable method of
processing gold-bearing ores is associated
with study the composition of ore, the
forms of finding useful components, as well
as the influence of impurity elements on the
process of direct extraction of gold, or ore
enrichment.

Technologies for conditioning
(preparation) of raw materials before
cyanidation, which include operations of
ultra-fine grinding, oxidative atmospheric
opening, roasting, bacterial and autoclave
oxidation, as well as combining these
operations, have found active application in
industry.

Sulfide minerals in the processed
feedstock have a great influence not only
on the speed and depth of the gold leaching
process, but also on the consumption of
reagents. Pyrrhotine is a rapidly oxidizing
sulfide and is classified as active chemical
depressor of the first kind.

Pyrrhotine and another active iron
sulfides, alkali metal cyanides, dissolved
oxygen and hydroxide ions that are in
the slurry affect the formation of the
ferrocyanide complex (Equation 3),
elemental sulfur (Equation 1) and a number
of sulfur-containing anions.

100

Global mineral resource base, %

m Refractory gold-bearing ores (resources)

m Non refractory gold-bearing ores

resources) ]
efractory gold-bearing ores (reserves)

m Non refractory gold-bearing ores
(reserves)
Figure 1 — Distribution of gold ores

Fe,S, 15 + 200, + 2nOH~ nFe(OH), +
+SO42-(aq)+ Sol

n+1

(1)
FenSn+1(S)+ CN-(aq) -> nFeS(TB) + SCN-(aq) (2)

nFeS(S) + 202 (aq) + 6CN_(aq) >

-> [Fe(CN)6]4-(aq) + 8042-(aq) (3)

S%+ CN- > SCN- (4)

X. Wang et al. [1] and K. Osseo-Asare
[2] describe the thermodynamic probability
of formation of [Fe(CN)¢]* complex under
cyanide leaching conditions. On the other
hand, Gardiner [3] and H.G. Linge [4]
considered the possibility of an oxidation
reaction of pyrrhotine in cyanide slurries with
oxygen purging according to the mechanism
described in equations 5, 6 and 7.



4FenSn+1(s) + (4n+4)CN-(S) + 3n02 (aq) +
6nH,0 > 4nFe(OH); ()| + (4+4n)SCN-(,
(5)

4Fensn+1(s) + (9n+6)02 (aq) + (10n+4)
H,0 > 4nFe(OH)s) | + (4n+4)SO % ) +
(8n+8)H+(aq) (6)

4Fe S, .19 + (9n+2)O, + (8n+4)
OH + (2n-2)H,0 > 4nFe(OH); ) + 4nSO,*
+2S5,05% (7)

In equation 6, the sulfate ion appears
as the final product, its formation occurs
through a number of transition sulfur-
containing products, such as thiosulfate
(equation 8), polythionates, etc. Equations
9-11 show possible oxidation reactions,
and equations 12-13 show sulfurization

processes  under  cyanide leaching
conditions:
2% + 20, + H,0 > $,0,>+ 20H- (8)

105,042 +17 0, + 16 OH >
> 4505 + 5,04* + 1250,% + 8H,O (9)

250,2 + 0, > SO, (10)

$,0¢* + 1/, 0, + 20H> 280, + H,0 (11)

$,0.> + CN"> SCN- + SO (12)

$,0¢" + (n-2)CN-> (n-2) SCN- + 280,% (13)

Given the significant amounts of sulfur-
containing compounds in the solution, in
addition to undesirable interactions with
cyanide, a high consumption of lime is
observed due to the formation of insoluble
sulfites and sulfates (Equations 14, 15).

SO;* + Ca?* > CaSO; (14)
SO* + Ca?* > CaSO, (15)
The traditional  pyrometallurgical

method of processing stubborn gold-
bearing raw materials has lost its relevance,
takingintoaccount the high cost of processes
and stricter environmental control of waste.

Today, more effective methods are in
demand - autoclave leaching, biological

oxidation, atmospheric treatment
of ultra-fine grinding material, etc.
Hydrometallurgical methods eliminate

disadvantages of roasting technology of
raw material preparation and are constantly
improved taking into account peculiarities
of material composition involved in raw
material processing.

There are two methods for intensifying
technologies for processing resistant gold
sulfide materials, including pyrrhotine:

for
raw

e carrying
preliminary
materials;

out  operations
oxidation of

o modification of cyanide leaching
process or correction of ore
preparation stage.

The principle of biooxidation for
persistent  pyrrhotine-containing  ores
and concentrates is described in S.
Ubaldini [5] and Pieter C. van Aswegen
[6]. Disadvantages of this method are the
high duration, increased consumption of
cyanide, protective alkali and reduced gold
recovery due to excess ferrous iron and
elemental sulfur produced by pyrrhotine
dissolution

Autoclave oxidation is characterized
by high intensity of the process and
completeness of reactions describing the
destruction of the sulfide matrix. The
disadvantages of this method are:
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o the need to work on highly
diluted slurrys to comply with the
permissible  temperature mode
of operation of the autoclave and
prevent overheating;

o high cost and complexity of
autoclave reactors operation.

The dilution calculation is determined

by Equation 16.
Solids content in slurry, wt% =
(0,295Cg- + 0,825)1-100 (16)
The most common method that has
found commercial use is the oxidation of
slurry after grinding in an alkaline solution
under standard conditions.

The main reactions occurring at the
stage of air-lime treatment:

4Fe, S, (5 + 9n O, + 8nOH" + 2nH,0 >

> 4nFe(OH); ) + 4nSO> + 4S8°] (17)

ns®+8* > S, > (18)

4S° + 60H" > §5,0,> + 28> + 3H,0  (19)

aS,>+ b0, + cOH" >

> dS, 04 + 5,05 + SO+ H,0O (20)
$,0:%+170,+ 16 OH >

>4 S05* + 5,0+ + 12 SO, + 8H,0 (21)

2SO0, + 0, > SO* (22)

SO, + Ca** > CaSO;, (23)

SO,* + Ca?* > CaSO, (24)

$,0¢+ +1/,0,+20H~ 250, +H,0 (25)

G. Deschénes et al [7] have presented
the results of studies about the effect of

pre-oxidation in an alkaline solution.
102

In this experiment oxygen was supplied
to the slurry possibility to increase gold
extraction due to increase of dissolved
oxygen concentration in slurry or due to
application of preliminary lime-air purging
is shown in Figure 2.

The addition of lead compounds to the
slurry provides the binding of sulfides as
PbS precipitate (Equation 26). The most
available for industrial use is lead oxide.
Also described is the positive effect of gold
leaching when adding Pb(NO;), in Article
G. Deschénes [19].

Na,S + PbO + H,0O = PbS + 2NaOH  (26)

The studies were performed on a sample
of pyrrhotine-containing ore. The modern
physicochemical methods of analysis,
scanning electron microscopy, X-ray
difractometry were used to determine
the chemical (Table 1) and mineralogical
composition in the ore sample.

The main mineral phases are feldspars,
pyrrhotine, quartz and mica according to the
analysis by x-ray difractometry (Figure 3).

The total share of ore minerals is 27.43%
with a significant predominance of sulfides,
the relative content of pyrrhotine reaches
18.2% (Table 2).

The basic experiment was used as a
test for direct leaching of the studied ore,
with the help of which the effectiveness
of using various operations to minimize
the influence of reactive sulfide minerals
was assessed. Table 3 presents the main
parameters and indicators of the process.
The selection of optimal conditions was
carried out at the initial stage of research
and includes:

» material size (85% - 71 pm)

o leaching time (24 h)

» concentration of NaCN (1 g/L)

o slurry density (S/L = 1.5)
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Figure 2 — Effect on cyanidation process of dissolved oxygen quantity and application of preliminary lime-air
treatment
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Figure 3 — X-ray diffractogram of pyrrhotine-gold ore:

1-feldspars; 2-pyrrhotine; 3-quartz; 4-mica; 5-chlorite; 6-amphibole; iron 7-hydroxides, 8-pyrite, marcasite,
9-calcite.
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Table 1 — Chemical composition of pyrrhotite-gold ore

Content
Product % g/t
Fe S Si0, ALOs CaO KO TiO; Cu MgO  Au
Py”hogrr;e‘gdd 220 109 415 1586 140 513 062 019 240 439
Table 2 — Mineralogy analysis of pyrrhotine-gold ore
Mineral %
Pyrrhotine 18,2
Chalcopyrite 0,28
Pirite, marcazite 2,34
Iron hydroxides (goethite) 6,0
Jarosite 0,61
Sum of ore minerals 2743
Feldspars (plagioclase, microcline) 34,96
Quartz 13,29
Mica (muscovite, biotite, phlogopitis) 19,52
Calcite 0,31
Plaster 0,42
Chlorite 3,23
Amphibole 0,84
Sum of non-metallic minerals 72,57
Total 100,0
Table 3 — Gold content and recovery in cyanidation products
Content Au, r/T eAu
Material ore cake Solution cake
% %
Pyrrhotine-gold ore 4,39 0,90 79,5 20,5

The specific consumption of reagents is given per ton of ore in terms of 100% active substance:

NaCN - 15.80 kg/t, CaO - 23.32 kg/t
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Figure 5— Diagram of lime-air treatment
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Figure 7 - Change in oxygen
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during stage oxidation of pyrrhotine-

containing ore (atmospheric
conditions)
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These parameters are accepted for all
experiments to reduce the consumption of
reagents.

High consumption of cyanide and
lime, low gold recovery, concentration
of dissolved oxygen in the slurry (Figure
4) confirm the presence of pyrrhotine in
the ore sample and its negative impact on
the leaching process. The recommended
operating content of O, in the liquid phase
of the slurry should be at least 3 mg/1.

Using the example of ore with a
pyrrhotine content of 18.2%, cyanidation
parameters were studied:

1. Lowering the operating pH from 11
to 10 had no positive effect. With a decrease
in specific CaO consumption from 17.87
kg/t to 13.48 kg/t, an increase in cyanide
consumption was observed from 6.82 kg/t
to 7.54 kg/t, the level of gold recovery did
not change

2. With the addition of lead oxide
0.5 kg/t, the consumption of cyanide is
reduced by 7.5% (relative to the test without
an additive) and CaO - by 10.65%, the
extraction of gold into the solution increases
by 7.7%.

3. The scheme of air-lime treatment
is shown in Figure 5. In this test, a high

consumption of calcium oxide was recorded,
which is associated with the course of
oxidation reactions to form an acid. Figure
6 shows the modified processing scheme.
It consists of oxidation at natural pH,
filtration of the slurry with the return of the
solution to the oxidation operation, transfer
of cake back to the slurry and further lime-
air treatment. With the help of this scheme,
it was possible to reduce the duration of the
oxidation process, reduce the consumption
of reagents during the cyanation of CaO
from 20.00 kg/t to 15.68 kg/t, NaCN from
7.54 kg/t to 7.18 kg/t, and increase the gold
recovery from 77.44% to 82%. The duration
of oxidation was estimated by the content of
oxygen in the slurry and the change in the
redox potential (Fig. 7).

The involvement of low-grade gold-
bearing resources in processing is an integral
part of the development of the gold mining
industry and the saving of metal production
at the achieved level. Improvement of
mechanical activation processes, pre-
oxidation of the sulfide matrix can increase
the degree of gold recovery while reducing
production costs.
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