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MOIEJUPOBAHUE HEPUOJUYECKOI'O ITPOLHECCA
BBIINEJTAYNBAHMUSA 30JI0TA HUAHUPOBAHUEM

IIpencraBnena KMHETHYECKass MOJEIb BBIIEIAYMBAHMSA 30JI0Ta, OCHOBAHHAs HA METOJE
cokpamtatomerocs supa. OnucaHHas MOAENb y4uTbiBaeT 3Qdekt BHyTpeHHel nuddysuu, no-
BEPXHOCTHON peaklIMH M KOJIMUYECTBO HEMPOPEarupoBaBIIETO 30JI0Ta B XOJ€ MEPUOAUYECKOTO
mporuecca. [lapamMeTpbl MOAENH pacCYUTAHbl IMyTEM MHHMMM3AIMM PacCOIVIACOBAHHUS MEXIY
9KCIIEPUMEHTAJIBHBIMU TaHHBIMU U pe3yJIbTaTaMH YHCICHHOI'O pacyeTa MOoJTydeHHON KHMHeTHYe-
CKOM MOJIEJIN C MCIOJIB30BaHMEM ITPOrpaMMHOT0 KomIuiekca ReactOp.

Kniouesvie cnoga: MoaenupoBaHue NEPUOAUUYECKOTO Mpoliecca, HUaHUPOBAHUE, BbIIIEA-
YUBAHUE 30JI0TA.

MODELING OF BATCH GOLD LEACHING PROCESS
BY CYANIDATION

A Kkinetic gold leaching model, based on the well-known shrinking core model, is pre-
sented in this work. The model considers the effects of internal diffusion, surface reaction and
unreacted amount of gold in the concentrate particle during leaching. The model parameters are
estimated by minimization of mismatching between experimental data and results of numerical

computation of kinetic model made by using ReactOp software.
Keywords: modeling, gold leaching, cyanidation, batch process simulation.

[luaHupoBaHKE 30JI0Ta B MIETOYHBIX PACTBO-
pax [WaHWIa B MPHCYTCTBHHM KUCIIOPOJAA WIH BO3-
IyXa — IIHPOKO HCIOJb3yeMasi JOMUHUPYIOIIAst
TEXHHKA M0 M3BJICYCHUIO 30J10Ta. 30JI0TO OKHUCIIS-
ercss B TPHCYTCTBHU TIOIXOJAIIEr0 peareHra —
[[MaHKIa U PacTBOPSIETCS C OOpa3oBaHHEM KOM-
mwiekc-uona [AU(CN),]™ u morsomenneM Kucmopo-
JIa COTJIAaCHO ypaBHEHHIO DibcHepa [1-6]:

4Au +8CN™ + O+ 2H,0 —

— 4AU(CN); + 40H". 1)

Kunernka nporecca BbIILETAYMBAHUS 30J10-
Ta U3Y4aeTcsi MOCTOSHHO U MPEAJIaraeTcs 10CTa-
TOYHO OOJIBIIOE KOJUYECTBO YPAaBHEHHUI CKOPO-
CTU BBIIEIAUMBAHUS, OCHOBAHHBIX HA JKCIIEPHU-
MEHTax C pa3IM4YHbIMU mnapameTrpamu. OIHAKO
paHee MpPEeAIoKeHHbIE YPaBHEHHS MO MOJEIHPO-
BaHUIO IPOMBILIUICHHOTO I[HAHHUPOBAHUS 30JI0Ta
UMEIOT OTpaHMYEHHs, OOYCIOBICHHBIC CJI0XKHO-
CTBIO U3MEPEHHUS TOYHOM IUIONIA1 TOBEPXHOCTH
YaCTHIl 30JI0TA B PyA€ M TOJIIMHBI I'PAHUYHOTO
ciost Hepucra [1]. B mpocToM ypaBHEHUH CKOPO-
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CTH BBILICIAYUBAHHUS Py/la UMEET MCEBIOTOMOICH-
Hoe moBesienre [1]. B nmanHOi pabote M3yueHbI
BIIMSIHHS KOHIICHTpALUiA peareHToB, PH pactBopa u
pa3Mep 4acTUIl KOHIIEHTPATa Ha CKOPOCTH BBIIIIETA-
4yuBaHus 30510Ta. OTHAKO MPEJCTABICHHOE B TON
paboTe ypaBHEHHE HE NPUHUMAECT BO BHHMAaHHE
pasmep vacTuil pyasl. boree mosmHee ypaBHEHHE
[3] paccmaTprBaer MONHYHO KOHCTAHTY CKOPOCTH
peaKiiu Kak (PyHKIHIO pa3mMepa 4acTHil,

Llenbro naHHOM paboOTHI SIBISIETCS pa3padboT-
Ka MOJICNTH BBIIIEIaYNBAHUS 30J10Ta ISl TIEPUO-
JIMYECKOro IMpoliecca, UCIob3ys nporpaMmmy Re-
actOp (Reactor Optimization) nst pacueTra KuHe-
THKUA peaKkuuil. YpaBHEHHE CKOPOCTH PEaKIHU
JIOJDKHO YYUTBIBATh KOJMYECTBO 30J10Ta, KOHIICH-
TpalMH [IMAHKUA U KUCIOPO/Ia, & TAKIKE IUIOIIAb
MOBEPXHOCTH 4YacTull pynasl. [laHHbIE A1l MOje-
JMPOBaHUS 00 YCIOBHUSIX HMPOBEICHHBIX YKCIICPH-
MEHTOB B3SIThI U3 yOnuKanuu [7]:

Omsir  [laBnenue, 6ap I'a3 [CN7], mr/n [O2], mr/n
1 1 Kucnopon 3000 40
2 1 Bozayx 3000 8
3 4 Kucnopon 10000 160
4 1 Kucnopon 10000 40
5 10 Kucnopon 10000 400

Kunerudeckue moaeaun. B nannoit pado-
T€ TpenjaraeTcsi ypaBHEHUE CKOPOCTH BHIIIIE-
JaYyMBaHUs 30JI0T4, OCHOBAHHOE Ha KHHETHKE
BbIIeNIaunBaHus. JlJIsl CO3MaHUsS MOJENIH Tpe-
OyeTcs IPUHATH BO BHUMAHHE CIEAYIOIIHE JO0-
OYUIEHUsI: OTCYTCTBHE CONPOTHUBJICHUS MPHU
MaccolepeHoce TBEPAO0e — KUIKOCTh U M0O0Y-
HBIX peakIuil, KpoMe peaklMu B3auMOJAEUCTBUSA
[UaHUJA C MIPUMECSIMH B PACTBOPE, OMMUCAHHOM
KHHETUYECKOH MOJIEIbI0 MOTpeOIeHUs ITHaHU-
na. Wcnonp3yercss MOJEIb CKUMAKOLIErocs sif-
pa, KOHIIEHTpAIus MHaHua N30BITOYHA, a CHC-
TeMa HaxOJUTCS B ICEBIOCTALIMOHAPHOM CO-
crosHud. Peaknuda 1uMaHUpOBaHUS  30JI0Ta
paccMaTpuBaeTcs Kak peakius, MpOTeKarolas
Ha TOBEPXHOCTU YaCTULBI. Takxe MPUHSITO, YTO
CKOpPOCTh PEaKLUHM 3aBUCUT OT KOJIMYECTBA He-
npopearupoBasuiero 3osora. KoHueHTpauus
30JI0Ta MPEACTABIACT COOONW Pa3HOCTH MEXKIY
JNEUCTBYIOIIEW KOHUEHTpaluen 30510Ta U OC-
TaTKOM HENpPOPEarupoBaBLIEro 30JI0Ta I[OCIE
OeCKOHEYHOT'0 BPEMEHHU BhINICNauynBaHus. M3-
MEHEHHE KOHIICHTpAlHMH 30JI0Ta MOXHO OIpe-
JIENUTh CAEAYIOLIUM YPABHEHUEM:

dCAu/dt =—-rA. (2)

CKOpOCTh PACTBOPEHUS 30J0Ta MPU LUOHU-
pOBaHUU

ri=Ky( Con- )™ Co, )" (CarCavin)™. (3)
Peakuus B3auMonelCTBUS LMaHWAA C pas3-

JIUYHBIMH TIPUMECSIMH B PACTBOPE OMUCAHA KUHE-
THYECKOH MOJIEITBIO ITOTPEOICHIS [IMAHK/IA;

dC_ - /dt=—rA; 4)
r= K, o2t Gt (5)

B cooTBeTcTBUM € MOAENBIO CHKUMAIO-
IIerocsl  siipa pearupyromias IMOBEPXHOCTh
YMEHBIIIAETCS 110 MEpe NMPOHUKHOBEHUS pea-
reHTa IIy0Xe B CJIOM YaCTHIlhI KOHIIEHTpaTa.
CrnenoBarenbHO, aKTUBHAS IJIONIAAb MTOBEPX-
HOCTH YaCTHIIbI TTOCTOSTHHO YMEHBIIIAETCS IO
MEpPE MPOTECKAHUS PEAKIIUU.

Pacuer mnapamerpoB Mopeau. Moaenu
HMEIOT CIICTYIOIIHE MapaMeTpPhl: TIOJIHAS KOHCTaHTa
CKOPOCTH PeaKIMi Jyisi paCTBOPESHUS 30J10Ta U Pac-
X0J1a IIMaHuIa cooTBeTCTBeHHO — Ky 11 K, opsimku
peaKIMU PaCTBOPEHHUS 30J10Ta JAJIsS IUaHHga — My,
JUIsL KHCTopoJia — Nyp, JUiA 30710Ta — My3. Peakumu
pacxoja Juis IHaHuaa — Ny, JJIsl KUCIOpoaa — Ny,.
OTH mapameTpsl B3ATHI U3 JUTepaTyphl [8], oHn
OBUIM PAaCCUYMTAHBI C MOMOIIBI KOMITBIOTEPHON
nporpamMmel Modest u mmoJydeHBI IMyTEM IMpH-
ONMVKEHHST MOJIENIM K DKCIIEPUMEHTAJILHBIM JIaH-
HBIM, B3ATHIM U3 ONMyONMKOBaHHBIX ctatei [1,3].
Kunerndeckne mapaMeTpbl MOJAETH C UCIOJIb30-
BaHWeM mporpamMmbl ReactOp s nepuoanye-
CKOTO TIpollecca TEepPBOTO M3 TISITH JKCIIEPUMEH-
toB. In(Ky) = 20,5 mun; E; =15 xJIx/Moib; M3 =
=1,87; Nuoo = 2: m;=052; n;,=0,36; InK2 =
= 20,7 mum; By, = 15 xJ[x/Moib; Ny; = 1,12; Ny, = 0,2.

Pe3syabTatbl. boimn monydeHsl mapamMeTpbl
Mojenu anst ypaBaenwui (3) u (5), mpoBeneHO Mo-
JienupoBaHue. PacdeTHble KpUBBIC, MOJYYCHHBIC
B pe3yNibTaTe PEIICHUsS YypaBHCHUA MOJCIU C
HaMICHHBIMA 3HAYCHUSIMH KHHETHUYECKHX KOH-
CTaHT, JIOCTATOYHO XOPOIIO OIUCHIBAIOT JKCIIC-
pUMeHTalbHbIe JaHHble  (CM.pUCYHOK). Ilo-
BUJIMIMOMY, BBIIICTAYUBAHHE 30J10Ta TAKKE 3aBH-
CHUT OT KOJIMYECTBA YACTHII 30JI0Ta B KOHIIEHTpA-
Te. Pe3ynbTarhl MOKA3bIBAIOT, YTO BBINICTAYHBA-
HUE 30JI0Ta 3aBUCUT OT KOHIICHTPAIIUH [IMaHUIA U
KHCJIOpoJia. B MoJydeHHBIX ypaBHEHUSIX CKOPO-
CTH CTEMeHb 3aBUCHUMOCTH CKOPOCTH BBIIIEIAYH-
BaHUS OT 3TUX KOHIICHTPAIUH OYEBHHA. CKO-
pPOCTh BBIIIEIAUMBaHUs 0OJiee UyBCTBUTEIbHA K
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Kousepcus

0 200 400 Bpewms, mun

Pe3ynpTaTsl MOAETHPOBAHUS IEPHOINIECKOTO MpoIecca
BBIILETAYUBAHMS 30J10Ta (CIUIOLIHAS JIMHHUS — PE3yJIbTaThI
MO/ICIIMPOBAHUSI, TOYKH — SKCIICPHUMEHTAIILHBIC JaHHbIE)

KOHLIEHTpAllUd IHaHW/Aa, YeM K KOHLEHTpauuu
kucnoposa. [IpakTuka TOKa3bIBaeT, YTO MOJIHO-
CTBIO 30JI0TO W3 YacTHI[ IKCTParupoBaTh HEBO3-
MOXKHO. DTO O3HAYaeT, YTO B YaCTHUIAX OCTACTCS
4acTb 30JI0Ta, HE MOABEPKECHHAs K W3BJICUEHHIO.
ITosToMy B MOJEeIM KOHLICHTpPALUS 30J10Ta HE MO-
KeT paccMaTpUBAaThCs KaK MOCTOSHHAS, U KOHIICH-
Tpauus 30JI0Ta ONpeNeNsieTcss KaKk pa3HOCTb MEX-
Oy TeKyllel KOHIECHTpalMe W HEU3BIECKAaCMBbIM
ocraTkoM. Kpome Toro, ypaBHEHHSI CKOPOCTH IO~
Ka3bIBAIOT, YTO HENPEPHIBHO YMEHBIIAOIIASCS
IUIOLAb PEarupyromed MOBEPXHOCTH HMeEeT
BaXHBI 2(QdekT ans BbIIENauUBaHUS 30J0TA.
ITosToMy Te ypaBHEHHS, B KOTOPBIX IUIOLIAAb pea-
THPYIOLIEH TOBEPXHOCTH MPUHATA MOCTOSHHOM
WIN OTCYTCTBYET, HE MOTYT MOJHOLIEHHO OIHUCHI-
BaTh BHINIETIaYMBaHKe 305l0Ta. Bee mapaMeTpbl
ompesieNieHsl ¢ HeOOJBIION BEpPOSITHOCTBIO pa3-
Opoca U He HMEIOT paccoriacoBaHus. Pe3ynbTaThl
MOKAa3bIBAIOT, YTO BHYTpeHHsS AudQy3us nmeer
HE3HAYUTEIPHOE BIMSHHE Ha CKOPOCTH BHIIIETa-
gyuBaHUs. [l03TOMy B JaHHOM cilydae CKOPOCTh
BBIILEIIAYMBAHUS KOHTPOJIMPYETCSI KWHETUKOH T10-
BEPXHOCTHOW peaKuuH.

BriBoabI

Jlnst MOJICTUPOBAHUS TIpoIiecca IIMaHHPOBa-
HUS 30J10Ta ObIIa pa3paboTaHa MaTeMaTHUYECKas
MOJIEITb CKUMAIOIIETOCS S/Ipa.

IMapameTpbl Mojeneil BbIIIEIAYUBAHUS 30-
JI0Ta OBUIM PAcCUMTaHbl HA OCHOBAHHM 3KCIICPH-
MEHTAIBHBIX JaHHBIX, OMYyOJMKOBAHHBIX B JIUTE-
parype, ¢ UCMONb30BaHHEM KOMITBIOTEPHON MPO-
rpammbl ReactOp. ComocTapiieHue pe3yibTaToB
MOACIUPOBAHUA C DOKCICPUMCHTAJIBHBIMU JaH-
HBIMU TIOATBEPXKAACT aIeKBATHOCTh pa3padoTaH-
HOW MOJIENI ¥ BO3MOXXHOCTH €€ HCIIOJIb30BaHUS
JUTSE MOJICJIMPOBAHUS MPOMBIIIJICHHOTO IpoIecca
UAHUPOBAHUS TIPU YCIOBHUAX, 00SCIICUNBAIOIINX
BBIMOJIHEHUE MPHHATBHIX gomnymennid. C momo-
IIBI0 pa3pabOTaHHON MOJENH OBLJIO UCCIIETOBAHO
BIMSIHUE MApaMeTPOB BHINICTAYMBAHUA. KOHIICH-
TpalUK PACTBOPCHHOTO KHCIOPOJA, IUAHUIA U
Pa3HOCTH TEKyIIeH KOHIICHTPAI[MH 30JI0Ta K OC-
TaTKy 30JI0Ta IOCJe OMNpPEICIICHHOTO BpPEMEHHU
BBINICIAUYUBaHKUS. MOJICNIb YUHUTHIBACT TOPSIKA
peaknuu 1o 3050Ty (0K0jI0 2), nuaHugy (OKOJIo
1), pa3mep yacTHil pyAbl M JaBICHHE BO3IyXa.
OueBuHO, YTO pa3paboTKa €AUHOW MOJCIU JJIs
BBIIIEIAYNBAHHS 30J10Ta CTAIKHBACTCS CO CIOXK-
HBIM BIIMSIHAEM TIPUPOABI PyAbl B mienoM. TeM He
MEHee M3y4eHHas MOJICIbh UMEET HEKOTOPHIC Or-
paHUYeHus, OOYCJIOBIICHHBIC TEM, YTO HE pac-
CMaTpPHUBAJIKCh TOOOYHBIC PEaKIUH U COMPOTHB-
JICHUsI MacCOIlepEeHOCca TBEPIOE — KHUIKOE.
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