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Starting from 2022, the XV International Conference "Metallurgy of Non-Ferrous, Rare and
Precious Metals" bears the name of Corresponding Member of the Russian Academy of Sciences

G.L. Pashkov

Outstanding

metallurgical scientist,
Doctor of Technical Sciences, Professor,
Corresponding Member of the Russian Academy
of Sciences, Director (from 1990 to 2009) of the
Institute of Chemistry and Chemical Technology
of the Siberian Branch of the Russian Academy
of Sciences, Advisor to the Russian Academy
of Sciences, co-authors Laureate of the USSR
State Prize (1985) and Government Prize RF
(2008).

The State Prize of the USSR was awarded
for the creation of a modern rare-metal
production at the Ust-Kamenogorsk lead-zinc
plant (UK SCC, Republic of Kazakhstan), in 2008
- the Prize of the Government of the Russian
Federation for the creation and industrial
application of new extraction processes and
combined hydrometallurgical schemes for
processing of non-traditional and technogenic
raw materials and industrial products of the
production of rare and non-ferrous metals.

G.L. Pashkov was born in 1939 in the
village of Leninskoye in the Far East into a
military family. He successfully graduated from
school in Tyumen, and in 1962 he graduated
from the Faculty of Physics and Mathematics

«In my life, | was lucky to participate in major
scientific and technical
metallurgy. To work side by side with the great creators
of new technology, together with them to provide the
power of the country with strategic metals, this is not
forgotten.»

programs for non-ferrous

G.L. Pashkov
from the book "The Old Notebook"

Gennady Leonidovich PASHKOV

(22.081939 - 22.09.2017 rr.)

of the Petropavlovsk Pedagogical Institute
(Northern Kazakhstan). He began his career as
an apparatchik in the rare metal department
of the hydrometallurgical shop of the Criminal
Code of the StsK. While working at the plant, he
graduated from the All-Union Correspondence
Polytechnic Institute and received a second
higher education - a metallurgical engineer.
Already in 1970, he successfully defended his
Ph.D. thesis at MISiS.

From 1976 to 1983 he worked as a deputy.
director of the Hydrotsvetmet Institute
(Novosibirsk), and in the summer of 1983, at the
invitation of A.l. Kholkin, at that time director
of the Institute of Chemistry and Chemical
Technology of the Siberian Branch of the
Russian Academy of Sciences (ICCT SB RAS),
Gennady Leonidovich moved to Krasnoyarsk.
He worked at the Institute until September 22,
2017.

In 1987 G.L. Pashkov defended his doctoral
dissertation, and in 2000 he was elected to the
Russian Academy of Sciences, a corresponding
member of the Russian Academy of Sciences. He
paid much attention to youth, was the head of
the Department of Inorganic Chemistry (1990-
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2000) of the Krasnoyarsk State University, now
SFU. Under his leadership, 4 doctoral and more
than 20 master's theses were defended. Author
and co-author of about 600 scientific papers,
more than 100 patents, 14 of which are foreign.
For his work he was awarded government
awards: the Order of Friendship (1998), the
Order of Honor (2008) and 4 medals.

He paid much attention to scientific and
organizational activities. In 2008, together with
Doctor of Technical Sciences, Professor Petr
Vasilievich Polyakov, they decided to unite three
large conferences held in the city of Krasnoyarsk:
"Aluminum of Siberia", "Gold of Siberia" and
"Metallurgy of non-ferrous and rare metals"
"under one roof”, and already in September
2009, the First International Congress and
Exhibition “Non-Ferrous Metals and Minerals”
was held, which annually gathered more than
600 participants.

Colleagues of Gennady Leonidovich noted
his love of life, democracy and goodwill. An
erudite, a person with a great sense of humor,
able to organize a team around him and aim it

at achievements. He was extremely receptive
to everything new. You could always come to
him for advice and there is no doubt that he will
support any, even the most adventurous idea (if,
of course, there is something there!). He loved
the theater, was fond of sports (he was once the
champion of Kazakhstan in javelin throwing) -
skiing, chess, sport hunting, etc.

We remember him!

Organizing Committee



C 2022 ropa XV mexpyHapogaHas KoHdpepeHuus «MeTannyprus LBETHbIX, peakux 1 6naro-
POLOHbBIX MeTaNIIOB» HOCUT MMS YneHa-KoppecnoHaeHTa PAH J1. MNawkosa

Bblpatowmmca  ydeHbli-MeTannypr, OoK-
TOP TEXHUMYECKMX Hayk, npodeccop, YneH-Kop-
pecnoHaeHTa PAH, anpekTop (¢ 1990 no 2009
roabl) MHCTUTYTa XMMUU N XUMNYECKOWN TEXHO-
norum CO PAH, coseTHuk PAH, B coctaBe co-
aBTOopoB JlaypeaTt locynapcCTBeHHOM NpeMuu
CCCP (1985 r.) n lMNpemun lMNpaButensctea PO
(2008 r).

locynapctBeHHasa npemus CCCP  6bina
npucyxaeHa 3a co3gaHue COBPEMEHHOro pef-
KO-MeTas/lbHOro mnpomssBoacTea Ha YcTb-Kame-
HOMOPCKOM  CBUHLLOBO-LIMHKOBOM KOMGUHaTe
(YK CUK, Pecny6nuka KaszsaxctaH), B 2008 r.
— npemusa npaBuTenbctBa Poccuinckon Depe-
pauum 3a co3gaHue 1 NPOMbILIEHHOE npuMe-
HEeHME HOBbIX 3KCTPAKLMOHHbBIX MPOLLECCOB W
KOMOUHUPOBAHHbLIX  MMAPOMETaNypPrmyeckmnx
cxeM Ons nepepaboTky HeTPaAMLMOHHOIO W
TEXHOrEeHHOrO CbIPbs W MPOMbILLIEHHbBIX MPO-
OYKTOB MPOU3BOACTBA PefKMX U LBETHbIX Me-
Tannos.

IJ1. Nawkos poauncs B 1939 rony B cene
JleHnHckoe Ha HdanbHeMm BocTtoke B ceMbe BO-
€HHOro. YCnewHo 3aKOoH4YU/ LKoYy B TIOMEeHWU,
a B 1962 rony — ¢u3smKo-mareMaTnyeckmin da-
KynbTeT [leTponaBnoBCckOro neparornyeckoro

«B X1n3HM MHe noBe3no — y4acTBOBaTb B KPYMHbIX
HAY4YHO-TEXHNYECKMNX NporpamMmmMax no LBEeTHOM MeTan-
nyprumn. Pa6oTaTtb pPAOoOM C BESIMKMMU TBOPL,AMU HOBOW
TeXHOMOrMn, BMecTe C HMMU obecnedmBaTb MOryLLecTBO
CTpaHbl CTpaTerM4ecknMMm MetTasislaMu, Takoe He 3a6blI-
BaeTCca»

["J1. Mawkos
13 kKHurm «Ctapas TeTpagb»

leHHapgu Jleouunpgosuy NMALLUKOB

(22.081939 - 22.09.2017 rr.)

mHcTnTyTa (CeBepHbin KasaxcTtaH). Ceow Tpy-
[OBYIO [eATeNbHOCTb OH Havasn annapaTtymkoMm
penkoMeTasribHOro OTAENEHUS ruapoMeTanyp-
rnyeckoro yexa YK CLIK. Pabotas Ha KOMBUHa-
Te, OH OKOH4M Bcecoto3HbIM 3a04HbIN NOUTEX-
HUYECKUI UHCTUTYT U MOSyYnn BTOPOE BbiClUee
obpasoBaHMe — UHXeHep-MeTanaypr. Yxe B
1970 r. ycnewHo 3awmtun 8 MNCuC kangnpat-
CKyto guccepraumio.

C 1976 no 1983 rogpl paboTtan 3aM. Ou-
pekTopa mHCTUTyTa «lmapousetmeT» (HoBocu-
6upck), a netom 1983 roga no npurnaweHuto
AMWN. XonbknHa, B TO BpeMsa ampekTopa WNHcTm-
TyTa XUMUK N xuMmndeckol texHonornm CO PAH
(MXXT CO PAH), FTeHHaani JleoHnpoBuYy nepee-
xan B KpacHospck. B MHcTuTyTe oH npopaboTan
0o 22 ceHtabpsa 2017 ropa.

B 1987 rogy "J1. MNalwkoB 3aWwuTua AOKTOP-
ckyto amccepTtaumto, a B 2000 roay 6611 nsbpaH
B coctaB Poccuiickon akagemMum Hayk, une-
HoM-KoppecnoHaeHToM PAH. Bonbwoe BHM-
MaHWe yaensn Monofexu, 6bi1 3aBefyroLuM
Kadpenpom HeopraHunyeckon xmumMmm (1990-2000
rr.) Kpacl'V, HoiHe CDY. lNon ero pykoBoacTBOM
6b1711 3aLMLLLEeHbl 4 OKTOPCKUX U Bonee 20 KaH-
OUOATCKNX gmuccepTaumi. ABTOp U COaBTOP OKO-
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no 600 Hay4uHbIx Tpygos, 6onee 100 nateHTOB
M3 HMUX 14 — 3apyBexXHbIX. 3a CBOW TPYA Harpax-
0eH MNpaBuUTeNbCTBEHHbIMU Harpagamu: OpaeH
Opyx6bl (1998 r.), OpaeH Moveta (2008 ) n 4
Mepanu.

Bonblioe BHUMaHWe yaenan Hay4YHo-opra-
HU3auMoHHOM geaTenbHocTn. B 2008 r. BMecTe
C AO.T.H., npodeccopom [lleTpom BacunbeBnyem
MonskoBbIM, MAPUHSANN pelleHne o6beanHUTb
TPy 6onblWKX KOHbEPEHLMN, MPOXOASLMX B
ropoge KpacHosapcke: «AnioMuHum Cubupm»,
«3onoto Cubupm» 1 «MeTannyprmsa LBETHbIX W
penkmMx MeTasifioB» «nog O4HOM KpblLen», 1 yxe
B ceHTs6pe 2009 ropa coctosancs MNepBbin Mex-
ayHapopnHbin KoHrpecc n BbictaBka «LlBeTHble
MeTasl/ibl U MUHEpPAsIbl», eXerogHO CObUPaBLLMA
60onee 600 y4yacTHUKOB.

Konnern T[leHHagua JleoHugoBuYa OT-
Meyanu ero XusHenobue, OEeMOKPATUYHOCTb
M [O6pOXeNnaTeNbHOCTb. JPYAWUT, YesoBeK, C
60MbLUMM YyBCTBOM OMOPA, YMEIOLMUIA OpraHn-
30BaTb BOKPYr cebsA KOMMEKTUB U HALLeNTb ero
Ha poctmxeHus. OH 6bln Ype3BblHaMHO BOCMPU-
MMUMB KO BCceMy HoBoMy. K HeMy Bcerga MoxHO

6bI/I0 MPUNTU 38 COBETOM U MOXHO He COMHe-
BaTbCH, YTO OH MOAAEPXMUT NOBYIO, Aaxe camyto
aBaHTIOPHYIO MAe (ec/n, KOHEYHO, TaM YTO-TO
ectb!). Jllobun TeaTp, yBnekancs crnoptom (cam
korga-to 6bi1 yeMnmoHoMm KasaxctaHa no me-
TaHWIO KOMbS) — NbIXXaMK, LaxMaTaMm, CNopTUB-
HOM OXOTOM, U Op.

Mbl 0 HEM NOMHUM!
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CONCLUSIONS

XV International Conference
"Metallurgy of Non-Ferrous, Rare and Precious Metals"
named after Corresponding Member of the Russian Academy of
Sciences Gennady

On September 6-8, 2022, for the first time
in the auditoriums of the Institute of Non-
Ferrous Metals and Materials Science of the
Siberian Federal University, the XV International
Conference "Metallurgy of Non-Ferrous, Rare
and Precious Metals named after Corresponding
Member of the Russian Academy of Sciences
Gennady Leonidovich Pashkov" was held in the
city of Krasnoyarsk.

The Conference was organized by the
Institute of Chemistry and Chemical Technology
of the Siberian Branch of the Russian Academy
of Sciences and the Institute of Nonferrous
Metals and Materials Science of the Siberian
Federal University. At the opening of the
event, the director of the Institute of Chemical
Technology of the Siberian Branch of the
Russian Academy of Sciences Oksana Pavlovna
Taran spoke. She stressed that at this time,
the competent interaction of all sides of the
conditional triangle "Education - Science -
Production" guarantees that cooperation will
be sustainable and will bear fruit" Vladimir
Nikolaevich Baranov, Director of the ICM&M
SFU, noted that the purpose of the conference is
innovative solutions in the mining industry and
metallurgy, discussion of the results of scientific
research in such areas as: environmental
friendliness of production, subsoil use, energy
saving, as well as the exchange of experience.
Welcoming speeches were addressed to the
participants by Vladimir Sergeevich Kazakov,
Head of the Department of Science and
Innovation Activities of the Siberian Federal
University, and Petr Vasilyevich Polyakoy,

Chairman of the International Congress "Non-
Ferrous Metals and Minerals".

The programofthe Conferenceincludedthe
presentation of 56 reports by the participants,
18 of them on-line in two sections: “MINERAL
PROCESSING” and "METALLURGY OF NON-
FERROUS, RARE AND PRECIOUS METALS", as
well as holding a ROUND TABLE on 07.09 “New
practices and the role of education in shaping
scientific and technological agenda of the
mining and metallurgical complex. In addition,
an introductory tour of the departments and
classrooms of the ICM&M SFU was organized
and conducted. The conference was held with
the financial support of the Regional Fund for
Scientific and Scientific and Technical Activities
(Application code: 2022063008840).

About 90 people from Russia, Kazakhstan,
Uzbekistan, Tajikistan and China took part
in the work of the Conference, held this year
in a mixed format on the domestic platform
Webinar.ru. Researchers and graduate students
from three departments of the Russian
Academy of Sciences presented their reports to
the attention of the participants: the Institute
of Chemistry of the Far Eastern Branch of the
Russian Academy of Sciences, Vladivostok, the
Institute of Metallurgy of the Ural Branch of the
Russian Academy of Sciences, Yekaterinburg,
and a number of institutes of the Siberian Branch
of the Russian Academy of Sciences, such as:
Institute of Chemical Technology (Krasnoyarsk)
, BIP (Ulan-Ude), IHTTiM (Novosibirsk), as well
as reports were made from Giredmet, Irkutsk,
Gipronickel, Yekaterinburg. Active participation
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in the Conference was taken by researchers,
graduate students, undergraduates and
students, research engineers of the Siberian
Federal University, Krasnoyarsk, Ural Federal
University named after the first President of
Russia B.N. Yeltsin, Yekaterinburg, Transbaikal
State University, Chita. It should be noted that
the speakers of large industrial enterprises
presented their reports on the achievements
and problems of production: MMC Norilsk
Nickel, Norilsk, Research Center of JSC
Polyus Krasnoyarsk, Research Center Nietz
Technologies and OOO Flotek, St. Petersburg,
NPP Kvalitet LLC, Lyubertsy, Kazzinc LLP, Ust-
Kamenogorsk, Republic of Kazakhstan.

For the first time, representatives of the
Irkutsk Oil Company, NN Development LLC and
Almazintekh-consultations and engineering
LLC, Moscow, Kola MMC JSC, Monchegorsk,
and others took part in the Conference without
presentations.

On-line reports were heard by
representatives of Chinese science: Han
Haisheng, School of Mineral Processing and
Bioengineering, Central South University,
Changsha and Chen Jianhua, Doctor, Professor,
Guangxi University, Shenyang. Reports were
announced from the Tajik Technical University
named after acad. M.S. Osimi, Dushanbe,
Republic of Tajikistan and Navoi State Mining
and Technological University, Navoi, Republic of
Uzbekistan.

At the end of the second working day of
the Conference,a ROUND TABLE was held: "New
practices and the role of education in shaping
the scientific and technological agenda of the

mining and metallurgical complex" chaired by
the director of the SFU Institute of Mathematics
and Mathematics Baranov V.N. The participants
were presented with presentations on topical
issues of higher education and training of
specialists for large industrial enterprises of
the country. For three hours, the problems of
school education, the preparation of applicants
were discussed, the issues of teaching students
of the first years of study were discussed. It
was noted that the ITCM&M SFU has already
developed special programs for undergraduates
in enrichment and metallurgists, according
to which purposeful training of specialists is
carried out on the orders of enterprises: Rusal,
Norilsk Nickel, Polyus. In turn, the participant of
the Conference Baksheev S.P. gave information
about the Polyus Class, an educational project
of the Polyus gold mining company, which was
opened in the Krasnoyarsk Territory in 2021. The
project participants were 20 tenth-graders from
Krasnoyarsk, Kansk and Achinsk, who passed
the competitive selection (for more details, see
DELA: https://dela.ru/news/275915/).

At the end of the Conference, the Chairman
of the Organizing Committee Oleinikova N.V.
spoke, drawing attention to the fact that for
the first time the event bears the name of a
corresponding member of the Russian Academy
of Sciences, a talented metallurgical scientist
Gennady Leonidovich Pashkov. She was
supported and many kind words were expressed
about Gennady Leonidovich Naftal M.N. (NPP
"Quality"), Bely AV. (CJSC Polyus-Krasnoyarsk)
and others.

Following the results of the Conference:

* noted: the timeliness of its holding, active discussion of achievements and problems in the
production of non-ferrous, rare and precious metals, the exchange of results of scientific research
in the field of technological processes, ecology and rational environmental management,
integrated development and conservation of mineral resources, resource and energy saving,
establishing close contacts research organizations and industrial enterprises;

* It was emphasized that the Conference is being held for the second year without organizational
fees, as a result of which more than half of the speakers are young scientists, researchers,

graduate students and even students;

* Wishes were expressed to further support the annual organization and holding of this event,
to direct the Organizing Committee of the Conference to create its own website, expand the
advertising process, search for sponsoring partners, and the Program Committee to cooperate
with leading Russian journals in terms of publishing special issues of the Conference.

Following the results of the work of the XV International Conference "Metallurgy of non-
ferrous, rare and noble metals" named after Corresponding Member of the Russian Academy of
Sciences Gennady Leonidovich Pashkov "in 2022, an electronic Collection of Reports in Russian
and English, indexed in the RSCI database, will be published.

The Organizing Committee thanks all the participants of the Conference and looks forward

to meeting in 2023.
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UTOIMN PABOTDI

XV mexpyHapoaHasa KoHpepeHuus
«MeTannyprusa uBeTHbIX, peAKUX U 61aropoaHbiX MeTasisIoB»
MMEHM YJieH-KoppecnoHaeHTa PAH
FreHHapusa JleoHnposuya NMawkosa

6—-8 ceHTsa6ps 2022 ropa B ropoge Kpac-
Hosipcke BMepBble B ayamTopusx WHcTuTyTa
LLBETHbIX MeTas/NloB U MaTepuanosenerHus COY
npowna XV ™MexayHaponHas KoHdepeHuma
«MeTannyprmsa LBeTHbIX, peakux n 6rnaropof-
HblIX MeTasiIoB MMEHU UYIeH-KOPPECMOHAEHTA
PAH leHHaawsa JleoHnpgosmya lMNawwkosa.

OpraHusaTtopammn KoHbepeHLUn SBAsSAnCb
VHCTUTYT XUMUU U xuMmudeckon TexHonormnm CO
PAH 1 MHCTUTYT LUBETHbIX MeTassIoB U MaTepu-
anosepeHus COY. Ha oTKpbITUM MEpPONpUATUSA
BoicTynunn: gupektop MXXT CO PAH Okca-
Ha [laBnosHa TapaH. OHa nogYepkHyna, 4To
B [aHHOe BpPEeMs rpaMoTHOe B3auMOoLeNCTBUE
BCEX CTOPOH YC/IOBHOro TpeyrosbHuka «Ob6pa-
3oBaHne — Hayka — [lNpon3BoacTeBo» rapaHTm-
pyeT, 4TO COTPYLHUYECTBO 6yAeT YCTOMYMBBLIM
M NpuHecéT ceou nnofbl». OupekTtop VILMuM
COY Bnagnmmp Hukonaesuy BapaHoB otMeTun,
UYTO Ueslb KOHPEepeHUUN — 3TO MHHOBALMUOHHbIE
peleHns B ropHono6biBaloLLEn oTpacan 1 me-
Tannyprum, ooCcyXxneHne pesynbTaToB HayuYHbIX
nccnenoBaHuii B Takux o6nacTax Kak: 3KOso-
F’MYHOCTb MPOU3BOACTBA, HEAPONOSib30BaHUeE,
3HeprocbepexeHne, a Takxke obMeH onbiToM. C
NMPUBETCTBEHHbIMU peYyamMu K y4acTHMKam obpa-
Tunnce Bnagummp Cepreesuy Kasakos, pyko-
Bogutens [enaprtameHTa HaykyM U MHHOBALW-
oHHON peaTtenbHoctn COY u MNetp BacunbeBny
MonakoB, npeacepaTenb  MexXAyHapPOAHOro
KoHrpecca «LlBeTHble MeTansbl  MUHepanbi».

[Mporpamma  KoHdepeHumn  BkIovana
npencTaBrieHne yyactHukamm 56 noknapnos, v3
HUX 18 — B pexume on-line Ha OByx cekuusx:
«OBOTAWEHWME MONE3HbIX MCKOMAEMbIX»
n «METANNTYPT A UBETHbBIX, PEOKMX U BJ1A-
rOPOLAHbIX METAJIJTOB, a Takxe npoBefeHue
0709 KPYIJIOIO CTOJ1A «HoBble npakTunkm
M ponb obpaszoBaHUA B POPMUPOBAHNU Hayu-
HO-TEXHOJNIOMMYECKOM MOBECTKM FOPHO-MeTas -

nypruyeckoro komrnekca». [lloMmmmo 6bina op-
raHM3oBaHa W MpoBefeHa O3HakoOMUTesbHas
3KCKypcus no kadegpam u ayantopusam NLIMuM
COY. KoHdepeHuMs npoBoamnnace npm GuHaH-
coBow nopnepxke Kpaesoro ¢poHaa HayydHoOM U
Hay4HO-TexHu4yeckon aeatenoHoctu (Kopg 3asaB-
kn: 2022063008840).

B pa6bote KoHdepeHuUyr, npoBeneHHOM
B 3TOM rogy B CMellaHHOM dpopmaTe Ha oTeuve-
cTBeHHOU nnatbopme Webinar.ru, npuHanu yya-
ctue okono 90 yenosek K3 Poccum, KasaxcraHa,
Y36ekuncTtaHa, TagxukmnctaHa n Kutaa. Ceomn go-
Knagbl BHUMaHWUIO YHYaCTHUKOB NpeacTaBuIn Ha-
YUHble COTPYOHWKWN U acruUpaHTbl U3 TPeX OTAesNe-
HUM PAH: MHcTuTyTa XrMmun [JanbHEBOCTOYHOIO
otpnenenusa PAH, r. Bnagusoctok, MHCcTUTyTa Me-
Tannyprum Ypanockoro otaenernus PAH, r. Eka-
TEPUHBYPr, U paga MHCTUTYToB CUBUPCKOro OT-
peneHna PAH, takux kak: MXXT (r. KpacHosipck),
BUMM (r. Ynan-Yn3), UXTTuM (r. HoBocmnbupck), a
Takxe Oblnn caenaHbl foknagbl us lMpegmera, r.
NpkyTck, «lunpoHukens», r. EkatepuHbypr. Ak-
TMBHOE y4acTme B npoBepeHun KoHdpepeHummn
MPUHSIN  HayYHble COTPYAHUKM, aCnUpPaHTbl, Ma-
TMCTPaHTbl U CTYOEHTbl, WHXEeHepbl-nccnenosa-
Tenu Cnbupckoro denepasbHOro yHMBEPCUTET],
r. KpacHospck, Ypanbckoro denepasnbHOro yHu-
BepcuTeTa MMeHn nepeoro [pesnaeHTta Poccun
B.H. EnbuuHa, r. Ekatepunbypr, 3a6ankanbckoro
rOCyOapCTBEHHOrO yHmMBepcuTeTa, . Yuta. He-
06X00MMO OTMETUTb, YTO CBOW [OKMAa4bl O LO-
CTUXEHMAX U MpobneMax Mpou3BOACTBA Npefn-
CTaBUIMU A0KNaOYMKU KPYMHbBIX MPOMbILLIEHHbBIX
npeanpuatnin: «FMK «Hopunbckuin HUKenb», T.
Hopunbck, Nccneposatenbckuin ueHTp AO «[lo-
ntoc KpacHospck», HayuyHo-unccnenoBaTenbCckmi
ueHTp «Nietz Technologies» 1 OO0 «®noTek»,
r. CaHkTt-leTtepbypr, OOO «HIMIM KeanuteT», I.
TMo6epupl, TOO «KasumHk», YcTb-KameHoropck,
Pecny6nuka KasaxcTtaH.
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Brnepsble B KoHdepeHUMU NPUHAAN yya-
CTue 6e3 foKIaaoB npenctaButenn MpkyTckom
HedTsaHoW koMnaHun, OO0 «HH deenonmMeHT»
n OO0 «AnMasnHTEX-KOHCYAbTALUU U MHXKXUHU-
puHr», Mockea, AO «Konbckas TMK», r. MoHye-
ropck, v apyrue.

B on-line pexume 6binn 3acnywaHbl 4o-
Knagbl NnpenctaBuTenen KUTanmckom Hayku: XaHa
XanwasHa, LLkonbl nepepaboTkm MOAe3HbIX UC-
Kornaembix U 6uomnHxeHepun LleHTpanbHo-HOX-
HOro yHMBepcuTeTa, I YaHwa n YaHsa LL3sHbxya,
noKTopa, npodeccopa YHusepcuteta lyaHcu, r.
LLsHbaH. Bbinn 3aasneHbl goknanbl U3 TagXuk-
CKOIO TEXHUYECKOTO YHUBEPCUTETA MMEHU aKkan,
M.C. Ocumun, r. ywarHbe, Pecnybnnku Tagxmkm-
cTaH 1 HaBouinckoro rocynapcTBEHHORO FOPHO-
ro 1 TEXHONOMMYEeCKOro yHMBepcuTeTa, r. Hasow,
Pecnybnnku YsbekmncraH.

B koHue BTOporo pabouero gHa KoHode-
peHumMn 6bin NnpoBeaeH KPYMblA CTOS: «Ho-
Bble MPaKTUKM U pofib o6pasoBaHus B GOpMU-
POBaHUM HAYy4YHO-TEXHONIOMMYECKOM MNOBECTKMU
rOPHO-MEeTaNNypruyeckoro KoOMMaekca» Mo
npencepatensctsoMm gupektopa VMUMuM COY
BaparoBa B.H. BHuMaHuUto y4yacTHUKOB 6blan
npencTaBfieHbl MNpe3eHTauuMm Mo akTyaslbHbIM
npo6neMaM BbiCcllero o6pasoBaHUA U MOAro-
TOBKM CMeuVanncTtoB AN KPYMHbIX MPOMbILL-
JIEHHbIX NPeanpuUsaTUA cTpaHbl. B TeueHme Tpex

4acoB 0b6CyXaanmcb NpPobaemMbl WKOMbHOIro 06-
pasoBaHWs, MOArOTOBKM abUTYpPUEHTOB, AWUC-
KYyTUPOBANMCb BOMPOCbI OBYy4YEeHUS CTYLEHTOB
rnepBbIX NeT oby4yeHus. Bblio oTMeyeHo, YTO B
NUMWM COY pna maructpaHToB - oboraturte-
nem n MeTannypros, yxe paspaboTaHbl cneum-
anoHble [lporpamMmbl, MO KOTOPbIM BepeTcs
LefieHanpaBrieHHas MOAroTtoBka chneuvanu-
CTOB MO 3akasy npeanpuatui: «Pycan», «Ho-
PUNBbCKUIM HUKenb», «lMontoc». B cBoto ovepenb
yyactHuk KoHdepeHuun bakwees C.M. pan
nHdpopmMaumo o «llontoc-kiacce» — obpasoBa-
TeNbHOM MpPOeKkTe 30/10TOAO6bIBAOWEN KOMMA-
HUM «lNontoc», KoTopbln 6bin OTKPbLIT B KpacHo-
apckom kpae B 2021 rofy. YdacTHMKaAMM npoekTa
ctann 20 pecatmkiaccHMkoB m3 KpacHospcka,
KaHcka m AduHcka, npolweflimne KOHKYPCHbIN
oT6op (noapobHee Ha LEJA: https://dela.ru/
news/275915/).

B 3akntoyeHmne paboTtbl KoHdpepeHunn Bbl-
ctynunn [Npepcepatens oprkomuteta Onent-
HukoBa H.B., obpaTtvB BHMMaHMe Ha TO, 4TO
BrepBble MepornpuUaTME HOCUT UMS YNeH-KOop-
pecnoHgeHTa PAH, TanaHTiMBoro yyeHoro-me-
Tannypra leHHagusa JleoHngosuya MNawkoea. E€
noAa4epXanm n MHOro 0o6pbixX C/IOB Bbickasasm
o leHHaawme Jleonunposuyue Hadtane M.H. (HIMMM
«KBanutet»), Benoir A.B. (3AO «[lontoc-Kpac-
HORAPCK) U Apyrue.

Mo utoram pa6oTtbl KoHPpepeHuUU:
OTMe4YeHbl: CBOEBPEMEHHOCTb €e npoBeneHnA, akKtTMuBHoe o6cy>|<,1:|,eHl4e JZI,OCTI/I)KGHMVI n I'IpO6J'IeM
B obnacTtum npounseoncTBa LUBETHbLIX, peaokmx m 6J'IaI’OpO,EI,HbIX MeTasl10B, obMeH pe3ynbrTatamMu
Hay4HbIX MCCﬂe,D,OBaHMI‘;I B 06/1aCTV TEXHOOMrNYEeCKUX npoueccos, 3Ko10rmm n paugnoHasibHOro
npnpoaonosib3oBaHUA, KOMMJIEKCHOINO OCBOEHNA N COXPaHeEHNA HeOP, peCypCo- U 3Heproc6epe-
XeHUd, HanaxXmBaHmMe TeCHbIX KOHTaKTOB Hay4YHO-UccnegoBatTes/ibCKnNx opraHmsau,Mﬁ M NPOMbILL-
NEHHbIX MPeanpuUaTmni;
nogyepkHyTo, 4To KoHdbepeHLUMs BTOPOM roa NpoBOANTCSA 6e3 opraHm3aLMOHHbIX B3HOCOB, B pe-
3ynprtaTte 4ero 6o1ee NoMOBUHDI AOoKMag4YnkoB — 3TO MOJIo4ble y4deHble, nccnegosartesnu, acnm-
PaHTbl U Oaxe CTyOeHTbI,
BblCKa3aHbl noxesnaHuna v B Ll,aJ'IbHeVILLIeM nognoepXxmBaTtb €XerogHyro opraHunsaunmo n npose-
AeHne 3Toro MeponpunaTmna, HauennTb Opl’aHMBaLl,MOHHbIIZ KOMUTET KOHCbepeHLl,l/ll/l Ha co3gaHune
cBoOero caﬁrra, pacwumnpeHne peksiaMHoOro npouecca, Nnonck napTHepPoOB-CNOHCOPOB, a I'IporpaMM-
HbI KOMUTET — Ha COTpyaAHN4eCTBO C BeaAyLW MU pOCCMﬁCKVIMM XypHanamum B nnaHe OI'Iy6J'Il/|KOBa-
HNA cnelnasnbHbIX BblMyCKOB KOHdDepeHLI,Ml/I.

Mo ntoram pabotbl XV mexayHaponHoin KoHdepeHunn «MeTannyprmus LBETHbIX, PenoKnx w

61aropoHbIX MeTanoB» MMeHW YneHa-koppecnoHaeHTa PAH leHHanowns JleoHnpoBuya MNMawkoBa»
B 2022 ropoy 6yneTt mspaH anekTpoHHbIM CO60PHUMK A0KIaO0B Ha PYCCKOM W @HIIMNCKOM A3blKax,

mHaekcmpyembli B 6ase PUHLL.

OprkomMuTeT 6GnarogapuT Bcex ydacTHukoB KoHdepeHuUn n HageeTcs Ha BcTpedy B 2023

rogy.
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FORMATION OF SECONDARY GOLD MINERALIZATION IN OLD
TAILINGS

Borisov R.V. 2, Bragin V.I. 12

TInstitute of Chemistry and Chemical Technology SB RAS, Federal Research Center “Krasnoyarsk
Science Center SB RAS”, Krasnoyarsk, Russia
2 Siberian Federal University, Russia, Krasnoyarsk
e-mail: roma_boris@list.ru

Inthiswork,asecondary goldmineralization
process taking place during interaction of
gold-bearing solutions with primary tails of
sulfide and oxidized ore’s processing along with
secondary limonite forming when storing of
those ores was investigated. Pyrite, magnetite,
arsenopyrite, pyrrhotite, antimonite can be
distinguished among the main ore minerals
in tailings samples. The main non-metallic
minerals are quartz, the content of which varies
from 58 to 81%, calcite, muscovite, biotite,
chlorite, and gypsum. Limonite (a mixture of
goethite with hydrogoethite, lepidocrocite,
hematite, carbonates, and other secondary
minerals) is widely distributed in the tailings
of the processing of sulfide and oxidized ores.
A sample of secondary formed limonite is scaly
particles of iron hydroxides with admixtures of
calcite and quartz.

Using low temperature gas adsorption
technique, high values of specific surface for tail
materials, up to 20 m2/g, were measured. Mate-
rial surface can play an important role in pro-
cesses of sorption and reduction. Using X-ray
photoelectron spectroscopy, it was established
that dominating secondary gold mineralization
species is elemental one, with a minor fraction
of Au(l) ionic species being persisted. The Au(lll)
ions were shown to selectively deposited from

solutions at 25°C and pH 6.9-7.3 onto pyrite, ar-
senopyrite and limonite surfaces which gives
rise to isolated metallic particles of 30-1000
nm in size along with mineral aggregates with
complicated structure and composition includ-
ing oxidized Sb minerals, limonite and nano-
sized gold. When testing tails of oxidized ores
processing, gold deposited on a mixture of Fe
and Mn oxide hydrates were observed. Morpho-
logical features and size distributions of sec-
ondary gold entities on different supports, and
composition of formed species were studied. In
spite of sulfide and oxidized ore processing tails
in which gold was reduced selectively on spe-
cific minerals, on the secondary formed limo-
nite with calcite impurities (up 10 %mass) and
quartz, gold nanoparticles with sizes up to 500
nm uniformly distributed over material surface
were found. Possible gold reduction mecha-
nisms on the surfaces of oxidized minerals were
explored.

This work was conducted within the frame-
work of the budget project # 0287-2021-0014
for Institute of Chemistry and Chemical Tech-
nology SB RAS using the equipment of Kras-
noyarsk Regional Research Equipment Centre
of SB RAS
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®OPMUPOBAHUE BTOPUYHOM 30JIOTOU MUHEPAJTIU3ALIUA B
JIEXXKAJIbIX XBOCTAX

Bbopucos P.B. 2, Bpazun B.J. 2
TOIrBHY ®epepanbHbi nccnenoBaTenbCkmii LeHTp «KpacHosapckuin HayuHbin LeHTp CO PAH»,
NHCTUTYT xuMnmn  xummndeckon texHonorum CO PAH, . KpacHospck, Poccusa

2MepepasbHoOe rocygapcTBEHHOE aBTOHOMHOE Obpa3oBaTesibHOE yUYpexaeHue Bbicllero o6paso-
BaHusA «Cnbunpckuin begepansHbi yHUBepcuTeT», Poccunsa, KpacHospck

e-mail: roma_boris@list.ru

B pabote wnccnepoeaH npouecc dopmu-
poBaHVs BTOPWYHOM 30/10TOM MUHepanusauum
NMpPW KOHTaKTe BOLHbIX PACTBOPOB, COAEPXAaLLMX
WOHBbI 307107, C MEPBUYHbBIMU MUHEPAAMU XBO-
CTOB nepepaboTkmn CysibGUAHbBIX U OKWUCIEHHbIX
pyn, a TakXe BTOPWYHbIM JIMMOHUTOM, O6pasy-
IOLLMMCSH YC/TIOBUAX XBOCTOXPAHUNLLA MPW A7 -
TeNbHOM xpaHeHuu. Cpean OCHOBHbLIX PYOHbIX
MUHepasioB B Npobax XBOCTOB MOXHO BblAENNTb
MUPUT, MarHeTUT, apCeHOMMUPUT, MMPPOTUH, aH-
TUMOHUT. OCHOBHbBIMU HEPYAHBIMU MUHEpPanamm
ABNAIOTCA KBapL, COAEPXaHNe KOTOPOro Bapbm -
pyeT oT 58 no 81 %, KanbuuT, MyCKOBUT, BUOTUT,
xnopwuT, runc. JINMoHUT (cMeck rétuta ¢ rugpo-
réTUToM, NenMOOKPOKMUTOM, reMaTmToM, Kap6o-
HaTamMu 1 APYyruMy BTOPUYHBIMU MUHEpanamu)
LWMPOKO pacnpoCTpaHéH B XBOCTax rnepepadoT-
KW cynbPuUOHbIX U OKUCNEHHbIX pyn,. [1poba BTO-
PUYHO 06Pa30BAHHOIO JIMMOHUTA NPeACTaBsA-
eT cobol YellynyaTble YacTULbl FMOPOOKNCIIOB
Xerfesa c NpuMecsaMu KarbLMTa 1 KBapua.

MeToooOM HM3KOTEMMEPATYPHON rasoBomn
aacopbumm yCTaHOBIEHO, YTO OJA Martepua-
JIOB XBOCTOB XapakTepHbl BbICOKME 3HAYeHUSs
yOenbHbix nosepxHocten, 0o 20 m2/r. MNosepx-
HOCTb MaTepuasioB MOXET UrpaTbh BaXHY pPosb
B npoueccax copbLmm 1 BOCCTAHOBEHUS.

[TokazaHo, 4to woHbl Au(lll) cenekTuBHO
ocaxpawTcs U3 pacTBopa Mnpu TeMnepaType
25°C n pH 6.9-7.3 Ha nupuTe, apceHonupute U
MMOHNTe, GOPMUPYS OTAENbHblE MeTanmye-
ckme vyacTtuubl ¢ pasmepamm 30-1000 HM, a Tak-
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X€ MUHepasibHble arperatbl CJIOXKHOIO CTPOeHUs
M COCTaBa, BKJOYAKLLMNE OKUCTIEHHbIE MUHeEpPa-
Nbl CypbMbl, TIMMOHUT N HAHOLMCMNEPCHOE 30510~
To. MeTofOM PeHTreHOBCKOW GOTOINEKTPOHHOMN
CMEeKTPOCKOMUN YCTAHOB/IEHO, YTO BO BTOPWY-
HOW MUHepanu3aumn OOMUHUPYOLWEN dopMon
ansaetcsa 30n10T10(0), NP COOTBETCTBYIOLLEM KO-
nunuectaee Au(l).

B npobax xBocToB nepepaboTku OKUCIEH-
HbIX pyd, OOHapyXeHO ocaX[eHWe 30/10Ta Ha
CMecW rmapaToB OKCMAOB Xefesa W MapraHua.
MN3yyeHbl ocobeHHOCTV Mopdonornm n pacnpe-
[eneHns KPYMNHOCTWM BTOPUYHBLIX 30/10TUH Ha
pPasfiMYHbIX MUHepanax — HOCUTENAX U cocTas
HOBOOGpasoBaHUN. Ha BTopuMYHO ob6pa3oBaH-
HOM JIMMOHWNTE, B KOTOPOM OBHAapPYyXeHbl Np1Me-
cu kanbumTa (o 10% mMacc.) n kBapLa, YacTuLbl
3onoT1a uMetoT pasmepbl o 500 HM KM paBHO-
MEPHO pacrnpefeneHbl Mo BCeM MOBEPXHOCTU
Matepuana, B OT/IM4Me OT XBOCTOB rnepepadoT-
KW cynbdUOHbBIX U OKUCTIEHHbBIX Py, roe 30/10TO
CenekTMBHO BOCCTaHaBMMBANOChL Ha onpene-
NEeHHbIX MWHepanax. PaccMoTpeHbl BO3MOXHble
MexaHW3Mbl BOCCTAHOBMEHMS 30/10Ta Ha Mno-
BEPXHOCTU OKUCNIEHHbBIX MUHEPASIOB.

PaboTta BbiMmonMHeHa B pamMkax rocygap-
CTBEHHOro 3apaHus VIHCTUTyTa XUMUKU U XK-
Muyeckol TexHonorum CO PAH (npoekt 0287-
2021-0014) ¢ mncnonb3oBaHMeM obopyLoOBaHUS
KpacHoOApCcKOro pervoHasibHOro LueHTpa Kos-
nekTuBHoro nonbsoeanHua OULL KHL, CO PAH



STUDY OF THE POSSIBILITY OF OBTAINING FELDSPAR AND MICA
CONCENTRATES FROM THE FELDSPAR RAW MATERIAL OF THE
URAL REGION

Burdakova E.A.'?, Bragin V.1.1-2, Usmanova N.F%!, Plotnikova A.A.!, Baksheeva I.1.!
1Siberian Federal University, Svobodny Ave., 79, 660041, Krasnoyarsk, Russia
2|CCT SB RAS, Federal Research Center «Krasnoyarsk Science Center» of the SB RAS,
Akademgorodok, 50 p.24, 660036, Krasnoyarsk, Russia

Feldspar raw materials are the most
important source of oxides of alkali metals,
alumina and silica. About 90% of feldspars

are consumed by glass and ceramic
production: potassium feldspars are used
in the electroceramic, electrode, abrasive
and porcelain-faience industries, for the

manufacture of high-voltage porcelain; sodium
- in the manufacture of vitreous porcelain and
the production of enamels; mixed raw materials
- for building ceramics [1]. The use of feldspars
in the ceramic industry is based on their ability
to melt at relatively low temperatures to form a
vitreous matrix. In the glass industry, feldspars
are used to introduce aluminum oxide into
the mixture, the presence of which improves
the chemical and mechanical properties of
glass [2]. The suitability of raw materials for a
particular area of consumption is determined
by an indicator representing the ratio of the
mass fraction of potassium oxide to sodium
oxide, or potassium module (Km). Based on this,
feldspar raw materials and concentrates from
it are usually classified as high-potassium (Km
=3), potassium (Km not less than 2), potassium-
sodium (Km more than 0.9), and sodium (Km is
not standardized).

In Russia, the leaders in the reserves of
feldspar raw materials are the North-Western
Federal District (50.7%), the Urals region (31.4%),
the Far Eastern Federal District (15.9%) [3].
The qualitative characteristics of the Ural raw
materials often do not meet the requirements of
industries in an unenriched form. For example,
raw materials do not meet the mechanical and
electrical strength for making products from
fine ceramics, or do not meet the whiteness
properties for the production of household
porcelain. The main harmful impurities
in feldspar concentrates are calcite, iron
hydroxides, biotite, pyrite, tourmaline, aegirine,
the presence of quartz, plagioclase, nephelineg,
sericite, kaolinite is undesirable. Practice
shows that for the enrichment of feldspar raw
materials, flotation and magnetic separation
are most often used to obtain concentrates that
meet the requirements [4-7].

In finished feldspar concentrates, GOST
or TU, depending on the brand, regulates the

content of iron oxide (not higher than 0.2%),
aluminum oxide (not less than 16%), silica, the
mass fraction of the sum of potassium and
sodium oxides (not less than 11%), the amount
of oxides of calcium and magnesium (not more
than 1%).

In  the laboratory, studies of three
samples of different material composition of
the Ural region were carried out. Sample 1 is
represented mainly by granitic pegmatites;
sample 2 - biotite-muscovite granites; sample
3 - mixed raw materials. The purpose of the
research was a comparative assessment of
the material composition and technological
properties of the studied samples. In the course
of the experiments, the mineral and chemical
composition of the initial ore samples were
established, the kinetics of grinding the sample
material was studied, flotation tests and
tests on the magnetic separation of flotation
concentrates were carried out.

Determination of the kinetics of grinding
and subsequent flotation studies was carried
out on samples weighing 1 kg. Flotation was
performed on laboratory mechanical flotation
machines with a chamber volume of 2 L, 0.75 L,
0.5L,0.25L, 015 L, depending on the operation.
The solid content in the chamber was ~30%. The
reagents were supplied in the form of solutions
with a concentration of: 5% for soda; 4% sodium
tallate solution; solution of liquid glass and
reagent “Flon-1" - 1%, sulfuric acid - 5% solution,
diesel fuel - in drop form, hydrofluoric acid -
concentrated solution.

Flotation was carried out in an open cycle
according to the scheme of direct selective
flotation at a size in the feed operation of 45%
of the class minus 0.074 mm, with preliminary
desliming according to the class of -0.044 mm.
In the first flotation cycle, dark-colored minerals
were isolated, in the second, mica minerals were
flotation from the tailings of the previous cycle,
then a feldspar concentrate was obtained from
the mica flotation tailings. Magnetic separation
on a high-gradient separator was carried out in
one operation in order to repurify the feldspar
concentrate and reduce the mass fraction of iron
oxides in it. Samples were taken from both the

starting material and the enrichment products
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to determine the chemical composition, as well

as to perform semi-quantitative X-ray phase

analysis (XRF). In enrichment products, the main
valuable components (K;O, Nay;O, ALOs3) and
harmful impurities (Fe;Os, SiO,, CaO, MgO) were
controlled. In addition, flotation concentrates
were studied by electron microscopy.

According to chemical analyzes, the fol-
lowing was established:

* sample 1 contains, %: AlL,Oz - 1418, Fe,0O3 -
1.33, Na,0 - 3.76, K,O - 4.45, SiO, - 72.25, CaO
- 0.59, MgO - 0.08;

* sample 2 is characterized by the following
content of determined components, %: AlLOs
-14.37, Fe; 053 -1.77, Na,0O - 3.61, K,0 - 4.62, SiO,
- 7178, CaO - 0.85, MgO - 0.14;

* in sample 3, the mass fraction of components
is, %: Al,0O3 -14.56, Fe;O3 - 1.59, Na,O - 4.11,
K,0 - 4.23, Si0,-72.71, Ca0-0.73, MgO - O.11.

Based on the value of the potassium
module, all three objects of study can be
attributed to the potassium-sodium type of
feldspar ores. The samples are characterized
by an increased content of iron oxides, which
can affect the production of high quality
concentrates. The main minerals of the studied
samples are quartz, feldspars, represented
by potassium feldspars and acid plagioclases
- albite and oligoclase, and micas, which
are represented by two groups - muscovite-
phengite and siderophyllite-Fe-biotite. The
mineral composition of all three samples is
similar, but sample 3 is characterized by a
somewhat higher content of feldspars (albite)
and a lower content of micas. Samples 1 and 2
are almost identical in mineral composition.

The distribution of elements by size
classes is homogeneous, with the exception of
the distribution of iron and magnesium. These
elements are associated in the composition
of mineral phases, presumably biotite and
siderite, capable of concentrating in classes
with a particle size of 0.2-0.3 mm and a sludge
of -0.044 mm. The transition to the sludge
fraction is more pronounced for feldspars and
micas (alkalis, calcium oxide, alumina), and to a
lesser extent for quartz. Of the three samples,
the pegmatite sample is more prone to sludge
formation.

The process of flotation of feldspar raw
materials was carried out until the foam was
depleted; there were no significant differences in
the duration of flotation for operations between
the studied samples. The consumption of soda
in dark-colored flotation was experimentally
established - 250 g/t, sufficient to create pH
= 8-8.5. Diesel fuel consumption was ~ 40 g/t.
Sulfuric acid consumption in the mica flotation
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operation was 1250 g/t. Consumption of
hydrofluoric acid in the operation of feldspar
flotation ~ 1000 g/t.

Preliminary desliming of sample 1 «in
the head» of the technological scheme makes
it possible to convert more than 43% of iron
oxides into sludge (in size minus 0.041 mm),
at the same time, a significant part of useful
components passes into sludge - up to 30%
Na,O, up to 31.5% K;0O, about 31.54% Al,Os.
However, for this sample, desliming is the most
effective: with the same losses of Na,O, K0,
ALOs, only 26.15% and 29.6% Fe,O3, respectively,
pass from the materials of sample 2 and 3 into
the sludge.

The removal of dark-colored minerals
by flotation makes it possible to convert a
significant part of iron oxides into a foam
product: from sample 1 to 28.09% with a foam
product yield of 5.69%; from sample 2 - up to
45.59% into the product with a yield of 18.5%;
from sample 3 - up t0 52.4% into a foam product
with a yield of 13.46%. The highest recovery of
Al20O3, Na20 and K20 in the feldspar flotation
concentrate was achieved for sample 1- 42.16%,
46.9 and 41%, respectively.

When processing feldspar raw materials,
additional production of mica concentrate
(muscovite) is of interest. Muscovite is used in
industry due to its high thermal and electrical
insulating properties, and is also valued for
its very perfect cleavage and transparency.
Small-sized mica is enriched by the flotation
method, so it seems appropriate to focus on
the requirements for the ground type of mica.
So, for example, the product will correspond to
the SME-315 grade with the content, %: SiO, -
(44+50), ALLOs - (32+40), Fe,03 = 5%, MgO =< 2,
K;O = 8, separate requirements are imposed
on the content P,Os5 (up to 0.1%), SOs (also up
to 0.1%), moisture content in concentrate and
fineness. The flotation tests carried out did
not provide the expected results: the yield of
mica concentrate for all tested samples was
insignificant, none of the mica concentrates
meets the above requirements.

As a result of studies by the magnetic
enrichment method, it was determined that
the yield of the magnetic fraction during the
separation of feldspar concentrate varies from
2 to 12.7%, depending on the sample. With
regard to samples 1 (pigmatites) and 3 (mixed
raw materials), it was found that magnetic
separation does not significantly reduce the
content of Fe;Osz in a non-magnetic product:
compared with the initial content in feldspar
concentrate of 0.4% (sample 1), the mass fraction
of iron oxides decreased to 0.39%; in the second
case, from 0.34 to 0.29% (sample 3).



Figure 1 - Electronic photographs of sample enrichment products 1:
a) the magnetic fraction obtained during the repurification of the feldspar concentrate;
b, c) froth product of dark color flotation

On sample 2 (granites), a significant
reduction in iron oxides in the feldspar
concentrate after magnetic separation was
achieved, however, it was also increased relative
to the requirements for finished concentrates
(from 117 to 0.25% at a rate of 0.2% for Fe,03).

Mica concentrates obtained from a
pegmatite sample are significantly pooreriniron
oxides than those obtained from a mixed sample
and a granite sample (1.37% versus 4.08% and
8.06%, respectively). The intermediate products
of the pegmatite mica cycle are also depleted in
iron. This is also due to the peculiarities of the
mineral forms of iron in pegmatite: open siderite
and garnet are easily extracted in dark-colored
flotation. At the same time, in the mixed and
granite samples, biotite and chlorite partially
pass into the mica cycle and enrich its middlings
and mica concentrate with iron.

The mineral composition of feldspar

concentrates is directly represented by feldspar,
plagioclase,

quartz and their intergrowths

(rarely - with albite in the granite sample),
which is typical for all the studied samples.
Analysis of the results of technological studies
and electron microscopic study of enrichment
products showed that the material composition
of the studied samples has differences in
the composition of iron-containing phases:
in sample 1 they are represented by siderite
and garnet, in sample 2 these minerals are
completely absent, the main iron-containing
phases are biotite and chlorite. During the
flotation of sample 1, the yield of the dark-
colored product is significantly reduced and
amounts to 5.7% versus 18.5% for sample 2 and
13.46% for sample 3.

In the magnetic product of sample 1
(pigmatites), potassium feldspars (K-feldspars)
are present both in free form and in intergrowths
with plagioclase (Pl) with siderite (Cd) (Fig. 1a).
The grain size of feldspars in the concentrate
ranges from 50 to 150 (200) pm.

Figure 2 - Electronic photographs of
sample enrichment products 2:

a) the magnetic fraction obtained
during the repurification of the
feldspar concentrate;

b) dark color flotation foam product
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In addition to feldspars, the magnetic
fraction of sample 2 (granites) contains quartz,
plagioclase, and mica minerals. Feldspars
are represented both as free particles and as
intergrowths with plagioclase quartz. Micas are
represented by two groups - muscovite-fengite
and siderophyllite-Fe-biotite, the second
group predominates. The particle size of free
biotite particles reaches 500 pm. Muscovite
occurs intergrowths with quartz. The magnetic
product of sample 2 contains accessory
minerals, monazite (Mn) and zircon (Zr), which
are intergrown with quartz and biotite (Bt) (Fig.
2a). The grain size of monazite, zircon does not
exceed 10-15 microns, mainly the particle size is
3-5 microns.

The froth product of the dark-colored

The mica mineral component is represented
mainly by biotite, the particle size varies from
50 to 150 microns. Of the accessory minerals,
apatite (Ap) was found in the flotation tailings,
and chlorite was observed singly (Fig. 2b). Thus,
laboratory studies on three samples of feldspar
raw materials from the Ural region showed
that it is impossible to obtain conditioned
concentrates using only one flotation method.
Due to the mineralogical features of the studied
samples, to remove iron from mica and feldspar
concentrates, it is necessary to introduce
magnetic separation operations. Significant Fe
reduction may require regrinding the feldspar
concentrate before magnetic separation, or
introducing magnetic enrichment into the
scheme before or after dark color flotation.

flotation contains feldspars and plagioclase.
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MCCNEOOBAHUE BO3MOXXHOCTU NMNOJTYHEHUSA
NMOJIEBOLWUNATOBOIO U CnioaAaAHOro KOHUEHTPATOB U3
NMOJIEBOLUNMATOBOIO CbiPbA YPAJIbCKOIO PETMOHA

bypoakoea E.A."?, bpazun B.JI.>2, Yemanosea H.®.>!, [Inomnukxosea A.A.!

Baxweesa V.M.
'Cnbupckni depepasnbHbin yHUBepcuTeT, Np. CBo6oaHbIN, 79,
660041, KpacHospck, Poccusa
2XXT CO PAH, O6ocobneHHoe nogpasgeneHne OUL, KHL, CO PAH, Akagemropopok, 50 ctp.24,
660036, rKpacHosapck, Poccusa

[MoneBownaToBoOe Chipbe ABMAETCA Bax-
HEMLWMM UCTOYHUKOM OKCUAOB LLESIOYHbIX Me-
TannoB, rMHo3eMa U KpemHesema. [lopagka
90% noneBbix LWNATOB MNOTPE6GNAOT CTEKOSb-
HOe W KepaMmyeckoe MpPOoM3BOACTBO: Kasnune-
Bble MoJieBble LWNaTbl UCMOJIb3YIOTCH B 3/1€KTPO-

KepaMmyeckol, 3MeKTpoLHON, abpa3vBHON W
dapdopo-daaHCOBOM MNPOMbIWIEHHOCTH, O/19
M3roTOB/IEHUS  BbICOKOBOJSIbTHOro  dapdopa;

HaTpuWeBble — B W3rOTOBSIEHUN CTEKJIOBUOHOMO
dapdopa ¥ npousBoacCTBA 3dMasen; CMellaH-
HOe Cblpbe - ONs CTpouTenbHOW kepamuku [1].
MprMeHeHMe NoNeBbIX LUNATOB B KEPAMUYECKOM
MPOMBbILLITEHHOCTU OCHOBaHO Ha MX CMOCOOHOCTM
NAaBUTbCS MPW CPABHUTENIBHO HU3KMX TeMMepa-
Typax ¢ obpa3oBaHMeM CTEKSIOBUAHOW MaTpu-
ubl. B cTekosnbHOM MPOMBILLNEHHOCTU MOJIEBbIE
LwnaTtbl NCNOMNb3YOTCA A1 BBOAA B COCTAB LUMX-
Tbl OKCMAa aatoMUHUSA, MPUCYTCTBME KOTOPOro
ynyyllaet XMMUYECKMe N MexaHU4eckue CBOM-
ctBa ctekna [2]. MpurogHoOCTb Cbipbs ANA TOM
WU UHOW cdepbl MoTpebneHus onpenensercs
nokasaTteneMm, MpencTaBfsioWMM COH6ON OTHO-
LeHMe MacCcoBOW [0/M OKCMAA Kanus K oKCuay
HaTpus, Unu kanuesbin Moayb (Km). Ncxops vs
3TOro, MOSEBOLINATOBOE Chipbe U KOHLLeHTpaTbl
M3 HEro NpMHATO KNaccnMbULMpoBaTb Kak BbICO-
kokanuesble (KM 23), kannesble (KM He MeHee 2),
kanumn-Hatpuesble (KM 6onee 0,9), n HaTpueBble
(KM He HopMupyeTcS).

B Poccuun nnpepamu no 3anacam rnoneso-
wnatoBoro chipbs aBnsetca CeBepo-3anagHbin
®epepanbHbin okpyr (50,7%), Ypanbckuin perm-
oH (31,4%), OanbHeBocTouHbin DepepanbHbIi
okpyr (15,9%) [3]. KauecTBeHHas xapakTepucTu-
Ka ypasibCKOro Cblpbsi 4acToO B Heoboral,eHHOM
BWAE He yOoBreTBOpseT TpeboBaHUAM MpPous-
BOACTB. HampwMep, cbipbe He COOTBEeTCTBYyeT
Mo MexaHWU4YeCcKoM 1 3M1eKTPUYECKON MPOYHOCTH
[OJ19 BbINOJIHEHUS U3,/ N3 TOHKOW KepaMmnku,
WM He OTBeYaeT CBOMCTBAaM 6enn3Hbl AN1s Npo-
n3BoacTea 6oitoBoro dapdopa.

OCHOBHbIMW BPeAHBIMU MPUMECSIMU B MoJsie-
BOLUMATOBbIX KOHLEHTpaTax sBAAOTCS KalbLWT,
rMAPOOKUCIbI Xenesa, 6UoTUT, MNPUT, TYPMasnH,
3rVPWH, HexXenaTteNbHbIM ABASETCA MPUCYTCTBUE

KBapLa, nnarvoknasa, HedpenmHa, cepuumTa, Ka-
onnHuta. lNpakTuka nokasbiBaeT, YTo A5 060-
ralweHma MosieBOLNaToBOro Chbipbsa Haubonee
4aCTO MPUMEHSIOT GIOTALMIO U MArHUTHYIO cena-
pauuvo ANA NonyyYeHUs KOHLEeHTPaToB, COOTBET-
cTByOLWMX TpeboBaHusaM [4, 5, 6, 7].

B rotoBbIXx MoneBOWNATOBbIX KOHLEHTpa-
Tax N[OCTom nnm TY, B 3aBUCMMOCTU OT MapKW,
pernaMeHTMpyeTca copepXaHue OKWCKU Xene-
3a (He Bbiwe 0,2%), okMCKU anmoMUHUA (He Me-
Hee 16%), KpeMHe3eMa, MaccoBas 408 CyMMbl
OKMC0B Kanua u HaTpua (He MeHee 11%), cyMMbl
OKMUC/OB KarnbLMsA 1N MarHus (He 6onee 1%).

B nabopatopHbix YCNOBMAX MNpPOBEOEHbDI
nccnenoBaHuUsa Tpex npob6 pasnuyHoOro Belle-
CTBEHHOrO cocTaBa YpasibCKoro pervoHa. [1poba
1 NnpeacTaBneHa NperMyLLEeCTBEHHO MPaHUTHbI-
MU nermMaTmTamy; npoba 2 — GMoTUT-MyCKOBUTO-
BbIMW FpaHUTamMu; Nnpoba 3 —cMellaHHOe Chipbe.
Llenbto npoBeneHWs wnccnenoBaHu sBAsMach
CpaBHUTENbHAsA OLEeHKa BeLeCTBEHHOro cocTa-
Ba W TEXHONIOrMYECKMX CBOMCTB UCCIELYyEMbIX
npo6. B xofe 3KCMEepPMMEHTOB YCTAHOBJIEHDI
MUHepanbHbIA, XUMUYECKUIM COCTaB UCXOOHbIX
npo6 pyAbl, UccnefoBaHa KMHETUKa U3MeSbye-
HUSA MaTepuana npob, nposefeHbl GrIoTaLMOH-
Hble TeCTbl W TeCTbl MO MarHWTHOW cenapauum
KOHLeHTpaToB droTayum.

OnpepeneHne KUHETUKU M3MESIbYEHUSA W
nocnenyWmx GnoTauMoHHbIX UMCCnefoBaHun
npoBOAMNOCE Ha HaBeckax maccon 1 kr. ®no-
Tauuo BbINOMHAM Ha nabopaTtopHbIX MexaHu-
Yeckmx ¢roToMallimMHax «C OH6beMOM Kamepbl
2n,075n 05n, 025 n, 015 n B 3aBUCUMOCTU
ot onepauun. CoaepxaHue TBEpAOro B kKamepe
coctaBnano ~ 30 %. PeareHTbl nogasanv B Buae
pPacTBOPOB KOHLUeHTpauwveln: 5 % ona coabl; 4%
pacTBoOp Tasnara HaTpus;, PacTBOP XWAKOrO
ctekna v peareHta «®noH-1» — 1%; cepHas kuc-
nota — 5% pactBop, AN3eNbHOE TOMIMBO — B Ka-
nefbHOM BMAE, MNIABMKOBAS KMCIOTA — KOHLLEH-
TPUPOBAHHbIV PacTBoOp.

®notaumio  OCYLLECTBASIM B OTKPbITOM
LMK/Ie MO CXeMe MPsSIMON cenekTuBHOW droTa-
LMW Ha KPYMHOCTU B nuTaHuu onepaummn 45%
knacca muHyc 0,074 MM, C npepBapuUTesibHbIM
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obecwnamnmeaHmem no knaccy -0,044 mm. B
nepBoM umMkie $aoTaumMm ocyLLecTBAAI0Ch Bbl-
heneHve TEMHOLBETHbBIX MUHEPA/IOB, BO BTOPOM
— ¢dnotauus cnaaHbIX MUHEPAarioB M3 XBOCTOB
npeaLecTBYOLLEro LMKIa, Aasee nosyyanum no-
JIEBOLLUMATOBbIN KOHLLEHTPAT M3 XBOCTOB C/tOAS -
HoM dnotaumm. MarHMTHytO cenapaumio Ha Bbl-
COKOrpaZiMeHTHOM cenapaTope OCYLLEeCTBASIN
B OOHY OMepauMmio C Lefblo Nepednctkm none-
BOLUMATOBOIrO KOHLUEHTPAaTa U CHUXEHUS B HEM
MaCCOBOW [0/ OKUCIIOB Xene3a.

Kak oT ucxogHoro maTtepuana, Tak M oT
NpPoaYyKTOB oboraleHnsa b1 oTobpaHbl Mpo-
6bl 09 onpefeneHns XMMMUYeckoro CocTaBa, a
Takxe O/15 BbIMOMHEHUS MONYKOMYECTBEHHOIO
peHTreHodasosoro aHanusa (P®A). B nponyk-
Tax oboraluleHns KOHTPOIMPOBASIM OCHOBHbIE
LeHHble koMnoHeHTbl (K;O, Na,O, ALLOs) n Bpea-
Hble npumecu (Fe,03 SiO, CaO, MgO). Nomumo
3TOro KOHUEHTpaTbl GnoTaumm msydyanu MeTo-
0aMU 371EKTPOHHOM MUKPOCKOMUN.

Mo maHHBIM XMMUYECKUX aHanM30B ycTa-
HOBJIEHO CrieaytoLlee:

* npoba 1 cogepxut, %: AlbOsz - 14,18 FeyOs3 -
1,33 NayO - 3,76, KO - 4,45, SiO, -72,25 CaO
- 0,59, MgO - 0,08;

* npoba 2 xapakTepulyeTcs CrefyloulmMm co-
AepxaHnem onpenenaemMblx KOMMOHEHTOB,

%: Al,Os -14,37, Fe,Os -177, Na,O - 3,61,
K,O - 4,62, SiO, - 7178, CaO - 0,85,
MgO - 0,14;

* B npobe 3 m™MaccoBas [0S KOMMOHEHTOB
coctaenset, %: AlLOsz -1456 Fe,O3 - 1,59
Na,O - 4,11, K;0 - 4,23, SiO,-72,71 Ca0O-0,73,
MgO - O,11.

Mcxons m3 BennYMHbl KanMeBoro Moayss,

BCE TPU O6BEKTA UCCIEAOBAHUSA MOXHO OTHe-

CTU K KasiMeBO-HATPUEBOMY TUMy MosieBollna-

ToBbIX pyA. [pobbl xapakTepusyTcs MOBbI-

LWEHHbIM COOEepXaHMEeM OKCUOOB Xenesa, 4YTo

MOXeT MOBMUATb Ha MOJlyYeHWe BblCOKOKaye-

CTBEHHbIX KOHUeHTpaToB. OCHOBHbIMW MUHE-

panamu uccnepyembix Npod SBASKOTCS KBaplL,

MoseBble LWUMaTbl, NMPencTaBeHHbIe KanneBbiMn

MONEBbIMW LUIMNATaMU N KUCIBbIMW Mnarvokniasa-

MU — asIbBUTOM U OJIMIOKIA30M, U CIIOAbI, KOTO-

pble NMpencTaBnieHbl ABYMS rpynnamMmy — MycKo-

BUTa-peHrnta n cugepodunnuta-Fe-6umuotmta.

MWHeparibHbIM COCTaB BCEX Tpex Mpob CXOX,

HO npoba 3 xapakTepusyeTcs HEeCKONbKO Mo-

BbILUEHHbIM COLAEPXaHWMEM MOMIEBbIX LINATOB

(anbbuTta) N NOHMXEHHbIM — cntog,. Mpobbl 1 ur 2

Mo MUHEpPasbHOMY COCTaBY, MPAaKTUYECKU NOEH-

TUYHbI.

PacnpeneneHve snemMeHTOB Mo Kjhaccam

KPYMHOCTU OOHOPOOHOE, 3a MCKITIIOYEHMEM pac-

npeneneHus xenesa U MarHus. OTW 3/1€MEHThI
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CBA3aHbl B COCTaBe MMHepasibHblx das, npeano-
NOXUTENIbHO BMOTUTE U CUOEPUTE, CMOCOBHbIX
KOHLLEHTPMPOBATbCA B  Kjaccax KpPYrnHOCTbIO
0,2-0,3 MM 1 wname -0,044 mm. MNMepexos B Wwia-
MOBYIO dpakumio 6onee BbipaxeH A9 MoneBbix
WwnaTtoB w1 cnog, (LWenodn, okeua, Kanblms, rim-
HO3eM), B MeHbluel cTeneHwW Oss keBapua. M3
Tpex Npob, Nnpoba NermMaTMToB Bosiee CKIOHHA K
wnaMoobpasoBaHmio.

Mpouecc droTaumm NoNeBoLLNaToBOro Chi-
pbsa BenM L0 UCTOWEHWUA MeHbl, CYLLeCTBEHHbIX
pPasnnUYMn B MPOLO/IXUTENBHOCTU droTaumm no
onepaunaM Mexnay uccaenyemMbiMm npobamm
OTMEYeHO He BblS10. DKCMePUMEHTasIbHbIM Ob6pa-
30M YCTAHOBJIEH PAcXof, coAbl B TEMHOLBETHOM
dnotaumm — 250 r/T, 4OCTATOYHbINM AN co3aa-
Hua pH=8-8.5. Pacxop pgusenbHoro Ttonavea
coctaBun ~ 40 r/1. Pacxon cepHon KUCIOThl B
onepaunmn cnrogsHon ¢notaymm coctasun 1250
r/T. Pacxon nnaBWKOBOWM KWCOThbI B onepaumm
nonesotlunaToson ¢pnotaumm ~ 1000 r/T.

MpenBapuTenbHoe obeclunamMnmsaHue
npo6bl 1 «B ronoBe» TeXHOMOrMYeCckon CXeMbl
MO3BONAET MepeBecTn B Wambl (B KPYMHOCTU
MuHyc 0,041 MM) 6onee yem 43% okcKOoB Xxene-
3@, OAHOBPEMEHHO C 3TWM, B LWNaMbl nepexoguT
3HAYUTENIbHAA YacTb MOJE3HbIX KOMMOHEHTOB
— 10 30 % Na,O, po 31,5% K,O, nopsaka 31,54%
AlLOs. OgHako oNns gaHHoOM Npobbl gelnamMaums
Hanbonee apdpekTUBHA: NMPU OOUHAKOBBIX MOoTe-
pax NayO, K;0, Al,Osz, n3 matepumanoB npobbl 2
M 3 B WamMbl nepexoguT Tonbko 26,15% n 29,6%
Fe,Oz cooTBeTCTBEHHO.

YoaneHue  TEeMHOUBETHbIX  MWHepasioB
droTaumen no3BOMISET MNepeBecTM B MEeHHbIN
MPOAYKT 3HAUYUTENbHYIO 4YacTb OKCMOOB Xese-
3a: n3 Npobbl 1 o 28,09 % npu BbIXOAE MNEHHO-
ro npoaykta 5,69%; n3 npobol 2 — no 45,59 % B
NPOoAYKT ¢ BbIxoaoM 18,5 %; n3 npobul 3 — oo 52,4
% B MeHHbIN NpoAyKT npu Bbixoge ero 13,46%.
Haunbonblwee naeneyerme Al,O3z, Na,O n K,O B
KOHLLeHTpAaT nonesolwnaroBon ¢notaumm [o-
CTUFHYTO An8 Npobbl 1 — 42,16%, 46,9 n 41% co-
OTBETCTBEHHO.

Mpu nepepaboTke MOJEBOLINATOBOIO Cbl-
pbs MpeacTaBnsgeT MHTepec AO0MNOoJSIHUTEbHOe
nosyyYeHue KOHLEeHTpaTa ciogbl (MycKOBUTA).
MyCKOBWUT HAXoOuT NPUMEHEeHMe B NPOMBbILLNIEH-
HOCTM, UCXOOSA M3 BbICOKUX TEMO- U 3MEeKTPO-
M3OMALUMOHHBbIX CBOMCTB, @ TakXe LEHUTCH 3a
BeCbMa COBEpPLUEHHYI CMamHOCTb M Mpo3pad-
HOCTb. MesikopasmepHyto cogy oborauwatoT
MeToAOM drioTaumuy, NO3TOMY Le1ecoobpasHbIM
npencTaB/seTcas OPUEHTUPOBATbCA Ha Tpebo-
BaHUSA, NpeabaBnaeMble K MOMOTOMY TUMY CIIO-
obl. Tak, HanpuMmep, NpoaykT 6yaeT COOTBET-
cTBoBaTtb Mapke CM3-315 npu copepxaHumn, %:
SiO; —(44+50), ALOs — (32+40), Fe,03 = 5%,
MgO = 2, KO = 8, otmesnbHble TpeboBaHUs
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PucyHok 1 — nekTpoHHble poTorpacdum NnpoaykToB oboraleHns npodol 1:
a) MarHuTHas ¢pakums, MosyHYeHHOM NMpm NepeymncTke NosIeBOLNaTOBOro KOHLEHTPAaTa;
6, B) MEHHbIN NPOAYKT TEMHOLBETHOM drioTaumm

npegbasnaoTca kK cogepxanuio P,Os (o O,1%),
SOz (takxe po O,1%) [onwn Bnarun B KOHLEHTPa-
Te U KpynHocTu. [poBeneHHble GrOTALMOHHbIE
TeCTbl He obecrneynnn OXMOaeMbix pesynbra-
TOB: BbIXO[, C/IOAAHOIO KOHLEHTpaTa ass Bcex
MCMbITaHHbIX MPO6 OblN1 HE3HAYNTEbHbIM, Bbille
pPaccMOTPEHHbIM TPE6OBAHUAM HU OAMH U3 KOH-
LLeHTPaTOB C/IIOAbl HE COOTBETCTBYET.

B pesynbrate wnccnenoBaHU MarHUTHBIM
MeToAOM oboralleHusa 6bi10 onpenesieHo, YTo
BbIXOA, MarHWTHOM dpakumu npu cenapaymm
NMONEBOLUNMATOBOrO KOHLLEHTpaTa BapbupyeT B
npegenax ot 2 0o 12,7% B 3aBUCMMOCTU OT NpPO-
6bl. MpuMeHUTENnbHO K Npobam 1 (MurMatuTbl) U
3 (cMelwaHHoe Cbipbe) YyCTaAHOB/IEHO, YTO Mar-
HUTHas cenapauns He MO3BOJISeT CyLLeCTBEH-
HO CHU3WNTb copepxaHune Fe,Oz B HEMarHUTHOM
npoayKTe: Mo CPaBHEHWIO C MCXOAHbBIM COAep-
XaHueM B nosieBoLlunatoBoM KoHueHtpate 0,4%
(npoba 1) MaccoBasa 0,019 OKUCIOB Xene3a CHU-
3unacb go 0,39%; Bo BTopom cnydae — ¢ 0,34 oo
0,29% (npoba 3).

Ha npobe 2 (rpaHuTbl) 4OCTUTHYTO Cylle-
CTBEHHOE CHWXEHWE OKCWAOB Xesiesa B nose-
BOLIMNATOBOM KOHLEHTpAaTe Mocsie MarHWTHOM
cenapaumy, ofHaKoO TOXe MOBbILWEHO OTHOCW-
TerlbHO TpeboBaHWUM K FOTOBbIM KOHLEHTpaTam
(c 117 po 0,25% npwu Hopme 0,2% no Fe,O3).

CntogsHble KOHLLEHTPaTbl, MOSyYeHHbIE U3
Npo6bl NerMaTmuTa, CyLeCcTBEHHO 6efHee OKCU-
[aMU xenesa, YeM MoJslyHYeHHble M3 CMeLlaHHOM
Npo6bl U Npobbl rpanHnToB (1,37 % npoTtue 4,08%
n 8,06% cooTBeTCTBEHHO). [TPOMNPOAYKTbI CIIO-
OSHOMO LMKia nerMaTmTa Takxe obefHeHbl Xe-
ne30M. DTO TakXe CBA3aHO C OCOBEHHOCTAMMU
MUHepanbHbIXx GOPM Xenesa B nermMatmre: pac-
KPbITble CUOEPUT U rPpaHaT JIerko M3BekatTcs
B TeMHoLBeTHOM dnotaumn. B 1o Xxe Bpems, B
cMellaHHoOM npobe u npobe rpaHuToB, GUOTUT
N XNIOPUT YaACTNUYHO MPOXOANAT B COOAHON LMK
n oborallatoT XefiesoM ero npoMnpoayKTbl U
CIMOAAHOM KOHLLeHTpAT.

PucyHok 2 — 32nekTpoHHble ¢oTorpa-
dun NpoayKTOB oboraleHns Npobbl 2:
a) MarHutHas ¢pakums, Mosy4YeHHOM
npu nepevymcTke MOJIEBOLUNATOBOrO
KOHLLeHTpaTa;
6) neHHbIn
dnotaumm

npPoAyKT TeMHOLBETHOM
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MuHepasnbHbI COCTAB MOMIEBOLINATOBbIX
KOHLEHTPATOB MpeAcTaBfieH HemnocpencTBeH-
HO MOJIEBbLIM LUMATOM, MNArvoKIa3oM, KBapLLEeM
M CPOCTKaMW MX Mexay cobow (penko - ¢ asb-
61TOM B Npobe rpaHUTOB), YTO XapakTepHo Ass
BCEX UCCefyeMbIX Mpob.

AHanm3 pe3ynbTaToB TEXHOMOMMYECKMX UC-
CNefoBaHNM 1N 3NEKTPOHHO MMKPOCKOMUYECKoe
M3yyeHue NpoAyKTOB oboralleHus nokasanu,
UYTO BELLECTBEHHbIM COCTAaB M3Yy4YeHHbIX MNpob
MMeeT OTNINUYMSA B COCTaBE Xesie30CoAepXKallmx
$a3s: B npobe 1 oHU NpefcTaBnEHbl CUAEPUTOM U
rpaHaTtoMm, B Npobe 2 3T MuHepasbl NOMHOCTbIO
OTCYTCTBYIOT, OCHOBHblEe Xefnesocogepxaline
daszbl — 6MOTUT U xnopuT. MNpu dnotaumm Npoboi
1 BbIXxOL, TEMHOLBETHOIO NPOAYKTa CYLLEeCTBEH-
HO CHWXeEH 1 coctaensaeT 5,7% npotmne 18,5 % ons
npo6bl 2 1 13,46 % onsa npobobl 3.

B MarHuTHOM npopykTe npobbl 1 (nurma-
TUTbI) Kanunesble nonesble wnatbl (KMLW) npea-
CcTaB/ieHbl Kak B CBO604HOM BUAE, TaK U B CPOCT-
kax ¢ nnarmoknasom (Pl) c cupeputom (Cd) (puc.
1a). KpynHOCTb 3epeH MoneBbiX LWNaToB B KOH-
ueHTpate konebnetca ot 50 go 150 (200) mMkm.

B coctaB neHHoro npopykTta TeMHOLBET-
HOM dnoTaumy NMOMMMO CPOCTKOB cuAepuTa C
KanvesbiM MnoneBbiM wWnatoMm mn kBapuem (Qt),
BXoasaT myckosuT (Ms), rpaHat (Grt), nnarnoknas
(PL), xBapy, (Qt) (pwnc.1 6). EauHmyHO B npoaykTe
TeMHOLBETHON drioTauum oBHaPYXeHbl ypaHu-
HUTbI (Ur), KpYNMHOCTb 3epeH KOTOopbIX JoCTUraeT
40-60 MkM (puc.l B).

B ™MarHutHOM dpakummn npobbl 2 (rpa-
HUTbI) Haps4y C MOMEBbIMU LWINATaMU MPUCYT-
CTBYIOT KBaplLi, Naarnoknas, MuHepasnsl Cragbl.
MoneBble WNaTbl NpeAcTaBfeHbl Kak cBO6OA-
HbIMW YacTULAMU, TaK U B CPOCTKAX C KBAPLLEM

nnarvoknasom. Cntogbl npencTaeneHbl OByMs
rpynnaMm — myckoButa-deHrmta n cngepodus-
nuta-Fe-6unotnta, npeobnagaer, B OCHOBHOM,
BTOpasa rpynna. KpynHocTb cBO6OOHbIX YacTuL,
6uoTtmuTa pocturaet 500 mMkM. MyckoBUT BCTpe-
yaeTcsa B CpocTKax C KBapuem. B MarHumtHom
npoaykTe Npobbl 2 0TMeYaeTCa Hamume akLec-
COPHbIX MUHepasoB — MoHaumTa (Mn), umMpkoHa
(Zr), KoTopble HAXOAATCS B CPOCTKAX C KBapLeM,
6unotntoM (Bt) (puc. 2 a). KpynHocTb 3epeH Mo-
HauwuTa, uMpkoHa He npesBbiwaeT 10-15 MkM, B
OCHOBHOM pasMep 4actul, 3-5 MKM.

B neHHOM npopykTe TeMHouBeTHOM ¢no-
TaumMm NPUCYTCTBYIOT MOJSEBble WnaThbl, NMaarno-
knas. CniogaHas MUHepanbHas cocTaBisaoWwas
npeacTaB/eHa, B OCHOBHOM, GUMOTUTOM, KpYyr-
HOCTb YacTuL, Bapbupyetcs ot 50 go 150 mkm. N3
aKLLeCCOPHbIX MMHEpPasioB B XBOCTax droTaumm
obHapyxeH anatut (Ap), eAnHNYHO OTMevaeTcs
XnopwuT (puc. 26).

Takmm obpasoM, nabopaTtopHble uccie-
0OBaHWA Ha Tpex npobax MofeBoLwwnaToBoro
CbipbsA YpasbCKOro permoHa rnokasasm, 4YTo rno-
NyYeHne KOHOAMLUMOHHbBIX KOHLLEHTPATOB HEBO3-
MOXHO TOJIbKO OAHMM GNOTALMOHHBIM METOLOM.
B cuny MmHepanormyeckmx ocobeHHOCTEN U3-
y4YeHHbIX Npo6, ANA yaaneHusa xenesa U3 Cio-
OSHOrO WM MOJIEBOLWUNATOBOrO KOHLUEHTPATOB,
Heob6Xo4MMO BBeLEeHMe ornepaurin MarHUTHOM
cenapaumnmn. CyliecTBEHHOE CHUWXeHUMe copep-
XaHua Fe, BO3MOXHO, noTpebyeT Aou3Mesb-
YeHMa MOMEeBOLNATOBOro KOHUEeHTpaTa nepeq
MarHWTHOW cenapaumen, nMbéo BBeOEHUS Mar-
HUTHOrO oboraluleHns B CXeMy OO0 WKW rnocse
TeMHOLBETHOW dnoTaLmm.
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DEVELOPMENT OF NEW FLOTOREAGENTS BASED ON
DIALKYLDITHIOPHOSPHATES

Kizyaev D.A., Prokopyev 1.V.2, Naftal M.N.!, Fedotova Ya.Yu'., Bragin V.I.3
1JSC “NPP Kvalitet”, Lyubertsy, Russia
2FSAEI HE “North-Eastern Federal University”, Yakutsk, Russia
3 FSAEI HE “Siberian Federal University”, Krasnoyarsk, Russia

Potassium butyl xanthate is the main
collecting agent at most gold recovery plants
in Russia, which does not provide maximum
efficiency inthe flotation of gold-bearing sulfides
in all cases. Therefore, in order to intensify
the process and improve the technological
parameters of the flotation ores’ concentration
in practice, the synergistic effect from the use
of a combination of a weak and strong collector
of the same class including xanthates with
dithiophosphates is widely applied. It should be
noted that most mining enterprises use foreign-
made dialkyl dithiophosphate class reagents.
Taking into account sanctions restrictions on
the purchase and supply of imported flotation
reagents, the research of new flotation reagents’
development based on dialkyl dithiophosphates
seems to be relevant.

The studied reagent was synthesized on
the basis of dialkyldithiophosphates with the
addition of ethoxylated compounds.

Some relevant studies of new reagent-

laboratory conditions on the current pulps of
the operating concentrator processing one of
the gold deposits of the Central Kolyma gold ore
region. The studied ore is represented by gold-
quartz low-sulfide type: breccias with siltstone
fragments cemented by sericite-ankerite-
quartz-albite aggregate. The amount of sulfides
in ores does not exceed 1%. The main gold-
bearing sulfides are pyrite and arsenopyrite in
the form of disseminations and intergrowths of
grains in host rocks, quartz-carbonate cement,
and vein quartz. The average gold grade in
the ore is 3 g/t, most of the precious metal is
represented by native gold of microscopic
dimensions (peak fineness 0.075 mm).
Accumulative samples were taken from the
main flotation feed (hydrocyclone discharge)
for flotation experiments. Flotation was carried
out according to a test one-stage scheme
of an operating enterprise on a Denver D-12
laboratory flotation machine with a chamber
volume of 2 liters. Reagent mode: copper

collector’ effectiveness were carried out in sulfate - 45 g/t, starch - 250 g/t, potassium
Table 1 — Flotation experiments’results
Share of Content Recovery, % E=e-y, %
new re- Product Yield, %
agent, % Au,r/T Corg, % Au Corg Au Corg
Froth 2,66 13,69 0,83 66,64 3,55
0 Flotation tail 97,34 0,19 0,61 33,36 96,45 63,98 0,89
Feedstock 100,00 0,55 0,62 100,00 100,00
Froth 3,15 12,80 0,68 73,69 3,46
10 Flotation tail 96,85 0,15 0,62 26,31 96,54 70,54 0,31
Feedstock 100,00 0,55 0,62 100,00 100,00
Froth 2,98 15,23 0,80 82,89 3,84
20 Flotation tail 97,02 0,10 0,61 7n 96,16 7992 0,87
Feedstock 100,00 0,55 0,62 100,00 100,00
Froth 2,96 12,90 0,71 69,87 3,39
30 Flotation tail 97,04 0,17 0,62 30,13 96,61 66,91 0,43
Feedstock 100,00 0,55 0,62 100,00 100,00
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butyl xanthate - 250 g/t, MIBC - 60 g/t. The
duration of foam removal was 12 minutes.

The investigated reagent was used in the
process of flotation enrichment as an additional
reagent-collector to the main collector -
butyl potassium xanthate, while the total
consumption of collectors was taken as the
base consumption of bytil xanthate: 250 g/t.
The following proportions of the new reagent
were studied: 10, 20 and 30% of the total
consumption. The flotation experiments’ results
are presented in table 1 and figures 1, 2.

The results show that new reagent usage
as an additional collector to the main one,
potassium butyl xanthate, provides a stable
increase in gold recovery into concentrate:
the increase in the proportion of the studied
reagent from O to 30% leads to the increase in
recovery from 66.64 to 69.87%, and enrichment
efficiency criterion from 63.98 to 66.91%. The
yield of froth and the recovery of organic carbon
into the concentrate practically do not change
and comprise 2.9% and 3.56%, respectively.

The maximum values of recovery and
efficiency criterion of gold enrichment were
obtained with a share of the studied reagent
of 20% and amounted to 82.89 and 79.92%,
respectively, which is 16.25% and 15.94% more
than in the base experiment. The increase in the
quality of the concentrate from 13.69 to 15.23
g/t is observed with a given proportion of the
new reagent.

The obtained results of flotation
experiments on current pulps of an operating
enterprise indicate the effectiveness of a
new reagent synthesized on the basis of
dialkyldithiophosphates with a mixture of
various ethoxylated compounds in gold
flotation from low-sulfide gold-quartz ores.
Further increase in the effectiveness of the
proposed reagent is possible by selecting
the optimal proportion of added ethoxylated
compounds.
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PASPABOTKA HOBbIX ®JIOTOPEAFEHTOB HA OCHOBE
ANANTKUNOUTUODOCDHATOB

Kusses JI.A.L, IIpoxonves V.B.2, Haggpmanv M.H.!,Pedomosa A.10.!, bpazun B.J.3
TOO0O0 «HMM Keanutety, r. Jllobepubl, Poccmsa
2 OrAQY BO «CeBepo-BocTouHbit denepanbHbit yHUBEpCUTET, I. FAKyTCK, Poccua
3 OrAQY BO «Cubupckuin GepepanbHblt YHUBepcuTeT», I KpacHospck, Poccus

OCHOBHbIM peareHToM-cobupaTenemM Ha
60/bLWNHCTBE 30/10TOM3BNEKATENbHbIX dadpu-
kax Poccum aBnsetcs 6yTUMOBLIM KCAHTOreHaT
Kanusa, KOTopbli He BO BCex cydaax obecne-
yMBaeT MakcuMasbHyl 3P eKTUBHOCTL Mpu
dnotaumMm  30M0TOCOOEPXKALLMNX  CyNbdUAOB.
Mo3TOMy C Uenbio MHTEHCUIUMKALMKM MpoLlecca
M YNy4dWEeHUs TEXHONOrMYeckmMx nokKasaTesemn
dnoTtauMoHHOro oboralweHus pyQ, Ha npak-
TUKE, LUMPOKO MUCMOMb3yeTCa CUHepreTudeckumn
3bdeKkT OT NMPUMEHEHUS CoYeTaHUs Crnaboro u
CUNIbHOro cobupaTena ogHOro M Toro xe Kaac-
ca, B TOM 4ucC/le KCaHToreHaToB C AuTuodoc-

datamn. BonbWKMHCTBO  ropHOJ06bIBAIOLLMX
npeanpuaTUA  UCMOJb3YIOT peareHTbl Kiacca
anankunontnodocdartos  3apybexHoro npo-

mn3soactea. C YY4E€TOM CaHKUMOHHbIX OrpaHun4ye-

HUN Ha NpUOBpPETEHME U MOCTABKY MMMOPTHbIX
dNoTaLMOHHBIX peareHToB, UCCIeAOBaHUS MO
pa3spaboTke HOBbIX (GNOTALMOHHbBIX PeareHToB
Ha OCHOBe AuankungutmocdochatoB ABNAOTCH
aKTyanbHbIMU.

Mccnepyemblil peareHT CUMHTE3MpPOBaH Ha
ocHoBe guankungutrnocdocdaToB ¢ LobaBNEHN-
€M OKCUBTUSIMPOBAHHbIX COEQUHEHWNN.

NccnepoBaHusa no maydeHuto sdodekTuB-
HOCTW HOBOrO peareHTa-cobupaTens MnpoBO-
OUNNCb B NaBOpaToOpHbIX YCIOBUAX HA TEKYLLMX
nynbnax pencTeylowen oboratutenibHon da-
6puKkKM, NepepabaTtbiBatoLLLEN OOHY M3 30/0TO-
pyOHbIX MecTopoxaeHun LleHTpanbHo-KonbiM-
CKOro 3of0TopyaHoro pamnoHa. Mccnepyemas
pyoa npencraBfieHa 30510TOKBapLEBbIM Maso-
cynbdUOHbIM TUMOM: BPEKYUAMN C OBIOMKaA-

Ta6nuua 1 — PesynbTartbl ¢pyIOTALLMOHHBIX OMbITOB

ons HOBOEO Apoaykr Bbixo, ConepxaHue N3eneveHue, % E=e-y, %

pearenTa, % % Au, r/t Copr, % Au Copr. Au Copr.
n”sgg;:(ﬁ 266 1369 083 6664 355

0 Knagggy”g"' 9734 0,19 0,61 33,36 96,45 6398 0,89
cxonHoe 10000 055 062 100,00 100,00
n”gg;‘;:(‘{'r 3,15 12,80 068 7369 3,46

10 Kgggg;g“ 96,85 0,15 0,62 26,31 96,54 70,54 0,31
V'ncm"%%%e 100,00 0,55 0,62 100,00 100,00
n”ggg;ﬂ 298 1523 080 8289 384

20 Knagggy”g"' 97,02 0,10 0,61 17N 96,16 7992 0,87
VcxonHoe 10000 055 062 100,00 100,00
r'_l'gg'g;:('{'r 2,96 12,90 0,71 69,87 3,39

30 Kgggg;g"‘ 97,04 0,17 0,62 30,13 96,61 66,91 0,43
V‘HCMX%%%Q 100,00 0,55 0,62 100,00 100,00
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PucyHok 2 — 3aBUcKMMOCTb KpuTepus 3ddekTUBHOCTM oboralleHus 3010Ta OT A0/IM HOBOIrO peareHTa

D¢ dexTuBHOCTH OOOTamEeHus Au, %
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MU aneBpoOsINTOB, CLLEMEHTUPOBAHHBIMU CepU-
LMT-aHKEPUT-KBAPL,-a/IbOUTOBBIM  arperaTom.
KonnyectBo cynbduaoB B pyaax He npeBbllLaeT
1 %. OCHOBHbIMW 30/10TOHOCHbLIMWU CyrbdUaaAMU
ABNAITCA MUPUT U APCEHOMUPUT B BUAE BKpa-
NIeHHOCTEN W CpacTaHUM 3epeH BO BMeLLato-
LWKMX Mopofax, KBapL,-KapboHATHOM LIEMEHTE r
B XunbHOM kBapue. CpenHee copepxaHue 30-
noTa B pyae coctasnsier 3 r/T, 6onblias 4acTb
6naropofHOro MeTassia npenctaBsieHa camo-
pPOOHbBIM 30/10TOM MUKPOCKOMUYECKOM pasMep-
HocTu (Nuk kpynHocTu 0,075 Mm).

Onsa énotaumoHHbIX OMbITOB OT6Upanmnch
HakonuTenbHble NPOo6bl U3 MUTAHUS OCHOBHOMN
dnotaumm (cnue rugpoumkaoHos). ®dnotauus
NpoBOAMMACE MO TECTOBOW OOHOCTAAMAIbHOMN
cxemMe [OeNCTBYOWero npeanpusatus Ha nabo-
paTopHon ¢notaumoHHom mMawmHe Denver D-12
C 06beMOM KaMepbl 2 1. PeareHTHbIM pexunMm:
MeaHbI kynopoc — 45 r/1, kpaxman — 250 r/T,
6yTUNoBbIN KcaHToreHaT kanua — 250 r/1, MIBC
— 60 r/1. MpoOoNXNTENBHOCTb CbeMa MeHbl Co-
cTaBumia 12 MUHYT.

Nccnepyembivt peareHT B npouecce ¢pnota-
LIMOHHOIO O60ralleHns NMPUMEHSIN B KadyecTBe
OOMOMHUTENIbHOIO peareHTa-cobupartens K oc-
HOBHOMY cobupaTtento — 6yTUIOBOMY KCaHTO-
reHaTy Kasaus, Mpur 3TOM 3a CYyMMAapHbIN PACXOL,
KOMNeKTOpPOB NPUHAT 6a3oBbin pacxod bKK: 250
r/T. U3yyanucb cnegyroume OoSM HOBOro pea-
reHTa: 10, 20 n 30 % OT CyMMapHOro pacxoa.
Pe3synbTaTbl GIOTALMOHHbBIX OMbITOB NpencTaB-
neHbl B Tabnuue 1 mn Ha pucyHkax 1, 2.

Kak BMOHO M3 pe3ynbTatoB, MpuMeHeHue
HOBOrO peareHTa B KA4eCTBe OOMONHUTEbHOMO
cobupaTenst K OCHOBHOMY — 6YyTUIOBOMY KCaH-
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TOoreHaTty Kkanms obecrneymBaeT CTabWUIIbHbIN
MPUPOCT U3BMIEYEHUA 30/0Ta B KOHLLEHTpAT:
yBeSiMdeHne LoNnu nccrenyemoro pearedta ¢ O
0o 30 % nprBOAUT K MOBbLILLIEHUIO N3BMIEYEHUS C
66,64 no 69,87 %, a Kputepu 3pPeKTUBHOCTH
oboraueHmna ¢ 63,98 go 66,91 %. Bbixon neH-
HOro Mpoaykrta M M3BMeYeHme opraHmMyeckoro
yrnepoga B KOHUEHTPAT NpakTudyeckn He naMe-
HAKOTCA W, B cpenHeM, coctaensatoT 2,9 % 1 3,56 %
COOTBETCTBEHHO.

MakcuMarnbHble 3HAYeHWUs W3BMEYEHUA U
Kputepusa 3dPekTUBHOCTM oboralleHmns 3o0n0Ta
rMofnlydeHbl Mpu Aosie UCCNedyeMoro peareHTta
20 % wn coctaBnawT 82,89 n 79,92 % cooteBeT-
CTBEHHO, 4TO Ha 16,25 % n 15,94 % 6onblie, yeM
npu 6azoBom onbiTe. [1pn gaHHOM fone HOBOro
peareHTa HabnogaeTcs MoBbllleHMe KadecTBa
KoHueHTpaTa ¢ 13,69 no 15,23 r/7.

MonydeHHble pe3ynbTatbl GAOTALMOHHbBIX
OMbITOB Ha TeKyWMX Mynbnax OeNCTBYHOLEro
npenonpusaTns CBUOETENbCTBYOT 06 3ddekTmB-
HOCTM HOBOrO peareHTa, CUHTE3UPOBAHHOIO
Ha oCHOBe guankunguTnodocdaToB CoO CMeChbio
Pa3INYHBIX OKCUITUIMPOBAHHbLIX COeaANHEHUN,
npu ¢noTtaumm 3onota M3 ManocylbdUaHbIX
30M10TOKBapLEeBbIX pya. [anbHeKwee noBbl-
weHne 30PeKTMBHOCTM MpealaraeMoro pea-
reHTa BO3MOXHO 3a c4yeT nogbopa onTumasib-
HOM 401 L06aBNAEMbIX OKCU3ITUIMPOBAHHbBIX
coegUHEeHUN.



TREATMENT OF COPPER-NICKEL BULK CONCENTRATE PRIOR
TO SELECTIVE SEPARATION

Lesnikova L.S., Datsiev M.S., Chikildin D.E., Likhachyova T.A.
PJSC “MMS “NORILSK NICKEL’, Polar Division, Norilsk, Russia

Talnakh Concentrator processes the blend
of high-grade and cupriferous ores of Talnakhs-
koye and Oktyabrskoye deposits preliminary
separating gangue and producing bulk cop-
per-nickel sulphide concentrate. Bulk concen-
trate undergoes staged separation: selective
separation circuit produces high Cu product to
obtain Cu concentrate as well as tailings to be
further processed into nickel-pyrrhotite con-
centrate and low-nickel pyrrhotite product,
which is dumped after the additional benefici-
ation circuit.

Preparation of copper-nickel bulk con-
centrate for selective separation is crucial in
terms of qualitative and quantitative parame-
ters of the final products (the concentrates). To
ensure the effective separation of copper and
nickel minerals it is necessary to remove the
collector from the particle surface by means of
either energy-intensive “steaming” process or
significant consumptions of expensive stripping
agents, depressants, etc. Therefore, it is urgent
to develop new, less costly treatment for cop-
per-nickel concentrate.

Currently bulk copper-nickel concentrate
is treated with sodium sulphide followed by
sorption of stripped butyl xanthate collector
from the liquid phase with activated carbon.
High consumption of sodium sulphide and acti-
vated carbon makes this method rather expen-
sive. With the Concentrator annual throughput
over 10 Mt, delivery of required amount of men-
tioned consumables becomes a logistic chal-
lenge.

The research by the Laboratory of Produc-
tion Engineering Support Center showed that
sulphuric acid treatment of copper-nickel con-
centrate is effective and promotes destruction
of the xanthate layer on the mineral surface.
Moreover, downstream consumption of the ac-
tivated carbon is significantly reduced. Addi-
tionally, it is possible to add sodium bisulfite
modifier to enhance depression of nickel and
iron minerals during the second stage of selec-
tive separation.

The proposed reagent scheme was tested
at the Concentrator’s mini pilot plant. In-house
sulphuric acid generated during metallurgical
off-gas treatment at the Polar Division of No-
rilsk Nickel was utilized for the pilot tests. Pilot
tests showed effective separation of bulk con-
centrate after replacement of sodium sulphide
with sulfuric acid in stripping process with a
slightly higher selectivity index in a copper
circuit (170,8% avg.) compared to basic value
(163,13%).

Currently, full-scale test are being sched-
uled at Talnakh Concentrator with the arrange-
ments are being made to ensure safety during
works with acidic substance.
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noaroToBKA KOJUJIEKTUBHOIO MEAHO-HUKEJIEBOIO
KOHLUEHTPATA NMEPEA UMKJTOM CEJIEKTUBHOI'O PA3OEJIEHUA

Jlechuxosa J1.C., [lauues M.C., Yuxunvoun /I.E., Tuxauesa T.A.

30 MAO «I'™MK «Hopunbckuin Hukenb, r. Hopunbck, Poccus

TanHaxckas  oboratutenbHaa  $abpu-
ka (TOD) nepepabaTtbiBaeT WWUXTY 6GoraTbix u
MeoucTbix pyd TanHaxckoro m OKTsbpbckoro
MECTOPOXAEHUN MO TEXHONOrMU C mnpeaBapu-
TesbHbIM OTAENIeHMeM MyCcTOW Mopodbl U Mo-
NIy4YEHUEM KONMEKTUBHOIO CyNbOUAHONO KOH-
LeHTpaTta (MegHo-HUKkeneBoro). KonnekTuBHbIN
KOHLLeHTpAaT NoABepraeTca MHOMoCTyrneH4yaTamy
pasfeneHuto: B LIKMKe CeNeKTUBHOro pasaene-
HUA MoslyYatoT oboralleHHbIN Meabto MpPoayKT
M3 KOTOPOro MosyyaloT MefHbli KOHLLeHTpaT, 13
XBOCTOB LMKJIA CENEeKTUBHOIo pa3sgeneHns no-
Ny4yatoT HUKeNb-MUPPOTUHOBBIM KOHLEHTPAT U
ManoOHUKENNCTbIM MUPPOTUHOBBIA MPOAYKT, KO-
TOpbIM Nocne uukia gooboraleHna Hanpasna-
eTcqa B oTBasl.

[MogroToBka KOMNEKTUBHOINO MeOHO-HUKe-
NIeBOro KoHUeHTpaTa K ero gasbHenemy ce-
NIeKTUBHOMY pa3feneHuio SABIsSeTCa OAHUM U3
BaXHbIX ¢$aKTOPOB, BNUAIOWMM Ha Ka4yeCTBeH-
HO-KOJIMYECTBEHHbIE XapPaKTePUCTUKN FOTOBOW
npoaykuum (KoHueHTpaToB). [ns sddpekTns-
HOro pasfeneHna MedHblX W HUKEeNeBbIX MU-
HepanoB HeobxoouMo obecrneynTb ypaneHue
cobupartens ¢ NOBEPXHOCTW YacTWL, YTO Mpen-
rnonaraeT NpuMeHeHne NMGO SHEProeMKom one-
paumy «nponapkm», AnM6o OOoNbLIMX PacXoAoB
[OPOrocToAmnx AecopbeHToB, OEeNPeccopoB
u T.0. B cBA3n ¢ 3TMM, 3apgada no paspaboTtke
HOBbIX, MeHee 3aTpaTHbIX PEXMMOB 06PabOTKM
MeOHO-HUKENeBOro KOHLEHTpatTa O4YeHb akTy-
anbHa.

Ha TO® nepepn pasgeneHuem KonnekTUB-
Hbli MeOHO-HWKeNeBbIM KOHUEeHTpaT obpaba-
TbIBAETCHA CEPHUCTBIM HATPMEM C mocienytoLen
copbuueln necopbupoBaHHoro cobupatens (6y-
TUOBOIrO KCaHTOreHaTa) M3 Xuakoh ¢asbl ak-
TUBUPOBAHHbBIM yrneM. [NpumMeHsaeMbln cnocob
ABNSAETCA AOPOroCTOALMM, Tak Kak TpebyeT Bbl-
COKMX PacxooB cynbduaa HaTpUS U aKTUBUPO-
BaHHoro yrng. C yyeToM rogoBomn nepepaboTku
TO®, npeBblwatowert 10 MAH. TOHH B rog, obe-
crieYyeHme [OCTaBKUM HEOHXOLAMMOro KomyecTea
yKa3aHHbIX MaTepuasioB Bbi3blBaeT 3HA4YUTESb-
Hble NOrncTUYeckme HarpysKu.

36

B xoOe nomnckoBbIX UCCenoBaHu, NpoBse-
[eHHbIX cneumanuctamm nabopatopum LleHTpa
MHXEHEPHOro COMpPOBOXAEHUS MPOU3BOACTBA,
YCTAHOBMIEHO, 4YTO 06paboTka KONNEKTUBHOIO
Me[HO-HUKEeNeBoro KOHUEeHTpata CepHOM KUC-
noton 3pPeKkTUBHA M MO3BOSAET PA3PYLUTb
KCAHTOreHaTHbIKM C/OM Ha MOBEPXHOCTU MU-
HepanoB. lNpW 3TOM 3HAYUTENbHO CHUXaeTcs
pacxon akTUBMPOBAHHOIO Yr/is B MOCAedyto-
wer onepaumun. JononHuTenbHo, ANA ycune-
HUA OEenpeccrn MUHEPAsIOB HUKENs U Xenesa
B UMK/IE CEeNeKTUBHOIro pasfeneHmsa Ha BTOPOW
cTaguu  pasfeneHus BO3MOXHO pobaBneHue
peareHTa-mogudbmkaTopa obucynbduta HaTpus
(BCD).

C uenbto noaTBepXaeHUs 3dPeKTUBHOCTU
pa3paboTaHHOro peareHTHOro pexuma 6biaun
npoBefeHbl MOMYNPOMbILUSIEHHbIE  UCMbITAHUS
(MMW) Ha nnnoTHoW MUHK-ycTaHoBke TOO. Mpu
npoeepeHun (M ucnonb3oBanacb Kucaota
COb6CTBEHHOrO  Mpow3BoAcTBa  3anossipHOro
dunmnana NMAO MK «Hopunbcknin HUKenb», No-
nyyaemas B npoLecce yTuamsaumm oTxXoosawmx
rasoB MeTaslNlypruyeckoro npoussoactea. Pe-
synetatamu MM nogTBepXxaeHo, 4TOo Npu 3a-
MeHe B onepauuu gecopbumnmn cynbdmnga Hatpus
Ha CEPHYIO KUCIOTY pa3fesieHne KOMIeKTUBHO-
rO KOHLLeHTpaTa OCYLLEeCTBSETCS YCMNeLWHOo: UH-
[eKC CeneKTUBHOCTU B LMKIIE MONYyYEHUA Me[n-
HOro KOHLLeHTpaTta coctaBun B cpenHem 170,8%
UYTO HECKOJIbKO Bbllle YpOBHSA 6a30BOro 3Have-
Hua (163,13 %).

B HacTosuwee Bpema Ha TOD nnaHupyeTcsa
npoBefeHMe NPOMBbIWIEHHbIX UCMbITaHWI, NPO-
BOOUTCSA KOMMJIEKC MOLMOTOBUTENbHbBIX pPaborT,
HanpaB/ieHHbIX Ha obecneyeHre 6e30MacHOCTU
B YC/TIOBUSAX MPUMEHEHWNS €0KOro BellecTBa.



A STUDY OF SURFACE CHANGES ON A SERIES OF SULFIDE
MINERALS USING FLOW POTENTIAL MEASUREMENT TECHNIQUE

Likhatski M.N., Karacharov A.A., Mikhlin Yu.L.
ICCT SB RAS, Krasnoyarsk, Russia

Sulfides are a series of industrially
important minerals with strong environmental
influence, and are, at least hypothetically, at the
origin of Earth’s life. Mineral's surface is a stage
upon which leaching, oxidation at industrial
treatment, and weathering processes in natural
conditions take place. A key factor influencing
the reactivity of mineral surface is the surface
charge density which controls surface zeta-
potential. The zeta-potential value, in turn, is
determined by the nature, charge and surface
concentration of functional groups such as
oxidized sulfur species etc. The goal of this
contribution is to reveal some regularities
relating the surface zeta-potential of minerals
to surface chemical composition, first of all, to
metal and S speciation within surface layers,
and, to understand a role of zeta-potential in
activation of sphalerite with copper sulfate.

Sample of grinded mineral (galena,
pyrrhotite or sphalerite) of -0,075
+0,04 mm size class without any treatment
or after conditioning in reagent solutions
were transferred into the cylindrical cell of
electrokinetic analyzer Surpass 3 (AntonPaar,
Austria). Zeta-potential measurements were
performed in 0.01 M KCl solution. pH values
in range of 10.5 - 3.0 were adjusted using
portions of 0.05 M HCl and NaOH solutions. A
mineral plate with sizes of 20x30x2 mm was
fixed in the clamping cell. Stock solution was
purged with Ar gas. Zeta-potential of thin
suspended particles was measured by PALS
technique using the Nanosizer ZS spectrometer
(Malvern, UK).

Zeta-potential values in a wide pH range
are strongly changed with pH varying, and
depend upon particle size. Zeta-potential
vs pH dependence for pyrrhotite plate (pHiso
3.7) is different from one collected from the
supernatant layer after -0.075 +0.04 mm size
fraction in 0.01 M KCl solution (pHis, 6.8) which
typical for iron (lll) oxyhydroxides, and strongly
corroborates with Fe(lll)-O species revealed by
XPS technique.

Differences in curve slopes of ZP vs pH
dependences is attributable to complicated
interplay between the metal ion leaching from
mineral surface layers, (poly)sulfide protonation,
cation sorption processes. For instance, in case
of sphalerite activation with Cu2*-ions or with
CuS nanoparticles in wide range of pH, negative
ZP values are acquired. This fact can be related
with discernible sulphur or (poly)sulfide excess
within strongly non-stoichiometric copper
sulfide.

In acid and neutral media, zeta-potential
of bulk pyrrhotite and sphalerite is mostly
dominated by iron hydrolysis products
and  sulfur-bearing species protonation,
correspondingly, on galena and pyrrhotite
powders — by polysulfide sulphur species within
metal-depleted layers. In base media, ZP values
is controlled by some metal (oxy)hydroxide
species. The activation of sphalerite with
copper species (CuSO4 aqueous solution or CuS
hydrosol) is based on some specific interactions
rather than electrostatic interaction.
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N3YYEHUE MOBEPXHOCTHDbIX MPOLECCOB HA PALE
CynbomnagHbIX MUHEPAJ1OB C UCIMOJIb3OBAHUEM
U3MEPEHUA NOTEHUMANA NMPOTEKAHUSA

Jluxauxuii M.H., Kapauapos A.A., Muxnun FO./1.
NXXT CO PAH, r. KpacHosipck, Poccus

CynbduaHble MUHepasbl MOMUMO OrpoM-
HOrO MPOMBILNIEHHOIO 3Ha4YeHUs, oKas3biBakoT
3aMeTHOe BNMSHME Ha OKpyXalLllyl cpeny u
NpPencTaBnsoTCs  UNOTETUYECKMMN  CybCcTpa-
TaMW ONA BO3HWKHOBEHUS XU3HU Ha 3eMmne.
MOBEPXHOCTb U TOHKWME MOBEPXHOCTHbIE CIIOU
cynbdUOHbIX MUHEpPasioB MpPencTaBisloT Co-
60 CLEeHY, Ha KOTOPOM pa3blirpbiBAOTCHA aKTbl
MPOLLECCOB BbILLENTAYMBAHNSA, OKUCEHUs, $ro-
TauumM npu NpPOMbILLSIEHHON nepepaboTke WU
BbIBETPUBAHWSA B XBOCTOXpaHuUnuLax. BaxHen-
WKM $GakTopoM, BAMSAIOLWMM Ha PeakLMOHHYO
CNOCOBHOCTb MOBEPXHOCTU CyNbOUAOB, CIYXUT
MAOTHOCTb MOBEPXHOCTHOrO 3apsna, KOTOPYo
xapakTepusyeT gA3eta-noTteHuman. BenuumHa
h3eTa-noteHumana, B CBOKO ouyepenb, onpe-
OenseTcs npupoaow, 3apsfaoM M MOBEPXHOCT-
HOWM KOHUEeHTpaumen oyHKLMOHANbHbIX Fpymnm,
B TMEepBYyl oyepenb pPasfMyHbIX OKMUCIEHHbIX
dopM cepbl. Llenbio HacTosuwen paboTbl 6bIIO
BbISBUTb HEKOTOPblE 3aKOHOMEPHOCTU, CBSA3bl-
BalllMe pAseta-noteHuvan psaga  cynboduaos
(MMppoTWHa, raneHutTa M chanepmTta) C XUMU-
YEeCKMM COCTOSHMEM aTOMOB MeTasifia U cepbl B
NMPUNOBEPXHOCTHOM CJI0€, & TakXe MOHATb POJib
O3eTa-noTeHUMana B rMpoLeccax akTmBaumm
chaneputa CuSOy,.

HaBecky nopolwka MuHepana kracca
kpynHoctn -0,075 +0,04 MM 6e3 obpaboTky,
nm6o nocne ob6paboTKMU peareHTaMu, NepeHo-
cMnu B AepxaTteNb UMAVMHOPUYECKON SYenkun
3/1eKTPOKMHETNYeCKoro aHanusartopa SurPass3
(AntonPaar, Asctpusa). Obpasey, B popme nna-
CTUHKWM pa3mepamy okono 20x30x2 MM duKkcm-
poBanu B 3aXuMHoW sdeinke. Miameperua [l B
cpene 0,01 M KC BbinonHanu, nameHsas pH ny-
TEM KWUC/IOTHO-OCHOBHOIO TUTPOBAHUS C MOMO-
wbto 0,05M pacteopos HCL v NaOH o1 10,5 po
3,0. Yepes pactBop 31ekTponmMTa nponyckanu
rasoobpasHbin Ar, ecnm He ykasaHo uHoe. M3-
MepeHusa [ TOHKMX YacTUL, OCBET/IEHHOIO C/108
MUHepasibHbIX CYCMEH3MN BbINOSIHEHbI METOL,O0M
PALS Ha cnektpomeTpe NanosizerZS (Malvern,
BenunkobputaHus).
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3HaveHusa [l Bo BceM M3yyYeHHOM AOua-
nasoHe pH cuUNbHO M3MeHseTCs Mpu pasnuy-
HbIX BUAax o6paboTKM MOBEPXHOCTU, U 3aBUCUT
OT KPYMHOCTWU YacTuy, Matepuana. Bug kpuson
AOM(pH) Ana noBepXxHOCTU NNACTUHbBI MMPPOTUHA
(PHus0 3,7) OTNMYaeTCA OT TAKOBOM O/ YacTuL,
OTOBPAHHbIX M3 C/IOS OCBET/IEHHOM XWUOKOCTU
nocne otctamBaHmsa dpakumm -0,075 +0,04 MM
B 0,01M pacTteope KCl (pH 30 6,8), TunnuHomn ana
noBepxHOCTU okcurugpokcupos xenesa(lll), v B
yactmn npucytctema dopm Fe(lll)-O, koppennpy-
eT ¢ gaHHbiMu PO3C.

Pasnuuma B Hak/lOHax KPUBbLIX B KUCIOM
cpene fpaxe Oons UCXOLHbIX MUHEPASIOB MOXHO
OTHECTUM Ha CYEeT CNIOXHOM KOHKYPEHLUU Mpo-
LLeCCOB BblllleNlayMBaHns KaTMOHOB MeTanna ms3
MPUNOBEPXHOCTHOIO CIOS MUHEPANIOB, MPOTO-
HUpoBaHuA (nonun)cynbduaHON cepbl, copbLMM
MONOXWUTENBHO 3apsXeHHbIX POPM Ha MoBepX-
HOCTb. Tak, B cflyyae aktuBauum chanepmta no-
Hamum Cu?t, nn6o yactmuamm CuS HabnwogaeTca
oTpuuartenbHbin [ B wWnpokom gmanasoHe pH,
4TO MOXeT 6bITb CBS3aHO C 3aMeTHbIM WM36bIT-
KOM Ccynb®UaHON 1/unu nonncynbduaHom cepbl
CUNbHO HecTexmomeTpuyHoro CuS.

B kucnol v HenTpasnbHOM cpefne AOMU-
HUPYOLWMIM BKNa4 B [A3eTa-noteHuyuansl Mno-
BEPXHOCTEN KOMMAKTHOFO MUPPOTUHA U coda-
neputa BHOCAT, COOTBETCTBEHHO, NPOAYKTbI
rmoponmsa xenesa v LMHKa, M MpoOTOHOPOBaHUe
cepycoepxallmx rpynn; Ha nopoLlkax raaeHm-
Ta U NUPPOTMHA — mnonucynbbuaHas cepa me-
Tann-geduunTHbIX crnoeB. B wenoyHon cpepe
3HaYyeHUA fA3eTa-noTeHuMana onpenensarTcs
NPUCYTCTBMEM (OKCU)rMOPOKCUOO0B METassIoB.
[Toka3aHo, YTo NMpu obpaboTke chdanepuTa coe-
onHeHmnaMm Meon (CuSOy4, HaHouacTuubl CuS) B
OCHOBE MexaHM3Ma akTmBaLumm nexart cneumndm-
yeckue B3aMMOLENCTBUS, & He afiekTpocTaTuye-
CKU pakTop.



COORDINATION THEORY FOR INTERACTION OF FLOTATION
REAGENTS WITH MINERAL SURFACE AND DEVELOPMENT
OF NEW REAGENTS

Chen Jianhua', Yang zhiyong’
'Shenyang Florrea Chemicals Co., Ltd, Shenyang, China

2 Guangxi University, Nanning, China

Florrea Huachuang Mining R&D Centre
Co., Ltd (Hainan) is a mining research center
jointly established by Shenyang Florrea
Chemical Co., Ltd. and Professor Chen Jianhua
of Guangxi University.

Shenyang Florrea Chemical Co., Ltd. is
an international company dedicated to the
research and development and production of
efficient and environmentally friendly chemicals,
provides innovative solutions, and has brought
tremendous environmental, economic and
operational benefits to the world's super-
large mining companies. Florrea has set up
cooperative laboratories in several countries
around the world, with an experienced team
of experts and beneficiation engineers, which
can provide customers with better technical
support.

Chen Jianhua: Professor of Guangxi
University, who took the lead in the research
of flotation by using density functional theory
in the world, constructed the flotation theory
of interface interaction based on mineral
crystal structure and semi-constrained surface
atoms, and proposed the coordination theory
of flotation, which for the first time described
the interaction model for flotation reagents
on the basis of crystal structure and minerals
properties and shed new light on flotation
phenomena.

With Chen Jianhua's team as the core,
Florrea Huachuang provides flotation reagent
development and innovative solutions for
different mines and ore types based on density
functional theory and coordination chemistry
theory of flotation, and customized services for
mines.

| Research Background
1. Flotation: Method for separating minerals using differences in surface hydrophilicity/hy-
drophobicity.

Hydrophobic lotus leaf
surface

Hydrophilic glass surface

Hydrophobic reagents: collectors;  Hydrophilic reagents -:ezresear:‘

Reagents: Agents that regulate the hydrophilicity and
hydrophobicity of mineral surfaces

Foaming reagents:
frothers, which use air
bubbles as carriers to

separate hydrophilic and
hydrophobic minerals
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2. The model and theoretical problems of the interaction between flotation reagents and
minerals have not been well resolved for a long time

Two Problems Existing in Flotation Theory Research

&0
&
7
i—“’ Pyrite (Fes;)
'
20
Hematite(Fe,0s)
i = -~ =_1\—FI
04— = - -
&0 45 40 as a0
Butyl xanthate concentration '-'HP".]

Metal ion action cannot explain why xanthate
does not float hematite

sodiumn disthyl
dithiocarbamare
0.0004 1 Butyl xanthate
Arnmaonium dibutyl
00002 dithiophosphate
00000 =

M-2thyl
-0.0002

Current/A

Potential™’

Z-200 (O-isopropyl-

thionocarbamate)

Xanthate can float
pyrite, why can't
float hematite.

The interaction of Z-200
with chalcopynte s not
electrochemical

Electrochemistry cannot explain the interaction be-
tween Z-200 and chalcopyrite surface

Flotation requires new models and theories

1. Model Problem: Metal ions on miner-
al surfaces differ from free ions and have
semi-constrained properties.

The properties of metal ions on mineral sur-
faces are related to mineral crystal struc-
tures and properties. Free metal ion models
are not suitable for mineral flotation sys-
tems.

Semi-constrained
metal ions in mineral

Journal of China University of Mining and Technol-
ogy, 202
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2. Theoretical question: How can mineral
crystals and reagent molecules be described
theoretically uniformly.

Chemical theor\f

The theory that describes the electronic
properties of mineral crystals and surfaces
is the theory of solid state physics; the the-
ory that describes the properties of the mol-
ecules and ions of a reagent is the chemical
theory.

The two theories are inconsistent in object
and approaches, and it is difficult to achieve
a unified theoretical description of minerals
and reagents

Mineral surface metal ions are completely different from free metal ions

Collector Collector Collector

0
C

217 s @.43

1
G 224
QOcu 2.24 Q'T-Q—

Free Cuions

2

Cu ions bound by S ions

Collector The interaction of collec-
tors with metal ions on
mineral surfaces is dif-
ferent from that with free
metal ions

The bound metal ions in
the ligand field experi-
ence activity changes,
which affects the ad-
sorption of the collector.

Mineral surface Cu ions
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Il Coordination Theory of Flotation Reagents with Surface Metal lons
1. Coordination Characteristics of Mineral Flotation System
1. Mineral crystals have a spatial lattice structure, which is typical coordination

Smallest coordination unit

Mineral Crystal structure

2. Flotation medium (water molecules) have coordination properties

Water molecule: neutral, uncharged; the oxygen
atom in water molecule is sp® orbital hybridization, can
provide 2 pairs of lone electrons, and is a weak field

Fe?* on pyrite surface can form d?sp?
hybridization; it can provide six unoccupied
orbitals, of which five interact with the lone
pair electrons of sulfur atoms to form a five-
coordinate surface, and the remaining one can
interact with O atoms in water molecules to
The adsorption of water molecules on form coordinate bonds.
pyrite surface is a typical coordination

interaction
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3. Coordination properties of flotation reagents

Kanthate molecule

Xanthate ion

ble-bonded S ble-bonded S

1. A Coordination Model for the Interaction between Flota-
tion Reagents and Mineral Surface

Hypothesis 1. Secondary coordination occurs between the reagent
and the metal ions already coordinated on the surface
1. Spatial structure matching: whether the surface metal ions have
enough space for re-coordination
2. Property matching: whether the surface metal orbital matches
the reagent orbital;

P
Secondary
coordination

Hypothesis 2. The interaction between reagents and metal ions
on mineral surface is an “electron pair-empty orbital” coordination
interaction.

1. Coordinate o-bonding: lone pairs of electrons of reagents - empty orbitals of surface metal ions
2. ti-backbonding: 1t electron pairs of surface metal ions - empty 1 orbitals of reagents

Electron pair-empty orbital interactions between reagents and surface metal ions in ligand
fields

e oorbital —— —%"“le F S LL U Flectron Pair-Empty Orbital
]

da  dag %% Interaction

o electron pair

e L 10 e AL

Metal d Orbital in Strong Octahedral Field Reagent Molecular Orbital

Electron Pair-Empty Orbital Interaction Rules:
* E1:The o electron pair of the reagent interacts with the o empty orbital of the metal ion to form
coordinate o-bonding.
* E2:The mt electron pair of the metal ion interacts with the empty 1t orbital of the reagent to form

m-backbonding..
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Coordination of pyrite and hematite with xanthate molecules

I Jd_ o orbital o
0,969 /

____________________________ -
=213 sl

o J— J— J— n orbital Empty mt orbital
d,. d

e dy, || oceupies

(1) Fe™ in hematite =5 353 _I'—I_Hq_-\""‘--u_\__
y a weak octz al fiel 5912 i
H.839 L
d —

energy level  grbital Aanthate molecular orbital

Fe* and strong interaction with low-spin Fe®*. That is,
xanthate barely interacts with hematite, but strongly

interacts with pyrite,
Inference: Collectors with atoms bonded to sulfur atoms

cannot float hematite.

” “ " . Conclusion: Xanthate has weak interaction with high-spin
t m orbital
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“l] Fe* in pyrite
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Adsorption heat of Z-200: d-.‘.'! d—K gﬂ n electron pairs of Cu 3d in chalcopyrite outnumber
chalcopyrite: 5842 l/g 5 f : those of Fe 3d in pyrite, leading to the stronger
pyrite: 272 Jg Fe 3d orbitals in pyrite coordination of the former with Z-200, and the
selectivity of Z-200,
Coordination of depressants
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Fe 3d orbitals i ite
e=ae = T PR According to the coordination theory, the depressants with empty

1t orbitals, such as lime, cyanide, and sulfite, are phone to interact
with pyrite with 1 electron pairs, thereby effectively depressing

pyrite.



lll Flotation reagent design and application case
1.  Flotation reagent design
* High-throughput screening model for flotation reagents based on quantitative computing and
machlne learning

Design

pn‘.l Tthes
. _ Hydrophilic/Oleoph
sr%rmnesﬁ.ﬁ Flotation reagent design * flic + Polar

solidophilic groups

Polar solidophilic groups;

' |Collector/depressant
eature |
ngineering ;

‘:‘Iotaﬂon verification

:

MNovel qsmation
reagen

* MonekynsapHoO-LeneBoi NPUHLMN AU3aiH ¢prioTopeareHTa Ha OCHOBE CTPYKTYPbl MUHEPAJIbHOIrO
uHTtepdenca

Chalcopyrite surface: d ortlnal characteristics GaI;ndte surface: p orbital characteristics

—H—i L —J.,-u
k2

. 4
Tl
alnﬂat-uns i) .36, 12 x 10 (4 —,i- L% Sy N 2F §-663

Determining functional grou
sI:ruc:t*ure'silg s

2. Ke#nc npumeHeHus

2.1 MNpuMeHeHUe HOBbIX KOJMJIEKTOPOB Ha cauHuoao-uuHKOBo-soHOTo-cepe6paHoﬁ oD B
Kutae

MwHepanorus:
HaumeHosaHue | Pb cogepxkaHme | ZncogepwaHme | AucogepaHuMe | Ag cofepiKaHue
(%) (%) (e/t) (g/t)

0.14 471 0.46 16.1

The concentrator originally used Solvayss 3418A as a collector for lead and associated gold
and silver. Based on the theory of Chen Jianhuass team, Florrea developed a new collector for test
comparison. The results are as follows:
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The results are as follows:

Grade concentrate 34184 VS 224 Concentrate recovery3418A VS 224
— 80 5511 54,48
300

0 arsi
200
150
100 :
50 LABR 4ETR 1ulw': mm B
] o

Concenarats grade of es?  Concentrase g-l-dl o goid

8 & 8

-

tmm:mgmﬂnr Cosnewntrate gracde of lesd  Concentram grade of goki cmmmu

nSolvay 341BA WF 24 uSphvay 34184 wF 24

Compared with 3418A, the new reagent 22A increases the gold grade of concentrate by
2.69/t, the gold recovery is increased by 9.4%, the silver grade is increased by 24g/t, and the silver
recovery is increased by 4%. At present, the concentrator has replaced Solvay 3418A with the new
reagent.

2.2 Application of copper collectors in a copper-molybdenum concentrator in China

Chen Jianhuars team conducted research on a copper-molybdenum mine in China and
developed a new copper collector formula. Compared with a foreign collector originally used,
the copper recovery has been improved,
and the concentrate grade has also been
improved. WMasnevenue Mean W CpaBHEHWE KaYecTBa Mefu B

The raw ore of this mine contains KOHLEeHTpaTe
about 0.035% copper. The collector of a 83.63 84.56
foreign company was originally used, and
the total dosage was 100-140g/t. The
dosage of Florrea agent was 80-100g/t.
At the same time, the amount of frother
was also reduced. Indicators have been 19.95 21.32
improved to some extent.

As can be seen from the comparison - -
chart, the recovery of copper concentrate MMNOpTHbIE peareHTe Florrea pearens
increased by nearly 1%, and the grade of KauecTso Mean _iocneuerme
copper concentrate increased by 1.4%. KOHLEHTPETA I/T  papy

o8 85835388

2.3 Improve gold recovery in a gold mine in Asia
The gold minerals in this mine are mainly natural gold, the metal sulfides are mainly pyrite,
with trace amounts of arsenopyrite, stibnite, zinkenite, etc., and the gangue minerals are mainly
dolomite, quartz, calcite and potash feldspar. Followed by clay minerals such as sericite, and a
small amount of organic carbonaceous matter. The valuable element in the ore is mainly Au, its
grade is 5g/t, and the content of other associated elements Cu, Pb, Zn, S, and Co are all low. The
content of harmful element As is 0.035%

Co i f hi Id grade
g Ll Comparison of gold recovery

t
(e/1) 100
Vs = 92.10{38min)
. £8.07(56min)
)
1500 80
1400 R i
2 B1.37(Bmim) g0 36(7min)
&0
1300
50
1200 40
Esiting reagent (3min) qrea reagent! Min) it
Florrea reag wEOUNG Flomes
reagent reagent
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Based on the research of process mineralogy and the theory of flotation ligand chemistry,
Chen Jianhuass team of Florrea Company developed a new combination of reagent formulations.
Compared with the original reagent system, the gold recovery was increased by 3%, and the
flotation time was greatly reduced. It can be seen from the figure on the right that the gold recovery
of 88.07% was obtained by flotation of the original reagent for 56 minutes, and the gold recovery
of 92.19% was obtained by using the new reagent combination in the flotation time of 38 minutes.

2.4 Application of new copper depressant in a copper-molybdenum mine in China

B e S CpaBHeHWe U3B/IeYeHNs 30/10Ta

ocHoBHoM dnoTaumm (r/T) 100
92.19(38min)
1600 1569 & B8.07(56min)
1500 £
70
1400 61.37(8mim) 0.36(7min)
1336 0 ;
d l l
50
1200 40
ST Homea irmin Cywecrsyioune =574 #57 «Florrea
peareHTel PEREEEE =

peareHTbl peareHTbl

Based on the theory of Chen Jianhuass team, Florrea has studied the surface characteristics
of copper-moly minerals, and developed new copper depressants D174 and D177 for copper-moly
separation, which can partially or completely replace sodium sulfide and sodium hydrosulfide
and improve the grade of moly concentrate. And reduce the mutual inclusion of copper and moly.
This series of products is low-toxic and environmentally friendly, with low dosage, less residue in
circulation water, and a wide range of adaptation to pulp potential and pH. In a copper-moly mine
in China, it has achieved good application results.

The copper-moly separation of this

mine has a low moly grade (copper grade Original Dosage Existi t Dosage
27-29%, and moly grade 014-0.2%), fine reagent (kg/t) XISTING FEABEMT (kgrt)
particle size, high separation difficulty, and " TS R S
high dosage of the original reagent, which 2 : — 3
is greatly reduced after the use of Florrea MNa2FiS6 71.20  Depressant D174 6.71
reagent, at the same time, the grade of Water Glass 103.20  Depressant D177 0.02
moly concentrate and the recovery of ;- -
moly have been improved. SEDSEnE Ll kel :
CpaBHeHMe Ka4ecTBa KOHLIeHTpaTa CpaBHeHue M3BAe4eHUs Mexay Au u
50 EE. i 99.86 o085 MO
100
40
30 25
20 e
o 8931 896
10
089 09
n
KauecTeo Mmegwm KoHueHTpata KadecTso monufigeHa KoHueHTpaTa 55
R T A3BnedyeHne Meau HaeneueHKe MeaW
OpuriHaneHelf w57 = CywecTeyowme OpUIMHANBHBIN | oy = Cywecteyowme
peaerHra DeAredHThl pEaErHTa peareHTel

From the comparison chart that when the copper grade in the moly concentrate is basically
unchanged, the moly grade is increased by 1.4%, the moly recovery is slightly increased, and the
tailings copper recovery remains unchanged. The existing reagents have achieved good results.
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IV Design and Development of Antimony Gold Macromolecular depressants

Through quantum chemical calculation,
organic compounds with obvious functional
groups with benzene ring conjugate effect or
delocalized large  bond structure are selected,
so that the conjugated electrons in the molecular
structure of the depressant can overlap with the
empty orbitals on the mineral surface, changing
the electron energy level on the mineral surface,
thereby changing the stability of the adsorption
of collectors on the mineral surface and
achieving the purpose of inhibiting non-purpose
minerals.

1. Case of flotation Separation in an
Antimony Gold Mine in Gansu, China

Gansu Antimony Gold Flotation Sepa-
ration Industrial Production Index

Raw ore

2. Case of flotation separation in an
Antimony Gold Mine in Xinjiang

Industrial production index of flota-
tion separation of antimony sulfide and
gold-bearing pyrite

Sample | Yield
% Sb/%

Antimony 17.66
concentrate

Corn powder . . Reduced pressure
Cassava powder NaCO; Filtration distillation in a
Sweet potato NaOH round bottom
powrr Plant fruit flask
15
-

Ty

Au/%

-
Sample

Sb/% Aw/g/t Sb/%

Almlnny
40 100 89.54 94.52
Concentrate

0.85 25 10.46 5.48
100.00 100.00

Aw/g/t Sb/%% Au/%
47.34 38.36 54.93 38.50

82.34 8.33 52.31 45.07 51.41
100 15.22 49.85 100 100




V FLORREA REAGENT SCREENING TEST ON SJR ORE
1. BACKGROUND
New gold mining company located in Island-Indonesia with ore type is 75% sulphide and 25% oxide.
SJR orebody/deposit has been identified to contains clays at various level ranging from 39% to as
high as 69%. The high clay content, especially that with high swelling and wet sticky natures, will
create issues from the ore handling stage to the recovery processes. It is important to treat the clay
in the recovery process and extract the gold.
2. LAB TEST OBJECTIVE
The objective of this reagent screening flotation test is to identify the best Florrea’s reagents as
well as the combination between those reagents, optimum dosage and addition strategy to im-
prove the recovery of SJR ore.
3. Flotation parameters:
*Flotation feed grade: Au 1.30 g/t
*Flotation feed particle size, p80: 75 microns
*Flotation pulp density: 20%
*Flotation pH: as is (no pH adjustment)
4. CONCLUSSION
*Lowest Au recovery (72.4%) shows by baseline (PAX + MIBC+ CuS0O4))
*The highest Au recovery (90.0%) shows by florrea reagents (Primary collector Florrea83+ Second-
ary collector Florrea2702+ Frother Florrea515+Clay dispersant FlorreaD120+SA + Modifier Florrea
D137L + Activator Florrea62)
*Increasing PAX dosage (double dosage), slightly improve the recovery, from 72.4% to 73.4%.
*Combining the PAX with Florrea reagent improve the recovery, however was not high as using all
Florrea reagents

Au uzeneuerme (%)
Tekylwmne peareHTel (PAX+MIBC) vs Florrea pearent

o= VITRNCUCHAC S C TOTFRAMA OGS A AL EONUSTRRT
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KOOPOMHALMUOHHASA TEOPUA B3SAUMOLOENCTBUA
®JIOTOPEAEHTOB C MOBEPXHOCTbIO MUHEPAJIOB U
PA3SPABOTKA HOBbIX PEAFEHTOB

Youw Izanvxyal, An Ucuronv?

'Shenyang Florrea Chemicals Co., Ltd, Shenyang, China
2Guangxi YHuBepcuTeT, HaHbHUH, KHP

Florrea Huachuang Mining R&D Centre
Co., Ltd (Hainan) - ueHTp ropHbix nccnegosa-
HWI, co3paHHblM coBMecTHO Shenyang Florrea
Chemical Co., Ltd. n npodeccopom YHeH Li3aHb-
xya 13 YHuBepcuteTa [yaHcu.

Shenyang Florrea Chemical Co., Ltd. —
MexayHapoaHas KOMMaHWs, 3aHuMaroLlascs
nccnenoBaHuaMm, paspaboTkon UM MPOU3BOL-
CTBOM 3ODEKTUBHBIX W 3KOJOTMYECKUX XUMMW-
KaToB, a TakXxe npepsaraer WMHHOBALMOHHbIE
peLeHns, MPUHOCALLME OrPOMHbIE 3KOHOMMW-
yeckme, 3KONTIOrMYECKMe U CoLMabHbIE BbIroabl
CBEPXKPYMHbIM BeAyLWNM MUPOBbIM TOPHOLO-
6biBaOWMM kKoMnaHuaM. Florrea cospana co-
BMECTHble /TabopaTopum B HECKOSIbKUX CTpaHax
MUpPa C OMbITHOM KOMaHZOM 3KCMEPTOB U UHXe-
HEepoOB Mo oboralleHu, KOTopble MOFYT NPeao-
CTaBUTb K/IMEHTaM 6osiee KayeCTBEHHYIO TEXHM -
Yeckyo NoaAEPXKKY.

Ysub L3saHbxya: [Mpodeccop YHUBepcuTe-
Ta lyaHcu, oH BO3rnaBua UccnefoBaHUe Teopumn
dyHKLMOHaNa NIOTHOCTU dproTauum B MMPE U No-
CTpOUST TEOPUID MexdasHOro B3aMMoOeNCTBUA
dnotaLmy, OCHOBAHHYK Ha KpUCTanIM4yeckom
CTPYKTYpe MUHEPANIOB U MONYyOrpaHNYeEHHOM
COCTOSIHNW MOBEPXHOCTHbIX AaTOMOB; MPEenIOXMNI
TEOPUIO XMMUA GOTALLMOHHOIO NMraHaa, Brep-
Bble U3M0XeHa Mofesnb OeNCTBUSA GIOTaLMOH-
HOrO areHTa, BKJOYAKOLWAA KPUCTATMYECKYHO
CTPYKTYPY U CBOMCTBA MUHEPASIOB, U AAHO HOBOE
06bsACHEHWE ABNeHUs dnoTauun.

C koMaHgon HYeHa LL3siHbxya B kavecTBe agpa
Florrea Huachuang o6ecneunBaeT pa3paboTky
NOTaLMOHHBIX PeareHToB M MHHOBALMOHHbBIX
peLUeHNA s Pa3/IMYHBIX LWAXT M TUNOB pyabl Ha
OCHOBE TeopUU PyHKLIMOHANA MIOTHOCTN U TEOPUN
XUMUN GNOTALIMOHHBIX JIUraHAOB, & Takxe npeno-
CTaBMAET UHOMBUAOYASIbHbIE YCIYTU A1 LUaXT.

| KoHTekcT uccnepoBaHua
Dnotauusa: Metopn, pasgeneHns MUHepPanoB C UCMOMb30BaHMEM PA3NNYMM B MOBEPXHOCTHOM
rMapoPUNbHOCTU U TMAPOGOBHOCTU. PeareHT aBnaeTcs oCcCHOBOM drioTaumm

‘.J:L

rapogoi

[MoBepXHOCTb NUCTbEB
notoca rugpodobHa.

coblpatend

MmapodunbHas cTteknaHHas
MOBEPXHOCTb
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MMapodobHblie peareHTh:

PeareHTbl: AreHTbl, KOTOpPble PerynmpyoT rmgpoduibHOCTb 1
rMapodPobHOCTb MUHEPASTbHBIX MOBEPXHOCTEMN

TpodnsHas rpynna

TMApOMILHbIE

DeareHTL! P
DEAIEHTLL AEMpeccak PeareHTbl neHoob6pasoBsa-

HWSA: NeHoobpa3oBaTeny,
KOTOpble NCMOMb3YIOT My-
3blpbKUM BO3AYyXa B KayecTBe
HocuTenen onsa pasaeneHus
rMAPOGUSIBHBIX N TMAPO-
$POBHbIX MUHEpPaoB.



MopenbHble U TeopeTUUYecKue Npo6neMbl B3auMoaencTeus GproTopeareHTOB ¢ MUHepanamu

AONroe BpeMsl He peLlasiucb AOJKHbIM 06pa3oM.

[Be npobneMbl, CyLLECTBYOLIME B UCCIIEA0BAHUAX TeOPUM droTaumm

80

KcaHTtoreHar moxer BzaumopeiicTene
HNOTVPOBATL MUPHT, 3TUOHWTa C
Nno4YemMy He MOXET Xa/IbKOMMPUTOM HE
60 - hnomposars B/IEKTPOXVMUHECKOE.
remartnT
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10| Muput (FeS) 2 o
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5.0 45 -40 .35 3.0
ﬂ,emCTBMe MOHOB MeTaJ1J10B HE MOXeET
OBbACHUTb, MOYEMY KCAHTOreHAaT He dnoTupyeT
remMaTtumT.
0000 — Ouatungurmorapbamar HaTpua
ByTWnoBbIi KeaHTar | -
Al
Aunbytungutuodocdar ammonHua

0.0002 -
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®noTtaunsa TpebyeT HOBbIX MOLENEN N TEOPUIA

1. NMpo6bnema Mopenu: MOHLI MeTasNIOB Ha
MUHEepasnbHbIX MOBEPXHOCTAX OT/M4YaroTCa
oT  cBOBOAHbIX MNOHOB " obnagarT
noayorpaHMYeHHbIMM CBOMCTBAMMU.

CBoMcTBa MOHOB MeTasIlIOB Ha MOBEPXHOCTM
MUHEpPanoB CBA3aHbl CO CTPYKTYpoOn U
cBOMCTBaMM MuHepasnoB. [pocTble Mopenm
CO CBOGOAHBIMM MOHAMW METasISIOB  He
noaxonaT Ans cuctem dbnoTaumm MUHepParnos.

MonyorpaH1yeHHbIe
WOHbI METANOB Ha
MWHEpabHbIX
NOBEPXHOCTAX

HypHan KntalcKoro ropHO-TEXHONOTMYECKOTO
yHuBepcuTeTa, 2021
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2. Bonpoc TeopuM: Kak TeoOpeTUYecku
eQUHOOBpPa3HO  OMnMMcaTb  MUHepasbHble
KpUCTasnsbl U peareHTHble MONeKysibl.

Xumuueckan TEOPWA

Teopus, onmcbiBatoLLLas 3M1EeKTPOHHbIE
CBOMCTBa KPWCTas/IJIOB U MOBEPXHOCTEMN
MUHepasnoB, Ha3biBaeTcs Teopwen ©Gusmku
TBEPOOro Tena, a Teopus, onucbiBawLlas
CBOMCTBa MOJMeKy/sl U WMOHOB peareHTa, —
XUMUYECKOW Teopuen.

OHM HECOBMECTUMBI MO O6BEKTY U TEOPWUU, U
TPYAHO [OOCTUYb €AMHOrO TEeOPeTUYEeCKOro
onucaHus MUHepPasioB PeareHToB.

MNoHbl MeTannos Ha MMHepaﬂbHOﬁ MOBEPXHOCTU MOJTHOCTbIO OT/IMHAKOTCA OT CBO60):I,HbIX MOHOB
MeTasi1oB.

Cobupartens Cobupartent Cobwupatenb

2.175 s 6,248

—2 2
O 2.24 : @'ﬁ

CeoboaHbie noHbl Cu

2.17%

"MoHbl Cu, CBA3aHHbIE MOHaMK S

B3aumopencTteme
cobupaTtenen ¢
MOHAMM MeTanoB
Ha MUHepasbHbIX
MOBEPXHOCTAX
oTn4yaeTcsa oT
B3aMMOOeNCcTBUA CO
CcBO6OAHBIMU MOHAMM
MeTasl/10B.
CBsA3aHHbIe NOHbI
MeTasI/I0OB HaxoaAaTca
B KOOPAUHALMOHHOM
rnone n nx akTUBHOCTb
MeHAEeTCH, YTO BIIUAET Ha
apcopbuuto cobupaTtens.

Cobupatens

MoHbl Cu MUHEpPaNLHOM NOBEPXHOCTU
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Il KoopauHaunoHHas Teopusi $noTtoareHTOB € MOBEPXHOCTHbIM
1.  KoopauHauUOHHbIe XapaKTEPUCTUKU MUHEPASIbHOM GNOTALMOHHOWN CUCTEMbI

1.1. MuHepasnbHble KPUCTaN bl UMEKOT MPOCTPAHCTBEHHYIO PeLLeTYATYIO CTPYKTYPY, KOTOpas ABnaeTca
TUMUYHOWN KOOpOMHaLMEN

KpuctannHas cT HaumeHbLuas
M MHepaﬂ p pympa KOOpAMHaUWMOHHasa

2. ®notaumoHHas cpefa (Monekynbl BOAbl ) o6nafaeT KoopaMHALMOHHBIMU CBONCTBAMM

Monekyna  BoAbl: HenTpanbHas Monekyna,
He3apsaxeHHas, atToM Kucropoda B MoJiekyne BoAbl
npeacTaBaseT cobon opbuTanbHy rmépuamnsanmio sps,
MOXeT ob6ecneunTb 2 napbl HEMOLENEeHHbIX 3/1eKTPOHOB,
ABNAETCA TMraHooM cnaboro nons.

Fe2* Ha moBepxHOCTU MUpUTa MOXeT obpa-
30BbIBaThb d2sp3 -rubpuansanmio, KoTopas MOXeT
obecneynTb WeCTb NyCTbiX OpbUTanen, n3 KoTo-
pbiX NATb MNyCTbiIX opbuTanen B3aMMOLENCTBYIOT
C HenopesnieHHOM napoW 3/1eKTPOHOB aToOMOB

Ancopbums Monekyn Bogb! Ha cepbl ¢ obpaszoBaHMeM MNATUKOOPANHALNMOH-
NOBEPXHOCTM MUPWTa NPeACTaBAAET HOI MOBEPXHOCTW, a OCTaBLIAACH OfHa MOXeT
CO60I TMANYHOE KOOPAUHALMOHHOE B3amMopencTeoBath ¢ atomamu O B Monekynax

B3aMMopaelicTBUE. BoAbl C o6pa3oBaHVWEM  KOOPAMHALMOHHbBIX
cBA3en.
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3. KoopamHaumnoHHble cBoMCTBa GNIOTOpEareHToB

WMOH KcaHToreHat MD)'IE‘I{\U'IE KCaHTOreHaTa

TroHokapbamats

C
¢
OMHanA cBA3b S Has cBA3b S cBA3b S ’ (+}
Cepa ABOWMHOI CBASM MOMEKY/IBI M MOHA TuoHorapbamat (Hanpumep, Z-200) ABnAeTcA
KCaHTOreHaTa ABnAeTcA Haubonee akTMBHEIM HeuoHoreHHbiM  cobupartenem, a cepa

CBA3LIBAOLIMM aTOMOM, HO XMMMYECKM OHA
HaXOA4MTCA B HACKILLEHHOM BaNIEHTHOM COCTOAHMM,
noaTomy B3aMMOLECTEME KCAHTOreHaTa M MoHa
METanna 3aKkI4aeTcA B KOOpAMHALMM,

[BOWHOW CBA3W ABAAETCA aKTMBHOMW TPYMMOM,
KOTOpaa MOMET KOOpAWHMPOBATLCA TONBKO C
namm.

3a WCKAKYEHHEM O4YEHb HEMHOMMX
¢$GNOTOPEAreHTOE M MMHEPANEHLIX NOBEPXHOCTEH,
3ABMCALLMX oT 3NEKTPOCTATUYECKOTO

B3aUMOOEWCTBMA,  DONBLIMHCTBO M3 HMX
ABMAOTCA KOOPAMHALMOHHBIMU.

2. KoopAauHaUMOHHO-XMMUYECKas Moaersib B3aMMOAEeNCTBUSA GJIOTOAreHTOB C MUHEPAsibHbIMU
NOBEPXHOCTAMM. 2

Mnortesa 1. Bo3HukaeT BTopnyHas KOOpPAMHALLMA MEXAY areHTOM U
yXe KOOPAMHUPOBAHHbBIMW Ha MOBEPXHOCTU MOHAMW MeTaslNa.
1. CooTBeTcTBME MNPOCTPAHCTBEHHOM  CTPYKTYpPbl: €CTb U ¥
y TOBEPXHOCTHbIX MOHOB MeTas/l/sla [OCTaTo4YHO MecTa [Ojia
nepekoopamnHaumy;
2.  CooTBeTCTBME  CBOWCTB: COOTBETCTBYEeT /1M  opbuTanb
MOBEpPXHOCTHOIO MoHa MeTasina GpapMaueBTMYeckon opbuTanm

MMnoresa 2. BsawMopencTBme areHta C MOHOM MeTasjnla Ha
NMOBEPXHOCTU MUHepasa npeacTaBnaer cob6on KOOPAMHALMOHHOE
B3aMMOOENCTBUNE «3/IEKTPOHHAA Napa — nycras opbutanby.

1. KoopamHaumsa nonoxXxmTenbHOW BafNeHTHOCTW: 3/1eKTPOH Henoae/IeHHOW napbl peareHTa - nycras
opbuTa MNOBEPXHOCTHOIO MOHA MeTasng;

2. KoopauvHaumsa 1 cBs3M 06paTHOW CBA3M: MOBEPXHOCTHbLIM MOH MeTassa Tt S/1eKTPOHHAas napa —
peareHT nyctas T opbuTasb;

DneKTPOHHO-Napa-nycTbie opéuUTasibHbie B3aUMOAENCTBUSA areHTOB C MOBEPXHOCTHbIMU MOHAMU
MeTaslsIoB B KOOPAUHALMOHHbIX NONSAX

i

Obieyy w [
T4, (et SRR M B3alMMO/ie ICTEWE 3MEKTPOHHOM
6 — — . /’
egu opbuTans '”00% o 6 o
dp  dag oy napbl ¢ NycTon opbutoit
i+ O INEKTPOHHEA Napa —
omernen AL, +F,
I
4.
&
.\9 & E;—B2anMoasHCTEME MEXKIY INEKTPOHHOW Napoi
& F ] Y po P
@9 & NEKapCTBEHHOND CPeACTEa M NycToi opBMTanbio MoHa
o go? :I: | METANNA HA NOBEPXHOCTH MUHEPANA, NONOKUTENbHOS
| ( | | ) T 3NERTPORRER B3aMMOASACTEME O-CBA3D
lzgn:}_gﬁw_ranb napa
de de  dy E,—T-napa 3/1eKTPOHOB MOHA META/Ia B3aUMOLERCTBYET C
D opBuTant HOHa MeTanna e OpBuTans MoAekybl peareHTa nycron n«:_r.pﬁmanblo MEM?HMHHDK} EAEAAIEEY
OKT23APWMYECKOM CHTBHOM Mone B3aMMofiericTENe 0BpaTHOM TT-CBA3U.

[MpaBuna B3aMMOLEeNCTBUSA dNEKTPOHHOM Napbl € MyCTOW Op6bUTON -
* EM1 o-anekTpoHHas napa areHta B3aMMOLENCTBYET C o-MYyCTOM opbuTanblo MUHepana, obpasys
MONOXUTENbHYIO 6-KOOPAUHALMIO.
* E2: Tt-31eKkTpoHHaa napa MoHa MeTasia B3aMMOLENCTBYET C MyCTOW Ti-op6uTanbio 1eKapcTBa,
obpasys 06paTHyO KOOpPAMHALMUIO TT-CBSA3U.
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Koop.quuau.un nupuTa n reMmatuTa C MosieKyslaMum KCaHToreHarta

€ da,0 d. O oOopbuTans

d opbutanbHan L0.969 /-
KOHGMIYDALIMA C R RS

-2.131

BBICOKMM .
BpaLlEHuem | | | T opBuTans Mycras mopbutane

d,.

|l 36 HATHOE CDL'I'OFIH“E

(1) Fe* o resarure -5.353 -
lematiT: Fe®* HaxoauTcs B OKTasapuyeckoM cnabom none |-5.912 l
-6.839 L
e, gopbutans | ... e
deaye 2 . Q
Yposens Opbutans MonekynapHaa opbWTane KCaHTOTEHATA
d opbrrancian [ SHEPrMK U U
KOHUrypaLuma c
HH3KMM -
AT _u_ _“_ _“_II opGuTans | BeiBog: KcaHToreHat cnabo B3aMmoaeicTBYeT C BbICOKOCTMHOBBIMU
d.  d.  d, WoHamMu Fe** U CUbHO B3aMMOLECTBYET C HU3KOCTMHOBBLIMM
() e napre noHamu Fe?*. To ecTb KCAHTOTEHAT HEe B3aUMOAEMCTBYET C reMaTUToM,
HO CM/IBHO B3aMMOZENCTBYET C MUPUTOM.
"
MnpuT: Fe* HAaXOAUTCA B CU/IHOM OKTA3/IPUUECKOM Beisoa: Bee cobupateny ¢ aTomamu, CBA3aHHBIMU C aTOMaMM Cepbl,
el He MoryT GNOTMPOBaTL remMaTwT.

E 1.243 —

_______________________________ 1.225 . —"

T ,l, T ,l, Mycraa m opbuTans
0 — e T opGWTans '
dx2-y2 d.2 T lSaHﬂTHDe cocr
-5.222

3d-opbutanu Cu B XanbKonupute
No BEPXHOCTL XaNbRONHMpHTA 5 636 T l

T opbBKTanb

dxz—yz d,2 YposeHb Op6urans ®opma opGutanu
_______________________________ IHEPTHH
Z-200 monexrynapHan opbuTant

BuiBog: Megapb, s#eneso u Z-200 KoopguHUpPOBaHbI,
Q&,\t gx,.z, gz\@ a KO/IMYECTBO TT 3eKTPOHHbIX Nap Cu 3d B
xanekonupute Honblue, yem y Fe 3d B nupuTe, uto
obycnaenveaeT Honee CUMbHYIO KOOPAUHALMIO
nepsoro ¢ Z-200, a Z- 200 umeeT ceneKkTMBHOCTb.

s &
Tima [h}

Z-200 TennoTta aacopbumm

R 3d-opb6urtanu Fe B nupute
nupput: 2.721fg

KoopauHauusa genpeccaHta

Ees nycToii C nycroit 1T Eez nycToid Tt
Bes mycToi 1T C nycroii 1t op6uTant opbutanei opbuTtans
opBurtans opbutanei
dxz_yz d;2 CaOH™ HS CN- S05* 5,05*

- It
TR A B e B TR ST

7T opbwuTan

A

Fe 3d-opbutanu B nupute . .
CornacHo TeopuMu KOOPAUHALMU: [lerpecCaHTbl C MyCToM T-opbuTtanein

JIErKO UMEeeT HaMBObLLYIO TT-3/IEKTPOHHYIO Mapy C MMPUTOM, TEM CaMbIM
3bPEeKTUBHO NOAABSASA MUPUT, TAKOMN KaK M3BECTb, LIMAHUL, CYNTbOUT.



11l AnsaiiH pnoTopeareHTa U KeMc ero npuMeHeHus
1. [Owu3saiH pnortopeareHTa
M BbICOKOnpOMBBOﬂMTeﬂbHaﬂ Mopesib CKPUHUHIa d)nOTaLl.VIOHHbIX peareHTOB Ha OCHOBe
KONMYEeCTBEHHbIX BbIYUCTIEHUIA U MALULUHHOIO 06y-|e|-|vm
* MonekynsipHo-ULeneBou NPUHLUN AU3aAH pnoTopeareHTa Ha OCHOBE CTPYKTYpPbl MUHEPAsIbHOIoO
nHTepdenca

KBaHTOBO-XMMHMUECKME aHHBIE - 3hpeKTMBHBIH CHPUHWHT MALIWHHOTD MpoeKTMpOBaHUE
tasa obyueHuA ODyUeHWA — 3Tar NPOrHO3MPOBaHWA e

T ——
LATam e TN rMgpoduneHas/Oneodun

T MArKSCTE W -
Nu3ake dnoTopeareHTos bHEA + TEepaodunLHan

rnonRpHaA rpynna

BEpPLODUNEHER
nonspHas rpynna | 1

Cobuparene/ genpeccaHt
1 )

leHepauwna
MpHIHAKOB

CTanMa NpoEEpKEM

dnoTawMK
onens PesynetaT HoBkle peareHTs
PEABAPUTENEHOTO NpegsapUTENsHOTO dnoTaumm
CTMPOEaHMA ECTMPOBAHMA

DNERYAAPHO-LEREB0M AMSakH dnoTopeareHTos

1 @ﬂﬁﬂ TeEpACHMALHLIN IPYNN B LENEBbIX AKTHEHbIX [l13aiH HENDAAPHBIX FPYNN HE OCHOBE NOBEPXHOCTHOH

J ..Pamem no TEopHK GyHKUMOHANa
e L &

> ".é! v el

MoBEPXHOCTE FANEHUTa: -
OpBUTaNbHBIE XaPAKTEPUCTHEN

x--uszxw”éwl ’—:{’f‘ —fi‘} N,.(—‘-'ﬁjmﬁ' ﬂ‘fl—'a‘

Patqen.l TBEPAODHALHO#H i =
st (sgf:‘ 7‘_-:“ _"E'_’“.’“"‘ZF{ .

Onpegeneqmue CTPYKTYP
hyHRUMOHAABHBDX PYNN

2. Ke#c npuMmeHeHus

2.1 lpuMeHeHMe HOBbIX KOJJIEKTOPOB Ha CBUHLIOBO-LMHKOBO-30/10TO-cepebpsiHol O® B
Kutae

MuHepanorus:

Haumenosaume | Pb cogepxkanme | Zncogepwanme | AucogepwanMme | Ag cogepraHue
(%) (%) (e/t) (e/t)
Pyoa 0.14 471 0.46 16.1

MepeoHayanbHo B OD ncnonb3osanu Solvay3418A ona CBUMHLA M MOMNYTHOMO 30/10Ta U cepebpa.
OcHoBbIBasicb Ha Teopun koMaHabl HeHa Li3aHbxya, Florrea paspaboTana HoOBbIM cobupartens ons
CpaBHeHMUs TecTa.
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Pe3yr| bTaTbl B C/ieyOLWNM:

CopepraHwe KoHueHTpaTa 3418A VS 22A aBneveHne KoHUeHTparta 3418A VS

350 T 22A
a00 CL g . 56.11 54.48
250 = 46.93
20 40 e 3199 381
150 30
100 2

50 4.46% 467% 14.31g/t 16.98g/t 10

0 —_— M— — 0

Kauectso cenHua Kauectso 301078 Kayacreo cepebpa Wagneuern cemnya  13BN€UEHN 30N0Ta Wseneuenn cepebpa

HOHLEeHTpaTa

KOHLUeHTpaTa HKOHLEH
N ISolvay 34184 wF 2za KOHLUEHTpaTa

aTta
mSohvay 24184 mF2zA  HOHUEHTPaTa HOHUEeHTpaTa

[Mo cpaBHeHuto ¢ 3418A, HOBbIN areHT 22A yBenuMuMBaeT coepXaHme 30/10Ta B KOHLEHTpaTe
Ha 2,6 /T, U3BnedYeHne 30M0Ta yBenuumeaeTtca Ha 9,4%, copepxaHue cepebpa yBenuuyMBaeTcs
Ha 24 r/T, a u3BnevyeHne cepebpa yBenmumnsaetca Ha 4%. B HacTodawee Bpema OD 3zameHmna Solvay
3418 A HOBbIM areHToM.

2.2 [NpuMeHeHMe MepHbIX cobupaTenen Ha MegHo-Mmonué6aeHosoM O® B Kutae

KomaHpoa YeHa LizanHbxya nposena
nccnenoBaHue Me[HO-MONMM64EHOBOIO
pyaHuka B Kutae u paspaboTtana HOBYHO W3BneuyeHne Mequ U cpaBHeHWe KavecTBa Megu B
dopmyny cobupartens mean.llo cpaBHeHMIO KOHL|eHTpaTe
C nepBOHa4YasbHO  WCMOJMIb30BABLIMMCS 83.63 84.56
cobuparenem MHOCTPaHHOro
MPOUCXOXAEHUNSA, CKOPOCTb U3BJIEYEHUS
Mean  6blna  ynyulleHa, a  KayecTBo
KOHLLeHTpaTa Takxe yny4Lmnioch.

Cbipas pyga 3Toro pygHuKa cooepXut
okono 0.035% ™mepu.M3HayaslbHO WCMOb-
30Basics cobupartesib  MHOCTPAHHOM  KOM- - -
naHuy, 1 obllas [03MPOBKa COCTaBiana MMNOpTHBIE PeareHTbi e
100-140 r/1. Oosmposka peareHta Florrea onicun e e
coctaBnsina 80-100 r/t. Mpu 3ToM, Takxe " konuentpara i/t "o,

YMEeHbLLEHO KOMIMYECTBO NeHoobpasoBaTess,
YAYYLIUIUCH MokKasartesnu.

Kak  BugHO M3  CpaBHUTEIbHOMN
TabnLbl, N3B/IEYEHME MEAHOrO KOHLEHTpaTa yBemyuics rnoydyty Ha 1%, a copgepxaHue MegHoro
KOHLeHTpaTa yBesnymnnocb Ha 1,4%.

19.95 21.32

c5B88583888

2.3 MoBblweHMe n3BJie4YeHUsa 30J10Ta Ha 30JI0TOM pyAHUKe B A3nmn

30M0Tble MUHepasbl B 3TOM PYAHMKE B OCHOBHOM MpPeAcCTaBfeHbl MPUPOAHLIM 30/10TOM,
cynbbuabl MeTannoB npeacTaBfieHbl B OCHOBHOM TMUPUTOM CO CIeAOBbIMW  KOMMYecTBaMu
apceHoNUpUTa, aHTUMOHUTA, LUMHKEHUTA U T. ., @ XWU/bHbleé MUHepasibl B OCHOBHOM MpeCcTaBeHbl
OOTOMUTOM, KBapLEeM, KalibLMTOM U KaNMeBbIM MOJIEBbLIM LUMATOM, 3& KOTOPbIMU C/1eAYOT MMMHUCTbIE
MUHepasibl. Takue Kak CepuuuT M Hebosblloe KOMMYECTBO OpPraHMyeckoro YrieponmcToro
BellecTBa. LleHHbIM 31eMeHTOM B pyae B OCHOBHOM sBnseTca Au, ero cogepxaHue cocTaBnseT 5
r/T, a cogepxaHue Apyrux nonyTHbix snemeHTtos Cu, Pb, Zn, S n Co Huskoe. ComepxaHue BpegHoro
snemeHTa As coctasnsiet 0.035%.

OCHOBbIBAsICb Ha WCCEOBaHUAX MUHEpPasnorumM npolecca UM TeopuUr XUMWU NTUraHOoB
dnotaumm, komaHga YeHa Li3saHbxya u3 komnaHum Florrea paspaboTana HOBYK KOMOGMHALMIO
peareHToB.[l0 CpaBHEHUIO C OPUrMHANBHOM CUCTEMOW peareHTa W3BfeyeHWe 3o/0Ta 6Gbina
yBenuyeHa Ha 3%, a BpeMs ¢rioTauMm 3HaYUMTENbHO cokpaTunocb. M3 pucyHka crnpaea, 3a 56
MUHYT dnoTaunm ¢ UCXOOHbIM peareHToM gano mienedverue sonota 88,07%, a HoBas KoMbUHaLMSA
peareHToOB obecneymna nsenedyeHue sonota 92,19% 3a 38 MUHYyT droTaymu.
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2.4 NMpuMeHeHMe HOBOIO AenpeccaHTa Meam Ha MeaHO-Monné6aeHoBoM pyaHuke B Kutae

Cpaetetine coflepahva onota CpaBHeH1e u3BneyYeHus 30/0Ta

ocHoBHOI dnoTaumm (r/T) 100
92.19(38min)
1600 1569 i 8B.07(56min)
1500 &
70
1400 61.37(8mim)} 50.36(7min)
1336 &0 :
d l l
=0
1200 40
CywiecTeyowpme (2min) Florrea  |(7min) CywecTeyrome w14 57 sFlorrea
PeareHTel peareHTbl o ikt

peareHTol peareHTbl

OcHoBblBaacb HaTeopum kKoMaHabl HYeHa Li3aHbxya, komnanus Florrea nsyumna xapakTepmuctmkim
NOBEpPXHOCTU MeAHO-MONMMBOEHOBbIX MWHEPAsioB U paspaboTasnia HOBble AernpeccaHTbl Meau
D174 w D177 pnsa paspeneHus mMegm U MonmbaeHa, KoTopble MOryT 4acTUYHO WM MOSHOCTbIO
3aMeHUTb Ccynbdua, HaTpua U rMAPOCYNbOUA HATPUS U YNyUWKUTb Ka4yecTBO MOSMBOEHOBOro
KOHLleHTpaTa M YMEeHblMUTb B3aMMHOE
BKJItOUEHME MeaM n MonmbaeHa. 3ta cepusa

NPOOYKTOB SABMSETCA MAaNIOTOKCUYHON W Opwmananch  [losnposka | Cywectsywowmii  flosupossa
- . M bl peareHT [wrfT) pearent (urfT)

3KOMOrMYeCcKon, C HWU3KOM [03UPOBKOMN,

MEHbLUMM KONMYECTBOM OCTATKOB B BOAE Na2§ 210.50 Nags 10.00

UMPKYISLMA U LUMPOKMM  AMAMNa3oHOM Na2Fis6 7120 | T e——— ey

agantaumm K noTteHuumany nynbnsl v pH. Hugkoe 10320 penpeccam 0177 -

Ha ™MepoHO-MONMBOEHOBOM py4OHWKE B CTEKNO

KnuTae nokasanucb xopolune pesynbTaTbl Kepocun 0.27 KepCEnm 2a1g)

NPUMEHeHMNS.

PaszpeneHne Meon n monmboeHa Ha 3TOM pPyAHUKE MMeeT HU3Koe codepxaHue monmbaeHa
(copepxaHue mMegun 27-29%, copepxaHwe monmbaeHa 0,14-0,2%), Menkue 4acTuubl, BbiCOKas
CNIOXHOCTb pas3fefieHns, BblcOKasa [A03MPOBKA MCXOAHOIMO peareHTa, KoTopas 3HadyuTeNlbHO
CHMXAaeTca nocsie ucrnosibsoBaHme peareHta Florrea, B To e BpeMsa Ka4ecTBO MOMMB4EHOBOIO KOH-
LLeHTpaTa 1 CKOPOCTb U3BJIEYEHNA MONMb6AEHA BbIN YNy4LLEHbI.

CpaBHeHMWe Ka4ecTBa KOHLeHTpaTa CpaBHeHWe M3BNeYeHua Mmexgy Au u
50 4631 4778 9986 o9ss MO
100
40
320 o3
- 89.6
00 89.31 i
10
0.89 0.9
n
KauecTeo Mmegw KoHueHTpata KadecTeo monufigeHa KoHugHTpaTa 55
R T A3BnedyeHne Meau HaeneueHKe MeaW
OpurvHaneHelf  w Ea 257 mCywecTeyowme OpMrvHansHoIR " EHEF .'Ofm,enawom,we
peaerHTa NEATEHTH peaerHTa peareHThbl

M3 CpaBHeHWA BUOHO, YTO rnpu rnpakTn4eCkn HeM3IMeHHOM cogepXxaHnm Mmean B MomM64eHOBOM
KOHLeHTpare cogepxaHue MonmégeHa yBesnindynBaeTCcsd Ha 1,4%, n3snedyeHne monmbpaeHa HEMHOrO
yBenimdynBaeTCcHd, a nassied4eHne Mean N3 XBOCTOB OCTaeTcd Hen3MeHHOM. 3¢¢eKT. CyLLleCTByI'OLLLMG
peareHTbl nokasasin XxopoLwune pe3ysibTaThbl.
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IV OusaiH n paspaboTka MaKpOMOJIeKy sipHbIX AeNpeccopoB ANs pa3aeneHus
CypbMsiHOro 3o0s10Ta

C NMOMOLLbIO KBAHTOBO-XUMUYECKOTO  |ppmwiinopouo .
=B KyymHaA
pacyeTaBbI6MPAIOTCA OPraHNYeCKMe CORAMHEHNSA  pobous e NaOH Dunerp neparcnia s
Mnoas! pacTeHmMa KPYrAogoHHOM

ronbe

C OYeBUAHBIMU GYHKUMOHANBHBIMU FpynnamMy e

Cc 3dPeKTOM conpsixkeHUs 6eH30MbHOro Konbua ij
WM C 0eNoKanmM3oBaHHOM 60bLWON CTPYKTYPOM
TI-CBSI3YM, TaK 4YTO COMpPSIXEHHble 3/1eKTPOHbl B
MONEKYAPHOM CTPYKType nAenpeccaHTa MoryT
nepeKkpbIBaTbCS C MyCTbIMW OpPBUTANSMN Ha Mo-
BEPXHOCTU MWHEpPana, U3MeHsAs YyPOBEHb 3Hep-
MU 3M1EKTPOHOB Ha MOBEPXHOCTU MUHEPAna, TEM
caMbiM U3MeHsAs cTabuibHOCTb ancopbumm co-
6upaTenein Ha NOBEPXHOCTN MUHepana 1 4OCTU-
ras uenv Aenpeccmm HeleneBbiX MUMHEPAsoB. HO oH

1. Keiic ¢dnotauvoHHoit cenapauuu B
CYypPbMSIHO-30/10TOM pyAHuKe B [aHbcy Gan- Sample Sh/% Awgit Sh/% AW%
su Antimony Gold Flotation Separation In- Antimony

dustrial Production Index Gold 40 100 89.54 94,52
Concentrate

0.85 25 10.46 5.48

100.00 100.00

T

2. Keiic ¢pnoTtaumoHHOM cenapauuuv B

Sh,% Au, T/T Sh,% An,%
CYypPbMSIHO-30/10TOM pyAHUKe B CUHbL35IHE
UHpekc NPOMBbILUNIEHHOro 17.66 47.34 38.36 54.93 38.59
npousBoAcTBa ¢psIOTALLMOHHOIO pasaeneHus 82.34 8.33 5231 45.07 51.41
cynbdupa CypbMbl U 3010TOCOAEPXKALLErO
nmpuTta 100 15.22 49.85 100 100
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V. O606LieHne n BbiIBOAbI

1. UCTOPUA

PT Sumbawa Jutaraya (SJR) HoBas 3onotopotbiBatollas KOMMAaHWS, PAaCMOSIOXEHHAas Ha
ocTpoBe Cymbaea B VIHAOHE3UM, pyAa KOTOpOM cocTouT 3 75% cynbdupos n 25% okcnaos. PyoHoe
Teno SJR 661110 MAEHTUOULMPOBAHO Kak CoAepXKallee MHbl Ha Pa3IMYHOM YPOBHE B AMana3oHe OT
39% pno 69%. Bbicokoe copepxaHme rnHbl, OCOBEHHO C CUIbHBIM HABYXaHWUEM U BrIAXHbIM JIUMNKUM
XapakTepoM, co3gacT npobnembl oT cTagmum o6paboTku pyLbl OO MPOLECCOB U3BNeYeHUs. BaxHo
ob6pabaTtbiBaTh rMMHY B MPoLLecce M3BMIEYEHUS 1N N3BIEKATb 30/10TO.

2.UENTb NTABOPATOPHOIO UCMbITAHUA

Llenb aToro ¢10TaLMOHHOIO UCMbITAHUS COCTOUT B TOM, YTOGbI ONpeneninTb Ny4dlline peareHTbl
Florrea, a Takxxe KOMBUHALMIO 3TUX PeareHTOB, ONTUMAasbHYO AO3MPOBKY U MeToZ fo6aBneHUs Ans
yny4leHus nssnedyeHms pyabl SJIR.

3.MapameTpbl pnotauumm:

«CopnepxaHue nogauum ans enotaumm: Au 1,30 r/T.

*Pa3smep yacTuu, ncxogHom pyabl, p80: 75 MUKPOH.

*[1noTHoCcTb pnoTaymoHHoM nynbnbl: 20%

*pH dnotaumu: kak ectb (6e3 perynmposku pH)

4. 3AKNTIOYMEHUE

*CaMoe HU3Koe n3BnedeHue Au (72,4%) nokasaHo B CPaBHEHUW C TEKYLLLEM PEXMMOM peareHToB
(PAX + MIBC + CuS04))

*HawBbicwee nsesneyermne Au (90,0%) nokasbiBaeT peareHTbl Florrea (MepBuYHbIl cobupatenb
Florrea83+ BTtopuuHbii cobupatenb Florrea2702+ Becnenumeatens Florrea515 +[ucnepratop ravHbl
Florrea D120+SA + MoandwnkaTop Florrea D137L + AktmBatop Florrea62)

*YBenunyeHuve fo3mposku PAX (oBOMHAA 0,O3MPOBKA) HEMHOIMO yNy4dllaeT ussnedyenue c 72,4%
0o 73,4%.

* KombuHmnposaHme PAX ¢ peareHTom Florrea ynydwaeT nssneyeHne, ogHako oHO He Takoe
BbICOKOE, Kak Mpw NCMonb3oBaHMK BCex peareHToB Florrea..

Au uzeneuerme (%)
Tekylwmne peareHTel (PAX+MIBC) vs Florrea pearent
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IMPROVING THE PROCESSES OF GOLD-CONTAINING
COPPER-PORPHYRY ORES FLOTATION ENRICHMENT BASED ON
LLC «SPE QUALITET» FLOTATION REAGENTS

Medzhibovsky A.S.!, Naftal’ M.N.', Abdukadyrov A.A.!, Kazin 1.A.3, Dementiev A. V.1,
Bliev E.A.Y, Khersonsky M.1.2, Kizyaev D.A.!, Antonenko L.V., Fedotova Ya.Yu.!

1JSC “NPP Kvalitet”, Lyubertsy, Russia
2JSC Institute "Gintsvetmet", Moscow, Russia
3JSC "MMC Almalyk", Almalyk, Uzbekistan

Keywords: copper, gold, copper-porphyry ores, Almalyk MMC, Tominsky MPP, Mikheevsky MPP,
enrichment technology, flotation, flotation reagents-collectors, «Qualitet», flotation concentrate,
extraction, AFI-4G10K collector, DP-4, composite collector M-TF-421.

The deposits of copper-porphyry ores
(CPO) are among the main sources of copper
and molybdenum, as well as an important
source of gold and silver with accompanying
rare, precious and scattered elements. In terms
of global copper reserves, they are far ahead
of other types of deposits of this metal. The
low content of valuable components in the
developed CPO deposits requires permanent
improvement of their enrichment processes.
The results of research and technological work
aimed at improving the efficiency of flotation
of gold-containingCPO deposits of Uzbekistan
and Russia are presented. The improvement
of the indicators is achieved by improving the
reagent flotation modes based on using of
composite reagents-collectors «Qualitet», as
well as a combination of reagents-collectors
with specified technological propertiesThe
long-term positive experience of cooperation of
the «Qualitet» company with the world’s leading
manufacturers of non-ferrous and precious
metals allowed us to create a line of reagents
based on dialkyldithiophosphate compositions
with various collectors.

The reagents of the company «Qualitet»
provide an increase in the extraction and
quality of flotation concentrates. The composite

flotation reagents produced by the «Qualitet»
company, various combinations of collectors
and reagent regimes based on them,create
new opportunities for involving complex and
resistant polymetallic ores in processing,
ensure reliable cost-effective operation of
modern flotation enrichment processes of
sulfide ores and create conditions for major
strategic transformations in the processing and
metallurgical production complexes.

The results of research and industrial
tests of «Qualitet» reagents to improve are
agent modes of CPO flotation are presentedat
2 largest plants in Uzbekistan and Russia: at
the Copper processing Plant No. 1 of Almalyk
MMC JSC (a combination of AFI-4G10K and
DP-4 collectors in combination with butyl
xanthogenate) and at the Processing Plant of
Tominsky MPPJSC (composite collector M-TF-
421). Currently, preparations are underway for
their industrial implementation. It is shown that
us age of «Qualitet» reagents are prospective
for the ores flotation and other CPO deposits.
The reagents created by «Qualitet» successfully
compete with the best foreign analogues, and
in some cases are ahead of them in a number of
key indicators.
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COBEPLUEHCTBOBAHMUE NMPOLIECCOB ®JIOTALLMOHHOIO
OBOrAWEHUA 30JTOTOCOAEPXALLNX MEOHO-MOP®UPOBbIX
PyA HA OCHOBE UCIMOJIb3OBAHUA ®JIOTOPEANEHTOB-
COBUPATEJIEA MPOU3BOACTBA
OO0O «HIMM KBAJIUTET»

Meosncubosckuii A.C.,, Hagpmanv M.H.!, A60ykaovipos A.A.3, Kasun JI.A.',
lemenmves A.B.!, bnues 3.A.1, Xepcoucxuii M.J1.%, Kusses /I.A.!, Aumonenxo /1.B.1,

®eoomosa A.10.!
1000 «HMM KBAJTUTET», r. MockBa, Poccusa
2A0 «MHcTuTyT «TMIHUBETMET», . MockBa, Poccusa
3A0 «Anmanbikckuit TMK», r. Anmanbik, Y36ekucTaH

BBEOEHUE

Menob — OOWH U3 OCHOBHbIX METasfioB, BO
MHOIOM OnpefensWmnx pPasBUTUE COBPEMEH-
HOM UMBUNM3ALUUN. YHUKASIbHbIE CBOMCTBA Meaun
— MJACTUYHOCTb, CMOCOBHOCTb O6PAa30BbIBATH
CMn/iaBbl, BbICOKAs 3/1€KTPOMNPOBOAHOCTb, KOP-
PO3MOHHAs CTOMKOCTb W TenJonpoBO4HOCTb
— onpeaenunu Bo3pocLlMii CNpocC Ha eé Npouns-
BOACTBO B PAa3/IMYHbIX CEKTOpPAaX MPOMbILSIEH-
HOCTU, OCOBEHHO — B 06/1aCTU INEKTPOTEXHUKMN
M MawmnHocTpoeHna. CerogHa Meaob — BTOPOW
cpean LBETHbIX MeTasnoB (Mocfe antoMUHUS)
no obbeMaM MNOTPeBNEHUS MUPOBOM SKOHOMU-
kot. o pa3sBepaHHbIM 3anacaMm Meaun Poccus
3aHMMaEeT TpeTbe MecTo B Mu1pe, ycTynasa Yunm u
CLWA [1,2].

[o Tpex 4yeTBepTen BCEN BbiNyCKAEMOMN B
MUpe padpUHUPOBAHHOM MeOM UCMOoSb3yeTca B
MPOM3BOACTBE 3/1EKTPOMNPOBOAHNKOB, BKJtOYasA
pasnunyHble BUAbl Kabena m nposoga. OcHoB-
Hble oTpac/aun notpebreHns Megm — CTpoOUTE b-
CTBO, MPOW3BOACTBO 3/IEKTPOTEXHUYECKON U
3/1EKTPOHHOW MPOAYKLMMK, SeKTPOIHEPreTnKa,
TPaHCMOPT, MalMHOCTPOEHNEe, MPOU3BOACTBO
pas3nnMyHoOro o60pynoBaHMA 1N MNOTPEBUTENBCKUX
ToBapoB. B gonrocpo4Ho nepcrnektmee Crpoc
Ha Mefb 6yneT pacTy 6narogapsa MHBECTULMAM
B BO306HOBMAEMYIO DHEPreTuky U snekTpuodu-
Kauuio aBTOTPAHCMOPTa, BK/toYas pasBuTue
3apsanHON MHOPACTPYKTYPbl M MOAEPHMU3ALLUIO
MarucTpasbHbix 3nekTpoceten [3,4].

CornacHo oueHKam MexayHaponHoMm
megHom rpynnbl (International Copper Study
Group, ICSQ), B 2021 r. MMpoBOe Npon3BOACTBO
paduHUpPOBaHHON Megm coctasuno 24,5 MnH.
T, @ peanbHoe notpebneHne — 25,33 MH. TOHH.
Mo nporHo3y ICSG n MuHakoHoMmpaszsutus PO,
B pe3ysbTaTe CTPEeMUTESIbHOro PasBUTUA «3e-
NEHOM» SKOHOMUKU 1 BO3OOBHOBMAEMbIX UCTOY-
HUKOB 3HEepruu, ¢ yBenmyeHmneM o6bEMOB MNpo-
M3BOLCTBA 3/IEKTPOMOBUIEN, BBITOBOM TEXHMKY,
3M1EKTPOHUKM OXMAAETCHA, YTO MUPOBOM CMPOC
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Ha Menb kK 2030 r. BbipacTeT 605ee, yeMm Ha 40 %
n coctauTt 36,0 MNH. TOHH. BMecTe ¢ TeM, MUpo-
BO€ Npea/ioXeHNe MeAn OLLEHNBAETCH TOMbKO B
34,2 MAH. TOHH [5].

Oxunpaetcsa [6], yto ¢ 2023 . MupoBas fo-
6blya MeAn Ha OENCTBYIOWUX MNPennpuaTuax
HauyHeT cHmxaTtbcs M K 2030 r. cokpatnTca Ha
10 % oT Tekywmx ypoBHen. O4HUM U3 OCHOBHbIX
OpanBepOB COKPALLEHUSA HABMAETCS CHUXEHUE
cpepHero copgepxaHua megu B pyge ¢ 0,55 % (B
2019 r.) po 0,51 % (B 2030 r.). 2T0T Xe gpanBep
CNYXUT rIaBHOM MPUYMHOM pocTa cebecTonMo-
CTU fo6blun. Tak, HU3KOoE copepxXaHme noTpebyeT
6dnblwero obbeMa nepepaboTkn pynabl, yBenm-
4YMBagsa 3aTpaTbl Ha 3NeKTpoaHepruo. JanbHen-
LN pOCT Ce6EeCTOMMOCTU MPUBEAET K NageHUIo
peHTabenbHOCTU UM faxe ybbITKaM Ha psae
MPOEKTOB, YTO YCKOPUT CHUXEHME J,06bI4N.

Bcé 310 MoXxeT BbI3BaTb pacTywmn gedu-
LWT Ha pblHKE Meau, ecnin He nocfienyeTt OTBeT-
HOW peakuun Cco CTOPOHbI Npeanoxenus. MNpu
3TOM MupoBas ueHa megm k 2030 r. NporHo3un-
pyeTtcs Ha ypoBHe 12-14 tbic. USD 3a ToHHY [5].

ObefHeHVe MUHEPasbHOrO Cbipbs, YC-
NIOXHEHWEe XxapakTepa BKpanjeHHOCTW noses-
HbIX MWHEPAIOB, MOBbILIEHWE TBEPAOCTU Pynbl
npn OOHOBPEMEHHOM POCTE CTOUMOCTU 3/iek-
TPO3HEPIrUU N APYrUX PEeCcypCcoOB — OCHOBHblE
TPYLAHOCTH, C KOTOPBIMU MPUXOLUTCSH MOCTOSHHO
CTaNkKMBaTbCs FOPHOPYAHOW MPOMbILLIEHHOCTH
npwW 3KCAayaTaumy CyulecTBYROLWMX W CO34a-
HUM HOBbIX GabpuKk. ITUM HEeBNAronpPUATHLIM
dakTopam BefyliMe HayYHO-MPOU3BOACTBEH-
Hble MPeanpPUATUSA, NPOEKTHbIE N MaLIMHOCTPO-
uTenbHble GUPMbl  MPOTMBOMOCTABASIOT  YCO-
BEPLUEHCTBOBAHHbIE  TEXHOJMIOMMK, HOBeWlne
pa3spaboTkm B 06MacTM CUHTE3a CeNeKTUBHbIX
dnoTopeareHToB M obopyanoBaHWe 60MblUON
eonHNYHOM Mol HocTH [7,8].

B HacTosLer cTatbe npuvBeneHsl pe3ysb-
TaTbl HayYHO-UCCEen0BATE/IbCKMX M TEXHOJIO-

rudeckux paboT, HarnpaB/IeHHbIX Ha MOBbILLIEHWe
3PPEKTUBHOCTM PsIOTALMOHHOrO OboralleHus



30/10TO-MeAHO-MoOPPUPOBLIX Pya MECTOPOXAE-
Hu Y3zbekuctaHa u Poccum ¢ HU3KkuM copep-
XaHWeM LieHHbIX KOMMOHEHTOB. YnydlleHue
rokasaresiell JOCTUraeTcs 3a CYET COBEepLUEH-
CTBOBaHMsI peareHTHbIX PexXuMoB roTaumm
Ha OCHOBE WUCroJ/ib30BaHMA KOMMO3UNLIMOHHbIX
peareHToB-cobuparteneri OOO «HIMN KBAJIN-
TET» (panee — «KBanuter») HOBOro rMOKO/IEHMS,
a Takxe coyeTaHWsi peareHTOB-cobupartenen ¢

3a4aHHbIMUN TEXHOIOMMYECKMMIM CBONCTBAMM.

30JI0TO-MEOHO-NMOP®UPOBbIE
MECTOPOXOEHUS —
BAXHENLWMUNNCTOUYHUK MEOW, PEOKUX U
OPAIOLLEHHbIX METAJIJIOB

Bo BCEM Mupe no BceM BMOAM MONE3HbIX
McKoMaeMblx, BKJtoYas LUBeTHble, peakue v gpa-
roLueHHble MeTassbl, NPOABMAAETCH TEeHOEHLWN
K MCYepraHuio 3anacoB Hambosiee [OCTYMHbIX
MeCTOPOXAeHWIN, boraTblX U 1erkooboraTuMbiX
pYyL, BMECTO KOTOPbIX BBOAATCS B SKCMyaTaLmio
MeCTOPOXAEHNS OTHOCUTENIbHO 6eAHbIX U TPYL-
Hoob6oraTuMblx pya. B uenom, HeTpaanLUMOHHbIE
TUMbl PYA, U MECTOPOXAEHUN, pa3padoTka KOTo-
pbiX paHee cuYmTanacb 3KOHOMWYECKU HepeHTa-
6enbHON, CTAaHOBATCA BCE 60/1ee BOCTpeboBaH-
HbIMU.

MepgHo-nopdurpoBble MECTOPOXAEHUA OT-
HOCSATCS K YMCAY raBHbIX MCTOYHUKOB MeOu U
MONM6AEHa, a TakXe ABNAITCA BaXHbIM UCTOY-
HMKOM 30/10Ta U cepebpa MNpu COoNyTCTBYOLLMX
— peHun, Bonbdpame, ONoBe, UHOUW, MNAATUHE,
nannagum, ceneHe u tennype [9-13]. Mo obuie-
MUPOBBIM 3aracaM Meay OHW Oaneko ornepexa-
IOT ApYrUe TUMbl MECTOPOXAEHWM 3TOro MeTanna.
Ha mnx gonto npuxoamntca 6onee 60 % MUpoBoro
npoussoacTea mMeau u 6onee 95 % mMupoBo-
ro npomssonctea monméaeHa [11]. Hesbicokme
cpefpHue cogepXxaHusa Meau, 3on1o0ta u Mmonubae-
Ha B pa3pabaTbiBaeMbIX MECTOPOXAEHUSAX 3TOrO
Tnna (pecatole nonu % onsa Cu, coTble-TbICAYHbIE
— onsa Mo n pecaTtble-coTble rpaMMOB Ha TOHHY
— 4ns Au) KOMAEHCUPYTCA TMraHTCKUMK 06b-
eMaMu NPOXMIIKOBO-BKpanieHHbIx pya. Bctpe-
yatoTca nopodmrpoBble MECTOPOXAEHUSA Pa3UY-
HbIX MaCLITA60B U OBbIYHO COAEPXAT COTHU MJIH.
TOHH pyAObl — OT MepBbiX OECATKOB MUIIMOHOB
0o munnuapga v 6onee [9,10,13].

KpynHoMacwTabHble «AONrOXUTENN rop-
HOWM UHAYCTPUUY», OeCATUNETUSAMU Nepepabdatbl-
BawlmMe rpoMagHble 06bEMBbI MepHO-nopodu-
poBbix pyq (MIMP) n 3avacTtyto onpegenstouwime
3KOHOMMYECKOEe 1 CoLMaribHOe pa3sBUTHE LLefbliX
PErMoHOB U CTPaH, MokKa3sblBatOT, HACKOSIbKO
60/1bLUYI0 POSb MPUoOBpPeTalOT B NOC/eLHee Bpe-
MS MeCTOPOXAEHUSA PYA C HU3KUM COOEpPXaHM-
€M MOJIe3HbIX KOMMOHEHTOB, HO C FMraHTCKUMU
nx 3anacamm [10].

MepgHo-nopoduposbie MeCTopOXOeHNS
LLIMPOKO pacrnpoCcTpaHeHbl, B MUPEe UX U3BECTHO

okoso 150. BeigensaeTcs Tpu nosica pacnpocTpa-
HEHUSA MECTOPOXAEHUIM 3TOro Tuna: TUxooke-
aHckun (HYunu, Mepy, CLUA, Mekcuka, KaHapa),
3[eCb cocpepoToyeHa npeobnagatoas 4yacTb
3anacos; CpeamsemHomopckun (KOrocnaeus,
bonrapua, Apmenus, Typuusa, WpaH, AdraHum-
ctaH); KasaxctaHo-MoHronbckun (KasaxcrtaH,
Y3bekuctaH, Kutan). B uucne Hambonee ms-
BECTHbIX MeCTOPOXAEHUN MOTYT BblTb Ha3BaHbI:
«KoyHpapn» (KasaxctaH); «[lecuanka» (Poccus);
«HykunkamaTta», «Inb-TeHneHTe» (HYunn); «Onunn
3uné» (Y3bekuctaH);, «buHrem» (CLLA) v pgp.
[1415].

BcrnepctBne  wmpokoro  MHoroo6pasus
XUMNKO-MUHEPASIOMMYECKMX COCTABOB, CBOW-
CTBEHHOIo MefHO-MOPOUPOBLIM  OPYOHEHUSAM,
Kaxgoe MeCToOpOXAeHne HeobxogumMo pac-
cMaTpmBaTb KakK KOHKPETHbIM, YacCTHbIM TexHOo-
nornyeckmm o6bvekT [11], kOTOpbLIN TPebyeT npu
BOBJ/IEYEHUM B NepepaboTKy MHOMBUAYANBHOIO
noaxona.

[Mo coctaBy pyn cpeou MegHo-nopdmpo-
Bblx MecTopoxaeHun A.M. KpuBuoBbiM Bblaens-
totca 4 Tuna [16,17]:

1) MmombaeH n MeagHo-monmégeHosble (Cu/Mo =
0,4-20);

2) monméaeH-menHbie (Cu/Mo = 15-40);

3) monméaeH-menHbie (Cu/Mo = 30-120, no 235);

4) megHble (Mo — pgo 0,001 %) c 30/0TOM U
cepebpoM. Boobuie, konmyectBo 3071073,
MpPakTUYeCcKn OTCYTCTBYIOLEro B COBCTBEHHO
MonmbaeH-nopdupoBbIX pyaax, Bo3pacraeT C
yBe/IMYeHneM coaepXxaHui Mmegn. B nocnegHee
BpeMsi BblgesnseTca CaMoCTOATesbHbIA — 5-1

30/10TO-MOPPUPOBbLIN TUM MECTOPOXAEHUM.

HecMoTpsa Ha cpaBHWTENbHO HW3KOE CO-
nepxanue meam (£ 0,5 %) n opyrux nssnekaembix
KOMIMOHEHTOB, MPU OOCTATOYHbIX TEeXHONOormye-
CKUX, TPYAOBbIX N GUHAHCOBbLIX 3aTpaTtax, 3KCry-
ataums MefHoO-rMopdUPOBLIX  MECTOPOXAEHUN
CTAHOBWUTCS 3KOHOMMYECKM BeCbMa LLenecoo-
6pa3HOMN, a 3HaYMTEeNbHbIE 3anachl pyA, 3TUX 06b-
€KTOB C MPUMEHEHWEM BbICOKO TEXHOOMMYHbIX
rOpHO-A06bIBAKLMX U 0BOratuTesibHbiX KOM-
MIeKCOB onpefesnseT Ux UaupyloLLee nosoxe-
HMEe B MMPOBOM MUHEpPaibHO-CbipbeBON 6a3e.

TEKYUWLEE COCTOAHUE U NEPCNEKTUBDI
PA3BUTUA NPOU3BOACTBA MEOU U
NnonyTHbIX METAJIJIOB U3 PYL,
MEOHO-MOP®UPOBbIX MECTOPOXAEHUN
B Y3BEKUCTAHE

AnManbiKCcKui ropHoO-MeTanypruye-
ckui kKombuHat (ArMK) — ogHO U3 KpymHeNLwmx
rOPHO-MEeTaNypPruyeckmx MPOMBbILLNEHHbIX
npeponpuaTui  Y3beknuctaHa, eOUHCTBEHHbLIN
npousBoauTens mMegm B pecnybnuke. Komb6u-
HaT BbinyckaeT nopsagaka 90 % cepebpa n 20 %
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PucyHok 1 — Anmanbikckuin TMK

30/10Ta B CTpaHe, ABMAACH KPYMHENLWUM Mpo-
vsBogutenem ™Megm B LleHTpanbHon Asuu.
Mpoun3BoAcCTBO KOMbBMHATE OPUEHTUPOBAHO MO
OBYM HanpaB/eHUsM: MeLHO-MONMMb6aeHOBOMY
U CBUHLLOBO-LIMHKOBOMY, C 3@KOHYEHHbIM Mpo-
M3BOACTBEHHbIM LIMKJIIOM W BbIMYCKOM FOTOBOW
npoaykuum B Buae pacduHUPOBAHHOW Menu,
adpPUHMPOBAHHBIX  OPAroueHHbIX  MEeTaslNoB,
MeTannuyeckoro umHka. MNMpoaykuma AIMK koH-
KYpPEeHTOCNoCcobHa M MNOJb3yeTcss MOCTOSHHbIM
CNpPOCOM Ha MUPOBOM pbiHKe [18].

[MpounsesoacTBO MeTasnoB B AIMK
OCHOBbIBaeTCs Ha 3anacax rpynmnbl
Au-Cu-nopdmpoBblX, MNONUMETANINYECKUX U
Au-Ag MeCcTOpOXAEHUN, PacrosioXeHHbIX Ha
TeppuTopuax TawkeHTckon, Odxn3sakckon, Cyp-
XaHgapbuHckon n HamaHraHckon o6nactein Pe-
cnyénukm YsbekuctaH. 30510To-MenHo-nopdu-
poBble MecTopoxaeHUs «Onun 3méx» (ydacTkm
«Kanbmakbip», «Ewnmk-1») u «Capbi-Yeky» obe-
creyrBatoT Cbipb&M MeOHyl BeTBb KOM6MHATA.
Pyny nepepatatbiBaloT Ha OBYX AEUCTBYHOLLUX
oboratntenbHbix ¢pabpukax (MO®-1,2), no Tex-
HOMOrMAM, OCHOBBIBAKOLWMMCA Ha npoLlecce
¢dnotaumm [15].

B 3onotocopepxawen MIMP mectopoxne-
Hun AIMK npumepHo 90-95 % cymmapHOM
LLEHHOCTM MEeTaJINIOB COCTaBMAAEeT LONA Meau U
3ono1a (B T4.: 48-50 % pona megu u 50-52 % —
3o0n07a); ~ 4-9 % — monubaoeHa u ~ 1-2 % — ce-
pebpa.

3a nocnepHve 5 net 06bLEM NPOM3BOACTBA
Menn Ha AIMK yBenunumncs noutn B 1,5 pasza v B
2020 r. poctur 148 ThiC. T, YTO CO34aNI0 HALAEXHYHO
6a3y O/19 opraHusaLny NpomM3BOACTBA MPOAYK-
LMK C BbICOKOW fob6aBneHHoM ctommocTbto [19].
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B uensx 3HauuTenbHOro yBesnMyYeHus Bbl-
rnycka LBETHbIX W AparoueHHbix MeTannos lMpa-
BUTENbCTBO Y36ekucTtaHa peanumsyeTr Ha AIMK
aMBULMO3HbIe MPOEKTbI, MO3BOJAIOLLME KOMOU-
HaTy yBepeHHO cMoTpeTb B Byayuiee. OgHUMU
M3 TakuUX MPOEKTOB SBSKTCS WHBECTULMOH-
Hble MPOEKTbl MO OCBOEHWIO MECTOPOXIAEHUN
«Ewnvk-1» n «Ewnuk-1l». Ha mMectopoxaeHusx
MIaHNPyeTCs NOCTPOUTbL ABa TYHHENs C KOHBEW-
epaMu, MefHyto oboratutenbHy ¢adpuky U
npyrve obbekTbl MHGPACTPYKTypbl. DakTuyecku
306eCb MOSIBUTCS HOBbIM FOPHO-MeTasypruye-
CKWUM KOMBUHAT.

B 2017 r. Hayatbl paboTbl MO TMPOEKTY
«OcBoeHne MecTopoxaerns «Ewnuk-T» (ga-
nee — lpoekT). B 2020 r. yTBepxaeHbl OKOHYa-
TeNbHble NapameTpbl NPoeKTa, NpeaycMaTpmBa-
towme goctuxeHune k 2028 r. Boinycka 400 Tbic. T
KaTtogHoi meau, 50 T 3onota v 270 T cepebpa.
B uenom npoekt o6ecneymT Npupoct 06bEMOB
npomnsBoacTBa Meam Ha 250 ThiC. T, 30/10Ta — Ha
33 T U cepebpa — Ha 110 ToHH. B 4-m kB. 2023
r. NiaHupyeTcsa cgadya B akcnnayataymio MOD®-3
1 BCex 06bekToB MHbpacTpykTypbl. Ha gaHHOM
3Tane 6yneTr BBeAEH B 3KCM/yaTauuio Kapbep
no no6bide 60 MAH. T PyAbl, YTO MO3BONUT yBe-
nmunTb MouwHocTb AFMK go 300 Thic. T kKaTtoq-
HoM Meaom n 38 T 3on0Ta. Ha BTopom aTtane nna-
HUPYeTCs AoBefeHMe MOLHOCTM Kapbepa [[O
105 mnH. T pyasl, BBog MOD-4 Ha 60 MAH. T n
paclwmpeHme MeTaslypruyeckoro rnepegena c
Llenblo OOCTUXEHUSA HAaMEYEeHHbIX MNapaMeTpoB
2028 ropa. B cootBeTcTBUMM B HOBOW KoHuenum-
en peannsauuun lNpoekTa, AOMNONHNTENBHO MNna-
HupyeTcs BBegeHne MOD-5, B pesynbraTe yero
obume mMowHoctn AFMK no nepepaboTke pyAbl



6ynyT noseneHbl 40 220 MJIH. TOHH. 270 6onblue
MOLWHOCTEN KPYMNHENWMX MNPeanpuaTun Yunuy,
Mepy, Mekcumkn n CLLUA [20].

Hoxopbl ATMK oT npogaxu megm B Ha-
cTosuee Bpemsa coctasnsawT 2,5 mapg. USD.
Mpwn yBennyeHum npoussopctTea meam go 400
TbiC. T B 6Amxanwme 5 neTt 3TOT nokasaTesb,
YUMUTbIBASA CMEXHble OTpac/n, MOXeT OOCTU4Yb
7-8 mnpg. USD [19].

COBPEMEHHOE COCTOAHUE U
NEPCNEKTUBbI OCBOEHUA
MEAHO-NMOP®UPOBbIX
MECTOPOXAEHWUA B POCCUU

Ha Tepputopnn Poccun BbisiBNEHbl TU-
raHTCKue 3anacbl Mefu, MonMbaeHa U MonyTHbIX
3/1EMEHTOB B OCHOBHbIX MECTOPOXAEHUAX N py-
LONPOoABAEHUAX MegHo-nopdupoBoro tMna. Me-
CTOPOXOEHUS 3TOro TWMa, pPaHee cuMTaBLUMECs
HexapakTepHbiMK ana Poccum, B nocnegHue nea
OecatnneTna npuobpeTatoT Bce 6orsbluee KO-
HOMWYEeCKOe 3HauyeHWe, O 4Y€éM CBUAOETENbCTBYET
paspabotka ob6bekToB «MuxeeBcko-HOBOHM-
KONaeBCKOro» U «TOMUHCKOrO» pyOHbIX Monen B
YenabuHckon obnacty, «EneHoBckoro» Mecto-
poxaeHunsa B OpeHbypxbe (KOxHbIN Ypan) n «Mas-
MbIXXCKOrO» 30/10TO-MefHO-NMOPPUPOBOro MecTo-
poxaeHnsa B XabapoBckoM kpae [9,11-13,21].

Bonblwiune 3anacbl Megu, MonubaeHa v no-
MYTHbBIX 3/IEMEHTOB, & TakXe 3KOHOMMWYECKM Bbl-
rogHble nokasartenu aKcryaTaumm MecTopoxae-
HUN MeAHO-MOPbUPOBOro TUMNa, BbIAB/IEHHbIX HAa
TeppuTopumn Poccun, BCE 6Gorblle MNpuBeKaroT
BHVMMaHWE POCCUMCKMX KOMMAaHWM K 3TOMY TUMy
MecTopoXxaeHUn. Ha nx 6ase oTkpbiBAeTCs BO3-
MOXHOCTb CO34aHWSA KPYMHbIX U OONroaencTey-
IOLLMX FOPHOPYAHbIX MNPeAnpUsaTU, & HernpepbIB-
HbI MPOLECC COBEPLUEHCTBOBAHUA TEXHOIOrUM
M3BNEYEHN W3 pyabl MOSE3HbIX KOMMOHEHTOB
M MOMYTHbIX 3/IEMEHTOB MO3BOJIAET BOBMeKaTb B
3KCryaTaumio Bce 6onee 6efHble pyabl, € MUHU-
MasibHbIM cogepxaHmnem meam 0,25 % [22].

Ha Ypane ocHoBHble 3anacbl Meau CKOH-
LLEHTPMPOBaHbI B MECTOPOXAEHUAX KofYenaH-
Horo Tuna. B HacTosulee BpeMs MaccoBoe UC-
Mofib30BaHMe OTKPbITbIX FOPHbIX PaboT npu nx
OCBOEHUWM MnpakTudeckn 3aBeplleHo. Octanucb
Mesfikue 06beKTbl, OTAASIEHHble OT OCHOBHbIX Me-
pepabaTbiBalowmx MouiHocTen. OcBoeHMe Ta-
KMX HebonblMX (3anacekl pyabl 40 1-2 MAH. T), HO
6oraTbiX Mefbio O6BEKTOB 3a4acCTy HAXO4NTCS
Ha rpaHun peHtabenbHocTU. CUTyaLus U3IMEHMU-
nacb C HavanoM oTpaboTkm «MuxeeBCKOro» u
«TOMWHCKOrO» MEeCTOPOXAEHUN. DTO KPYMHble
06beKTbl oTHOCUTenbHO 6egHbix MIMP, comep-
xawmx 0,3-0,5 % megu. lNpepBaputenbHbiMU
MPOeKTHbIMK MNpopaboTkaMm 6bI10 ycTaHoBMe-
HO, YTO MMHMMAsIbHAsA NMPOW3BOACTBEHHAS MOLLL-
HOCTb rOpHO-MnepepabaTbiBalOLLEro KOMMiekca

npu TakMx pyaax OOJSIXXHa COCTaBNATb He MeHee
10 MnH. T/ron, pyabl. OTHOCUTENBHO HU3KMUE 3KC-
nayatauMoHHble pacxoabl Ha Ao06bl4y 1 Nepepa-
©0TKYy MO3BONUAU OMpenenTb peHTabenbHble
BapMaHTbl OCBOEHMS gaHHoro tuna pya [21].

Bonpoc o paspabotke «MuxeeBCKOro» M
«TOMWHCKOro» MecTopOXAeHUM Havan akTUBHO
obcyXaaTbcs elle B KOHLe npolsioro seka. Ho
naxe 15 net Hasapg paspaboTka MECTOPOXAEHNN
MIMP Ha KOXxHOM Ypane cymTanacb BO3IMOXHOM
NLWb FMMNOTETUYECKN MO MPUYMHE HU3KOIro CO-
[epXaHus B HUX MoNe3HbiXx KoMnoHeHToB. Ecnn
B MeCTHbIX MegHO-KONYedaHHbIX pydax Cco-
nepxaHue megm coctaesnsaet ot 1,5 no 3,5 %, 10
B MIP oHo He npeBbiwaeT 0,5 %. To MeHbLuUEe,
yeM Jaxe B OTBasibHbIX LUiakax 60/bLUMHCTBA
OEeNCTBYOWMX MeaennaBuibHbIX MPOU3BOACTB
npy MCNOSb30BaHUU TPAAMLMOHHbBIX MUpOMe-
TanIypruyeckmx TeXHOOMMM U COMOCTaBUMO C
copepxaHneM MeTania B XxBocTax oboratutesnb-
Hbix dabpuk [22].

Pa3sBenka n noctaHoBka Ha 6anaHc Mepn-
HO-MopPPUPOBBLIX MecTopoxaeHun B Poccuu, B
YaCTHOCTW Ha Ypase, a Takxe rnepcrnektmsa cy-
LLeCTBEHHOro NpupocTa 3anacos B 6amxanme
rofbl, MO3BOAWAN MPUCTYNUTb K UX Henocpen-
CTBEHHOMY ocBOeHMto [21,22].

B o6nactn 0obblum 1 nepepaboTkn MefHbIX
pya B Poccuun ofoHy 13 BeayLmMxX NO3ULUM 3aHN-
maeT AO «Pycckas MmegHas koMnaHua» (PMK). B
TeyeHme 2015-2020 rr. PMK 6biun nocTpoeHsbl 1
BBeEeHbI B akcrnyaTaymio no npoektam AO «Me-
XaHO6P MHXUHUPUH» (AO «MW») kpynHenwmne
npeanpuatua — AO «Muxeesckui FTOK» (MITOK)
MPOWN3BOANTENBHOCTLIO 27 MAH. T PYAbl B FOA U
OO0 «MHBecTpassuTHe», NepepabaTtbiBatolme
pyabl «MuxeeBckoro» MectopoxgeHusa, n AO
«ToMuHckmm TOK» (TITOK) npoussoguTenbHo-
CTbto 45 MNH. T pyAbl B rof, nepepadaTbiBatowmm
pyabl K TOMUHCKOrO» MecTopoxaeHus [21,23].

«MuxeeBckoe» MecCTOpoOXAeHMe MeOHbIX
pyn4, 6bi1o oTkpbiTo B 1987 1. 1 BOWMO B 4MCiO
50-u KpynHenwmnx MecToOpoOXOeHMN Meau B
Mupe. OgHako go Havana 2000-x rr. ero oTpa-
60TKa cymTanacb HepeHTabenbHOM BBUAOY HWU3-
KOro copepxaHusa Meau B pyne.

AO «Munxeesckun OK» pacnonoxeH B
250 kM ot YensbuHcka B BapHeHckoM paro-
He YensbuHckon obnactn. Ero ctpounTtenbctBo
cTano KpynHeMWnUM npoekToM Mo [obbibe u
oboratleHuno MegHoM pyabl Ha MOCTCOBETCKOM
MPOCTPAaHCTBE, KOTOPbIN 6bI1 peann3oBaH B pe-
KopaHO KopoTkme cpoku. Mpu atom MIOK ctan
rnepBbIM Ha MOCTCOBETCKOM MPOCTPAHCTBE KOM-
OMHaATOM, Ha KOTOPOM 6blfa BHeApeHa 3KOHO-
Muyeckn 3dpodekTUBHAS TEXHONOrMS [06bIYN U
oboralleHns MefHbIX pyn C HU3KUMM copepxa-
Huem meau (£ 0,4 %).
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PucyHok 2 = AO «MuxeeBckum FOK». O6oraTtutenbHas ¢pabpuka N2 1.

3anyck KoMb6UHATa COCTOANCA B Aekabpe
2013 ropa. MNepBas nMapTMa MeLHOrO KOHLLEH-
Tpata Ha MIOK 6bina BbinyleHa B desBpane
2014 ropa.

B HacToawmm momenT MITOK asnaetcsa on-
HUM K3 NepefoBbIX MPEeAnpUaTUA B OTpacIn C
MPOU3BOAUTENBHOCTLIO 27 MIH. T pyAdbl B rof,
OH OTBeYaeT COBPEMEHHbIM MUPOBLIM TpeboBa-
HUSIM MO OpraHusauumM NPOU3BOACTBE, YPOBHIO
aBTOMaTU3aLUN N COBIOOEHUIO SKOTOrMYeCKom
ob6CcTaHOBKM. 3anachl pyabl «MnxeeBckoro» me-
CTOPOXAEHUS OLEeHMBAIOTCA Ha YypoBHe 629
MJTH. T Mpu copgepxaHum meagn — 0,37 %.

MIOK» — 3TO He TOSIbKO OOHO U3 CaMbIX
60/bLUMX, HO N OOHO M3 CaMblX COBPEMEHHbIX U
BbICOKOTEXHOIOMMYHbIX MpeanpuaTuin B Poccum.
K pa6ote Hap npoektom Muxeesckoro [OKa
OblN  MPUBIEYEHbl BeayliMe MexXAyHapoL -
Hble KOMMaHWM U MOCTaBLLMKM 060pynOBaHUS:
«Metso», «Outotec», «Komatsu», «Atlas Copco».
B pe3ynbrate npepnpusatve UMeeT nepenoBoe
TEXHMYEeCKOe OCHaLLeHMe BCex 3TanoB 406b14u U
nepepaboTtkn pyabl [23].

OcHOBHas M KOHTpOsibHasa dnotaumMm Ha
oboratutenbHon dabpuke (OD) MIOK ocy-
LWecTBAAOTCA  BO  dnoToMalmMHax O6beMOM
300 ™3 c TpeMs MepedyncTkaMu KOHLEeHTpaTa,
[OV3MesIbYEHNEM KOHLEHTpaTa OCHOBHOW ¢o-
Taumn. TexHonorus oboratleHus, NpUMeHsemMble

peareHTbl, KOMMekKCc OCHOBHOIMO TeXHOJsIorm4ye-
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CcKoro obopyaoBaHus, cMcteMa aBToMatTmsaumm u
aHanutuyeckoro koHTpona O® oTBevatloT coBpe-
MEHHbIM MMPOBBLIM TpeboBaHuaM. OboraTuTenb-
Hble dabpuku MIOK ycnewHo akcniyaTnpyroTcs
M MPOW3BOAST TOBaPHbIN MeAHbIM KOHLIeHTpaT
c copepxaHunem o 25 % Cu, koTopblM Hanpas-
NseTCca B AasibHeNLyo nepepaboTky Ha meTtar-
nypruyeckux npegnpuatuax PMK. N3BneueHune
Meau coctaensaeT nopsaaka 85 % [23].

«ToMUHCKkoe» MecTopoxaeHne MIP, oT-
kpbiToe B 1957 r., Takxe pacrnonoxeHo B Yenqa-
6uHckon obnactn. Pyna «TOMUHCKOrO» MecTo-
POXOEHUS OTHOCUTCS K ManocynbduaHOMY TUMy
pyn, copepxalwmx (N0 pasHbIM WCTOYHUKAM)
[8,23]: 0,35-0,37 % Cu; 0,06-0,09 r/T Au; 0,46-
0,89 r/T Ag. OCHOBHbIMM PYyAHbBIMU MUHEPANaMM
ABNAOTCA XaNbKOMUPUT U MUPUT, COAEPXaHMe
koTopbix coctaenger ~1,1 n ~1-1,2 % coorBet-
CTBEHHO, a Takxe rugpokcmabl xenesa (1-1,2 %).
OCHOBHbBIMU HEPYAHBIMU MUHEpanamn sSBASOT-
csl KBapL, anbbuT, MUHUCTbIE MUHEepasbl, XJ10-
PUT U MYCKOBUT. 3anacbl pyabl coctasnstoT 1161
MJTH. T C NEPCMNEKTUBON yBENNYEHUS.

OCHOBHY!O LLeHHOCTb B MIMP «ToMUHCKOro»
MecTopoxaeHus npencrtasnset meab — 86-90 %.
Jonsa nopyrvx mMetansioB B O6LEN CTOMMOCTU B
MCXOOHOW pyAe 3HAYUTENbHO MeHblue, %: 30/10-
Ta — 9-12; cepebpa — 1-2. MonnbaeH HaxogUTCa
B HE3HAYMTESbHbIX KONMYeCcTBax U He NpeacTas-
NSET NPOMbILLIIEHHON LLeHHOCTH.
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PucyHok 3 — O6oratutenbHas ¢pabpuka AO «TomuHckuin FTOK» nporMsBoauTeNbHOCTbIO 28 MITH. TOHH pyAbl B rof,

O6oratntenbHas dadbpuka AO «TOMUH-
ckmmr TOK» 6bina BBegeHa B OMbITHO-MPOMBbILL-
neHHyto akcnnyatayuo B 2020 . u gocturna
NMPOoeKTHbIX noka3saTenen. [lpoekT npepycma-
TpwWBas NonyvYeHme MeAHOro KoHUeHTpaTa Map-
kn KM-5 ¢ maccoson ponen meam 20 % npu eé
nssnedyeHun 85 % [8].

TexHONormyeckme unccnenoBaHus no ob6o-
raweHuto  MefHblX pyn  TOMWHCKOrO  MecTo-
poxaeHus 6o Hadatbl B 2011 1. v npoBogunmnch
mHcTuTyToM TOMC, koMnaHuen «Outotec» n AO
«MW». B akcnepuMeHTax B kadecTBe cobupartens
vcnonb3oBancsa Aerophine 3418A, npennoxeH-
Hbl «Cyanamid Company» 1 B ganbHelLleMm Bbl-
nyckaembin dupmamm «Cytec» n «Solvay» [24].
Aerophine 3418A npepcTtaBnseT cobon BOAHbLIN
pactBop AumsobyTungutuodochdmHaTa HaTpus
1, no gaHHbiMm AO «MW», nposiBNsieT BbICOKYO ce-
JNIEKTUBHOCTb MO OTHOLLEHUIO K NnupuTy [25,26].

Kpome Aerophine 3418A, WHCTUTYTOM
TOMC B kauecTBe cobupaTenemn nccnefoBanncb
6yTUNoBbIN kcaHToreHat n Hostaflot LSB (gu-
ankungutnodocdart HaTpusa). Jlyywme cobupa-
TeNbHble CBONCTBA W CENEeKTUBHOCTb B OTHOLLE-
HUK NMupuTa nokasan Aerophine 3418A.

B 2017 r,, pnsa npoektnposaHus OO TIrOK
6blna pekomMeHOoBaHa TexHosorus oboratle-
HUSA, B KOTOPOM B KayecTBe peareHTa-cobupa-

Tens ncnonb3oBaH Aerophine 3418A. B anpene
2020 r. dabpuka, noctpoeHHasa no npoekty AO
«MW», 6blna BBEegeHa B OMbITHO-MPOMBbILLIEH-
HYIO 3KCrlyaTaumioo U AoCTUrIa NPoekTHbIX Mo-
Kaszartesnen no o6bLEMY pyabl U MOSyYEHUIO TO-
BapHoM npoaykumm [8].

B HacTtoawmm momeHTt TIOK gasnaetcsa
KpynHenwmnm B Poccun npennpuaTnem no ne-
pepaboTke pyn LiBETHbIX METaIIOB, HA KOTOPOM
peann3oBaHbl HOBENLLME OOCTUXEHUSA B TEXHO-
noruu oboraueHma MIP. 3gecb yctaHOBNEHO
Hanbonee NPoOM3BOAUTENIBHOE U COBPEMEHHOEe
obopypoBaHue BeAyLMX MUPOBbIX U oOTeye-
CTBEHHbIX NpPOn3BOANTENEN.

OpHUM 13 Havbonee MaclwTabHbIX NMpes-
npusatnun B rpynne PMK un kpynHenwum He
Tonbko B Poccun, HO 1 B MMpe obellaeT cTaTb
«Manmbixckuiny TOK. OH pacnonoxeH Ha Tep-
putopum HaHarickoro u AMypCKOro pamoHOB
Xabaposckoro kpas B 274 kM oT XabapoBcka 1
125 kM ot KoMcoMornbcka-Ha-Amype. «ManMbix-
cKoe» MecTopoXxaeHue 6b11o oTkpbiTo B 2006 1,
ero 3anacosl MINP oueHmnBatoTca 6onee, yem B 2,4
mnpa. . OHu copnepxat 6onee 8,3 MnH. T Meau
n 3475 1 30nota. [lnaHupyemas npomsBogu-
TEe/IbHOCTb FOPHO-060raTUTesIbHOro KoMbuHaTa
coctaBut 90 MSH. T pyZAbl B rOA, C MepcnekTUBOMN
yBenu4yeHus [23].
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B 2018 r. Ha ocHOBe BbIMOSIHEHHbIX WC-
cnepoBaHuMM M pa3paboTaHHOWM TeXHOMOorum
oborauweHmsa cregmannctel AO «MW» npucty-
MUY K NOArOTOBKE MPOEKTHOM AOKYMeHTauum
Ha ctpoutenbcteBo OD gns nepepabotkmn MIMP
ManMbIxXckoro MectopoxnaeHus. Micnonbsyemoe
B MNpoekTe 06OpyAoBaHME Ha LaHHbIA MOMEHT
SABNSETCA CaMblM COBPEMEHHbIM U BbICOKOMpPO-
n3BoOAMTENBbHBIM B Mupe. «Manmbixckuniny [TOK
rnocre 3aBeplUeHUs NPOEKTUPOBAHUS U CTPOMU-
TenbcTBa OyAeT KPYNHeNLWrM npeanpuaTmuemM no
o6beMy MnepepaboTkn Ha Tepputopum Poccuu,
cTpaH CHIM 1 ogHUM U3 KPYNHENLLUX B MUPE.

[MapannenbHo co cTpouTenbcTtBoM «Man-
Mbixkckoro» TOK B Poccum Ha ctapTe HaxoguT-
CA MeranpoekT ocBoeHusa «baumckoln pygHown
30HbI». «BbamMMckas MepgHo-nopdupoBas nno-
wanb» (unn «banmka») B BunmbuHckoM paro-
He YykoTkn — BoraTtenwas B M1pe rno 3anacam:
e€ pecypcbl oLeHMBalOTCA B 23 MAH. T Mean U
2 TbiC. T 30/10Ta. Ha TepputOopmn pPyAHOM 30OHDI
pacnonoxeHsol 13 MecTopoXaeHW. 3anachl ca-
MOro MepcrnekTUBHOro U3 Hux — «llecyaHkm»
— cocTaBnsatoT (no knaccudoukauymm JORC): 9,5
MAH. T Megn 1 513 T 30/10Ta. DTO MecTopoXxaeHue
6b1n10 oTKpbITO B 1972 roay, oo 1985-ro Benucob
aKTVBHble MOWCKOBble paboTbl. MIMeHHO 3aech
nnaHupyeTcsa noctpontb «bammckming FTOK, co-
30aHue koToporo BkstoyeHo B CrpaTtermio co-
LManbHO-3KOHOMMWYeCcKoro passutusa [HanbHe-
ro Boctoka u Bamnkanbckoro pervoHa go 2025
ropga. OH 6ypeT 3anyuweH kK 2026 r., BbIngeT Ha
MPOEeKTHY MoLHOCTb K 2028-My 1 cTaHeT oc-
HOBOM HOBOro mnpoMmbllneHHoro knacrtepa. K
3ToMy BpeMeHun OK gornxeH npomnssoantb 250
Tbic. T Meau 1 12,4 T 3onoTa B rog,. locne Toro,
Kak ocBoeHue «bamMcKom pyaoHOM 30HbI» Bbi-
0EeT Ha MOJIHYI0 MOLLHOCTb, 0bLmne 06bEMbl 40-
6bl4n Meam B Poccnm yBennyatca Ha 20 % [27].

TakvM obpasoM, HapsAy C AepP3KMMK cTpa-
TernyeckMMm njaHaMm Ha pasBUTUE LIBETHOMN
MeTannyprum B Poccuu, 3akaH4ymBaoTCs Bpeme-
Ha nerkogobbiBaeMon Megm Ha Ypane, 6epyuime
cBoe Havano c¢ XVIIl Beka. HacTtynaet nepuog
0715 OCBOEHUS CITOXHbIX MeCTopoXAeHWN, 6en,-
HbIX MO copepxaHwto MeTanna. BnonHe oue-
BMAHO, 4To B XXI| Beke Cu-Mo-Au-nopounposble
MecTopoOXAeHUs 6yayT BaXHEMWWMU UCTOY-
HMUKaMK LBeTHbIX MeTannoB B Poccun. B Takon
cUTyaumn BHeApPeHVEe WMHHOBALMOHHbIX TEXHO-
norum oboralleHnss U HOBbIX PeareHTHbIX pe-
XnMoB npu ¢notaumm MIMP no3BonAT He TONbKO
NpPoa/INTb «MedHbIN BeK» Ypana, HO 1 OTKpblBa-
eT peasibHble BO3MOXHOCTW OJ151 peHTabeslbHoro
BOBJIeYeHMs B nepepaboTky 6efHbIX U CITOXHbIX
30/10TO-MeHbIX PYA, B CaMblX OTAANEHHbIX pan-
oHax Poccuun.
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OCHOBHDbIE MPOBJIEMbl OBOTALLEHUA
MEOHO-MOP®UPOBbIX PY[,

OcHoBHas npobnema dnotaumm 3010TO-
copepxawmx MIMP 3akntoyaeTcs B MHoroobpa-
31 MoAUPUKALMIA MUPUTA OT KPYMHO3EPHUCTOMN
CTPYKTYpPbl 4O TOHKOANCAEPCHOIrO U KOJIIOMOpP-
dHoro. MHormne mogudukaumm nuputa npu ero-
Taumu 6yTnnoebiM kcaHToreHaToM (BK) akTuBHO
dnoTupytoTcs, Kak U cynbduapl Megu, YTo Co3-
[AeT 3HauyuTesnbHble TPYOHOCTW B pa3gesieHnun
3TUX MUHEPASIOB M1 B MOMYYEHUN KOSIIEKTUBHOMO
KOHLEeHTpaTa LBETHbIX WU APAroLeHHbIX MeTas-
NOB.

XapakTepHble dU3NYECKME U XMMUYECKUe
ceomctBa MIMP, nx pocrtatoyHo Bbicokas Kpe-
MoCTb, HA3KOE CoEepPXaHWe OCHOBHOMO MeTasnna
U psaa opyrux ocCo6eHHOCTEN TPeBYOT NpUMeHe-
HUA HOBEMLUMX TEXHONOrMN 0o6bl4K, oboratle-
HWS U NoCreayoLLen NepepaboTKu.

ITOT npouecc noapasymMeBaeT BefeHWe
3dPeKkTUBHOM 006bIYN MOPIUPOBLIX Pya C MakK-
CUMasibHbIM U3BMIEYEHNEM TMOJSIE3HOIO KOMMO-
HEHTa, & TakXe MOUCK HOBbIX CMOcoboB ApO-
OreHUs N U3MENbYEHUs Py, CO3L4aHMe HOBbIX
TeXHONOrMmMm oboralleHna 6eaHblIX MO OCHOB-
HoMy KoMnoHeHTy MIP, copgepXxawmx B 3HaYU-
TeNbHbIX KOIMYeCTBaxX CMeLlaHHble TUMbI PYA,.

XUMUKO-MUHEPANOrMYeckMe U CTPYKTYp-
HO-MexaHnyeckne ocobeHHoctn MIMP (HW3koe
conepXaHue UeHHbIX KOMMOHEHTOB, BblCOKas
KpenocTb pyabl W AOp.), NpefonpenenstoT Ao-
BOJIbHO BbICOKUI YPOBEHb MOTEPb NU3BIEKAEMbIX
komnoHeHToB (Cu, Au, Mo, Ag) c oTBasbHbIMU
XBOCTaMu o60oralleHns, HU3KYI KOMMIEKCHOCTb
nepepaboTkn pyAbl U NPUMeHeHWe cneuuduy-
HbIX [OPOrocToswmx ¢roTopeareHToB, B TOM
4yncre — MOHOMOJIBHOrO MPOW3BOACTBA 3anaf-
Hbix drpM. Onsa npeonpuatuin Poccnmn, yuntoisas
TEeKyLLYlO reononmTuYeckyto cutyauuto (yxon, ¢
POCCUNCKOro pbiHKa 3anafHbiX KOMMaHwWi), Ao-
MOJIHUTENBHO OCTPO CTOUT BOMPOC MMMOPTO3a-
MelleHNs — MOSIHOW 3aMeHbl GyIoTopeareHToB
CLLA, TepMaHnn, QUHASHOUM U OP. HA peareHThbl
OTEYECTBEHHOIO TMPOMU3BOACTBE, He yCTynato-
Liye Mo CBOMM XapakTepPUCTUKAM Ny4dLlnM 3apy-
BeXHbIM aHanoram.

B vyactHocTyn, ona AITMK cHuxeHune 6e3-
BO3BPATHbIX MOTEPb LBETHbIX, [OpParoLeHHbIX
M penkmx MeTasnfsioB C OTBas/lbHbIMW XBOCTAMMU
oboratntesnibHbiX GabpuK ABMASETCH 3HAYUTENb-
HbIM MOTEHLMAaNIbHBbIM PE3ePBOM MOBbILLEHUS
3dPeKkTUBHOCTN pPaboTbl KOMOBUHATE, YTO MpPU-
obpeTaeT 0COBYIO 3HAYMMOCTb B CBSA3U C MIaHM-
pyeMbIiM BOBNeYEHMEM B rnepepaboTky 6enHomn
MMP mecTopoxaeHunin «Ewnuk-1» n «Ewnuk-11»
[18-20].



CornacHo ykpynHéHHbIM oueHkaMm, AlCMK,
HEeCMOTpPS Ha 60o/bLLOM O6BEM MPOBOOUMBIX pa-
60T MO COBepLUEHCTBOBAHMUIO MpoLeccoB 060-
rauieHms, exerogHo TepsaeT ¢ OTBaslbHbIMW XBO-
ctamm MO®-1,2: 25-30 Tbic. T Megu, 420-450 1
MonméaeHa n 4-5 1 3onota. MNpu TekyLLmMxX MUpPO-
BbIX LeHaxX Ha MeTaslfibl 3TO 3KBUBANEHTHO MO-
Tepe KoMbuHatoM ~500-600 mnH. USD. lMocne
nnaHupyemoro pacwmpenma AIMK a6contoT-
Hble MoTepwn MeTasiyIoB M GUHAHCOBbIE MOTEpPMU
COOTBETCTBEHHO BO3pacTyT B 4-4,5 pasa.

[Mo maHHbIM [28], Npu copepxaHumn B MIMP
«Ewnuk-1» 0,34 % Cu u 0,3 r/T Au mn3BneyeHue
3TUX MeTaNoB B KonnekTueHbin Cu-Mo-KOHLEH-
TpaT cocTaBnsatoT Tonbko ~81 % Cu n ~54 % Au.

AHanormyHble nNpobsaeMbl  XapakTepHbl
N pna TexHonorum oboraweHna MIMP mecto-
poxaeHuin Poccnun. Bonee Toro, npu paspaboTtke
ypanbckmx MIMP naHa4yanbHO TPyOHO paccymnTbli-
BaTb Ha NpuemneMoe (4715 NonyTHOro U3Bneye-
HUA) coaepxaHue 30/0Ta, cepebpa, MonmbaeHa
M APYTUX LLeHHbIX MeTasisIoB. A 3HAUYUT, U3B/eYe-
HMEe COMyTCTBYIOWMX MeTasisIoB B MNepcrekTmee
MOXEeT CTaTb AOMO/HUTENbHBIM CBUOETENbCTBOM
3bPeKTUBHOCTM npoekTa M BHeOPAEMbIX Tex-
Honorun. CpefnHee copepxaHue MonubaeHa B
pyoe «MmnxeeBCKOro» MeCTOpPOXAEHUS COCTaB-
nsiet 30 r/T1; 3onota — 0,14 r/T; cepebpa — 1,23
r/T. Pyna «TOMWHCKOrO» MECTOPOXIOEHUS CO-
nepxut tonbko 0,06-0,09 r/T Auun ~0,5-0,9 r/t
Ag. Mpy TakKMX HU3KMX KOHLLEHTPALMAX 3TU Me-
Tannbl B Poccnun (1 B M1pe) 4o nocnenHero spe-
MEHMU, KaK NpaBunso, He nssnekanu [8,22,23].

MoatoMy paspa6oTka MWHHOBALLMOHHbIX
TeXHoNnorum, obecneymBalolMx  cokpatle-
HME MoTepb LEHHbIX KOMIMOHEHTOB, Mpexae
BCEro, — MegM M 30/5I0Ta — C OTBaJIbHbIMMU
XBOCTAaMU 0O60raTtuTesIbHOro rnpoOuUsBOACTB],
Ha CerogHsIWHUM f[eHb SABJIIeTCA KJIIOUEBbIM
HanpaBsieHUeM COBEpLUEHCTBOBAHUSA
NPOU3BOACTBEHHbIX KOMMJIeKCOB no
nepepa6éotke MIMP. Mpu 3ToM ogHVM K13 Beny-
LWMX HaMpaB/eHUN CHUXEHUA MoTepb LEeHHbIX
KOMMOHEHTOB C OTBasIbHbIMU XBOCTaMW B LMU-
kne oboraweHna MIP gaBnaetca wMCnosb3o-
BaHWe npu ¢oTaumm cenekTmeHbiX dnoTope-
areHToB-cobuparenen HOBOro MOKOSEHUA U
NX LeneBblx KoMbBuHaLUUM, obecrnedymBaroLmx
cuHepreTudeckmm 3dpdekT. CoBpeMeHHble ¢io-
TopeareHTbl TakXe OTKPbIBAOT HOBble BO3MOX-
HOCTU U MNepCcnekTUBbl ANA9 PeHTabeslbHOro m3-
BfleYEeHNA pPeaKMX W OParoueHHbIX MeTass1IoB
(Mo, Ag,Pt, Pd, Re, In n gp.), conepxatmxcs B
MIMP B 3anpenenbHO HU3KMX KOHLEHTPALLMSX.

MHHOBALMOHHDbIE ®JIOTOPEAIEHTDI
«KBAJTUTET» — OOUH U3 ®AKTOPOB
COBEPLWEHCTBOBAHWNA COBPEMEHHbIX
TEXHOJIOMMM ®JSIOTALMOHHOIO
OBOTALWEHUA CNTOXHbIX
MHOIMOKOMMOHEHTHbIX PYA LBETHbIX,
PEOKUX U OPATOLLIEHHbIX METAJ1/10B

[7.29]

dnoTtauus octaércs Hanbonee adpdekTmB-
HbIM TEXHOIOMMYECKUM MPOLLECCOM pa3aeneHus
MUHEepPasioB TOHKOBKPAMIEHHbIX Pyn, LBETHbIX,
penkmx U AparoleHHbix MeTannos. Bosneue-
HMne B nepepaboTky 60MblMX O6BbEMOB TPYA-
HOOBOraTMMOro Cbipbst TpebyeT MNpUMeHeHUs
HOBbIX TEXHOJIOTMYECKNX MPUEMOB U peareHT-
Hbix pexunmoB [30,31]. HepaBHOMepHas Bkpa-
MIEHHOCTb;, TOHKOE B3auMonpopacTaHue pym-
HbIX MUHEPAaNoB MeXAy CO60oM U C NMOPOLAHBIMU
MUHepasaMn, HebnaronpusaTHOe COOTHOLLIEHWE
pasgensieMblXx MUHepasioB, KOTOpPOe MpOsBsA-
eTCA B 3Ha4yuUTe/IbHOW MacCoBOW [one mupuTa
B 3onoTtocopepxawmx MIMP pasnmyHbix Me-
ctopoxaeHun (pocturaer 80-90 % oT cyMMmbl
cynbduOHbIX MUHEpasoB) — Bce 3TU dakTopbl
3HAUUTENIbHO 3aTPYLHSIOT MONyYeHUe BbICOKMX
TEXHONOrMYeCcKMX rokasartenen oboralleHns.
brnskne dnotaymoHHble CBOMCTBA Ccynbodua-
HbIX MWHEPASIOB LBETHbIX METas/IoB U Nnuputa
ABNSAOTCA OAHOM M3 OCHOBHbIX MPUYUH, OCIOX-
HAIOLLMX CeNeKTUBHYO doTaumio pasgensemMblix
MunHepanos [8,32].

Bbilwe oTMeyanock, 4To ogHa U3 OCHOBHbIX
npobnem oénotauum 3onoTocogepxawmx MIMP
3ak/itodaeTcs B MHOroo6pasmm mopudukaummn
nMpuUTa OT KPYMHO3EPHUCTOM CTPYKTYPbl 4,0 TOH-
KoOMCnepcHoro un konnomopdHoro. MHorme mMo-
andukaumm nuputa npu eaotaumm 6yTUIOBbIM
kcaHToreHaTtoM (BK) akTnBHO dnoTupytoTcs, kak
M cynbduapl Meam, Yto cos3naeT 3HauYUTesNbHble
TPYAHOCTM B pasfefieHnn 3TUX MUHEpPasoB U
B MOJIyYEHUM Ka4eCcTBEHHOrO KOJIIEKTUBHOMO
KOHLEeHTpaTa LBETHbIX WU APAaroLeHHbIX MeTas-
NOB.

KOHTpacTHOCTb MOBEPXHOCTHbLIX CBOWCTB
MUHepasioB, ob6nagarwmx 6IU3KMMN TEXHOSO-
rMYyeckMMmM CBOMCTBAMU, MOXET 6biTb MOBbILLE-
Ha 3a CY€T pas3paboTKM U NCMOMb30BaHUA Ce-
NEKTUBHbBIX peareHTHbIX pexuMoB. [oBbileHue
CENeKTUBHOCTU peareHTbiX pexuMoB npu ¢o-
Tauum cynbduaHbIX MUHEpPasioB AOCTUraeTCH,
npexze BCEro, 3a CYET UCMOSIb30BaHUS B Kaye-
cTBe cobupartenent KOMMO3NLMOHHbBIX PeareHToB
UM KoMburHaumm cobupartenen [23,25,30].

HecMoTps Ha MHOroymMcieHHble MNpeaso-
XEeHUs 06pasLoB KOMMO3ULUKA cobupaTtenen
OT pasHbiXx npowusBoguTenen GAOTALNMOHHbBIX
peareHTOB Ha MNpakTuke npu dnotauum 30/0-
Tocopepxawmx MIP, rnaBHbIM 06pa3oM, MUC-
nonb3yetca BK, 4yTto 3aTpygHseT [ocTuxXeHUs
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TpebyeMblX TEXHOIOrMYEeCKMX rnokasaTtenemn npm
nepepaboTke yKasaHHbIX pya.

CneumanucTsl Hay4HO-MPON3BOACTBEH-
Horo npeanpusatna «KBAJIMTET» (OOO «HMM
KBAJIUTET»; «KBAJIMTET») coBmectHO ¢ AO
«MHcTuTyT «TMHUBETMET» paspabotann u
OCBOW/N B MNPOW3BOACTBEHHOM MacliTabe nu-
HEMKM KOMMO3ULMUOHHbIX $noTopeareHToB-CO-
6upartenen Ha OCHOBe coYeTaHUs cobupaTenen
pa3HbiX KJflaccoB, obecnevyrBaloLMX BbICOKYHO
CeNeKTUBHOCTb peareHTHbIX pexmmoB dnoTta-
ummnl. MIMm xe 6binin chopMynmpoBaHbl, Hayu-
HO-O60CHOBaHbl M OTpaboTaHbl Ha MnpakTuke
obLmMe NPUHLMMBLI BbiIbOpa pasfMyHbIX KOMOU-
Hauun peareHToOB-cobupartenen, MUCnonb3oBa-
HMEe KOTOPbIX OBecrneymnno OOCTUXEeHME 3Haun-
TeNbHOIro cUHepreTuyeckoro sddekTa.

Hanpumep, npumeHeHue peareHta -4
B covetaHun ¢ BK Ha cepocynbomngHomn dnota-
umn (HagexXxanHckmni MeTannyprmuyeckuin 3aBog,
3anonsapHbin dunnan «HopHukens») obecneymn-
10 NPUPOCT N3BMIEYEHUS MeTaslNIoB MIaTUHOBOMN
rpynnbl (M) B cepocynbduaHbIA KOHLEHTpAaT
Ha 8-11 % abc. Ha TanHaxcko oboratutesibHOW
dabpuke, Npu oboraweHmn WnxTbl 6oratbl W
MeANCTbIX MeOHO-HUKeNeBbIX pyn MNPUMeHeHue
OM-4 B covetaHnn ¢ BK n gnankmngutnodoc-
daTtom (HBA) nosbicuno usenedeHne MM Ha
3-5 % abc., a Ha Hopunbckon oboratntenbHoM
dabpuke npu dnotaumm BKpanseHHbIX Mef-
HO-HUKENEeBbIX PYA, aHanoruyHas KoMouHaums
peareHTOB-cobupartenen obecneymna npupocT
nssnedveHns MMM Ha 8-11 % abc. Mo cpaBHEHMUIO C
6a30BbIM peareHTHbIM pexmnmMoM. Bce ykasaHHble
peareHTHble PeXVMbl MPOMbILIEHHO MUCMOSb3Y-
toTcs B Hopunbcke yxe 6onee yeTBepTH Beka.

C odeBpansa 2021 r. KOMMO3ULMOHHbIN CO-
6upatens M-T®-421 npoussoactea «KBAJIN-
TET» ncnonbayetcsa B npomnssoactese OO0 «MPK
«BblcTprHCcKoe» («HopHUkenb») npu dnotauu-
OHHOM oOforalleHUK CKapHOBOM 30/10TOCOAEP-
Xauiem MepgHo-marHetutoBown pyabl. KombuHat
3anyweH 30 okTabps 2017 r. MNpoekTHasa npo-
nssoguTenbHoctb — 10 mMAaH. T/r. Mpwn
TecTMpoBaHuM 13 peareHTOB aHaslorM4yHoOro
OeNcTBuUs, BKtoYas nydluve 3apybexHble aHa-
noru, ¢ M-TM-421 6611 NoOsy4YeH CaMblil BbICOKUM
pe3ynbTaT. [1o gaHHbIM NPOMbIWAEHHbIX UCMbI-
TaHUM 3aMeHa npoekTHoro peareHta (DSP-017
koMmnaHum «Orica») Ha M-T®-421 obecneun-
na npuUpoCT U3BJIEYEHNS MeTaslsIoB B KOH-

ueHTpar, % abc.. mean — 2,1, 3onota — 6,8.
1 Co3paHune obLWmMX MPUHLMMOB
npuMeHeHma coyeTaHum peareHToOB-

cobupartenemn pasfMyHbiX KacCoB MPUHALNEXUT
YYEHbIM mHctutytoB  «TMHLUBETMET» %
«MEXAHOBP».
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CopepxaHve mMeam B Cu-KoHLEeHTpaTe
COXpPAaHUNOCh Ha CTaHOaPTHOM ypoBHe —26,9 %.

MHOroneTHUM  NOJIOXUTESIbHbIA  OMbIT
coTpyaHu4yectBa KomnaHuu «KBanutet» ¢
BeAylWMMU  MMUPOBbIMU  MPOU3BOAUTENSAMMU
LBETHbIX ] AparoLeHHbIX MeTannos
no3BosiUN co3paTb JIMHENKY 3¢GPeKTUBHDbIX
dnotopeareHToB c 3a4aHHbIMU
TEXHOJIOrMYeCKUMU CBOMUCTBAMM AJ1S LUIMPOKOIro
cnekTpa PpyA M TEexXHOreHHblX MNpPOAYKTOB
(wnakoB, XBOCTOB, MNPOMMNPOAYKTOB).

B HacTosilee BpeMs B TOBApHOM mnopTde-
ne «<KBAJIMTET» WKMPOKMIA CREKTP YHMUKANIbHbIX
XUMUYECKUX MPOAYKTOB, COOTBETCTBYIOLLNX MU-
POBbIM CTaHAAPTaM.

Ha ocHoBe o06WKX MPUHLMMIOB Bbi6opa
KOMMO3ULMOHHbIX peareHTOB-cobupaTenemn
N CenekTUBHO [AENCTBYIOWMX COYEeTaHUN pea-
FEeHTOB, & TakXe UCXO4A M3 MHOroJIeTHEM Mo-
NOXUTENbHOW MNPAaKTUKU MPUMEHEHUS KOM6U-
HUPOBAHHbBIX PeareHTHbIX pPexuMoB droTauum
C MCMNOMb30OBaHMEM peareHTOB-cobupaTenemn
«KBAJIMTET» Ha npeanpuatusax «HopHuKkens»,
«KBAJIMTETom» 6binn  paspaboTaHbl, npoTe-
CTUPOBaHbl M MPOMBILSIEHHO WCMbITAHbI YCO-
BEPLIEHCTBOBAHHblIE pexuma dnotaumu Ans
TEXHONMOrMM oboralleHUss pPasfnMyHbIX 30/10TO-
copepxawmx MIMP Ha npegnpuatuax Poccum mn
Y36ekncrtaHa.

PE3YJIbTATbl UCIMbITAHUSA
YCOBEPLUEHCTBOBAHHbIX
PEATEHTHbIX PEXKMMOB HA OCHOBE
PEAFEHTOB «KBAJIUTET» NMPU
ONOTALMOHHOM OBOrALLEHUU
30J1I0TO-MEAOHO-MOP®UPOBbIX PY[L

1 AO «Anmanbikckut FTMK», Y36ekuctaH
1.1 Pe3ynbtartbl 1a6opaTopHbIX
3KCNepuMeHTOB

MepgHo-MonubaeHoBble pyabl «Kanbmakbl-
pa», nepepabartbiBaemble Ha MO®-1 AIMK,
OTHOCATCA K MEepPBWYHBIM CylbGUOHBIM pyaaMm.
OcHOBHble pyAHble MUHepasibl MpencTaBeHbl
nuputoM (2,1-4,1 %), xanekonuputom (0,7-1,3 %),
MarHeTUTOM, reMaTUTOM, MOM6OEHNTOM, CaMO-
poaHbIM 30110TOM, cepebpom 1 ap. Cxema nepe-
paboTkm MepgHo-mMonubaeHoBbix pynd Ha MO®
npepycMatpusaeT nsaMesnbyeHve no 60 % knacca
MUHYC 71 MKM C nocnepytowen dnotaumen Mun-
Hepanos Meau, MonuMbaeHa U AparoLeHHbIX Me-
TanoB B LWENOYHON cpefe, CO30aBaeMon U3Be-
ctbto (pH 10,5-11,5 en.) ona nogaBneHus nupuTa.
KoHueHTpaT |- nepeyncTkm gomsmensyatoTt Ans
pPacKkpbITUS MUHEPasbHbIX CPOCTKOB C Mofadven
M3BECTWN 4,0 OCTATOYHOM KOHLEeHTpauum cBo6os -
Horo okcuaa kanbuma (CaO) 400-600 mr/om3 n
nepeyYnLLakoT C Lefbio NoSyYeHNs MegHOro KOH-
LeHTpaTa, cogepxatlliero He MmeHee 16,0 % megu.



PucyHok 4 — JTabopatopust OOD AO «AnmMasbikekmin MMKs.

[Mpy 3TOM YMECTHO OTMEeTUTb, 4TO Ans droTaymm
MONMMGAEHNTA W APAaroLeHHbIX MeTansioB on-
TUManbHoe 3HadeHne pH coctaBnseT He 6onee
7,5-8,0 en. ®akTnyeckuin yaenbHbIM pacxod 13-
BecTn Ha MO® coctaensaet 2500-2700 r/T pyabl.
OCHOBHbBIM HE4,OCTATKOM CYLLLECTBYIOLLEN CXEMb
ABNAETCA TO, YTO MPW BbICOKOM LLETOYHOCTY,
co3aBaeMon M3BECTblo A5 Aenpeccun nmpm-
Ta, CHWxaeTcs GNOTOaKTMBHOCTE MUHEPasoB
LIBETHbIX MeTas/1oB (0COBEHHO — MONMGAEHUT])
U OparoLeHHblx meTannos [34].

B AIMK pa3BépHyTa KamMnaHusa no rnou-
CKy HOBbIX 3bdPeKkTUBHbIX oTopeareHToB C
niaHamMy nocreayLero cTpouTenscrea cob-
CTBEHHOrO NpeanpuaTua (nokanmsaumm) no mx
NPOW3BOACTBY Ha MpoMmnioLwanke KombuHata
C Uenblo cokpaleHuUsa (UCKITIoYeHUs) Heobxo-
OVIMOCTU MMMOPTHbBIX MOCTaBOK. B pamkax 3T1o-
ro cTpaTernM4yeckoro mnpoekTa pPykOBOLCTBOM
KOM6uHaTa 6blIM  OpraHM3oBaHbl  UCMbITAHWUSA
peareHTOB-cobupaTener npounssonctea «KBA-
JINTET» npwn dnotaumm MIMP («Kanbmakbipa» u
«Enunk-1») n TexHoreHHbix npoaykTos AIMK.

Ha 1-M aTane ncnbitaHna BKIOYANU OLEH-
Ky 3bdekTnBHOCTU drioTopeareHTOB-cobupa-
Tenen npowussoactea «KBAJIMUTET» npu dno-
Tauum OCHOBHbIX CbipbeBbix nMpoaykToB AlMK.
Vicnonb3oBaHbl npeactaBuUTebHblE  0b6pasubl
py4: Tekywen nobbium «KanbMakbipckoro» me-

CTOPOXAEHUS N MepPCnekTUBHOMN A06bl4M MecTo-
poxaeHNs «EWwnmnk-1.

TectnpoBanu 6 obpasuo ¢rioTopeareH-
ToB-cobupatenen «KBAJIMTET», B TOM 4uc-
ne: CCM, An-4, M-Td-321, M-Td-421, HCK-20,
ADOU-4T10K.

McnbiTaHusa npoBeaeHbl
onbITHOW oboraTuTesibHON
AIMK.

D noTaLUOHHbIN 3KCMEPUMEHT MO UCMbITa-
Huio peareHToB «KBAJIUTET».

B nabopatopum
dabpukn (OOD)

MeToamka nabopaTopHbIX MCCNeLoBaHUN
$dnotaumm NpepycMaTpmana NpoBeneHNE Onbl-
TOB B OTKPbITOM U 3aMKHYTOM Luknax. OnbiTbl
MPOBOAMIU MO CXEME, BKJIOYAIOLLEN OCHOBHYHO
M KOHTpONbHyto drotaumn. Kaxpas cepmsa sKc-
MepVMeHTOB BKJtOYana npoeBefeHne 6a3oBoOro
onbiTa B ONTUMaJIbHbIX YC/IOBUAX C MCMOMb30Ba-
HWEeM CTaHOAPTHOrO peareHTHOro pexuma ¢ao-
Tauum. B nepBol cepun OMbITOB C peareHTamu
«KBAJIMTET» BapbupoBanu ux ygenbHble pac-
XO[Abl, COOTHOLUEHUSA U TOYKM nojayun, nogoupas
3dpdeKkTMBHbBIM pexuMm. [pu 3TOM opueHTUpoBa-
NUCb Ha pacrnpepeneHve Megum nNo npoaykram
dnotaumn. Bo BTOpoOM cepuu OMbITOB [OMNOS-
HUTENbHO paccMaTpuMBalW pacnpeneneHmue Mo-
nméaeHa u 3onoTa. Vicnonbsosanu nabopatop-
Hble ¢noToMaluMHbl ABYX TMNopasmepos: 3 gm3
(oS nepBOHaYaNbHOM OLLEHKU pacrnpeneneHms
Meou) u 8 oM (ANA oueHKU pacnpeneneHus
Menu, MonmbaeHa, 3o510Ta 1 cepebpa).

McnbitaHus peareHtoB «KBAJTUTET» kak
B CEPUWN OTKPbLITbIX, TAK W B 3aMKHYTbIX OMbITaXx,
rnokasasiv NONOXUTENbHbBIV Pe3y/bTaT.

B oTKpbITbIX OMblTax NPUMeHeHUe peareH-
ToB-cobupaTtenen «Ksanutet» npu dnotaumm
pyn «Kanbmakbipa» 1 «Ewnuk-1» obecneunno
MPUPOCT U3BMeYeHUA Menu, MonmbéaeHa mn 30-
noTa B KOJIIEKTUBHbBIN KOHLEHTPAT B CPeAHEM OT
1,5 no 5 % ab6c. (kaxporo metanna). Hanbonee
BbICOKME pe3ynbTaTbl MOJIyYeHbl MPU WMCMNOJb-
30BaHMM KOMBUHaUMU 3-X peareHToB-cobupa-
Tenen: bK, AON-4I10K n OM-4. O6Hanéxmea-
IoLMe pe3ynbTaTbl TaKXe MOoslyyYeHbl B OMnblTax ¢
npumeHeHnem BK n M-T®-421.

OKCNepUMEHTbI, MPOBeAEHHbIE MO CXeMme
3aMKHYTOro UuMkna, noateepaunn >ddekTrB-
HOCTb npuMeHeHunsa peareHToB «KBAJIUTET».
CornacHo nosyYeHHbIM JaHHbIM, MPU UCMOMb30-
BaHMM peareHTa AOUN-4MOK (20 r/T1) B coveTta-
Hum ¢ AM-4 (10 r/T) NpMpOCT U3BNEYEeHUs 30/10Ta
1 cepebpa B KOMIEKTUBHbIN KOHLEHTpAT cocTa-
BUn 4,7 % abc. Mo CpaBHEHUIO C aHaNOrMYHbIMU
rokasaresiiMM OrMbITOB, MPOBEAEHHbIX B CTaH-
DAapTHOM peareHTHOM pexuMme. [pn 3ToM kKauve-
CTBO KOJUIEKTUBHOIO KOHLeHTpaTa ocTaBasioCb
Ha yposHe 6a3osoro (20,55 % Cu; 21,5 r/T Au).
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PucyHok 5 — MonynpombiwneHHasa yctaHoBka OO®
AO «Anmanbikckui FTMK».

MpuMeHeHWe peareHta M-TM-421 (30 r/7)
Takxe obecrneymsio 3aMeTHbI MPUPOCT U3BIe-
YEHUS [OpPAaroleHHbIX MeTasfioB B KOIEKTUB-
HbI KOHLLEHTPAT B CPaBHEHUM CO CTAHAAPTHbIM
peareHTHbIM pexmMMoM: 3o/10Ta ~ Ha 6 % abc,;
cepebpa ~ Ha 7,5 % abc. OgHako npu 3TOM Npoun-
30LUSIO HEKOTOPOE CHUXEHME KayecTBa KOosiek-
TnBHoro koHueHtpata (18,3 % Cu; 18,0 % Au) B
CpaBHEHUWN CO CTAHAAPTHbBIM PeareHTHbIM PeXM -
MOM.

YcTaHOBNEHO, YTO MCMOIb30BAHME peareH-
ToB «KBanuteT», Hapsany C yBenmyeHneM nsene-
yeHUs Meou, MonubaeHa M 3o50Ta B LeneBble
KOHLEHTPATbl, OAHOBPEMEHHO YNyYLLAOT KUHE-
TUKY Npouecca dnoTtaumm (NoBbILLAKOT NPOU3BO-
OUTENbHOCTb Nepenena), No3BoAsSOT UCKTOYNTD
MCNoNb3oBaHne MeHee 3bdEKTUBHBbIX peareH-
TOB-aHanoroB. TakXe OTMeYyeHa BO3MOXHOCTb
3HAYUTENTBHOIO CHUXEHUS YOENbHOMO pacxoa
BK, BepeTéHHOro Macna m BcneHmBartensa T1-92
6e3 yxyaleHusa nokasartenem ¢pnotaumm.

MonyyeHHble pe3ynbTatbl 1abopaTopHbIX
nccnenoBaHU MO3BONUAM  PEKOMEH0BaTb
npoBefeHWe MONYNPOMbILLSIEHHbIX WCMbITAHUN
(MMNN) pearenToB «KBAJIMTET» Ha ycTaHoBke
OO0® AIMK. Ona wmcnblTaHMK Ha pyLe MecTo-
poxaeHusa «Kanbmakbip» 6blna pekoMeHaoBaHa
nposepka 2-X  BapuWaHTOB peareHTHOro
pexuma: koMbuHauma ADOK-47M0K wu Af-4
B coyeTaHum ¢ bK n coyetaHne BK ¢ M-TD-421.
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Pe3ynbraTtbl NOMyNnpoOMbILINIEHHbIX

ncnbiTaHUn?

B  wuoHe-mone 2021 . Ha onbITHOW
oboratntensHom dabpuke (OOD®) AMK 6Ebinun
rnpoBeneHbl  MOJYNPOMbIWIEHHbIE  UCMbITAHUSA
(M)  ycoBeplUeHCTBOBAHHbBIX  peareHTHbIX
pexmnmMoB ¢noTauMoHHOro oborauleHus pyabl
«KanbMakbipa» Ha OCHOBe peareHToB-cobupa-
Tenen «<KBAJTMTET».

McnbiTaHna peareHTOB MPOBOAWIN B He-
MpPepbIBHOM pexrMe Mno cxeMe, oboraleHus
BKJ/IOYAIOLLEN: 2-X CTaAMaNbHOE U3MesbYeHne n
Knaccupukaumo MCXOAHOW pyabl 40 MOAy4YeHUs
70 % knacca MUHYC 71 MKM; OCHOBHYO U KOH-
TPOJIbHYIO dNoTaLMM C MONydYeHMEM KOHLLEeHTpa-
TOB OCHOBHOWM, KOHTPONIbHOM droTaumm 1 XBo-
cTOB; |-t0 MepeuyncTky KoHLeHTpaTa OCHOBHOM
drnoTtaumy; LousMeribYeHMe KoHueHTpaTta |-n
nepeyncTkm 0o 95 % knacca MUHyC 71 MKM;
|I-to NepeyncTky [oU3MeNIbY4EHHOro KOHLLEeHTpA-
Ta |- nepeYymncTky ¢ nonydyeHMeM roToBOro Mes -
HO-MOIM6OEHOBOIO KOHLIEHTpAaTa.

PeareHTtbl «<KBAJTIMTET» wncnonb3oBanu B
coyeTaHun ¢ BK, Bapbupys cooTHoweHune co-
6upartenen n ux obwmn pacxod. OueHuBanun
TexHonornyeckyto 3>¢PeKkTMBHOCTL peareHToB
«KBanuTteT» B cpaBHEHWM CO CTAHAAPTHbLIM pea-
rFeHTHbIM PEXUMOM.

McnbiTaHua npoxoaunm B 4 atana: Ha nep-
BOM 3Tare TexXHONOru MnpoBOAMAM B CTaH-
[DapTHOM pexume (6a30Bblii BAPWAHT), UMUTK-
pyloLEeM NPOMbILWIEHHYO TexHonoruw MegHowm
oboratutensHon ¢abpukmn (MOD-1) AIFMK; Ha
2-4-M 3Tanax wmcronb3oBann peareHTbl «KBA-
JINMTET» B coveTaHunm c bK.

[MpoBenéHHble atanbl MM ybeantenbHoO
noaTBepann 6o5ee BbICOKYK TexHosormye-
Cckyto 3bPeKTUBHOCTb BCEX WCMbITAHHbIX pea-
reHToB «KBAJIUTET» gna MIMP mMecTopoxaeHus
«KanbMakblp» Mo CpaBHEHUIO CO CTaHOAPTHbLIMU
peareHTamu.

Nlyywne nokasaTtesnn Mnosy4YeHbl MNpu uc-
nosib3oBaHum komouHauum AON-4110K n AM-4.
[aHHbIN peareHTHbIN pexum drnotaumm B CO-
MOCTABUMbIX YC/IOBUAX YBEINYU U3BJIeYEeHUe
B KOJSI/IEKTUBHbBIN KOHLEHTpAT: Meanm — Ha 1,62
% abc.; 3onota — Ha 1,92 % abc¢. Mo cpaBHEHUIO
CO CTaHOAPTHbIM pexuMoM. [lpu 3ToM nony-
YEeH KOHLLEHTPAT 2-W NepeymncTkn, comepxkaLimin
16,6 % mMeau 1 14,1 r/T 30nota (npotue 16,0 %
Meom 1 13,9 r/T 3010Ta B CTAHOAPTHOM pexXmnMe).

2 B opraHusaumm " rnpoBeaeHnmn
naéopaTopHbIX, YKPYNHEHHO-1abopPaTOPHbIX U
MOSYMPOMBILLMIEHHbBIX  UCTMBITAHUAX pPeareHToB
«KBAJIMTET» akTUBHO y4acTBOBa/IM CreaytoLime
cotpyaoHukm AIMK: A.M. CanHasapos, [.B.
MBaHoBa, H.A. BarpsaHckui, O.B. MNpockypskoBa,
H.I". Conomko, H.T. Xyk.



PucyHok 6 — MegHas oboraTtutenbHas ¢abpuka N2 1T AO «Anmanbikckuin MK,
Mepenen dbnotauum pyasl MectopoxaeHnin «Kansmakbip» 1 «Capbl-Heky».

M3BneueHne monubaeHa u cepebpa B KOHLEH-
TpaT 2-M NepeyunucTkm COXPaHUIOCb MPUMEPHO
Ha OOHOM YPOBHE C aHasIOrM4YHbIMU MokasaTe-
NAMU, MNONYYEeHHbIMU B CTaHOAPTHOM pexmnMme.
MpumeHeHne peareHToB «KBAJIUTET» (ADOU
- 20 r/t v AN-4 8 Buge 30 %-ro pacresopa —
16 r/T) NO3BOMMMNO MOMHOCTBIO UCKIKUNTbL NUC-
nonb3oBaHne MeHee 3PdEKTUBHbIX CTaHOAPT-
HbIX peareHToB-cobupatenen — ASPO 442 F,
BepeTEHHOro Macna un kapbamuaa.

Mcnonb3oBaHne M-TD-421 B coueTaHuu
c BK Takxe obecrneumno 6onee BbICOKME MOKa-
3aTeny No CPaBHEHWIO CO CTaHOAPTHbIM pea-
FeHTbIM PEXMMOM: MPUPOCT U3BMIEYEeHUs Meau
coctaBun — 1,47 % abc.; 3onota — 0,94 % abc.
Mpu 3ToM 6bin nonyyeH 6o05ee KayecTBeH-
HbIM KONJIEKTUBHbBIM KOHLEHTPAT, COAepXaLlmii
17,44 % Cu.

Ha ocHoBe paHHbix [ BbinonHeH pac-
UET OXWMOAEMOro >3kKoHoMM4eckoro 3sddekTa
OT UCMONb30BaHUA KOMBUHALUM peareHToB
«KBAJIMTET» (ADWN-4TM0K + [Al-4) B coue-
TaHun ¢ BK npu ¢notauum MIMP Ha MO®-1,2
AIMK (pacu4é€THbil 06bEM nepepaboTku pyAbl
— 45 MnH. T B rog; mpuHATbl ueHbl 2021 r).
CornacHo MoJIyYeHHbIM pe3ynbTaTam,
rogoBOM 3KOHOMUYECKUM 3bdekT cocTaBnsaeT
31 mnH. USD, yto cBMOeTeNbCTBYEeT O BbICOKOM
3KOHOMMYECckON 3PPEKTUBHOCTUM MNPUMEHEHUS
peareHToB «KBAJTNTET».

MonoxutenbHble pe3ynbratel nabopa-
TOPHbIX, YKPYMHEHHO-AbopaToOpPHbIX W MNOSy-
MPOMBbILLSIEHHBIX WCMbITAHUA KOMGWHAaLWU pea-
reHToB AOUM-4110K + [Al1-4 B codeTtaHum c bK,
npoBenéHHole B8 OO®, aABUAMCDL OCHOBAHWEM
07159 nepexofa K crefytolleMy 3tany — npose-
OEHUIO  OMbITHO-TMPOMBILLMIEHHBIX  UCMbITAHUN
(OINMKN) paspaboTaHHOro peareHTHOro pexuMa
dnotaymm Ha MO®-1 AITMK.

1.2 Pe3ynbtaTbl ONbITHO-MPOMbILU/IEHHbIX
MUcnbITaHUA KOM6UHALUUN peareHToB-
co6upareneun AOU-4I"MOK n AiN-4
npousBopctBa «KKBAJIMTET»3

OnbITHO-MPOMBILINEHHbBIE UCMBITAHUA pe-
areHTHOro pexmma déroTaumm ¢ NpUMeHeHUeM
KoMbuHauuu cobupartenen AOU-4r10K v Ar-4
B coyetaHum ¢ BK npoBogunm Ha 3-11 MoHoOCeK-
uunm (M/c) MOD-1 AIMK npu cpenHen npomsso-
gutenbHocTn 720 T/vac.

B kadectBe 6a30BbIx MnokasaTenev npu-
HUManM pe3ynbTaTbl MapassienbHoOW pPadoTbl

3 HeoueHnMbIN BKNag B opraHmM3saluio,
MOArOTOBKY W MpOBeAeHMe MPOMbILIEHHbIX
ncnbiTaHnin BHeC U pyKkoBoOMTENN 7

TexHu4eckni nepcoHan ArMK, B Tom uncne: A.M.
CanHazapos, H.I' Conomko, Y.A. TMapnmnboes,
Huwanos .Y, McmaTtoe O.FO., Cannaposa 3.P. n

ap.
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4-n m/c MO®D-1, Ha KOTOPOW WMCMOJb30BANNCH
cTaHOapTHble peareHTbl-cobupaTenu. Annapa-
TypHas oCcHacTKa, TEXHOMornyeckast cxema m uc-
XxoaHasa pyaHas wnxta 4-m mM/c 6biim MoeHTUYHbI
3-nm/c.

Cobupatens AOU-4M0OK cosmectum ¢ BK,
4TO 06ecneymno BO3MOXHOCTb MPUrOTOBIEHNS
ob6LLero pacTeopa 3TUX peareHToB C Lefblo Co-
BMECTHOW Nofaynm Mx CMecu rnpu 3a4aHHOM CO-
OTHOLLEHUN C MOMOLLbIO OOHOIrO [O3MPYHOLLErO
ycTpowncTea. «CtapToBoe» cooTHolweHne APU-
4TM10K: BKK noppepxuBany MCXO4A M3 peKo-
MeHOALUMN Ha OCHOBE OMTWMMAasbHblX Mapame-
Tpoe MM B8 OOO.

Pesynbtatel O dnotopeareHToB-CO-
6upatenen «KBAJIMTET» (kombuHaumm ADK-
4MOK + [M1-4), nony4eHHble Ha 3-11 M/c MOD-1,
NOATBEPANNN 6OsIee BbICOKY TEXHOOMMYECKYHO
3PDEKTUBHOCTb 3TUX PEAreHTOB MO CPaBHEHUIO
CO CTaHOAPTHLIMW peareHTaMu, UCMoNb3yeMbIMU
npu ¢notaumm Ha MOD-1 AIMK. CpaBHUTENbHbIE
pe3ynbtatbl O, chopMmpoBaHHbie B 3a4ETHbIN
nepuopg, paboTbl 3-11 M/c MOD-1, NONHOCTbIO KOP-
PeCnoHAMPYIOTCS C paHee NoslyYeHHbIMU pe3yrib-
Tatamu MM Ha OOD AIMK: nssnedeHme Mmegm m
30/10Ta B KOHEYHbIN KOHLEeHTpaT (2-1 nepeymcTt-
HoOW doTaumm) Ha 3-i1 M/c Ha 1,99 % abe. 1 3,06
% abC., COOTBETCTBEHHO, Bblllle MO CPaBHEHUIO C
aHaIorMYHbIMK MokasaTtensamu, 4-in m/c (cTaH-
DapTHble peareHTbl). B nepmnopbl yctonumsom pa-
60Tbl dnoTaumm cogepxaHue Meam B KOHEYHOM
KOHLEeHTpare, nosiy4aeMoM Ha 3-1 M/c, cocTas-
nano 16,0-17,6 %, 4To coOTBETCTBYET CTaHAAPTY
AIMK (216 % Cu).

Pesynbtatel Ol KoMbuHaumm peareH-
ToB-cobupatenen «KBAJIMTET» (ADK-4M0K
n AM-4) na MO®-1 npusHaHbl [MponssoncTBeH-
Ho-TexHun4yeckuM Cosetom (MTC) AMK nono-
XUTENbHbIMU. [TPUHATO pelleHne O MoAroToB-
K€ K MPOMbILIEHHOMY BHEAPEHMIO yKa3aHHbIX
peareHToB Ha AITMK. C uenbto oueHKU BAUSHUSA
HOBOrO pPEeareHTHOro pexmma Ha nokasaTenmu
cenekuMm MegHo-mMonmMb4eHOBOro KOHLEHTpa-
Ta 1 noaTeepxaeHus pesynbtatos OlW, nony-
YeHHbIX Ha 3-11 M/c MO®-1, MTC AIrMK pewwun
MPOBeCTU MPOAONXUTENbHbIE (HE MeHee 3-X
MecsLeB) MNonHoMaclTabHble MPOMbILLIEHHbIE
ucnbiTaHma peareHToB «KBAJIMTET» Ha Bcex
6-1 M/c MO®-1. Mpwn 3tom OTOen nokanmsaumm
AIMK onepexatowe npuctynuia kK npopaboT-
K& BOMPOCOB, KACAOLWMXCA BO3MOXHOCTU MpPO-
nssoactea peareHtos AOUN-4110K v AM-4 uns
mHrpegmenToB «KBAJIMTET» Ha TeppuTopumn r.
AnManbik C uenblo JanbHenlero coTpygHuye-
CTBa M CO3aHNA COBMECTHOIO NPeanpusaTus.
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2 AO «TomuHckum FOK» PMK, Poccus

Ncxopa mn3 ocobeHHocTen cocTtaBa MIP
«TOMUHCKOro» MeCTOPOXAEHWUSA, FAE OCHOBHYIO
LeHHoCTb B pyae (= 90 %) coctaBnseT mMenb, a
TakXxe MpuUHMMas BO BHWMAaHWE BbICOKME Tpe-
6oBaHWA K KayecTBy MeOHOro KoHueHTpaTa
(= 25 % Cu), «KKBAJIMTETom» B KadyecTBe nep-
CNeKTUBHbIX  peareHToB-cobupaTenen  Onsa
TrOK 6bina pekoMeHAoOBaHa rpynna peareHToB
Ha ocHoBe MoaudULMPOBaAHHbBIX a3podoToB
(TAD-7x, HBA) n koMNo3uLMoHHble cobupartenm
(M-T®-421, AOUN-4T10K, HCK-20).

Ha nepBom 3Tane B nabopaTopHbIX yCo-
BMSAX W OMbITHO-MPOMBILLIIEHHOM MaclTade Ha
O® TroK nposepunu cobupatens M-TO-421
(NnokasaBLUMM CBOK BbICOKY 3PDEKTUBHOCTbL B
npombiwnieHHblx ycnoBuax Ha OO0 «I'PK «bBbli-
CTPUHCKOE» W B uUcnbiTaHuax dnotaumm MIMP
Ha AIMK) B3aMeH McNoOnb3yeMbiX aHasioros —
Aerophine 3418 An BK-901B.

B nabopaTopHbIX YCNOBUAX KadeCTBEH-
HO-KONMMYECTBEHHbIE TeXHOMOormyeckme mnoka-
3atenn nMo Meau, MoJslydYeHHble C peareHTamu
M-T®-421 n Aerophine 3418A, nmenn 6nuskue
3HayeHuna. Pesynbtatel ¢ BK-901B yctynatot
3TUM peareHTam.

[ea stana OMNW, npoBepéHHbix B 2022 1. Ha
O® TIroOK, noaTeepOmIn TEXHONOMMYECKYO 3¢-
dekTnBHOCTL cobupatens M-T®-421. B HacTos-
Liee BpeMs pellaeTcs BOMPOC O MOSHOM 3aMe-
He peareHTa Aerophine 3418A Ha cobupaTtenb
M-T®-421 npounssopctea «KBAJIMTET». Haps-
Oy C 3TWUM napasinefnibHO NPOBOAATCA UCCNeno-
BaHUA peareHToB-cobupatenen «KBAJTUTET»
B nabopatopum MIOK pgnsa oueHkn mnx addek-
TMBHOCTU mnpu dnotaumm MMP «MuxeeBckoro»
MecTtopoxgeHus Ha OD MIMOK n OO0 «MHBe-
cTpasBuTUE».

Bce cTtagmu ncnbiTaHMM HOBbIX peareHTHbIX
PEXMMOB, HaYMHas C NnabopaTopHbIX UCCNeao-
BaHWI peareHTOB W 3akKaHuyMBash MX MPOMbILL-
NeHHbIMW UCMbITAHUAMMK, NPOXOAAT C y4acTUeM
cneymanuctoB «KBAJTUTET». OHM ocylwecTBNNA-
IOT MeTOAMYEeCKOe U Hay4HOe COMpOBOXAEHME
npoueccoB dnoTauum, BKIoYas: npegocrasne-
HWe MHbopMaLMM O cnocobax MPUroTOBEHUS
M 1UCnonb3oBaHusa GnoTopeareHToB, yyacTve B
pa3paboTke CxeMbl Mofayvm peareHToB, MOAro-
TOBKY MpOrpamMMmbl UCMbITAHWUM, KOPPEKTUPOBKY
peareHTHbIX pexnMoB dnoTaumu, obcyxaeHUn
pe3ynbTaToB U MOArOTOBKY OTYETOB.

SAKJTIOYEHUE
MenHo-nopdrpoBble MeCTOPOXAEHUSA OT-
HOCATCSA K YWUC/Y FMIaBHbIX CblPbEBbIX UCTOYHM-
KOB Meau, MonubaeHa, a TakXke BaXHbIX MCTOY-
HUKOB 30/10Ta, cepebpa 1 psaa ConyTCTBYIOLLLNX
3/1EMEHTOB — pPefkmX, AParoLeHHbIX N paccesH-
HbiX. [o 06LWweMMPOoBBLIM 3anacamM Meau oHU da-



JIEKO omnepexatoT ApYyrne TUMbl MeCTOPOXAEHUM
3TOro MeTasnna.

MecTopoxaeHns MeLHO-MopPdUPOBbIX
pyn (MIMP) xapakTepusyroTca HU3KMM copep-
XaHWEeM Mone3HbIX KOMMOHEHTOB, HO TUraHT-
CKMMW UX 3anacamu. B nocnepgHee BpeMs Takune
MeCTOPOXAEHNS MnpuobpeTatoT BCE 6OMbLUYIO
pofib, 3a4acTyto onpenensds 3KOHOMMYeckoe
M coumanbHoe pasBUTUE LEeNbIX PErMoHOB W
cTpaH.

B cTpaHax ¢ pa3BuTOoM MeaHOM MPOMBbILL-
NeHHOCTbo, BKJtovasa Poccuio m Y3bekucTtaH,
co3patTcs KpyrnHoMacliTabHble «4ONroXnTenm
rOpHOM MHOYCTPWUM», KOTOopble 6yayT OecATW-
neTusMn nepepabaTtbiBaTb rpoMaHble O6bEMDI
MIMP Ha ocHoBe OTKPbITbIX MTMFrAHTCKMX 3anacoB
30M10TOCOAEPXKALLNX MEeLHO-MOPOUPOBLIX Me-
CTOPOXAEHNN.

OpHoM U3 KtoYeBbIX MpobBaeM nNpu nepe-
paboTtke MIMP aBnseTcs BbICOKUM ypoBeHb 6e3-
BO3BPATHbIX MOTEPb Meau, MonmMbaeHa, 3o/10Ta
M cepebpa C OTBasIbHbIMM XBOCTaMW oboralie-
HUS pya. HeobXxooMMOCTb CHUXEHUS MoTepb Me-
TannoB nNpuobpeTaeT 0COBY OCTPOTY B CBSA3MU
C MJaHWpyembiM BOBMEYEHWEM B MNepepaboTky
6onee 6egHbix MIMP HOBbIX NepPCReKTUBHbIX Me-
CTOPOXAEHNN.

BenoywM HanpaBieHneM CHUXEHUs Mo-
Tepb LLEHHbIX KOMMOHEHTOB C OTBaJIbHbIMU XBO-
cTaMm oboralleHuUss ABNAETCS MCNoNb30BaHue
npu o¢notaumm 3podPekTUBHLIX droTopeareH-
TOoB-cobupaTenen HOBOro MOKOSIEHUS, CNoCco6-
CTBYIOLLMX POCTY LLeNIeBOro U3BJIeYeHUs MeTan-
JIOB B KOHEYHbI KOHLLEHTPAT.

MHOroNeTHNN MONOXUTENbHbBIA OMbIT CO-
TpyoHuyectBa komnaHum «KBAJIMTET» (Poc-
cus) € BeayLWmMMM MUPOBBLIMUY MPOU3BOANTENSIMMA
LBETHbIX W OPAaroleHHbIX MeTassioB MO3BOMMI
co3paTb SIMHENKU 3PPekTUBHBbIX pnoTopeareH-

TOB-cobupaTenen C 3a4aHHbIMW TeXHOMorm4ye-
CKMMW CBOMCTBaMMU, B TOM Ymcie obecneympato-
WMX ynydweHne nokasatenen ¢notaumm MIMP.

KoM6UHMpYsa coyeTaHns M COOTHOLLIEHME
VHFpeANEHTOB B KOMMO3ULMOHHBIX drioTopea-
reHtax, cneuwnanuctam «KBAJIMTET» ypanocb
nofobpaTtb COCTaBbl, ONTUMasbHble 08 YC/O-
BUN GIOTALMOHHOIO oboralleHUs pasinydHbIX
pyn, B TOM Yncre — TpyaHOO60raTUMbIX.

Bbinyckaemble komnaHwen «KBAJTIUTET»
dnoTtopeareHTbl-cobuparteny, KomMébuHaumm u
KOMMO3MLMN Ha MX OCHOBE OTKPbIBAKT HOBblE
BO3MOXHOCTU /19 BOBJEYEHUA B nepepaboTky
CNOXHbIX nonuMeTasindeckux MIMP,  obecne-
YMBAIOT HALEXHYIO peHTabenbHyl paboTy co-
BPEMEHHbIX MpoLeccoB GnoTayMoHHOro otora-
LeHnsa 6efHbIX pyd M TEXHOMEHHbIX MPOAYKTOB,
CO3[al0T YC/IOBUS 019 MPOBEAEHUS  KPYMHbIX
cTpaTternyeckmx npeobpasoBaHMi B oboratu-
TENbHO-MEeTaNTypPruyeckmx Mpomn3BOACTBEHHbIX
KoMmekcax.

K HacTosiLeMy BpeMeHM yCrelHo 3aBep-
WeHbl MPOMBbILMIEHHbIE  UCMbITAHUSA  peareH-
T0B «KBAJTUTET» npu dnotaumm MMP Ha 2-x
KpynHenwmnx kombuHaTtax: Ha MOD-1 AO «An-
manbikckun  TMK»  (kombuHauma ADKU-47M10K
n AOMN-4 ¢ BK) n Ha O® AO «TomuHckmm MOK»
(KOMNO3UNLMOHHBIN cobupaTens M-TM-421). Be-
OETCA NoaroToBKa K MX MPOMbILIEHHOMY BHe-
OpeHuto.

MpoponxatTca UccnefoBaHUs peareHToB
«KBAJINTET» npu dnoTtauum pya Lenoro paga
OPYruX MNepcrnekTUBHbIX MefHO-NoPbUPOBBIX
MecTopoxaeHuin Poccnm n YsbekmuctaHa.

CoszpaBaemble «KBAJIMTET» d¢noTtopea-
reHTbl YCMELWHO KOHKYPUPYIOT C yYLUMMU 3apy-
B6eXHbIMW aHasioraMm, a B OTAE/bHbIX C/ydasax
onepexatoT UX Mo LenoMy psay KtoueBblX Mo-
Kasarenen.
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ADDITIONAL RECOVERY OF VALUABLE COMPONENTS
AT TALNAKH CONCENTRATOR

Lesnikova L.S., Krupnov L.V., Berdyshev S.A., Sisina A.N.
PJSC “MMS “NORILSK NICKEL’, Polar Division, Norilsk, Russia

A new technology for processing of
high-grade and cupriferous ores, which has
been applied at Talnakh Concentrator since
2016 after modernization and increase in
throughput, is based on extensive depression
of pyrrhotite — iron sulfide making 25-40% of
the ores mixture feed. Finished concentrates of
Talnakh Concentrator also contain pyrrhotite:
copper concentrate — 10-12%, nickel-pyrrhotite
concentrate — 50%. About 2% of pyrrhotite
is recovered to copper concentrate, mainly in
the form of intergrowths with copper minerals,
~ 25% - to nickel-pyrrhotite concentrate,
partly as intergrowths with the main nickel-
bearing mineral pentlandite, partly in free
grains predominantly of the nickel-bearing
modification of pyrrhotite.

According to the new technology, the dump
product of Talnakh Concentrator comprises
two components: backfill tailings and low-
nickel pyrrhotite product. Backfilling tailings
are discharged at the head end of the process
and consist mainly of host rock (gangue), while
low-nickel pyrrhotite product is discarded at
the end of the processing and concentrates
poor pyrrhotite (free of nickel or containing a
small amount of it). The content of pyrrhotite
in this product reaches 50-60%, the pyrrhotite
recovery is ~ 60%, the rest is gangue released
during regrinding of intermediate products.

The ores from Talnakh ore cluster
processed at Talnakh Concentrator contain
pyrrhotites with significant variations in
composition, i.e. besides nickel replacing iron
in the crystal lattice, the latter also contains
platinum (0.4-0.7 g/t), palladium (0.3-0, 8 g/t),
ruthenium (up to 0.2 g/t), rhodium (up to 0.6
g/t), silver (1.3-4.6 g/t) and gold (0.4-0, 5 g/t)
as impurities. Moreover, hexagonal pyrrhotite
prevails over monoclinic one in the ores of the
Norilsk industrial region, making magnetic
separation of pyrrhotite ineffective.
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In order to ensure comprehensive use of
raw materials and to obtain more marketable
products, additional beneficiation of low-
nickel pyrrhotite product by flotation was
proposed with subsequent processing of the
concentrate at the hydrometallurgical facility
of Nadezhda Metallurgical Plant named after
B.I. Kolesnikov. It is noteworthy that this facility
was subject to closure since a new process
flowsheet of Talnakh Concentrator does not
produce pyrrhotite concentrate, which feeds
the hydrometallurgical facility, as a separate
product.

Researchers of the Production Engineering
Support Center selected effective modes of
additional beneficiation of low-nickel pyrrhotite
dump product based on a combination of a
foaming agent and a collector followed by
autoclave oxidative leaching of the concentrate.
It was proposed to use acid-containing by-
product of the Copper Plant metallurgical
operations to intensify the leaching process;
the required flowrate was defined.

As a result, over three years of industrial
application of additional beneficiation of low-
nickel pyrrhotite product (Q2 2018 - Q1 2021),
about 20 thousand tons of nickel, 7.5 tons of
platinum group metals, 6 tons of silver and
200 kg of gold were additionally recovered. The
research is underway aiming to improve the
process performance.



OOU3BNEYEHMUE LEHHbIX KOMMNOHEHTOB HA TAJTHAXCKOW
OBOrATUTEJIbHOMN ®ABPUKE

Jlecuuxosa J1.C., Kpynuos JI.B., bepovuues C.A., Cucuna A.H.

3® MAO «I"'MK «Hopwunbckui Hukenb, r. Hopunbck, Poccusa

HoBas TexHonorma oborauleHus 6orartbix
M MeANCTbIX PYA, NPUMeHseMas Ha TasiHaxckom
oboratutenbHon pabpuke (TOD) c 2016 nocne
ee MoAepHM3auun U yBEUYEHUSA MPOU3BOAMN-
TEeNbHOCTW, OCHOBaHa Ha rny6okon aenpeccum
nMppoTMHa — cynbdupa xenesa, copepxaHue
KOTOPOro B WCXOOHOW LWWXTe pypn COCTaBns-
et 25-40 %. loTtoBble koHUeHTpaTel TOD Takxke
copepxart NMUPPOTUH: MedHblin — 10-12 %, Hu-
Kenb-nuppoTuHoBbIn — 50 %. B MeaHbIN KOH-
LleHTpaT M3BreKkaeTcss OKono 2 % nuppoTuHa B
OCHOBHOM B BUWAE CPOCTKOB C MEAHbIMW MUHE-
panamu, B HUKeNb-MUMPPOTUHOBLIN ~ 25 %, va-
CTUYHO B BMIOE CPOCTKOB C OCHOBHbIM HuKene-
HOCHbIM MWHEPAasnioM MEeHTNaHOUTOM, YacTUYHO
B BuOe CBOGOOHbIX 3€peH MNpeuMyLLeCcTBEHHO
HUKeNIeHOCHOM MoaudmnKaLmm NMpPPoTUHA.

OTtBanbHbIM NpoaykT TODM no HOBOW TeXHO-
JIOTUU COCTOUT U3 OBYX COCTaBSIOWMX: NOPOL,-
Hble XBOCTbl U MaNOHWKENUCTbIM MUPPOTUHOBbLIN
npoaykT. NMNopoaHble XBOCTbl BbIBOAATCS B «rO-
floBe» npouecca M COCTOAT MPenMyLLLECTBEHHO
M3 KOMMOHEHTOB BMeLlaLlWmx nopogd (nycras
nopopa), Toraa kKak MasloOHUKEUCTbIN MUPPOo-
TUHOBbIN NMPOAOYKT BblAENSETCH B KOHLE CXeMb
oboralleHns 1 KOHLLEHTPUPYET B cebe 6eHbIN
NUPPOTUH (He copepXalui HuKenb, NM6o co-
OepXalmi He3HauuTeNbHOe ero KOJIMYEeCTBO).
CopepxaHne MUPPOTMHA B OAHHOM MNpoaykKTe
pnocturaet 50-60 %, n3BneyeHve NMUPPOTUHA ~
60 %, ocTasnibHaaA 4acTb MPUXOOUTCH Ha MYCTYHO
NnopoAy, BblICBOOOXAEHHYI B npouecce Aou3s-
MeNbYeHUSA MPOMEXYTOYHbIX MPOAYKTOB.

MuppotnHbl pyn TanHaxckoro pygHoro
y3na, nepepabarbiBaemMbix Ha TOD, nmetoT 3Ha-
YMTeNbHble BapuaLnm no coctaBy: MOMUMO 3a-
MeLLLeHNs Xesle3a HUKesleM B KpUCTarInyeckom
peleTke B HEM TakXe MMelTCa npumecu nna-
ThHbl (0,4-0,7 r/1), nannagunsa (0,3-0,8 r/T1), py-
TeHus (oo 0,2 r/T), poausa (oo 0,6 r/T), cepebpa
(1,3-4,6 r/1) v 30onota (0,4-0,5 r/7). MNpu 3TOM B
pyoax Hopunbckoro npoMbllLIEHHOro panoHa
rekcaroHasbHbl MUPPOTUH MpeobnafaeT Hag
MOHOK/MHHbBIM, YTO He no3BonseT 3PPeKTUBHO
OTAENSATb MUPPOTUH METOAAMW MarHWTHOM ce-
napawmm.

[na noBbileHNA KOMMIEKCHOCTU UCMOSb-
30BaHUSA Cbipbd, MNOMyYeHUA AOMNOSHUTENbHOM
TOBApPHOW MPOAYKLMK, BblSIO NpensioxeHo [o-
oborauiate ManoOHUKENNCTbIN  MUPPOTUHOBBIN
npoaykT ™MetoooM  &noTauum, MoslyYeHHbIr
KOHLLeHTpaT nepepabaTtbiBaTb Ha rugpomeTasn-
nypruyeckom nepepene HapexpuHckoro Me-
Tannypruyeckoro 3aesoga umeHu b.U. KonecHu-
KoBa. [puMeyaTenbHO, YTO yKasaHHbIM nepenen
rnoanexarsn 3akpbiTUO, Tak Kak Mo HOBOMW TEXHO-

norun TO® nuppoTtnHoBbIi KOHLLEHTPAT,
ABNSAOLWMNCA CbIPbEM ANA FMAPOMETasypPruuy,
He BblAeNseTCs B CAMOCTOSATE N bHbIN MPOAYKT.

Nccneposatenammn LleHTpa MHXeHepHOro
COMPOBOXAEHUS MNpOoU3BOACTBA OblM  NO40-
6paHbl 3PpdeKTUBHbIE PEXUMbI [0O0OOraLleHus
OTBASIbHOrO MAaSIOHUKENUCTOrO MNMUPPOTUHA Ha
OCHOBe KOMBUMHAaLMK BCreHuBaTensa n cobupa-
Tens 1 npouecca nocenytoLlero aBTok1aBHOro
OKWUC/IMTENBbHOMO BbILENa4YMBaAHNA KOHLEHTpa-
Ta. Ona uHTeHcndmkaumm npouecca Bbilena-
YMBaHUS TMPEaSIOKEHO TMPUMEHATb MNOBOYHbIN
MPOAYKT MeTaslyprmuyeckoro npomM3BoacTBa
MepHoro 3aBofa, coaepxXallero KMCioTy, nogo-
OpaHbl Heo6X0AMMble PACXOAbI.

B pesynbtate 3a Tpu roga mMpOMbILLIEeH-
HOro MnpWMeHeHUs rnpoLlecca pooboraleHms
MarloOHUKESIMCTOrO  MUPPOTUHOBOIO MNPOAYKTa
(2 kB. 2018 - 1 kB. 2021 ) AONONHNTENBHO U3-
BrieyeHo okono 20 TbIC. TOHH HuWKens, 7,5 TOHH
MeTasI/10B NMATUHOBOM rpynnbl, 6 TOHH cepebpa
n 200 kr 3onoTa. NpoBoasaTcs AanbHenwme uc-
cnepoBaHMa Mo MnoBbllWeHno 3bPeKTUBHOCTHU
npouecca.
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A HIGHLY SELECTIVE METAL—ORGANIC COMPLEX COLLECTOR
AND ITS EFFICIENT FLOTATION PROCESS IN VK TUNGSTEN MINE
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Abstract: The increasingly low-grade, fine particle size and complex composition of mineral
resources require higher efficiency and precision of flotation process. The metal-organic complex
collector such as Pb-Benzohydroxamic acids (BHA) with metal ions as functional groups and
organic ligands as hydrophobic groups has displayed excellent performance in collecting ability
and selectivity. In this paper, the Pb-BHA complex collector was synthesized, and its crystal
structure and adsorption mechanism were studied. Efficient and selective separation of VK
tungsten mine at normal temperature were achieved by complex flotation process. The pilot test
showed that tungsten concentrates with a grade higher than 40% can be stably produced in the
complex process, and the recovery rate is higher than 80%. This novel metal-based functional group
complex collector and its flotation process provided new approach for the efficient utilization of
low-grade mineral resources.

Keywords: Tungsten; Flotation reagents; Metal-organic complex; Flotation technology

1. Introduction

Scheelite is one of the most significant
representatives of mineral resources, which
is a major commercial tungsten mineral and
associated with various calcium-containing
minerals, including fluorite, dolomite, apatite,
and calcitel'-3]. However, the calcium-containing
minerals are semi-soluble, exhibit similar
structural and surface properties, and react
similarly with various known collector families.
The anionic collectors, including fatty acids,
hydroxamic acids, dodecyl sulfonates, oleoyl
sarcosine, and other anionic surfactants, are
the most used collectors in scheelite flotation.

Furthermore, using these anionic surfactants
to separate scheelite from calcium minerals is
challenging because both of them chemically
combine to the Ca?* cations on the surfaces
of the minerals (Figure 1) 3], resulting in poor
flotation selectivity. Therefore, the unavailability
of high-selectivity flotation reagents poses a
challenge for the efficient separation of scheelite
from other calcium minerals during mineral
processing[2 71 In this paper, BHA was combined
with Pb(Il) to develop a metal—organic complex
in which organic linkers bind with metal centers
via a metal-ligand coordination interaction. The
crystal structure and adsorption mechanism of

Figure 1. (@) Molecular structure of [PbeLg(NO3)3]NOs3 (all the hydrogens have been omitted for clarity). (b)
Coordination environment of the Pb1 (top) and Pb5 ions (bottom). (c) 3D extended framework structure of Pb-

BHA complex.l”]
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Figure 2. The results of research on adsorption mechanisml(7]

the complexes were studied by experiments,
and a complex flotation process was developed
to utilize the Kazakhstan VK tungsten ore at
normal temperature, which provides a new idea
for the efficient recovery and utilization of low-
grade scheelite.
2. Findings

2.1 Crystal structure analysis and description
of the Pb-BHA complex

In the complex’s molecular structure,
six Pb(ll) ions coordinate with eight L ligands

and three anions (Figurel(a)). Therefore, the
Pb-BHA complex structure can be expressed
as [PbglLg(NO3)3]NO3, where L represents
benzohydroxamic acids anion. Six Pb(ll) ion
centers can be observed in the complex
molecule, and all Pb(ll) ions are coordinated
with the oxygen atoms. Among these ions,
the Pbl, Pb2, Pb3, and Pb6 ions are five-
coordinated, whereas the Pb4 and Pb5 ions
are six-coordinated. The Pbl, Pb2, and Pb5
ions coordinate with the oxygen atoms of the
L ligands, whereas the Pb3, Pb4, and Pb6 ions

coordinate either with the oxygen atoms of the
L ligands or . Figure 1(b) shows Pbl and Pb5
ions formed polyhedrons centered on the Pb
ions. The Pb(ll) and oxygen atoms in the ligands
join the adjacent Pb(ll) complex molecules,
generating a three-dimensional (3D) extended
framework structure, which is a polymer with a
repetitive structure (Figurel(c)).

2.2 Adsorption mechanism of Pb-BHA complex
collector at the solid-liquid interface

The adsorption behavior of the complex
on mineral/water interface was characterized
to reveal its flotation mechanism. The Pb-BHA
complex existed inthe form of acrystal structure
fragment PbyslLs complex with a hydroxyl group
in alkaline liquid (Figure 2(a)). The adsorption
of the complex onto the scheelite surface
is a chemical adsorption process aided by
electrostatic attraction (Figure 2(b-c)). The
functional group of the Pb-BHA complex is
a metal group, which binds with the oxygen
atoms of scheelite (Figure 2(d-g)). The structure
of Pb-BHA complex collector adsorbed on the

81



complexes were studied by experiments, and
a complex flotation process was developed
to utilize the Kazakhstan VK tungsten ore at
normal temperature, which provides a new idea
for the efficient recovery and utilization of low-
grade scheelite.
2. Findings

2.1 Crystal structure analysis and description
of the Pb-BHA complex

In the complex’s molecular structure,
six Pb(ll) ions coordinate with eight L ligands

and three anions (Figurel(a)). Therefore, the
Pb-BHA complex structure can be expressed
as [PbglLg(NO3)s]NOs, where L represents
benzohydroxamic acids anion. Six Pb(ll) ion
centers can be observed in the complex
molecule, and all Pb(ll) ions are coordinated
with the oxygen atoms. Among these ions,
the Pbl, Pb2, Pb3, and Pb6 ions are five-
coordinated, whereas the Pb4 and Pb5 ions
are six-coordinated. The Pbl, Pb2, and Pb5
ions coordinate with the oxygen atoms of the
L ligands, whereas the Pb3, Pb4, and Pb6 ions
coordinate either with the oxygen atoms of the
L ligands or . Figure 1(b) shows Pb1 and Pb5
ions formed polyhedrons centered on the Pb
ions. The Pb(ll) and oxygen atoms in the ligands
join the adjacent Pb(ll) complex molecules,
generating a three-dimensional (3D) extended
framework structure, which is a polymer with a
repetitive structure (Figurel(c)).

2.2 Adsorption mechanism of Pb-BHA complex
collector at the solid-liquid interface

The adsorption behavior of the complex
on mineral/water interface was characterized
to reveal its flotation mechanism. The Pb-BHA
complex existed inthe form of a crystal structure
fragment PbyLs complex with a hydroxyl group
in alkaline liquid (Figure 2(a)). The adsorption
of the complex onto the scheelite surface
is a chemical adsorption process aided by
electrostatic attraction (Figure 2(b-c)). The
functional group of the Pb-BHA complex is
a metal group, which binds with the oxygen
atoms of scheelite (Figure 2(d-g)). The structure
of Pb-BHA complex collector adsorbed on
the scheelite surface could be inferred to be
Pb4Ls(OH),(Figure 2(h)). The the PbyLs(OH)s
was adsorbed on the surface of minerals to
form a stable adsorbent. The Pb-BHA complex
occurred multilayered adsorption on the original
monolayer by expanding the polymer structure
and hydrogen bond (Figure 2(i)).

2.3 A novel flotation process using Pb-BHA
complex collector in VK tungsten deposit

The tungsten flotation process samples
were provided by VK Mine in Kazakhstan. The ore
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was crushed to below 3mm by jaw crusher and
counter-roll crusher. After mixing, the tungsten
sample ore for flotation process test was
obtained. The chemical composition analysis
results were obtained by X-ray fluorescence
spectroscopy (XRF). The results showed that
the WOs grade of the raw ore was 0.137%.

The fatty acid flotation process test results
were shown in Table 1. The results showed that
the WOs3 grade of tungsten concentrate is 7.70%,
and the WOs recovery rate is 41.20% through
the flotation process of one roughing, seven
scavenging and one cleaning flotation (Figure 3).
The results showed that the flotation selectivity of
fatty acid collectors was poor, and it was difficult
to obtain high-grade tungsten concentrate under
normal temperature conditions.

The results of tungsten flotation in the
Pb-BHA complex process were shown in Table
2. The results showed that through the process
of one roughing, one scavenging and five
cleaning flotation (Figure 4), the WOs grade
of tungsten concentrates reached 31.24%, the
WOs3 recovery rate were 42.64%. The tungsten
tailings grade is only 0.028%, and the WOs3
recovery rate of tailings was 13.11%. The Pb-BHA
complex collector still exhibited high selectivity
for scheelite flotation in complex Tungsten
ore flotation. In the Pb-BHA complex flotation
process, the dosage of water glass depressant
was significantly reduced, the cleaning process
was simplified, and the grade and recovery rate
of tungsten concentrate were improved. The
flotation index of the Pb-BHA complex flotation
process was obviously better than that of the
fatty acid process, and the efficient enrichment
of VK tungsten ore can be achieved at normal
temperature.

Table 1 Open circuit test results of
tungsten flotation in fatty acid process

WOQO3

Product Yield/% WO3 o recovery
grade / % /%

S 12.27 0.07 6.42
K 0.7 7.70 41.20
M7 0.28 5.08 10.78
M6 0.29 4.44 9.81
M5 0.18 2.79 3.87
M4 0.16 1.48 1.78
M3 0.27 1.09 2.20
M2 0.93 0.48 3.39
M1 6.44 0.14 6.83
SK 0.86 0.30 1.96
X 7762 0.020 n.77
Y 100.00 0.132 100.00
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Table 2 Open circuit test results of tungsten
flotation in Pb-BHA complex process

WO

Product Yield/% WOs o rec03very

grade / % /%
+100 mesh 3.08 0.046 0.98
Fe 0.45 0.14 0.44
S 14.05 0.10 9.73
K 0.20 31.24 42.64
M5 0.80 1.49 8.27
M4 0.46 0.98 313
M3 1.21 0.68 570
M2 2.38 0.277 4.57
M1 6.45 0127 567
SK 3.33 0.25 576
X 67.59 0.028 13.11
Y 100.00 0.144 100.00

2.4 The pilot test of the complex flotation pro-
cess of VK tungsten ore

The pilot test of VK tungsten ore flotation
based on Pb-BHA complex normal temperature
flotation was carried out in Hunan Institute of
Nonferrous Metals (changsha, hunan). The mine
for flotation were obtained after pre-threshed of
VK tungsten ore by XRF, and its WOz grade was
0.23%. Statistical analysis was performed on the
flotation results of continuous production in the
pilot test, and the results were shown in the figure
5. It was shown that tungsten concentrate grade
and recovery rate were generally stable during

the pilot test. The average grade of tungsten con-
centrate obtained by complex collector flotation
process was 41.71%, and the theoretical recovery
of tungsten concentrate was 84.15%.

The investigation results of the pilot test
process flow were shown in Table 3. The results
showed that the tungsten concentrate yield
was 0.43%, the WOz grade was 43.29%, and the
WOs3 recovery rate was 85.04%. The tungsten
tailings yield was 93.06%, the WOs3z grade was
0.031%, and the WOs3 recovery rate was 13.11%.
To sum up, the complex flotation process using
Pb-BHA as the collector can achieve high-effi-
ciency enrichment of VK tungsten ore at normal
temperature, with stable operation and good
technical indicators.

3. Conclusion

The Pb-BHA complex is an eight-ligand
structure containing six Pb ions as the center of a
polymer structure formed by connecting the com-
plex molecules through Pb—O bonds. The com-
plex collector exhibited the targeted adsorption
ability for oxygen-containing minerals. In the VK
tungsten mine flotation test, the tungsten con-
centrates grade and recovery rate obtained by the
complex flotation process using Pb-BHA as the
collector were higher than those obtained by the
fatty acid process. Efficient and selective separa-
tion of tungsten from gangue minerals at normal
temperature were achieved by complex flotation
process. The results of the pilot test showed that
the tungsten concentrate with a grade higher
than 40 % and a recovery higher than 80 % can be
obtained through the complex flotation process,
with stable production and excellent indicators.

Table 3 Flotation results for VK tungsten mine using Pb-BHA complex process

products Yield/% WOs grade/% WOs recovery/%
Fe concentrate 0.76 0.09 0.31
Sulfur concentrate 575 0.059 1.54
Tungsten concentrate 0.43 43.29 85.04
Tungsten tailing 93.06 0.031 131
raw ore 100 0.22 100
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AHHoTaumsa: Bce 6onee HM3Koe conepxaHue, MeNKOANCMEPCHbIN pasMep YacTuL, U CIOXHbIM cocTas
MUHepasibHbIX PeCcypcoB TPebytoT MOoBbIWEHNS 3PPEeKTUBHOCTU U TOYHOCTKM mnpolecca dbrotauuu.
CobupaTtenb MeTasmiopraHU4eckmux KOMMEKCoB, Takmx kak Pb-6eH3ormapokcaMmHoOBbIE KUCIOThI
(BHA) ¢ noHammn meTannoB B KayecTBe GYHKLMOHAMbHbBIX FPYNn M OpraHMYeckMMmM nmraHgamm B
KkavectBe ruapodoO6HbIX rpynmn, MPOAEMOHCTPUPOBAS OT/IMYHbIE MoKasaTenm cobupaTesibHON
CMOCOBHOCTU U CeNnekTUBHOCTU. B 31Ol paboTte 6bin1 CMHTE3MpoOBaH cobupaTenb komrnnekca Pb-
BHA, a Takxe m3yyeHa ero kpuctaanmyeckas CTpPykTypa M MexaHu3M agcopbumnmn. dobdekTrneHoe
VU CceneKkTMBHOe paspeneHune BonbdopamoBon pyabl BK npu HopmanbHOM Temnepatype 6bi10
OOCTUIHYTO C MOMOLLbIO KOMMIIEKCHOro npotecca ¢notaumn. MNrUnoTHoe ucnbiTaHMe nokasaso,
uTO BOJNIbdpPAMOBbIE KOHLEHTPaTbl C coaepxaHuem Bosnbdpama Gonee 40% MoryT ctabusibHO
MPOM3BOANTLCS B KOMIMJIEKCHOM MpoLecce, a cTeneHb n3BnedeHus npesbiwaet 80%. 3TOT HOBbIM
COOPLLMK KOMMNEKCHbIX GYHKLMOHAbHbBIX IPYyMn Ha OCHOBE MEeTasIsIoB W ero rnpotecc ¢notaumm
obecrneynnn HoBbIM MNoaxod K 3PPEeKTUBHOMY WCMOSb30BAHUIO HU3KOCOPTHbLIX MUHEpPasibHbIX
pecypcos.

KniouyeBble cnoBa: Bonbdppam; PnoTtopeareHTbl; MeTtannopraHnmyeckmii KOMMaeKke;, TexHonorus
dnotaummn.

BBepeHue ABNAETCSA C/IOXKHOM 3afayen, MOCKOsbKy oba
Weenut sBnseTcs OOHUM W3  HaMbBO- OHW XUMWUYECKU COEOMHSIOTCS C  KaTuoHammu
nee 3HauMTeNbHbix npeactasuTenel muHe- CaZt Ha noeepxHOCTU MuHepanos (puc. 1) [4,

panbHbIX PEeCcypcoB, KOTOPbIM fABAAeTca oc- 5], YTO MNpUBOAUT K HU3KOW CeNeKTUBHOCTU
HOBHbIM  MPOMbIWAEGHHbIM  BOAbdpamMosbiM  droTaumm. CneposaTesibHO, oTCyTCTBUME
MUHEPANOM M acCOLMMPYETCsi C PasiMuHbIMKM  BbICOKOCESIEKTUBHbIX (GIOTOpeareHToB cosnaert
KanbLUMACOOEPXALMMN MUHEpanaMy, BkAdasa MNpobnemy onsa  3PPeKkTMBHOro  oTAeNneHus

dnoopuT, [oNoMUT, anatut mn kanbuut [1-3].

OpHako Kasnbuuiicogepxalime MUHepasbl
ABIAIOTCA NosypacTBOPUMbIMU, nposBas-
IOT CXOAHble CTPYKTYpHble U MOBEPXHOCT-

Hble CBOMCTBA W WAEHTUYHO pearuvpytoT cC
pasnuyHbIMK M3BECTHbIMU ceMencTBamMum
cobupartenein. AHNOHHble cobupaTenu, BkaoYas
XUpPHbIE KUCNOTbl, MMAPOKCAMOBbIE KWUCIOThI,

noaeunncynbdoHatbl, N-ofieonncapkosnH u
Opyrve aHWOHHble MOBEPXHOCTHO-AKTUBHbIE
BeLLecTBa, ABSIAIOTCA Hamnbonee yacTo

MCMosb3yeMbiMU cobupaTenamu npu dbnotaymm
weenuta. KpomMe TOro, MCnonb3oBaHwe 3TUX
AHMOHHbBIX MOBEPXHOCTHO-AKTMBHbLIX BeLLecTB
0119 OTAEeNeHUs WeenunTa oT MUHEPAsoB KanbLua

weenuta oOT APYrUX KasbLMeEBbIX MUHEpPasoB
BO BpeMs nepepaboTky MonesHbIX MCKoMmaeMblx
[2, 7]. B a1on ctatbe BHA 6bin 06beaunHeH

c Pb(I) pnsa nonyyeHus MeTannopraHude-
CKOrO KOMrMJeKca, B KOTOPOM OpraHuyeckme
JIMHKEPbI  CBA3bIBAIOTCA C  MeTa/IMYECKMMM

LLeHTpaM1 4yepes KOOpAUHALMOHHOE B3aMMO-
nencteme ™Metann—-nuraHg. Kpuctannnyeckas
CTPYKTYpa M MexaHuU3sM afcopbuum KoMmmiek-
COB B6blIN U3YYeHbl 3KCMEPUMEHTANBbHO, N Bbin
paspaboTaH KOMMIEKCHbIM npoLlecc dnotaumm
0N MCMoNb30BaHUSA  BONb®pPaMoBOW  pyabl
KasaxctaHa BK npun HopmanbHoM TeMnepaTtype,
4yTO [aeT HOByl uaeto Ans 3bdekTUBHOro
M3BMIEYEHUS U UCMOSb30BAHUS HU3KOCOPTHOMO
weenuTa.
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2. BbiBOAbI
2.1 AHanus KpUCTaJZIMYECKOMU CTPYKTYpbl U
onucaHue komnnekca Pb-BHA

B MonekynapHom cTpykType KoMniekca
wecTtb moHoB Pb(ll) koopauHupytoTcs ¢ Boce-
Mbto L-nuraHgamm un tpemsa NO-3 aHmoHamm
(puc.  1(a)). CnepoBaTesibHO, KOMIMJIEKCHYO
cTpyktypy Pb-BHA MoOXHO Bblpasutb Kak
[PbgLg(NO=)s]NOs, roe L npencraBnseTr aHWOH
6eH30rMgpPoKCaMMHOBOW KMUCAOTbL. B cnoxHom
MOseKy/sie MOXHO Habnofatbh LWeCTb MOHHbIX
ueHTpos Pb(ll), u Bce moHbl Pb(ll) koopanHm-
poBaHbl C atomMamm kucrnopopa. Cpeoun 3Tmx
noHos moHbl Pbl, Pb2, Pb3 n Pb6 asnatoTtca
MNATUKOOPAMHATHBIMKM, TOorga Kak WoHbl Pb4 un
Pb5 aBnsatoTca wecTUKoopAMHATHbIMU.  oHbI
Pb1l, Pb2 n Pb5 koopauHupytoTca ¢ aTomMamu
Kkucnopoga L-nmnraHgoB, Torga kak MoHbl Pb3,
Pb4 n Pb6 koopavHupytotcs nmbo ¢ aTomMamu
kncnopoga L-nurangos, nin6o NO-s. Ha pucyHke
1(b) nokasaHbl MoHbl Pb1 1 Pb5, obpasosaBLume
MHOFOrPaHHMKM C LLEHTPOM Ha MoHax Pb. AToMmbl
Pb(ll) n kncnopopa B nuraHgax npucoemuHsoTCA
K cocefHWM KoMMiekcHbIM Monekynam Pb(ll),
obpasys TpexMepHyto (3D) npoTsaxeHHyto kap-
KacHylo CTPYKTYpy, KOTopas npencTaBiiseT Cco-
601 MNoNMMep C MOBTOPSIOWENCA CTPYKTYPOW

(puc. 1(c)).

2.2 MexaHusM apcopbuum  cobuparens
komnnekca Pb-BHA Ha rpaHuue paspena
TBeppAaoe TeNno—XuUaKocTb

Bbino oxapakTepusoBaHO
afcopbuUMOHHOE MOBefeHWe KOMMiekca Ha
rpaHvue pasgena  MuHepasn/soaa,  YTo6bl

BbIABUTb €ro MexaHmsMm dnotaymn. Komnnekc
Pb-BHA cywectsoBan B Buaoe dparMeHTa
KpuUcTananyeckom CTPYKTYpbI KoMrmekca

Pb4L5 c ruapokCcunbHOM rpynnon B LLENTOYHOM
xuakocTn (pwuc. 2(a)). Aacopbumsa komnnekca
weenuta

Ha MOBEPXHOCTU npencrasnaeT

cobowr  mpouecc  XMMUYEeckKom  agcopoébummn,
KOTOPOMY CMNOCOBCTBYET 3/eKTpocTaTnyeckoe
nputsaxeHune (puc. 2(b-c)). DyHkUMOHaNbHas

rpynna komnnekca Pb-BHA npenctasnseT co-
60N MeTan/M4Yeckyto rpynny, KoTopas CBs3bl-
BaeTCA C aToMaMu Kuciopoga leenuta (pwuc.
2(d-g)). MoxHO npennonoXmnTb, YTO CTPYKTypa
cobupartens komnnekca Pb-BHA, apcop6bupo-
BAHHOIO Ha MOBEPXHOCTU LUEeNnTa, NpeacTaB-
nsaet cobor PbyLs(OH), (puc. 2(h)). PbsLs(OH)s
ancopbmpoBasnca Ha MOBEPXHOCTUM MUHEpPAoB
Cc obpa3oBaHMeEM CTabWIbHOIO anacopbeHTa.
B «komnnekce Pb-BHA npousowna M™MHoro-
cnorHas afcopbuma Ha MUCXOOHOM MOHOC/oe
3a CYeT paclWMpeHUss CTPYKTypbl MosMMepa M
BOOOpOAHOM cBA3M (puc. 2(i)).

23 HoBbiin npotecc dnotauumn c
Mcnosib3oBaHWEM KOMIJIEKCHOrO co6uparens
Pb-BHA Ha BonbdppamoBoM MecTopoxaeHuu BK

O6pasubl npouecca dnotaumm
Bo/ibdpama 6blnn npenocTaBeHbl
komnanven VK Mine B KasaxcraHe. Pypa

oblna mM3MesibyeHa [0 TOJMWMHbI MeHee 3 MM
LIeKOBOM  ApPOBUIKOM WM KOHTP-BaskOBOMN
ppo6bunkon. MNocne cMewmBaHus Gbln NonyyeH
obpasey, BonbdpamMoBON pyabl 4SS UCMbITAHUS

npouecca ¢notaumn. Pe3ynbtatel aHanmsa
XUMUYECKOro  cocTaBa  6biun Mosly4YeHbl
MEeTOOOM  PEHTreHOBCKOW  bryopecLeHTHOM

cnektpockonuu (XRF). Pesynbtatbl mokasanw,
yTO copnepxaHue WOz B HeobpaboTaHHOWN pyae
coctaBnano 0,137%.

Pe3ynbTtaTtbl  UCMbITAHUM npouecca
dnotayumMm ¢ MUCMOsIb30BAHUEM XMPHbBIX KUCIOT
npuBeneHol B Tabnuue 1. Pesynbratel nokasanu,
yTo copepxaHne WOz B BonbdpamMoBOM
KOHLeHTpaTe cocTtaBnset 7,70%, a cTeneHb
nssnedeHna WO3 coctaBnseTt41,20% B npouecce
dnotaumn, coctosLen U3 OOHON YepHOBOW

PucyHok 1. (&) — MonekynsapHas ctpykTypa [Pbslg(NO3)3]NO3 (BCce aToMbl BogopoAa onyLeHbl Ansa scHocTh); (b)
- KoopauHaumoHHoe okpyxeHune noHos Pb1 (BBepxy) 1 Pb5 (BHM3Y); (c) — TpexmMepHas paclumpeHHas kapkacHas

CTpyKTypa koMnnekca Pb-BHA.[7]
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PucyHok 2. — Pe3ynbraTtbl nccnegoBaHnsa MexaHnsMa agcopoumnm [7]

o6paboTkn, ceMu cobupaTenbHbiX W OOHOW
ouncTuTenbHom dnotaumm (puc. 3). PesynbTaTtsl
rnokasasnaW, 4YTO CeNleKTUBHOCTb  drotaymm
cobupartenem XMpHbIX KUCNOT 6blia HU3KOM, U
6bI10 TPYLHO MOJSY4YUTb BbICOKOKAYeCTBEHHbIN
BO/IbPPAMOBbBIN KOHLLEHTPAT MpW HOPMasbHbIX
TeMnepartypHbIX YCIIOBUAX.

Pesynbtatel  dnotaumm  Bonbdpama
B KOMMJekcHoM npouecce Pb-BHA npwuee-
OeHbl B Tabnuue 2. Pe3ynbtatbl nokasanu,
4yTO B Mpouecce OpgHOM 4YepHoOBOW 06paboT-
KW, oOHOM cobupaTeslbHOW M MNATU OYUCTHBIX
onepaunn oénotauum, (puc. 4) copepxaHue
WO3 B Bo/IbdGpaMOBbIX KOHLLeHTpaTax 4OCTUMI0
31,24%, cteneHb usenedyeHna WOz coctaBuna
42,64%. CopepxaHue BofbdpaMa B XBOCTax
coctaBnaetr Bcero 0,028%, a ko3pduumeHT
mnssnedeHns WOz 13 xBoctoB coctaBun 13,11%.
Cobupatenb komnnekca Pb-BHA no-npexHemy
MPOosIBASAN BbICOKYK CEeNeKTUBHOCTb mnpu ¢dro-
TauMy Wweenuta npu KOMMekcHon dnoTtauum
Bo/IbdpamoBom pyabl. B npouecce koMnnekcHowm
dnotaumm Pb-BHA posupoBka pgenpeccaHTa
ONs XMOKOro ctekna 6bina 3HAYNTeNbHO CHU-

XeHa, MpoLecc O4YUCTKM 6bls1 YNPOLLEH, a Kade-
CTBO U CKOPOCTb M3BreYeHUs BoOJibdbpaMoBO-
ro KOHUeHTparta 6biin ynyduleHbl. [MokasaTtenb
droTauMm npouecca KOMMeKCHoM dnoTauum
Pb-BHA, oueBuaHo, 6b111 Nyylle, 4eM y npouec-
ca C UCMONb30BaHMEM XUPHbIX KUCIOT, U 3b-
dekTMBHOE oboralleHne BonbdpamMoBOM pyabl
BK MoxeT 6biITb 4OCTUIHYTO MNPU HOPMasbHOMN
TeMneparype.

24 MunoTtHoe ucnbiTaHue npouecca
KOMMieKcHon dnoTaummu BonbdpamMoBon pyabl
BK

MnnotHoe ncnbiTaHue dnotauum
BOJIbdpamMoBoOM pyabl BK Ha  ocHoBe
KOMMMEKCHOW  drioTauMyM  npu  HOPMasibHOM

Temnepatype Pb-BHA 6bino npoeBepeHo B
XYyHaHbCKOM  UHCTUTYTE LBETHbIX MeTaslsioB
(HaHwa, XyHaHb). LUuxta gona dnotaumm 6bina
noslyyeHa rnocre npenBapuTesibHOro  06-
MonoTta BonbdbpamoBon pyapl BK mMetopgom
PEHTreHOBCKOroO O6MyYeHUs, N ee copepXxaHue
WOsz coctaBnano 0,23%. Cratncrmnyeckum
aHanmM3 pesynbtaTtoB GnoTaumMm HernpepbIBHOIO

npown3BoacTBa 6bl/1 NPOBEAEH B XO4E MUTOTHOIO
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KonnekTopa, coctaBmno 41,71%, a TeopeTmuyeckoe
KOHLLeHTpaTa

WCMbITaHUS, U pe3ynbTatbl 6biIM  NoKa3aHbl

Ha pucyHke 5. Bbilo nokasaHo, YTO KayecTBO U3BMieYeHWe  BOSbGPAMOBOro
BONbOPAMOBOro KOHLEHTpata MU CKopocTb cocTaBuio 84,15%.

M3BSIEYEHUS B LENOM  6biin  CTabUbHbIMU PesynbTaThl

BO BpeMsA MWIOTHOrO ucnbiTaHuA. CpeoHee  TEXHOMOrMMYECKOro npouecca
conoepxaHue BoOb®PAMOBOrO KOHLEHTPATa, TECTUPOBaHWA MpUBEAEHbl B
MONYYEHHOrO C/IOXHbIM MpoleccoM ¢notauum  Pesynbrathbl rnokasasnu, yTO

Raw ore

Sulfurfroughing

Scav

A unit of reagents
dosage: g/t

grinding fineness 84%

copper sulfate 50
butyl xanthate 200
terpenic oil 60

butyl xanthate50
terpenic oil 30

enging

]

sodium carbonate 3400

\ 4 water glass 3500
S fatty acid 600
Tungsten|roughing
Water glass 300 fatty acid 200
Cleaning| 1 Scave|nging
Water glass 150
Cleaning |2  / \/  J
M1 scavenging tailings
Water glass 150 concentrate
Cleaning |3  /
Water glass 100 M2
Cleaning |4 Y
M3
Water glass 100
Cleaning |5 \
M4
Water glass 50
Cleaning| 6  /
M5
Water glass 50
Cleaning| 7 \/
M6
\ \J
tungsten M7
concentrate PucyHok 3. — TexHonormnyeckas cxema pnotaumm Bosb-

dpamoBon pymobl VK ¢ ucnonb3oBaHuMeM mnpouecca

KUPHbIX KNCNOT
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Raw ore

Grinding fineness 70%
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umn BonbdpamoBor pyabl BK ¢ nucnonssosaHm-
eM KoMniiekcHoro npouecca Pb-BHA
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Ta6nuua 1. Pe3ynbTarbl UCNbITAHUN B
OTKPbITOM LuKJie ¢prioTaumm Bosibdpama B
>XUPHOKUCIIOTHOM MnpoLiecce

Ta6bnuua 2. PeaynbTrathl UCMbITAHUIM B OT-
KpPbITOM LiKie ¢priotauum sosnibppama B
KOMrniekcHoM npouecce Pb-BHA

WO3 WO

Product Yield/% WO3 o recovery Product Yield/% WO o rec03very

grade / % /% grade / % /%
S 12.27 0.07 6.42 +100 mesh 3.08 0.046 0.98
K 0.71 7.70 41.20 Fe 0.45 014 0.44
M7 0.28 5.08 10.78 S 14.05 0.10 973
M6 0.29 4.44 9.81 K 0.20 31.24 42.64
M5 0.18 2.79 3.87 M5 0.80 1.49 8.27
M4 0.16 1.48 1.78 M4 0.46 0.98 313
M3 0.27 1.09 2.20 M3 1.21 0.68 5.70
M2 0.93 0.48 3.39 M2 2.38 0.277 4.57
M1 6.44 014 6.83 M1 6.45 0127 5.67
SK 0.86 0.30 1.96 SK 3.33 0.25 5.76
X 7762 0.020 1.77 X 67.59 0.028 131
Y 100.00 0132 100.00 Y 100.00 0.144 100.00

Ta6bnuua 3. Pesynbratbl pniotauum Ha BonbppamoBoM pyaHuke BK c ucnonbsosaHmem
KoMnnekcHoro npouecca Pb-BHA

products Yield/% WOs grade/% WOs recovery/%
Fe concentrate 0.76 0.09 0.31
Sulfur concentrate 575 0.059 1.54
Tungsten concentrate 0.43 43.29 85.04
Tungsten tailing 93.06 0.031 131
raw ore 100 0.22 100
BO/IbGpPaMoBOro KOHLeHTpaTa COCTaBW  LleneHanpaBfieHHY  afAcOPOLMOHHYK  Cro-

0,43%, conepxaHue WO3z coctaBuno 43,29%, a
cteneHb m3sBnedeHus WOsz coctaBuna 85,04%.
Bbixon, BONbdpaMoBbIXx XBOCTOB  COCTaBMUI
93,06%, copepxaHne WOz coctaBuio 0,031%, a
koadpoduumeHT nssnevermna WOz coctaun 13,11%.
MoOBoAsA UTOT, MOXHO CKa3aTb, YTO KOMIMIEKCHbIN
npouecc pnotaumm ¢ ncnonbsosaHnem Pb-BHA
B KayecTBe cobupaTensa no3BoaseT 4OCTUYb Bbl-
cokoadpdekTMBHOro oboratleHns Bonbdpamo-
Bon pyabl BK npu HopmanbHOW TemnepaTtype,
co crabunbHon  paboTo UM XOPOLIMMMU
TEXHONOrMYECKMMK nokasaTensamMum.
3. 3aknoueHune

Komnnekc Pb-BHA npepctaBnaer cobon
BOCbMUNIMTAHAHYIO  CTPYKTYPY, COOEepXaLllyto
LecTb MOHOB Pb B kayecTBe LLeHTpa NoSIMMEPHOM
CTPYKTYypbl, 06pa3oBaHHOM MyTeM COeAVHEHUS
Monekysn komnnekca yepes ceasm Pb-0O. Kom-
MIEKCHbIK  KOMMeKTOp  MPOLEMOHCTPMpOBAn

COBHOCTb  [OJ19  KMC/TIOPOACOAEPXKALLMX MUHE-
panos. B mncnbitaHun Ha ¢notaumio Bonbdpa-
MoBoro pygHuka BK kavectBo BOMbdPpamMoBbIx
KOHLIeHTpaTOB Z cTeneHb M3BNeYeHus,
MO/ly4YeHHble B pe3ysbTaTe C/IOXHOro npouecca
dnotaumm ¢ ncnonbsosaHnem Pb-BHA B kaue-
cTBe cobuparerns, 6bin Bbille, YeM B MpoLiec-
ce MOsyYeHUs XUPHbIX KUCNOT. DddekTuBHOE
M CeneKTMBHOE BblAeneHue Bonbdpama oT
MOMyTHbIX ~ MWHEPanoB Mpu  HOPMasbHOMN
TemMnepatype 6bi10 AOCTUFHYTO C MOMOLLbIO
KOMMMEeKCHOro npouecca pnotaymun. PesynbraTthl
MUAOTHOrO MCrbITaHMA nokasasnu, uTO
BONbGPAMOBLIN  KOHLLEHTPAT C copepXaHueMm
cebilwe 40% v nsBneveHnem 6onee 80% MoxeT
OblTb MOMYy4YeH C MOMOLLbIO CMIOXHOro npouecca
dnotaumm co cTabusibHON MNPOU3BOANTENBHO-
CTbIO M OT/IUYHbBIMU MOKa3aTeIaMu.
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THERMAL BEHAVIOR OF SYNTHETIC VALLERIITE
AND TOCHILINITE

Ivaneeva A.D., Borisov R.V., Fetisova O.Yu., Vorobyov S.A., Likhatsky M.N.,
Tomashevich E.V., Karasev S.V., Mikhlin Yu.L.

Worldwide interest in layered materials
(LMs) was initially motivated by the exfoliation
of naturally occurring graphite into isolated sin-
gle graphene layers, on which extensive studies
were developed [1].

Two-dimensional (2D) materials with prom-
ising physical and chemical properties are ex-
pected to have lots of applications in biomedicine
field, energy, environmental science, catalysis,
spintronics and spin-caloritronic. The 2D-nano-
composites are brand new materials in the area
of electrochemical applications. These materials
significantly increase the efficiency of electro-
chemical energy conversion, sensing and storage
devices. For these applications, the prerequisite is
the efficient and scalable production of 2D mate-
rials with high quality and low cost [3-4].

We studied synthetic analogues of natural
vallerite (Cu,Fe)S; n(Mg,AlLFe)(OH), and tochil-
inite FeS n(Mg,AlLFe)(OH), using differential
thermal analysis (DTA) methods. The investigat-
ed materials consist of two-dimensional sulfide
and hydroxide layers with different iron content
in the hydroxide layers, which is controlled by
additions of aluminum and/or lithium. The study
of the thermal behavior of synthesized 2D com-
posites formed by various incommensurate lay-
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ers is important for understanding the funda-
mental features of reactivity, potential mineral
processing, and materials science applications.
DTA is the most efficient method for studying
the thermal decomposition process and allows
to simultaneously measure the mass loss, de-
composition rate and thermal effect of samples
in real time. This method is widely used to study
the minerals phase composition and reaction
mechanism of thermal decomposition [5-7].
Thermogravimetric (TG/DTG)
ments and differential scanning calorimetric

measure-

analysis (DSC) were performed from ambient
temperature to 1000 °C in an inert (Ar) and
oxidizing (N, 80% O2 20%) environment. The
studied materials were synthesized by a simple
hydrothermal method [8]. The obtained ther-
mogravimetry (TG), differential thermogravime-
try (DTG) and differential scanning calorimetry
(DSC) heating curves are shown in Figure 1.

Sulfur oxides formed upon heating both
the minerals and synthetic composites in air
were found to react with hydroxide sheets, re-
maining in the residue. In inert atmosphere, sul-
fur volatize due to reactions between the sul-
fide and hydroxide layers.
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Figure 1 - Curves of thermogravimetry (TG), differential thermogravimetry (DTG) and differential scanning
calorimetry (DSC) of heating synthetic vallerite in air (left) and argon (right).
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TEPMUYECKOE NOBEAEHUE CUHTETUYECKUX BAJINTEPUUTA
N TOYHUTTMHUTA

Hesaneesa A./l., bopucos P.B., ®emucosa O.10., Bopobves C.A., /luxauxuii M.H.,
Tomawesuu E.B., Kapaces C.B., Muxnun FO.J/1.

NHCTUTYT XuMnu 1 xummdeckom texHonornm CO PAH, r. KpacHospck, Poccus

MupoBol nHTepec kK cnomcTteiM 2D maTe-
pvanam 6bi1 Bbi3BaH OTKPbITMEM CMNOCOOHOCTM
npUpoaHOro rpaduta paccianmBaTbCs Ha MU30-
NMpoOBaHHble OJUHOYHblE rpadeHOoBble CIoW.
OTOT PeHOMeH OBLMPHO M3y4asncs Hay4HbIM
coobutecteoM [1-2]. OxmpaeTcs, 4TO nepcnek-
TUBHble dU3NYECKMe U XUMWUYECKME CBOWCTBA
2D MaTtepuanoB HanayT MHOXECTBO MpUMeHe-
HUN: B obnactm 6KMoMefULUHbl, yrnpaBieHun
TEMMEepaTypHbIM PEXMMOM peakumi, B Kade-
cTBe GYHKLMOHAsbHbIX KOMMO3WUTOB U FMOKUX
YCTPOMCTB U T. 4. Ha gaHHbIM 3Tane akTyasibHOM
3apaden ansetca 3ddeKkTMBHOE U MacwTabu-
pyeMoe MpOW3BOACTBO C BbICOKUM Ka4yeCTBOM
M HU3kon ctommocTblo 2D-matepmanos [3-4].
B naHHow pabote MeTomamu guddepeHumans-
Horo TepMmyeckoro aHanmsa (ATA) usyvanmcb
CUMHTETUYECKME aHaIor NPUPOAHOro Basiepu-
unta (Cu,Fe)S; n(Mg,ALFe)(OH), w©n TounnuHuTa
FeS n(Mg,Al,Fe)(OH), MccnepoBaHHble MaTepu-
anbl COCTOAT U3 ABYMEPHbIX CyNbPUOHbBIX U TU-
OPOKCUAHbBIX CNTOEB C Pa3/IMYHbIM COAePXaHMEM
Xenesa B rMAPOKCUAOHBIX C/IOAX, KOTOPOEe pery-
nupyetca gobaskamMu antoMUHUA Unu (1) INTUS.
ViccnepoBaHne TepMUYECKOro NMoBefeHUs CUH-
Te3npoBaHHbIX 2D KOMNO3UTOB, OOPA30BaHHbIX
pPa3nMYHbIMU HECOPA3MEPHbIMW CNOAMU, BaXKHO
0N MOHUMaHWA dyHOAMEHTaIbHbIX OCOOEHHO-
CTeN peakLMOHHOM CMNOCOBHOCTK, MOTEeHLMasb-
HbIX MPOLLECCOB MNepepaboTky MUHepasbHOro

CbipbA U MaTepunanoBenyeckmx I'IpI/IMeHeHI/IIz.
51 —TG A . L4 exo 2
L1
105 - b2 ~ | ©
3 214 E
& 100+ 1 £ 0 3
O o = ~
~ 95- E 10
1o | b
90 3 5
L2 0
85
L3 -3
80- T T T T T
200 400 600 800 1000

Temperature ( °C)

OTA aesnaetca Hambonee 3dPpeKkTUBHLIM MeTOo-
[OM M3y4YeHUs npoLiecca TepMUYEeCKOro passo-
XeHUSA NO3BONSET OQHOBPEMEHHO M3MEPATb MO-
TEPI MacChl, CKOPOCTb PA3/IOXEHUS U TEMTOBOM
3bdeKkT 06pasLOB B pexmme peanbHoro BpeMe-
HU. DTOT MeTOZA, LUIMPOKO NCMONb3yeTca ANA U3y-
YeHMa Ga3oBOro cocTaBa M MexaHu3Ma peakumm
TEPMUYECKOrO pasnoxeHus MmHepanos [5-7].

Tepmorpasumetpuueckue (TI/ATE)  us-
MepeHUs U  puddepeHuManbHbIl  CKaHUPYHO-
Wwnin kanopumeTtpudeckni aHanms (OCK) npo-
BOAMNM OT TEMMepaTypbl OKpyXatollen cpenbl
0o 1000 °C B vHepTHOU (Ar) U OKUCINTENBHOM
(N2 80% O, 20%) cpepne. Viccnepyemble mate-
puasibl OblU CUHTE3UPOBAaHbI MPOCTbIM FMAPO-
TepManbHOM MeTofoM [8]. [MonyyeHHble KpuBble
Tepmorpasumetpumn (TI), ouddepeHumansHom
Tepmorpasumetpun (OTM) v anddepeHumans-
HOM ckaHupytowen kanopumetpum (OCK) Ha-
rpeBaHusa NpencTaBneHbl Ha pUcyHke 1.

Mpu HarpeBaHuM BCcex 06pasLOB A0 TEM-
nepatypbl okono 200 °C npowucxogut noteps
5-7% maccbl 3a cyeT yoaneHus BoAbl, kak afaco-
p6UpPOBaHHOW, Tak U U3 TUOPOKCUAHbBIX C/10EB
MaTepuanos.

B uHepTHOM aTMocdepe mnpu TemnepaTty-
pe okono 2500C Ha TounnmnHmMTe HabnopatTcs
HebonblUMe NoTepn Macchl B c/labo 3HOOTEPMU-
yeckoM npouecce. Cyaa no koppensuum c co-
LepXaHWeM xenesa B r’mApoKCUOHbIX C/I0AX, 3TO
MOXeT OblTb peakLuMsa MoTepu BOAbI C y4acTUEM
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PucyHok 1 - Kpusble Tepmorpasumetpun (TI7), anddepeHumansHon tepmorpasmumetpumn (AT1) n anddepeHumn-
anbHoW ckaHupytoleln kanopumetpun (LCK) HarpeBaHWA CMHTETUYECKOrO Basilepumta B aTMochepe Bo3ayxa

(cneea) 1 aproHe (cnpasa).
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rMAPOKCUA-UOHOB, CBA3AHHbIX C Xene3oM. py-
rasi UHTepnpeTaunsa — yneTyymBaHWe CBepxcTe-
xnomeTpuyeckon cepbl. OCHOBHble OBe 3HAO-
TEepMUYeckmne peakLum ¢ noTeper Maccbl OKOMo
10% B cyMMe npoTekatoT peskumum nukamum OTA n
OCK nputeMnepaTtypax okono 400 n 460°C. 3a-
TeM noteps Macchl (ele okono 6%) NPOUCXOANT
Me[JIeHHee, CO CcNabblM 3HAOTEPMUYECKUM MaK-
cuMmyMoM okono 5509C. HaumHaa ¢ 650-700 oC
n 0o npumepHo 930 °C Macca yMeHbllaeTcs He-
3HaumnTenbHo. O4eBMOHO, cepa 1 BOAA Y/eTyun-
BaeTCs B XOAE B3aMMOLENCTBUS CyNbbUOHBIX U
rMOPOKCUAHBIX C/I0eB Mexay cobon ¢ obpaso-
BaHMEM OKCUOOB Xerne3a U MarHus.

Mpu HarpeBaHMM B aTMocbepe, coaepxa-
el KNCIopon, OKUCIEHUE TOUYUITMHUTA Haum-
HaeTcsa okosno 300 °C (MakcuMyM okoso 350 °C)
C Hambosiee BbIPAXEHHBIM 3K30TEPMUYECKUM

nmkom okono 450 °C n conpoBoXxaaeTcs yBenm-
yeHMeM Macchbl. HeCOMHeEHHO, YTO MMeeT MecTo
OKWUC/IeHME cepbl 0O OKCMOOB, KOTOpble yaep-
XMBAKOTCA MMOPOKCUOHBIMU CMNOAMU C 06paso-
BaHMeM cybdpaToB COeAMHEHUN Xene3a U Mar-
HWA, KOTOpbIe pa3snaratTca NMpu TeMnepaTypax
cBbiwe 850 °C.

Bannepuut Beget cebsd, B NpUHLMNE, aHa-
NOrMYHBbIM 06pas3oM, HO 6osiee yCTOMYMB, YeM
TOUUIUHUT, KaK B HEOKUC/IUTESIbHOW, TakK U
OKUCINTENbHOM aTMocdepe, 4UYTO BbipaxaeTtcs
B CMelleHUn K 6oree BbICOKMM TemrepaTypam,
B cpegHeM Ha 50-100 °C, coOTBETCTBYOLMX
SHOO- W 3K30TEPMUYECKMX MAaKCUMyMOB. ITO
obbAacHAeTCd, BUOMMO, 6Oofblen CTabunbHO-
CTbto Cy/ibdUOHbBIX CIOEB U3-3a BbICOKOIO CPOL-
CcTBa cepbl K Megu.
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THE USE OF AN EFFICIENT ARSENIC DEPRESSANT REAGENT IN
THE FLOTATION OF REFRACTORY GOLD ORES

Dergilev A.S.!, Bulgakov S.V.., Elizarov R.G.., Klimantsev V.S.!, Shpilkov A. V.1,
Malykhin D.V.1

TPolyus Krasnoyarsk JSC, Research Center, Krasnoyarsk, Russia

The recent practice of low-sulfide gold ore
treatment has seen a sustainable deterioration
in the quality of mineral feed (in terms of grade)
and its higher refractory properties attributable
to a higher portion of arsenic in the form of
arsenopyrite.

To treat ores with higher arsenic content it
is necessary to find efficient process solutions
that canreduce arsenic content in concentration
products (flotation concentrates). Tackling this
task is aimed at maintaining the efficiency of the
hydrometallurgical processing of concentrate
with elevated arsenic content.

A promising process solution would be
to use selective reagents, arsenic depressants
that make it possible to depress arsenopyrite
flotation. Numerous studies of mineral
material from the Blagodatnoye deposit have
established a linear dependence of gold losses
to CIL tailings on the arsenic content in the
hydrometallurgical circuit feed (Figure 1).

The plot shows that an increase in the
arsenic content in the CIL feed results in a linear
growth of gold content in tailings.

The aim of this study was to assess
the potential for the selective depression of
arsenopyrite with the subsequent removal of
arsenic during cleaner flotation of reground
flotation concentrate (hydrometallurgical
circuit feed). The short chemical composition of
the product is shown in Table 1.

CIL feed coarseness was >90% passing
-0.040+0mm. The results of quantitative X-ray
phase analysis of the feed indicate that 69% of
gold was liberated, whereas up to 6.7% of the
gold was associated with arsenic sulfides.

A commercial reagent containing salts of
humic and fulvic acids was used as an arsenic
depressant reagent during the study. The
study highlighted the need to introduce the
preliminary desorption of collectors (xanthate,

Table 1 - Short chemical composition of CIL circuit feed

Content, %

Product
Au, g/t As Fe Stotal
CIL feed n7z 3.8 18.2 1.8
..
B
=
3 -
5 0 T8
=
=
5
L&)
=
o
4r]
o 1 2 3 4 5 6

Arsenic content in CIL feed, %

Figure 1 - Dependence of gold content in CIL tailings on the arsenic content in the CIL circuit feed
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Figure 2 — Process flow diagram for selective separation of gold and arsenic by flotation

dithiophosphate) onto activated carbon in the
presence of sodium sulfide.

The trials resulted in the development of
a flowsheet for the selective separation of gold
and arsenic by selective flotation (Figure 2)
that ensures distributing >95.0% of arsenic to
cleaner flotation tailings.

The removal of collector desorption from
the mineral surface from the process flowsheet
substantially reduces the efficiency of selective
separation.

Findings:

The results of laboratory studies
are indicative of the fact that despite the
redistribution of arsenic in concentration
products (efficient depression with >95 % of
arsenic reporting to cleaner flotation tailings),
the process under study will not make it
possible to reduce gold losses to overall CIL
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tailings below the baseline level (due to lower
amenability of separation tailings to extraction
of gold at the hydrometallurgical circuit).

An avenue for further development of this
discipline is the assessment of the feasibility of
using alternative more efficient technologies for
processing arsenic-containing mineral material
(Ox-tech, Arseno, Nitrox, etc.) which will fully
unlock the potential of the flotation circuit and
reduce gold losses in processing refractory gold
arsenic concentrates.



NMPUMEHEHUE 2ODPEKTUBHOIO PEATEHTA- AEMPECCOPA
MbIWbAKA NMPU ®JIOTALUU YMOPHDIX
30JIOTOCOAOEPXALLUUX PYL

[lepeunes A.C.1, bynzaxoe C.B.., Enuszapos P.I.!, Knumanues B.C.,, IlInunvkoe A.B.!,
Manvixun JI.B.!

TAO «[Nontoc KpacHospck», MiccnepoBaTtenbckui LeHTp, . KpacHosapck, Poccus

B npakTmke oboralleHuns
ManocynbduOHbIX  30/10TOCOAEPXALUMX  pyL,
B MocjefHee BpeMa OTMe4yaeTcsa ycTonuymBoe
CHUXEHWEe KayecTBa MWHEPasIbHOro Cbipbs,
nocTtynatwuiero B nepepaboTky (Mo copep-
XaHUI LLeHHOro KOMMOHEHTa) WM MOBbIWEHNS
ero TEexXHOSIOrMYeckoM YMNOpPHOCTM 3a c4yeT
yBeM4YeHnsa 071 MbllbAKa, NpeacTaBneHHoro
aPCEHOMUPUTOM.

BoBneueHne B nepepabotky pya
MOBbILWEHHbBIM COAepPXaHMeM MbllbAKa TpebyeT
roucka 3dPeKTUBHbBIX TEXHOMOrnYeckux
PEeLEeHNI MO CHUXEHNIO COAEPXAaHUA MbllbAKa
B npopyktax oboraueHus (dnotaumMoHHbIX
KOHLeHTpaTax). PeweHne paHHOM 3apaun
HanpaeneHo Ha coxpaHeHue 3PpbeKTUBHOCTM

rlepepa60TKM KOHUeHTpaTa C NnoBbllWEeHHbIM
copepXaHmeM Mblllbaka.

ﬂepCI'leKTMBHbIM TEXHOTOMMYeCKnM
peweHnem ABNAETCA npnMeHeHmne

CenekTUBHbIX peareHTOB-4eMNpPeccopoB
MbIlLbsKA, MO3BOMANWMX MOAABUTL droTaumio
apceHonmpuTa. MHOro4YncreHHbIMM
nccnenoBaHUsa MM MUHepasbHOro Cblpbs
MecTopoxaeHus «bnaropartHoe» ycTaHOB/eHa
NMHeMHas 3aBWCMMOCTb MOTepb 30/10Ta  C
XBOCTaMW  COPOBLMOHHOrO  BbllLEea4ynBaHUA
OT  cofepXaHus  MbllbAka B MNUTAHUMK
rupopometannypruyeckoro nepegena (puc.l).

Mo rpaduky BUOHO, YTO C YBETMYEHNEM
coaepXaHus MbllbAka B MUTaHUU copbumm
NIMHEMHO BO3pacTaeT U CofepxaHme 3050Ta B

npoL,eccos rmapoMeTasnslyprmyeckor  xBocTax nepejena.
Ta6nuua 1-Kpatkun xXuMmnyeckum coctaB NMUTAHUSA NpoLecca
COP6LUUOHHOIO BbllienlayuBaHUA
CopepxaHue, %
MpoaykT
Au, r/T As Fe Sobu,
[MuTaHmne copbumm n,7 3,8 18,2 1,8
7 .
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]
[50]
3 i
o =
o 3
2 = -
c e
a =
M = 5
u ‘8 ..0
=6
= O
E
)
=3
(]
0 1 2 3 4 5 G

Cogep:aHve MBIWBAKE B NUTaHKMK copbumn, %

PI/ICyHOK 1 - 3aBUCUMMOCTb cofepXaHnAa 30/10Ta B XBOCTax COp6LI,MOHHOFO BbillenavymBaHMa OT COLepXaHNA

MblllbAKa B MUTaHNU COp6LLI/IOHHOrO nepenena
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® NnoTOKOHLEeHTpaT

(nutaHme copobunm 90% -4 0 MKM)

v
Arntauus,

ecopbuunsa peareHToB

«—— Na2S, AKT. yronb

Ca0, [enpeccop MbiwbsKa,

rpOXOl-IeHl/le, ByT. KcaHTOreHart
500 MKM /
AKT. yrom* V: 7\
Mepeductkall
Henpeccop R
MbllLbSKA
v \é
[lepeuncrka ll KavepHbii
np/np-t| (As)npoaykt
AuvK-T Y >

PucyHok 2 —CxeMa npouecca ceneKTMBHOrO pasfefeHuns 30/10Ta 1 Mbllbska noTtaumen

3agaden nccnenoBaHUM aBnanach oueHka
BO3MOXHOCTU CENEKTUBHOM Aenpeccum apceHo-
nupuTa C nocnenytolmM BbloeeHUEM MbllUbS-
KOBMUCTOro Mpoaykta Mpu MnepeynucTtke Oous-
MenbYyeHHOro  GrIOTOKOHLEHTpaTa  (MUTaHusA
rugpomMeTtannyprmuyeckoro nepepena). Kpartkuim
XMMUYECKUN COCTAB MpoayKTa MpencTaBfieH B
Tabnuue 1.

KpynHoCTb nnTaHus copbunm coctasnsna
>90% kn.-0,040+0MM. Mo pesynbratam dpaszo-
Boro aHanusa nutaHus (KP®A) ycTtaHoBneHo,
uto 69 % 30M0Ta NpencTaBfeHO PACKPbLITON
dopmon, BMecTe ¢ TeM, 80 6,7 % 30/510Ta CBA3AHO
¢ cynbdMaaMm Mblllbsaka.

B kayecTBe peareHTa- Jenpeccopa
MbILLUbsIKA NMPWY MPOoBeAEHUN UCCIIEA0BAHUN NMPW-
MEHSA/IM TOBAPHbIM peareHT, coaepXallinii conm
r'yYMMHOBOM W1 ¢yNbBUHOBBIX kucnoT. Mccnepo-
BaHMSIMW MokasaHa HeobXoAMMOCTb BBeLEHUS
orepauumn npenBapuTenbHoOM gecopbumm cobum-
patenen (kcaHToreHart, gutodocdaT) Ha aKTu-
BUPOBAHHbBIN Yrosib B MPUCYTCTBUM CEPHUCTOrO
HaTpuS.

B pe3ynbrate MOWCKOBbLIX UCCefoBa-
HUN paspaboTaHa TexHosormyeckas cxema ce-
NIEKTUBHOIO pasfesieHns 30/M0Ta U MbllbsAKa
CnocoboM cenekTUBHOM dnoTaunm (pUCyHok
2), obecneumBatrowasa pacnpegenerHue >95,0%
MbILLUbsIKa B KAMEPHbIM MPOAYKT NePeUYnNCTKN.
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WckntoyeHmne onepauymn gecopbumm cobu-
patenen ¢ MUHepPaslbHOW MOBEPXHOCTU U3 TeX-
HOJIOTMYECKOW CXEeMbl 3HAYUTENIbHO CHWXaeT
3PDEKTUBHOCTb CENEKTUBHOIO pasneseHums.

BbiBOAObI:

B pesynbtate nabopatopHbix UccienoBa-
HUN YCTAHOBJIEHO, YTO HECMOTPS Ha nepepac-
npefeneHve Mbllbska B NpoAyKTax oboralye-
HUA (3dDeKTUBHYIO Aenpeccuto C HanpaBneHneM
>95 % MbllWbsKa B KAMEPHbIN MPOAYKT NepeymncT-
KW), paccCMOTpeHHasi TEXHOMOrMsA He MO3BONsAeT
CHU3UTb NOTEPU 30/710Ta C CYMMApPHbIMU XBOCTAa-
MU COPBLMOHHOIO BblleNayYnBaHuUs H1Uxe 6a3o-
BOIrO 3HaYeHUs (YTO OBYC/TOB/IEHO MOBbILLIEHNEM
TEXHONTOMMYECKOMN YMOPHOCTU KaMepHOro npo-
OyKTa pasfeneHns K rmapoMeTasnyprnyeckomy
M3BJ/IEYEHMIO 30/10Ta).

JanbHenwnmM pasBuTMEM LaHHOro Ha-
npaeBneHns SBMASETCA  oueHKa  BO3MOXHO-
CTU  MPUMEHEHUA  anbTepHaTUBHbIX, 6Gornee
3 deKTUBHbBIX TEXHONOM UM nepepaboTku
MUHepasibHOro cblpbs MbILLbSKOBUCTOrO
coctaBa (Ox-tech, Arseno, Nitrox u np.), 4to no-
3BOJINT Peasin3oBaTth B MOSIHOM Mepe NoTeHuman
dnoTaumMoHHoOro nepefena M CHU3UTb MOTEPWU
30/10Ta MpwW nepepaboTke YMOPHbIX 30/10TO-
MbILLbAKOBbIX KOHLLEHTPATOB.



ON INCREASING THE RECOVERY OF GOLD FROM DIFFICULT
PLACERS

Muravyov V.R.!, Algebraistova N.K.?, Prokopiev 1.V.3, Komarova E.S.?

Almost a third of the metal being mined
in the Russian Federation comes from the
alluvial deposits. Developing alluvial deposits is
economical, technological and environmentally
safe for investors. However, the resource base
of alluvial deposits with easily washable
sands is being depleted, therefore, at present,
enterprises have been working with difficult
sands.

The purpose of this study is to find possible
solutions to reduce the gold loss in the process
of difficult-to-wash alluvium beneficiation.

The low recovery of gold from placers is
associated with the high concentration of clay
(45-60%). Due to the high concentration of
clay - up to 80%, the Siberia Area possesses
sands that are hard to wash. Furthermore,
incomplete disintegration of clay results in gold
loss reaching up to 50%. In order to increase
the recovery of gold from difficult-to-wash
alluvium, it is necessary to solve two major
problems: 1) how to increase the efficiency of
sand disintegration; 2) how to improve the
technological circuit for beneficiation of gold-
bearing sands.

The object of the study is the hard-
to-wash sands of one of the deposits of
Krasnoyarsk Krai.

The subject of this research study is the
process of disintegration and beneficiation of
sands.

The examined samples of sands are
represented by sandy clays with crushed
stones, gravel and pebbles (15-20 % of the total
volume). The binding clay is dense and brownish.
The sandy material (feldspar quartz) is inhibited
with clay and separate layers (up to 0.5 m thick)
are saturated with gravel. Crushed stones and
fragments are represented by limestones,
quartz, silicon, limonites, sandstones, and rare
bauxites.

The boulder content of the placer is 0.4
% (fraction +200 mm), the clay content is high
(material with a fraction content of less than
0.01 mm > 50%). Gold is weakly rounded, and
has a lumpy and lamellar shape, where about
70% of gold has a fineness of -0.5 mm.

The technological process of alluvium
beneficiation comprises the following stages:
disintegration and screening in a scrubber,
beneficiation at deep and fine filling sluices.
To purify sands inside the scrubber, water is
supplied in the form of jets under the pressure

of 3-4 at. The amount of water supplied to
the scrubber depends on the degree of sand
density. The oversized product +20 mm (gal) is
conveyed to the pebble dump by a conveyor.
The undersized product -20 mm, enters the
locks of deep and fine filling through the
distributor where the sands are enriched. On
stencils and mats, a rough concentrate is
accumulated, a rinse of which is carried out
once a day, then loaded into containers and
redirected to the placer gold-concentrating
site. The beneficiation tailings fraction -20 mm
flows by the course of gravity into the dump.

To optimize the parameters of sand
disintegration, a research study was conducted
at a plant. The planning of the experiment
was carried out using the Box-Wilson method
(steep climb method). According to the analysis
based on a-priori information, the main factors
influencing the washing process are:

- speed of rotation of the scrubber;

- volume of initial nutrition (solid flow);

- the amount of water supply.

The content of the valuable component in
the beneficiation tailings (mg/m?3) was taken as
the response function.

The following factors were examined:

X1 - the scrubber speed rotation (10 rpm,
variation interval - 2.5 rpm);

X2 - the feed (1 m3/min, variation interval
0.25 m3/min);

X3 - the amount of water supply (17 m3/
min, variation interval 2 m3/min).

The experiment planning matrix is
presented in Table 1.

The average value of the response function
obtained from four experiments and conducted
under the basic conditions was 145.5 mg/m3.
The values of the regression coefficients are
determined as follows: bg= 163.5; bi=2; b,=26;
bz= -26.25. The statistical significance of the
regression coefficients was assessed, and the
following regression equation was obtained:
y=163.5+26x; -26.25xs.

The data analysis shows that in order
to reduce the loss of gold with beneficiation
tailings during disintegration, it is necessary to
leave the scrubber rotation speed at the base
level, increase the amount of water supply and
reduce the amount of initial nutrition.

It is recognized that the loss of metal
with beneficiation tailings is affected not only
by the preparatory equipment (in this case,
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Table 1 — Experiment planning matrix

Characteristic Factors Response function
Xq Xz X3 experimental predicted
Basic 10 1 17
Variation interval 2,5 0,25 2
Low 75 0,75 15
High 12,5 1,25 19
1 - - - 170 163,75
2 + - - 162 163,75
3 - + - 226 215,75
4 + + - 201 215,75
5 - - + 16 111,25
6 + - + 102 111,25
7 - + + 134 163,25
8 + + + 197 163,25
Basic X4 Xz X3
1 10 1 17 140
2 10 1 17 147
3 10 1 17 153
4 10 1 17 142

the disintegrator), but also by the type of the
processing equipment itself.

An analysis of the gold distribution in
relation to the size classes of beneficiation
tailings demonstrated that the yield of the
class -0.63+0 mm was about 50% with 75% of
metal concentration.

In recent years, one of the most significant
achievements in the field of mechanical
enrichment of gold-bearing raw materials is the
development and introduction of centrifugal

gravitational apparatuses into industrial
practices.
Over the course of the research

investigation, a few studies on the enrichment of
the beneficiation tailings at the Falcon separator
and the Spirit screw lock were conducted. The
advantages of a screw airlock use include:
moving parts and drive devices are absent; hence,
does not require highly qualified personnel;
continuous unloading of the product is possible,
can work in a wide range of pulp density, is not
reliant upon to the purity of water [1].

The studies were carried out at the
department of ITsMiM, in one operation.
Regime parameters are recorded considering
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the experience of working on similar
materials [2].

It was determined that when using the
Falcon centrifugal separator, 72.42% of gold
with a content of 13541 mg/m3 is extracted
from the product with a size of -0.63 mm into a
heavy fraction. The screw lock makes it possible
to recover 39.73% of the metal with the gold
concentrate of 863 mg/ms3.

To address the limitations and problems
associated with the acquisition of foreign-made
equipment due to the imposed sanctions, it is
recommended that a screw gateway is installed
at the plant.

To determine the economic efficiency of
a screw lock introduction for the enrichment
scheme, calculations of capital investments and
current costs were carried out. When calculating
the increase in the marketable output due to
the additional extraction of the metal, the
selling price of gold per gram is assumed to
be 3,500 rubles. The expected economic effect
through the installation of a screw lock on the
beneficiation tailings will be 7.6 million rubles for
any one washing season. The project payback
period is approximately 1.4 years.

raw



O NOBbIWEHNUN U3BJIEYEHUA 30JIOTA U3
TPYOHOMNPOMbBIBUCTbIX POCCbIMNEN

Mypaevés B.P.1, Anece6paucmosa H.K.% IIpoxkonves J.B.3, Komaposea E.C.?

TOO0O0 AC «lMpuumck ApaxHbin», PO, n. Hosas Kanamu.
2PIAQY BO «Cubupckuii pengeparnbHbivi yHuBepcutet», PO, KpacHospck.
SOIAOY BO «CeBepo-BocTouHbi penepasibHbi yHuBepcuteT», PO, AkyTck.

Moyt TpeTb pob6blBaeMoro ™MeTanna Ha
Tepputopun Poccuiickon ®epepauyum  npo-
MCXOOUT M3 POCCHIMNHbIX MECTOPOXAEHWUN. ITO
0bByC/IOBNMBAETCA TEM, YTO OCBOWUTb asisIloBU-
afibHble MeCTOPOXAEHUA AelleBne ANA MHBe-
CTOPAQ, MPOLLE TEXHONOMMYECKM N IKOMOrmyeckm
6e3onacHee. OgHako cbipbeBas 6asa pocchbin-
HbIX MECTOPOXAEHMUN C JSIerKONPOMbIBUCTbBIMMA
rneckamMm MCTOWAETCHA, M B HACTosdllee Bpemd
npennpuaTnsa paboTatoT ¢ TPpyAHOO60raTUMbIMM
rneckamu.

Llenb uccnegoBaHUsA - CHUXeHMeE MoTepb
30/10Ta Npy oboralweHnmn TPYL4HOMPOMbIBUCTbIX
MeCKOB POCCHIMHbIX MECTOPOXAEHNN.

Huskoe msBneyeHme 30/510Ta U3 MECKOB, B
rnepeyo ovyepedb, CBA3AHO C BbICOKMM MPOLEHT-
HbIM copepxXaHuem rauHbl (45-60 %). Cubup-
CKUI permvoH pacnosaraeT TPYAHOMPOMbIBUCTbI-
MU Meckamu, NPUUYNHOM Yero aBnaeTca Hamdme
rnvHbl - go 80 %. HenonHasa gesvHTerpauums
rAVHbI NpKY o6oraleHn Ha Wi3ax NpueoauT
K moTepsM 30/10Tq, KoTopble gocTturatoT go 50
%. C uenbio MNOBbIWEHUA M3BMEYeHUa 30/0Ta
M3 TPYAHOMPOMbIBUCTbIX MECKOB HeOoBXO4MMO
pewnTb ABe 33a4a4M: MOBbICUTb 3OPEKTUBHOCTb
Oe3nHTerpaumm MneckoB, YCOBEpPLUEHCTBOBATb
TEXHOMOrMYeCcKyto CxeMy oboralleHUs 30/10TO-
copepxallimx neckos.

O6beKT uccnepoBaHUA - TPYLHOMNPOMbIBU-
CTble Mecku ogHoro us MectopoxaeHun Kpac-
HOSAPCKOro Kpas.

[MpeaoMeToM nccnefoBaHusa ABAAIOTCA MPOo-
LLecCbl Ae3nHTerpaumm n oboralleHms neckos.

Mccneoyemble necku npencraBneHbl nec-
YAHWUCTBIMU MMMHAMM C WebHeM, FpaBMeM 1 rasnb-
KoM, coctaBnsatowmx 15-20 % obbema nopopnbl.
Ces3sytouwas rmmHa nnoTHas, 6ypoBaToro LpeeTa.
MecuaHbI MaTepuan (KBapL, NOMEeBOLLMNATOBbIN)
HaXoOUTCH B CMECU C TNIMHOM U B OTAENbHbIX
cnosx (MowHocTtbo fo 0,5 M) HacbIWweH rpasu-
eM. LLlebeHb 1 0610OMKKM NpencTaBneHbl M3BeCT-
HAKAMMK, KBapLLEM, KpeMHMEM, IMMOHWUTOM, Mnec-
YyaHMKaMm, penko 6060BbIMM 6GOKCUTAMMU.

BanyHuctoctb pocchinmn coctaensget 0,4 %
(bpakuma +200 MM), FMHUCTOCTb Bblicokas (Ma-
Tepmnan c copepxaHuem odpakumm mMeHee 0,01
MM > 50 %). 3onoto cnabookaTaHHoe, MMeeT
KOMKOBUOHYIO M MfacTmH4YatTyto ¢$opMy, OKOSO
70 % 30n0Ta uMeeT KpynHocTb -0,5 MM.

TexHonornyeckas cxemMa oboralieHusa ne-
CKOB Ha NpeanpuaTMK BKIOYaAET chefytoline
nepefenbl: Oe3MHTErpaLmio U rpoxodeHne B
OfHOCTaBHOM cKpy6b6ep-byTape, oborauieHue
Ha Wwno3ax rny6okoro n Mesikoro HarnosIHeHUS.
[ns pa3mbiBa MeckoB BHYTPb CKpyb6epa, yepes
opocuTenbHyto Tpyby nopaeTcs B BUOE CTPyw
HarnopHasa Boga nog naeneHmem 3-4 at. Konnye-
CTBO BOAbl, NOOaBaeMon B CKpyb6ep, 3aBUCUT OT
CTerneHu NPOMbIBUCTOCTM NeckoB. HaapelueTHbIn
npoaykT +20 MM (rans) KoHBeMepoM Hanpasns-
eTcA B rasieyHbin otBasn. [ogpelleTHbl NpoayKT
-20 MM, 4yepes pacnpenenuTenb NocTynaeT Ha
wnto3bl rny6okoro (LUMH) n Menkoro HamonHe-
Husa (LLIMH), Ha KoTopbix nponsBoauTcsa obora-
weHue neckos. Ha TpadapeTtax 1 kospukax LLUMH
n LWMH HakaninBaeTcs YepHOBOWM KOHLEHTPAT,
CMOSIOCK KOTOPOrO OCYLLECTBASETCA OAMH pa3
B CYTKW, 3arpyXaeTcsa B aBTOKOHTEMHepbl M
oTnpaBnsetca Ha LLOY. DdenbHas dpakums -20 Mm
CaMOTEKOM MOCTyNnaeT B 3desibHbIM OTBa.

Ha npennpuaTuu BbIMOMIHEHO WCCNeno-
BaHMWe MO OnpefeneHuto OnTUMasbHbIX Mapa-
MeTpOB Ae3uHTerpauum TpyaHOMPOMbBIBUCTbIX
neckoB. [naHMpoBaHWe 3KCrnepuMeHTa BbIMos-
HeHo MeTopoM Bokca-YuncoHa (MeTon KpyToro
BocxoxaeHus). CornacHo aHanusy anpuopHoOM
MHPOPMaLMM OCHOBHBIMU paKTOpaMMU, BIUSAIO-
LIMMM Ha NPOLLECC MPOMbBIBKU ABAAIOTCA:

* CKOPOCTb BpalleHuns ckpyb6bep-6yTapbl;

* 06beM UCXOLAHOro MUTaHuUsa (MOTOK Mo TBEP-
AOMY);

* KOJIMYECTBO BOAbI.

B kayecTBe PyHKLMM OTKIIMKA MPUHATO CO-
fepXaHue UEeHHOro KOMMOoHeHTa B 3defibHOM
npoaykTe (Mr/ m3).

MU3yuyaemble ¢akTOpbI:

Xi-CKOpPOCTb  BpaleHus  ckpybbep-6yTapbl
(10 06/MVH., WHTEpBa/s BaPbWUPOBAHUS —
2,5 06/Mun);

Xs-nexogHoe nutaHue (1 M3/MUH, MHTepBan Ba-
pbuposaHma 0,25 M3/MuH);
Xz-konuuectso Boapl (17 M3/MUH, MHTepBan Ba-
pbUpOBaHUS 2 M3/MUH).
MaTpuua naaHMpoBaHUs
npenctasreHa B Tabnmue 1.
CpepnHee 3HayeHue GYHKUMU OTKAMKA U3
YeTblpéX OMbITOB, MOJSlydyeHHoe mnpu 6a30BbiX
ycnosuax, coctasunio 145,5 mr/m3. OnpeneneHsbl

3KCrepumMeHTa

105



Taénuua 1 - MaTpuua nnaHUpoOBaHUSA 3KCNEePUMEHTa

®dakTopbl 3HavyeHune GpyHKL UM OTKIIUKA
flapaverpe! X4 Xz X3 3KCMNepuMeHTasibHOe npeackasaHHoe
BasoBbii 10 1 17
UHTepBan 2,5 0,25 2
HuxHum 75 0,75 15
BepxHuit 12,5 1,25 19
1 - - - 170 163,75
2 + - - 162 163,75
3 - + - 226 215,75
4 + + - 201 215,75
5 - - + 16 11,25
6 + - + 102 11,25
7 - + + 134 163,25
8 + + + 197 163,25
HyneBoi onbiT X X5 X3
1 10 1 17 140
2 10 1 17 147
3 10 1 17 153
4 10 1 17 142

3HaueHna koabduLMeHToB perpeccun: = 163,5;
=2, =26; = -26,25. BbinonHeHa oueHKa cTaTucTu-
UEeCKOM 3HAYMMOCTU KOIPODULIMEHTOB perpec-
CUUW, NONyYeHO YpaBHEHMe perpeccuu crenyto-
wero Bupa: y=163,5+26x, -26,25xs.

M3 nonyyeHHbIX OaHHbIX CreayeT, YTo Ons
CHUXEHWA noTepb 3o50Ta ¢ 3denamm npu ge-
3MHTEerpaLm Heob6XxooMMO OCTaBUTb CKOPOCTb
BpalleHus 6yTapbl Ha 6a30BOM YPOBHE, KOJIN-
UeCcTBO BOAbl YBENUYUTb U CHU3UTb O6BEM UC-
XOOHOrO MUTAHUSA.

M3BecTHO, 4TO Ha NoTepu MeTanna ¢ sde-
NAMU  BNUSIET He TOJIbKO MOArOTOBUTENbHOE
obopynoBaHue (B OaHHOM cliyyae — Oe3uHTe-
rpaTop), HO 1 TUM COBCTBEHHO OBOraTUTENBHOrO
obopynoBaHus.

Ona cnepytouiero stana uccienoBaHUM
oTobpaHa npoba adenen KPynHoOCTbto -3,2 MM.
OT6op Npo6 B oTBasiax NpPou3BOAUIICS TOo4eu-
HOrOpPCTEBbLIM CMOCOBOM MeToAa KOHBepTa OT
TOYKM 605 Yepes KaxablM MeTp.

AHanus pacnpeneneHus 3o50Ta No Kiac-
caM KpynHOCTU 3dener nokasas, 4YTo BbIXOmL
knacca -0,63+0 MM coctaBun okono 50%, n co-
noepxmTcs B HEM 75 % metanna.
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B nocnepgHwe rogabl ogHWMM U3 Haubonee
KPYMHbIX OOCTUXEHWNN B 06/1aCTN MEXaHUYECKO-
ro oboralleHns 30/I0TOCOAEPXALLErO Cbipbs
aBnseTca paspaboTka 1 BHeApEHME B MPOMBbILL -
JIEHHYIO MPaKTUKy LEeHTPOOEXHbIX rpaBuTaLm-
OHHbIX arnnapaTos.

B xopme paboTbl BbIMOMHEHbI MCCneaoBa-
HUS Ha oboraTmMocTb 3denesor dpakumm Ha
cenapatope «Falcon» n BuHTOBOM LWMt03e «Cnun-
puT». K OCTOMHCTBAM BUHTOBOIO LU/O3a OTHO-
Cs: OTCYTCTBME ABMXKYLLUX YACTUL, U MPUBOAHbBIX
YCTPOWMCTB; He TpebyeT BbICOKOKBANNOULMPO-
BaHHOIO MepcoHasna; HerpepbiBHasA pasrpyska
npoayKTa, paboTalT B LWMPOKOM [uana3oHe
MIOTHOCTY MysbMbl, HE MPUXOT/UBbLI K YNCTOTE
Boabl [1].

VccnepoBaHus npoBoamnuce Ha kadepnpe
Onn NUMuM, B ogHy onepauuio. PexmnmHble na-
pameTpbl MPUHATBI C YY4ETOM onbiTa paboTbl Ha
aHasnoru4yHomMm coipbe [2].

OnpepeneHo, 4TO MpPU  UCMOJSb3OBaHUM
LeHTpobexHoro cenapartopa Falcon u3 npo-
oykTta KpynHocTbio -0,63MM U3BekaeTcs B TA-
xényto dpakuunto 72,42 % 3onota c copepxa-
HueM 1354,1 Mr/m3. BuHTOBOM LWINIO3 No3BonsdeT



n3Bnedb 39,73% mMeTanna npu copepxaHum
30/10Ta B KOHLEeHTpaTe 863 mMr/m3,

B cBA3M ¢ BBeAEHHbIMU CaHKLUMAMU U
npobneMamMm npuobpeTeHns 06opyLOBaAHMUSA
MHOCTPAHHOIro MPOM3BOACTBA HA MPEeAnpPUATUN
peKoOMeHAyeTCa YCTaHOBUTb BUHTOBOM LLIJIHO3.

Ons  onpepeneHns  3KOHOMUYECKOM
3 PEKTUBHOCTU BHELPEHUS B CXEMY OBOraLLLeHNS
BMHTOBOrO  LWIO33, MPOBeAEHbl  pacyeThbl
KanuTanbHbIX BIOXEHUN U TekyLmx 3aTparT. [MNpun
pacuyeTe MNpUpoOCTa TOBAPHOM MpoaykKuMu 3a

CYET [OOMOMIHUTENBHOIO U3BMEYEHUA MeTanna,
NpUHATa LEeHa peanusaumm 3070Ta 3a rpaMm
— 3 500 pyb6. Oxmpaemblt 3KOHOMUYECKUI
3dpdekT OT yCTaHOBKM BMHTOBOIO LWAK3a Ha
3deneBoOM NPoAyKTE COCTABUT 7,6 MAH. py6nen
3a MpPOMbIBOYHbIN ce30H. Cpok OKymnaemMocTu
npoekTa - 1,4 roga.

Cnuncok nutepatypHbiX MICTOYHUKOB!:

1 MeaHos, B./[l. BuHTOBble annapathl Ana oboraleHnsa pya u neckos B Poccun/ B. . MieaHos, C. A. MNpokonbes.

- M.: JAKCK, 2000. - 239 c.

2 . Anre6pauctosa , H. K, O6orauieHne 61aropogHOMETaNIbHOro Chipbs Ha LEHTPOBeXHbIX annapatax /
H.K.Anre6paunctosa, A.B. MakwaHuH, E.A. Bypaakosa, A.C. Mapkosa // LiseTHble MeTannbl .-2017.— N21.— ¢.18-

23.
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MICROFLUIDICS AS A POSSIBLE DIRECTION OF DEVELOPMENT
OF MINERAL PROCESSING AND
RESEARCH METHODS

Zashikhin A.
IHHT SB RAS

One of the difficult problems on the way
of dynamic development of techniques and
technologies of mineral processing is the
reduction of the size of valuable components
and the technical and technological problems
arising in this case. The lower particle size
limit for effective enrichment, for example, by
methods of gravitational separation is currently
limited to the first tens of microns. All that
remains for researchers when establishing the
fact of presence of fine impurity of valuable
component, for example, gold, is to resort
to the choice of enrichment methods using
environmentally unsafe technologies, and also
seek to reduce the size and miniaturization of
separation devices, for example, hydrocyclones
with diameter up to 10 mm [1], planning to
increase their efficiency with small particles in
the search for new solutions.

The movement and separation of mineral
particles of micron and submicron sizes can be
studied by microfluidics methods. Microfluidics
as an interdisciplinary science considers the
motion of fluids and particles of different
nature with sizes from the first tens of microns
to fractions of nanometers and could be
fundamental to explore the possibility of using
the knowledge already obtained in this direction
in solving problems of gravity concentration,
classification, and flotation.
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Among the main approaches that can
help in the study of the mechanisms of particle
separation, which are typical of the enrichment
methods used in practice, are the following:
the possibility of alignment of trajectories
of moving particles or their focusing and
separation due to inertial forces; observation
of mixing processes of reagents, bubbles and
particles at a fundamentally different level;
using the monolayer principle for particle
separation; alternate application of different
energetic influences or analysis of each particle
by piece-by-piece sampling, eliminating the
effect of chaotic motion, and others.

Considering the functionality of
microfluidics for medicine and biology, the
similarity of its purpose with the procedures
common in one way or another in mineral
processingdraws attention. Thus, the authors [2]
suggest ways of classifying microfluidic devices
(transparent chips with a particular structure
of microchannels) according to their functional
purpose: sorting and separation of particles,
focusing and retention of particles, cultivation
of biological objects, sample preparation. All
of the above can be easily referred to the tasks
and operations of mineral processing. Including
the cultivation of bioobjects, for example, in
the development and research of bacterial
leaching. In the bioobject cultivation section,

Array af ridges

Figure - Some typical solutions of microfluidics devices for particle separation, where a) - scheme of laboratory
on chip for classification of micron particles [3], b) - spiral microclassifier [5], ¢) - scheme of thickener on chip
[7], d) - ridge array (similarity of ladder stencil) to enhance the effect of classification of micron particles [6]
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there can be, for example, conventional mixing,
contacting, scrubbing, grinding, energy impact,
flotation, classification, etc.

The similarities in the approaches used
in different disciplines can also be noted on the
practical side. For example, chips with channel
geometry resembling pneumatic and hydraulic
multichamber classifiers are investigated for
classifying ash, cement, limestone and silica
particles in the size range from 30 um to about
1 pm [3]. Devices with spiral channels [4,5],
resembling miniature screw sluices and separators
with a flow width of 0.1 mm, are used to separate
micron-sized blood particles. The efficiency of
separating 100 pm particles from the initial
mixture of -700+50 pm particle size class using
the same type of repeating ridges (ridge array)
with a height and pitch of about 100 um, located
across the flow with an inclination towards the
flow direction [6], increases significantly. These
devices resemble widespread ladder stencils and
mats for sluice technology of extraction of heavy
minerals from placer deposits. Parallels can also
be drawn for dewatering operations in terms of
technological problems, for example, thickening
up to 500 times of polystyrene particles of 5-15
microns by passing through the channels of a si-
phon device with channel sizes from first to hun-
dreds of microns [7].

However, the elements of similarity shown
above between the considered means of
microfluidics and gravity separation methods,
should be critically considered in connection
with the specific effects appearing in narrow
channels. Among them there are examples of
flow pulsation effect on focusing (concentration)

in the near wall area of the channels [8] and
alignment of particle trajectories in the channels
of labyrinth [9] and multi-coil [10] types.

At the same time described in [11]
abundance of methods of separation of
micron and submicron particles including
filtration, inertial focusing (concentration),
thermophoresis, diffusiophoresis,
magnetophoresis, acoustophoresis, optical
tweezers, electrophoresis, dielectrophoresis
and others allows to judge about possibility of
development of new direction of mineral particle
microfluidics for enrichment of minerals.

Conclusions.

In the present report the accent is made
on a new dynamically developing discipline -
microfluidics, which is of interest for medicine,

biology, pharmacology, nanotechnology,
analytical chemistry, etc.
The development of the “lab-on-a-

chip” principle, typical for microfluidics, to the
performance requirements similar or typical
of the generally accepted approaches to
mineral processing studies could significantly
expand the capabilities of traditionally used
sieve analysis, hydrocycloning, slurry analysis
(AOAT), sedimentation (stripping), etc.

The isolation of particles of narrow size
classes of the first microns and submicron
sizes of various minerals from natural and
technological samples, as well as a wide
possibility of in situ manipulation with
them by means of microfluidics would allow
to investigate enrichment processes and
separation mechanisms more deeply.
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MUKPO®DJTIONOAUKA KAK BO3SMOXHOE HAIMNMPABJIEHUE
PA3BUTUA METOAOB OBOIrALLLEHUA U NCCITEOOBAHUA
NMOJIE3HbIX NCKOMAEMDbIX

3awmuxun A.B.
NXXT CO PAH, r. KpacHosapck

OOHOM 13 CNOXHbIX 383484 CTaBLUEN Ha My TW
OVHAMUYHOIO Pa3BUTUSA TEXHUKWU N TEXHOTOM MM
oboralleHns CcTano YyMeHblueHMe KPYMNHOCTU
YaCTUL, LLEHHbIX KOMMOHEHTOB U BO3HWMKAIOLLMX
M3-3a 3TOr0 TEXHWYECKUX U TEeXHOOrMYecKux
npo6nemM. HuxHWM npenen KpynHoctu sddek-
TUBHOrO oboralleHus, Hanpumep, rpasuTaum-
OHHbIMW MEeTOAAMM B HACTOSALLMIA MOMEHT orpa-
HUYEH MepBbIMU AecATKaMuU MUKPOH. Bce uyTo
OCTaeTcs wmccnefoBatensaM npu ycTaHoOBNEHUU
dakTa O TOHKOM BKPArnIeHHOCTU LEHHOro KOM-
MOHEHTa, HaNMpuMep, 30110Ta 3TO Npuberatb NpPwm
BblbOpe MeToLOoB oboraluleHms K MoMoLLM 3KO-
JIOTMYECKN HArpy>XeHHbIX TEXHOMOMMIW, a Tak Xe
CTPEMUTHLCS K YMEHbLUEHUIO PasMepoB U MUHU-
aTiopmM3anmmM pasnenuTesnbHbIX YCTPOWCTB, Ha-
npumep, rngpouuknoHos gmametpom o 10 Mm
[1], paccunTbiBas Ha noBbiweHue 3pdeKTUBHO-
CTW X PabOoTbl C TOHKMMW GPaKLUSMM.

[BuvXeHne n ycrnoBus paspeneHus MmHe-
panbHbIX YacTUL, MUKPOHHBIX M CYyOMUKPOHHbBIX
pa3MepoB MOryT ObiTb M3y4YeHbl MeToAaMU MU-
Kpodnongnkn. Mmkpodnongmka Kak Mexpuc-
UMNaMHapHaa Hayka paccMaTpuBaeT aBuXe-
HUE XMOKOCTEN U YacTUL, pasfnyHOW NMpupoabl
C pasMepaMu OT MNepBbIX OECATKOB MWUKPOH A0
[Oonel HaHOMEeTPOB M Morna 6bl CTaTb OCHO-
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Bononararmwen nnas M3ydeHUs BO3MOXHOCTU
MCMNONb30BaHUA YyXe MOJyYEHHbIX B [OaHHOM
HanpaeneHM 3HaAHWM NpU peleHun npobnem
rpaBUTaLMOHHOrO oboralleHuns, knaccuduka-
uum, n dnotaumm.

Cpean OCHOBHbIX MOAXOO0B, KOTOPble MO-
ryT NOMOYb MPU U3YYEHUM MEXaHWU3MOB cena-
paLum 4acTul, XxapakTepHbIX MPUMEHAEMbBIM Ha
npakTnke MeTogam oboralleHus crenyeTt oTMe-
TUTb: BO3MOXHOCTb BblpaBHMBATb TPAEKTOPUU
OBUXYLLMXCA YacTuL, mnm dokycmpoBaTb 1 pas-
0enaTb Mx 6narogaps BO3HUMKHOBEHUIO MHeEP-
LIMOHHbBIX CWJ1; HA NPUHLUMNNANBHO MHOM YPOBHE
Habnogath 3a npoueccamMu CMelmMBaHUA pe-
areHToB, My3bIPbKOB W YacTuL, UCMNOb30BaTb
MPUHLKWM MOHOCIOMHOCTU K pa3gensemMbiM ya-
cTuLaM; nornepeMeHHO okasbiBaTb pasinmyHoe
SHepretTMyeckoe BO3LAEWCTBME WU MNPOU3BO-
OUTb aHanM3 KaxaoM 4acTuubl MeToLOM rnepe-
60pPKU, UCKITOUMB 3PDEKT XaoTUYECKOro ABUXKe-
HUS 1 Oop.

PaccmaTtpuBas dyHKUMOHAN CpeacTB Mu-
Kpobnoungnkm Ans MeauumHbl 1 6Uoorvm Npu-
B/iekaeT BHMMAaHME CXOACTBO MX Ha3HaYeHUs C
npouenypamMy pPacrnpoCcTpaHeHHbIMKW, Tak U
MHave, B oboralleHun MUHEepasbHOro Cbipbs.
Tak aBTOpbI [2] NpensaraT cnocobbl kKnaccudu-
Kaumm MnKpodatouaHbIX YCTPOMUCTB (Mpo3pad-

Array af ridges

PucyHok — HekoTopble TUMOBbIe pelleHns YCTPOMCTB MUKPODIIOUANKN AN pa3feneHns YacTuy, rae a) — cxema
naéopaTopmy Ha uune gns knaccudmrkaumm MMUKPOHHbIX YacTtuy, [3], 6) — crnvpasnbHbIi MUKPOKIAcCudUKaTop
[5], B) — cxema cryctutens Ha yune [7], r) — Mukpo rpebeHku (mogobue necTHUYHoro Tpadapera) A1sl ycuneHus

3p¢ekTa Knaccupukaumm MUKPOHHbIX YacTul, [6].
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Hble YMMbl C ONpefesIeHHON CTPYKTYPON MUKPO-
KaHanoB) Mo ¢GyHKUMOHANbHOMY Ha3Ha4eHUIo:
copTMpOBKa W pasfeneHne 4vactuy, dukcaums
M yOepXuWBaHWe 4YacTul, KyJbTUBMPOBaHWE
OUONOrMYecknx 06bEeKTOB, MNPOH6OMOArOTOBKA.
Bce nepeuuncneHHoe 6e3 3aTpygHEHUN MOXHO
OTHeCTM K 3agadaM 1 ornepauusM oboralleHus
MUHEepPasbHOro CbipbsA. B TOM ymcne u KynsTuBm-
poBaHMe 6MOOB6BLEKTOB, HANPUMEP, NpK paspa-
60TKe N UccnenoBaHnMM BakTepmasrbHOro Bbllle-
nadymBaHua. Ha mMecte KynbTMBUMPOBAHUA MOTYyT
6bITb, HANPUMEpP, 1 MNPUBbIYHAA arnTauus, KOH-
TakTUpoBaHWe, NPOTUPKa, M3MesbyeHMe, dHep-
reTmyeckoe Bo3nencTeme, ¢paoTaums, knaccmom-
Kaums, u gop.

CxoOCcTBO MPUMEHSAEMbIX MOOXOAOB MeX-
4y OVUCUMMANHAMU MOXHO OTMETUTb M CO CTO-
POHbI KOHCTPYKTUBHbBIX pelleHuin. Tak oss pas-
OeneHus 4acTul, 30/bl, LEMEHTA, U3BECTHAKA U
KpeMHus no kpynHoctu ot 30 MkMm o okosno 1
MKM WCCIeaytoTCs UMbl C reoMeTpuer KaHanos
HanoMmHarrLen rNMHeBMaTM4yeckme 1 ruapaBin-
yeckme MHOrokamepHble knaccudukaTopsl [3].
Ona pasfgeneHns 4yactuy, KPOBU MUKPOHHbIX
pa3MepoB MCMOJb3YIOT YCTPOMCTBA C 3aKpyYeH-
HbIMU B cnuvpasnb kaHanamu [4,5], HanoMunHato-
e MUHWATIOPHbIE BMHTOBbIE LUMO3bl M cena-
paTopbl C WMPUMHOW MPOTOYHOM 4YacTu xenoba
0,1 mm. CyuwectBeHHO noBblWAOT 3ddeKkTUB-
HOCTb BblAeNeHns YacTuy, KpyrnHocTeo 100 MKM
M3 UCXOOHOM cMecu knacca kpynHocTtu -700+50
MKM C MOMOLLbIO OLHOTUMHbBIX MOBTOPSAOLLMUX-
CcA HepoBHOCTEN B dopMe rpebHen BbICOTON U
warom nopsagka 100 MKM pacnonoXeHHbIX Mo-
rnepek MoToka C HaK/IOHOM B CTOPOHY €ro Ha-
npaereHus TedeHus [6]. JaHHble ycTpouncTBa
HaNoOMKMHAIOT LWMPOKO PaCnpOCTPaHEHHbIe NecT-
HU4YHble TpadapeTbl M KOBPbI ANS LUTO30BOW
TEXHOMOrMU U3BMEYEHUS TSAXESbIX MUHEPAsoB
U3 poccobinen. Mo TexHomornyeckmm 3agadam
MOXHO MPOBECTU napasiyienn u ana onepaumn
o6e3BOXMBaHUSA, HanpuMep, cryweHne go 500
pas 4yacTuL, MoOUCTUPOAa KPYMHOCTbIO 5-15 MKM
rMnocpencTBOM MPOTOYHOIO NepeMeLLeHns Jyepes
KaHasbl CMPOHHOrO YCTPOMCTBA C pa3MepamMmu
KaHasloB OT NepBbIX 40 COTHU MUKPOH [7].

OpHako, MnoKasaHHble BbIWe 3/1eMEHTbI
cxoncTea Mexay paccMaTpuBaeMbiMm
cpencTBamMu MMKpPobIoUaUKN 1M rpaBUTaLUOH-
HbIMU MeTogamMu oboralleHus, LOSXHbl KPpUTK-

Yeckn 6blTb PACCMOTPEHbI B CBA3M C MPOABA-
IOWMMUCA B Y3KMX KaHanmax crneumduyeckmumm
adpPpekTamu. Cpean HUX MOXHO MPUBECTU MPU-
Mepbl BAWAHUS MynbCcauMi notoka Ha GpoKycu-
poBKY (KOHLUEHTpUpoBaHMe) B MNPUCTEHOYHOM
obnactu kaHanoe [8] v BbipaBHMBAHUSA Tpaek-
TOPUN OBUXEHUS YacTUL, B KaHanax nabupuHT-
Horo [9] n MHorosuTkoBoro [10] Tmnos.

Bmecte ¢ TeM onucbiBaemMoe obunuve B
paboTe [11] cnocoboB pasgeneHns 4yacTtul, Mu-
KPOHHbIX M CYBMUKPOHHbIX pPa3MepoB cpeam
KOTOpbIX GUNbTPaLUs, UHEPLMOHHAA ¢oKycK-
poBKa (KoHLeHTpauus), Tepmodopes, audpodysu-
odopes, MarHnTodopes, akyctopopes, onTuye-
CKMN MUHLET, anekTpodopes, amanekTpodpopes
M Op. MO3BONSAET CYAUTb O BO3MOXHOCTU pas-
BUTUS HOBOIMO HamnpasfieHWA UCCNefoBaHUN
MUKPOGIONANKU  MUHEpPasbHbIX YacTul, Ans
oboralleHnss MUHepPasibHOrO Cbipbs.

BbiBoapbl.

B HacTodAweM cooblieHnn caoenaH akueHT
Ha HOBYIO OMHAMWYHO Pa3BUBAKOLLYIOCS OUCLIN-
MAUHY - MUKPOGIIOUOUKY MHTEpPEeC K KOTOPOM
MPOSABAAETCS CO CTOPOHbI MEAULMHbI, G1oorny,
dapMakonormm, HaHOTEXHOMOMUW, aHanuTuye-
CKOM XMW, 1 Ap.

PasBuTne TMnoBoro Ans MUKpPobIonaNKM
npuHuuna «nabopatopus Ha Yymne» o Tpebosa-
HUW MO NPOU3BOAUTENBHOCTU BIU3KUX UMW Xa-
pakTepHbIX OBLLENPUHATLIM MOAXOAAM K UCC/e-
[OBaHWAM 060raTMMOCTU MUHEPAIbHOIO Chipbs
MO0 6bl MO3BOMUTL CYLLECTBEHHO PaCLUIMPUTL
BO3MOXHOCTM  UCMOJb3yEeMbIX  TPAAULMUOHHO
CMTOBOrO  aHanmM3a, TrUOPOLMKIOHMPOBAHMS,
wnamosBoro ananumsa (ALATI), cepmmeHTaumum
(oTMyumBaHue) u Ap.

Ob6ocobneHHoe BblgenieHWe  YacTuy,
Y3KMUX KACCOB KPYMHOCTM MEPBbIX MUKPOH
M CYBMUKPOHHBIX  Pa3MepoB  Pa3/IUYHbIX
MUHEPAasIOB 13 NMPUPOLHbIX N TEXHOMOMMYECKMNX
npo6, a TaKk Xe WuUpoKas BO3MOXHOCTb
MaHUMYAALMNA C HUMM in Situ C NOMOLLbIO CpeacTs
MUKPOPIOUANKU MO3BONNAN 6bl Bonee rnyboko
nccnepoeatb  oboraTuTesibHble  MPOLEcChl U
cenapaLMOHHbIE MEXaHN3MBI.
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HYDROMETALLURGICAL PROCESSING OF DOUBLE REFRACTORY
GOLD ORES

Golovkin D.1.!, Dizer O.A., Shklyaev Yu.E.!, Rogozhnikov D.A.!

Scientific laboratory of advanced technologies for the complex processing of mineral and
technogenic raw materials of non-ferrous and ferrous metals, INMT, UrFU, Yekaterinburg, Russia

Abstract. The results of studies on hydrometallurgical processing of double refractory gold
ores with subsequent cyanidation of the leaching cake are presented. Alkaline leaching has been
proposed to remove antimony. To break the sulfide matrix, a method of nitric acid leaching is

proposed.

Key words: nitric acid, gold, double refractory concentrate, leaching, pyrite, arsenopyrite.

introduction

In the modern gold mining industry, the
problem of extracting gold from technologically
refractory raw materials is the most important,
namely, these include the bulk of gold-sulfide
ores. As is known, in refractory gold ores and
concentrates, most of the gold is associated
with sulfides, while a significant part of it is
usually present in the form of so-called invisible
gold. It was revealed [1] that invisible gold is
present in sulfides in two main forms - in the
form of nanoparticles with a particle size of less
than 5-10 nm and in the form of solid solutions
in sulfides. It has been established that the
quantitative content of invisible gold in pyrite
directly correlates with the content of arsenic
[2]. Another important feature of finding
invisible gold in pyrite grains is the uneven
distribution of arsenic and gold over the grain
cross section. A thin peripheral layer of pyrite
grains is enriched in arsenic, forming arsenic
pyrite. It is in it that the bulk of the gold is often
concentrated. In arsenopyrite, invisible gold, as
in pyrite, can also be present in the simple form
of nanoparticles and in the oxidized state [3].

Many refractory sulfide ores contain
dispersed carbonaceous matter containing
organic carbon. It is known that natural
carbonaceous matter has a high sorption
activity with respect to the gold-cyanide
complex (the “preg-robbing” effect), which

makes carbonaceous ores a difficult object for
cyanidation [4]. The fine dispersion of gold
in sulfides further complicates its extraction;
therefore, ores of this type are commonly
referred to as double refractory ores. In order
to ensure the access of cyanide ions to gold,
oxidative destruction (breaking) of sulfides
is used. The main technologies in the global
gold recovery industry used to open gold
sulfide raw materials are: oxidative roasting,
bacterial and autoclave oxidation. To intensify
hydrometallurgical processes, methods of
preliminary ultrafine grinding are also used.
Roasting is an economical way to
process refractory gold ores. However, with
the inevitable pollution of the environment,
arsenic and sulfur emissions make the process
less attractive. Ultrafine grinding of sulfide-
carbonaceous raw materials in most cases
leads to a multiple increase in gold preg-
robbing during cyanidation [5]. The use of
autoclave leaching is related to very big capital
spending, which leads to an increase in the cost
of recoverable valuable components; it is also
far from always possible to avoid preg-robbing.
The bacterial method is characterized by lower
capital costs, but has significant disadvantages:
the process provides complete oxidation of
arsenopyrite only, while pyrite is oxidized
much worse, resulting in an increase in cyanide
consumption during subsequent cyanidation.
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Table 1 - Chemical composition of refractory gold-sulfide flotation concentrate

Component, %

Fe S As Sb Al Zn

Cu Se Zr Au, g/t Ag, g/t

20,45 18,66 6,34 2,55 4,67 0,51

0,23 0,05 0,01 251 3,48

A promising method is atmospheric
leaching using nitric acid, which has a number
of advantages:

- high thermal effect of sulfide oxidation
reactions;

- released nitrous gases in a mix with
oxygen can be used to oxidize sulfides to
sulfates and then to regenerate the acid;

- high values of oxidizing potential in
comparison with the most common sulfuric and
hydrochloric acid reagents;

- intensive formation and dissolution of
metal sulfates due to the high rate of oxidation
of sulfides.

The listed advantages of using nitric acid
for the opening of sulfides, in comparison with
other oxidizing agents, provide a high intensity
of the process and the completeness of metals
extraction with a Llimited consumption of
reagents.

Capture of exhaust nitrous gases makes
it possible to achieve a significant reduction
in the negative impact of nitrogen oxides on
the environment, and due to their use in the
regeneration of nitric acid, it is possible to reduce
material costs by returning it to the process.

The purpose of this work was to study
the processing of refractory gold sulfide raw
materials under atmospheric conditions with an
increase in the degree of gold extraction.

Materials and methods of research

The studied raw material was a refractory
gold-sulfide flotation concentrate with a
fineness of 90% of the -0.040 mm class.
Elemental analysis was performed by X-ray
fluorescence spectrometry on CPM-35 and XRF
1800 instruments (Table 1). To determine the
amount of noble metals in the studied material,
the assay method of analysis was used.

The phase analysis of the raw materials
under study was performed on an XRD-7000
Shimadzu diffractometer. The main minerals are:
pyrite (FeS,); arsenopyrite (FeAsS); muscovite
(KAL(ALSIz010)(OH),); quartz (SiO,), stibnite
(S02S3).

Since the concentrate contains antimony,
which makes it difficult to conduct processes, it
was decided to carry out a preliminary stage of

n4

deantimonying the concentrate.

Experiments on sulfide-alkaline leaching of
antimony were carried out for 60 min in a glass
reactor with constant stirring at 400 rpm. In the
leaching solution, the concentration of NaOH
was 40 g/dm3, Na,S was 100 g/dm3. The solution
was heated to 50 °C and a weighed amount of
flotation concentrate (20 g) was added at L:S =
6:1. At the end of the experiment, the pulp was
filtered, the solutions were analyzed using an
Analytik Jena novAA 300 atomic absorption
spectrometer. Extraction into the solution was:
Sb - 93,7 %, S — 54,5 %. The leaching cake was
washed with distilled water, dried, weighed, and
sent for assay analysis. Next, the cake was sent
to nitric acid leaching.

Laboratory experiments on nitric acid
leaching were carried out in a 200 cm3 round-
bottom glass reactor with holes for supplying
nitric acid, air, temperature control, and
removing nitrous gases through a water-cooled
reflux condenser. The process of nitric acid
leaching of the gold-bearing concentrate was
carried out under the following parameters:
nitric acid concentration 7 mol/dm3, liquid to
solid ratio 8:1, duration 60 min. Stirring was
carried out using a magnetic stirrer rotating at
400 rpm. At the beginning, a weighed portion
of the concentrate was pulped in water, then
nitric acid was gradually poured in, and air was
continuously supplied to the reactor at a rate
of 5 dm3/min. At the end of the experiment, the
pulp was filtered, the solutions were analyzed
using an Analytik Jena novAA 300 atomic
absorption spectrometer, the leaching cake was
washed with distilled water, dried, weighed, and
sent for X-ray fluorescence analysis on an Axios
MAX spectrometer (PANalytical). After analysis,
the gold-bearing cake was sent for cyanidation.
At the same time, the following indicators were
achieved for extractioninto solution: Fe — 99,5 %,
As - 973%,S — 91,5 %.

Elemental sulfurand antimony compounds
present in the cake cover the gold exposed at
the stage of nitric acid leaching with thin films,
which creates diffusion difficulties and reduces
the extraction of gold into the cyanide solution.
As aresult, about one third of the gold remainsin
cyanidation tailings. This type of stubbornness



is typical for many ores mined at the deposits of
the Krasnoyarsk Territory, therefore, solving the
problem of gold extraction will create prospects
for increasing the complexity of using raw
materials and involving even more stubborn
types of it in the processing process.

The process of sulfide leaching was carried
out in a 2 M sodium sulfide solution [6] at a
ratio L:S = 8:1, a temperature of 75 °C, a stirring
speed of 400 rpm, and a process duration
of 60 min. The cake was filtered and washed
twice with 0,5 M sodium hydroxide solution and
twice with distilled water. The cake was dried
to constant weight at 80 °C, ground, averaged,
and analyzed. As a result, it was found that
the recovery of sulfur and antimony from the
nitric acid leaching cake into the sodium sulfide
solution exceeded 95 and 99 %, respectively.
The total through extraction of gold from the
initial concentrate into the resin phase and into
the cyanide solution reached more than 90 %.
Gold was isolated from cyanide solutions by
cementation or sorption methods.

Our further research is related to the
possibility of increasing the degree of gold
recovery due to the passivation of carbonaceous
matter in such materials of double refractory

Conclusions

Nitric acid leaching can be considered
as one of the promising ways to involve in the
processing of various types of polymetallic re-
fractory sulfide raw materials of non-ferrous
metals, along with autoclave, bacterial, roast-

Providing a high intensity of the processes
of breaking sulfide raw materials under
atmospheric conditions, it is possible to extract
non-ferrous metals into solutions with their
further selective isolation into finished products
and release gold from the sulfide matrix of its
host minerals.

In the course of the research, it was
proposed to carry out preliminary sulfide-
alkaline leaching of antimony. Extraction into
the solution was: Sb — 93,7 %, S — 54,5 %.
Experiments were carried out on nitric acid
leaching of antimony-free cake in order to break
the sulfide matrix of gold-bearing minerals -
pyrite and arsenopyrite. The following recovery
rates were achieved: Fe — 99,5 %, As — 973 %,
S -915%.

To ensure the reduction of gold losses
during the processing of nitric acid leaching
cakes, a method of alkaline leaching was
proposed with the following parameters: L:S
ratio = 8:1, temperature 75 °C, 2 M sodium sulfide
solution with a process duration of 60 min. The
extraction of sulfur and antimony exceeded
95 and 99 % respectively. The total through
extraction of gold from the initial concentrate
into the resin phase and into the cyanide
solution reached more than 90 %.
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rMMAPOMETANNYPIrUYECKAA NMEPEPABOTKA
30JIOTOCOAEPXALWUNX PYO ABOUHOU YINTOPHOCTHU

Tonosxun JI.J.Y, luzep O.A.%, IlIknsaes I0.E.!, Pozoncnuxos /].A.1

THayuHana nabopatopus NepcrnekTUBHbIX TEXHOOT U KOMIMIEKCHOM NepepaboTkn MUHEpPanbHOro
U TEXHOIeHHOI O CbIPbA LIBETHbIX U YepHbix MeTannos, IHMT, Yp®Y, EkatepuHbypr, Poccus

AHHoTaums. MpeacTasnieHbl pe3syabTaTel UCCNeLOBaHMIA MO TMAPOMETanypruyeckomn nepe-
paboTke 30/10TOCOAEPXKALLErO KOHLEHTPATa ABOMHOM YMNOPHOCTU C MNOCNEnYOWMM LIMAHNPOBAHM-
eM Keka Bbilenavmsanua. [ns yganeHna cypbMbl MPensioxeHo LWenodHoe Boillenadmsanue. [na
BCKPbITUA CyNbdUOHON MATPULLbI NPensioXeH Cnoco6 a30THOKUCIOTHOMO BbilLeiadmBaHns.

KnioueBble cnoBa: a3oTHasA KMCI0Ta, 30/10TO, KOHLLEHTPAT ABOMHOW YNOPHOCTY, BbilLeladmnBa-

HMne, NpuT, apCceHoONnmMpuT.

BBepneHue

B coBpemeHHOM  30n0TOAO6bLIBAIOWLEN
MPOMBILLIEHHOCTU MpobneMa M3BJeYeHUs 30-
710Ta U3 TEXHONIOrMYECKM YNOPHOrO Cbipbs SAB-
nseTca Hamboree BaXXHOM, @ UMEHHO K TakmM OT-
HOCUTCS OCHOBHAasl 4acTb 30J10TO-CySbOUAHbBIX
pya. Kak n3BecTtHo, B yNOpPHbIX 30/10TOCOAEpXa-
LWMX pygax v KoHueHTpaTtax 6osblias 4acTb 30-
f0Ta accoummpoBaHa ¢ cynbbuagamm, npmu 3Tom
3HAUUTEsNIbHAsA €ro 4acTb O6bIYHO MPUCYTCTBYET
B BMAE TaK Ha3blIBAEMOro HeBWAMMOro 30s10Ta.
BbisBneHo [1], UTo HeBMOMMOE 30/510TO MPUCYT-
cTByeT B cynbdmaax B ABYX OCHOBHbIX dpopmMax
— B BMAE HaHOYaCTUL, KPYMHOCTbO MeHee 5-10
HM 1 B BUAE TBEPAbIX PACTBOPOB B Cynbbuaax.
YcTaHOBNEHO, 4YTO KOJIMYECTBEHHOE coaepXa-
HME HEeBMAMMOro 30/10Ta B MUPUTE HaMpsAMyo
KoppenupyeT C copepxXaHueMm Mbiwbaka [2].
Opyron BaXHOM OCOBEHHOCTbID HAaXOXAeHUs
HEBUAMMOrO 30/10Ta B 3epHax nuputa siBnasdeT-
CcA HepaBHOMepHOe pacnpefesieHne Mbillbsaka
M 30/10Ta MO CeYeHUto 3epHa. ToHKMN nepude-
PUNHBIN CNoM 3epHa NMpuTa oboralleH Mblllbs-
KOM, 06pa3ys MbllbAKOBUCTbIM MUPUT. VIMEHHO
B HEM YACTO KOHLLEHTPUPYETCs OCHOBHAas Macca
3onota. B apceHonupute HeBMAMMOE 3050TO,
Kak U B NUPUTE, MOXET MPUCYTCTBOBATb TakXe
B MPOCTOM BWAE HAHOYACTWUL, U B OKWUC/IEHHOM
coctosiHuu [3].

Bo MHOrux ynopHbix cynbbuaHbix pypoax
MPUCYTCTBYET pacCcesHHOe YIrNMCTOe BEeLLeCcTBO,
copepxallee opraHudeckuin yrnepon. MaeecT-
HO, YTO MPUPOLHOE YrNCTOe BeLLecTBO obna-
[aeT BbICOKOM COPOBLMOHHOM aKTUBHOCTBIO MO
OTHOLUEHMIO K 30JI0TOLMAHUCTOMY KOMMIeKkcy
(addekT «nper-pob6uHrar»), 4TO OenaeTt yrim-
CTble pyAbl CNOXHbIM O6BEKTOM ANA LIUAHUPO-
BaHus [4]. ToHKasa gucnepraums 3010Ta B CyJib-
dupax ewe 6o5ee OCNOXHAET ero U3lBfeyYeHue,
Mno3ToMy pyAbl MOLOOHOro TWMa MPUHATO Ha-
3bIBaTb pygamu asownHomn ynopHocTtu. C uenbto
obecneyeHns 0OCTyrna LUMAHWULA-MOHOB K 30J10-
Ty TMPUMEHSIOT OKUC/IUTENIbHOE paspylleHue
(BckpbiTHe) cynbdupgoB. OCHOBHbIMU TEXHOSO-
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r’MAMW B MUPOBOW 30/T0TOM3BEKATEIbHOM MPo-
MbILLUMIEHHOCTH, MPUMEHAEMbIMU ANA BCKPbITUS
30/10TOCYNIbGUAHOMO ChiPbs, ABMAKOTCHA: OKNCN-
TenbHbIN 06XUr, 6akTepuasibHOe U aBTOK/IaBHOe
okmucneHue. [na umHTeHcnpukaymm rmgpome-
TanIypruyeckmx npoLLeccoB TakXe UCMOMb3yroT
MeToAbl MPeaBapUTEeSIbHOrO CBEPXTOHKOro M3-
MernbyYeHUs.

O6XUr ABNAETCA 3KOHOMUYHBIM CNOCO6OM
rnepepaboTku  YMOPHbIX  30/10TOCOAEPXKALLMX
pya. OpHako, ¢ HeusbexHbIM 3arpssHeHneM
oKpyxXatlLen cpefbl BbI6pOCaMU MbllbsKa U
cepbl OenakwT npouecc MeHee npuerekatesnb-
HbiM. CBepXTOHKOEe Uu3MesnbyeHne cynbdua-
HO-YI/IMCTOrO Cbipbsi B 6GOMbLIMHCTBE Crlyda-
eB MNpMBOOUT K MHOIMOKPATHOMY YBEUYEHUIO
nper-po66uHra 3onota nNpu ymuaHmposaHum [5].
[MpuMeHeHWe aBTOK/IABHOIO BbilefiavymBaHuUsA
ABNSETCHA KanuTasoeMKmMM, YTO MPUBOAUT K yBe-
NINYEHUNIO Ce6eCTOUMOCTU U3BEKAEMbIX LLEHHbIX
KOMMOHEHTOB; TakXe [[aneko He Bcerga yaa-
eTca usbexaTb nper-pob6éuHra. bakTepuans-
HbIl MeTo[, XapakTepmulyeTcss MeHbLUMMW Kanu-
TanbHbIMU 3aTpaTtamMu, HO MMeEeT CyLLEeCTBEHHbIe
HefoCTaTKM: Mnpouecc obecrneymBaeT MoOMHoOe
OKWCJIEHWE NNLLBb aPCEHOMMPKNTA, TOrAa Kak nu-
PUT OKUCNAETCS 3HAYUTESNIbHO XYyXe, BCeacTBue
4Yero MoBbIWAETCHA pacxon LUMaHWAOoB Mpu Mno-
cnepyoLeM LLMaHUpoBaHUM.

[MepcnekTUBHBIM CMOCOBOM ABMAETCS aT-
MocdepHoe BbilenavymBaHme ¢ MpUMeHeHneM
a30THOM KMCOTbl, obragaolwen psaooM npen-
MyLLEeCTB:

* BbICOKWI TennoBon 3ddPeKkT peakuymi okmcie-
HWA cynbdnaoB;

* BblOoenarolMecs nNpu B3aMMoaencTemm
a30THOM KUCOThI C Cy/bdUaaMU HUTPO3HbIE
rasbl B CMeCU C KUCIOPOAOM MOXHO
MCMOMb30BaTb OJ/15 OKUCIEHUA Cyibdnaos
00 cynbdaToB U NoceayoLLen pereHepasmm
KUCNOTbI;

* BbICOKME 3Ha4YeHNHA OKUCTIUTENTIbHOIO
noTeHuMana no CpaBHEHNIKO C Hanbonee



Ta6nuua 1 — XMMHUUYeCKUMN COCTAB YNMOPHOIro 30/10TO-CyJibduaHoro ¢pnoramMoHHOro
KOHLLeHTpaTa

CopepxaHue, macc. %

Fe S As Sb Al Zn

Cu Se Zr Au, r/T Ag, r/T

2045 18,66 6,34 2,55 4,67 0,51

0,23 0,05 0,01 251 3,48

pPacnpoCTPaHeHHbIMN CEPHO- U
CONMAHOKUCIIBIMU peareHTamu;

* MHTEHCUMBHOE 06pa3oBaHMeE N PacTBOpeEHME
cynbdaToB MeTanNoB BC/IeACTBUE BbICOKOM
CKOPOCTU OKUCNEHUS CyNbdUOO0B.

MepeuncneHHble NpeuMyLLecTBa MCMOMb-
30BaHUsS @30THOW KUCOTbl A9 BCKPbITUA Cy/lb-
dNAOB, B CPABHEHUM C APYFMMU OKUCTTUTENAMMU,
o6ecrneynBaloT BbICOKYK WHTEHCMBHOCTb MPO-
LLecca 1 NofIHOTY BCKPbITUS MeTas/I0B Npu orpa-
HUYEHHOM PacXoe peareHToB.

YnaBnvBaHue  OTXOASLWMUX  HUTPO3HbIX
rasoB MO3BONSET [LOCTUYb CYLLECTBEHHOMO
YMEHbLIEHNA HEratMBHOIO BJIUAHUS OKCUOOB
asoTa Ha OKpYyXawLllyl cpedy, a 3a CYeT Ux
MCMOMb30BaHUA TMpU  pereHepaumm asoTHOM
KUCMOTbl YAQEeTCs CHU3WTb MatepuasibHble 3a-
TpaTbl, BO3Bpalllasa ee B Npouecc.

Llenbto paHHOM paboTbl ABMASETCS uccne-
OOBaHWe npouecca nepepaboTkm YNOPHOro
30M10TOCYNbOUAHOMO Cbipbst B aTMOChEpPHbIX
YCIOBUAX C MOBbILEHUEM CTEMEHU N3BIEYEHUS
30M0Ta.

Marepuanbl U MeTOAbI UCCIIEA0BAaHUA

Nccnepnyemoe cbipbé npeactaBnisno cobom
YAOPHbIN 30/10TO-CyNbPUAHBIM GNOTALMOHHbIN
KoHUeHTpaT kKpynHocTbto 90 % knacca -0,040
MM. D/IEMEHTHbIV aHanns3 NpoBOAUAN METOLO0M
peHTreHodpNyopecLeHTHON CMeKTPOMETPUM Ha
npuéopax CPM-35 n XRF 1800 (tabnuua 1). Ana
onpefeneHnsa KonmyecTBa 61aropofHbiXx Me-
Tan7o0B B M3y4aeMOM MaTepuasie UCMob30Banu
MPOBUPHBIN MeToL, aHanu3a.

®a30BbI  aHasIM3  K3y4yaeMoro Cbipbs
BbiMOSIHEH Ha gudpaktometpe XRD-7000
“Shimadzu”. OCHOBHbIMW MUHepanamu SBNAOT-
ca: nupuT (FeS,); apceHonunput (FeAsS); Mycko-
BUT (KAL(ALSizO10)(OH),); kBapy, (SiO3), cTUOHUT
(Sb2S3).

Tak Kak KOHLLeHTPAT COAEPXMUT CYypbMY, 3a-
TPYAHSAOLLYO BegeHMe NpoLeccoB, 6bi10 pelue-
HO MPOBECTW MpefBapuUTeNnbHylo cTaguo obec-
CYPbMSIHUBAHUS KOHLLEHTpATA.

SKCNepuMeHTbl MO CybGUAHO-LLENTOYHO-
My BbILLENAYMBAHNIO CYpPbMbl MPOBOAUIN B Te-
yeHne 60 MUHYT B CTEKJISHHOM peakTope Mnpwu
nocTosaHHOM nepeMetumsaHm 400 o6/MuH. B
BblLLeNaynMBaloLLeM pPacTBOpPe KOHLLEHTpaLmsa

NaOH coctasnana 40 r/gm3 , NayS — 100 r/gm3.
PactBop HarpeBanu oo 50 °C n pob6aBnanu Ha-
Becky dnoTtokoHueHTpata — 20 r, npmn X:T=6:1.
Mo oKoH4YaHUWM 3KCMepuMeHTa nynbny ¢unb-
TpoOBasM, PacTBOPbl aHaNIM3UPOBaNM C MOMO-
Wbl ATOMHO-abCOPOBLMOHHOIrO CrnekTpoMeTpa
Analytik Jena novAA 300. V3BneyeHne B pac-
TBOp cocTtaBuno: Sb - 93,7 %, S — 54,5 %. Kek BbI-
LienaymBaHuUsa NMpoMbiBany OUCTUNIMPOBAHHOMN
BOAOMN, CYLIMUNY, B3BELUMBANU U HANPaBAAIU Ha
NpPo6UpPHbLIN aHanus. [Janee o6eccypbMsaHUCTLIN
KeK Hanpaensaim Ha a3oTHOKMUCIOTHOE BbilLena-
yMBaHue.

JTabopaTopHble 3KCNEepPUMMEeHTbl MO a3oT-
HOKMC/TIOTHOMY  BbILLENAYMBAHUIO MPOBOAUIN
Ha YCTAHOBKE, COCTOSALWEN U3 KPYrIOA4OHHOMO
CTeKNAHHOro peakTopa o6bemom 200 cM3, nme-
IOLLEero OTBEepCTUS OJ18 MofAadym a3oTHOW KMCO-
Thl, BO34yXa, KOHTPOJSA TeMnepaTtypbl U BbiBOAA
HUTPO3HbIX Ta30B Yepe3 BOAOOXJAXAAEMbIM
obpaTHbIM XonoaunbHUK. pouecc asoTHOKMUC-
NIOTHOTO BbIleNa4yMBaHMA 30/10TOCOAEPXKALLEro
KOHLLeHTpaTa NPOBOAUIN MPU ClefylWwmx na-
pameTpax: cooTHoweHum X:T = 8:1, KoHLeHTpa-
uma HNOs = 7 Monb/oM3, NpomonXmnTenbHoCTb
60 ™MuH. MNepemewmnBaHMe OCYLLECTBAANU MpU
MOMOLLM MarHUTHOM Mellasiku, Bpallatollenca
co ckopocTbto 400 06/MuH. B Hadane Hasecky
KOHLLeHTpAaTa pacnyfibMnoBbIBaM B BOAE, 3aTeEM
MOCTEMNEeHHO 3a5MBasIM @30THYIO KUCIOTY, TakxXe
B peakTop HEeMNpepbiBHO MO4ABasaM BO34AYX CO
ckopocTbio 5 am3/MuH. 1o OKOHYaHWKM 3Kche-
pyMeHTa nynbrny GUIbTPOBAIW, PACTBOPbLI aHa-
NN3MPOBASIN C MOMOLLbK aTOMHO-abCopPOLNOH-
Horo crnekTpomeTpa Analytik Jena novAA 300,
KeK BbllLenaymMBaHmMa NpoMbIBaNU AUCTUIINPO-
BaHHOW BOOOW, CYLLUUNY, B3BELUMBAIN U HAMpaB-
NANU Ha PeHTreHoGIyOpPeCLEeHTHbIM aHanms Ha
cnektpomeTpe Axios MAX ¢dupmbl PANalytical.
Mocne aHanM3a, 30/10TOCOAEPXALMA KeK Mo-
cTynasn Ha umaHupoBarue. [Npu 3TOM OOCTUMHY-
Tbl CrepytolimMe rnokasaTenu no U3BIeYeHUo B
pactBop: Fe —99,5%, As — 973 %,S — 91,5 %.

dneMeHTHas cepa U CcoefUHEHUS CYypPbMbl,
MPUCYTCTBYIOLIME B Keke, MOKPbIBAKOT BCKPbI-
Tble Ha CTaguM a30THOKUCIIOTHOIrO Bbilenaym-
BaHWSA 30/I0TUHbI TOHKMMW MJIEHKaMU, YTO CO3-
naet onoddy3moHHbIe 3aTPYAHEHUA U CHUXAeT
n3BreyeHme 30/10Ta B LMAHUCTBIM pacTtBop. B
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pe3ynbTaTe nopsnka ogHoOM TpeTn 30510Ta ocTa-
&TCcA B XBOCTax LMaHMpoBaHuUs. [ogobHbIM BUA,
YNOPHOCTU XapakTepeH ANA MHOrMX pyn, 006bl-
BaeMblXx Ha MecTopoxaeHuax KpacHoapckoro
Kpas, No3TOMy pelleHre NpobrieMbl U3BIEYEHNA
30/10Ta CO34acT NepcrnekTUBbl A9 MOBbIeHUs
KOMTMJIEKCHOCTW WMCMOSIb30BaHUSA CbiPbs W BOB-
fledyeHns B npouecc nepepaboTkm euie 6osnee
YMNOPHbIX €ro BUAOB.

Mpouecc cynbdUOHOro BbilLeNaYMBaAHMA
nposoaun B 2 M pacTBope CepHUCTOro HaTpmUA
[6] npn cooTHoweHumn X:T = 81, Temnepartype
75 °C, ckopocTn nepemetumsaHus 400 o06/MuH
M nNpofonxmtenbHocTn npouecca 60 MuH. Kek
oTdUNBTPOBBIBANN 1 MpoMbiBanu gea pasa 0,5
M pacTBOPOM rMOPOOKUCK HATPUA M ABa pasa
ONCTUNNMpPOBaHHOW Boaon. Kek BbiCylLIMBanu
0O MOCTOSAHHOW Maccbl npu Temnepatype 80
°C, namenbyanm, yCpeaHanm 1 aHam3npoBsasnu.
B pe3ynbrate 6bL10 YyCTAHOBMEHO, YTO WM3BJe-
yeHme cepbl U CypPbMbl U3 KeKa a30THOKMCIOT-
HOrO BblWEa4YMBaHNA B PACTBOP CEPHUCTOro
HaTpusa npeebicnno 95 n 99 % cooTBeTCTBEHHO.
CyMMapHoe CKBO3HOE W3BfieyeHMe 30si0Ta M3
MCXOOHOro KOHLUEeHTpaTta B ¢pasy cMosibl U B Lma-
HUCTBIN pacTBop gocturano 6onee 90 %. 3onoto
M3 LMAHNCTbIX PacTBOPOB BblOeSAIM MeToaaMM
LemMeHTauMm nnm copbumm.

HanbHenwve Hawm nccrenoBaHUa CBs3a-
Hbl C BO3MOXHOCTbIO MOBbILIEHUA CTEMeHU U3-
B/leYEeHMA 30/10Ta 3@ CYET NaccMBaLmm YriamcTo-
ro Belw,ecTBa B Nogo6HbIX MaTepuanax 4BOMHOM
YNOPHOCTU.

BbiBoapbl
A30THOKUCIOTHOE BblLLlelavYmMBaHMe MOXeT
paccMmaTpmBaTbCA KakK OgnH N3 NEePCneKTUBHDbIX
CrMocoboB BOBMEYEHUS B NepepaboTKy pasimy-
HbIX BWOOB MNOJIMMETAJIJIMYECKOro YyrnopHOro
Cy)'lb(bl/l,EI,HOFO CblIpbA LBETHbIX MeTaslJ1oB HapA-

Oy C LWMPOKO PacnpoCTpaHeHHbIMU KU UCMOSb-
3yeMbIMU B MPOMBbILLNEHHOCTU aBTOK/IABHbIMYU,
B6aKkTepuanbHbIMK, OBXUTOBbIMW U MPOYUMU TEX-
HOJIOTUAMMU.

ObecneunBas BbICOKYD WHTEHCMBHOCTb
MPOLLECCOB BCKPLITUS CynNbGUOHOIMO Cbipbs B
aTMOChEepHbIX YCOBUAX, YOAeTCa W3BMekaTb
LLBETHble MeTasslbl B PacTBOPbl C UX AaSibHEN-
LWMM CeNneKkTUBHbIM BblAe/IEHMEM B FOTOBYHO MPO-
OYKLMIO U BbICBO60X4ATb 30/10TO U3 Cynbodua-
HOW MaTpULLbl BMELLAIOLLNX er0 MUHEPAJTOB.

B xooe vccnenoBaHWi nNpensioXeHo npo-
BOAMTb  MpenBapuTenbHoe  cynbduaHo-LLe-
JNIOYHOE BbIlLEeNaymMBaHne cypbMbl. M3BneyeHune
B pacTtBop coctasuno: Sb - 93,7 %, S — 54,5 %.
MpoBefeHbl 3KCMEPUMEHTbI MO a30THOKMUCOT-
HOMY  BbILLENAYMBAHUIO 0B6ECCYPbMAHUCTOrO
KeKka C LLenblo paspyLueHus cynbbduaoHom MaTpm-
Libl BMELLAOLLNX 30/I0TO MUHEPAIoB — NMpuUTa 1
apceHonumpuTa. JoCTUrHyTbl Clieaytoume noka-
3aTenn No usBnedeHuto B pacteop: Fe — 99,5 %,
As - 973%,S — 91,5 %.

[nsa obecneyeHns CHUXEHUS MOTEPb 30710~
Ta Npu nepepaboTke KEKOB a30THOKUCIOTHOIo
BblLLeNadYnMBaHMs NpPeasioxXeH MeTos, LWeno4YyHoro
BbILLeNadYnMBaHMs Npu Cleayowmx napamMeTpax:
oTHoweHwne X:T = 81, Temnepatypa 75 °C, 2 M
pacTBOp CEPHWUCTOrO HAaTPUS MPU MPOLOIXKM-
TenbHOCTM npouecca 1 4. M3BneyeHne cepbl U
cypbMbl NpeBbicnio 95 1 99 % cooTBETCTBEHHO.
CyMMapHoe CKBO3HOEe U3BfleYyeHWe 30/0Ta U3
MCXOOHOrO KOHLLEeHTpaTa B dasy cMosibl 1 B Lina-
HUCTbIN pacTBop gocturano 6onee 90 %.

MccnepoBaHue BbINOMHEHO MNpu dUHAH-
COBOMN rnopaepxke npoekta Poccuinckoro Ha-
yuyHoro ¢oHpa N2 22-79-10290. UN3yyeHmne xu-
MUYECKOro U $a3oBOro COCTABOB UCXOLHOMO
MaTepuana BbIMOMHEHO B pamkax [oc3apaHus
P® no MpaHty N 075-03-2021-051/5(FEUZ-
2021-0017).
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SYNTHESIS AND CHARACTERIZATION OF HIGHLY
CONCENTRATED IRON OXIDES HYDROSOLS
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Siberian Federal University, Krasnoyarsk, Russia
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Iron oxide nanoparticles are promising
nanomaterials for use in biomedicine, catalysis,
wastewater treatment and hydrometallurgy
[1-2]. Commercially available samples of high
concentration ferrofluids, however, contain
kerosene or mineral oil as a dispersion medium,
as well as hydrophobic surfactants can not be
used in biomedicine. The commercially available
colloidal solutions of magnetite nanoparticles
for biomedical applications are diluted (1-20
g/l) and expensive (more than $150 per 1 ml) [3].
The paper describes procedure for obtaining
dense (with a concentration more than 1000
g/L) hydrosols of magnetite nanoparticles, and
their physicochemical properties.

Magnetite nanoparticles with average
diameter of 10 nm were obtained by alkaline
co-precipitation of ferric and ferrous salts and
stabialized using sodium dihydrocitrate. The
sol concentration was raised up to 1240 g/l (sol
density ~ 2 g/cm3) by further evaporation at
90°C. The morphology and phase composition
of the particles were characterized by TEM,
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selected area electron diffraction (SAED) and
XRD (figures 1A-1C).

The obtained hydrosols are formed by
a pure inverted spinel phase (Fd-3m) and
characterized by noticeble magnetic properties,
as can be seen from the magnetization curve
shown in Figure 1D. The thickness of the “dead
layer” was calculated based on the saturation
magnetization of the sample. The thickness
of the “dead layer” is 0.72 nm, which is close
to the cell parameter (0.84 nm) of magnetite
obtained from the XRD. The measured value of
the saturation magnetization Hc is 19 Oe, which
indicates the superparamagnetic state of the
obtained particles.

The IR spectra of the magnetite
nanoparticles sols are shown in figures 1E-1G.
A broad peak in the region of 3750 — 2750 cm-!
corresponds to stretching vibrations of the O-H
bond of water molecules, the surface hydroxide
layer of nanoparticles and carboxyl/hydroxyl
groups of citrate ions. It should be noted that
in the case of sols this maximum has a shoulder
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Figure 1 — A) TEM image of FezO4 nanoparticles (inset - distribution histogram); B) X-ray diffraction pattern

after Rietveld refinement; C) SAED pattern from figure

1A; D) the magnetization curve of the obtained sample;

E) IR spectra of the obtained sols; F) the IR spectra of the carboxylate group vibrations region of the samples;

Q) the IR spectra of the Fe-O vibrations region of a dry

sample in KBr
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up to 2000 cm-, which some authors consider
as evidence of the formation of a hydrogen
bonds network.

The authors [4] emphasize that a decrease
in the O—H bond energy is characteristic of
both strong and weak hydrogen bonds due to
a change in the shape of the potential well in
which the hydrogen atomis located. The authors
[5, 6] also note that a shift in the O-H bond
stretching vibration line is observed during the
formation of the ice 1Th phase and consider this
to be evidence of the formation of an ice-like
structure of water clusters linked by hydrogen
bonds. Ananalysis of the 1000 - 2000 cm-region
of a magnetite sol sample with a concentration
of 1100 g/l and its comparison with the spectra
of aqueous solutions of monosubstituted and
trisubstituted sodium citrate (figure 1F) allows
us to conclude that a surface iron carboxylate
complex is formed, which causes characteristic
absorption bands at 1388 cm” and 1565 cm-!
(the second absorption band is broadened
and superimposed on the band of scissoring
vibrations of water at 1636 cm-'). These bands
correspond to symmetric and asymmetric
vibrations of the carboxylate group. The value
Av(asym.-sym.) =177 cm allows us to conclude
that the complex has a bridge structure [7].

To refine the phase composition of the
obtained magnetic nanoparticles, the IR
spectrum region 400 — 800 cm' of the sample
of nanoparticles in KBr was decoconvoluted
(figure 1G). The exponential background was
subtracted, after which the experimental
spectrum was fitted using 5 Gaussian curves.
Based on the data [8], the corresponding
vibrations were identified.

XPS spectra of a magnetite sample are
shown in figure 2A. The Fe 2p 3/2 spectrum can
be deconvoluted into 4 lines corresponding to
the iron (Ill) multiplet and 3 lines corresponding
to the high-spin iron (ll) multiplet. The resulting
Fell : Fel = 1: 3 ratio differs from the theoretical
one (1 : 2) and indicates partial oxidation of
the surface layer of magnetite nanoparticles.
The C 1s line can be decomposed into 3 distinct
components corresponding to the carboxyl and
alcohol groups of citric acid and the aliphatic
carbon (predominantly the substrate signal).
The ratio of the carbon content of the carboxyl
and alcohol groups is 2 : 1, which differs from
the theoretical one (3 : 1) and may be due to
contamination of the sample surface, as well
as partial degradation of citric acid due to
decarboxylation. The presence of alcohol and
carboxylgroupsis also confirmed by the analysis
of the O s line. The valence band of the obtained
sample has a nonzero density near the Fermi
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level. It is not possible to reliably determine
the density of states at the Fermi level by XPS,
which leaves open the question of whether
magnetite has a metallic type of conductivity.
Figure 2B shows the absorption spectrum of a
dilute sol of the obtained nanoparticles. Based
on the optical spectrum, a Tauc plot for a direct
transition was calculated.

Figure 2C depicts the dependences of
the hydrodynamic diameter and {-potential of
magnetite nanoparticles in dilute (1 g/L) sols
on the concentration of citrate ions at a fixed
ionic strength (0.01 M KCl) and pH (6.65). When
0.2 mol/g of citrate is added, the surface is
saturated, the zeta potential reaches a plateau
near -30 mV. Figure 2D shows the dependences
of the {-potential and hydrodynamic diameter
on pH for a dilute (1 g/L) magnetite hydrosol
with the optimal amount of citrate ions at a
fixed ionic strength (0.01 M KCLl). As can be seen,
the agglomerative and sedimentation stability
of the synthesized nanoparticles is observed in
a wide range of pH (3-11). The decrease in the
absolute value of the { potential in an acidic
medium is apparently due to the protonation of
citrate ions on the magnetite surface, as well as
the possible desorption of citric acid molecules
from the surface.

Rheological properties were optimized by
varying the amount of citric acid, as well as the
molar ratio of citric acid and alkali for sols with
a magnetite concentration of 480 g/l and 800
g/l. The data are presented in figure 3. As can be
seen, the minimum viscosity is observed when
the amount of citrate ions is 0.282 mmol per1g
of magnetite and the molar ratio NaOH : Hzcit =
1:1, that is, the nanoparticles are stabilized with
monosubstituted sodium citrate.

We also obtained the concentration
dependences of the dynamic viscosity of
magnetite sols with various counterions (Li*,
Na*, K*) (figure 2E). Based on the classical DLVO
theory [9], the nature of the counterion should
not affect on the structure of the double electric
layer of a colloidal particle and, consequently, on
the rheological properties of the sol since ions
are considered as point charges. At the same
time, at high concentrations of nanoparticles,
differences in the rheological properties of the
obtained sols are noticeable. It can be seen
from these graphs that when nanoparticles
are stabilized with monosubstituted Llithium
citrate, the viscosity of the sol increases more
slowly than when monosubstituted sodium and
potassium citrates are used.

We suppose that such differences are as-
sociated primarily with different ionic radii, as
well as different ability of ions to coordinate
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Figure 2 — A) XPS spectra of the samples; B - UV-VIS-NIR spectrum of the diluted sol and Tauc plot;
C — dependences of hydrodynamic diameter and {-potential of particles on the amount of citrate ions; D)
dependences of the hydrodynamic diameter and {-potential of the particles on pH at the optimal amount of
citrate ions; E) concentration dependence of dynamic viscosity for various counterions; F) photograph of the
diluted sol; G) concentrated (800 g/l) sol in the magnetic field of a permanent neodymium magnet
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Figure 3 - dependences of the dynamic viscosity of magnetite sols on the amount of citrate ions (per 1 g of solid
material) and the molar ratio NaOH/ Hscit
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water molecules. Based on the results of mod-
eling the behavior of various ions near the elec-
trode surface using molecular dynamics meth-
od, the authors [10] showed that the lithium ion
having the highest hydration number among
alkali metals (5) [11] has a different adsorption
mechanism than larger alkali metals ions (such
as K+ or Rb*).

The authors also note the «structure-
making» role of lithiumions, which was discussed
in the previously mentioned works [5, 6]. It is
possible that the water molecules involved
in the formation of the hydration shell of the
lithium ion are strongly bound to each other and
to the coordinating ion, so they interact weaker
with «free» water molecules and molecules of
neighboring clusters, thus dividing the volume
of the solution into many independent cells

with a lithium cation in the center. This issue
requires further investigation.

Thus, we have obtained highly stable
dense hydrosols of magnetite nanoparticles.
The particles have been characterized by
various physicochemical methods and are of
interest as a new nanomaterial for catalytic and
photocatalytic applications, biomedicine and
technologies for concentrating and separating
mineral ore. We plan to further investigation of
the obtained colloids in order to establish the
mechanisms responsible for the stabilization
of such systems. At the moment, we have
already obtained sols of CuO nanoparticles
with concentrations more than 700 g/L,
which suggests that stability of such colloidal
solutions is of a general nature.
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CUHTE3 N XAPAKTEPU3ALUA
BbICOKOKOHLUEHTPUPOBAHHbIX TMAPO30JIEM MAFHUTHbIX
XENE3OOKCUAHbIX HAHOYACTWL],

Kapnos /1.B."2, Bopo6ves C.A.?, Aumunosa I0.B.%, Caiixoea C.B."?, Muxnun F0./1.?

1Cnbupckni depepanbHbin yHUBepcuTeT, I. KpacHospck, Poccusa

2ZNHCTUTYT XMMUU U XUMUYECKOWM TEXHO.

HaHouacTuubl MarHeTMTa — MNpecrnekTuB-
HbI HAHOMaTepuan AN NCMNONb30BaHUSA B BU1O-
MeAULMHe, KaTanm3e, OYUCTKE CTOYHbIX BOA,
rugpometannyprum [1 — 2]. Kommepyeckmn pgo-
CTyMHble o6pa3subl deppodntongoB C BbICOKON
KOHLEHTpaumMen, OAHAaKo, coaepXaT KepoCUH
WM MUHEpasbHble Macra B KayecTBe Aucrep-
CUMOHHOM cpefbl, a Takxe rnugpodobHble MAB.
JaHHoe 06CTOATENbCTBO UCKOYAET MpUMeHe-
HMe Takmx deppoMarHUTHbBIX XNOKOCTeN B BUO-
MeauumHe. VMiMelowmeca xe B Npogaxe Komao-
MOHblE PACTBOPbI HAHOYACTUL, MarHeTuTa AN
6MOMEANLIMHCKOTO MPUMEHEHNSA UMEIOT HUBKYIO
KoHueHTpauwmto (1 — 20 r/n) npun BeCbMa BbICOKOM
ueHe (6onee $150 3a 1mn) [3]. B naHHon paboTe
npencraBfieHa MeToauKa NonyYeHuns NaoTHbIX (C
KOoHUeHTpauuen 6onee 1000 r/n) rugposoneit
HaHOYaCTUL, MarHeTUTa, a TakXe MUCCefoBaHbl
X GU3NKO-XMMUYECKME CBONCTBA.

HaHouacTuubl MarHeTUTa Co cpegHUM Au-
ameTpom 10 HM 6bISIM NOoMyYeHbl NyTeM LLeoY-
Horo coocaxpneHuns conen xenesa (1) n () v
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cTabunmsmpoBaHbl nyTeM 06paboTKM MOHO3a-
MeLLEHHbIM LUTpaTOM HaTpus. [yTem ganbHen-
wero ynapmeanma npu 90 °C KoOHUeHTpauuo
30N19 MogHMManu Brfiotb go 1240 r/n (nnot-
HOCTb 30/9 ~ 2 r/cm3). Mopdonorunio n Gpasosblit
COCTaB 4acTul, OXapakTepu3oBasan MeTOLOM
[M2M, anekTpoHHOM AndpaKkLMM BbIBPAHHON 06-
nactm (SAED) n POA (pucyHok 1A — 1C).
MonyyeHHble TMAPO30U 06pa30BaHbI YM-
cTon dason obpaueHHon wnuHenu (Fd-3m) u
XapaKTePU3YITCS BblpaXeHHbIMU MarHUTHbIMMW
CBOWCTBaMMU, O YEM CBUOETENbCTBYET NPeacTaB-
neHHaa Ha pucyHke 1D kpuBas HamMarHuyuMBa-
HUs. Ha ocHOBaHUM U3MEpPEHHON HaMarHUYyeH-
HOCTW HacbllWeHUs obpasua 6bi1a BblYMCIeHA
TOMWMHA «MepTBOro Cflos», MMeloWero pasy-
NOpPALOYEHHOE HampaefeHne CNMHOB U He Oa-
IoLLero BKMa4 B MarHUTHble CBOMCTBA. ToMWMHA
«MepTBOro cnosa» coctaBuna 0,72 HM, 4yTo 6AU3-
KO K MOJSTlyYeHHOMY Ha OCHOBaHWU AaHHbix POA
3HaYeHMto nNapameTpa ayenkm mMarHetuta (0,84
HM). MI3MepeHHas BenuMuyMHa HaMarHUMYeHHOCTU
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PucyHok 1 — A) MukpodoTtorpadus HaHodacTuy, FezO, (Ha BCTaBke - ructorpamMma pacnpepeneHus); B)
ouédpakTorpaMmma nocne ytouHeHus no Putsenbpy; C) paHHble SAED o6nactu c pucyHka 1A; D) kpusas
HaMarHM4YMBaHUA MonydyeHHoro ob6bpasua; E) WK-cnekTpbl nonyueHHbix 3onen; F) O6nacte WK-cnektpos
06pasLoB, COOTBETCTBYOLWAA KonebaHnam KkapbokcunatHon rpynnel; G) O6nacte MK-cnekTpa cyxoro obpasua

B KBr, conepxalias OHOHHblE MOl OKCUMOOB Xenesa
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PucyHok 2 — A) PO3-cnekTpbl o6pasyos; B — UV-VIS-NIR-cnekTp pasbasneHHoro 3onsa 1 rpaduk Tayka; C —
3aBUCUMOCTU MTMAPOLAMHAMUYECKOrO AMamMeTpa 1 {-noTeHumMana 4actuL, oT KosiMyecTBa BHECEHHOIO LMTpaTa; D)
3aBUCUMOCTU TMAPOANHAMNYECKOrO AMaMeTpa U {-noTeHumana Jyactul ot pH npu onTuManbHOM KonmMyecTse
umTpata; E) 3aBMCMMOCTb AMHAMWYECKOW BA3KOCTM OT KOHLIEHTPALMUM OSS Pa3/IMyHbIX NMPOTUBOMOHOB; F) do-
Torpadus pasbasneHHoro 3ons; G) KoHUeHTpMpoBaHHbIi (800 r/n) 301b B Nosie NOCTOAHHOrO HEOAMMOBOIO
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PucyHok 3 — 3aBMCMMOCTM BA3KOCTM 30/1ei MarHeTuta ¢ KoHueHTpauuert 480 r/n 1 800 r/n oT KonvdecTea BHe-
CeHHbIX UMTPaT-noHOB (Ha 1 cyxoro BellecTsa) 1 MonapHoro otHoweHna NaOH/Hscit
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HacblweHna He coctaBnaeT 19 3, uto cBUaeTeNb-
CTBYyeT O cyrneprnapamMarHUTHOM COCTOAHMWU MO-
JNIYYEHHbIX YacTuL,

NK-crnekTpbl 30/1el HaHO4YacTUL, MarHeTu-
Ta npeacTaBieHbl Ha pucyHke 1E — 1G. LLnpokun
nmk B obnactn 3750 — 2750 cm cooTBeTCTBYET
BaslIeHTHbIM KonebaHuam ceasn O-H mMonekyn
BOAbl, MOBEPXHOCTHOIO TMAPOKCUAHOIMO C10A
HaHO4YaCTUL, a TakXe KapHOKCUSbHBIM U M-
OPOKCUMbHBIM FpynnaM umtpaT-moHos. Cneny-
eT OTMEeTUTb, YTO B C/lydae 30s1eM AaHHbIA MaK-
CMMYM MMeeT MPOTAXEHHOe Mnje4yo BMIOTb 40
2000 cM™, KoTopoe psih aBTOPOB CYMTAET CBU-
0EeTeNbCTBOM 06Pa30BaHUA CeTKM BOLOPOLAHbBIX
cBazeln. ABTopbl paboTbl [4] MOLYEpPKMBAIOT, YTO
CHUXeHWe sHeprum ceasm O-H xapakTepHo kak
O CUMbHbIX, Tak KU 078 cnabblx BOLOPOAHbBIX
CBA3€eln, YTO CBA3AHO C M3MeHeHMeM GOopMbl Mo-
TeHUMaIbHOM AMbl, B KOTOPOW HAXOAMTCA aTOM
Bogopona. Astopbl paboT [5, 6] Takxe oTMe-
YaloT, YTO CABUI JIMHUW BANEHTHbIX KonebaHun
ceasn O-H Habnopaetcs npu obpasoBaHUM
dasbl rekcaroHanbHOro fibaa, U CUYMTAKT 3TO
CBUOETENBCTBOM 06pa3oBaHMs /bAoMNOL06HON
CTPYKTYpPbl — KJlaCTEPOB BOAbl, CBA3AHHbLIX BO-
OOPOLHBbIMY CBA3AMM.

HeTanbHbi aHanms obnactn 1000 — 2000
cm-1 obpasuya 3019 MarHetTMTa C KOHUEeHTpa-
umerr 1100 r/n n cpaBHeHUWe ero co crekTpamm
BOAHbIX PACTBOPOB OA4HO3aMELLEHHOro U Tpex-
3aMelleHHoro uutparta HaTtpusa (pucyHok 1F)
nosBondeT caenatb BbiBog 06 o6pasoBaHUK
MOBEPXHOCTHOro Kapb6OKCMAATHOMO KOMriek-
ca xenesa, obycnaB/MBalOWLEro XapakTepHble
rnosiocbl nornoweHns npu 1388 cm! n 1565 cm!
(BTOpas nosoca MOrMoWeHUs yumpeHa M Ha-
KNagbiBaeTca Ha MosoCy HOXHUYHbIX Koneba-
HUM Boabl Npu 1636 cm). [JaHHble Nonochl co-
OTBETCTBYIOT CUMMETPUYHBIM 1N aCUMMETPUYHbBIM
KonebaHusaM KapbokcmiaTHoro komniekca. Be-
nnyumHa Av(asym.-sym) = 177 cm”, 4To, cornacHo
[7], no3BonseT coenatb BbiBOL 06 o6pasoBaHunm
MOCTUKOBOIO KOMMeKca.

Ona yToyHeHMa cocTaBa NoslydeHHblX Mar-
HUTHbIX HaHo4YacTUL, 6bl10 MPOM3BEOEHO pas-
noxeHwe oébnactmn MK-cnektpa 400 — 800 cm?
obpasua HaHoyacTul, cHaToro B KBr (pucyHok
1G). Onsa aToro 6bin BblYTEH 3KCMNOHEHLMANbHbIN
®OH, nocne 4yero akCNepuMeHTasbHbIA CMNekTP
6bl/1 MOAOMHAH MPU MOMOLWM 5 rayccoBbix Kpu-
Bbix. OcHOBbIBasiCb Ha gaHHbIx [8], 6blia npo-
M3BedeHa MUAEHTUPUKALMA COOTBETCTBYIOLMX
KonebaHum.

P®3-cnekTpbl o6pasu,a MarHetTuta npeg-
cTaBfieHbl Ha pucyHke 2A. JluHna xenesa 2p 3/2
MOXeT 6blTb passioxeHa Ha 4 JIMHUKW, COOTBET-
cTBytowme mynstunnety xenesa (lll) v 3 nuHun,
COOTBETCTBYIOLLME MYNbTUMIETY BbICOKOCMU-
HoBoro xenesa (ll). MonyyeHHoe cooTHOLEHWE

Fell: Fell =1: 3 otnnyaetcs ot TeopeTtmyeckoro (1
:2) 1 FOBOPUT O YACTUYHOM OKWUCIIEHUW MOBEPX-
HOCTHOIO C/IOA HAaHOYaCTUL, MarHetTuTa. JInHua
C 1s MoxeT 6bITb pasfnoxeHa Ha 3 OTYET/IUBbIX
KOMMOHEHTbI, COOTBETCTBYMOLWME KAPOOKCUIb-
HbIM U CMMPTOBbBIM rpynnamM JIMMOHHOM KUCOTb,
a Takxe anudaTmyeckomy yrrnepopy (npevmy-
LWLEeCTBEHHO curHan noasioxkmn). CooTHolleHue
KoMYyecTBa yrnepona KapboKCUIbHbIX U Cinp-
TOBbIX FPynn coctaesnaeT 2 : 1, 4To oTimMyaeTca ot
TeopeTmnyeckoro (3 : 1) u MoxeT 6blTb 0byC/IoB-
NleHO 3arpA3HeHMeM MOBEPXHOCTM obpasua, a
TakXe YyacTU4YHOM gerpagaumen MTMMOHHOW KMUC-
NOoTbl 3a cyeT gekapbokcunmposaHma. Hannume
CMUPTOBbIX M KAPBOKCUNbHBIX FPYMM TakXe Mog-
TBepxaaeTcs npu aHanmse nuHum O 1s. BaneHT-
Has 30Ha MoslydeHHOro obpasua oT/IM4YaeTca
HEHYNEeBOW NIOTHOCTbIO B6/IM3K ypoBHS DepMmu.
OcobeHHOCTV MeToda He MO3BOMAT LOCTOBEP-
HO onpenenmnTb, KAaKoBa MIOTHOCTb COCTOAHMUMN
Ha ypoBHe dDepMu, 4YTO OCTaBNAET OTKPbITbIM
BOMPOC O HANIMYMM Y MArHeTUTa MeTaslsInyecko-
ro Tmna npoBogmMMocTn. Ha pucyHke 2B npepn-
CTaBfieH CrekTp MnorsouweHna pasbaBneHHoro
3019 MOMydYeHHbIX HaHo4yacTuy,. Ha ocHoBaHuu
[OaHHoro rpadmka nocTpoeH rpaduk Tayka gas
NpPAMOro nepexona.

Ha pucyHke 2C npencraBneHbl 3aBUCKMMO-
CTW FTMAPOANHAMNYECKOrO AMaMeTpa U {-NoTeH-
umasna HaHo4YacTuL, MarHeTmMTa B pastaBfieHHbIX
(1 r/n) 30n9x OT KOHUEHTPaLUN LUTPAT-UOHOB
npwn ¢unkcrupoBaHHom noHHom cune (0,01 M KCl)
1 3HavYeHmn pH (6,65). Mpu BHecerHun 0,2 Monb/r
umMTpaTa MNPOUCXOAUT HAaCbIWEeHWe MOoBepPXHO-
CTUW, A3eTa-noTeHumMan AoctTmraeT 3HadeHmnsa -30
MB 1 BbixoomT Ha nnato. Ha pucyHke 2D npepn-
CcTaB/IeHbl 3aBUCUMOCTW {-MOoTeHLMana u rmgpo-
OMHAMMYeCcKoro amameTpa 4acTtuy, oT pH ana
pas6asneHHoro (1 r/n) rmgposona MarHetTuTa ¢
OMNTUMasIbHbIM KOSIMYECTBOM LIMTPAT-MOHOB Mpu
durkcmpoaHHoM nMoHHow cune (0,01 M KCl). Kak
BMOHO M3 OaHHbIX rpadurKoB, arnomMepaTneHasa m
cegMMEeHTaLMOHHAsA YCTOMYMBOCTb CUHTE3UPO-
BaHHbIX HAHOYAaCTUL, COXPAHAETCA B LUMPOKOM
nmanasoHe 3HadeHun pH (3 — 11). YMeHblleHMe
abCoMOTHOW BeNUYMHBI {-noTeHuuana B KUC-
non cpene obycsioBNeHo, cyas rno BceMmy, Npo-
TOHUPOBAHNEM LIUTPAT-UOHOB Ha MOBEPXHOCTMU
MarHeTMTa, a TakXe BO3MOXHOM pecopbumen
MOJ1eKyN IMMOHHOW KMCOTbI.

OnTuMM3aLMIO  Peosiormyeckux CBOMNCTB
npoM3BOOMAM MNYyTEM BapPbUPOBAHUA KoM4Ye-
cTBa 0,06aBNAEMON IMMOHHOM KUCNOTbI, & TakXe
MOJIAPHOIO OTHOLIEHUSA JIMMOHHOW KMUCIOTbl M
LLeno4Ym s 305eM C KOHUEeHTpaumMen MarHetm-
Ta 480 r/n 1 800 r/n. daHHble n3MepeHui npemq-
cTaBneHbl Ha pucyHke 3. Kak BUOAHO M3 OaHHbIX
rpadmkoB, MUHMMANIbHAA BA3KOCTb HabogaeT-
Cca npu Konun4yectee umTpat noHor 0,282 MMosnb
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Ha 1 r MarHetTuTa u MonsipHoM oTHoweHun NaOH
: Hzcit =1:1, TO ecTb Npu ctabunmsaumm HaHo-
YacTUL, OAHO3AMELLEHHbIM LIUTPATOM HaTpUs.

Takxe HaMu 6biNM NosydYeHbl KOHLeHTpa-
LIMOHHbIE 3aBUCUMOCTU BA3KOCTU 30ME€N MarHe-
TMTa C passiMyHbIMKM nNpoTuBomoHamu (Li*, Na*,
K*) (pucyHok 2E). WMcxopa w3 knaccuyeckomn
Teopun OJ1IOO [9], npuposa NMpOTUBOMOHA He
OOSIXKHA OKa3blBaTb KAaKoro-nmbo BAUAHUA Ha
cTpoeHme [05C konionagHoOM YyacTumubl, a, cneno-
BaTeNIbHO, M HA pPeosiormyeckme CBOMCTBA 30714,
MOCKOJSTbKY MOHbI PACCMAaTPUBAIOTCA KakK To4eu-
Hble 3apanbl. B To Xe BpeMs, Npu BbICOKMX KOH-
LeHTpaUMAX HAHOYACTUL, 3aMeTHbl pasnuusa B
PEOoNOrMYecKMX CBOMCTBAX MOJIYYEHHbIX 30/1eM.
M3 pgaHHbIX rpadrKoB BUAHO, YTO MpU CTabunm-
3aUMM HAHOYACTWUL, MOHO3aMELLeHHbIM LuTpa-
TOM JINTUA BA3KOCTb 30/ pacTeT MenJsieHHee,
yeM nMpu  KCMOJSIb30BAHMM MOHO3aMEeLLEHHbIX
LNTPATOB HATPUS U Kanns.

Mbl monaraeM, 4To Takme passiMumsa CBsa-
3aHbl B NepByto ovepenb C Pas/IMYHbIM MOHHbBIM
pPagonycoM, a Takxe PasfIMYHOM CMOCOBHOCTbLIO
MOHOB KOOPAMHMPOBATL MOseKy bl Boapl. B pa-
60T1e [10] aBTOpPbl HA OCHOBAHUW pPe3y/bTaToOB
MOOE/IMPOBAaHUA MOBEAEHUA PasfiMYHbIX KO-
HOB B6/M3M NMOBEPXHOCTU 3/1eKTpoLAa MeToaaMum
MOJIEKYNIAPHOW OMHAMUKM MoKa3asan, 4YTO WOH
NNTUA, UMeLWMIM Hanbonbluee YMCo rmapara-
Unu cpean wenoyHbix Metannos (5) [11], nmeet
MHOM MexaHU3M afcopbunm, 4yem y 6onee kKpyn-
HbIX MOHOB LLESIOYHbIX MeTannoB (Hanpumep,

K* nnn Rb*). Takxe aBTopbl paboTbl oTMevatoT
CTPYKTYpOO6pasytoLLyto posib MIOHOB NTUSA, 06-
CYXAaBLUYlOCS B paHee YMNOMAHYTbIX paboTax
[5, 6]. BoamMoxHO, 4TO yyacTBytolme B 06paso-
BaHUWN rMOpPaTHOM 060M0YKN MOHA NNTUS Mose-
Kynbl BOAbI CUIBHO CBA3aHbl APYr C APYrOM U C
KOOPAVHMPYIOWMM UX UMOHOM, OT4yero cnabee
B3aMMOLENCTBYIOT CO CBOBOAHBIMU MoOsekyna-
MU BOAbl M MOJSIEKY/IaMN COCEAHUX KNACTeEPOB,
TakuM obpas3oM pasbmBas o6beM pacTBopa Ha
MHOXECTBO HE3ABUCUMbIX AYEEK C KATUOHOM SN~
Tns B ueHTpe. JaHHbIM Bonpoc TpebyeT nonosn-
HUTENTbHOIO U3YyYeHUs.

Takmm 06pa3oM, HamMu MOJyYeHbl BbICO-
KocTabusbHble CBEPXKOHLLEHTPUPOBAHHbIE
rMAPO30/M HaHoYacTUL, MarHeTuTa. Yactuubl
OXapakTepPU30BaHbl PAa3NYHBIMU  PUBNKO-XM-
MUYECKMMU METOAAMU U MPEACTABAAOT MHTEPEC
B KayecTBe HOBOro HaHomaTepuana Oas KaTa-
NNTUYECKMX U doToKATAIMTUYECKUX MPUMEHEe-
HUM, B6UOMEeaULMHDBI, TEXHOMOMMN KOHLLEHTPU-
poOBaHUS U pasfeneHnss MUHEepPasbHOrO Cbipbs.
Hamn nnaHupyeTca pasnbHellwee cucTeMatm-
Yeckoe M3yYeHMe MONyYEHHbIX CUCTEM C LLENbIO
YCTAHOBJ/IEHNA MEXAaHW3MOB, OTBEYalLMX 3a
cTabunumsaumio NogobHbIX cucTeM. Ha gaHHbIM
MOMEHT HaMW yXe MOoJSly4YeHbl 30/ HAaHOYaCTULY,
CuO ¢ koHUeHTpaumsamm 6onee 700 r/n, 4To No-
3BOJISIET FOBOPUTb O HaNMYMU OBLLUX 3aKOHO-
MEPHOCTAX B 06pasoBaHnn cHepKOHLEHTPUPO-
BaHHbIX 30/1eM.
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HYDROCHLORIC ACID MEDIA
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Iridium is one of the most chemically inert
metals of the platinum group. It is extremely
resistant to the action of many reagents,
including solutions of alkalis and mineral
acids. This, as well as the complex of physical
properties of iridium, determines the fields of
its practical application. The possibility of one-
stage dissolution of iridium metal powders
with different dispersity in hydrochloric acid
media in the presence of hydrogen peroxide is
shown in the present work. Morphology, phase
and chemical composition were studied by
transmission and scanning electron microscopy,
X-ray analysis, specific surface adsorption
measurements and chemical analysis. In the
present study, affined iridium with a particle
size of 30-150 pm, finely dispersed iridium
(150-200 nm), and nanocrystalline iridium (8—
15 nm) were used. The kinetic features of the
dissolution of iridium(0O) with different specific
surface areas were studied at temperatures of
190-210°C. It has been established that the
process of dissolution of all samples proceeds
in the kinetic regime, and the experimental data
obtained are well described by the shrinking

core model. The activation energy of dissolution
of affined, finely dispersed, and nanocrystalline
iridium(O) in hydrochloric acid solutions in the
presence of hydrogen peroxide is 145, 108,
and 88 kJ/mol, respectively. A decrease in the
values of activation energy with an increase
in the dispersion of the material has been
proven. Spectrophotometrically confirmed that
iridium in solutions is in the form of chloride
complexes [IrClg]?. Thus, the problem of an
environmentally safe one-stage conversion of
metallic iridium into convenient chloride forms
for further analysis and refining procedures has
been solved. The results obtained in the work
make it possible to evaluate the possibilities
of opening stubborn iridium-containing raw
materials.

This work was conducted within the frame-
work of the budget project # 0287-2021-0014
for Institute of Chemistry and Chemical Tech-
nology SB RAS using the equipment of Kras-
noyarsk Regional Research Equipment Centre
of SB RAS
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PACTBOPEHUE NMNOPOLLUKOB METAJUTMYECKOI'O UPNOUNA(O)
B COJTAHOKUCIbIX CPEAAX
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BaHusA «Crnbunpckuin degepansHbi yHUBepcuTeT», Poccuns, KpacHospck
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VMpuouin - oguH M3 camMbiX XUMUYECKM
MHEPTHbIX MeTayIoB  MMaTMHOBOW  rpynmbl.
OH 4pe3BblYAMHO YCTOMYMB K AENCTBUIO
MHOIMX peareHToB, B TOM YuUC/ie K pacTBopam
Lenoyen 1 MUHepasbHbIX KUCIOT. XuMmyeckas
MHEPTHOCTb onpepenset LWMPOTY ero
NpakTU4eCcKoro Mcrnosnb3oBaHus. B HacToswen
paboTe M3yyeHa BO3MOXHOCTb PAaCTBOPEHUS
MeTaISIM4eCKUX MOPOLUKOB MPUANA Pa3sIMYHOMN
OVCMepCHOCTU B OAHY CTaAUI B CONMAHOKUCbIX
cpefax B MPUCYTCTBUKW MepoKcuaa BOAOPOLA.
XuMpyecknii n ¢asoBbl coctas, Mopdonoruto

uccnenoBany  MeTodaMu, peHTreHodasoBoro
aHanmMsa, afCcopOLUUMOHHBIMU  M3MEpPEeHUsaMU
yOoenbHOM MOBEpPXHOCTH, XUMNYECKOro

aHanmsa M NpPoCBEeYMBAIOWEN N CKaAHUPYIOLLEN
31eKTPOHHOW MumKpockonuu. B paHHoM paboTe
MCMNoMb30BaNu crenyolie rnopoLwKkn Upuans:
adodrHMpPOBaAHHBIN C pa3Mepamu 4dactumy 30 —
150 mkM, BbicokogucniepHbir — 150 — 200 HM 1
HaHokpucTananyeckun — 8 — 15 M. M3yueHbl
KMHEeTMYeCcKMe  OCOBEHHOCTU  PaCTBOPEHUS
npnansa(0) pasnuyHoOW yAesibHOM MOBEPXHOCTH
npu Temnepatypax 190, 200 n 210°C. YcTaHoB-
JIEHO, YTO MPOLLECC PacTBOPEHUs BCex obpas-
LLOB NpoTeKaeT B KNHETUYECKOM PeXMMe, a nony-
YeHHble 3KCMepUMEHTasIbHbIE AaHHble XOPOLIO
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OMUCBHIBAIOTCS MOAESbI CXKMMAalLLerocs sapa.
PaccuntaHa 3Heprus akTmBaLMK pacTBOPEHUS
aPpPUHMPOBAHHOTO, BbICOKOAMCMNEPCHOIrO
Z HaHOKPUCTAI/IMYECKOro npuauns(0) B
COMAHOKUCIbIX  pacTBoOpax B  MPUCYTCTBUM
nepokcuaa BOLOPOAA, 3HAYEHUSA KOTOPOW CO-
ctaBun 145,108 1 88 k[l /Monb, COOTBETCTBEH-
HO. [loka3aHO CHUXeHWe 3Ha4YeHW 3SHepruu
aKkTMBaummM C  yBeSIMYEHWEM  OUCMEPCHOCTM
MaTepmana.  CnekTpodoToMeTpuyeckn Mnof-
TBEPXAEHO, YTO UPUOUN B paCTBOPax HaXOAUTCS
B Buae xnopuaHbix komnnekcos [IrClg]?. Takum
obpa3soM, pelleHa 3agada  dKOSIOrMyeckmu
f6e3onacHoro  ogHOCTaAMMHOIO  nepeBofa
MeTasNIM4eCcKoro upuamns B yao6Hble XNIOpuaHbie
dopMbl ANA fanbHENWMX NpoLenyp aHanmsa m
adpduHaxa. [NonyyeHHble B paboTe pesynbTaThbl
MO3BONSAIOT OLEHMBATb BO3MOXHOCTU BCKPbITUSA
YMOPHOIrO MPUANMCOAEPXALLETO CbIPbS.

Pa6ota BbIMNOJSTHEHA B pamkax
rocynapcTBEHHOro 3agaHnsa MHCTUTyTa XmmMmm
xuMmyeckom texHonornm CO PAH (npoekT 0287-
2021-0014) ¢ ncnonb3oBaHMeM 060pynoBaHUSA
KpacHosipckoro pPermoHanbHOro LeHTpa
KONnekTnBHoro nosnb3osaHma OUL, KHL, CO
PAH



COMPLETE EXTRACTION OF AMORPHOUS ALUMINOSILICATE
FROM COAL FLY ASH BY NAOH WITH THE SIMULTANEOUS
EXTRACTION OF IRON
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1 Department of Non-Ferrous Metals Metallurgy, Ural Federal University, 620002 Yekaterinburg, Russia

2Laboratory of Sorption Methods, Vernadsky Institute of Geochemistry and Analytical Chemistry
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As a result of coal combustion on thermal
power plants (TTP), the coal ash (CA) is formed
in the amount of more than 750 million tons per
year [1]. The capacity of ash landfills for storing
new amounts of ash is practically exhausted.
Damage caused by CA to the environment
includes pollution of soil and groundwater by
the natural leaching of heavy metals from CA as
well as risk of chronic lung diseases for people
living close to the ash landfills.

Many methods of coal ash processing
into valuable products have been developed
to date. The most promising methods are the
comprehensive coal ash processing with the
formation of silica containing building materials
and metallurgical grade alumina. Because of
high silica content (more than 50-60 %), acidic
methods allow a selective Al extraction [2].
However, the main alumina phase in the coal
ash obtained from the pulverized coal boilers is
mullite, and for the complete Al extraction high
pressure reactors is necessary with leaching
temperatures higher than 200 °C.

It was found that the process can be
intensified by hydrofluoric acid (HF) addition,
or using a microwave assisted leaching, or a
combination of acid and alkaline leaching,
but equipment with high corrosion resistance
is required. Our previous study showed
that it is possible to completely remove the
amorphous glassy mass from the CA without
the desilication product (Nag[AlgSigO24] NayX,
where X is different inorganic anions) formation
during alkaline desilication at the high liquid
to solid (L:S) ratio and Na,O concentration. As
a result of such desilication the temperature
of subsequent acid leaching can be decreased
to 160-180 °C [3]. However, more than 20 % of
alumina was simultaneously extracted because
of the high L:S ratios.

The purpose of this study is to evaluate
the coal fly ash desilication by a concentrated
NaOH solution at the lower L:S ratios without
high Al co-dissolution with the simultaneously
extraction of magnetic fraction by a constant
magnetic field that helps to obtain purer Al
containing solutions by the followed acid
leaching.

Preliminary desilication of coal fly ash
by NaOH was carried out in the thermostated
0.5 L stainless steel reactor equipped with

the neodymium magnets belts. The reactor
has openings for overhead stirring as well as
for temperature control and the recycling of
evaporated water through a water-cooled
condenser. The stirring speed in all experiments
was 300 rpm. The coal fly ash was added to the
solution with the Na,O concentration of 330 g
L' that makes it possible to use atmospheric
leaching process. The L:S ratio was varied from 5
to 10; temperature of the leaching — from 100 to
120 °C; leaching time — from 10 to 30 min; mean
particle size — from 48 to 83 pm. The coal fly ash
used in these experiments was obtained from
the Reftinskaya thermal power plant in Asbest,
Russia. The chemical composition of coal fly
ash is shown in Table 1. To exclude the mutual
influence of factors on each other and to reduce
the number of experiments, a Box-Benken plan
was drawn up in the Statistica program. This plan
was included 3 blocks of 27 experiments with
varying parameters at three levels, as output
parameters were the extraction of aluminum
and silicon into solution, the extraction of iron
into the magnetic fraction and the content of
Na,O in the solid residue. After leaching, the
pulp was filtered; the solid residue was dried at
10 °C for 8 h before analysis using SEM-EDS
(Vega lll Tescan, Czech Republic, Brno) and XRF
methods via CPM-35 (Scientific-Production
Association “Nauchpribor”, Russian Federation,
Orel) and EDX-8000 (Shimadzu, Japan, Kyoto)
spectrometers.

Statistical-based automated neural
network (SANN) was used for modeling of coal
fly ash leaching by NaOH. SANN is an artificial
intelligent method that adjusts the result of
modelling until the desired quality is obtained.
“STATISTICA 13" software was used for SANN
modelling via a multilayer perceptron (MLP)
method. The best fit SANN model obtained
for the extraction of alumina is a multilayer
perceptron (MLP) 4.5.4, where 4 is the number
of input parameters, 5 is the number of hidden
layers, and 4 is the number of output layers.
Experimental data and values predicted using
the resulting network are in good agreement (R2
=0.988). The response surfaces predicted by the
SANN for Si, Al, Fe extraction degree depending
on the leaching duration (r, min), the L:S ratio
(L:S), and the temperature (T, °C), are shown
in Figure 1. The response surface predicted by
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Figure 1 — Neural network response surfaces for effect of time and temperature on the Si extraction (a); effect
of time and L:S ratio on the Si extraction (b); effect of time and temperature on the Al extraction (c); effect of

time and L:S ratio on the Al extraction (d); effect of time and temperature on the on the Fe extraction (e); effect
of time and L:S ratio on the Fe extraction (f)
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the SANN for Na,O content in the solid residue
depending on the leaching duration (t, min), and
the temperature (T, °C) are shown in Figure 2.

The major effect (Figure 1) on Si and Al ex-
traction degree is caused by leaching time and
temperature. The Figure 1c shows that before
20 min of leaching the Al extraction degree is
increasing, after 20 min of leaching the Al is
precipitated in the form of desilication product
that can be confirmed by the increased con-
tent of Na,O in the solid residue after 30 min
of leaching at the higher temperature (Figure 2).
However, at the higher L:S ratio (Figure 1d) this
phenomenon is absent, which is associated with
the retention of silicon in solution. Increasing
the Si extraction higher than 50-60 % leads to
increase the Al extraction degree to 10% and
higher. This is connected to the fact that the
mullite begin to dissolve.

According to Figure 1e and Figure 1f,
the major effect on Fe extraction is caused
by leaching time and L:S ratio, that can be
connected with the higher specific surface area
of magnets to the fly ash at the high L:S ratios
and the dissolution of amorphous glassy mass
from the surface of the magnetic particles.
Therefore, the optimal leaching parameters can
be as follows: temperature =110 °C, L:S ratio = 5,
leaching time 20 min. The extraction degree of
Si and Fe at these parameters were higher than
60 %, whereas Al extraction and Na,O content
in the solid residue were lower than 8 % and 1%,
respectively.

Table 1 shows a comparison of the
chemical composition of the initial fly ash, non-
magnetic and magnetic concentrates obtained

SEMHV:200kV | SEM MAG: 2.00 kx

Det: BSE

under optimal conditions. It can be seen that
Al content in the non-magnetic concentrate
almost doubled and a part of aluminosilicate
is captured by the magnetic fraction. Figure 3
shows the scanning electron microscope images
of the magnetic concentrate and the SEM-
EDX mapping of the surfaces of the particles.
Aluminosilicate wasfoundtocaptured physically
with the magnetic concentrate and they can
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Figure 2 — Neural network response surface for effect
of time and temperature on the Na,O content in the
solid residue
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Figure 3 — The SEM image of the magnetic particles surface and the mapping of the surface using SEM-EDX

analysis
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Table 1 — Chemical composition of the initial fly ash of Reftinskaya TTP, non-magnetic
and magnetic concentrates obtained during desilication

Major components, wt. %

Product

Si0, ALOs CaO Fe,O5 TiO, MgO Na,O K,O  Mnn C
Raw;;alﬂy 6312 2340 185 385 117 051 075 059 399 160
Non-magnetic 4,35 4077 321 273 203 083 113 013 790 278
concentrate
Magneticcon- 4,49 1359 244 6264 053 203 132 005 170 079

centrate

SEM HV: 20.0 kV
Det: BSE

SEMMAG: 30.0kx | |
5pm

VEGA3 TESCAN]
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10 ym

NUST MISIS

particles. Figure 4b shows the agglomerates
of needle-shaped mullite particles in the non-
magnetic concentrate that was appeared after
leaching of amorphous glassy mass from the
surface of the raw fly ash (Figure 4a).

Thus, the conducted studies have shown
the possibility of complete desilication of the
Reftinskaya TTP coal fly ash with a concentrat-
ed caustic alkali solution at a low L:S ratio (5
ml/g) in the presence of a constant magnetic
field, which makes it possible to obtain simul-
taneously a magnetic concentrate for subse-
quent reduction of iron and a non-magnetic
concentrate with mullite particles purified from
a glassy amorphous mass. Such desilication
method helps to reduce the temperature of acid
leaching and to obtain solutions richer in alu-
minum with a lower iron content. The data ob-
tained can be used to develop new technology
for comprehensive processing of fly ash.

The work was funded by the RSCF, grant
number 22-23-20150.

Figure 4 — The SEM images of the mullite particles
covered by amorphous aluminosilicate in the coal fly
ash (a) and the agglomerate of the mullite particles
appeared after desilication (b)
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NONHOE YOANEHUE AMOP®HOM CTEKJIOBUAHON MACCbI
n3 30J1bl YHOCA YT OJibHbIX T4 KOHUEHTPUPOBAHHDbDIM
WESOYHbIM PACTBOPOM C O4HOBPEMEHHbIM U3BJIEMEHUEM
XEJIE3A
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B pesynbrate cxuranua yrna Ha TOL,
eXerogHo BO BCeM Mupe obpasyeTtcs 6ornee
750 MSIH TOHH 30/I0LIAaKOBbLIX OTXOLOB, MOM,
CK/1IaAMpPOBaHME KOTOPbIX OTYYXAATCA OrpPOM-
Hble Tepputopun [1]. Hanbonee menkas dpak-
LUMsA OaHHOro oTxofa (3o51a yHoca) MOXeT pas-
HOCUTbCA BETpPaMW, YTO HAHOCUT 60NbLUoN
ylep6 oKkpyxatoLLlen cpefe, Tak Kak B 30/1e COo-
OEPXUTCS MHOFO KPeMHe3eMa M B HEKOTOPbIX
BMAAX 0OCTATOYHO 6OMbLIOE KOMTUYECTBO THXE-
JbIX LBETHbBIX M PAANOAKTUBHBIX METASIIOB.

PaspabotaHO MHOro MeTonoB NepepaboT-
KW 30/1bl C MOSTlyYEHNEM TOBAPHOW MPOAYKLIMN.
OnHVM M3 Hambosiee MHOMOTOHHAXHbIX ABMSA-
€TCA U3BMEeYEHNEe U3 30J1bl KPEMHUA OIS CTPO-
WUTENBHOM UHOYCTPUW WU aNIOMUHUA LS Mpo-
M3BOACTBA IMMHO3EMa, MPW 3TOM AOCTUraeTCs
KOMMMEKCHOCTb MCMOMb30BaHUSA OAHHOIO OTXO-
na. Nockonbky B 3051e cogepxntca 6onee 50-60
% KpemMHe3eMa, TO OJ19 U3BMeYeHUs antoMUHNSA
NepcnekTUBHBIMU CYMTAIOTCA KUCIIOTHblE MEeTO-
abl [2]. OgHako rinHO3eM B 30J1€, MONYyYeHHOM
B KOT/ax yTUNM3aTopax, COAEPXWUTCA B BUAE
TPYAHO BCKPbIBAEMOIrO MySINNTA, W A1 €ro pac-
TBOPEHUS KWUCIIOTON TpebytoTCA MOBbILIEHHbIE
haBneHue 1 Temnepatypa (6onee 200 °C).

[ns akTyBaLMM NpoLecca KUCOTHOIO Bbl-
LwenaymeaHus 6bi10 paspaboTaHO HeCKObKO
CnocoboB:  MCMOSIb30BaHME MUKPOBOSTHOBOIO
M3ny4yeHus, nobaBreHne MnaaBMKOBOW KUCIOTHI,
MHOroKkpaTHas o06paboTka KWCNOTOM M Leno-
Ubto, O4HAKO MPUY 3TOM 3HAYUTENBHO YBENYMBA-
IOTCA KanuTasbHble 3aTpaThl U ce6ecTonMMocTb. B
HaWwmMx npeablaywmx paboTax 6610 MokasaHo,
YTO MMEEeTCH BO3MOXHOCTb CHU3UTb TeMnepa-
TYpy W3BNEYEHUS TJIMHO3eMa MNpU KUCITOTHOM
BblLLENAYMBAHUN  MNyTEM  MNpPeaBapUTENIbHOMO
yOaneHns C MOBEPXHOCTU MynnuTa amopdHOM
CTEK/IOBUOHOW MaccChl B pe3ynbTate npensapu-
TenbHoro obeckpemHumBaHusa [3]. OgHako ans
WCK/TIOYEHNS 06pa3oBaHUs TMOPOATOMOCUIIN -
kata HaTpus (Nag[AlgSigO24]'NasX, roe X — pas-
JIMYHbIE HEeOpraHuyeckme aHMOHbI) B npouecce
LenoYyHoro obeckpeMHMBaHUA Mnpensaranochb
nucnonb3oBaTtb Bblcokne oTHoweHma X:T (>20),

4TO MPUBOAMIO TakXe K 60/blMM MOTEPAM
antoMmnHma (20-30%).

B naHHoW paboTe 6blna M3yyeHa BO3IMOX-
HOCTb CHMXeHnA oTHowenusa X:T B npouecce
npeaBapuTenbHOro ob6eckpeMHMBaHMA MyTeM
coKpalleHMsa BpeMeHW Bbilesia4ymBaHmns, a Tak-
Xe OLHOBPEMEHHOro yOasieHUs M3 30/bl YHO-
ca Xeses3a, KOTOpoe PacTBOPSAETCA B KMUCIOTE U
MPUBOANT K 3arpsA3HEHMNIO PacTBOpPA.

ObeckpeMHMBaHWe NPOBOAUIN B yCTa-
HOBJIEHHOM Ha MAUTKY cTakaHe obbemoMm O,5 n,
K KOTOPOMY MO MOACY B BUAE YCEYEHHOM OKPYX-
HOCTM BbINM NPUKPENIeHbl MOCTOAHHbBIE HEOAM-
MOBble MarHuTbl. B Kpbllke cTakaHa mMenucb
TexXHOMornyeckme OTBEpPCTUA O/ MNepeMeLlm-
BaHWA, yNaBIMBaHWUA MAapoOB BOAbl M YCTAHOB-
KM TepMogaTuMKka, COeOUMHEHHOro C KOHTPO-
nepoM mAnUTKMU. KoOHUEeHTpauma KaycTuyeckomn
wenoun (Na,O) Bo Bcex onbiTax cocTaBnsna
330 r/oM3, 4TO MO3BOMASNO MPOBOAUTL Bbi-
wenaymeaHwe npu Temnepatypax po 120 °C
npy  atMochepHOM  OABMEHWM;  CKOPOCTb
BpalleHmnss Mewanku = 300 06./MuH; OT-
HoweHne X:T BapbupoBanocb oT 5 pgo 10;
Temnepatypa — ot 100 go 120 °C, npomonxu-
TenbHOCTb BbilwenadmsaHmna — ot 10 go 30 MuH,
cpepHuMi pasmep vYactuy, ot 48 o 87 Mkm. O6b-
eKTOM MucCefoBaHMa aBnanacb 3o0/a yHoca
PedtnHckom MP3C, xmMMmyeckmin coctaB KOTO-
pon npeactasneH B Tabnuvye 1. [ng nckatoyeHus
B3aMMHOIO BAUAHUA GaKTOPOB APYr Ha Apyra m
coKpalleHMsa KonmyecTsa OnbiTOB B NMporpaMMe
Statistica 6b11 cocTaBneH nnaH bokca-bBerkeHa,
BKtOYaOWMKA 3 61oKka U3 27 3KCNepUMEHTOB C
BapbMpPOBAHMEM MapPaMeTPOB Ha Tpex YPOBHSAX,
B KayecTBe BbIXOAHbIX MapamMeTpoB CYyXUIn
M3BNEeYeHMe asloMUHUA U KPEMHUS B PacTBOP,
M3BNEeYeHMe Xesesa B MarHUTHyto dpakumio m
copepxaHne Na,O B TBepmoM ocTtaTke. [Mocne
npoBeOeHUA 3SKCMEPUMEHTOB HEMArHUTHY W
MarHUTHyO ¢pakuMm oToensany oT pacTBopa
dunbTpaLmen, NPoMbIBaIM, CyLWNIN B TedeHne 8
4 npu 110 °C n onpegensnn XMMMYeCcKnn coctas
C  WCMNOSb30BaHMEM pPEeHTreHOCneKTPasrbHOro
dnyopecueHTHOro Metoga Ha npmbopax CPM-
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L:S=175 Temperature = 110 °C
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PucyHok 1 — BnvsiHme npofonkmtenbHOCTU U TeMnepaTypbl npoLiecca Ha ussnedeHue Si (a), Al (), Fe (a), v Bnu-

AHWE MPOLAONKUTENBHOCTN N OTHOoWeHUA X:T Ha usBnedyeHue Si (6), Al (r), Fe (e) npu obeckpeMHMBAHUN 30/1bI
yHOCa pacTBOPOM KayCTMYECKOM LWenoYm ¢ KoHueHTpaumen 330 r/om3
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35 (HMO “Hayunpwnbop”’, P®, r. Open) n EDX-
8000 (Shimadzu, AnoHwus, r. Knoto).

[MonyyeHHble OaHHble MO  M3BJEYEHUIO
aNlOMUHUA, KPEMHUA, Xesesa U cogepxa-
HMA Na,O B TBEpAOM oOcCTaTke B 3aBMCUMMOCTM
OT BXOAHbIX MapamMeTpoB obpabaTtbiBanuv Mpu
MOMOLLWM BCTPOEHHOro B rnporpamMmy Statis-
tica MeToga aHamMsa C HEMPOHHbIMU CeTAMMU.
Nlydywe Bcero pAna oOnucaHusa MosydeHHbIX
OAHHbIX MoAoLWesl MHOrOC/IOMHbBIN NepCcenTpPoH
MLP 4-5-4 ¢ npon3BOAUTENBHOCTBIO OByYeHUs
(R2) 0,988, KOHTPONBHOW W TECTOBOW MPOU3-
BoauTenbHoCTblo 6onee 0,996. lNoBepxHOCTU
oTkamMka  npu  dUKCUPOBAHHOM cpegHeM
pasMepe 4acTul, MOCTPOEHHble MNpM MOMO-
WM HEeMPOHHOM CeTW rMokasaHbl Ha PUCYHKe
1. BanaHne npogonxXuTesibHOCTM Mnpouecca m
TeMnepartypbl Ha cogepxaHune Na,O B TBepaoM
ocTaTke NokasaHo Ha pUcyHke 2.

CornacHo noBepxHOCTAM OTKAMKA, Mpef-
cTaBfeHHbIM Ha pucyHke 1, Hanbonbluee BNUA-
HMe Ha CTeneHb U3BMeYeHUa KPEMHUA U alltoMn-
HUA oKa3sblBaeT MPOOO/IXUTEIbHOCTb Mpouecca
M TeMnepaTtypa. Takxe Ha pucyHke 1B MOXHO
Habnwogate, 4to npu Temnepatype 120 °C po
20 MUH MOeT yBenuyeHme CcTeneHu nisfedeHuns
anoMmHMA, a 3ateM nocsne 20 MUH BbllLeadmBa-
HUA QIIOMUHUIA HaYMHAeT ocaXxdaTbCs M3 pac-
TBOpa B BuUAe rugpoasitoMocuamkaTa HaTpus.
3TO TakXxe NOoATBepPXAaeTcs OaHHbIMU PUCYHKA
2, roe BMOHO yBenu4yeHwe copepxanHusa Na,O
B TBepaoM octatke npu 110-120 °C v npogon-

SEMHV: 200KV | SEM MAG: 2.00 kx

Det: BSE

xutenbHoctn 30 MuH. OpgHako Npu BbICOKOM
oTtHoweHun X:T (pucyHok 1r) gaHHbIn 3ddekT
He HabogaeTcsa, YTO CBA3AHO C yAepXaHuem
KpeMHe3eMa B pacTBope.

L§=175

W16
Wc<16
<14
<12
M <1
M <08
W <06
M <04

St WRAVOD PR

D

\Q“ K

PucyHok 2 — BnusHue npoaonkmMTenbHOCTU 1 TeMmne-
patypbl npouecca Ha copepxaHuve Na,O B TBepaoM
ocTaTke nocfie obeckpeMHMBAHWSA 30/bl yHOCA pac-
TBOPOM KayCTUYECKOMN LLesioumn

Fe Kal

Al Kal

| - w—|
um 100pm

PucyHok 3 — 2nekTpoHHas ckaHupyoLwas MUKPOCKOMMSA MarHUTHORO KOHLEHTpaTa, NMosly4eHHOro B xoge otec-
KpeMHMBaHWs 305bl yHOca U pacnpegeneHue Fe, Al, Si n Na no noBepxHocTu faHHoro obpasua
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Ta6nuua 1 — XuMuyeckum coctaB UCXxopHom 3osbl yHoca PeptuHckom NPIC, HeMarHuT-
HOro U MarHUTHOrO KOHL,EHTPATOB, MOJTYYEHHbIX B XoAe 06eCKpeMHUBaHUSA

OcCHOBHble KOMMOHEHTbI, Macc. %

MponyxT
Si0, ALOs CaO Fe,O5 TiO, MgO Na,O K,O Mmn C
Vicxopras sona  gz15 5340 185 385 117 051 075 059 399 160
yHoCca
Hemarnntholt 4y 25 4077 321 273 203 083 113 013 790 278
KOHLJ,eHTpaT
MarumtHeld 4199 1359 244 6264 053 203 132 005 170 079

KOHLLeHTpAaT

SEM HV: 20.0 kV VEGA3 TESCAN|

Det: BSE

SEM MAG: 30.0 kx

NUST MISIS

VEGA3 TESCAN|

SEM HV: 20.0 kV
Det: BSE

SEMMAG: 8.00kx i
10 pm
NUST MISIS

PucyHok 4 — SnekTpoHHasa ckaHMpyloLwaa MUKPOCKO-
nMUs UICXOOHOW 30/1bl YHOCA (@) U YacTuL, obpa3oBas-
LWMXcs nocre o6eckpeMHUBaHNA (6)
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[To MoOBepxHOCTSAM OTK/MKA Ha PUCYHKe
Ta-1r MOXHO caenaTtb BbIBO[, YTO CTEMEHb NU3BJ1e-
YeHUsA aNtOMUHUA HAUMHAEeT CUTbHO BO3pacTaTth
npwn nssnevyeHun kpemHmusa 6onee 50-60 %, uTo,
rno-BUOMMOMY, CBA3AHO C HAYAIOM PACTBOPEHUS
mynnuta. CornacHo pucyHkam 14 mn le cteneHb
M3BIeYEeHUA Xenesa HaobopoT 6osblUe 3aBUCUT
oT oTHoweHusa X:T u nNpoJoONIXMUTENbHOCTH,
4TO, CKOpee BCero, CBfA3aHO C 6osbluen
yOoenbHOW MoWaabio MOBEPXHOCTU MAarHUTOB
K Macce 30/1bl NpW BbICOKUX OTHoWweHuax X:T n
pacTBopeHneM aMopPHOM CTEKIOBUOHON MacChbl
C MOBEPXHOCTU MArHUTHbIX 4YacTuu. [loaTomy
OMTUMasIbHBIMW  YCITOBUSAAMY, HAa Hall B3rnag,
NPW COXPaHEHUW HU3KOro oTHoweHmna XiT
anatoTca: Temnepatypa = 110 °C, oTHoweHwe
KT = 5, npogonxutensHocte 20 MuH. [Mpwn
OaHHbIX YCIIOBUAX YyOaeTcs u3Bnedb 6onee
60 % kpeMHe3eMa UM Xenesza, a W3BJeYeHue
anioMnHMA B pacteop U cogepxaHue Na,O B
TBEPAOM ocTaTke He npeBbiwatoT 8 % u 1 %, co-
OTBETCTBEHHO.

B T1abnuue 1 nokasaHo cpaBHeHue
XUMUYECKOrO COCTaBa MCXOOHOM 30Jbl YHOC3,
HEMArHUMTHOrO U MAarHUTHOrO KOHLLEHTPATOB,
MONyYEeHHbIX MPW  OMNTUMASIbHbIX  YCIIOBUSAX.
Mo paHHbIM B Tabnuue 1 BMAOHO, YTO YacTb
aNtOMOCUIIUKATOB Takxe nepexoout B
MarHuUTHyto ¢pakuymio. Ha pucyHke 3 mokasaHb
pe3ynbTatbl 31EKTPOHHOMN ckaHuvpytoLen
MUKPOCKOMUN MArHUTHOIrO KOHLLeHTpaTa, rae
BUOHO, YTO &JIIOMOCUITUKATbI BblSTN Kak Y/10B/IeHbI
dU3MUEeCcKn, TaK 1 3aKJIHoYEHbl BHYTPU MarHUTHbIX
cdep. Ha pucyHke 46 nokasaHbl arioMepaTtbl U3
UronbyaTbiXx 4YacTUL, MysIMTA B HEeMarHMTHOM
KOHLLeHTpaTe, KOTopble 6blIM  OYMLLEHbl  OT
aMop®dHOM CTeKNOBUOHOW Macchl (PUCYHOK 4a)
B npouecce obeckpeMHMBaHusa. [lo paHHbIM
Tabnumubl 1 BMOHO, 4YTO ypaneHue amMopdHOM
CTEK/IOBUOHOM MacCbl MO3BOJSAET MOBbICUTb



cogepxaHue  rAMHoO3eMa B HEeMarHUTHOM
KoHueHTpaTte no 40,77 %, a conepxaHue KpeM-
He3eMa cHU3UTb € 63,12 % o 41,35 %.

Takum obpasom, npoBeaeHHble
nccnenoBaHus nokasasnm BO3MOXHOCTb
rny6okoro o6ecKkpeMHMBAHUA 30Mbl  YHOCA
PedTmnHckom rPaC KOHLEHTPUPOBAHHbLIM

PacTBOPOM KayCTUYECKOM LWesioun npu HU3KOM
oTHoweHun X:T (5 Mn/r) B NpUCYyTCTBUM MOCTO-
AHHOrO MarHUTHOIO MOJIA, YTO MO3BOIAET MONy-
YaTb OOHOBPEMEHHO MArHUTHbIA KOHLLeHTpaT
0N Mocrenyloulero BOCCTAHOBNEHMA Xenesa
M HEMArHUTHbBIN KOHLEHTPAT C OYMLLEHHBIMU OT
cTekNnoBMAHOM amMopdHOM MacChbl YacTULaMM
MynamnTa. JaHHbI KOHLUEHTPAT a/loMUHUA, Kak

rmokasaam Hawu npegblaylwime uccienoBaHms,
ropasfo Jerde pacTtBopseTca kucaotamu. B
OTNIUYMM OT UCMONb30BaHMSA HeobpaboTaHHOM
30/1bl 06pa3sytoTcsa 6onee 6oraTble MO aNOMUHUIO
pPacTBOPbI C HU3KMM COAEepXaHMeM xenesa.
Pa6boTta BbimosHeHa npu  dUHAHCOBOM
nopgepxke rpaHta PH® N2 22-23-20150.

CnucoK Ucnosib30BaHHOM NUTepaTypbl
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DETERMINATION OF THE POSSIBILITY OF USING
GRAPHITE-BASED MOULD WASHES DURING ANODE COPPER
CASTING

Borodin A.D.

The paper considers the application of mould washes based on graphite, designed for the
process of casting anodic copper in copper moulds. The main purpose of this work is to reduce the
specific consumption of the mould wash per ton of cast copper. The results of pilot tests at the
stages of copper anode casting and electrolytic copper refining are demonstrated.

Keywords: fire refining, anodic copper, casting, casting mould, mould washes, graphite,

chamotte mortar, copper slime.

State of the issue

Mould washes currently used in refining
technology at the stage of copper anode
casting into copper pots, represented in the
form of water suspension of refractory powder,
have mainly silicon and aluminum oxides (silica
and alumina, respectively) in their composition.
In spite of high degree of mould wash adhesion
to the moulds, refractory powder particles
are torn off by the flow of molten copper and
concentrate in the central part of the anode
blade. This leads to the necessity of frequent
replenishment of the mould wash layer on the
mould. Specific consumption of mould wash is
0.68 kg per 1ton of cast anodes.

Besides high specific consumption of
mould washes for anode casting, efficiency of
electrolytic refining process of anode copper
decreases due to presence of refractory powder
residue on the mat.

It is known that pure copper has high
electrical and thermal conductivity, which
combined with high ductility allows for its wide
use in electrochemical and heat engineering
industries. However, the presence of impuirities,
to varying degrees, worsens the technical
characteristics of the metal. One of the ways of
impurities inclusion in the cathode slime is the
charging of the solid particles of electrolytic
slime and mould washes used for casting of
anode copper in the process of electrolytic
refining.

To decrease specific consumption of mould
wash, use of graphite-based mould wash with
binder additives is possible. Earlier at Smelting
Section No.3 of Smelting shop No.3 of Copper
Plant they tested mould wash on the base of
crystal graphite in a mixture with polyvinyl
alcohol but due to rapid burnout of alcohol the
graphite particles lost their adhesive ability and
when chamotte mortar was added the defect
remained at a high level. One of the possible
acceptable solutions presented in the Russian
market is the mould wash “Lithoform” of the
mark 900 of the supplier/manufacturer LLC
“CMNC” (SPS), Samara region, Togliatti, intended
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for casting of nonferrous metals in series
production.

The purpose of this work is to reduce the
amount of solid insoluble particles in copper
electrolyte of copper electrolysis shop (CES),
coming with the remains of mould wash on
the surface of copper anodes and maintaining
the current production performance of copper
anode casting.

Test methodology

The current mould washes currently used in
Smelting Section No.3 of smelting shop No.3 of
Copper Plant is chamotte mortar — gray-white
powder with Al,O3z content of not less than 31%
(hereinafter - the control mould wash).

Experimental mould wash (“Lithoform”
mark 900) is a graphite-containing paste of
dark-brown color (hereinafter — experimental
mould wash).

The mould washes are prepared by the
following procedure. In a special capacity of
=200 dm3 mix technical water with the solid
part (chamotte mortar powder) in the ratio 2:
1 parts. Permanent stirring of the suspension
is provided by means of barbotage with
compressed air. When preparing the suspension
of the pilot mould washes observe the ratio
“Process water: Lithoform” equal to 3: 1 parts.

On two autonomous copper pouring
machines 20 newly-cast moulds are installed.
Before the first casting the control and
experimental moulds are grouted with chamotte
mortar powder. After the first casting circle of
anodes the moulds are watered with controland
test mould washes suspensions respectively.
Watering intensity is regulated on the basis of
visual assessment of the mould surfaces.

Upon completion of casting and cooling of
anodes using control and development mould
washes, batches of good anodes are sent to
Labeling and coding center of Steel plant, which
are equipped with two autonomous series of
electrolysis tanks. The electrolytic refining
process is carried out with four times unloading
of anodes.



Table 1 - Chemical composition of mould washes

Content, % (wt.)

Name
Fe SiO, CaO MgO AL O3 C
Aluminosilicate refractory
mortar (reference mould 1,40 53,54 0,53 0,41 35,4 0,34
wash)
«Lithoform» 900 grade 16,17 5,74 033 <010 040 62,4
(pilot mould wash)
Table 2 - Granulometric composition of mould washes
Output of particle size class, %
Name -100mm  -050mm -0J0mm  -0,07Tmm 0.045 mm
+0,50 mm +010 mm +0,07Tmm + 0,045 mm !
Chamotte mortar (refer-
ence mould wash) 0,53 21,49 773 10,67 59,58
«Lithoform» 900 grade 458 708 536 906 7392

(pilot mould wash)

Figure 1 - The casting mould coated with cha- Figure 2 - Copper anode cast with chamotte
motte mortar mortar
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Discussion of the test results in Smelting
Section No.3 of smelting shop No.3 of Copper
Plant

The chemical and particle size distribution
compositions of the control and experimental
mould washes are presented in tables 1 and 2,
respectively.

From the data presentedintableTitis clear
that the main component of the experimental
mould wash is carbon that doesnt have
negative effect on the quality of the cathode
slime.

According to the data in Table 2 the yield
of the 0.045 mm coarseness grade increased by
14.3 % (abs.) and the +0.5 mm coarseness grade
increased by 4.0 % (abs.) in the experimental
sample in comparison with the control one.

It is known that during preparation of
mould wash suspension to be subsequently
applied to the casting mould, predominance
of particles of particle size -0.05 mm has
beneficial effect on sedimentation stability
of the suspension (resistance of particles to
settling in a container after mixing is over).
Particles of +0.5 mm settle to the bottom of the
tank, which requires continuous mixing of the
suspension. Increased sedimentation stability
makes it possible to form a uniform mould wash

layer on all the containers after the suspension
is applied and dried, which positively influences
the anode casting process.

Anode casting using experimental mould
wash was carried out in Smelting section No.3
of smelting shop No.3 of Copper Plant. At
the end of anode copper casting process 1151
experimental anodes were produced, 22 of
them were rejected (1.91 %) due to the following
features:

* 7 pieces. - foreign inclusions;

* 7 pieces - foreign inclusions;

* 11 pieces - spalls.

* 4 items. - distortion of electric contacts (ears).

The rate of 1.91 % is acceptable and is at
the same level with the current indicators of
rejected anodes during fire refining of blister
coppetr.

The reference mould wash (chamotte
mortar) was applied on the moulds mounted
on an autonomous SMF. Figure 1 shows a mould
coated with chamotte mortar suspension (after
drying).

Anode cast into the mould coated with
chamotte mortar (control mould wash) is shown
in Figure 2.

Figure 3 - Moulds treated with a suspension of
mould wash “Lithoform” grade 900
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Figure 4 - Copper anode cast using “Lithoform”
mould wash mark 900



Table 3 - Parameters of electrorefining of anode copper during the pilot tests

° X 5’ % R .5 g’ 8»

3 =3 g s 2 el g S 5 8
Ne g @ a £ = K] S 35 g Rt
S + T~ [v] > 4 o - > »
n/m @ = - 3 o c - o " ) c o TR
0 5 ©° g8 B 8 25§ o 9%
= 48 © 3% 4% g 2 392 & 57
2 @ @ © i o
3 > 5 8 &3 =28 a =g g z9 z8
70,3 0 69,7 5,4 10,4
~ 573 0 56,8 3,6 11,8

Pilot = He01 120 174 356,5
series 54,0 0 53,6 2,9 13,4
65,3 0 64,7 3,9 15,5
Average value 61,7 (o] 61,2 3,9 - 12,8
49,8 0 49,4 3,2 10,4
64,8 0 64,3 43 11,8
Control 5597 123 173 356,5

series 70,0 0 69,5 42 13,6
61,8 0 61,3 3,9 15,5
Average value 61,6 0 61,1 3,9 - 12,8

After the evaporation of moisture of the
experimental mould wash suspension from the
mould, the finished mould wash acquired black
color typical of graphite refractory fillers, which
is clearly shown in Figure 3.

After the evaporation of moisture of the
experimental mould wash suspension from the
mould, the finished mould wash acquired black
color typical of graphite refractory fillers, which
is clearly shown in Figure 3.

The anode cast into the mould treated
with the “Lithoform” mould wash suspension is
shown in Figure 4.

Specific consumption of the pilot mould
wash in the period of experimental-industrial
tests was 0.34 kg per 1 ton of cast copper at a
ratio L: T (Process water : Lithoform) =3:1, which is
2 times less than the consumption of the control
mould wash (0.68 kg / t of anode copper).

Discussion of test results in Labeling and
coding center of Steel plant

Pilot tests of experimental anodes was
carried out in Labeling and coding center MH.
Copper content in the electrolyte of control
and experimental series was from 60.2 to
61.8 g/dm3. On the average concentration
of sulfuric acid in the electrolyte of the
experimental series was 159,2 g/dm3, in the
control series - 165,2 g/dm3.

Table 3 shows the main parameters of
electrolytic refining of control and experimental
anodes.

It follows from the data in Table 3 that the
conditions of electrorefining of experimental
and control anodes were identical. The content
of the solid phase in the electrolyte of the
control series was 10.9 mg/dm3, which is 7.3%
lower than in the control - 11.7 mg/dm3. At the
same time the content of impurity components
in pilot cathodes was 27,2 g/t which was 5,9%
lower than in control cathodes - 28,9 g/t.

According to the results of tests at
Smelting Section No.3 of smelting shop and
Labeling and coding center of Steel plant,
when using “Lithoform” mould wash of 900
mark, no negative effect on the technological
parameters of anode casting and electrorefining
was detected with obtaining cathode copper
corresponding to mark MOOk according to
GOST 859.

Method of mould wash preparation has
not undergone significant changes, except for
correction L: T from 2 :1to 3 :1, which allowed
to decrease specific consumption of mould
wash from 0.68 kg/t to 0.34 kg/t. Reduction
of mould wash residue, coming with copper
anodes to Labeling and coding center of Steel
plant, decreases the risk of receiving defective
cathode copper as penetration of fine insoluble
mould wash particles provokes occurrence of
floating slimes. Besides the quality of copper
cathodes with respect to impurity content
increases.
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Further decision on replacement of
chamotte mortar with carbon-containing mould
will be made taking into account economic
feasibility of the measure.

Conclusions:

* specific consumption of the non-stick mould
wash “Lithoform” of 900 mark was 0.34 kg
per ton of cast copper, which is 2 times low-
er than the consumption of chamotte mortar
(0.68 kg/t);

* rejection of copper anodes during copper
casting using the pilot mould wash amounted
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to 191 % of the total amount of anodes
received, which is considered to be acceptable
along with the current rates (1.7 % - 3.0 %);
There was no rejection of copper cathodes
during the testing period in Labeling and
coding center of Steel plant;

Solid phase content in the electrolyte of the
experimental series was 10.9 mg/dm3, which
is 7.3% lower than in the control series - 11.7
mg/dm3;

* the content of impurity components in the

experimental cathodes was 27.2 g/t, which is
lower by 5.3% than in the control series.



ONPEAENEHUE BOSMOXHOCTU NPUMEHEHUA
NMPOTUBOMNPUTAPHbIX MOKPbITUMN HA OCHOBE NrPA®UTA B
NMPOLECCE OT/IMBKU AHOOHOM MEOMU

Bopooun A.]].

3anonaApHbIN rOCyAapPCTBEHHbIN YHMBepcuTeT uMeHu H. M. DegopoBckoro

B paHHOM uUccnegoBaHUM

paccMoTpeH

BOMPOC TMPUMEHEHNS MPOTUBOMPUrapHbIX

MOKPbITUIM HA OCHOBE rpadmTa, NPeaHasHa4YeHHbIX 419 npoLecca oT/IMBKM aHOAHOW Mean B MefHble
MN310XHMLbl. OCHOBHOWM Liefbto AaHHOM paboTbl CTaNO CHUXEHME YAENbHOrO Pacxoda NoKpbiTUSA Ha
TOHHY OT/IMBaeMol Meaun. lNMokasaHbl pe3ynbTaThl MPOBeAeHNA OMNbITHO-MPOMbILIEHHbIX UCMbITAHUN
Ha 3Tanax oT/IMBKM MefHbIX aHOAOB M1 3NEeKTPOINTUYECKOTO padUHUPOBAHNA Medu.

KniroueBble cnoBa: orHesoe padmnHMpoBaHWe, aHogHAA Mefb, JINTbE, U3/TOXHMLA, NMPOTUBO-
rnpurapHble NOKPbITUS, rPadUT, LLAMOTHbIM MepTeNb, MeAHbIN WaM

AKTyanbHOCTb UCCeaoBaHUs

[MpoTuBONpUrapHbie MOKPbLITUA, MpUMe-
HAEeMble Ha CEerofHALWHUNA OeHb B TEXHONOrmm
OrHEBOro paPUHUPOBAHUA HA CTALUU OTIIMBKU
aHOOHOM MeaW B MefHble W3OXHULbI, npen-
cTaBfeHHble B BUAE BOOHOM CYCMeH3UW orHe-
YMNOPHOrO MOPOLIKa, MMET B CBOEM COCTABE,
NMpPeuMyLLECTBEHHO OKCUAbl KPEMHUS 1N antoMu-
HUA (KPeMHEe3éM U MMMHO3EM, COOTBETCTBEHHO).
HecMoTps Ha BbICOKYK CTerneHb aaresuu ro-
KPbITUS K U3MTOXHMLLAM, YACTULLbl OFTHEeYNOPHOro
MOpPOLLKAa CPbIBAKTCHA MOTOKOM pPAaCMIaB/IeHHOW
MeOU U KOHLLEHTPUPYIOTCA B LEHTPallbHOW 4Ya-
CTW MOMOTHA aHoga. DTO NPUBOOUT K HEOBXO-
OUMOCTU YaCTOro MOMOJSIHEHUS C/IOS MOKPbITUN
Ha U3MOXHULE. YOesnbHbIM pacxon MOKPbITUSA
coctaensaeT 0,68 kr Ha 1 TOHHY OT/IMBAEMbIX &HO-
nosB.

[TOMUMO BbBICOKOrO YyOesbHOro pacxona
MOKPbITUI Ha OTNIMBKY aHonoB, cHuxaetcs KM/,
npoLecca 3nekTpopadUHUPOBAHUS aHOLHOM
Meou BBUAY HAaNMUYUSA OCTATKOB OrHeyrnopHOro
MopoLLKa Ha NoNoTHE.

M3BecTHO, 4TO uucTas Medb obragaer
BbICOKOM 3/1eKTPOMNPOBOAHOCTBIO U TEMIoMnpo-
BOOHOCTbIO, YTO B COYEeTaHWUU C BbICOKOM Ma-
CTUYHOCTbBIO MO3BOJISAET LUMPOKO UCMOSIb30BaTh
€€ B 3/1eKTPOXMMUYECKON U TernoTeXHUYECKOM
oTpacnax npombiweHHocTn. OgHako Hanuyume
npumecen, B TOM WU MHOM CTEMNEHW, yxyaLiaeT
TexHuyeckme xapaktepuctuku metanna. OguH
U3 MyTen BKJIIOYEHUA MpuUMece B KaTOLHbIN
0cafok — 3apaboTka TBEPAbIX 4YacTWL, 3reK-
TPOSIUTHOIO WaMa U NMpPOTUBOMPUrapPHOro mno-
KPbITUS, UCMOMIb3YEMOro NMpu OTSIMBKE aHOLHOW
Meou B MpoLLecce 3MeKTPOSIUMTUYeCcKoro pacdwu-

HUPOBAaHUS.
Ona cHuXeHWa ynenbHOro pacxoga no-
KPbITUSS BO3MOXHO MCMOSb30BaHWE MNOKPbI-

TUS Ha rpaduUTOBON OCHOBE CO CBS3YHOLWMMMU
nobaskamu. PaHee B MnaBuibHOM yyacTke N2 3
nnaeunbHoro uexa MepHoro 3asopa (MY-3 IL,
M3) npoBOAUIN UCTIBITAHUA MPOTUBOMNPUTraPHOro

MOKPbITUA  HAa  OCHOBE  KPWUCTasIIMYECKOro
rpadmnTa B CMECcM C MOSIMBUHWUIIOBbBIM CMUPTOM,
ofHako, BBUAY 6bICTPOro BbIFOpPaHWs cnmvpTa
yactuupl  rpaduta  TEpsSaM  aAre3noHHYHo
CNOCO6HOCTb, & Mpu A06aB/EHUM LLAMOTHOIO
MepTens 6pak ocTaBasiCs Ha BbICOKOM YPOBHE.
OOHVM M3 BO3MOXHbIX MPUEMIEMbBIX PELIEHNH,
NPeAcTaBfeHHbIX Ha  POCCUWNCKOM  PbIHKE,
agnaetcsa nokpbitne «Jlutodopm» Mapku 900
noctaewmka/nponssogutenas OO0  «ClCy,
Camapckas o6nactb, . TonbsaTTW, nNpegHasHa-
YeHHOoe AJ19 OT/IMBKMU LiBETHbBIX METasII0B CEPUN-
HOIro NMPOU3BOACTBA.

Lenbio paHHoOW  pa6oTtbl  sBnseTCH
CHUXeHWe Konm4yecTea TBEPAObIX
HepacTBOPUMbIX YacTUL, B MEAHOM 3/1eKTPOSINTE
uexa anektponmsa meam (LLOM), noctynatowmx
C ocTaTtkaMu NMpoOTUBOMNPUIraPHOIro MOKPbITUS Ha
NMOBEPXHOCTUN MELHbIX aHOLOB N C COXPaHEHMEM
TeKyLMX MPOM3BOACTBEHHbIX Mokasartenen no
OT/IMBKE ME[HbIX aHOOOB.

MeTOHMKa nposepeHus UCnbITaAaHUM
Tekyuiee npoTMBONpUrapHoe
NOKPbITWE, MPUMEHAEMOE B HacTosLiee Bpems
B MY-3 ML, M3 — waMOoTHbIN MepTenb — Cepo-
G6enbln nopolwok ¢ coagepxaHuem ALOs He
MeHee 31 % (panee — KOHTPOJIbHOE MOKPbLITUE).

JKCnepuMeHTanbHoe nMoKpbITUEe
(«JlTnTodopm»  ™Mapkm  900) npencraBnser
coboln rpaduTcomoepxKallyto nacty TEMHO-
KOpWyHeBOro Lupeta (manee —  oOMbiTHOE
noKpbITHE).

MoKpbITUS  FOTOBAT MO ClieAyloLen

MeToguke. B cneymanbHoM EMKOCTU C O6BbEMOM
= 200 pM3 cMelwMBalOT TeXHUYeCKkyl Boay C
TBEPAOMN 4YacTblo (MOPOLUOK LIAMOTHOrO Mep-
Tens) B cooTHoweHun 2 : 1 yacten. NocTossHHOe
nepeMellMBaHMe CycneH3uu obecnedmBaloT
MeTOAOM 6ap6OTUPOBAHUA MPW MOMOLLM CXa-
TOro Bo3ayxa. [1py NpUroToBNEeHUM CyCreH3um
OMbITHOIO MOKPbLITUSA COBOAAIOT COOTHOLLEHUE
«TexHnuyeckasa soga : Jintopopm», paBHbiM 3 : 1
yacTten.
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Ta6nuua 1 — XuMHUYeCcKuil cocTaB MPOTUBONPUrapHbIX MOKPbITUNA

CopnepxaHue, % (Macc.)

Fe SiO, CaO MgO ALO3 C

HanmeHoBaHuMe

MepTenb OrHeynoOpPHbIN
ATTOMOCUNTUKATHbIN 1,40 53,54 0,53 0,41 35,4 0,34
(KOHTPONbHOE NOKPbITUE)

«JInTodopm» Mmapkm 900

16,17 5,74 0,33 <0,10 0,40 62,4
(onblITHOE NOKpPbITUE)

Ta6bnuua 2 — NpaHynnoMeTpUUYECKUI COCTAB NPOTUBONMPUTrapPHbIX MOKPbITUN

Bbixon knacca KpynHocTH, %
HavmeroBaHve -,00mm  -0,50mm -0,10 mm -0,07Tmm 0.045 rmm
+0,50 mm +0,0 mm +0,07Tmm + 0,045 mm !
LamoTHeln meprent 0,53 21,49 773 10,67 59,58
(KOHTPONbHOE NOKPbITUE)
«JInTodopm» Mmapkm 900 458 708 536 906 7392
(onbITHOE NOKpPbITUE) ! ! ! ! !

PucyHok 1 — V3noxHuLa C MNOKPbITUEM Ha PucyHok 2 — MegHbih aHod, OTAUTbIM C
OCHOBE LWaMOTHOro MepTens MCMOMb30BaHMEM LWAMOTHOIO MepTensa
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Ha pBe HezaBuUCMMble MedepasMBOYHbIE
MawuHbl (MPM) yctanaBnumeatoT 20 BHOBb OT/IN-
ThIX U3NOXHUL, Nepen NnepBoOM Pa3IMBKOMN KOH-
TPO/IbHbIE U OMbITHBIE N3/TOXHMLLBI 3aTUPAIOT MO-
POLLKOM LaMoTHOro MepTens. [locne nepsoro
Kpyra OT/IMBKU aHOLOB, WU3/TOXHWLbI MOJNBAIOT,
COOTBETCTBEHHO, CYCMEH3UAMU KOHTPOSIbHOMO U
OMbITHOFO MOKPbLITUA. MIHTEHCUBHOCTL MOMNBKM
PEerynmpyroT Ha OCHOBaHUKN BU3YaslbHOW OLLEHKM
MOBEPXHOCTU U3NMOXHULL.

[To OKOHYaHWU OTAMBKM U OXNAXAEHWUSA
aHOOOB C MWCMOJSIb30BAHWMEM KOHTPOSIbHOIO W
OMbITHOFO MOKPbLITUM, MAPTUN FOAHbIX aHOLOB
HanpaensatoT B LLIOM M3, koTopbiMM OCHaLLatoT
0Be He3aBUCUMbIE CEPUU 3/TEKTPOSIM3HBIX BaHH.
Mpouecc anekTpopadUHUPOBAHUS BeAyT C Ye-
TbIPEXPA30BOW BbIFPY3KOM aHOL0B.

O6cyxaeHue pe3ysibTaToB UCMNbITAaHUN B
ny-3nu M3
XUMUYECKMI 1 rpaHyIoMeTpUYeckmnii cocta-
Bbl KOHTPOJIbHOIO U OMbITHOrO MOKPbLITUM Npen-
cTaBseHbl B Tabnumuax 11 2, COOTBETCTBEHHO.
M3 paHHbIX, NpeacTaBreHHbiX B Tabnuue 1,
BUAHO, YTO OCHOBHbIM KOMMOHEHTOM OMbITHOrO

MOKPbLITUA ABMSAETCA Yrepo, KOTOpbIA He oKa-
3blBAET OTPULATE/IbHOrO BAVAHUA Ha KavecTBO
KaToOHOro ocanka.

B cooTBeTCcTBUM C OaHHbIMU Tabnuvubl 2,
HabnogaeTca  yBesMyeHMe  Bbixoga  kjlacca
kpynHoctn -0,045 MM Ha 14,3 % (abc.) n knacca
kpynHoctn +0,5 MM — Ha 4,0 % (abc.) B onbITHOM
obpasLe B CpaBHEHUMN C KOHTPOSTbHbIM.

M3BeCTHO, 4YTO MpPW MNPUrOTOBSIEHUU CY-
CMeH3MM MOKPbITUA, HAHOCKMMOM B AallbHENLWEM
Ha nuTenHy GopMy, npeobragaHme YacTuy, C
KpynHocTbto -0,05 MM 6naronpmsaTHO cKasbl-
BaeTca Ha CceguMEeHTaLMOHHOW YCTOMYMBOCTU
OaHHOM cycneH3mn (YyCTOMYMBOCTb YacTul, K
ocefaHunio B EMKOCTM aocsie OKOH4YaHus nepe-
MewuBaHus). YHactuubl KpynHocTbto +0,5 MM
ocefaloT Ha OHO EMKOCTU, B CBA3M C YeM Tpeby-
eTCcsa HenpepbiBHOE MnepemMellnBaHme CycreH-
3Un. YBenunyeHue ceguMeHTauMOHHON YCTOMN-
YMBOCTM MO3BOJIAET MOC/IE HAHECEeHUSA U CYLUKU
cycneH3sum obpasoBblBaTb pPaBHOMEPHbIM Cnon
MOKPbLITUA Ha BCEX M3MOXHMLAX, YTO MOJIOXM-
Te/bHO BSIMSAET Ha NPOLLEeCC OT/IMBKW aHOOOB.

PucyHok 3 — M3noxHuubl, obpaboTaHHble CyCcrneH-
31el NPOTUBOMPUIrAPHOro MOKPbITUS «JTUuTodOoPM»
mapkn 900

PucyHok 4 — MefHbI aHOL, OT/IUTBIM C UCMOSIb30Ba-
HMeM nokpbiTus «Jntopopm» Mapkum 900
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Ta6bnuua 3 — NMapameTpbl anekTpopaduHUpoBaHUS aHOgHOMU Meau B nepuopg ONMU
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70,3 0 69,7 5,4 10,4
573 0 56,8 3,6 1,8

1 OnbiThas 2691 120 174 356,5
cepusa 54,0 0 53,6 2,9 13,4
65,3 0 64,7 3,9 15,5
CpepHee 3HayeHue 61,7 (o] 61,2 3,9 - 12,8
49,8 0 49,4 3,2 10,4
64,8 0 64,3 43 1,8
o KowtponeHas 5502 p3 473 356,5

cepua 70,0 0 69,5 472 13,6
61,8 0 61,3 3,9 15,5
CpenHee 3HaYeHue 61,6 (o} 61,1 3,9 - 12,8

B My-3 MU, M3 nposogunmn pasnmeky aHo-
0OB C UWCMOJSIb3OBAHMEM OMbITHOrO MOKPbLITUS.
Mo oKOoH4YaHWK npouecca pPasMBKM aHOLHOM
Menm 6bin1o nony4veHo 1151 WwT. onbITHbIX aHOLOB,
M3 KoTopbix oT6pakoBaHo 22 wr. (1,91 %) no cne-
OYHOLLMM NMpU3HaKkaM:

* 7 WT. — NOCTOPOHHME BKITOYEHUS;

* 1 wTt. — 3annecku;

* 4 wrt VCKPUBNEHME 3NEKTPOKOHTAKTOB
(ywen).

3HaueHue 1,91 % aBnseTca NprueMnemMbiM u
HaxoOuTCs Ha O4HOM YPOBHE C TEKYLLMMU NoKa-
3aTenamMu BbiIxoaa Bpaka aHOLOB MpY OrHeBOM
padrHUPOBAHNK YUEePHOBOM Meau.

KoHTposibHOe MokpbiTME (LWaMOTHbIN Mep-
Tesb) HAHOCUIU HA N3TOXHULLbI, YCTAHOBJIEHHbIE
Ha HesaBucumMyto MPM. Ha pucyHke 1 nokasaHa
U3MOXHMLLA, MOKPbITAA CYCMeH3Men LaMOTHOro
MepTens (mocne CyLwKm).

AHOL, OTNUTBIA B U3MOXHULY, MOKPbITYIO
LIaMOTHbBIM MepTeneM (KOHTPOJSbHbIM MOKPbITU-
eM), NpeAcTaBeH Ha PUCYHKe 2.

[Mocne ncnapeHusa BRaru CyCcrneH3mm onbiT-
HOrO MOKPbITUA C U3NOXHULLbI FOTOBOE MOKPbI-
TVe NPUobpeno YEPHYK OKPAackKy, XapakTepHyto
Ons rpadUTOBbBIX OrHEYyMNOpPHbIX HAMoNHUTENeN,
UTO HarnsgHO MokasaHo Ha pUcyHke 3.

AHOL, OTNUTBIM B U3MOXHULY, obpaboTaH-
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HYIO CycreH3uen nokpbltusa «Jntodopm», npes-
CTaBfieH Ha pUCyHke 4.

YAenbHbIM PaCXOf, OMbITHOrO MOKPbLITUS B
nepuon, OMbITHO-MNPOMbILIEHHbBIX  WUCMbITAHUN
(OINMKN) coctaBun 0,34 kr Ha 1 TOHHY OTIMBaAEMOMN
Megn npwu cootHoweHun X : T (TexHudeckas
BoAa : JlIntodopm) = 3 : 1, 4TO MeHbLUe pacxopa
KOHTPOSIbHOro nokpbita (0,68 kr/T aHogHol
Megum) B 2 pasa.

ObcyxaeHne pesynbTaToB WMCMbITAHUA B
L>M M3

Ol onbITHBIX aHopoB nposoauiv B LIDM
M3. CopepxaHwe ™MeOu B 3M1€KTPOSNTE KOH-
TPOSIbHOM M OMbITHOW cepuin cocTasmno ot 60,2
0o 61,8 r/om3. B cpegHeM, KOHLEHTPaLms CepHOM
KMCNOTbl B 3MEKTPOSIUTE OMbITHOM Cepumn cocTa-
Buna 159,2 r/nm3, koHTposnbHoM — 165,2 r/om3.

B Tabnuue 3 npepnctaBsieHbl OCHOBHblE

napameTpbl 3N1EKTPOTNTUYECKOTO
pPadUHUPOBAHUS  KOHTPOJSIbHBIX U OMbITHbBIX
aHo40B.

M3 paHHbIX Tabnuupl 3 cnepyeT, YTo ycC-
NIOBUSA  371EKTPOPADUHNPOBAHUS  OMbITHbIX W
KOHTPOJIbHbBIX aHOAOB 6blM UaeHTU4YHbIMKU. Co-
nepxaHuve TBEpOOM dasbl B 3/1E€KTPOSIUTE KOH-
TponbHoM cepun coctasmno 10,9 Mr/om3, yto Ha
73 % HUXe, YeM B KOHTpOsbHoN — 11,7 mr/om3.
[Mpu 3TOM copepxaHue NMPUMECHbIX KOMMOHEH-



TOB B OMbITHbIX KaTodax coctasuno 27,2 r/T, 4to
Ha 5,9 % HKMXe, 4eM B KOHTPOsbHbIX — 28,9 r/T.

Mo ntoram ucnbitarHun B MY-3 MU n LUSM
M3, Npy MCMNOAb30BaAHUM MPOTUBOMPUraPHOro
nokpblTnsa «Jintodopm» Mapkm 900 He obHapy-
XEHO HEeraTMBHOIro BAUSHUSA Ha TexHoMoruye-
CKUe napameTpbl OT/IMBKW aHOOO0B U 3/1eKTpopa-
OUHUPOBAHNA C MOSyYeHWeM KaToAHOM Menu,
cooTBeTCcTBYtOWeN Mapke MOOk no MOCT 859.

MeToaomka MNPUrOTOBSIEHUSA TMOKPbLITUM He
npeTeprena CyUeCcTBEHHbIX U3MEHEHUN, 3a UC-
KntoyeHneM koppektnposkm X : Tc2:1 00 3:
1, 4TO MO3BOSIMO CHU3UTb YAOENbHbIN Pacxon,
npoTMBONpUrapHoro nokpbitna ¢ 0,68 kr/T oo
0,34 kr/T. Mpyn 3TOM CHUXEHME OCTATOYHOrO KO-
JMYeCTBa NOKPbLITUS, MOCTYNALWero ¢ MegHbIMU
aHopnamm B LIOM, cHuxaeT puck nonyyeHus 6pa-
KOBaHHOM KaToOHOW MeAM MOCKOSbKYy Mnonaga-
HUe MeNKOANCNEPCHbIX HEPACTBOPUMbBIX YacTuL,
MOKPbITUA MPOBOLMPYET MOSIBIEHNE MNaBy4ero
wnama. [MoMMMO Toro, MoBblIAETCs KayecTBO
Me[HbIX KaToOOOB MO COAEPXaHUI MPUMECHbIX
KOMMOHEHTOB.

[JanbHelwee pellieHWe Mo 3aMeHe LWamMoT-
HOro MepTens Ha yriepoacofepxallee NnokKpbl-
TMe 6yaeT NPUHUMATBCA C YYeTOM 3KOHOMMUYe-
CKOM LLes1ecoobpas3HOCTM MEPONPUATUS.

BbiBoabl:

YAENbHbIM Pacxod MPOTUBOMNPUrapHOro no-
KkpbiTna «Jlutodopm» Mapkm 900 coctaBun
0,34 kr Ha TOHHY OT/IMBaeMoOW Meau, 4YTO B
2 pasa HUXe pacxoja LWaMOTHOro MepTens
(0,68 kr/T);

6pak MefHbIX aHOLOB MpW OT/IMBKE Meau C
NPUMEeHeHMEM OMbITHOIO MOKPbLITUS COCTABUII
1,91 % ot obuwero konuyecTsa MOSyYEHHbIX
aHOOOB, YTO CYMUTAETCH MPUEMSIEMbIM HapAOy
c Tekywmmu nokasartensamu (1,7 % — 3,0 %);

6pak MegHbIX KATOO0B 3a BpeMs npoBeaeHus
Ol 8 LUISM M3 oTcyTcTBOBAs;

copepxaHue TBEpOOW dasbl B 3/1eKTponmTe
onbITHOM cepun coctasuno 10,9 mr/gm3, uto
HUXe Ha 7,3 %, YeM B KOHTPOJSIbHOW cepun —
1,7 mr/om3;

copepxaHme TMpPUMECHbIX KOMMOHEHTOB B
OMbITHbIX KaTogax coctasuno 272 r/tT, 4to
Huxe Ha 5,3 %, 4eM B KOHTPOJIbHbIX.
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BUILDING A MACHINE LEARNING MODEL
FOR AUTOCLAVE PROCESSES

Laevskiy S.', Markelov A.', Fomenko 1.1

Nietz Technologies, Saint Petersburg, Russia

Data analysis and machine learning
have long been used in banks and financial
institutions to solve problems of credit scoring
and investment risk forecasting, in marketing
to segment customers and create personalized
offers, in insurance to predict the occurrence of
insurance events, in GPS navigation to create
optimal routes, and in trade and logistics to
manage inventories and assortment.

Currently, in metallurgy as well, there is
an active implementation of various projects
related to machine learning and deep learning
models. These models are quite actively used
in enrichment processes, equipment simulation
and inventory analysis.

In this paper, the main objective is to
show the possibilities of complex data analysis
by the example of autoclave oxidation and
the possibility to build predictive models for
the quality of the obtained raw materials
on the basis of the available process data.
Hydrometallurgical operations are quite
complex systems, the modeling of which
presents great difficulties associated with the
course of many complex chemical processes, as
well as complex hydrodynamics in the applied
apparatus. Therefore the use of machine
learning and deep learning methods in this area
is the most justified.

The use of automated control systems
allows to obtain data on the quality of the
process in a timely manner and to adjust the
parameters more accurately. Also, independent
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calculation of target values will allow to more
accurately distinguish anomalies in the results
of chemical analysis related to errors in the
analysis itself and/or incorrect sampling.

The input data for the analysis and
subsequent modeling was a set of disparate
files obtained from various sources. The value
of Fe2+ concentration in the slurries after the
autoclave, ie. after low-pressure flashtank
discharge, was chosen as the target variable
for prediction based on the available data. The
iron concentration data are obtained from the
laboratory and have an interval of 1to 2 hours.

The data obtained from the production
were processed and combined into a single
array containing information from all services
of the plant - the current parameters of the
apparatus, data on the quality of incoming and
outgoing raw materials.

As part of the work, a correlation analysis
of the available factors and their impact on the
target variable was carried out.

According to the results of the correlation
analysis, it was concluded that there is no strong
relationship between the target variable, Fe2+
concentration, and the other parameters. But it
should be noted that the presence or absence of
correlation dependence is not a guarantee of a
causal relationship between the parameters.

Two machine-learning models have been
built on the available data set, a linear model
and a gradient boosting model (Catboost).

10.0 125 15.0 17.5

KoHuextpaums Fe2* | rn
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Koruyestpausea Fa?*

—— Prancimie nasie

» Ridge
Maogens CatBoost

Model Option RMSE MAE R2

1 0,6338 0,4857 0,0
Linear 2 0,314 0,2041 0,5051
3 0,2634 0,1609 0,7287

1 0,5237 0,4156 0,0
Boosting 2 0,3701 0,2637 0,3009
3 0,2394 0,1384 0,7759

Several variants of initial data processing
and different variants of additional indicators
obtained from the available ones were used.
So, using time lags from 1 to 5 hours improves
prediction accuracy significantly, the absolute
error decreases from 0,48-0,41 to 0,13-0,2 g/l
(options 2 and 3). Prediction results on test data
are shown in the figure below.

As a result of the work, it is shown that the
building of models for technological processes,
based on real data, is possible and allows to
obtain fairly accurate results. Such systems
can be used both for creating digital twins,
for enterprise performance analysis and cost
optimization, and for recommendation systems
to help operators in their work.
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noCTPOEHUE MOAEJIU MALLUHHOIO OBYHEHUA
ANA ABTOKJTABHbIX MPOLLECCOB

Jlaesckuii C.J.!, Mapxenos A.B.!, ®omenxo V.B.!

Nietz Technologies, r. CaHkT-lNeTepbypr, Poccus

AHanu3 [aHHbIX U MallMHHOe oby4yeHune
yXe OaBHO npuMeHsieTca B 6aHkax M GUHAHCO-
BbIX MHCTUTYTax O/ peLleHus 3a4a4 KpeauTHO-
ro CKOpPWMHra v NPOrHo3mMpoBaHUA MHBECTULLMOH-
HbIX PUCKOB, B MapKeTUHre — O/ cerMeHTaumm
KJIMEHTOB U CO30aHUS MepCOHANTU3UPOBAHHbIX
npeanoXeHun, B CTPAxXoBaHUU — O MPOrHo-
3MPOBaHUSA HACTYM/IEHUS CTPAxXOBbIX C/ly4aes,
B GPS-HaBuraumm — Ona npoknanbiBaHUs On-
TUMasbHbIX MAapLIPYTOB, & TakxXe B TOProsse u
NOrnucTuKe AN ynpasrieHus 3anacamMm nm accop-
TUMEHTOM.

B HacToswee BpeMa n B obnactn metan-
Nyprum MMeeT MeCcTo akTUBHOE BHeapeHMe pas-
JINYHBIX MPOEKTOB, CBA3aHHbIX C MOAENsaMU Ma-
LWIMHHOIO U rny6okoro obydeHus. [loctaTouyHo
aKTUBHO AaHHble MOOEsIN UCMOMb3YITCA B MPo-
Leccax oboralleHus, MoaenupoBaHua padoTbl
060pyoBaHMA 1N aHaM3e 3anacos.

B HacTosuwen paboTe OCHOBHaA 3agava
3aK/14aeTCcs B TOM, YTOObl MokasaTb BO3MOX-
HOCTU KOMMIIEKCHOIrO aHanmM3a AaHHbIX Ha npu-
Mepe aBTOK/IaBHOIMO OKMUC/IEHUS U BO3MOXHOCTb
MOCTPOEHWNSA MPOrHO3HbIX MOAEeN Mo Ka4yecTBy
MoJsly4aeMoro Cblipbsi HA OCHOBAHUU MMEIOLLIUXCS
OaHHbIX No npoueccy. [MapomeTannypruyeckme
onepaunn MpeacTaBnsaioT Ccobor [OOCTAaTOYHO
CNIOXHble CUCTEeMbI, MOAENVMPOBAHUE KOTOPbIX
npencTaBnseT 60/blUMe TPYOHOCTU CBA3AHHbIE C
npoTeKkaHMeM MHOXECTBA C/TOXHbIX XUMUYECKUX
MPOLLECCOB, a TakXe C/TOXHON r’MapOoaUHAMMKON
B MpUMeHseMblx annapatax. [MosToMy npume-
HeHWe MeTOLOB MALUMHHOIO U rnyboKoro oby-
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YeHUsa MMEHHO B 3ToN cdepe Hanboree ornpas-
naHo.

Mcnonb3oBaHue aBTOMATU3UPOBAHHbIX
CUCTEM YyMpaBJsieHUs TO3BOMAET OMNepaTUBHO
nosy4yaTtb AaHHble O KaYecTBe NpoBeAeHUs Npo-
LLecca v ToYHee BbIMOJMIHATb PeryMpoBKy napa-
MeTpoB. TakxXe He3aBUCUMbIN PAaCYET LeneBbiX
rnokasaTener no3BOJIUT TOYHEE BblOeNATb aHO-
ManMu B pe3ysbTaTax XMMWYECKOro aHasmsa,
CcBA3aHHble C OWNGKAMW B CAaMOM aHanmse u/
WU HEKOPPEKTHOM OT6ope NPOobbI.

McxopoHble foaHHble ANA NpoBeAeHUs aHa-
nv3a 1 nocnenyruero MooenMpoBaHus npes-
cTaBnamM cob6om Habop paspo3HeHHbIX Galnnos,
MOJIYYEHHbIX U3 Pa3/IMYHbIX UCTOYHMKOB. B ka-
yecTBe LLe/IeBOW MepeMeHHOW O/ npenckasa-
HUS Ha OCHOBE MMEILMXCH OaHHbIX BbIBpaHO
3HaYeHMe KoHueHTpauuu Fe2* B nynbnax nocrne
aBTOKJ/1aBa, TO €CTb MOC/Ie BbIrpy3kn caMmoucna-
puTens HM3koro gaeneHus. [laHHble Mo KOHLLeH-
Tpauum xenesa noslydeHbl OT nadopartopuu u
MMetoT MHTepBan ot 1 oo 2 yacos.

[Mony4yeHHble C MPOWM3BOACTBA [AaHHble
OblIn 06paboTaHbl U Ob6beaUMHEHbl B eOUHbIN
MaccmB, copepxawun nHbopMaLMIo CO BCeX
cnyx6 3aBofa — Tekylliue napamMeTpbl paboThbl
annapaTa, OaHHble MO KadecTBY BXOAALLEro U
BbIXOOSALLENO ChIPbS.

B pamkax paboTbl npoBenéH Koppensuu-
OHHbIV aHaIN3 UMEeOLLUXCS GAKTOPOB U UX BU-
AHUA Ha LLeNIeBYIO NepeMeHHYIo.

Mo pe3ynbTaTaM KOpPensuUMoOHHOro aHa-
nuv3a 6bin caenaH BbIBOA, O TOM, YTO HET CUSTbHbIX

12.5 15.0 175

Konuextpaums Fe**  rn
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Mopenb BapuaHT RMSE MAE R2
1 0,6338 0,4857 0,0
JlnHenHasa Mmogenb 2 0,314 0,2041 0,5051
3 0,2634 0,609 0,7287
1 0,5237 0,4156 0,0
BycTuHr 2 0,3701 0,2637 0,3009
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TecToRmie NaHHbIe

CBA3eM Mexay LeneBon nepeMeHHOW, KOHLEH-
Tpaunen Fe?*, n octanbHbIMK MapamMeTpamu, HO
cnepyeTt OTMEeTUTb, YTO HasMYne UM oTCyTCTBME
KOPPENALMOHHON 3aBUCMMOCTM He aABNAeTcs
3a/10roM  Hanuymsa  MPUYUHHO-CeCTBEeHHOM
CBA3M Mexay napamMeTpamu.

Ha wuMelowemcs MaccmBe OaHHbIX 6blin
MoOCTPOEHbl ABe MOoAeNM MAaLMHHOMO O6y4YeHus
MMelolMe 40CTaTOYHO WMPOKOe NMpUMeHeHne —
NMHenHaa Modenb U MoaeNb rpagMeHTHOro By-
ctnHra (Catboost).

Mcnonb3oBasniocb HECKOSIbKO BapuaHTOB
06pabOTKM MCXOAHbIX [OAaHHbIX W pPas/iMdHble
BapUaHTbl AOMNOSIHUTENbHbIX MoKasartesen, no-
NIYYEHHbIX U3 UMeLWMXCA. Tak MCrofib3oBaHme
BpeMeHHbIx naroe oT 1 oo 5 yacoe mossonsaeT
CyLLECTBEHHO MOBbICUTb TOYHOCTb MPOrHO3UPO-
BaHWsa, abcontoTHaa owmnbka cHuxaetca ¢ 0,48-
0,41 po 0,13-0,2 r/n (BapwaHTtbl 2 1 3). Pe3ynb-
TaTbl MPOrHO3MPOBAHMA HA TECTOBbIX OAHHbIX
rnokasaHbl Ha PUCYHKE HUXe.

B pesynbrate paboTbl MokasaHo, YTO Mo-
CTpoeHMe npeackasaTefibHbiXx Mogenen ona
TEXHONOMMYECKMX  MPOLEeCCOB, OCHOBbIBASICb
Ha peasibHbliX OaHHbIX, BO3SMOXHO U MO3BOMA-
eT noJslyyaTb [O0OCTATOYHO TOYUHblE pe3yfbTa-
Tbl. Mogo6HbIE CUCTEMbI MOXHO MCMOMb30BaTb
Kak mpu Cco3pgaHum UndbpoBbIX ABONHUKOB, ANA
aHanmsa paboTbl NpeanpuUaTUii U ONTUMU3ALMN
3aTpaTt, Tak M AN8 PeKOMeHOATefIbHbIX CUCTEM,
rnoMorarpLux onepartopam B pabore.
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EXTRACTION OF SCANDIUM FROM ELECTROSTATIC
PRECIPITATOR DUST OF BAUXITE SINTERING FURNACE
USING SELECTIVE RESIN PUROMET MTS9580

Napolskikh ]., Shoppert A., Loginova I.

Non-Ferrous Metallurgy Department, The Ural Federal University named after the first President
of Russia B. N. Yeltsin, Yekaterinburg, Russia

One of the potential sources for the pro-
duction of scandium and other rare earth ele-
ments (REEs) is the waste of alumina produc-
tion - electrostatic precipitators dust (EPD) of
sintering furnaces. It is an intermediate prod-
uct of the sintering process, which is formed
in a rotary tube furnace during the sintering
of low-quality bauxite. The particle size of this
dust is less than 20 microns, while it contains
about 50-100 g/t of scandium, which is compa-
rable to the red mud of the Bayer method. Red
mud (RM), along with environmental pollution,
contains a relatively large amount of scandium
and other rare earth elements due to almost
all components are concentrated in RM, except
for alumina, during industrial production. Ac-
cording to available estimates, 70-80% of the
world’s scandium reserves are contained in alu-
mina production industrial waste.

To extract rare-earth elements from RM,
the latter is leached using various high-concen-
tration acids for the subsequent extraction of
valuable elements from the obtained techno-
logical solutions of complex composition. The
disadvantages of the known methods for the Sc
and other REEs extraction from red mud are the
high content of macrocomponents in the pro-
ductive solution and the high consumption of
reagents, which is necessary to achieve a high
degree of extraction.

Many studies have shown that REEs in
RM are mainly associated with Fe-minerals. At
the same time, they are either adsorbed on the
surface of these minerals, or are located inside
a solid matrix formed by these minerals. As a
result, to extract more than 50% of REEs, it is
necessary to carry out leaching at pH < 2. At
higher pH, additional thermochemical or me-
chanical activation is required to intensify the
leaching process. EPD particles, which must
first be washed from soda and aluminates with
water (water leaching to form EPD-W), have
already undergone thermal and alkaline acti-
vation, and are sufficiently crushed. In addition,
as a result of dust leaching with water, almost
all REEs are concentrated in the solid residue,
since their content, according to the analysis,
approximately doubles. The results of electron
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Figure 1 - Dependence on scandium extraction

from

EPD-W on the duration of leaching at

different temperatures (a), pH (b) and MgSO4
concentration (c)
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2 90 and temperature have a significant effect on
o 80 § the extraction from EPD-W, other things being
L 70 § N equal. Thus, a decrease from 80°C to 40°C led
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effect of the increase in pH is seen on macro-
components, especially Fe, Ti, Si, since at pH
above three they begin to precipitate out of
solution in the form of hydroxides. Due to the
addition of magnesium salts in the weakly acid-
ic leaching of EPD-W, in which scandium and
other rare earth elements are in an adsorbed
form, and not enclosed in a solid matrix of min-
erals, it is possible to selectively extract valu-
able components without dissolving iron and
titanium.

Among the methods for extracting Sc
from complex productive leaching solutions,
,s the most promising are sorption extraction and
concentration of the metal with chelating sor-
bents [3]. As a sorbent in this study, we used Pu-

3

Figure 3 - Scandium sorption isotherm on Puromet fomet MTS9580 ion exchange resin, which has

MTS9580 from a model
atpH 3.5

probe microanalysis (EPMA) showed that the
scandium in the red mud obtained after leach-
ing EPD with water is mainly associated with
iron minerals [1].

In this work, studies were carried out on the
extraction of rare earth elements from EPD-W
by highly dilute acid solutions. To remove diffu-
sion restrictions caused by a low concentration
of H* ions, magnesium sulfate was additional-
ly introduced into the system, which, as shown
earlier [2], which acts as a desorbing agent for
REEs adsorbed on the surface of minerals. Effi-
ciency of REEs extraction from EPD was eval-
uated at different leaching duration, tempera-
ture, pH, and MgSO,4 concentration (Figure 1).

At 80°C and pH 2, more than 75% of scan-
dium was extracted, which is apparently asso-
ciated with easier access to REEs that can be
connected with their double concentration af-
ter aqueous leaching. The change in magnesium
concentration does not have such a significant
effect on the degree of extraction of scandium
as other parameters. The graphs show that pH

sulfuric acid solution selectivity with respect to rare earth elements.

Scandium sorption was carried out on model
solutions with a concentration of 1-20 mg/dm3
for 8 hours at a pH of 3.5 at a temperature of
25 °C. Based on the results, a sorption isotherm
was obtained (Figure 3), which has the charac-
ter of a convex isotherm, which qualitatively in-
dicates a high affinity of the ion exchanger for
this type of absorbed ions.

Table 1 - Calculation of correlation
coefficients for scandium sorption models

Model Parameter Value
R2 0,9834
Langmuir Qo r/oM3 8,5763
Ky, am3/mr 0,9848
R2 0,9750
Freundlich
Kg, oM3/mMr 3,4395
R2 0,9625
Temkin
Kt, om3/mr 1615
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Figure 4 - Linear form of the sorption isotherm according to the equation:
a - Langmuir, b - Freundlich, ¢ - Temkin

According to the equations of thermody-
namic models, the linear forms of the scandium
sorption isotherm on the Puromet MTS9580
cation exchange resin in the H*-form at a tem-
perature of 25 ° C and pH = 3.5 were construct-
ed, which are shown in Figure 6.. From the co-
efficient values a and b of the equation of the
straight line y=ax+b, the main thermodynamic
parameters of the sorption equilibrium can be
calculated. For each model, the equations (Fig-
ure 4) and the values of the multiple correlation
coefficients R2 (Table 1) were obtained.

Scandium sorption data for Puromet
MTS9580 are satisfactorily (R2 >0.9) described
by straight lines and can be used to describe
the sorption process and calculate thermody-
namic parameters. To describe the sorption of
Sc by the cation exchanger, the Langmuir mod-
el is best suited (the highest value of the cor-
relation coefficient R2=0,9834). The capacity
constant according to the Langmuir equation
K. = 0,9848, while the maximum calculated ca-
pacity Q.= 8,5763 g/dms3.
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Conclusions

The study of the extracting scandium pos-
sibility and other rare earth elements (REEs)
from electrostatic precipitator dust by dilute
acid solutions followed by sorption on Puromet
MTS9580 ion exchange resin showed the need
for water leaching, which makes it possible to
increase the content of valuable components in
the solid residue by almost two times and re-
duce acid costs.

Subsequent leaching at pH above 3 in the
presence of magnesium cations allows to selec-
tively extract scandium and REEs into solution
with a minimum co-extraction of iron, alumi-
num, and titanium. The use of MTS9580 resin
allows carrying out further separation of rare
earth elements from macrocomponents and
obtaining scandium-rich solutions.

According to the thermodynamic model
equations linear forms of sorption isotherms
were constructed to determine the predom-
inant mechanism of sorption. The Langmuir
model better describes the equilibrium data



of scandium sorption under static conditions, economic efficiency of the process and reduce
which indicates the formation of a monomolec- environmental pollution.
ular Sc layer on the surface of the MTS9580 res- The research was supported by RSF N2 22-
in, and all active centers have the same energy 29-01515.
and enthalpy.

The extraction of additional components
from semi-finished products will increase the
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U3BJIEMEHUE CKAHAWA U3 NblJIU SJIEKTPODUJIbTPOB MNMEYX
CNEKAHUA BOKCUTOB C UCMOJIb3OBAHUEM CENTIEKTUBHOM
CMOJibl PUROMET MTS9580

Hanonvckux 10.A., Illonnepm A.A., /locunosa J.B.

Kadepnpa metannyprum usetHbix Metannos, DFAOY BO Ypanbckui depepalbHbii YyHUBEPCUTET
nMeHu nepsoro lNpesngenTta Poccun B.H. Enbumna, EkatepunH6bypr, Poccua

OOHUM U3 MOTEHLMATbHbBIX UCTOYHUKOB A4
MonlyYeHus ckaHaus 1 Apyrux penkoseMesbHbIX
snemeHToB (P33) saBnsetca oTxon rAmMHoO3eM-
HOrO MPOU3BOACTBA — Mbl/lb 31E€KTPOPUIBTPOB
neyen cnekaHusa (MOD). 3To NPOMEXYTOUHbIN
npoayKT crekaTeNbHOro rnepefena, KoTopbin
obpasyeTcs BO Bpallalollencsa TpybyaTon neuu
npv CcrnekaHWn HU3KOKAYeCTBEHHOro 6oKcuTa.
Pasmep vacTuy, paHHoW nbiiv MeHee 20 MKM,
npu 3TOM oHa codepxut nopaaka 50-100 r/T
CKaHAMS, YTO COMOCTaBMMO C KPACHbIMMK LW1amMa-
Mu cnocoba Banepa. KpacHblie wnambl Hapsagy ¢
3arpsi3HeHMEeM OKpyXaloLen cpefbl coaepxart
OTHOCUTESIbHO MHOro CcKaHauMa u apyrux P33
BBUAY TOrO, YTO B HUX KOHLLEHTpUpPYeTCa npak-
TUYECKM BCE KOMMOHEHTbl, KPOMEe [JIMHO3eM3,
npv NpoMbIlWNeHHOM npousBoacTee. Mo mme-
towmmes ouerkaM, 70-80 % MUpoOBbIX 3anacos
CKaHOANA COAEPXUTCA B MPOMbIWIEHHbBIX OTXO-
hax NpPOW3BOACTBA MMMHO3eMa.

Ona wssneverna P33 us KW nocnepn-
HUM  BbIlENayMBaloT C  UCMOMb30OBaHMEM
PasnMYHbIX KMCIOT BbICOKOW KOHLUEHTpaL M1 Ans
nocrenytoLero N3BneyYeHUs LEHHbIX 3/1IEMEHTOB
M3 MOSyYEHHbIX TEXHOMOMMYEeCKMX pPaCTBOPOB
C/IOXHOro cocTaBa. HepocTatkoM M3BECTHbIX
Cnoco60B AN U3BMEYEeHUA CKaHOAUA U ApYyrux
P33 wn3 kpacHoro wnama sBASOTCS BbICOKOE
copjepxaHue B MNPOAYKTMBHOM pacTBOpe Ma-
KPOKOMMOHEHTOB U BbICOKUN PAacxon, peareH-
TOB, UTO HEOHXOAMMO AN AOCTUXEHUS BbICOKOM
CTeneHu N3BIeYEHUS.

Bo M™MHoOrmx wccnepgoBaHuax mnokasaHo,
yto P33 B KW B oCcHOBHOM accouunmpoBaHbl ¢
MuHepanamn Fe. Mpu 3ToOM OHU NMGO ABMAIOT-
CcA COpPOMPOBAHHBIMU Ha MOBEPXHOCTU OAHHbIX
MUHepanoB, NM60 HaxoOAaATCA BHYTPU TBEpOOW
MaTpuLbl, 06pa30BaHHOM AaHHbIMW MUHepana-
Mu. B pesynbtaTte, ana nssneverHus 6onee 50 %
P33 HeobxogmMMo MpoOBOAUTHL BblllenadymBaHue
npu pH < 2. MNpwn 6onee BbicokoM pH Heobxo-
OUMa OOMoNHUTENbHAsA TepMOXMMMYeckasa Wm
MexaHuyeckas akTUuBauma 018 MHTeHCUbUKaumm
npouecca BbiwenaympaHua. Yactuupl M2,
KOTOpble HEO6XOOMMO MpefBapUTeNlbHO OTMbITb
OT coabl W anioMMHATOB BOLAOW (BOAHOE BbI-
wenaymBaHme ¢ obpasoBaHuem [123D-B), yxe
MPOLUIN TEPMUYECKYIO U LLLENMOYHYIO aKTUBaL Mo,
M [OCTAaTOYHO Wu3MenbyeHbl. Kpome TOro, B
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PucyHok 1 — 3aBMCUMOCTb U3BNEYEHNS CKaHAWA U3
MN2®-B oT npofonXnTenbHOCTU BbilenadynBaHms
NpU pasnuUyHbIX 3HaAYeHUAX TeMnepatypsbl (a), pH
(6) n koHueHTpaumn MgSO4 (B)
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Sc¢3* concentration in equilibrium solution, mg/dm?

PucyHok 3 — M3oTepma copbumm ckaHama Ha Puromet
MTS9580 m3 MopesnbHOro CepHOKMC/IOro pacTeBopa
npwv pH paBHomMm 3,5

pesynbTaTe  BbilWeNnadynMBaHWsA  MblAM  BOOOM
npakTnyeckm Bce P33 KOHUEHTPUPYTCS B
TBEPOOM OCTaTKe, Tak Kak MX CofAepXaHwue, co-
rnacHoO aHanm3y, yBenuuyMBaeTCs MPUMEPHO B
OBa pasa. PesynbtaTbl 3/71€KTPOHHO-30HAOBOIMO
MmukpoaHanumsa (EPMA) nokasanu, 4To ckaHaum
B KpacHOM LwWwnaMe, MOJly4YeHHOM  rochne
BbilenadmsaHmna MNP Bogon, B OCHOBHOM ac-
CoUMMPOBAH C MMHepanamu xenesa [1].

B paHHOM paboTe 6bIM  NpoBeneHbI
nccnegoBaHnsa no ussnedeHuoo P33 ms MNoO-B
CUNbHO pa3baBneHHbIMU PACTBOPAMU KUCIOTbI.
Onsa  cHAatTMa  guddPy3nOHHbIX  OrpaHnyeHui,
Bbl3BaHHbIX HW3KOM KOHLLeHTpaunen noHos H-,
OOMOMHUTENIbHO B CUCTEMY BBOOMICHA Cyslb-
daT MarHus, KoTopblin Kak nokasaHo paHee [2],
BbICTYNaeT B pPOSU AecopbUupylolero areHta
aona P32 copbupoBaHHOrO Ha MOBEPXHOCTU
MWHepanos. OueHky 3bdekTUBHOCTU
nsenedyeHma P33 w3 2O nposogunu npwu
pa3sHOM MPOLAOIKNTENBHOCTU BbllLLEeNaYMBaHNS,
Temnepartypbl, pH u koHueHTpauum MgSO,
(pwncyHok 1).

Mpn 80 °C n pH 2 nssnekann 6onee 75 %
CKaHAMs, YTo, Mo-BUOMMOMY, CBA3AHO C obner-
YEeHHbIM JoCTynoM kK P33 B pesynbtate ux AByx-
KPATHOro KOHLEHTPUPOBAHWA Moc/sie BOOHOIo
BbllLlenadmBanmsa. M3aMeHeHMe KOHUEeHTpaumm
MarH1si OKa3blBAaeT He CTOfMb 3HauduTesbHoe
B/AVWSIHME HAa CTeneHb W3BMEeYEHUA CKaHaus,
Kak gpyrve napametpbl. Ha rpadukax BugHo,
YTO CYLLECTBEHHOE BMIMAHME HA W3BJIeYeHMue
n3 M3D-B npu npoumx paBHbIX YCIOBUAX
okasbiBatoT pH 1 TeMnepatypa. Tak, CHuXeHue
c 80 °C po 40 °C npmBOAWIO K YMEHbLUEHUIO
cTeneHun mnssnedyeHma Sc Ha 32 %, a NoBbilEeHME
pH ¢ 2 po 5 npu Npoymx paBHbIX YCIOBUAX
CHUXANo CTeneHb M3BMeYeHUs CKaHaua nocne
60 MUH Ha 40 %.

CpaBHeHMe CTeneHu U3BNevYeHus U3
M2®-B ™MakpokomroHeHToB U P33 npu pH
2 n 3,5 Ttemnepatype 80 °C, KOHUeHTpauun
MgSO, 36 r/oM3 u npoponxuTtenbHoctn 60
MUHYT (PUCYHOK 2) mokasaso, Y4TO MOBbILIEHWe
pH npuBoanT K 06pPa3oBaHUIO HEPACTBOPUMbIX
coner U CHUXEHUIO CTeMeHU U3BJeYeHUs Bcex
koMrnoHeHToB. Bbonee cyuiectBeHHOe BNUAHME
noeblweHna pH BUMAHO Ha MaKpPOKOMMOHEHTAaXx,
ocobeHHo Fe, Ti, Si, Tak Kak npw pH Bbilwe Tpex
OHM HaA4YMHAKT ocaxaaTtbCA W3 pacTBopa B
BUAE MMOPOKCUMOO0B. 3a cYeT fo6aBIeHNs Conen
MarHuMsa npu ci1abokMCIOM  BblilenavymBaHmum
M2®-B, B koTOopon ckaHaun u apyrue P32
HaxoOAaTCca B ancopbUMpOBAHHOM BuAe, a He

3aKJ/Ilo4eHbl B TBeEpAYHO MaTpuly MUHEPAOB,
noABNAETCA BO3MOXHOCTb CENEKTUBHOIoO
mn3prie4eHna LLEeHHbIX KOMIMOHEHTOB, 6e3

pacTBOpEHUS Xenesa 1 TutTaHa.

Cpenu MeTonoB M3BMEYEHUA SC U3 CNIOX-
HbIX MPOAYKTMBHbIX PACTBOPOB BbilenaymnBa-
HUS Hambornee MnepcnekTUBHO COPBLMOHHOE
M3BMIEYEHME U KOHLEHTPUPOBAHME MeTanna xe-
natoobpasywwmmm copbeHtamm [3]. B kayecTBe
copbeHTa B JA@HHOM UCCeAO0BAaHUN UCMOMb30-

Ta6nuua 1 — Pacuet koadpPpuumeHToB
Koppensuuu gna mogernen copéumum

cKaHpus
Mopenb [MapameTpbl 3HaveHus
R2 0,9834
Nenrmiopa Qo r/nM3 8,5763
K., am3/mr 0,9848
R2 0,9750
OpenHaMxa
Kg, aM3/Mr 3,4395
R2 0,9625
TeMkuHa
Ky, amM3/mMr 1615
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PucyHok 4 — JluHeliHaa popmMa M30TepMbl COPHLUU MO YPABHEHMIO:
a — Jlenrmiopa, 6 — OperiHanmxa, B — TeMKuHa

Ba/IM MOHOOB6MeHHYto cMony Puromet MTS9580,
ob6nafatoLLyo CEeNeKTUBHOCTBIO MO OTHOLLEHMUIO
K penkosemesibHbIM 3eMeHTaM. Copbumsa ckaH-
OUs NpOoBOAMNACL HA MOLESNbHbBIX PacTBOpax C
KoHueHTpauuen 1-20 mr/om3 3a 8 yacos npu pH
paBHOM 3,5 npu Temnepatype 25 °C. [No pesynb-
TaTtam BbiBeAeHa nsotepma copbumm (pucyHok 3),
KOTOpas MMeeT XxapakTep BbiMyK/OM N30TEPMbI,
YTO KAYeCTBEHHO CBUAETENbCTBYET O BbICOKOM
CPOACTBE MOHUTA K OAHHOMY BuAay norfouiae-
MbIX MOHOB.

Mo ypaBHEHUAM TEPMOANHAMUYECKUX MO-
nenen nocTpoeHbl NMHeNHble $opMbl M30TEpP-
Mbl COPOLMU CKAHAUSA Ha kKaTnoHmTe Puromet
MTS9580 B H*-dpopme npu TeMnepatype 25 °C u
pH=3,5, koTopble MpencTaBneHbl Ha pUCyHke 6.
Mo 3Ha4YeHUAM KoO3bPULUMEHTOB a 1 b ypaBHe-
HWA MPSAMON y=ax+b MOXHO paccymTaTb OCHOB-
Hble TepMOoAMHAMUYECKMe NapaMeTpbl copbLm-
OHHOro paHoBecua [1na Kaxgon Mmogenu 6bin
rnoslyueHbl ypaBHeHUA (PUCYHOK 4) 1 3HAYeHUSN
KO3PPULMEHTOB MHOXECTBEHHOM Koppenaumm
R2 (tabnuua ).

LaHHble no copbumm ckaHaus anas Puromet
MTS9580  yposnetBoputenbHo  (R?2 >0,9)
OMUCBbIBAIOTCA MPAMBIMW  IMHUAMW U MOTYT
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OblTb NPUMEHEHbI A1 ONMUCaHUS npoliecca co-
pbuUMM K pacyeTa TepMoAMHAMMYECKMX Mnapa-
MeTpoB. [na onncaHus copbumm Sc KaTUOHU-
TOM nydlle BCEro NOAXOANT Mofenb JleHrMopa
(Hambonblee 3HayveHWe koadbduLMeHTa Kop-
penaunn R2=0,9834). KoHcTaHTa eMKOCTU Mo
ypaBHeHuto JleHrmiopa K = 0,9848, npu stom
npenesnbHas pacyetTHas emMkocTb Q. cocTaBuna
8, 5763 r/om3.
BbiBOoAabI

ViccnepoBaHne BO3MOXHOCTU U3BIIeYEHUs
ckaHaua 7 Apyrmux penkoseMenbHbIX
snemeHToB (P33) M3 nbinn anekTpodunsTpoB
pa3baBfieHHbIMM  pacTBOpaMM  KUCIOTbl  C
nocnenyowen copbumen Ha MOHOOBGMEHHOMN
cMmorne Puromet MTS9580 rnokasasno
HeoBbxo4AMMOCTb  BOAHOMO  BblenavymBaHus,
4YTO MO3BOJIAET MOBLICUTb COAEPXAHUE LEeHHbIX
KOMMOHEHTOB B TBEPOOM OCTaTke MpakTUyecku
B [Ba pasa W CHU3UTb 3aTPaTbl KUCIOTbI.

Mocnepytollee BbllLlenadmBaHue npu
pH BbllWwe 3 B NpUCYTCTBUM KATMOHOB MarHus
Mo3BOJIAET NPOBECTU CeNnekTUBHOE M3BJIeYeHne
ckaHaomsa m P33 B pacTBop Mpyv MUHMMAsIbHOM
COU3BIEYEHNU Xene3a, astoMUHUS U TuUTaHa.
MpnMeHeHe cMonbl MTS9580 nossonger



npoBecTV pJanbHenwee pasgeneHne P35 ot
MaKpPOKOMMOHEHTOB M MNOMy4YnUTb 6oraTtble Mo
CKaHAMIO PacTBOPbLI.

Mo ypaBHEHWAM TepMOOMHAMNYECKMX MO-
nenem nocTtpoeHbl JMHeMHble GOpPMbl M30TEPM
copbuMmM, YTO MO3BOAWIO OMNpenennTb Mpeun-
MYLLECTBEHHBIN MexaHU3M copbumn. Mopenb
JleHrMiopa nydwe onumcbiBaeT pPaBHOBECHbIE
OaHHble CopbUMM CcKaHOMA B CTaTUYeCKMX
YCNOBUAX, 4YTO TOBOPUT 06 06pasoBaHUM
MOHOMOJEKYIAPHOro cfios SC Ha MOBEPXHOCTM
cMonbl MTS9580, a BCce akTUBHbIE LLeHTPbI obna-
0Aat0T OOMHAKOBOW dHEPIUEN N SHTANbIMNEN.

3BneyeHne LOMNONMHUTENbHBIX
KOMMOHEHTOB M3 MONYNpPOAYKTOB MO3BOMUT
MOBbLICUTb  3KOHOMMUYECKYt  3DPEKTUBHOCTL
nepenena v CHU3UTb 3arpA3HeEHNE OKPYXKatoLLen
cpennbl.

MccnepoBaHue BbIMOMTHEHO 3a CYET rpaHTa
Poccuinckoro HaydyHoro ¢oHgma N 22-29-

01515.
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LOW-TEMPERATURE AUTOCLAVE LEACHING OF
CHALCOPYRITE IN THE PRESENCE OF Cu(ll) and Fe(lll) IONS

Tretiak M.A.', Karimov K.A.L, Soliev M.A.!, Kritskii A.V.1, Rogozhnikov D.A.!
'Scientific Laboratory of Advanced Technologies for the Complex Processing of Mineral and
Technogenic Raw Materials of Nonferrous and Ferrous Metals, INMT, Ural Federal University

named by the first President of Russia B.N., Yeltsin, Yekaterinburg, Russia

Abstract. This paper presents the research results on low-temperature autoclave oxidative
leaching of a sulfide mineral, chalcopyrite. The patterns of dissolution of chalcopyrite with the
Cu (II) and Fe (lll) ions addition to the system have been studied. The parameters that ensure the
maximum extraction of copper and iron under given conditions are determined.

Key words: chalcopyrite, autoclave leaching, copper, iron, sulfuric acid, oxygen.

Chalcopyrite (CuFeS,) is the most common
sulfide in copper deposits worldwide. Research
on the hydrometallurgical processing of raw
materials containing CuFeS, has been carried
out since the beginning of the 20th century.
A significant part of the works is devoted to
the autoclave dissolution of chalcopyrite in
acidic media under different conditions [1-6],
however, the results of similar works have some
discrepancies.

The purpose of this work is to study the
dissolution of chalcopyrite under conditions of
autoclave oxidative leaching at a temperature
not exceeding 100 °C in the presence of copper
(1) and iron (lll) ions.

The chemical and mineralogical
compositions, particle size of the studied
raw materials were determined using X-ray

fluorescence spectrometry (EDX-7000,
Shimadzu), X-ray diffractometry (XRD-7000,
Shimadzu), laser diffraction (Helos/BR,

Sympates). The chemical composition of the raw
materials is presented in Table 1. Diffractogramm
is shown in Figure 1. The diagram of the integral
distribution of particles is shown in Figure 2.
According to chemical and X-ray analysis,
the used chalcopyrite is of high purity; particle
size (100% < 75 pm, average size 5-30 pm).
The matrix of experiments was planned and
analyzed using the Statgraphics program.

Table 1 - Chemical composition of the test
material sample

Component Cu Fe S

% 33,4 32,0 34,6
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Figure 1 — X-ray phase analysis of raw material

The studied parameters were:
* Partial pressure of oxygen (0.2 - 0.75 MPa)
« Sulfuric acid concentration (12 — 50 g/dm3)
» Concentration of copper (Il) ions (1 — 3 g/dm3)
« Concentration of iron (lll) ions (2.5 — 10 g/dm3)
* Duration of the experiment (60 — 240 min)

* The temperature of the experiments was
maintained constant (100 °C) to exclude the
formation of sulfide granules

The experiments were carried out in
an autoclave with a volume of 1 dm3. The
autoclave is equipped with electric heating
and temperature control systems. The stirrer
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speed was maintained at 800 rpm. A weighed
amount of chalcopyrite (m=20 g), the required
amount of iron (Ill) sulfate and copper sulphate,
providing the specified value, 600 cm3 of a
solution with the required concentration of
sulfuric acid, were loaded into the beaker.
After loading the sample and the sulfuric acid
solution, the autoclave was sealed, turned on
the stirring, and the solution was heated to the
required temperature (100 °C). Upon reaching
the set temperature, oxygen was supplied, and
the beginning of the experiment was recorded.
At the end of the experiment, the resulting pulp
was separated by filtration on a Buchner funnel,
washed with distilled water. The cake was dried
at a temperature of 80 °C to constant weight
and weighed. Samples for analyzes for Cu, Fe?*,
Fe, and H,SO4 were formed from the products.

The results of the experiments were
processed using Statgraphics, Microsoft Word,
Microsoft Excel software products.

Based on the results of the experiments,
Pareto diagrams and three-dimensional graphs
of the extraction dependence of copper and
iron were constructed.

Pareto charts for the recovery of copper
and iron are shown in Figure 3.

It was found that the most noticeable
influence on the extraction of copper into the
solution is the duration of the experiment and
the partial pressure of oxygen (Figure 4).

The maximum extraction of copper was
495 % at an oxygen pressure of 0,75 MPa,
12 g/dm3 of the initial concentration of H,SOy,
3 g/dm3 of Cu (Il) in solution, 10 g/dm3 of Fe (lIl)
and the duration of the experiment 60 minutes.
It was found that the initial content of copper

——
100 110 12

(1N, iron (1) and H,SO4 do not have a significant
effect on the extraction of copper into the
solution, however, under certain conditions, the
introduction of ions increases the amount of
copper extracted into the solution by 5 %.

The optimal parameters for the maximum
extraction of copper during the dissolution of
chalcopyrite were revealed: partial pressure
of oxygen 0,9 MPa, initial concentration of
H,SO4 - 10 g/dm3, copper (Il) — 3,5 g/dm3,
iron (Ill) - 10 g/dm3; duration of the experiment
75 min.

For iron recovery, all selected parameters
have a positive effect, although the initial
concentration of H,SO4 was found to be the
most important factor (Figure 5). This may be
due to a decrease in the formation of a film of
iron hydroxides, a product of the chalcopyrite
oxidation reaction.

The maximum extraction of iron into
a solution of 70 % is achieved at 0,75 MPa of
oxygen, the concentration of sulfuric acid is 50
g/dms3, Cu (Il) in solution is 3 g/dm3, Fe (Ill) is 10
g/dm3, and the duration is 240 minutes.

Conclusions

A study was made of the dissolution of
chalcopyrite at a low temperature (100 °C) with
the addition of copper (II) and iron (lll) ions. The
maximum extraction of iron into a solution of
70 % is achieved at 0,75 MPa of oxygen, the
concentration of sulfuric acid is 50 g/dm3, Cu (Il)
in solution is 3 g/dm3, Fe (Ill) is 10 g/dm3, and the
duration is 240 minutes. maximum extraction
of copper during dissolution of chalcopyrite:
partial pressure of oxygen 0.9 MPa, initial
concentration of H,SO,4 -10 g/dm3, copper (I1) —
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Figure 3 - Pareto diagrams for the
extraction of copper (A) and iron
(B).
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Figure 4 - Graph of the dependence of
copper extraction on the partial pressure
of oxygen and time (initial concentration
of H,SO4 - 10 g/dm3, copper (II) - 3 g/dm3,
iron (Il1) - 10 g/dm3)
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Figure 5 - Graph of the extraction
dependence of iron on the partial pressure
of oxygen and the initial concentration of
sulfuric acid (the initial concentration of
Cu(Il) -3 g/ dms3, Fe (lll) - 10 g / dm3, the
duration of the experiment is 150 minutes).



3,5 g/dm3, iron (lll) - 10 g/dm3; duration of the
experiment 75 min. For the extraction of copper,
the main factors were the partial pressure of
oxygen and the duration of the experiment,
for iron - the initial concentration of sulfuric
acid. To increase the degree of decomposition
of chalcopyrite in order to maximize the
extraction of copper into the solution, elevated
temperatures, oxygen pressure > 1 MPa, and a
long duration of the experiment are required.
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HU3KOTEMMNEPATYPHOE ABTOKJIABHOE BbILLETAYMUBAHUE
XAJNNbKOMUPUTA B NPUCYTCTBUM MOHOB Cu (I1) U Fe (1)

Tpemvax M.A.!, Kapumos K.A.!, Conuee M.A.!, Kpuuyxuii A.B.!, Pozoxcnuxos /].A.1

THay4yHasa nabopatopust nepcrnekTMBHbIX TEXHOIOM MM KOMMIEKCHOM nepepaboTky MUHepasib-

HOIO M TEXHOMEHHOIO Cbipbs LBETHbLIX M YepHbix MeTannos, MHMT, Ypanbcknii denepanbHbiin
yHUBepcUTeT nMeHu nepeoro MNpe3sunagerTta Poccun B.H, EnbumHa, r. EkatepunH6bypr, Poccusa

AHHoTauums. [laHHana paboTa npenctaBnseT pesynbTaTbl MCCefoBaHMM MO HU3KOTEMMNepaTyp-
HOMY aBTOK/T@BHOMY OKWC/IUTE/IbHOMY BbllLeNaynBaHuio CybeuaoHOro MmHepana — xaabkonmpura.
M3yyeHbl 3aKOHOMEPHOCTK PACTBOPEHUS Xasbkonmputa ¢ gobasneHmnem B cuctemy moHos Cu (I1)
n Fe(lll). OnpepeneHbl NnapameTpbl, obecneyrBatoLlMe MakCMManbHOEe NU3BEYEHE Mean 1 Xenesa

npn 3aaHHbIX YCTOBUAX.

KnioueBbie cnoBa: XanbKOMMpWT, aBTOKJIaBHOE BbllLleNnniadynBaHne, Mefb, Xene3o, cepHada KNC-

10Ta, KNCNOopOoL4,.

Xanbkonuput (CuFeS,) saBnseTtca Hau-
6onee pacrnpocTpaHeHHbIM CybdUAOM MeaHbIX
MeCTOPOXAEHUN MO BCEMY MUPY. MiccnenoBaHus
rno ruapoMeTaslyprmuyeckon obpaboTke cbipbs,
copepxauero CuFeS,, npoBogunu ¢ Hadana XX
Beka. 3HaumTenbHas 4acTb paboT MOCBsLLEHA
aBTOK/IABHOMY PACTBOPEHWMIO  XanbKonupuTa
B KUC/bIX cpefax npu pasHbix ycrnosusax [1-6],
OHAaKO pe3ysibTaTbl aHaNOrMYHbIX PadoT UMetoT
HeKOTOpPbIe PACXOXAEHUS.

Llenb paHHOM paboTbl — M3y4yeHWe pac-
TBOPEHUS XasbkonmpuTa B yC/IOBUAX aBTOK/1aB-
HOrO OKWC/INTENIBHOIO  BbllenavYmBaHus npm
TeMneparype He 6onee 100 °C B npucyTcTBUM
noros meawn (I) n xenesa (lll).

XUMUYECKUA U MUHEepanornyeckmi
COCTaBbl, pasMep 4acTul, MUCCnefyemMoro Cbi-
pbs onpenensanu c MNpUMeEHEHWEM PEHTreHOo-
dnyopecueHTHOM cnekTpomeTpum (EDX-7000,
Shimadzu), peHTreHoBCcKkOM AOudpakToMeTpuun
(XRD-7000, Shimadzu), nazepHon audbpakumm
(Helos/BR, Sympatec). XuMumuecknin coctas Cbi-
pbs npeacTtaBneH B Tabnuue 1. Judbpaktorpam-
Ma npepctaBneHa Ha pucyHke 1. duarpamma
VMHTErpasibHOro pacnpeneneHus YacTul, npeg-
cTaBneHa Ha puUcyHke 2.

CornacHo XxMMU4YeckoMy u peHTreHodaso-
BOMY aHasiM3aM WCMOoMb30BaHHbIA XanbkKonm-
PUT MMEET BbICOKYH YUCTOTY; KPYMHOCTb YacTuL,
(100 % < 75 MkM, cpenHuin pasmep 5-30 MkM).

Ta6nuua 1 — XuMuueckum coctas npobbl
uccnepyemMoro marepmana

Komnonent Cu Fe S

% 33,4 32,0 34,6
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PucyHok 1 — PeHTreHoda30BbI aHaIn3 Cbipbs

MaTpuua aKCrnepruMeHToB 6bl1a CcrnlaHMpoBaHa
M MpoaHaInM3mpoBaHa C NMOMOLLbI NPOrpamMMbl
Statgraphics.
MccnepyeMbiMmn napamMeTpamm 6biau:
* [MapumanbHoe gaBneHne KNcnopoaa
(0,2 - 0,75 Mna)
* KoHueHTpaums cepHom KMCNoTbl
(12 = 50 r/pM3)
* KoHueHTpaums norHos Meam (I1)
(1=3r/om3)
* KoHueHTpaums noHos xene3sa (Il)
(2,5 =10 r/oM3)
* [poaonNXKMTENBHOCTL 3KCNEPUMEHTA
(60 — 240 MuH)
+ TeMnepaTypy 3KCNEPUMEHTOB
nopaepxusany noctossHHom (100
°C) onsa ncknoveHrs obpasoBaHus
cepocynbdUaHbIX FPaHy
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SKCNepuMeHTbl MPOBOAUIN B aBToOkK/laBe
ob6beMoM 1 gM3. ABTOK/1AB OCHAaLlleH cucTteMamMu
3/1eKTpoHarpeBa M perynmpoBkKM TemMrepaTypbl.
CKOpoOCTb BpalleHUa Melwanky noanepXmea-
nm 800 o6/MuH. B ctakaH 3arpyxanu HaBecky
xanbkonuputa (m=20 r), Heob6xoanMoe KOsn-
yecTBO cepHokucnoro xenesa (lll) n mepgHoro
Kynopoca, obecneymBaroLlLmX 3a0aHHOEe 3HaYe-
Hune, 600 cM3 pacTBOpa C HEO6XOAMMOM KOH-
LeHTpaumnen cepHon kmcnoTbl. [ocne 3arpyskum
HaBeCKWM M CEPHOKMCIOrO pacTBopa repMeTnsun-
poBanuy aBTOK/AB, BKJlOYAM MNepeMellmBaHme,
pacTtBop HarpeeBanu Ao TpebyeMoln Temnepa-
Typbl (100 °C). Mo [OCTUXEHUIO 3a0aHHOW TEM-
nepaTypbl nMogaBanu KUCIopond, GUKCUMpoBan
Hayano onbita. 1o UCTeYeHUo 3KCMepUMeHTa
MONyYeHHY Nynbny oTOensann oéunabTpaymen
Ha BopoHKe BloxHepa, mMpombiBanu AUCTUNIN-
poBaHHOW BogoM. Kek cywmnu npm teMnepary-
pe 80 °C oo NOCTOSAHHOW MacChbl, B3BELUMBAIN Ha
aHanmMTuyeckmx Becax. M3 npopyktoB ¢opmu-
posanv Npobbl Ans aHannsos Ha Cu, Fe?*, Feqgy,
H>SO4.

[MonyyeHHble pe3ynbTaTbl 3KCNEpPUMEH-
ToB oObpabaTbiBanuM C MOMOLLb MPOrpaMMm-
Hbix mpoaykToB Statgraphics, MicrosoftWord,
MicrosoftExcel.

Mo pe3synbtataMm MNpoBefeHHbIX OMbiTOB
6bI/TM MOCTPOEHbI AMarpamMmsbl [apeTTto u Tpex-

MepHble rpadukn  3aBUCUMOCTU  U3BEYEHUA
Meau 1 xenesa.
Onarpammbl  MNapeTto ona  uvsBnedyeHUs

Meau 1 xenesa npencraBneHbl Ha pUcyHke 3.
Bbino ob6bHapyXxeHo, 4YTO Ha W3BNe4vYeHue
MeOu B pacTBOp Hauboree 3amMeTHOe BNUSHUE
OKa3blBAIOT MPOAO/IXUTENBHOCTb OMbITa M Nap-
uranbHoe gasneHue kmcnopona (pPnUcyHok 4).

T T
100 120

110
MakcuManbHOe U3BfieYeHMe ™Meaum Cco-
ctaBuno 49,5 % npw [paeBneHuM kucnopopa
0,75 MMa, 12 r/oM3 MCXOOHOM KOHLLEHTPa-

umm H,SOy, 3 r/nm3 Cu (Il) B pactsope, 10 r/ om3
Fe (lll) n npoponxutenbHocTn onbita 60 MUHYT.
Bblio 06HapyXeHO, YTO MCXOQHOE copepXaHue
meawm (1), xenesa (I1l) u H,SO4 He nMetoT 3HaYM-
TENbHOro BAUSAHUSA Ha U3BNEYEHME Mean B pac-
TBOP, OOHAKO, MpU OnNpefesieHHbIX YCIOBUSAX,
BBEAEHME UOHOB YyBENUYMBAET KOSIMYECTBO U3-
Bnekaemon meau B pacteop Ha 5 %.

BbisBneHbl onTrManbHble napaMeTpbl 4as
MaKCMMasbHOIrO U3BJeYEeHUs Mean Mpu pac-
TBOPEHUWM XasnbkomuMpuTa: napumanbHoe [AaB-
nenuve kncnopopa 0,9 Mlla, ncxogHas KOHLLEH-
Tpauma H,SO4 —10 r/om3, meau (Il) — 3,5 r/om3,
xenesa (IlI) — 10 r/gM3; NpoOonNXUTENbHOCTb
onbiTa 75 MUH.

Mpn n3BNeYeHUU xenesa MNoaoXUTENbHOE
BIIMSIHWE OKa3blBalOT BCE BblIOpaHHble nmapame-
Tpbl, XOTS Hamnbonee BaxHbIM GakTOPOM OKasa-
nacb ucxogHas koHueHTtpaumsa H,SO,4 (PucyHok
5). 370, BO3MOXHO, CBSI3aHO C YMEHbLUEeHNEM 06-
pasoBaHUA NMeHKU MMOpPOKCHMO0B Xenesa - Npo-
AYKTa peakumn OKUCIIEHUNA XarbKonmpuTa.

MakcuManbHOe U3BfeYeHue xenesa B
pactBop 70 % pocturaetca npm 0,75 Mla
KNCNOPOAa, KOHLLEeHTpauMu CepHOW KUCMOThI
50 r/pm3, Cu (ll) B pactBope 3 r/om3, Fe ()
10 r/om3, npoponxutensHocTn 240 MUHYT.
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PucyHok 3 — Ouarpammsl MNapeTtto
Ons ussnedeHna meam (A) u xene-
3a (B).
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PucyHok 4 — paduk 3aBUCUMOCTWN U3BIE-
YeHUss Meau OT MapuManbHOro AaBneHus
KMcropoga M BpeMeHW (MCXOLHAA KOH-
ueHTpaums HySO4 — 10r/am3, megm (1) — 3
r/om3, xenesa (1) — 10 r/gm3)
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PucyHok 5 — T[paduk 3aBUCMMOCTU
M3BMEYEeHUA Xenesa OT napuuaibHoOro
OaBfieHUsa  Kuclopoga M UCXOZHOM
KOHUEeHTpaLmnm cepHoOM KMCNOTbI
(exopHas koHueHTpaums Cu (1) — 3 r/om3,
Fe (I) — 10 r/aM3, NpoaonXmnTenbHOCTb
onbita 150 MuH).
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BbiBoabl

[MpoBeneHo wccienoBaHMe pacTBOPEHUs
XanbKoONMpuUTa Mpu MOHUXEHHOM TemrepaTy-
pe (100 °C) c pobasneHmnem noHos meau (Il)
n xenesa (lll). MakcnManbHOe U3BeYeHWe Xe-
nesa B pactsop 70 % pocturaetcs npm 0,75 MlMa
KNCNOPOAa, KOHLLeHTpaLWU CEePHOM KUCOThI
50 r/pm3, Cu (ll) B pactBope 3 r/om3, Fe (lIl)
10 r/om3, npoponxutensHocTn 240 MUHYT. Mak-
CMManbHOIroO M3BMeYeHna Mean nMpu pacTBope-
HUM  XalbKoNupuTa: napuvanbHoe OaBreHue
kucnopoga 0,9 MMa, ncxonHas KOHUEHTpaLMs
H,SO4 —10 r/om3, meaun (I1) — 3,5 r/om3, xene-
3a () — 10 r/gM3; NPOAONXUTENBHOCTD OMbiTa
75 MuH. [na v3BnedyeHns Meau rnaBHbiMU dak-
TopamMu CcTasmM napuvasnbHoe OaBfieHMe KUC-
nopoda W MNPOAOSIXUTENbHOCTb OMbiTa, A4

Xenesa — WCXoOoHas KOHLEHTpaLWA CepHOM
KncnoTbl. [na yBenuueHus cTerneHn pasnoxe-
HUS XanbKomMuUpuTa C Lefblo MakCUMMasibHOrO
M3BMIEYEHUS Meau B PacTBOP TPebyoTcs MoOBbI-
LWIeHHble TemmnepaTtypbl, OaBfeHWE KUCIOPOoAa
> 1 Mlla n 6onblas NPOLOIKUTENBHOCTb IKCMe-
pUMeHTa.

WccneposaHue BbIMO/THEHO npu
PuHaHcoBOM noanaepxke rnpoekta Poccurickoro
HayyHoro ¢oHga Ne 22-79-10290. UzydeHume
COCTaBOB MCXOL4HOro MaTepuasia BbIMO/IHEHO B
pamkax [oczagaHus PO no MpaHTy N¢ 075-03-
2021-051/5(FEUZ-2021-0017).
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GETTING METALS FROM LEAD-ZINC ORES OF KONI MANSUR
DEPOSIT (TAJIKISTAN)

Gaibullaeva Z.H.", Asrorov B.L', Bakhridinzoda Sh.B.", Sharifov A.?
1Tajik Technical University named after academician M. S. Osimi, Dushanbe city, Tajikistan.
2Danghara State University, Danghara, Tajikistan

The Republic of Tajikistan is endowed with
rich natural resources. The main challenge lies
in its careful use and preservation for future
generations. It is important to use progressive,
highly effective and low-energy technologies,
which are distinguished by ecological purity and
complex processing of natural raw materials in
order to preserve and strengthen the energy
and raw material independence of Tajikistan
in the region in order to obtain components of
its composition in pure form or in the form of
compounds.

Today, there are revealed more than 500
deposits in Tajikistan which are rich in minerals
[1. The important reserves of polymetallic
ores are located in the deposits of Koni Mansur,
North Zarnisor, Altyntopkan, Paybulok and
others. Tajikistan adopted a National Economic
Development Strategy in 2018, which noted
an increase to 22% of the share of industry in
the total volume of gross domestic product
(GDP) by 2030. The development of the mining,
processing and metallurgical industry is part of
the solution of the set challenges.

Our researches are focused on study of
ores of Koni Mansur deposit, which is located
on the southern slope of Kuramin ridge in
Asht district of Sughd region, the Republic of
Tajikistan. The area of the deposit is about
4 km2. The deposit is located at an altitude
of 1550 - 17700 m. The area of the deposit is
industrial-agrarian. The Adrasman combine,
which specializes in mining and processing ore
to produce lead zinc concentrate, operates near
it. The capacity of the mine is 1.75 million tons of
ore per year [2].

The special feature of the ores of the Koni
Mansur deposit is the complexity of the material
composition. There are more than 90 minerals
diagnosed in the primary ores of the deposit,
which include galena, sphalerite, chalcopyrite,

pyrite, tetrahedrite, hematite among ore
minerals, and quartz, carbonates, barite and
fluorite among vein minerals.

Anumberof studies[3]onthe development
of direct selective flotation schemes of Koni
Mansur ores with sequential flotation of lead
and zinc into concentrate have been previously
carried out. The scheme of technological tests
included the main and control flotation with the
purification of the intermediate product (Fig.).
The most rational way of ore processing of Koni
Mansur deposit is the flotation method.

The lead in the primary ores is represented
by galena. There are established several
generations of this mineral. The galena in the
form of grains with size of 5-50 microns is fused
with sphalerite, stromerite, pyrite, fluorite,
and faint ore in the ores of the Koni Mansur
deposit.

The main form of zinc in primary ores is
sphalerite. The secondary significance has zinc-
containing faint ores.

The results of extraction of the main metals
at flotation milling method are presented in tab. 1.

The obtained concentrate had the
following chemical composition, %: Pb- 46.56,
Fe- 20.55, Zn-4.01, Cu-2.03, S-21.78, Si-3.78, Al-
1.29. When using this technology, ore was milled
on Cascade type mills and suppressants (sulfuric
sodium, zinc sulfate and for some samples -
cyanide) were used. The reagent consumption
is reflected in tab. 2, and the results in tab. 3.

The composition and properties of galena,
sphalerite, as well as pyrite, chalcopyrite, as
well as features of each mineral from different
associations of minerals of this deposit, its
varieties and generation were studied for the
rational use of lead-zinc concentrates [4].

The pyrometallurgical method of
concentrates processing is carried out at the
expense of use of heat from combustion of

Table 1 - Metal recovery values for flotation milling method of different samples from
Koni Mansur deposit ores

Samples
Ne Metal
201 202 203 40
1 Lead 92.3 93.9 96.7 92.85
2 Zinc 934 83.5 93.1 90.41
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Ore (1kg)

Shredding (80% cl. - 0.074 mm )

Copper sulfate 300 g/t
(Agitation 5 min)
Boutyl xantogenate 40 g/t
(Agitation 2 min)
Foam T-66 30-60 g/t
(Agitation 1 min)

The main collective flotation (7 min.)

Boutyl xantogenate 40 g/t
Foam T-66 30-60 g/t

Carried ( 12 min.)

Tails

Control flotation (12 min.)

Promproduct Tails

concentrate

General concentrate for analysis

Tails

General tails for analysis

Figure 1. The scheme of direct selective flotation of Koni Mansur deposit ore

coals of Fon Yaghnob deposit (Tajikistan), by
using the technology of its complex use of
reception of heat and chemical substances of
its composition [5]. The oxidizing roasting with
subsequent gas reduction obtained by coke
gasification with water steam has been studied
in the process of testing.

The coal of Fon Yaghnob deposit is
preliminary cleaned from components
accompanying carbon in the preheating reactor
to obtain coke. Then the inner wall of the double
reactor body is heated by heat of heated gases
of metallurgical production (fig.2).

The received gas from a gas generator
with composition Hy: CO=1:1 and temperature
up to 1050°C heats up process of oxidation of
sulphide minerals and supplying air for oxidation
of minerals, then it is used for reduction of lead
from lead oxide at temperatures 350-380¢°C.
The processing of lead-zinc concentrate by re-
ducing gases is carried out in a waste-free tech-
nology; all the accompanying substances in the

form of water vapor and condensate, CO, and
sulfuric acid are used as a useful product. The
method is low-cost and environmentally friend-
ly with no emissions into the environment.

The thermodynamic process is possible by
the following chemical reactions in the lead-
zinc concentrate (example of galena mineral
was considered):

PbS + 20, = PbSOy, m
PbS + 3/20, =PbO + SO,, )
PbS + O, = Pb + SO,. (3)

Table 4 shows the calculated Gibbs en-
ergy AG values in kJ/mol and the logarithms of
the equilibrium coefficient 1gKp of reactions (1)
- (3). They indicate at what temperature each of
these reactions predominates.

At temperature of 400°C reaction (1)
proceeds mainly, but at temperatures above
800-850°C at certain concentrations of
oxygen, the oxidation of lead can proceed
to the formation of Pb by reaction (3). The
studies have shown that the main reactions of
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Figure 2. Technological scheme of reduction gas production by coal gasification and pyrometallurgical
processing of lead-zinc concentrates of Koni Mansur: 1 - coal pre-heating reactor; 2, 5, 7, 14 - heat-exchangers-
coolers; 3 - liquid volatiles collector; 4 - coke and coal tar separator; 6 - gas generator; 8 - pyrometallurgical
reactor; 9 - concentrate product reduction reactor; 12 - sulfur dioxide to sulfur dioxide oxidation reactor; 13 - air
heater; 15 - sulfuric acid or oleum absorber; 16 - membrane gas separator.

Table 2 - Reagent consumption (in g/t ore) during flotation of concentrated ore

Reagent Flotation
Collective Partly selective Collective - selective
Lime 100 480 130
Caustic soda - 80 -
Butyl xanthate 60 150 63
Butyl Aeroflot - 10 -
T-66 10 70 13
Zinc sulfate - 760 30
hydrosulphite - - n
Copper sulfate - 450 18
Sulphurous sodium - 100
Liquid glass - 650 -
Sodium cyanide - 10 -
Nigrozine - 75 -
Activated carbon - 325 -
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Table 3 - The results of flotation of beneficiated ore

Content g/t, %

Extraction, %

Products Exit, %
Lead Zinc Lead Zinc
Concentrate 3.04 16.27 19.6 93.3 90.71
Tails 96.96 0.037 0.063 7.01 9.29
Ore 100 0.53 0.66 100 100

Table 4 - Thermodynamic indices of reactions (1)-(3)

Reaction

Temperature, °C PbS + 20, =PbSO4

PbS + 3/20, =PbO + SO,

PbS + O, = Pb + SO,

- AG lgKp - AG lgK, - AG lgK,
400 646,27 209,8 372,02 18,1 201,69 68,43
500 623,67 196,44 354,92 101,37 211,50 60,13
600 597,09 149,6 346,73 86,82 213,70 53,49
700 570,88 125,85 338,55 71,06 215,24 48,35
800 544,35 110,88 330,09 67,37 216,44 44,01
900 517,81 96,49 321,67 59,94 217,64 40,55
1000 496,55 85,26 313,13 53,76 221,54 37,85
1100 472,87 75,08 304,69 48,5 221,44 34,99

interaction of galena with oxygen are (1) and
(2). X-ray and thermogravimetric studies of
galena oxidation have established the following
reaction sequence

PbS+ O,=Pb +S0O, n Pb +1/20;,=PbO.

Conclusion

The study of processes of extraction of
lead-zinc concentrates from polymetallic ores
and its processing with the aim of production of
metals of its composition by complex method
is the main task of the research. It has been
determined that the most rational way of

processing ores of Koni Mansur deposit is the
flotation method. A non-waste technology of
pyrometallurgical processing of Koni Mansur
concentrate by reducing gas from gasification
of Fon-Yaghnob coal deposit is offered. It has
been determined that it is efficient to initially
use the reducing gases for heating the oxidative
process of concentrate processing, then for re-
duction of lead oxide to metal, and the heat of
gas flows and products of concentrate oxida-
tion is fully used to meet the needs of the inter-
nal stages of the technological process.
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NOJIYMEHUE METAJ1J10B N3 CBUHL OBO-LUUHKOBbDIX PY[
MECTOPOXAEHUA KOHN MAHCYP (TAOXKUKUCTAH)

Iaiibynnaesa 3.X.!, Acpopoe b.J1.!, baxpuounsooa Ill.b.., Illapugos A.?
TagXnNKCKMM TeXHUYeCcknin yHuBepcuteT umenn akan,. M.C.Ocumu, r.lywanbe, TagxmkmuctaH
2[laHrapuHCKUN rocyaapCcTBeHHbIN yHuBepcuTeT, r.laHrapa, TagxukucTaH

Pecny6nuka TagXukmctaH 6orata CBOMMM
npupoaHbiMn pecypcamun. OcHoBHas 3agada co-
CTOUT B 6epPeXHOM ero UCrnosib30BaHMN U coxXpa-
HUTb o8 6yaywmx nokoneHni. [na coxpaHeHus
W YKPENIeHNA SHEePreTMYeckom 1 CbipbeBOWN He-
3aBUCMMOCTM TadXMKMUCTaHA B permoHe Heob6xo-
OMMO MCMOJb30BaTb MPOrpPecCcUBHbIE, BbICOKO-
3ddeKTUBHbIE U MANIOSHEPTrOEMKME TEXHOMOM N,
OT/INYAIOLLMECH IKOMOMMUYECKON YNCTOTOM U KOM-
NaeKCHOM nepepaboTKM NPUPOLHOrO Cbipbs, O/
MnoslyYeHMss KOMMOHEHTOB ero CocTaBa B YMCTOM
BUOE UMM B BUOE COeOUHEHUN.

CerogHa B TagXukmcTaHe BbigB/€HO 6onee
500 MecTopoXaeHWn B6oraTtbix MOSe3HbIMU UC-
konaembiMu [1].  KpynHble 3anacbl nonvMeTan-
NIMYECKMX PYO PAacrofioXeHbl Ha MeCTOpOXAe-
HMax KoHm MaHcyp, CeBepHblt 3apHUCOP,
AnTbliHTOMKaH, Manéynok u gp. B 2018 rogy B
TapXxukmnctaHe npuHata Crpaterum paseuTmA
HaLMOHaNbHOM 3KOHOMMKM, B KOTOPOM OTMeYe-
Ha yBenuyeHume Ao 22% [0Nu NpPOMbIWIEHHO-
cTn B obuieM 06béMe BHYTPEHHEro BasioBOro
npoaykta (BBI) k 2030 ropy. PassuTtue rop-
HO-MepepabaTbiBalOWeNn 1 MeTannyprmyeckomn
oTpac/ M MNPOMbILWNEHHOCTN ABAAETCA 4YacTblo
peLeHNa NoCTaBIeHHbIX 3a4au.

Hawwn nccnegoeaHna HanpaeieHbl Ha U3y-
yeHue pyn MecTopoxaeHusa KoHn MaHcyp, koTo-
pPbI pacnonoXxeH Ha toXHOM ckioHe KypaMuH-
ckoro xpebTta B AWTCKOM paroHe Corgmmnckom
obnactu pecnybnukmn TagxukuctaH. lNMnowanb
MeCcTopOXaeHWs okono 4 kM2, MecTtopoxaeHue
HaxoouTbca Ha BbicoTe 1550 — 1700 M. PaioH
MECTOPOXAEHUSA MHAYCTPUAIbHO — arpapHbii.
B6nn3n Hero pencteyer AgpacMaHCKMA KOM-
6MHaT, cneymannsnpyemMboln Ha Lobbluye U nepe-
paboTke pyabl C MOSy4YeHUEM CBUHLLOBOrO LMH-
KOBOro KOHLUeHTpaTa. [lpon3BOAUTENbHOCTb
pyoHwvKa coctaBnsaeT 1,75 MnH. T pyabl B rog, [2].

XapakTepHOM OCOBEHHOCTbIO pPyn MecTo-
poxaeHnsa KoHn MaHcyp aBASeTCca CNOXHOCTb

BelLLeCTBEHHOro coctaBa. B mepBuuHbIX pynax
MeCTOpPOXAeHUs AmarHocTmpoBaHo 6onee 90
MUHepasioB B pyAax, cpeam KOTopbix npeobna-
[AlOT raneHuT, chanepuT, XanbKonmpuT, NUpKUT,
TeTpasfpuT, reMaTnT cpenu pyaHbiX MUHepa-
/0B, & Cpeam XUJbHbIX KBapL, kapb6oHaTbl, 6a-
pUT U GrOOPUT.

PaHee 6bin BbIMOMHEHbI pAn UccnenoBa-
HUM [3], No pa3paboTke CxeM MNpPSAMON cernek-
TBHOW dpnotaumm KoHn MaHCypckmnx pyg ¢ no-
cnepoBaTtenibHOM prioTaumen CBMHLA U LMHKA B
KOHUeHTpaT. CxeMa TeXHONOrMYyeckmMx nchbiTa-
HUW BK/KOYAIa OCHOBHYHIO U KOHTPOJIbHYO $Jo-
TauMio C nepeyvymcTtkom npomnpopykra (puc.l).
Hanbonee paunoHanbHbIM CMOCOBOM Mnepepa-
60TKU pya MecTopoxaeHns KoHn MaHcyp aBns-
eTca GNoTaLMOHHbIM Croco6.

CBuHeL, B MepBUYHbIX pyAax npenctaBieH
rafeHNToM. YCTaHOBIEHO HECKO/IbKO reHepau i
3TOoro MuHepana. B pygax mectopoxaeHus KoHu
MaHcyp raneHuT B BUAOE 3epeH pa3mepom 5-50
MKM cpacTaeTcs ¢ chanepmuToMm, LUTPONMEPUTOM,
MMPUTOM, GNHOOPUTOM, BIEKION PYOOMN.

OcHOBHON HOPMON HAXOXOEHUS LMHKA B
NMepBUYHbIX pydax asnaetcs cdaneput. BTopo-
cTeneHHoe 3HayeHue MMeIT LMHKcoaepXalline
6neksible pyabl.

Pe3ynbTaTbl M3BI€YEHUSs OCHOBHbIX MeTas-
noe npu esoTaLMoOHHOM crocobe oboralleHus
npueeneHsl B Tabn.l.

Mony4yeHHbIN KOHLEHTpaT uMen cneny-
OWUM XmuMudeckmum coctaB, %: Pb- 46.56, Fe-
20.55, Zn-4.01, Cu-2.03, S-21.78, Si-3.78, Al-1.29.
Mpy Mcnonb3oBaHUM OAHHOW TEXHOMOrMK pyna
M3Menbyanacb Ha MenbHuLax Tuna Kackapg u
NpUMeHeHbl peareHTbl — MogaBuTenn (CepHu-
CTbIM HATPUN, LLMHKOBbLIN KYMOpPOC U /19 HEKOTO-
pbix Npo6 - umaHma). Pacxopn peareHToB noka-
3aHa B Tabn.2, a pesynbtartbl B Tabn. 3.

[na paunoHanbHOro MCnosib30BaHUS
CBUHLLOBO-LIMHKOBOTO KOHLeHTpaTa HaMm

Ta6nuua 1 - NokasaTenu nssnevyeHUsa MetTassios Npu ¢psoTaLMOHHOM cnocobe o6ora-
LWEeHUs pa3siM4HbiX Npo6 U3 pya MectopoxaeHnsa Konn MaHcyp

[Mpo6sbl
N2 r/n Metann
201 202 203 40
1 CeuHel, 92.3 93.9 96.7 92.85
2 LinnHk 934 83.5 931 90.41
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Pyda (| ke)

HNamenbyeHue (80% kn. -0,074mMm)

MedHs! I kynopoc 300 a/m
(azumauus 5 MuH)

Bymunoesili kcakmozedam 40 2/m

(asumayua 2 MuH.)

Bcnenueamens T-66 30-60 2/m

(asumayua TMuH.)

OcHogHas konnekmusHasa gpriomauus (7 MuH.)

Bymunossili KcaHmozaeHam 40 a/m
BecneHusamernbs T-66 30-60 e/m

lMepevyucmuka (12 MUH.)

Xeocmbi

KoHmponbHasa piomauyus
(12 MUH.)

lMpomnpodykm Xsocmbl

IKoHueHmpam

F

O6wul KoHYeHmpam
Ha aHanus

w

IXeocmesi

Obuwue xeocmabl
Ha aHanus

PucyHok 1. Cxema npsiMon cenekTUBHOM dnoTaumm pyabl MecTopoxaeHusa KoHu MaHcyp

M3y4yeH COCTaB W  CBOWCTBA  rasieHuTa,
chaneputa, a Takxke MNMPUTE, XasbKOMUPUTA,
a TakXe OCOBEHHOCTM KaXAoro MuHepasna w3
pasnnyHbIX accoumalmii MUHepanoB AaHHOro
MEeCTOPOXAEHUS, €ero  PasHOBUAHOCTU W
reHepauunu [4]. NMupomMeTannypruyeckuin cnocob
nepepaboTKM KOHLLEHTPATOB OCYLLEeCTBEeH 3a
CYET MCMOb30BaHUS Ternna OT CKUraHus yrinem
MecTopoxaeHus @oH ArHo6 (TagXxukucTaH),
MCMONb3ysa TEeXHONOrMIO  KOMMIEKCHOro  ero
MCMNOSb30BaHUSA MONMYyYEHUS TeNIa U XUMUYECKMX
BellecTB ero coctaea [5]. B npouecce ncnbitaHmii
MN3yYeH OKUCITUTENbHbBIN O6XUM C MOCNEeAYOLWMM
BOCCTAHOBJ/IEHMEM ra3a, MoJsly4YeHHbIM CMoCco6oM
rasmoukKaLmm Kokca BOAAHbIM MapoM.

Ona nony4yeHus Kokca yrosnb
MecTopoxaeHus @oH ArHob6 npenBapuTesibHO
oYMLLAETCA OT  COMYTCTBYIOLWMX  Yyrnepoay
KOMIMOHEHTOB B  peaKkTope MpeABapuTenbHOro
Harpesa. 3aTeM, oborpeBaeTcsi BHYTPEHHASA
CcTeHKa [ABOWHOrO Kopryca peaktopa TersioMm
HarpeTbIxX rasos MeTasllyprmyeckoro
npoussoactea  (pwuc.2). [lonyyeHHbld  ras
OT rasoreHepaTtopa coctaBoM Hs: CO=T1 n
Temneparypon no 1050°C HarpeBaeT mpouecc
oKmncneHus cynbduUaHbIX MUHepanos %
nopatoLero ANs oKMCNeHnsa MMHepanosB BO34yX,
3aTeM WCMNoOMb3yeTcsa AJis  BOCCTAHOBEHUS
CBMHLA M3 OKCMAa CBMHLA NpW Temnepatypax
350-380°C. [MepepaboTka CBUHLLOBO-
LIMHKOBOrO KOHLLEHTpaTa BOCCTAHOBUTEbHbBIMM

rasamMm  OCyllecTBnsieTca Mo  6e30TXOAHOMN
TEXHOMOrMY, BCe MNOMyTHO obpa3ylimecs
BeLLecTBa B BUAE BOASHOIO napa 1 KoH4EeHcaTa,
CO, M cepHOW KUCNOTbl UCMOMb3YTCA Kak
nonesHbin nponykT. Cnocob saBnseTcsa ™Mano
3aTpaTtHbiIM U 3KOSIOTMYECKM  YUCTbIM  6e3
BbIGPOCOB B OKPY>XaloLLYytO cpeny.
TepMoOMHaMMYECKMM NPOLLECC BO3MOXEH
Mo NMPOTEKaHUID CNefyoLMX XUMUYECKNX peak-
UMM CBMHLOBO LIMHKOBOrO KOHLLeHTpaTa (pac-
CMOTPEH Ha NpuMepe MUHepara raneHunTa):

PbS + 20, = PbSOy,, m
PbS + 3/20;, =PbO + SO,, (2)
PbS + O, = Pb + SO,. 3)

B tabnuue 4 npuvBefeHbl paccyMTaHHble
3HadeHnsa sHeprum [m66ca AG B kx/Monb u
norapuoembl kosdduumneHta pasHosecua gKy
peakumit (1) - (3). OHM yKasbiBaKOT HA TO, YTO NpU
Kakon TemnepaType npeobnafaeT kKaxnas U3
3TUX peaKkumi.

Mpu TeMneparype 400°C
npeumMyLLecTBeEHHO npoTtekaeT peakums (1),
ofHako npu Temnepatypax Bbiwe 800-850°C
npwv onpenenéHHbIX KOHLLEHTPALMAX KMcnopoaa
OKWUC/IEHVE CBMHLA MOXeT npoTekatb o
obpasoBaHua Pb no peakuyun (3). UNccnepo-
BaHMA Mokasasy, YTO OCHOBHbIMW pPeaKLMsaIMn
B3aMMOLENCTBUA raseHmta C  KWUCIopoLOoM
ansaotca (1) u  (2). PeHTreHorpadwmnyeckme
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Taénuua 2 - Pacxopn peareHToB (B r/T pyabl) npu ¢pnotaumm o6oratuMoin pyabl

dnoTtaumnsa
PearenTel KonnekTnBHO-
KonnekTtneHas YacTuyHo cenekTnBHas CeneKTUBHAS
M3BecTb 100 480 130
Kayctuueckas copa - 80 -
ByTtnnoBbin kcaHTOreHaT 60 150 63
ByTnnosbin aspodnor - 10 -
T-66 10 70 13
LInHKOBBIM Kynopoc - 760 30
rmapocynboduT - - 1
MepaHbIN Kynopoc - 450 18
CepHUCTLIM HaTPUIN - 100
Xwunpokoe ctekno - 650 -
LinaHncTein HaTpui - 10 -
Hurposunt - 75 -
AKTUBNPOBAHHbBIN yronb - 325 -

Ta6nuua 3 - Pesynbrartbl pnotaumm ob6oraleHHON pyabl

CopepxaHwue r/T, % M3BneueHue, %
[MponykTbl Bbixon, %
CeBuHUA LnHka CeBuHUa LnHka
KoHueHTpar 3.04 16.27 19.6 93.3 90.71
XBOCTbI 96.96 0.037 0.063 7.01 9.29
Pyabi 100 0.53 0.66 100 100

Ta6nuua 4 - TepMmoanHaMuyeckue nokasarenu peakuuu (1) - (3)

Peakuua
TeM”eopcaTypa' PbS +20, =PbSO,  PbS +3/20, =PbO +S0O,  PbS + O, = Pb + SO,
- AG lgK, - AG lgK, - AG lgK,
400 646,27 209,8 372,02 18,1 201,69 68,43
500 623,67 196,44 354,92 101,37 211,50 60,13
600 597,09 149,6 346,73 86,82 213,70 53,49
700 570,88 125,85 338,55 71,06 215,24 48,35
800 544,35 10,88 330,09 67,37 216,44 44,01
900 517,81 96,49 321,67 59,94 217,64 40,55
1000 496,55 85,26 313,13 53,76 221,54 3785
1100 472,87 75,08 304,69 48,5 221,44 34,99
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PucyHok 2. TexHonornyeckasi cxema nosly4eHmst BOCCTaAaHOBMUTESbHbIX ra3oB rasmdukaumen yrnsa v nupoMetas-
Nypruyeckomn nepepaboTkm CBUHLLOBO-LIMHKOBbIX KOHLLeHTpaToB KoHu MaHcyp:

1 - peakTop nNpegBapuTenbHOro Harpeea yrns; 2, 5, 7, 14 - Tennoo06MeHHNKM-XONoANTbHUKK; 3 - COOPHUK XUa,-
KMX NeTy4Ymnx BelLecTB; 4 -pasgenmrenib KOKCa U CMOIMCTbIX BELWLEeCTB yrnga; 6 — rasoreHepartop; 8 - nupoMeTan-
Nypruyecknii peaktop; 9 - BOCCTAHOBUTE/bHbIN PeakTop NMPOoAYyKTOB nepepaboTku KOHLeHTpaTa; 12 - peakTop
OKUC/IEHUSI CEPHUCTOrO aHrMapuaa 40 CEPHOro aHruapmnaa; 13 — sBosayxoHarpesaresns; 15 - abcopbep nony4ye-
HUA CEPHOM KMUCNOTbl K oneyma; 16 - MeM6paHHbIN ra30BbIN pa3aenmTenb.

N TepMoOrpasBMMeTpUYecKMe  NCCIefoBaHUSA
OKWCNEHNA rasieHnTa yCTaHOBWAM C/edytoLyto
nocnefoBaTelbHOCTb peakLmum

PbS + O, =Pb +S0O; u Pb +1/20,=PbO.

BbiBoabl
N3yueHmne npoLeccos MosyyYeHus
CBUHLLOBO LNHKOBbIX KOHLUEeHTPAaTOoB n3

nonmMMeTanindecknx py4 U ero nepepaborka
C Uenblo MonyYeHUsa MeTasl/IOB ero cocTaBa
KOMMMIEKCHbIM CMOCO60OM, ABAETCA OCHOBHOM
3apa4en nccnenoBaHua. YcTaHOBNEHO,
4yTo Haumbosnee  pauUMOHasSIbHbIM  CMNOCO60M
nepepabotku  pyn  MecTopoxpaeHus  KoHwu
MaHcyp aBnseTca  GnOTALMOHHBbIM  CNOCO6.

MpennoxeHa 6e30TxoaoHas TexHonorus
MUpoOMeTanypru4eckom nepepaboTkn
KoHueHTpaTa KoHn MaHcyp BOCCTaHOBUTENbHbBIM
razom ot rasudukaumm yrna PaH-ArHobekoro
MeCTOpOXAEHNS. YcTaHoBneHo, uTOo
3bdeKTUBHbBbIM apnseTcsa rnepBoHayasibHoe
MCMOJSIb30BaHME  BOCCTAHOBUTE/IbHbIX  ra30B
0N HarpeBa  OKUCIIUMTENbHOrO  Mpoliecca
nepepaboTku KOHLLeHTpaTa, 3aTteM ons
BOCCTAHOBJIEHUS OKCMAA CBUMHLA OO0 MeTanng,
MPUYEM TEenao rasoBbiX MOTOKOB U MPOOYKTOB

oKMCIEeHUS KOHLIeHTpaTa MOSTHOCTbIO
ncnosnb3yeTtcsa Ana obecrnedeHuUs noTpebHOCTeN
BHYTPEHHMUX cTagum TEXHOMOMNYECKOro
npouecca.
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DEVELOPMENT OF TECHNOLOGY FOR AUTOCLAVING
OXIDATION OF MOLYBDENUM SULFIDE MATERIALS

Puchkina V.A.l, Markelov A.V.1, Pleshkov M.A.!

Nietz Technologies, r. CaHkT-lNeTepbypr, Poccus

The raw material base of molybdenum is
depleted, and industrial consumption of molyb-
denum is growing. Therefore, ores that are poor-
er and complex in terms of mineralogical com-
position are involved in processing. One of such
materials is tungsten-molybdenum raw materi-
al. At the moment its processing is the most im-
portant goal of the molybdenum industry. Goal
can be achieved by combining flotation meth-
ods and subsequent hydrometallurgical opera-
tions for concentrate refining. Molybdenum and
tungsten cannot be completely separated in the
flotation process due to the similarity of their
properties, so solutions are obtained with mo-
lybdenum impurities during the processing of
tungsten concentrate. As a result of precipita-
tion from these solutions, an intermediate mo-
lybdenum trisulfide is obtained. Molybdenum
trisulfide get by precipitation of molybdenum
from these solutions. In world practice, the au-
toclave oxidation of molybdenite-based con-
centrates has been enough studied and has of
industrial importance. However, the autoclave
oxidation of molybdenum trisulfide has not
been studied and requires research.

Specialists of the Nietz Technologies have
developed a technology of processing sulfide
molybdenum materials based on the autoclave
oxidation of these materials and followed by
ammonia leaching of molybdenum. The pro-
posed technology can be applied both for
the processing of molybdenum concentrates
and for the intermediate product of molybde-
num trisulfide. With the availability of the two
above-mentioned materials at the same time,
their joint processing is proposed.

Molybdenum concentrate was investigat-
ed in the paper. It is represented by two samples
of the following composition: 31-46 % Mo; 22-
29 % S;1,5-4 % C; 2-4 % Si; 0,8-1% W, 3-4 % Cag;
0,5-1,2 % F; 0,5-1 % Al; 1-2 % Cu. Molybdenum
trisulfide with Mo content from 34 to 40 % and
S from 39 to 41 % was also studied. The material
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was prepared by precipitation from a solution
with a concentration of Mo - 20-50 g/l using
sodium sulfide and sulfuric acid.

Autoclave oxidation of molybdenum con-
centrates was carried out to confirm and opti-
mize the process conditions. The best oxida-
tion result is achieved when the concentrate is
grinding to 80 % class — 71 microns, duration
of the process is 180 minutes, the temperature
is 230 °C and the excess oxygen pressure is
1.5 MPa. Total recovery of molybdenum in this
case is 96 % at a degree of decomposition of
sulfides of 97 %. Experiments on autoclave ox-
idation of a mixture of molybdenum concen-
trate and trisulfide were performed in identical
parameters. Total recovery of molybdenum was
95-96 % at a degree of decomposition of sul-
fides - 99,5 %.

The study tested the possibility of auto-
clave oxidation of molybdenum trisulfide sepa-
rately from the concentrate. The data obtained
showed that the process at the studied param-
eters is difficult to achieve due to the high reac-
tivity, by the size of the material (99 % less than
45 pm) due to the release of hydrogen sulfide
in quantities that make the process unsafe For
the oxidation of trisulfide, it is proposed to di-
lute it with less reactive materials: molybdenum
concentrates or inert materials, for example, to
recycle the autoclave residue for oxidation. For
this, autoclave oxidation tests of molybdenum
trisulfide with molybdenum trioxide (as an in-
ert material) were carried out. With a degree of
decomposition of sulfides of about 98.5 %, the
total recovery of molybdenum reaches 90 %.

All proposed methods of processing sul-
fide molybdenum materials are universal and
can be used for processing both molybdenum
ores and complex tungsten-molybdenum raw
materials, which play an important role in the
raw material base of the Russian Federation
and Kazakhstan.
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PA3SPABOTKA TEXHOJIOI'MU ABTOKJIABHOI'O OKUCJIEHUA
CYJ1Ib®UOHbIX MOJIMBAEHOBbIX MATEPUAJIOB

Ilyuxuna B.A.l, Mapxenos A.B.., ITnewxos M.A.!

Nietz Technologies, r. CaHkT-lNeTepbypr, Poccus

PocT MPOMbILLNEHHOro notpebneHus
MonubéaeHa Npu NCTOLLLEHUN ero CbipbeBOW 6a3bl
NPUBOOUT K BOBJIEYEHUIO B nepepaboTky 6onee
6eOHbIX U CMIOXHbBIX MO MUHEPasornyeckoMy
coCcTaBy MaTepuasnos. OgHUM 13 Takux
MaTepuranos aBnseTca BObdpamMo-
MonmbaeHoBoe cbipbe. Ero nepepabotka Ha
OaHHbI MOMEHT ABMIFAeTCA BaxXHelwen 3agadyen
MONM6OEHOBOM  MPOMBIWIEHHOCTH, KOTOPYHO
BO3MOXHO pelnTb NyTeM KOMOUHUPOBAHUSA
dNoTauMoHHBIX  MEeTOOOB W MOCienytoLmx
rugpomMeTanyprmuyeckmx onepauumn ons
pPadUHMPOBAHNA MOJTYYEHHbIX KOHLEHTPATOB.
M3-3a CXoXecTun CBOMCTB MonubaeHa U
Bo/ibdpamMa MosHOCTbIO B MNpouecce dnotaymm
VX pasnennTb He NpencTaBnaeTcs BO3MOXHbIM,
Mno3ToMy Npu paduHUPOBaAHUU BONbGPAMOBOIO
KOHLLeHTpaTa MoJjly4yatoT pPacTBOpPbI, MMetolme
npuMmecu MonubaeHa. B pe3ynbrarte
ocaxOeHWsa U3 3TUX PacTBOPOB Mosy4atoT
noNynpoaykT  Tpwucynbdup ™MonubaeHa. B
MUPOBOMN MpPAaKTUKe aBTOK/IABHOE OKMUCIeHue
KOHLLeHTPAaTOB Ha OCHOBe  MonmbaeHuTa
0OCTATOYHO M3YYEHO U MMeeT MPOMbIIEHHOEe
3HauyeHne. OpHako aBTOKJIABHOE OKWC/eHUe
Tpucynbdmnoa MonnmbdaoeHa He U3y4eHo 1 TpebyeTt
nccnegoBaHun.

Cneuvanuctamm Nietz Technologies
6blna paspaboTaHa TexHonorms nepepaboTku
cynbduUaHbIX  MOMMBOEHOBLIX  MaTepuasos,
OCHOBaHHAas Ha aBTOKJIABHOM OKMUC/IEHUE 3TUX
MaTepuanoB C MNOCNeAyUWMM  aMMUAYHbIM
BbllLleNadMBaHueM MonubaeHa. NpennoxeHHas
TEeXHOMOrnma MoxeT 6bITb MPUMEeHMMa Kak and
nepepaboTku MONMUGLAEHOBbBIX KOHLEHTPATOB,
Tak ¥ MPOMeXyTOYHOro NMPOAYKTa TpUcynbduaa
MonuéaeHa. MNpy LOCTYNHOCTM OOHOBPEMEHHO
OBYX BbILLEYMOMSAHYTbIX MaTepuranos
npeanaraeTcs UX COBMeCcTHas nepepadoTka.

B pab6oTe 6bin1 nccnenoBaH MonMb64eHOBbIN
KOHLLeHTpAT, nNpencTaBneHHbIn AByMs nNpobamu
cnepytoutero coctaBa: 31-46 % Mo; 22-29 % S;
1,5-4 % C; 2-4 % Si; 0,8-1 % W, 3-4 % Ca; O,5-
1,2 % F; 0,5-1 % Al; 1-2 % Cu. Takxe mnccneno-
BasICA TpUCynbdua MonmbaeHa C copepxaHmem
Mo o1 34 no 40 % n S ot 39 po 41 %. Matepuan
rnonydans MeToAOM OCaXAEHUs M3 pacTeBopa
C KoHUeHTpaunen Mo 20-50 r/n npu nomoLm
cynbdupa HaTpUsa n CepPHOM KUCOTbI.

HpOBeﬂ,eHO aBTOKJ/1aBHOE OoKuncneHme
MOJ'IVI6,D,eHOBbIX KOHLUEHTPATOB anga
noaTeBepXneHnA n onTMMnsaynm yCJ'IOBI/IVI

npoBefeHna npouecca. Haunyuwum pesynbtart
Mo OKUCNEHUIO O0CTUraeTCs MNpu U3MesbYeHUn
KoHUeHTpaTa pno 80 % «knacca - 71 MkmM,
npoaoIXUTeNnbHOCTU  npouecca 180  MuHyT,
Temnepatype 230 °C 1 M36bITOYHOM OABIEHUN
kucnopoga 1,5 MMa. CkBo3Hoe u3BIe4YeHue
MonubaeHa B 3TOM cnydae coctaenger 96 %
npw CcTeneHn pasnoxeHus cynbdupos 97 %.
B upeHTUYHbIX napamMeTpax 6biv BbIMOHEHbI
OMbITbl MO ABTOK/IABHOMY OKUCIEHUIO CMecu
KOHLeHTpaTa w Tpucynbdupa ™MonmbaeHa.
CKkBO3HOE K3BMeYeHMe MonmbaeHa COCTaBUIIO
95-96 % npw cTeneHu pasnoxeHus cyrbéunaos
99,5 %.

B xone uccnenoBaHmsa 6bina
MpPOTEeCTUPOBaHA BO3MOXHOCTb aBTOKJIABHOIO
OKUCIeHUs Tpucynbduaa MonubaeHa OTAeNbHO
OTKOHLLeHTpaTa. [lonyyeHHble AaHHble mokasanu,
4TO MpoBedeHMe Mpouecca Npu Uccienyemblx
napameTpax TPYAHOOLOCTUXMMO MO MpUYnHe
BbICOKOM peakLOHHOM CNoCcoBHOCTH,
BbI3BAHHOW KpyMNHOCTbiO MaTepuana (99 %
MeHee 45 MKM), U BblgesieHUsa cepoBoopoLa
B KonmyecTeax, nenatoumx npotuecc
He6e3onacHbIM. s okucneHua Tpucynbdupa
npegnaraeTcs pa36aBnaTb ero MeHee
peakuMOHHbIMY MaTepranamMmm: MonmMbaeHoOBbIMU
KOHLLeHTpaTaMmn UM UHEePTHBIMX Matepuanamm,
Hanpumep, OCyLLeCcTBNATb peumKn
aBTOKJIABHOrO oOcCTaTka Ha okucneHuwe. [Onsa
3TOro 6bIM NPOBeAEHbl TECTbI MO aBTOK/TABHOMY
OKWUCNEeHUIO  Tpucynbduga  MonmbaeHa ¢
Tpexokucbto MonubaeHa (BbicTynatwouwien B
KayecTBe MHEpPTHOro Matepuana). lpu cteneHu
pasnoxeHusa cynbdupgos nopsagka 985 %
nssnevyeHue monmbgeHa gocturaet 90 %.

Bce npennoxeHHble Cnocoobbl
nepepaboTkn  CcynbPUAHbIX  MONMOAEHOBbIX
MaTepuanos ABMAOTCA YHUBEpPCanbHbIMU
M MOryT nMpuUMeHsaTbCAa Ana nepepaboTku
Kak CcOB6CTBEHHO MONUGOEHOBBIX PYyA, Tak WU
CNOXHOro BOJIbGPaM-MONMEOEHOBOrO CbipbS,
KOTOpOE UrpaeT BaxHYo posib B CbipbeBOM 6a3e
P® 1 KaszaxctaHa.
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Iron aluminides are promising heat-
resistant materials, which are of interest as
structural materials due to their high specific
strength. Among modern heat-resistant steels
and alloys, materials that form a continuous
protective oxide film based on AlL,Os during
oxidation on their surface occupy their worthy
niche. The first attempts to use Al and Fe alloys
were made by Max Faraday in 1820. For heat-
resistant materials, iron monoaluminide _ FeAl
is of particular interest. However, its strength
decreases at T > 600°C while maintaining high
corrosion resistance. The cohesive strength
of composites based on iron monoaluminide
is limited by the low wettability of most
strengthening phases. The solution to this
problem becomes possible in the process of
mechanochemical synthesis of iron aluminide
FeAl in a highly exothermic reaction of the
reduction of iron oxide (Ill) with aluminum,
because at the same time, a stable ceramic
phase of aluminum oxide a—Al,Oz is formed,
evenly distributed in the synthesis products.
When using ceramic particles, for example,
a-AlL O3z, the resistance of materials to high-
temperature creep increases. The long-term
strength of dispersion-strengthened aluminum
alloys allows them to be used at elevated
temperatures. An increase in the content

of a-Al,Oz reduces the relative elongation,
increases the ultimate tensile strength
and heat resistance associated with the

retarding effect of dispersed particles on the
recrystallization process. The growth in the
use of aluminum alloys in power engineering,
transport, construction and other branches of
technology necessitates the development of
new highly efficient technologies that increase
the strength, thermal stability, reliability and
durability of these materials. Technologies
for the production of composite materials
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and coatings based on Fe Al alloys, such as
hot isostatic pressing and vacuum sintering,
arc and plasma spraying, self-propagating
high-temperature synthesis, etc., are complex
and, as a rule, multi-stage. Mechanochemical
synthesis is a modern method for obtaining
a wide range of highly dispersed powders of
various compounds; it favorably differs in short
times of chemical interactions while eliminating
a number of environmental problems, such
as, for example, reducing the consumption of
water resources. It is expedient to study the
influence of the conditions of mechanochemical
synthesis of composite materials based on
iron monoaluminide with a ceramic phase a—
Al,O3z uniformly distributed in the synthesis
products. The enthalpies of formation of
intermetallic compounds (IMCs) are low [1], and
numerous IMCs have been mechanochemically
synthesized [2]. Schafer and McCormick [3]
carried out studies of the mechanochemical
reduction of metal oxides with more active
metals. During mechanical activation (MA) of a
stoichiometric mixture of FesO,4 with aluminum,
redox reaction proceeds in the mode of self-
propagating high-temperature synthesis [4],
the reaction products contain spherical particles
a-A1,0z, which apparently indicates that the
temperature is at least some parts of the drum
was above the melting point of AlLOz (2325 K).
Previous studies [4, 5] on the mechanochemical
reduction of iron oxides with aluminum showed
that, with the formation of a-Al,03, a significant
amount of FeAl,O spinel is formed, the thermal
stability of which is significantly lower than that
of aluminum oxide. Purpose of the work: to study
the possibility of reducing the content of spinel
(FeAlL,Oy4) in the products of mechanochemical
reduction of iron oxide Fe;Osz with aluminum
during the formation of iron monoaluminide
FeAl as the main phase. High-energy systems



Figure 1. Diffractograms of the
Fe,Oz + 2Al mixture after MA
for 120 s:

a — experiment,

b — decomposition into
components by the Rietveld
method.

0
‘|"'= 1 - a-Fe, 2 — AlLOs, 3 — FeALO4
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are promising for mechanochemical synthesis.
The greatest thermal effect is observed for
redox reaction:

Fe,Oz + 2Al »a AlL,O3z + Fe + FeAl + other
IMC + FeAlLO4 AH = 752 kJ

The reaction products contain both FeAl
(iron  monoaluminide) and «-alumina. The
mechanochemical interaction of components in
a stoichiometric Fe;Oz+2Al mixture, and in mix-
tures with a twofold (Fe,Os+4Al) and a three-
fold (Fe,Oz+6Al) excess of the aluminum con-
tent, was carried out in a high-energy AGO-2
planetary ball mill with water cooling. The vol-
ume of the drum is 250 cm3, the diameter of the
balls is 5 mm, the loading of the balls is 200 g,
the weight of the activated mixture is 10 g, the
rotation speed of the drums around a common
axis is ~1000 rpm. IR spectroscopic studies were
carried out on a Tensor-27 IR spectrometer in
the range of 4000-400 cm-, Mdssbauer spec-
tra . on a MS1101Em laboratory spectrometer
using a *’Co(Rh) radioactive source, X-ray dif-
fraction studies - on a D8 Advance diffractome-
ter, Bruker (CuKq radiation ). The phase compo-
sition and crystal structure of the samples were
determined using the DIFFRACplus: EVA soft-
ware package and the (ICDD) PDF4 database.
The quantitative content of the phases was
determined by the Rietveld method using the
DIFFRACplus: TOPAS software package. X-ray
diffraction analysis of the products of MA of the
Fe,Oz + 2Al mixture (Fig. 1) showed that the MA
of a mixture of stoichiometric composition for
120 s leads to the reduction of iron oxide (lll)
with aluminum and the formation of about 21
wt. % in the reaction products spinel FeAl,Og.

Phase analysis of the MA products of
Fe,Oz + 2Al mixtures, carried out by Mdssbauer
spectroscopy, showed that after 40 s of MA, re-

|
1! | ll ey |
0

100 2©

duced iron (a-Fe) and a small residue of the ini-
tial iron oxide a-Fe;Os (hematite) are recorded
in the spectra. A subspectrum appears with the
parameters of magnetite FezO,4 doublet sub-
spectra from a small amount of intermetallic
compounds of the Fe—Al system (Fe,Als, FeAl,)
and a subspectrum of iron—aluminum spinel,
hercynite FexAl, — xO4 [6] (in an amount com-
parable to free a-Fe). An increase in the MA time

a
6
=L
B
1000 800 600 400
v, e’

Puc. 2. IK-cnekTpbl cMecn Fep;Oz + 2AL ncxogHbin (a)
v nocne MA B TeueHume 30c (6) n 60c (B)
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Table 1. Results of phase analysis by Méssbauer spectroscopy of MA products of
Fe,O3+2Al, Fe;,03+4Al, and Fe,Oz+6Al mixtures. (H.¢ is the effective magnetic field
at the 57Fe nucleus, § is the isomer shift, QS is the quadrupole splitting, I is the
experimental line width, S is the subspectrum area).

Sample tirr/lswAe, ( ;e)ﬁk}z (i](fqo/g) (im%jo/g) (imO:qo/? (i?’% cofnhpacfue nd
512 0.36 -0.18 0.32 5 a-Fe O,
494 0.33 0.62 0.32 3 Fe. O,
460 0.64 0.01 0.32 4 Fe.O,
40 330 -0.05 0.01 0.27 37 o-Fe
0.85 179 0.77 45  Fe, ALO,
Fe,O+2Al 0.16 0.96 0.45 4 Fe Al
0.23 0.48 2 FeAl
325 _0.08 0.01 0.28 65 o-Fe(Al)
o 0.87 178 0.77 29 Fe, ALO,
0.25 0.45 0.35 4 Fe Al
0.20 0.40 2 FeAl
512 0.36 0.2 0.27 4 a-Fe,O,
490 0.25 -0.35 0.27 3 Fe.O,
460 0.46 0.02 0.29 3 Fe.O,
40 329 0.0 -0.01 0.27 14 o-Fe
0.16 0.41 0.30 19 FeAlL
Fe,O,+4Al 0.27 0.44 0.29 4 Fe Al
0.20 0.36 53 FeAl
325 0.03 0.01 0.42 8 a-Fe(Al)
1260 0.15 0.40 0.30 19 FeAlL
0.24 0.49 0.27 4 Fe Al
0.18 0.39 62 FeAl
512 0.29 018 0.30 72 «-Fe,O,
490 0.28 -0.26 0.77 8 Fe.O,
40 460 0.46 0.00 0.75 1 Fe.O,
0.19 0.47 0.50 2 FeAlL
Fe,0,+6Al 015 0.41 0.40 2 Fe Al
0.23 0.50 5 FeAl
515 0.24 -0.02 0.45 4 a-Fe O,
120 0.18 0.43 0.36 41 Fe Al
0.23 0.44 0.38 55 FeAl,

to 120 s leads to almost complete consumption
of the initial iron oxide with the formation of a
phase of a solid solution of aluminum in iron
a-Fe(Al) and a slight decrease in the content of
spinel (table 1). According to Mdssbauer spec-
troscopy data, with an increase in the aluminum
content in the initial mixture by a factor of two
(Fe,03+4Al), almost all a-Fe;O5 is consumed in
40 s MA (Table 1).
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Most of the reduced iron interacts with
excess aluminum to form the main intermetal-
lic phase FeAl and small amounts of Fe;Als and
FeAl,. Part of a-Fe remains as a free metal. An
increase in the MA time to 120s leads to the ac-
cumulation of the FeAl phase and the appear-
ance, in addition to Fe;Als and FeAl,, of a phase
of a solid solution of aluminum in iron a-Fe(Al).
With an excess of aluminum in the initial mix-



ture by three times (Fe;Osz + 6Al), the rate of
mechanochemical reduction noticeably de-
creases. According to Mossbauer spectroscopy
data (Table 1), during MA for 40 s, less than 30%
of a-Fe,Oz is consumed for reduction, FezOy4
and small amounts of intermetallic compounds
FesAls, FeAly, and FeAl appear. After MA for 120
s, the product is a mixture of FesAls and FeAl,
intermetallides and an insignificant amount of
a-iron oxide. An IR spectroscopic study of the
products of mechanochemical synthesis (Fig.
2, a, b, c) showed that after 30 s MA of the re-

Conclusions

Using X-ray diffraction analysis, Mosbau-
er and IR spectroscopy, it has been shown that
the mechanochemical reduction of iron oxide
carried out under conditions of a twofold ex-
cess of aluminum (Fe;Oz + 4Al) makes it possi-
ble to obtain composites with the formation of
iron monoaluminide (FeAl) as the main phase,
strengthened by a-Al,Oz particles. In this case,
it is possible to avoid the formation of an unde-
sirable intermediate phase, the aluminum spinel
FeAl,O4.

action mixture of stoichiometric composition in
the high-frequency region of stretching vibra-
tions (v) of the Fe—O bond. A band shift from
525 to 555 cm™ is observed, which is associ-
ated with changes in the structure of a-Fe;Os.
An increase in the MA time to 60 s leads to the
appearance in the spectrum of clear intense
bands characteristic of a-Al,O3, with two max-
ima at 640 and 610 cm™ §[AlOg] [7]. A further
increase in the MA time does not change the IR
spectrum of the product. According to IR spec-
troscopy data, the a-AlL O3z phase is formed only
after 60 s of MA.
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30BaHNsa «HOBOCUBUPCKUM HALMOHABbHBIN MCCef0BaTEbCKUN FTOCYAAPCTBEHHbBIN YHUBEPCUTETY,
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AMOMUHMOBI Xenesa ABASATCA nepcrek-
TUBHBIMU  XAapPOCTOMKMMK MaTepuanamu, Ko-
Topble MNPeacCTaBNAT MHTEPEeC KakK KOHCTPYK-
LMOHHblEe MaTepumasibl B CBA3M C UX BbICOKOMN
yAenbHOM npo4yHocTblo. Cpegn CcoBpeMeHHbIX
XaponpouyHbIX CTasner M ChiaBoOB LOCTOWMHYIO
HULLY 3aHMMAaOT MaTepuasibl, obpasytoLimne npm
OKUC/IEHVU Ha CBOEM MOBEPXHOCTW CMIOLUHYO
3aLUTHYIO OKCUAHYO MneHky Ha ocHoBe Al;Os.
[MepBble MOMbITKM MCMoONb3oBaHUA crnasos Al
n Fe 6binu npepnpuHatel Makcom Papaneem B
1820 r. /13 xaponpo4yHbix MaTepuranioB ocobbii
MHTEepecC NnpencTaBiseT MOHOAIOMUHUA, Xene3a
_FeAl. OgHako ero Npo4YHOCTb CHMXaeTcs npu T
60onee 600°C npn coxpaHeHMM BbICOKOM KOPPO-
3MOHHOM CcTOMKOCTU. KoresmoHHas MpO4YHOCTb
KOMMO3MTOB HA OCHOBE MOHOAJIIOMUHUAA Xene-
3a orpaHmyeHa HMU3KOM CMa4YnMBaeMOCTbo 60/b-
LWKMHCTBA YynNpo4Hsaowmx ¢as. PeleHne >3Ton
Npo6sieMbl CTARHOBUTCS BO3MOXHbIM B MpoLecce
MEXaHOXMMUYECKOrO CUHTEe3a asloMUHUOA Xe-
nesa FeAl B BbICOKO3K30TEPMUUYECKOM peakumm
BOCCTaHOBMeHUs okcmpa xenesa (lll) anomn-
HMeM, Tak KakK Mpu 3ToM obpasyeTca cTabusb-
Has Kepamuuyeckaa ¢asa okcuaa aatoMUHUA
a-AlLOs. obpasyeTcs, paBHOMEPHO pacrnpene-
NS9Cb B NpoAykTax cuHTesa. MNpu ncnonb3sosBa-
HUU KepaMmnyeckmnx dactuu, Hanpmumep a-AlLOs,
MOBbILLIAETCA COMPOTUBIEHME MAaTepuasnioB Bbl-
COoKOTeMMepaTypHon nonsydyectu. OnutenbHas
MPOYHOCTb ANCAEPCHO-YNPOYHEHHbIX aSTOMM-
HMEBbIX CMJIABOB MO3BOJISET UCMOMb30BaTb WX
MpW MOBbILEHHbIX TeMnepaTtypax. YBenumyeHue
copepxaHua a-AlLbOs cHuXaeT oTHOCUTeNbHOE
yOWHEHWE, yBenuyMBaeT npefen MNpoYHOCTU
NMPW PacTaXeHUU N XAPOCTOMKOCTb, CBSA3aHHbIe
C TOPMO3ALMM OeNCTBMEM OUCMEPCHbIX YacTuL,
Ha mpouecc pekpucTanimMsaumn. Poct npume-
HEeHUs anlOMUHMEBBLIX CMMIABOB B 3HEpPreTuke,
Ha TpaHcnopTe, B CTPOUTENbCTBE U APYrUX OT-
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pacnax TeXHUKW TpebyeT paspaboTKu HOBbIX
BbICOKOI]DDEKTUBHbBIX TEXHOMOMMIN, MOBbIWAK-
LWKMX MPOYHOCTb, TEPMOCTOMKOCTb, HALEXHOCTb
N OOSIFTOBEYHOCTb 3TUX MaTepuasnoB. TexHoo-
TMU NONYyYeHU KOMMO3ULMOHHBIX MaTtepmnanoB
M MNOKPbITUM Ha ocHoBe crnaBoB Fe Al, Takue
Kak ropsiyee M30CTaTMYeckoe MpeccoBaHme u
BakyyMHOe crekaHue, AyroBoe U MniasMeHHoe
Harnbl/IeHWEe, CaMOPACMPOCTPAHAIOLMNCA BbICO-
KOTEMMNEepaTypPHbIM CUHTE3 W ApP., CIOXHbI 1, Kak
npaBmio, MHOFOKOMMOHEHTHbI. -CLieHa. MexaHo-
XUMUYECKUM CUHTE3 — COBPEMEHHbIM MeTon no-
NIyYeHUs LUMPOKON HOMEHKIATYpPbl BblCOKOAMC-
MEePCHbIX MOPOLUKOB Pa3fIMYHbIX COeANHEHUN;
OH BbIFrOAHO OT/IMYAETCA KOPOTKMMU BPpEMEHAMM
XUMNYECKNX B3aMMOOENCTBUN MPU yCTpPaHeHUN
pS4a 3KOJormyeckmx npobnem, Takmux Kak, Ha-
npUMep, CHUXEHWE pacxoda BOAHbIX PeCcypCoB.
Llenecoob6pasHo N3y4YnTb BAUAHWE YCITOBUM Me-
XaHOXMMNYECKOIO CUHTE3a KOMMO3ULMOHHbIX
MaTepuasrioB Ha OCHOBE MOHOAMOMUHMAA Xe-
nesa c kepammyeckom dasomn a-Al,Osz, paBHO-
MepHO pacnpeneneHHon B NpoaykTax cuHTes3a.
DHTanNbMMM obpasoBaHMUA MHTEPMETANTNYECKMX
coegnHenun (MMC) manbl [1], u mMHorne VMC
CUHTE3MPOBAHbI MeXaHOXMMUYECKMM nyTeM [2].
Schafer n McCormick [3] npoBenn nccnegoBa-
HUS MEeXaHOXMMUYECKOro BOCCTAHOBJIEHUSA OK-
CMA0B MeTanoB 6osiee akTUBHBIMU MeTannamu.
Mpu ™MexaHoakTuBaumu (MA) ctexmomeTpuye-
ckon cmecn FezsO4 C antoMMHMEM OKUCAUTENb-
HO-BOCCTAHOBUTENbHAS peakuus npoTekaeT B
pexmMe CamMopacrnpoOCTPAHSIOLLErocs BbICOKO-
TeMrepaTypHoOro cuHtesa [4], NpoayKTbl peak-
umm copepxat chepuyeckme yactmupl a-Al,0s,
4yTO, MO-BMOMMOMY, CBWAETENbCTBYET O TOM,
4yTO TeMmepaTtypa Mo KpanHen Mepe HeKOoTo-
pble Yyactn bapabaHa 6blNM Bbille TemrepaTy-
pbl nnaenenus Al,Osz (2325 K). lNpegbipywime
nccnepoBanusa [4, 5] no MexaHOXMMUYECKOMY
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PucyHok 1. OundpakrtorpaMmbl
cMecn Fe,Os + 2Al nocnie MA B
TeyeHue 120c:

a — 3KCMEepPUMEHT,

6 — pasnoxeHue Ha KOMMOHEeH-
Tbl N0 MeTony PutBenbpa.

1- a-Fe,

0
‘|""=f 2 - ALOs,
3 - FeALO
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BOCCTAHOBMEHWIO OKCUOOB Xefnesa asloMUH1EM
rnokasasnu, 4to npm obpasosaHnm a-AlbOz obpa-
3yeTcs 3HaUYUTeIbHOE KOMMYeCTBO wnuHenm Fe-
ALO4, TEPMOCTOMKOCTb KOTOPOW 3HAYUTESIbHO
HUXe, YeM y okcmpaa antoMuHusa. Lenb paboTbr:
M3YUNTb BO3MOXHOCTb CHUXEHUSA CodepXaHua
wnuHenu (FeAl,O4) B npoaykTax MexaHOXUMM-
4eckoro BOCCTAHOBNEHUS okcuaa xenesa Fe,Os3
a/loMUHMEM MpU  0Bpa30BaHUM  MOHOATOMU-
HMOoa xenesa FeAl B kauecTBe ocHoBHOM ¢dasbl.
BblcokoaHepretuyeckme  cUCTeMbl  Mepcrek-
TUBHbI O/19 MeXaHOXMMUYeCKoro cuHTesa. Haum-
6onbwnn Tennoeon adpodekT HabnogaeTca oNs
OKMCIINTENbHO-BOCCTAHOBUTEIbHOM PeaKLmm:

Fe,Oz + 2Al »a-Al,Ox + Fe + FeAl + gp. UMC
+ FeAlLLO4 AH = 752 k[ x

MpooykTbl peakuun copepxat kak FeAl
(MoOHOaNtMUHMA Xenesa), Tak 1 a-okcua anto-
MUHUA. MexaHoxMMuyeckoe B3auMopencTeue
KOMIMOHEHTOB B CTEXMOMETPUYECKON CMecwu
Fe,Oz+2Al, a Takxe B cMecsax C OBYKPATHbIM
(Fe,0Oz+4Al) n TpexkpaTHbiM (Fe,Oz+6Al) us-
ObITKOM COOEpPXaHUs antoMUHUS  NpPOoBOAUNU
Ha BbICOKO3HEpPreTU4eckoM mnnaHeTapHoOM ycTa-
HoBke AlO-2. wapoBas MesfbHULA C BOAAHbLIM
oxnaxgeHmeM. O6beM 6apabaHa 250cm3, gma-
MeTp wapoB 5MM, 3arpyska wapos 200r, mac-
ca akTuBmpyemon cmecu 10r, ckopocTb Bpalle-
HUA 6apabaHoB BoKpyr obuien ocn ~1000 06/
MuH. KVK-cnekTpockonuyeckme uccnenoBaHusa
BbIMosiHeHbl Ha MK-cnekTpoMeTpe «TeH30p-27»
B AguanasoHe 4000-400cm’, ™MeccbayspoB-
CKMe CreKTpbl _ Ha NabopaTopHOM CrekTpoMe-
Tpe MCN1OIOM ¢ paganoakTUBHBIM UCTOYHMKOM
57Co(Rh), peHTreHOCTPYKTYypHblEe WKCCenoBa-
HUA _ Ha npubope D8 AudpaktomeTp Advance,
Bruker (n3nydeHune CuKy). ®@aszoBbii cocTaB U
KpUCTaNIMYecKyto CTPYKTypy obpasuoB ornpe-

1 | 1’_II||I|I I
1

=

100 2©

nenann ¢ nomouwbtko naketa nporpamm DIF-
FRACplus:EVA u 6a3bl paHHbix (ICDD) PDFA4.
KonnyectBeHHoe copepxaHue das onpenensanm
no Mmetony PutBenbaa ¢ ncnonb3oBaHWEM nake-
Ta nporpamm DIFFRACplus: TOPAS. PeHTreHo-
daszoBblv aHanms npopgyktoB MA cMecun Fe,Os +
2Al (pwc. 1) nokasan, yto MA cMecun cTexmoMme-
Tpuyeckoro coctaea B TedeHume 120¢ npmBoanT K

1000 800 600

v, e’

400

Figure 2. IR spectra of the Fe,Oz + 2Al mixture, initial
(@) and after MA for 30s (b) and 60s (c)
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Ta6nuua 1. Peaynbratbl pa3oBoro aHamsa METoA0M Mecc6ays3pOBCKOM CMEKTPOCKONUMU
npoayktoB MA cMeceit Fe,03+2Al, Fe,O3z+4Al n Fe,Oz+6Al.
(Hets — 3dPekTuBHOE MarHuTHoe nose Ha sppe 57Fe, 5§ — usoMepHbIN cABMT,
QS — kBagpynosbHoe pacwenneHme, [ — akcnepMMeHTasibHas LWUMPUHA JINHUMN,
S — nnowapb NoacneKkTpa).

H 5, Qs, r,
Obpazen,  BPerMA e (x002)  (002) (:002) (ﬁ)r% Dasa
512 0.36 -018 0.32 5 a-Fe O,
494 0.33 0.62 0.32 3 Fe,O,
460 0.64 0.01 0.32 4 Fe,O,
40 330 -0.05 0.01 0.27 37 «-Fe
0.85 179 0.77 45  Fe, ALO,
Fe,0,+2Al 016 0.96 0.45 4 Fe Al
0.23 0.48 2 FeAl
325 -0.08 0.01 0.28 65 a-Fe(Al)
. 0.87 178 0.77 29 Fe ALO,
0.25 0.45 0.35 4 Fe Al
0.20 0.40 2 FeAl
512 0.36 0.2 0.27 4 a-Fe O,
490 0.25 -0.35 0.27 3 Fe,O,
460 0.46 0.02 0.29 3 Fe,O,
40 329 0.0 -0.01 0.27 14 «-Fe
016 0.41 0.30 19 FeAL
Fe,0,+4Al 0.27 0.44 0.29 4 Fe Al
0.20 0.36 53 FeAl
325 0.03 0.01 0.42 8 a-Fe(Al)
. 015 0.40 0.30 19 FeAL
0.24 0.49 0.27 4 Fe Al
018 0.39 62 FeAl
512 0.29 -018 0.30 72 a-Fe O,
490 0.28 -0.26 0.77 8 Fe,O,
2o 460 0.46 0.00 0.75 1 Fe,O,
019 0.47 0.50 2 FeAL
Fe,0,+6Al 015 0.41 0.40 2 Fe Al
0.23 0.50 5 FeAl
515 0.24 -0.02 0.45 4 a-Fe O,
120 018 0.43 0.36 41 Fe Al
0.23 0.44 0.38 55 FeAlL
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BOCCTaHOB/eHUIO okenaa xenesa (1) antoMuHmM-
eM n obpasoBaHuto okono 21 Bec. % B NnpoayKTax
peakumn wnmnHenu FeAlLO4.

®a3oBbIN aHanmM3 npopyktoB MA cMecen
Fe,Oz + 2Al, npoBeneHHbIM MeTOOOM Meccbay-
3POBCKOM CMEKTPOCKOMUM, noKasas, YTo nocne
40 ¢ MA o¢uKcmnpyeTcss BOCCTAHOBIEHHOE Xe-
neso (a-Fe) n HebonbloOW OCTATOK WMCXOOHOro
okcmpa xenesa a-Fe,Oz (remaTtut). B cnekTpax
NMOSIBNISIETCA MOACMEKTP C NapamMeTpaMm MarHe-
TnTa FesOy4, AybrneTHble NOACMEKTPbI OT HeGOb-
LWOro KoNMyecTBa MHTEPMETANNIUOOB CUCTEMDI
Fe—Al (FesAls, FeAly) u noacnekTp xenesoa-
JHOMUHMEBOM WNuHenn, repumHmnta Fe,Al,_, Oy
[6] (B konmnyecTBEe CpaBHMMOM CO CBOGOAHBLIM
a-Fe). YBenunyenune BpemeHn MA po 120c npwu-
BOAWT K MPaKTUYeCKM MOJSIHOMY PAaCXOLOBaHUIO
WCXOOHOrO OKCMAA Xenesa c obpa3oBaHWEM
dasbl TBEPAOro pacTeopa astoMUHUS B Xenese
a-Fe(Al) 1 He3HaUNTENBHOMY CHUXEHWIO coaep-
XaHusa wnuHenu (tTaén. 1). Mo gaHHbIM Meccbay-
3POBCKOM CMEKTPOCKOMUK, MPWN yBENUYEHUN CO-
OepXaHUs antoMUHUS B UCXOOHOW CMecu B ABa
pasza (Fe;Oz+4Al) npaktuyeckn Becb a-Fe;Osz
pacxopyetca 3a 40c MA (tabn. 1).

Bornblwas 4YacTb BOCCTAHOBMIEHHOMO Xe-
fie3a B3aMMOLENCTBYET C U36bITOYHBIM atoMU-
HMeM C o6pa3oBaHMEM OCHOBHOW MHTepMeTasn-
nmoHown d¢asbl FeAl n HebonblWKMX KONUYECTB
FesAls n FeAl,. HYactb a-Fe ocTtaeTcs B BUAe CBO-
6o0gHOro MeTanna. YeenumyeHue BpemeHu MA
0o 120c npmBoanT K HakonneHuto ¢asbl FeAl n
nosiBneHunto nommmo FesAls n FeAl, dasbl TBep-
[Ooro pacTBopa antoMuUHUsa B xenese d-Fe(Al).
Mpu 136bITKE antoOMMHUA B UCXOOHOM CMecu B
Tpu pasa (Fe;Oz + 6Al) ckopocTb MexaHOXMMMU-
YeCckoro BOCCTAHOB/IEHUSA 3aMETHO CHMXaeTcs.

[Mlo paHHbIM Meccbay3pOBCKOM CREKTPOCKOMUM
(tabn. 1), npu MA B TeueHne 40c Ha BOCCTaHOB-
neHuve pacxopyetcs mMeHee 30% a-Fe,Oz, no-
anstoTca FesO4 1 Hebonblne KonuyecTBa MH-
TepmeTannmaoB FesAls, FeAl,, FeAl. Mocne MA
B TeyeHue 120c mpopykT npenctaBnseT cobon
cMecb MHTepMeTannnpos Fe,Als n FeAl, u He-
3HAUUTENIbHOIO KOMMYecTBa OKCMAa a-xenesa.
VK-cnekTpockonuyeckoe ucciefoBaHMe Mpo-
OYKTOB MEXaHOXMMUYECKOro cuHTesa (puc. 2, a,
6, B) nokasano, 4yto nocne 30c MA peakLMOHHOM
CMeCcK CTEXMOMETPUYECKOrO COCTaBa B BbICO-
KOYaCTOTHOM 06nacTu BaJIeHTHbIX KonebaHum
(v) Fe— O cBsazb. Habnopaetca coBur nNonochl
oT 525 po 555 cM7, yTO CBA3AHO C U3MEHEHU-
eM cTpykTypbl a-Fe,Os. YBenuyeHue BpemMeHU
MA po 60c npmBOANT K MOSB/IEHUIO B CReKTpe
YETKMX MHTEHCUBHbIX MOJMIOC, XapakTepHbIX AN
a-AlLOs, ¢ gByMs makcumymamm npm 640 mn 610
cm1 O[ALOg] [7]. LdanbHenwee yBennyeHne Bpe-
MeHU MA He nsmeHseT MIK-cnekTp npoaykta. Mo
naHHbiM UMK-cnekTpockonum dasa a-Al,Os 06-
pasyeTtcs Tonbko nocse 60c MA.
BbiBoabl

MeTomaMn PEHTreHOCTPYKTYPHOro aHa-
nm3a, mecbaysposckon u WK-cnekTpockonmm
MoKasaHo, YTO MEeXaHOXMMUYECKOe BOCCTAHOB-
NleHWe okCnaa xenesa, NPoOBOAMMOE B YC/TOBUSAX
nBykpaTtHoro nsbbiTka antomuHus (Fe, Oz + 4AL),
NO3BOJISET MOMlyYaTb KOMMO3UTbl C obpasoBa-
HUeM MoHoantoMuHuaa xenesa (FeAl) B kadve-
CTBe OCHOBHOW ®asbl, YCUIEHHOW YacTuuamum
a-AlL,Os. B 3ToM cnydae ypaetcs msbexatb 06-
pa3oBaHUA  HeXenaTeslbHOW  MPOMEXYTOYHOMN
dasbl — antomMmHmesom wnuHenmn FeAl,Og.
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From a wide range of methods for the syn-
thesis of finely dispersed powders in obtaining
materials with demanded physical and chemi-
cal characteristics [1, 2], the mechanochemical
method compares favorably with short synthe-
sis times with the simultaneous elimination of
a number of environmental problems. Mecha-
nochemically stimulated reduction reactions
of metal oxides (Me,O,), active metals (Mexc),
and proceeding with a large exothermic effect,
can be carried out in the process of mechani-
cal activation (MA) alone of solid mixtures of
element oxides with active metal. MA of a mix-
ture of initial components leads to an increase
in the area of the contact surface, acceleration
of mass transfer, and, as a consequence, activa-
tion of their mechanochemical interaction with
the formation of composites (Me/(Meu),O)) -
powder mixtures of highly dispersed particles
of reduced metals and active metal oxide [3,4]
. The choice of systems for the mechanochemi-
cal reduction of metal oxides (Me,O,) by active
metals (Megt) should be carried out in such a
way that the by-products formed because of
interaction are dissolved easily in traditional
chemical solvents, and highly dispersed parti-
cles, the target product, would be insoluble in
them. It is rational to use magnesium as an ac-
tive metal. In the process of mechanical activa-
tion of solid mixtures of metal oxides with Mg,
the MgO phase with a melting point of ~3000K
is formed. Such a high melting point of magne-
sium oxide prevents significant sintering of MA
products. When interacting with aqueous solu-
tions of HCl or H,SO4, magnesium oxide forms
well-soluble compounds [5]. The possibility of
mechanochemically stimulated reactions of the
reduction of metal oxides with magnesium is
determined by the high values of the exother-
mic effects of the redox reactions (Table 1).
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In the process of mechanical activation of
the mixture of initial solid reagents, mechanical
melting of magnesium particles (Tneir = 923 K)
with cladding of particles of metal oxides is lo-
cally possible [4]. Composites of various com-
positions are formed as products of such me-
chanochemically stimulated reactions. They
mainly include reduced metal (Cu, W, Mo, Nb,
Ta) and magnesium oxide, as well as minor re-
sidual amounts of metal oxides, intermetallic
compounds (CuMg,, Cu,Mg, etc.) [6] and ma-
gnesium double oxide salts (MgWO,4, MgMoOQOy,,
MgNb,;0Og, MgTa,0g, etc.) in the corresponding
systems. The purpose of the research: to study
the possibility of mechanochemical reduction of
metal oxides by magnesium with the formation
of Me/MgO composites. Search for conditions
for the separation of highly dispersed metals

Table 1. Values of exothermic effects of
redox reactions.

Reaction AH%9g, kJ
CuO +Mg » MgO + Cu - 440
Cu,O +Mg » MgO + 2Cu - 430
WOz + 3Mg » W + 3MgO -962,7
MgWOQO4+ 3Mg » W + 4MgO - 8748
MoOsz + 3Mg » Mo + 3MgO -1060,2
MgMoOy4 + 3Mg » Mo + 4MgO -1006
Nb,Os + 5Mg »2Nb + 5MgO -1108,2
MgNb,Og+ 5Mg » 2Nb + 6MgO - 1089
Ta,05 + 5Mg » 2Ta + 5MgO -960,3
MgTa,0g+5Mg-2Ta+6MgO - 960




from them during acid dissolution of magne-
sium oxide and other by-products of mechani-
cal activation. The following reagents were used
in the work: powders of copper (I) and (ll) oxides
(GOST 16539-79); WO3 powder (GOST 14339.5-
91); MoOs powder (TU 48-19-549-94); Nb,Os5
powder (TU 6-09-4047-86); Ta,Os powder (TU
48-4-408-78); magnesium shavings (MGS - 99);
hydrochloric acid (GOST 14261-77); hydrofluoric
acid (GOST 10484-78); disodium salt of ethy-
lenediaminetetraacetic acid (GOST 10652-73).
Mixtures of metal oxides (copper (I and Il), tun-
gsten (VI), molybdenum (VI), niobium (V), tan-
talum (V), and magnesium at various mixture
ratios (MexOy + Mg) were processed in an AGO-
2 high-energy planetary ball mill ( drum volume
250 cm3, ball diameter 5mm, ball loading 200g,
sample weight 10g, drum rotation speed around
a common axis 600 or 1000rpm. X-ray phase
analysis (XRD) of the samples was carried out
on DRON-3M and D8 Advance diffractometers
(CuKa radiation). X-ray diffraction patterns of
the starting compounds and synthesized sam-
ples were identified using the search/matching
program and the PDF-2 ICDD scientific databa-
se. The particle sizes of the samples were deter-
mined on scanning electron microscopes (SEM)
OXSFORD INSTRUMENT, (ENGLAND) and Hita-
chiTM 1000. The microscope was equipped with
a TM1000 EDS detector , designed to determi-
ne the chemical composition of the sample. The
study of the conditions of mechanical activa-
tion and stoichiometric ratios of components
by XPA in the systems CuO + Mg and Cu,O + Mg
(111, 1:1.1 and 1:1.5) on the degree of reduction of
oxides of copper (II) and (I) by magnesium sho-
wed that at a rate rotation of the drums around
a common axis of T000rpm, an activation time
of less than 2min and an excess of magnesium
(1:1.5), phases of CuMg,; and Cu,Mg intermetal-
lic compounds are recorded in the composition
of the composites. An increase in the activation
time to more than 2min leads to an increase in
the content of the Cu,O (I) phase in the pro-
ducts. The formation of composites containing
copper as the main product and by-products
magnesium oxide and a small amount of cupro-
us oxide is achieved with an activation time of
CuO + Mg (1: 1.1) and Cu,0 + Mg (1: 1.1) mixtures
of 2min, intermetallic compounds CuMg, and
Cu,Mg are not registered under such conditions.
The separation of copper from mechanoche-
mical composites for the reduction of copper
oxides was carried out with solutions of 2 M
HCl or 1M H,SOy4 in the presence of atmosphe-
ric oxygen. Copper (I) oxide, present in small
amounts, goes into solution, with the formation
of highly soluble CuCl2 [7]. Copper (IlI) oxide is
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Figure 1. X-ray diffraction patterns of products
of mechanochemical synthesis and magnesium
reduction: a) MgWO,, b) MgMoO4. Curves: 1 -
mechanochemically synthesized MgWO4 (MgMoOu);
2 - W/MgO (Mo/MgO) composites of MgWOy4
(MgMoQy4) reduction, MA time 8min; 3 — highly
dispersed W (Mo) powders after acid separation from
W (Mo)/MgO.

practically not formed in the composition of the
oxide layer on the surface of copper particles
[8]. The intermetallic compounds Mg,Cu and
Cu,Mg (even if they were formed during MA) de-
compose with the release of Cu particles, while
magnesium passes into solution in the form of
Mg2+ [9]. The separation of the copper powder
from the reduction by-products was carried
out with two acid treatment options: 1) TM HCl
(343 K); 2) 1.0 M H,SOy4 (298 K). To eliminate the
oxidation of copper powder during drying and
storage under normal conditions, treatment
was introduced with a solution of disodium salt
of ethylenediaminetetraacetic acid [10], water
and acetone sequentially. Electron micrographs
indicate that copper powders consist of pri-
mary particles, almost spherical in shape with
a size of =100nm, from which secondary par-
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Figure 2. Electron micrographs of highly dispersed powders of tungsten and molybdenum after acid separation
from the products of mechanochemical reduction by magnesium WOs3 (a), MoOs (b), MgWOy4 (c), MgMoOy4 (d).
Increase 10,000

ticles-aggregates with sizes from 0.2um to 10
pm are formed. An XRD study of the mechano-
chemical reduction of WOz and MoOsz showed
that on the diffraction patterns of samples of
a mixture of tungsten (VI) or molybdenum (VI)
oxide and magnesium chips activated for 1 min,
a decrease in the intensity of WOz (MoO3) re-
flections is observed, reflections of tungsten
(molybdenum) and magnesium oxide do not are
registered. With an increase in the activation
time to 2-6 minutes, the formed composites,
according to X-ray diffraction analysis, conta-
in tungsten (molybdenum), magnesium oxide
and magnesium tungstate MgWO, (molybdate
MgMoOQOy,). The completion of the reduction of
tungsten (molybdenum) oxides with magne-
sium is achieved in 8 minutes of activation with
the formation of W(Mo)/MgO composites. The
registration of MgWO, (MgMoO,4) phases as MA
intermediates led to the study of the possibility
of their mechanochemical synthesis from WOs3
(MoOs) and MgO at strictly stoichiometric ra-
tios (1:1) and subsequent mechanochemical re-
duction of MgWO, (MgMoO,4) with magnesium.
As a result of MA of magnesium tungsta-
te (molybdate) with magnesium chips for
6min, W(Mo)/MgO composites are formed
(Fig. 14, b).

According to XRD, the products obta-
ined after separation of magnesium oxide from
W(Mo)/MgO composites with a 1.0 M solution
of sulfuric acid (298K) and sequential treat-
ment with distilled water and acetone are finely
dispersed tungsten (molybdenum) powders.
The results of electron microscopic studies of
tungsten (molybdenum) powders indicate that
they consist of aggregate particles with sizes
from 0.2 to 5um, consisting of primary particles,
almost spherical in shape with a size of ~50-
100nm (Fig. 2).

An XRD study of the mechanochemical
reduction of Nb,Os and Ta,Os showed that on
the diffraction patterns of samples of a mixture
of niobium (V) or tantalum (V) oxide and ma-

188

gnesium chips activated for 1 min, a decrease
in the intensity of Nb,Os (Ta,0s) reflections, re-
flections of phases of niobium (tantalum) and
oxide magnesium are not registered. With an
increase in the activation time of the mixtu-
re of Nb,O with magnesium up to 2-6minutes,
the formed composites, according to X-ray dif-
fraction analysis, contain phases of niobium
(tantalum), magnesium oxide and magnesium
niobate (tantalate) MgNb,Og (MgTa;0g). Com-
pletion of the reduction of niobium (V) oxides
with magnesium is achieved in 8 minutes of ac-
tivation with the formation of Nb/MgO compo-
sites. The effect of stoichiometric compositions
and conditions of mechanical activation on the
formation of magnesium niobates and tanta-
lates by XPA was studied. During MA for 8min
of a mixture of Nb,Os (Ta,Os) with MgO at a
stoichiometric mixture composition of 1.1 and
a rotation speed of the drums around a com-
mon axis of 1000 rpm, the formation of magne-
sium niobate (tantalate) MgNb,Og (MgTa,0g)
is observed. At other ratios of Nb,Os (Ta;05)
and MgO during MA, the formation of indivi-
dual phases of magnesium niobates (tantala-
tes), such as Mg4Nb,Og (Mg4Ta,0y), etc., is not
observed. The study of the mechanochemical
reduction of MgNb,Og (Mg4Ta,Og) by magne-
sium showed that the process is completed by
8min of MA with the formation of the Nb(Ta)/
MgO composite. Using scanning electron micro-
scopy, it has been shown that the synthesized
MgNb,0Og (MgTa,0g) and the mechanochemi-
cally reduced Nb(Ta)/MgO composites from it
are highly dispersed and consist of primary par-
ticles close to spherical in shape, with sizes from
50 to 100nm, aggregated into secondary par-
ticles with sizes from 1to 10 microns.
Conclusions

In studies conducted by XPA, it was shown
that Me(Mo, W, Nb)/MgO composites are for-
med in 8 minutes of mechanical activation at a
drum rotation speed around a common axis of
1000 rpm and the required stoichiometric ratios



MexQy : Mg. The mechanochemical formation of
Cu/MgO composites occurs in shorter MA times
of 2min. Mechanochemical Me/MgO composites
remain stable for at least a month. It is shown
that the MA method makes it possible to form
individual phases of complex oxides MgWOQy,,
MgMoO,4, and MgNb,Og (MgTayOg). The me-
chanochemical reduction of such oxides with
magnesium also makes it possible to obtain
highly dispersed Me/MgO composites. Treat-
ment of highly dispersed Me/MgO composites
with successively dilute solutions of acids, H,O,
and acetone leads to the separation of highly
dispersed metals from magnesium oxide. The
magnesium content in the obtained samples
of highly dispersed metal powders determined
by the method of energy dispersive analysis is

less than 2%. The results of scanning electron
microscopy demonstrate that the sizes of ag-
gregated particles of samples of the obtained
highly dispersed metals range from 2 to 10um
and consist of primary particles, as a rule, with
sizes of the order of O.1lum. The method pre-
sented by us makes it possible to obtain highly
dispersed metal powders by mechanochemical
synthesis practically at room temperature with
a high (98%) yield and the possibility of utilizing
magnesium oxide by-product by known me-
thods.
The work was carried out within the fra-
mework of the state task of the ISSCM SB
(reg. N2 121032500062-4).
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MEXAHOCTUMYJIMPOBAHHDBIE PEAKLUUN BOCCTAHOBJIEHUA
okcmaos MEOU, BOJIb®PAMA, MOJIMBAEHA, HUWOBUA U
TAHTAJIA B CMHTE3E BbICOKOAUCMNEPCHbIX METAJIJ1OB

Yoanosa T.A."2, Ipuzopvesa T.D.!, Bocmepuxoe C.B.!, [leeamxuna E. T},
/axoe H.3.13
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M3 wunpokoro cnekTp MeTogoB CUHTe3a
BbICOKOANCMEPCHbIX MOPOLLKOB npm
nosy4YeHUM MaTepuanoB C BOCTPebBOBaHHbIMU
ONBNKO-XMMUYECKUMU XapakTepucTmkamm
[1,2], M™MexaHOXUMWYeckuMi MeTon  BbIFOOHO
OT/IMYAETCA KOPOTKMMU BpeMeHaMm CUHTe3a
e O4HOBPEMEHHbIM yCTpaHeHneMm psoa
3KOMornyeckmx npobrnemM. MexaHOXMMUYECKHN
CTUMY/IMPOBAHHbIE peakLmMM BOCCTAHOBIEHUSA
okcngos metannos (Me,O,), akTMBHbIMK MeTan-
namm (Meg-), NpoTekatLLme ¢ 607bLUMM 3K30TEP-
MUYyecknM 3dPeKToM MOryT 6biTb NMpPOBeAeHbl B
rnpoLecce 0gHOMN TONbKO MeXxaHM4Yeckom akTnea-
umn (MA) TBepablXx CMecel OKCUMOO0B 3/1€MEeHTOB
C aKTUBHbIM MeTasuiloM. MA cMecu WCXOAHbIX
KOMMOHEHTOB  MPUBOAUT K  YyBENUYEHUIO
niowanu KOHTaKTHOW MOBEPXHOCTH, YCKOPEHUIO
MaccomnepeHoca, U, Kak clefcTBue, akTMBauum
MX MEexXaHOXMMMYECKOro B3aumMOOEeNCTBUSA C
dopmuposaHmem komnosutos (Me/(Meq);Oj)
— TOPOLUKOBbIX CMecel BblCOKOOMUCMEPCHbIX
YacTUL, BOCCTAHOB/IEHHbIX METa/l/IoB M OKCUAA
akTuBHoro m™etanna [3,4]. Bbibop cucrem
MEeXaHOXMMUYECKOrO BOCCTAHOBMEHUS OKCUO0B
mMeTtannos (Me,Oy) aKkTMBHbIMM  MeTannammu
(Meakr), UenecoobpasHoO MPOBOAUTH  TaKMUM
o6pasoM, UTobbl popMUpytoLLMECS B pe3yfibTaTe
B3aMMOLeNCcTBMUS MnoboyHble NPOOYKTbl JIerko
pPacTBOPSANANCE B TPAOULMOHHBIX XUMUYECKUX
pacTBopmuTensx, a BbICOKOOMUCMEPCHbIEe
yacTuubl — LeneBoW NpoaykT — 6biin 6bl B
HUX HepacTBOpuMbl. B KkayecTBe akTUBHOMo
MeTana payuvoHanbHO NpuUMeHeHue MarHua. B
npoLecce MexaHU4YecKoM akTMBauUW TBepablX
cMecen okcuaoB MeTannoe ¢ Mg dopmupyeTcs
daza MgO c TeMnepatypom nnaeneHmnsa ~3000K.
Takas Bbicokaa TemnepaTtypa MjaBAeHUs
oKCuMAa MarHus NpensaTCcTBYeT CyLLeCTBEHHOMY
crnekaHuto npoayktos MA. MNpu B3anMogemncTeum
¢ BogHbiMu pacteopamm HCL nam H,SO4 okeng,
MarHmsa  obpasyeT  XOpOoWoO  pacTBOpUMble
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coeguHeHuna [5]. Bo3MoxHocCTb npoTekaHus
MeXaHOXMMUYECKM CTUMYNMPOBAHHbIX peakLuin
BOCCTAHOBJ/IEHUA OKCMOOB MeTa//IoB MarHuem
onpenenaeTca BbICOKMMM 3HaAYEHUAMMU
3Kk30TEPMUYECcKMX dPPEKTOB  OKUCINTENbHO-
BOCCTAHOBUTE/bHbIX peakuuin (tabnuua 1).

B npouecce MexaHUYeCcKOW akTMBaLUMU
CMeCn UCXOOHbIX TBepOblX peareHTOB JloKaslb-
HO BO3MOXHO MexaHu4eckoe rnjaBfeHne YacTumy,
MarHus (T, = 923 K) ¢ nnakupoBaHmMeM vacTtuL,
okcmpaoB MeTannos [4. B kavectBe nmpoaykToB
TaKMX MEeXaHOXMMUYECKM CTUMYSIMPOBAHHbIX
peakumin GopMUPYOTCS KOMMNO3UTbI Pa3INYHbIX
cocTaBoB. [1pemMMyLLLecTBEHHO OHW  BKJIHOYAKOT
BoccTaHoBeHHbIn MeTann (Cu, W, Mo, Nb, Ta) n
OKCWMA, MarHus, a TakxXe He3HaduTesbHble ocTa-
TOYHblE KOSIMYECTBa OKCUAOB MeTasfloB, HTEp-
MeTannmyeckux coeguHeHnin (CuMg,, Cu,Mg
n aop.) [6] v ABOMHbBIX OKCUOHbBIX COMeN MarHus

Ta6nuua 1. 3HaYeHMAMU 3K30TePMUUYECKUX

a¢pdekToB OBP
oBP AH,08, kJ
CuO +Mg » MgO + Cu - 440
Cu,O +Mg » MgO + 2Cu - 430
WOs+ 3Mg » W + 3MgO -962,7
MgWOQO4+ 3Mg » W + 4MgO - 8748
MoOsz + 3Mg » Mo + 3MgO -1060,2
MgMoOy4 + 3Mg » Mo + 4MgO -1006
Nb,Os + 5Mg »2Nb + 5MgO -1108,2
MgNb,Og+ 5Mg » 2Nb + 6MgO - 1089
Ta,05 + 5Mg » 2Ta + 5MgO -960,3
MgTa,0g+5Mg-2Ta+6MgO - 960




(MgWO,4, MgMoO,4, MgNb,Og, MgTa;Og 1 Ap.) B
COOTBETCTBYIOWMX cucTemax. Llenb nccneposa-
HUN: U3y4yeHMEe BO3MOXHOCTU MeXaHOoXMMuye-
CKOro BOCCTAHOBJIEHUSA OKCUAOB MeTaslsIoB Mar-
HUEM C POpMUPOBAHMEM KOMMO3UTOB COCTaBa
Me/MgO. TMouck ycrioBut OTAENEHUA U3 HUX
BbICOKOAMNCMEPCHbBIX METaI/IOB MPU KMUCIOTHOM
pPacTBOPEHUN OKCUAA MArHUs U OpYrux noboy-
HbIX MPOAYKTOB MexaHU4yeckoln aktmeauun. B
paboTe UCMOJIb30BaHbI PeareHTbl: MOPOLLKM OK-
cnpos Meam (1) n (1) (TOCT 16539-79); nopoLuok
WOs3 (TOCT 14339.5-91); nopowok MoOs (TY 48-
19-549-94); nopowok Nb,Os (TY 6-09-4047-
86); nopowok Ta,Os (TY 48-4-408-78); marHu-
eBas cTpyxka (MIC - 99); consHasa kmcnoTa ocu.
(FTOCT 14261-77); ¢TopucToBOfOpPOAHAA KMUC-
nota ocu. (FTOCT 10484-78); nnuHatpueBas cosb
3TUNeHgMaMmnHTeTpaykcycHom kucnotbl (FOCT
10652-73). CmMecu okcmpos metannos (Megu (I
u ), Bonbdpama (VI), monndgeHa (VI) Hnob-
va (V), Tantana (V) U MarHms npu pasnuyHbix
cooTHoweHuax cmecen (Me,O,+Mg) obpaba-
TbiBa/IM B BbICOKO3IHEPreTUYECKOW LIAPOBOWM
nnaHetapHon MenbHuue AFO-2 (o6bém bapa-
6aHa 250cMm3, guameTtp wapoe 5MM, 3arpyska
wapoe 200r, HaBecka obpasua 10r, ckopocTb
BpaLlLleHna 6apabaHoB Bokpyr obuen ocn 600
mnn 100006/MuH). PeHTreHodasoBbI aHanms
(PDA) obpasuoB npoBoaunu Ha gudpakTome-
Tpax OPOH-3M n D8 Advance (CuKa-usny4e-
Hue). PeHTreHorpaMMmbl MCXOOHbBIX COeAMHEHUN
M CUHTE3UPOBAHHbIX 06pPa3LOoB, UAEHTUOULN-
poBanu C WCMNOMb30BaHWEM TMpPOrpamMmbl Mo-
ncka/conocTaBneHns M HayyHoM 6asbl  OaH-
Hbix PDF-2 ICDD. Pa3mepbl yacTtuy, obpasLos
onpenenssin Ha CKAHUPYIOWMX 3TeKTPOHHbIX
Mukpockonax (COM) OXSFORD INSTRUMENT,
(AHTTTNA) n Hitachi TM 1000. Munkpockon ykoMm-
nnekToBaH getektopom TM1000 EDS, npegHa-
3HAYEHHbIM OIS OMpeneneHUs XUMUYECKOro
cocTaBa obpasua. MayyeHne ycroBum MexaHm-
YeckoW aKTMBALMK U CTEXMOMETPUYECKUX CO-
OTHOLLUEHUM KOMMoHeHToB MeTogoM PDA B cu-
ctremax CuO+Mg n Cu,O+Mg (1:1, 1111 1 1:1.5) Ha
cTeneHb BoccTaHoBneHus okcmpos Mean (ll) u
(I) MarHuem nokasasnu, 4TO NMpPW CKOPOCTU Bpa-
weHus bapabaHos Bokpyr obuient ocn 100006/
MUH, BDEMEHW aKTUBALMUN MeHee 2MUH N U36bIT-
ke marHus (1:1.5), B cocTaBe KOMMNO3WTOB peru-
cTpupytotca dasbl MHTepmeTannmpoos CuMg; m
Cu,Mg. YBenunyeHme BpeMeHW akTnBaumm 6onee
2MUH NMPUBOAUT K POCTY COAEPXAHUSA B MPOOYyK-
Tax pasbl Cu,O (l). DopMmpoBaHMe KOMMNO3NTOB,
coaepXallmx B Ka4yeCTBE OCHOBHOMO MpPOoAyKTa
— Mefb U NMo6OYHbIX NMPOAYKTOB OKCUA MarHus
M He3HauyuTeNbHOE KOMMYECTBO 3akucu Meau,
OOCTUraeTcsl NMpU BPEMEHW aKTUBALMK CMecew
CuO+Mg (1:11,1) n CuO0+Mg (1:1,1) 2MuH, nUHTep-
metannmgbl CuMg, n Cu,Mg B TakuUx ycrioBUsax
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PucyHok 1. AndpakTtorpammbl MpoaykToB MexaHOXU-
MUYECKOro CUHTe3a M BOCCTAHOBMIEHNSA MarHMeM: a) —
MgWOy, 6) — MgMoOy,.

Kpueble: 1 — MexaHOXMMWYECKN CUHTE3UPOBAHHbBIX
MgWO, (MgMoOy); 2 — komnosutos W/MgO (Mo/
MgO) BocctaHoBneHnas MgWO, (MgMoOy), Bpema MA
8MUH; 3 — BblcokoamcnepcHbix nopowkos W (Mo)no-
cne KUcnoTHoro otaeneHns ns W(Mo)/MgO.

He perucTtpupyetca. OToeneHve Meau U3 Me-
XaHOXMMNYECKMX KOMMO3UTOB BOCCTAHOBEHUSA
oKCUMAOB Meau npoBeneHo pacteopamm 2M HCL
mnn 1M H,SO4 B NpUCyTCTBMM KMCIOPOLA BO3AY-
xa. Okeunp Megu (1), NpucyTCTBYIOWMINA B He3Ha-
YNTENbHbIX KOIMYECTBAX MepexoamnT B PacTBOp,
Cc obpazoBaHuMeM xopowo pactsopumoro CuCl,
[7]. Okenp mepm (II) B cocTaBe OKCUMAHOMO Crios
Ha MOBEPXHOCTM YacTuL, Meau MNpakTUYecKn
He obpa3syetca [8]. MHTepmeTannmabl Mgo,Cu un
Cu,Mg (paxe ecnu 6bl oHM cHopMUpPOBATNCH
B npouecce MA), pasnararotcsa C BblaeneHu-
eM yacTtuy, Cu, MarHuim mMpu 3TOM MNepexoauT B
pacteop B Buae Mg?* [9]. OTaeneHune nopouwka
Meau OT NOB6OYHbIX MPOAYKTOB BOCCTAHOBIEHUS
npoBefeHo ABYMSA BapuaHTaMm KUCIOTHOM 06-
pa6oTku: 1) TM HCL (343 K); 2) 1,0M H,SO4 (298
K). na ycTpaHeHWs OKUCIIEHNS rMopoLlka Meam
NPW BbICYLUMBAHUN U XPAHEHUU B OBbIYHbBIX YC-
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PucyHok 2. 3nekTpoHHble MukKpodoTorpadum BbICOKOLMCAEPCHbBIX MOPOLWKOB BonbdpaMa M Monubae-
Ha rnocrie KUCNOTHOrO OTAENIeHUS M3 MPOAYKTOB MEXaHOXMMUYeCKOro BOcCCTaHoBeHus marHnem WOs (a),
MoOs3 (6), MgWOy4 (B), MgMoOy4 (r). YBenuuenune 10 00O0.

noBuaAx, BBedeHa obpaboTka pacTBOpPOM OuU-
HaTPWEBOM COMU 3TUNEHOAVNAMUHTETPAYKCYCHOMN
kucnotbl [10], BOOOW M aueToHOM mnocnenoBa-
TeNbHO. DNeKTPOHHble MUKpodoTorpadmm ceu-
LETeNbCTBYIOT, YTO MOPOLWKW MeOU COCTOAT U3
NMePBUYHbBIX YacTuLl, NoYTn chepuyeckomn GopmMbl
¢ pazmepoM ~100HM, 13 KoTopblix cbopMmpoBa-
Hbl BTOPWYHbIE YacTuLbl-arperaTbl C pa3MepamMm
ot 0,2 MkM go 10 MkM. VMiccnepoBaHue MeToaooM
POA MexaHOXMMUYECKOro  BOCCTaHOB/IEHUS
WOs3 1 MoOz nokasasno, 4To Ha gmudpakrtorpam-
Max obpas3uoB cMecu okcupa Bonbdpama (VI)
wnn monubpeHa (VI) u MarHmeBoln CTpyXKu
aKTMBMPOBAHHbIX B TedeHne TMWH HabnopaeT-
CA CHUXEHME MHTEHCMBHOCTU pednekcoB WOsx
(MoOs3), pednekcbl Bonbdpama (MonmbaeHa) w
okcmaa MarHmsa He peructpupytorcs. C yBenmye-
HWEM BPeMEHU akTmBaumu 0o 2-6 MUHYT chop-
MUPOBAaHHbIE KOMMO3UTbl, cornacHo P®A co-
nepxart Bonbdpam (MonubaeH), okCuAa, MarHua
n Bonbdpamatr MgWO, (Monunbpmatr MgMoOy)
MarHus. 3aBeplleHMe BOCCTaHOBJ/IEHUS OKCW-
noe Bonbdpama (MonubaeHa) MarHMeM LOCTU-
raeTcs 3a 8 MWHYT akTuBauum ¢ dopmMupoBa-
HueM koMmnosutos W(Mo)/MgO. Peructpaums B
KayecTBe MPOMEeXyTO4YHbIX nMpoaykTtoB MA ¢da3
MgWO,4 (MgMoO,4) npuBeno k mccnenoBaHMio
BO3MOXHOCTU MX MEXAHOXMMWYECKOro CUHTe3a
n3 WOz (MoOsz) n MgO npwu cTporo crexmome-
Tpuyeckmx cooTHoweHusax (1:1) u nocnepyto-
Lero MexaHOXMMWYEeCKOro BOCCTAHOB/IEHWSA
MgWO,4 (MgMoO,4) MarHuem. B pesynstate MA
BonbdpamaTta (MonmbpaTa) MarHms C MarHue-
BOW CTPYXKOMN B TeyeHwe 6MUH dopMUpytoTCH
koMnosutbl W(Mo)/MgO (puc.l a, 6).

CornacHo P®A, nponykTbl, MOMyYeHHble
nocne otaeneHus mM3 komnosmntos W(Mo)/MgO
okcmpga marHma 1,0M pacTBOpoM cepHOM Kuc-
notol (298K) m nocneposatesibHon 06paboT-
KOV OUCTUNNIMPOBAHHOW BOLOW U aLLeTOHOM
3TO BbICOKOOMUCIMEPCHbIE MOPOLLKM BoOAbdpamMa
(MonnbpeHa). Pesynbratbl 31€KTPOHHO-MUKPO-
CKOMUYECKUX MCCIeAOoBaHUN MOPOLLKOB BOJIb-
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dpama (MonnbaeHa) CBMAETENBCTBYIOT, UTO OHU
COCTOAT M3 YacTuL-arperaToB C pa3mMepaMu oT
0.2 po 5MKM, cocTosLLMe U3 NEPBUYHBIX YacTuLl,
nouTn chepuyeckon Gopmbl ¢ pasmepom ~50-
100HM (puc. 2).

NccneposaHne ™metogoM POA MexaHo-
xmMmyeckoro BocctaHoBneHna Nb,Os n Ta,Og
nokasasno, 4YTo Ha AgudpakTorpamMmax obpas-
uoB cMecum okcupa Huobusa (V) wmnm TaHTana
(V) U MarHMeBOWN CTPYXKWM akTUBMPOBAHHbIX B
TeueHne TMUH, HabnoaeTca CHUXEHNE UHTEH-
cuBHoCTK pednekcoB Nb,Os (TayOs), pednek-
cbl da3 HMobusa (TaHTana) 1 okcuaa MarHus He
peructpupytotcsa. C yBenmyeHnMeM BpeMeEHU ak-
TnBaumm cmecm Nb,Os ¢ MmarHnem oo 2-6 MUHyT
chopMUpOBaHHbIE KOMMO3UTbI, cornacHo P®OA
copepxat dpasbl HNOOUS (TaHTana), okcnaa mar-
HWUS U HUobaTa (TaHTanata) marHms MgNb,Og
(MgTa,Og). 3aBeplueHne BOCCTAHOBMEHUS OK-
cnpoB HUobus (V) mMarHuem pocturaetcs 3a 8
MUHYT akTuBaumu C POPMUPOBAHMEM KOMMO-
3utos Nb/MgO. NccnepoBaHo BAVSHME CTEXU-
OMEeTPUYECKMX COCTABOB U YC/IOBUM MexaHude-
CKOW akTMBauuu Ha dopMUpoBaHME HUOBATOB
1 TaHTanaToB MarHma metogom POA. B npouec-
ce MA B TeueHne 8 MuH cmecn Nb,Os (TayOs) ¢
MgO npwu ctexmomeTpmyeckoMm coctaBe cmecn 11
U CKOPOCTW BpalleHns 6apabaHOB BOKPYr 06-
et ock 1000 06/MuH HabnaaetTcs GopMUPO-
BaHuWe Huobata (TaHTanarta) marHms MgNb,Og
(MgTayOg). Mpu ppyrux cooTHoweHmMax Nb,Os
(Tay05) 1 MgO B npouecce MA dopmMupoBaHue
VHAMBUAOYaNbHbIX pa3 HMobaToB (TaHTanaToB)
MarHus, Takmx kak MguNb>,Og (Mg4Ta,Og) 1 ap.
He HabnmopaeTtca. MccnegoBaHme MexaHOXMMU-
yeckoro socctaHoBneHns MgNb,Og (Mg,TasOg)
MarHueM nokasasio, YTO MnpoLecc 3aBepliaeT-
ca k 8 muHytam MA ¢ popMMpPOBaHMEM KOM-
nosuta Nb(Ta)/MgO. MeTogoM ckaHupytoLLein
3/1EKTPOHHON  MWKPOCKOMWK  MOKA3aHO, uYTO
cuHTesupoBaHHbil MgNb,Og (MgTaOg) U Me-
XaHOXMMMYECKU BOCCTAHOBMIEHHbIE W3 HEro
komno3utbl Nb(Ta)/MgO asnaTca BbICOKOAUC-



MepPCHbIMW N COCTOST N3 MEPBUYHbBIX YacTuL, Mo

dopMe 6nM3KUX K chepuyeckon, ¢ pasMepamm

oT 50 po 100HM, arpermpoBaHHbIX BO BTOPUY-

Hble YacTuubl ¢ pazmepamm ot 1 40 TOMKM.
BbiBoAabl

B nccnepoBaHusax npoBefeHHbIX METOLOM
P®A nokaszaHo, 4To 3a 8 MUHYT MexaHW4yeckom
aKkTMBaLMM MPU CKOPOCTU BpalleHna 6Gapaba-
HoB BOKpyr obuiert ocn 1000 06/MUH 1 Heob-
XOAMMBIX CTEXMOMETPUYECKUX COOTHOLLEHUSX
Me,O, : Mg dopmupytoTcs komnosuTel Me(Mo,
W, Nb)/MgO. MexaHoxnMmnyeckoe GbopMMpoOBa-
Hue komnosutos Cu/MgO npoucxoauT 3a 6onee
KopoTkme BpemeHa MA - 2 MUH. CTabunbHOCTb
MexaHOXMMmyeckmx komnosmutos Me/MgO co-
XpaHsieTcs He MeHee MecsiLa.

NMokazaHo, uTO MeTogoM MA BO3MOXHO
dopMupoBaHMe WHOMBUAOYANbHbIX Ga3 Ccnox-
Hbix okcmpoB MgWO, MgMoO, n MgNb,Og
(MgTay0g). MexaHoxmMmMyeckoe BoOcCCTaHoOBE-
HUE TaKMX OKCMOOB MarHMeM TakXe Mo3BOseT
nony4yaTb BbICOKOOUCMEPCHbIE KOMMO3UTbl CO-
ctaBoe Me/MgO. O6paboTka BblCOKOAMCHEPC-
HbIX KomnosuToe Me/MgO nocnenosaTenbHO
pasbaBneHHbIMK pacTBopaMm kucioT, H,O un
aLLeTOHOM TMPUBOAUT K OTLENEHUID BbICOKO-
OUCMEPCHbIX MEeTa//IoB  OT OKCMAA MarHus.
CopepxaHue MarHms B MOJSyYeHHbIX obpas-
Lax BbICOKOAMCMEPCHbIX MOPOLLKOB MeTasisioB
onpefesnieHHoe MeTOAOM 3SHEProAmMCcrepCUoH-
Horo aHanmsa meHee 2%. Pe3synbtaTbl cKaHUpy-

IoLLEN SNEeKTPOHHOM MUKPOCKOMMUK LEMOHCTPU-
PYIOT, YTO pasMepbl arpermpoBaHHbIX YacTuL,
06pasLoB  MOJIYYEHHbIX  BbICOKOAMCMEPCHbIX
MeTannoB coctaBnaoT oT 2 4o TOMKM 1 cocToaT
M3 NepBUYHbIX YaCTWL, Kak NpaBusio, C pasme-
pamun nopsgka O,IMkM. MNpencrtaBieHHbIN HaMM
MeTo[, NO3BOJIAET NOsyYaTb BbICOKOAMCTEPCHbIE
MOPOLWKM MeTa//IOB MEeTOOOM MeXaHOoXMMuye-
CKOrO CUHTEe3a MpakTU4YeckM Mpu KOMHATHOM
TeMnepartype ¢ BblICOKUM (98%) BbIXOOOM U BO3-
MOXHOCTbIO YTUMIM3AaLMM NOBOYHOIrO MPOAYKTa
— oKCUaa MarHmsa U3BeCTHbIMK Crocobamu.

Pa6oTta BbiMosHeEHa B paMKax rocygap-
ctBeHHoro 3agaHus MXTTM CO PAH (PerucTp.
N2 121032500062-4).
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PHASE FORMATION DURING THE ALUMINOTHERMIC REDUCTION
OF WOLFRAMITE

Pikulin K.V., Gulyaeva R.1., Petrova S.A., Galkova L.I.

Institute of Metallurgy, Ural Branch of the Russian Academy of Sciences, Yekaterinburg, Russia

Tungsten has found wide application as
an alloying additive (in the form of a ferroalloy)
in the production of steels, as well as heat-
resistant and wear-resistant alloys [1]. The
main ore materials used in the production
of ferroalloys are scheelite and wolframite
concentrates. Scheelite is a calcium tungstate
- CaWQ,, and wolframite is an isomorphic
series of solid solutions of iron and manganese
tungstate with the general formula Mn,Fe;.
xWOy [1]. The share of wolframite concentrates
accounts for about 40% of mined tungsten
ores [2]. In world practice, the production of
ferrotungsten is carried out in various ways, one
of which is the reduction process, using carbon,
silicon as a reducing agent [3] or by means
of metallothermy [3-5]. The metallothermic
process is characterized by a number of
advantages, in comparison with carbothermy,
due to exothermicity and simplicity of
instrumentation. In industrial practice, when
choosing the initial rare metal raw material for
the production of ferrotungsten, preference
is given to scheelite, less often a mixture of
scheelite and wolframite [5]. This use is due to
the high content of manganese (up to 15 wt.%)
in the wolframite concentrate. As a rule, the use
of this type of raw material requires preliminary
pyro-hydrometallurgical processing to obtain
artificial scheelite free from impurities [6].
Meanwhile, a number of researchers [7-9] note
the possibility of using wolframite concentrate
as the main source of tungsten in the production
of ferroalloy. The work of researchers is limited
to searching for optimal melting conditions,
taking into account the consumption of the
reducing agent, the size of the charge materials,

a

10 mm
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the effect of ballast additives, etc., which make
it possible to convert tungsten into the final
alloy, and leave manganese in the slag. However,
information about the chemistry of the
interaction of wolframite with aluminum is very
limited. The authors of [7] provide information
on the sequence of aluminothermal reduction
of the oxides that make up wolframite. Based
on the data of thermal analysis, a two-stage
process of interaction between the mineral and
aluminum was revealed: direct reduction of
WOs3 at 1000-1300°C and additional reduction
of Fe(Mn)O upon further heating to 1500°C.
The authors of another work [8] present data
on the reduction kinetics of WOz and Fe;Os3
and their mixture with aluminum. In their work,
they noted two areas of the reduction process:
kinetic, in which the interaction of components
is due to reactions on the surface of condensed
phases with the participation of the gas phase,
and diffusion, limited by the melting of the
formed oxides. Information on the mechanism
of phase formation during the aluminothermal
reduction of tungsten from wolframite has not
been found.

The purpose of this work is to determine
the sequence of phase transformations in the
interaction of wolframite with aluminum in the
course of their low-temperature heating.

A crystal of the wolframite mineral from
the Akchatau deposit (Kazakhstan) with a size
of ~40 x 40 x 20 mm was taken as the initial
object [10]. According to the data of chemical
analysis, the mineral contained, wt. %: 611 W,
6.1 Fe, 10.9 Mn, 0.34 Si. Chemical analysis was
carried out by inductively coupled plasma
emission spectroscopy. According to X-ray

Figure 1 - General view of
the mineral (a) and micro-
structure (b) of the original
wolframite mineral



phase (XRD) and X-ray spectral microanalysis
(Fig. 1), the initial wolframite is represented
by two solid solutions MngsFegsWO, (63.4
wt. %) and Mngs;FegsWO, (36.6 wt.%). Before
the experiments, the sample was ground
to a fraction of less than 0.1 mm. Powdered
aluminum (PA4, particle size less than 0.14 mm)
was used as a reducing agent.

To study the aluminothermic reduction of
wolframite, its ratio with aluminum was used
according to reactions (1)-(2):

MnosFeqsWO4 + 8/3 Al = 0.5Fe + 0.5Mn +
+W +4/3 ALOs (1)

Mno‘7Feo‘3WO4 + 8/3 Al=0.3Fe + 0.7Mn +
+W +4/3 ALbOs (2)

Thermal analysis of a mixture of
wolframite with a stoichiometric amount
of aluminum (24% by weight of wolframite,
reactions (1)—(2)) was performed on a thermal
analyzer for combined thermogravimetry
and scanning calorimetry Netzsch STA 449
C. When the mixture was heated to 1400°C
on a DSC line ( Fig. 2), an endothermic effect
of aluminum melting was revealed, and two
pronounced exothermic peaks were revealed
with the beginning / maximum at 893 / 1057
and 1215 / 1226°C, which indicate a staged
reduction process. X-ray phase analysis (Fig. 3)
using a Bruker D8 ADVANCE diffractometer in
the reaction products after heating to 1200°C
revealed the formation of metal phases with
the structure WqsFeg3z and MnyjAlys, as well as
oxide phases AlLOz, MnAL,O4. The crystal lattice
constant of the detected ferrotungsten was
0.3161 nm (space group Im-3m, cubic system),
which indicates the predominant content of
tungsten in the compound (up to 95%). In this
connection, the formula of the compound can
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be represented as WgosFepos. In addition, the
presence of manganese tungstate (Mn3WO6),
as well as residual wolframite with increased
values of unit cell parameters (ECP) was noted
in the products: a = 0.4817 nm, b = 0.5750
nm, ¢ = 0.4994 nm, B = 89.01°. According to
the dependence of the change in the PIC
of wolframite on the degree of manganese
content [11], the composition of the residual
phase corresponds to MnggFegiWO,. This fact
allows us to conclude that, at the initial stage,
the ferrous forms of wolframites interact with
aluminum preferentially. The XPA results of the
products obtained after heating the reagents
to 1400-1450°C indicate an increase in the
proportions of the metal and slag components
(ALLOs, MNAL,Oy). The formation of an additional
tungsten-containing phase, structurally
corresponding to the Fe;Wg compound,
was noted. Above a temperature of 1400°C,
reflections corresponding to manganese
aluminide (MnyjAlis) are not observed.

With an increase in the consumption of
aluminum from the stoichiometrically required
amount (35.6% of the mass of wolframite), a
slight shift of thermal effects towards higher
temperatures is observed on the DSC line for
heating the mixture in argon (Fig. 2, b). An
exothermic effectis also observed on the cooling
curve with a maximum at 1165°C. This effect,
apparently, is associated with the crystallization
of the previously molten compound of the Fe-
W-0O system. The increased consumption of the
reducing agent affects the proportion of oxides
formed (ALOs, MnAL,O4). The oxides block
the development of the reaction surface, as a
result of which some of the iron/manganese
tungstates remain unreduced, although their
structure undergoes some changes. A similar

phenomenon was noted earlier [12] in the
reduction of tantalite with aluminum.
DSC, mW/mg 1066

Texo b

600

Temperature, °C

200 400 800 1000 1200 1400

Figure 2 - DSC line during heating and cooling (20 °C/min, argon) of a mixture of wolframite with aluminum at
its consumption: a - stoichiometric; b - 150% of the stoichiometric
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Figure 3 - X-ray diffraction patterns of the products of the interaction of wolframite with aluminum at a
stoichiometric consumption of the reagent after heating to 1200 (a) and 1450 °C (b) in an argon flow

Figure 4 - Microstructure and points of local probing of products of aluminothermal reduction of metals from
wolframite obtained after heating to 1450 °C at a rate of 20 °C/min in argon: 1 - WogsAloo3(Fe,Mn)ooz; 2

Alos2MnoigFeoo0sWoas; 3 — Al,O3

According to the X-ray microanalysis data
(Fig. 4), the microstructure of the phases of
the products of the aluminothermal reduction
of metals from wolframite is inhomogeneous.
However, aregularity is observed, which consists
in the presence of bordered light areas of grains
with darker dispersed shells. The results of local
probing showed that the central part of the
grains is represented by metals, the composition
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of which mainly consists of solid solutions
based on aluminum (AlggaMnpigsFeoosWoia).
The high content of tungsten in the compound
can be explained by the initial formation of an
intermetallic compound based on the Al-W
system [13] (for example, AlpW [5]) and the
subsequent dissolution of iron and manganese
in it. Fine phases (1-5 pm in size) separated
from solid solutions have a clearly defined glob-



ular shape and consist of solid solutions based
on tungsten with an average composition of
Wo.o5Aloo3(Fe,Mn)p02 Which is consistent with
XRD data.

Thus, the mechanism of aluminother-
mic reduction of tungsten from wolframite can
be represented as follows. At the phase bound-
ary at 893°C (Fig. 2, a), after the melting of
aluminum, the interaction of the initial products
begins with the formation of intermetallic
compounds of the Al-W, Fe-W system,
aluminum oxide, as well as wolframite with a
changed Fe / Mn — MngoFeq WO, according to
reactions (3) and (4):

Mn0.5F60.5WO4 + 368/189 Al = 4/63 Al.-|2W +
+4/63 Fe;Wg +112/189 AL,O3 +
+ 35/63 MnolgFeo.1WO4 , (3)

Mno7FeosWO, +184/189 Al = 2/63 Al,W +
+2/63 Fe;Wg +56/189 ALLOs +

+49/63 MngoFegiWOy, . 4)

Presumably, low-melting tungsten
aluminide (Al12W) is formed, which melts to
form a spherical particle. Further, AlLW is de-
pleted in aluminum as a result of its contact
with the initial wolframite with additional re-
duction of Fe and W, as well as the formation

of manganese aluminide MnjAlis according to
reactions (5) and (6):

Mno‘sFeo'5WO4 + 221/792 AlpW= 1/22Mn11Al15 +
+1013/792W +1/2Fe +4/3 Al,O3, (5)

Mno_7Feo_3WO4 + 239/792 A|.12W: 7/110M|’H1AL15 +
+1031/792W +3/10Fe +4/3 Al,O3.  (6)

A further increase in temperature above
1200°C promotes the reduction of metals
from hUbnerite MnggFeg WO, with manganese
aluminide to form almost pure W (- 98 wt
%), AlLbOs, and aluminospinel MnALO,4. The
interaction reaction can be represented in the
following form:

Mno_gFeo_1WO4 + 2/15Mn11 A|.15= MHAL204 + W +
+ 41/30W +1/10Fe . (7)

The obtained data on phase formation can
be used to develop the scientific foundations
for the aluminothermal reduction of metals
from wolframite.

The work was carried out according to
the State task of the IMET Ural Branch of the
Russian Academy of Sciences (no. of state
registration of the topic: 122020100404-2)
using the equipment of the Central Collective
Use Center “Ural-M".
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PA300OBPA3OBAHME NMPU AIIOMUHOTEPMUYECKOM
BOCCTAHOBJIEHU BOJIbOPAMUTA

Huxynun K.B., I'ynaeea P.J1., Ilemposa C.A., lankosa /1.J1.

NuctutyT Mmetannypruun YpO PAH, r. EkatepuHbypr, Poccus

BonbdpaM Halen wmnpokoe NpruMeHeHne B
KauyecTBe fervpytoLLen gobaeku (B Buae deppo-
crnnaea) B NPOM3BOACTBE CTasleN, a TakXe Xapo-
CTOMKMX U M3HococTomkmx criaBos [1]. OcHoBs-
HbIMW PYAHBIMU MaTtepuanaMm, UCMosIb3yeMbIMU
B MPOW3BOACTBE deppocnnaBa, SBAAOTCA Lie-
€/UTOBbIN U BOMbPPAMUTOBBIA KOHLLEHTPATbI.
LLleennt npepncTtaBnsetr cobon Bonbdpamart
kanbuma - CaWO, a BonbdpaMnT - M30OMOP-
®HbIM psn, TBepAblX pPacTBOpPOB BosbdpamaTa
Xernesa n MapraHua c obuen dopmynont Mn,Fe;
WOy, [1]. Ha ponto nocnenHero npuxoamTcs no-
psanoka 40 % pobbiBaeMbix BONbGPaAMOBbLIX py[,
[2]. B MupoBon npakTuke nony4yeHue deppo-
Bo/nbdpamMa BeAyT pasHbIMK crnocobamu, OqHUM
M3 KOTOPbIX SABASETCS BOCCTAHOBUTE TbHBIN MPO-
Llecc, C NpuUMeHeHWeM B KayecTBe BOCCTAHOBW-
Tensa yrnepopa, KpeMuus [3] nnu nocpencTtsom
MeTannotepmum [3-5]. MeTannotepMmyeckumii
npouecc xapakTepusyetcsa psAaoM  MnpevMy-
LLecTB, B CpaBHEHUU C kapboTepMuen, bnaroga-
pPs 3K30TEPMUYHOCTU M MPOCTOTE annapaTypHoO-
ro obopMseHnsa. B nmpoMbilneHHOW npakTuke,
npu BbIbOpPEe WUCXOAHOroO pPenKoMeTalNibHOro
Cbipba ANA NonyveHusa deppoBobdpama npen-
MoOYTEHME OTAAETCS LUeenuUTy, pexe cMecu Lie-
enuta 1 Bonbdpamuta [5]. YTO 06ycnoeneHo
BbICOKMM cofepxaHneM mapraHua (go 15 macc.
%) B BONbGpPaMMTOBOM KoHLeHTpaTte. Kak npa-
BWJ1O, MPUMEHEHWME TaKoro BMaa Cbipbs TpebyeT
npenBapuTesnbHOM MNUPO-TUApoMeTanyprmye-
CKOM nepepaboTku C MOSTlyYEHMEM YUCTOro OT
npuMecen UCKyCcCTBEeHHOro weenuTa [6]. Mexay
TeM, pag uccneposartenen [7-9] oTMeyaloT BO3-
MOXHOCTb MCMOJSIb30BaHUA BONbGPAMUTOBOIO
KOHLLeHTpaTa B Ka4ecTBE OCHOBHOIO MCTOYHMKA
Bo/nbdpamMa npwv MNPOM3BOACTBE deppocnna-
Ba. VccnepoBaHWa OrpaHMyYMBalOTCS MOUCKOM

a

10 mm
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OMTUMasIbHbIX YCIOBUW MNAaBKK, YYMTbiBAA pac-
X04 BOCCTAHOBUTENS, KPYMHOCTb LUMXTOBbIX
MaTtepuanos, BAUsSHUE H6annacTHbiXx 006aBOK U
T.M., MO3BONSAOWMX NepeBecTn BobdpamM B KO-
HeuYHbIM CnfaB, a MapraHel, OCTaBUTb B LUMAkKe.
OpHako cBefeHUa 0 XMMM3Me B3anmMoaencTeus
Bo/ibdpamMmTa C alOMUHUEM BeCbMa OrpaHu-
YyeHbl. B pabote [7] npuBoanTtcsa nHdopmaums o
nocnefoBaTelbHOCTU  a/IlOMUHOTEPMUYECKOrO
BOCCTAHOBJIEHNS OKCUMOOB, BXOAALLMX B COCTaB
Bo/fibdpamMmTa. Ha oOCHOBe [aHHbIX TepMuye-
CKOro aHanumsa, oTMevaeTcs [OBYCTaAUMMHOCTb
npoLecca B3anMMOLENCTBUS MUHepana C anto-
MUHMEM: HemnocpeacTBEHHOE BOCCTaHOBEHME
WOs3 npu 1000-1300 °C n poBoccTaHOBNEHME
Fe(Mn)O npw panbHenwem Harpese o 1500 °C.
ABTopaMun paboTbl [8] npuBeneHbl faHHble MO
KnHeTuke BoccTtaHoBrieHns WOz un Fe,Oz n ux
cMecu ¢ antoMuHueM. OTMeuyeHbl OBe obnactum
BOCCTAHOBUTE/IbBHOIO MpoLecca: KMHeTu4eckas,
B3aMMOLOEeNCTBME KOMMOHEHTOB B KOTOPOW 06-
YCNOBMEHO peakuMaAMM Ha MOBEPXHOCTU KOH-
[eHCMpoBaHHbIX ¢a3 c yyacTmem rasoBon dasbl,
n  onoddy3noHHas, OrpaHuyeHHas pacniaB-
neHnem obpa3soBaHHbix okcmaos. CBefeHus o
MexaHu3Me dazoobpasoBaHUA MPU arTtoMUHO-
TEPMUYECKOM BOCCTAHOBMEHUW BoSbdpama m3
BO/bdpamMmTa He OOHaPYXEHbI.

Llenbto HacToswen paboTbl ABNAeTCs
onpefeneHne nocnefoBaTelbHOCTU Pas0BbIX
npeBpaLLeHMN NpU B3aUMOLENCTBUM BoNbdpa-
MUTa C aSlOMUHUEM B XOLE UX HU3KoTeEMMnepa-
TypHOro HarpeBa.

B kauecTtBe UcxogHoro obbekTa B3AT KpU-
cTann MuHepana BosibdpamMuTa MeCTopoOXAe-
HMa AkudaTay (KasaxcTtaH) pa3zmepom ~ 40 x 40
x 20 mm [10]. CornacHo OaHHbIM XMMWYECKOro
aHanmM3a, NpPoBefEHHOro MEeTOOOM 3MUCCUOH-

PucyHok 1 - O6wni Bug
(@) n MukpocTpyktypa (6)
MCXoOHOro MUHepana
BonbdpamMmTa



HOM CMeKTPOCKOMUN C UHOYKTUBHO-CBA3AHHOW
naasmMon, MmHepan cogepxan, macc. %: 61,1 W,
6,1 Fe, 10,9 Mn, 0,34 Si. o gaHHbIM pPeHTreHo-
dazoBoro (P®A) u peHTreHocnekTpasbHOro
MUkpoaHanunsa (puc. 1), ncxogHeih BonbdpamumT
npeacTaBrneH [fOBYMs TBEPAbIMW pacTBOpaMmu
Mno_5Feo_5WO4 (6_7),4 Macc. %) 4 Mno_7Feo_3WO4
(36,6 macc. %). MNepepn akcnepmmeHTamMu obpa-
3el, 6bl71 n3MenbyeH 4o dppakumm meHee O,1 MM.
B kauecTBe BOCCTaHOBUTENSA UCMOMNb30OBAU MO-
polkoBbI antoMuHUi (MA4, KpynHOCTb YacTu,
— MeHee 0,14 MM).

Ona  mn3ydyeHns  antoMMHOTEPMUYECKOro
BOCCTAHOBJIEHUS BoOJSibdpamMmTa MCNONb30BasN
€ro COOTHOLleHMe C aJlOMUHMEM COrfacHoO pe-
akumam (1)-(2):

MnosFeqsWO4 + 8/3 Al = 0.5Fe + 0.5Mn +
+W +4/3 AL0Os (1)

Mno‘7Feo‘3WO4 + 8/3 Al=0.3Fe + 0.7Mn +
+W +4/3 ALbOs (2)

Mo paHHBIM TEPMUYECKOro aHasnm3a, Bbl-
MOJTHEHHOIO C WCMOJSIb30BAHMEM TepMoaHasm-
3aTtopa A9 COBMELLEHHOW TepMorpaBmMMeTpum
n ckaHupytowen kanopumetpum Netzsch STA
449 C, npu HarpeBe cMecu BosbdpamuTa Cco
CTEXMOMETPUYECKMM  (COMTAaCHO  YpaBHEHUAM
(1)-(2), yto cocTaBnseT 24,% oT Macchl Bonbdpa-
MuTa) Konmyectsom anomuuHusa go 1400 °C Ha
OCK nuHun (puc. 2), KpoMe 3HAO0TEPMNYECKOro
3ddekTa nNaBneHUs antoMUHUS, BbIABNEHO OBa
BbIPAXEHHbIX 3K30TEPMUYECKMX MMKA C Hava-
nom / MakcumyMoM npu 893 /1057 n 1215 / 1226
°C, ykasblBalOWMX Ha CTaguasbHbIM npoLlecc
BOCCTaHOB/EHUs. PeHTreHoda3oBbIM aHanm3om
(puc. 3) ¢ wucnonb3oBaHueM auddpakToMeTpa
Bruker D8 ADVANCE B npopykTax B3ammopnewm-
cTBMA nocne Harpesa o 1200 °C yctaHoBNEHO
obpaszoBaHMe MeTanIMyeckmux Gas co CTPyKTy-
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pont Wqo7Feps U MnpAlis, @ Takke oKCUAHbIX —
AL Oz, MNALO,. MocTosHHAA KpUcTanamMyeckom
pelweTkn obHapyxeHHoro deppoBonbdpamMa
coctaeuna 0,3161 HM (NpocTpaHcTBeHHasA rpymn-
na Im-3m, kybuyeckas CUMHIOHUS), YTO yKa3bl-
BaeT Ha npeobnajatpoliee coaepXaHue BOJb-
dpama B coegmnHeHnun (0o 95 %), B cBSA3M C UeM
dopMyna coegMHEHNA MOXET BbITb NpeacTaBie-
Ha B Buae WoosFeoos. Kpome TOro, B npoaykrax
OTMEeUYEeHO Ha/sMuyMe Bofibdpamara MapraHua
(MnsWOQOg), a Takxe ocTtaToyHoro Bosibdpamm-
Ta C MOBbLIWEHHbIMW 3HAYEHUAMU MapamMeTpoB
saneMeHTapHoM auernkmn (M3A): a = 0,4817 HM, b =
0,5750 HM, ¢ = 0,4994 HMm, p = 89,01°. Mo paHHbIM
3aBUCUMOCTU U3MeHeHMa 194 BonbdpammTa oT
cTeneHn MapraHuoBuctocTu [11], coctaB ocTta-
TOYHOW da3bl, cooTBeTCcTBYeT MnggoFegiWOy,,
4YTO MO3BONSET CAenaTb BblBOA4 O MNpPeanoyTu-
TE/IbHOM B3aMMOLENCTBUM, Ha MepBoHayasb-
HOM 3Tane, Xenesuctbix GopM BoIbGPaAMUTOB C
antommHmeM. Pesynbtatel POA npopykTos, no-
NyYeHHbIX nocsie Harpeea peareHtToB go 1400-
1450 °C, ykasbiBalOT Ha YyBenuyeHwe [onen
MeTaN/IMYeckor U LUNaKOBOW COCTABASAIOLLNX
(ALLOs, MNALO4). OTMeveHO obpaszoBaHWe O0-
MOSTHUTENBHOM BOJMbdpamMcogepxawen odasbl,
CTPYKTYpPHO oTBevawLlen coegnHeHuto Fe;We.
Bbiwe teMnepatypbl 1400 °C pednekcbl, oTBe-
vyawouwme anomMuHmuay mapraHua (MnpAls), He
HabnogaroTCs.

Mpwn yBennyeHnn pacxopa ajtoMUHUA OT
CTEXMOMETPUYECKM HEOBXOOMMOrO KOMMyecTsa
(35,6 % o1 macchl BonbdpammTa) Ha nuHum ACK
HarpeBa CMecu B Cpefe aproHa Habnopaet-
CA HebonblOe CMellLeHMne TennoBbix 3dpdekToB
B CTOPOHY 60sblunx Temnepatyp (pwuc. 2, 6), a
TakXe 3K30TepMUYecKkur 3dPekT Ha KpuBOM
oxnaxgeHms ¢ Mmakcmmymom npum 1165 °C. Takown
addekT, No-BMAMMOMY, CBS3aH C KpUCTaIIN-
3aumern paHee pacnnaBfieHHOro CcoeanHeHUs
cuctembl Fe-W-O. YBenuueHHbIM pacxod BOC-

DSC, mW/mg
Texo

200 400 600 800

Temperature, °C

1000 1200 1400

Pucyrok 2 - ACK nuvHua npu Harpese u oxnaxgeHun (20 °C/MuH, aproH) cMecu BoribdpaMmTa ¢ artoMUHUEM MPU
ero pacxopfe: a — ctexmomeTpmuyeckom; 6 — 150 % oT cTexMomMeTpU4eckoro

199



u-.ut.no_

20000\ - ALLO; 38.1 % a
2 - MnALQOy 6.2 %
3 - WyesFeo.0s 32.4 %
= | 4-Si0; 0.02 %
= 5-Mni1Als 12.2 %
e 6 - MngoFep 1 W04 9.6 %
2| 7-Mn3WOg 15% |
2 NPT ey )
80 == I I “I~II | [ | | e | ‘I_ II_IJ'L || J|\
: | | | I| r I R | |R |||| r I||
= g " n m f @ il
] ] I | | Il | IIII Il LRI IR 1]
BN L R L lr\ iy iy wm.| (e 0 g o ‘M w '“Ja’.u"' i
20 40 ITheta, © 60 80 100
30000 1-ALO3 22.0 % b
i 2 -MnALQy 27.5%
=: 3 - WooosFepgs 43.0 %
= 4- ge(’;)“’ﬁ 5.2 %
ol 5-8i0; 1.6 %
z
oun
S
-~ ki . I A 2
o 0._,_.______I .._l_H_ I._.....-u-__;__ll_q_,,_..—.,-._ I_—| : -..I._. _I__l_._.l__..T.ITI_..l_.__.._._, I|I| " .l_ .Il_.l_ .I.\ ""IT"I'"' _| _l_l_
|J 11 | I| 11 | ll llllll 1] I| | Il IIJII i H | lil | IIII | II[ IIIIIII|I IIIIIEI “ I||||I
HE 0 T By 23

2Theta, °

PucyHok 3 - OndpakTorpaMMbl MPOAYKTOB B3aMMOLENCTBUSA BObdpamMmnTa ¢ a/toOMUHUEM MPU CTEXMOMETpUYe-
CKOM pacxopfe peareHTa nocne Harpesa o 1200 (a) n 1450 °C (6) B Toke aproHa

PucyHok 4 -

MWKPOCTPYKTYpa M TOYKM JIOKASIbHOFO 3O0HAUMPOBAHWSA MPOAYKTOB artoMUHOTEPMUYECKOrO

BOCCTAHOB/IEHMA METAN/IOB M3 BONbbpaMmTa, NofydeHHbIx nocne Harpesa Ao 1450 °C co ckopocTbio 20 °C/MuH
B cpene aproHa: 1 — WoosAloos(Fe,Mn)oo2; 2 — Alos2MnoisFeoosWois; 3 — Al2O3

CTAHOBUTENS BNMSAET Ha AO/0 Obpasyolmxcs
okcnpoB (AlLOsz, MNALO4), kOTOpble B6MOKUPY-
10T pa3BUTUE PeaKkLMOHHOM MOBEPXHOCTU, Kak
cnencTBMe, YacTb BOMbdpamMaToB xenesa/Map-
raHLua OCTaeTCH HEBOCCTAHOBJIEHHOW, XOTHA WX
CTPYKTypa MNoABepraeTcs HEeKOTOPbIM M3MeHe-
HUaM. [Moxoxee saBneHwe paHee [12] oTMeyeHO
nMpy BOCCTAHOB/IEHUWN TAHTA/INTA a/TIOMUHUEM.
CornacHo paHHbIM pPEeHTreHocneKkTpab-
HOro MukpoaHanmsa (puc. 4), MUKPOCTPYKTY-
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pa ¢a3 npoAyKTOB altoMUHOTEPMUYECKOTO
BOCCTAHOBJIEHUS MeTa/lNlIoB U3  BoOfbdpamMu-
Ta ABNAeTCA HEeOoOHOPOOHOM, O4HAaKO Habmo-
[aeTca  3aKOHOMEPHOCTb,  3ak/toyarolascs
B Ha/IMUYMKM OKAMMJIEHHbIX CBET/IbIX obsiacten

3epeH 6onee TEMHbIMMN ancnepcHbIMnM
ob6onoykamm. Pe3yJ'IbTaTbI J1OKaJ1IbHOro
30HOMPOBAaHNA NMoKasasn, 41O UeHTpabHaA
4acCTb 3epeH npeancraBeHa MeTasnnamm,

COCTaB KOTOPbIX MpenMmMylleCcTBEHHO COCTOUT



M3 TBEpAOblX PacTBOPOB Ha OCHOBE aStOMUHUSA
(Alo_62Mn0'18Feo'08W0.14). Bbicokoe copepxaHmne
BofibdpaMa B  COEAMHEHUU MOXeT 6blTb
06bACHEHO MepBOHaYasibHbIM 06pa3oBaHMEM
MHTepMeTannmpa Ha ocHoe cuctembl Al-W [13]
(Hanpumep, ALL,W [5]) n nocnenyowmmM B HeM
pacTBOpeHMeM xenesa M MapraHua. Menkue
das3bl (pasmepom 1-5 MkM), BblgenmelInecs
M3  TBepAblX  PacTBOPOB, WUMEKT  YeTKO
BblpaXkeHHYt r1obynsapHyto GopMy M COCTOAT
M3 TBepAblX PacTBOPOB Ha OCHOBe Bosbdpama
ycpenHeHHoro coctaBa WyosAlgos(Fe,Mn)ooz,
4yTO cornacyeTcs ¢ gaHHbiMmn POA.

TakmM 06pasoM, MexaHU3M altoMUHOTEP-
MUYECKOro BOCCTAHOBNEHUs Bosbdpama U3
BO/IbdpamMmTa MOXHO NpeacTaBUTb Crieay oMM
obpa3oM. Ha rpaHuue pasgena ¢as npu 893 °C
(puc. 2, a), nocne pacnnaBfeHUs antoMUHUS,
HayMHaeTcs B3aMMoaencTame MCXOOHbIX
NnpoaykToB C o6pasoBaHMEM UHTepMeTaNIMaoB
cuctembl Al-W, Fe-W, okcnga antoMmnHUe, a Tak-
xe BonbdpaMnTa ¢ U3MEHEHHbIM COOTHOLLEHU-
eMm Fe/Mn — MngoFeq;WO4 no peakumam (3) m
(4):

Mno‘5F80.5WO4 + 368/189 Al = 4/63 Al.12W +
+4/63 Fe;Wg +112/189 AlL,O3 +
+ 35/63 MnolgFeol‘|WO4 . (3)

Mn0'7Feo'3WO4 + 184/189 Al = 2/63 A|.12W +
+2/63 Fe;Wg +56/189 ALO3 +
+ 49/63 MnolgFeo‘-|WO4 . (4)

MpennonoXxmTenbHo, obpaszyeTcs
nerkonsaBkmm QNIOMUHNE, BoNbdpamMa
(AlipW), «koTopbit  pacnnaenseTrcs, obpa3sys
chepuyeckyto vactuuy. [danee npoucxogut

obepnHeHne AlpW mo antoMuHUIO B pe3ysbTaTte
ero KoHTakTa C WCXOOHbIM BOJbOPaAMUTOM
C jpoBoccTaHoBneHnemM Fe um W, a Takxe
obpaszoBaHMeM antoMmHMOa mMapraHua MnpAls
rno peakuuam (5) n (6):

MnOAsFeo‘5WO4 + 221/792 AlpW= 1/22Mn11Al15 +
+1013/792W +1/2Fe +4/3 Al,Os3, (5)

Mno_7Feo_3WO4 + 239/792 Al12W: 7/110Mn11AL15 +
+1031/792W +3/10Fe +4/3 Al,O3.  (6)

LanbHenwee yBenuuyeHne TeMnepartypbl
Bbiwe 1200 °C cnoco6cTByeT BOCCTAHOBEHUIO
MeTannoB U3 rrobHeputa MnggoFeqg ;WO 4 antoMm-
HWOOM MapraHLua ¢ obpa3oBaHMeEM MPaKTUYECKHU
ymuctoro W (~ 98 macc. %), ALOs 1 antoMownu-
Henn MnAL,O4. Peakuys B3anmMonencTemsa MoxeT
ObITb NpenCcTaBNeHa B C/lefyoLLLEeM BUAE:

Mno_gFeo_1WO4 + 2/15M|"\11 A|.15= MHAL204 + W +
+ 41/30W +1/10Fe . (7)

[Mony4yeHHble gaHHble 0 Ppa3zoobpasoBaHUMU
MOryT OblTb MCMOIb30OBaHbI 419 Pa3paboTku Ha-
YUYHbIX OCHOB a/IlOMUHOTEPMUYECKOrO BOCCTa-
HOBJIEHWA MeTas10B U3 BonbdpamuTa.

PaboTa BbinonHeHa no locypapcTBeHHOMY
3apaHuo MMET YpO PAH (N2 rocpermncrpaumm
Tembl: 122020100404-2) ¢ wcnonb3oBaHUEM
obopypnoaHusa LIKIM «Ypan-M».
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SYNTHESIS OF HYBRID NiFe,O0,@Au NANOPARTICLES
Nemkova D.I., Krolikov A.E., Pavlikov A.Y., Saikova S.V.

Siberian Federal University, Krasnoyarsk, Russia

In recent years, there has been a steady
upward trend in oncological diseases all over
the world. In this regard, an urgent task is the
development of new methods for diagnosing
and combating cancer [1].

In oncological diseases, it is important to
detect and destroy a growing tumor in time. This
requires a substance that can be easily controlled
and which, once in the body, would be associated
with cancer cells. Recently, nanoparticles (NP)
have been increasingly used as such a means.
Due to their small size, they can be incorporated
into the tumor tissue, where the subsequent
physical impact leads to localized heating
and destruction of cancer cells, the so-called.
hyperthermia. This process can be carried out
under the influence of optical radiation (optical
hyperthermia) or a high-frequency magnetic
field (magnetic hyperthermia).

In the case of magnetic hyperthermia, the
nanosized particles used must have magnetic
properties, which makes it possible to control
their movement in the body without contact
using an external magnetic field. However,
colloidal solutions of magnetic nanoparticles
have a number of disadvantages: a tendency
to rapid aggregation wunder physiological
conditions, difficulty in surface functionalization,
and toxicity. These problems can be partly solved
by depositing an inert shell on the surface. As
a result, the so-called. hybrid nanoparticles,
biocompatible and stable, capable of controlled
delivery to tumor tissue and subsequent
destruction of cancer cells [2].

The aim of this work is to obtain core-
shell magnetic NiFe204@Au nanoparticles and
characterize them by physical methods.

To achieve this goal, the following tasks
were set:

* todetermine the effect of reaction parameters
and select the optimal conditions for the
synthesis of nickel ferrite nanoparticles
by alkaline and anion-exchange co-
precipitation;

* obtain hybrid particles NiFe204@Au of the
core-shell type;

* to characterize all synthesized particles by
physical methods.
In the course of the study by the DFE 27-4
method, regression equations were obtained
and optimal conditions were found for the

synthesis of nickel ferrite nanoparticles by
alkaline co-precipitation from iron (ll), nickel (I1);
iron (I11), nickel (II) and by the method of anion-
exchange coprecipitation from iron (lll), nickel
(I1). The obtained samples were characterized by
a complex of physical methods. The results of
the study indicate the formation of nickel ferrite
nanoparticles with a size of about 20 nm.

In this work, the direct reduction method
was used to cover magnetic nuclei with a gold
shell. a-amino-y-methylmercaptobutyric acid
(methionine) was used as a reducing agent,
which can simultaneously act as a stabilizer.

With a single coating of all samples, the
surface of the magnetic cores is incrusted with
gold nuclei, which indicates that gold is deposited
on the ferrite surface non-epitaxially.

Ferrites obtained by alkaline
coprecipitation (F1, F2) are quite densely
covered with gold nuclei: the coating density of
both samples is 60 * 10 gold particles per ferrite
particle, and the size of the nuclei is 2 £ 1 nm.
Thus, in alkaline deposition, the history of the
sample does not affect the process of coating
the ferrite with a gold shell.

The density of coating with gold clusters
of ferrite obtained by F3 anion-exchange co-
precipitation is higher - 80 =10 nm per particle.
The sizes of gold nuclei vary greatly: from 0.5 to
7 nm. In addition, the TEM data also indicate the
formation of rather large particles of the core—
shell type, 260 = 70 nm in size.

In order to build up the gold shell on
ferrites F1, F2, the coating was repeated once
more, replacing the original ferrite with inlaid
magnetic cores. The second stage of gold
deposition leads both to the growth of gold
nuclei on the nickel ferrite surface (up to a size
of 5+1nm) and to the formation of a continuous
gold shell. In this case, the particle diameter
increases to 130-150 nm. Thus, the formation
of hybrid particles depends on the method of
synthesis of magnetic nuclei.

The resulting hybrid particles were studied
by optical, X-ray photoelectron spectroscopy,
X-ray phase analysis, and magnetic circular
dichroism. The formation of NiFe204@Au
magnetic particles of the core-shell type has
been proven. The size of the obtained particles
- 135£15 nm and 150%15 (for nuclei F1,F2
obtained by alkaline precipitation) and 260+60
nm (for nuclei obtained by anion-exchange
precipitation).
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NONYHYEHUE TMBPUOHDBIX HAHOYACTUL, NiFe,O,@Au
Hemxosa /.M., Kponuxoe A.E., Ilaénuxoe A.IO., Caiikosa C.B.

Cubupckuim denepanbHbil yHUBepcuTeT, . KpacHospck, Poccus

B nocnegHuve rogbl BO BCEM MUpe Habo-
[aeTcsa ycToMumMBas TEHAEHLUS pPocTa OHKO-
noruvyeckux saboneeaHun. B cBasmM ¢ 3TUM ak-
TyasllbHOM 3ajauyeln ABMSeTCs Pa3BUTUE HOBbIX
MeTOAOB [AMArHOCTUKM U 60pbbbl C PAKOBOW
onyxonbto [1].

[Mpu OHKOMOrMYeckMx 3ab6oNeBaHNAX BaX-
HO BOBpPEeMs OBHAPYXUTb U YHUUTOXUTb PacTy-
Wyt onyxonb. s 3Toro Heob6XoAMMO Takoe
BELLeCTBO, KOTOPbIM MOXHO 6bl/10 6bl J1Ierko
yNpaBnaTb M KOTOPOeE, Monae B OpPraHm3M, CBA-
3bIBaNIOCh 6bl PakoBbIMU kneTkamMu. B nocnepn-
Hee BpeMs B KayecTBe Takoro cpeacrea Bce
yalle nbiTalTCA MCMOMb30BaTb HAHOYACTULLbI
(H4Y). Bnaropaps ManbiM pasmepamM BO3MOXHO
X UHKOPMNOPUPOBAHME B OMyXOSIEBYIO TKaHb,
roe nocnepymllee o¢mMsnyeckoe BO3L4eNCTBUE
NMPUBOAUT K JTOKAIM30BAHHOMY HArpeBy U YHUY-
TOXEHUIO PAaKOBbIX KJeTOK, T.H. runepTtepMus.
[JaHHbIM Mpouecc MOXeT OCYLLEeCTBATbCSA Mof4
0EeNCTBMEM OMNTUYECKOro U3nydeHusa (onTude-
ckas runeptepMms) UMM BbICOKOYACTOTHOIO
MarHUTHOro Noss (MarHMTHasa rmnepTepMmns).

B cnyyae ™MarHUTHOW ruNepTepPMUU UC-
rnofib3yemMble HaHopasMepHble 4YacTulbl O0JX-
Hbl 06rafgatb MArHUTHbIMW CBOMCTBAMMK, 4YTO
obecneymBaeT BO3MOXHOCTb 6GECKOHTaKTHOro
yrNpaBfeHUs UX nepeMmelleHneM B OpraHusme
C MPUMEHEeHWEeM BHELIHEero MarHUTHOro mnons.
OpHako konougHble PacTBOPbl  MAarHUTHbBIX
HaHO4YaCTUL, UMEKT PAL HeOoCTATKOB: CKJTOH-
HOCTb K ObICTpoW arperauum B dusmonormye-
CKUX YCITOBUSIX, TPYOHOCTb GYyHKLIMOHANM3ALMU
MOBEPXHOCTU, TOKCUYHOCTb. ITU nNpobeMbl
YACTUYHO MOryT ObiTb pelleHbl MyTéM Ocax-
OEeHNS Ha MOBEPXHOCTU WMHEPTHOM OBOMOYKMU.
B pe3ynbraTe 06pasytoTcs, T.H. rTM6pUaHbIE HAHO-
yacTuLbl, BUOCOBMECTUMbIE U CTabusbHble, CNO-
COGHbIe K YNpaBnsaeMol 4OCTaBKe B OMyXOIeBYHO
TKaHb 1 MOCNeAyoLWeMYy YHUUTOXEHNIO PAKOBbIX
knetok [2].

Llenbto paHHom paboTbl ABNAETCS nosyye-
HMe MarHuTHbiXx HaHo4dacTuy, NiFe,O4@Au Tna
anpo-obosiouka 1 UX Xxapaktepusauma pusmde-
CKMMU MeToOaMMU.

Ona poctuxeHna o6O3HAYEHHOW
6bI/11 MOCTAB/EHbI C/lefyoLlMe 3a0a4u:

uenm

* onpenennTb BIWSHME peakUMOHHbIX napa-
MeTpOB M Nogobpatb onTMUMasibHble YC/IOBUS
CMHTEe3a HaHo4acTul, deppuTa HUKeNs MeTo-
0AMU LWENOYHOrOo U aHMOHOOBMEHHOIO COO-
caxaeHus;

* nonyuutb rubpuaHbie yactuubl NiFe,O4@Au
TMNa sapo-o060/104Ka;

* MPOBECTU XapakTepmsaumio BCeX CUHTE3NPO-
BaHHbIX YacTuny, GU3NYECKUMM METOAAMM.

B xome unccnepgosaHuna metogoMm DD 274
MosnlyyYeHbl YpaBHEHUA perpeccum U HangeHbl
OonTUMasibHble YC/IOBUSA CUMHTE3a HaHo4YacTuL,
deppuTa HUKENA MeToOaMU LEeOYHOro COOo-
caxpeHusa mn3 xenesa (ll), Hukensa (ll); xenesa
(1, Hukensa (ll) 1 MeTOAOM aHMOHOOBMEHHOIO
coocaxpeHuna mn3s xenesa (lll), Hukensa (I). Mo-
NyYeHHble o6pasubl 6biIM OXapakTepMU3oBaHbl
KOMMEeKCOM puamyeckmx Metonos. PesynbraTtbl
nccnenoBaHUa CBUOETENbCTBYOT O GOPMUpPO-
BaHWU HaHOYaCTUL, peppuTa HUKENs pasMepoM
oko1o 20 HM.

B paHHOM paboTe oNs MOKPbITUA MarHUT-
HbIX s4ep 30/0TOM O6O0MOYKOM MCMOMb30BaN
MeToq, MPsSMOro BOCCTaHoOBMeHMsa. B kavectse
BOCCTAHOBUTENS UCMOMb30BaIN a-aMUHO-Y-Me-
TUNMEPKANTOMACASAHY  KUCAOTY (METUOHUH),
KOTOpas 04HOBPEMEHHO MOXET BbICTyNaTh B Ka-
yecTBe cTabunmsaTopa.

Mpn oQHOKPATHOM MOKPbLITUN BCeX 0Bbpa3-
LOB HabnogaeTcs MHKPYCTauMa MNOBEPXHOCTU
MarHUTHbIX A4ep 30/10TbIMX 3apPOoAblliaMu, YTO
CBUOETENbCTBYET O TOM, YTO 30J/I0TO HAHOCUTCA
Ha NOBEPXHOCTb PpeppuTa HeaNUTaKCUATbHO.

®eppuTbl, NONyYeHHble MEeTOOOM LesoY-
Horo coocaxpaeHus (D1, @2), pocTaToyHO NIOT-
HO TMOKPbITbl 3apOAbllaMy 30/510Ta: MNOTHOCTb
nokpbITUS obomx obpasuos coctasnsetr 60x10
4yacTuL, 30/10Ta Ha YacTuuy deppuTa, a pasmep
3apogbiwen - 2+1 HM. TakmM obpa3oM, Npu Lie-
JIOYHOM OCaXAeHUN nctopma obpasua He BIn-
AeT Ha Mpouecc NoKpbiTMa deppuTa 30510TOM
06010UKOWN.

MNOTHOCTb MOKPLITUA 30/I0TbIMU KlacTe-
pamMn deppuTa, MOSYYEHHOrO AHMOHOOBMEH-
HbIM coocaxpaeHneMm D3, Bbie — 80%10 HY Ha
yacTtuuy. PasMepbl 30M0TbiX 3apofbien npu
3TOM cUNbHO pasnunyatotcs: ot 0,5 no 7 HM. Kpo-
Me TOoro, gaHHble [OM cBMOeTeNnbCTBYOT U O
GOPMUPOBAHNU OOBOSIBHO KPYMHbIX Pa3sMepoM
260£70 HM YacTuL, TUNa AAPO-060104Ka.

C uenblo HapalMBaHUs 30/10TOM 060104-
K Ha dpepputax @1, @2 nokpbITME NOBTOPSANN
elle pas, 3aMeHAs UCXOAHbIN GeppUT MHKPYCTU-
POBAHHbBIMU MArHUTHLIMKU AgpamMu. Btopas cTa-
OMA OCaXOeHUa 30/10Ta NPUBOOMUT Kak K POCTY
30/10TbIX 3apoblllelr Ha NOBEePXHOCTU deppuTa
HUkens (oo pa3smepa 51 HM), Tak 1 dopMUpo-

205



BaHMIO CMOLWHOW 3010TOM 060n0o4kun. MNpn 3TOM
amnameTp vyacTtuy, ysenmumeaetcs go 130-150 Hm.
Takmm obpaszoM, opMUpoBaHUE TFUOPULHbBIX
YacTUL, 3aBUCUT OT MEeTOAA CUHTE3A MArHUTHbIX
agep.

[lonyyeHHble rMbpUOHbIE YacTuLbl 6bln
nccnenoBaHbl MeToO4aMM OMTUYECKOM, peHTre-
HOMOTOITEKTPOHHOM CMNEKTPOCKOMUK, pPeHTre-
HOda30BOro aHanMsa, MarHUTHOro KpPyroBoro
omnxpowmsma. [lokazaHo GpopMMPOBAHME MATHUT-

Hbix Yactuny NiFe,O4@Au Trna sppo-ob6onoy-
Ka. PasmMep nonydeHHbIX Yyactuy, — 135%15 HM 1
150%15 (pns apep O1,D2, NnonyyYeHHbIX LWenoy-
HbIM ocaxaeHneM) n 260+60 HM (ons aaoep, no-
NIyYEHHbIX @aHNOHOOBMEHHbBIM OCaXAEHNEM).
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Institute), Moscow
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The solution-based synthesis of metal
oxides has attracted a lot of attention due
to low cost, high productivity, and effective
control of chemical composition. In addition,
the easy customization of the physical and
chemical properties of functional materials
results in versatility that allows them to be
used in a variety of applications. Particularly
for large-area electronics, the study of critical
components, thin-film transistors and their key
materials, such as semiconductors, dielectrics,
conductors, opens up huge opportunities for
creating next-generation devices.

Oxide materials have outstanding properties
such as high optical transparency, chemical and
thermal stability, and mechanical strength.

To obtain thin films of functional materials,
microelectronic methods such as magnetron
sputtering, laser ablation, and chemical vapor
deposition are commonly used, which are
energy-intensive and require the use of high
vacuum. Evaporation of oxide targets requires
high temperatures. Therefore, it is difficult to
obtain complex oxide, for example, ferroelectric
films by traditional methods.

Chemical solution deposition (CSD) has
become a mature technology for the production
of functional oxide thin films due to a number
of advantages, such as the absence of the
need to use vacuum systems, the possibility of
depositing films on large surfaces, softening
the synthesis regimes, and increasing the
uniformity of the resulting oxide materials. The
stoichiometry of complex oxides, and hence
the composition of the resulting layer, can be
directly controlled by mixing certain amounts
of prepared solutions.

Chemical deposition of films from solutions
has now become topical due to the possibility of
applying thin coatings on large surfaces, as well
as surfaces of complex shapes. In the modern
world, thin films have gone beyond the limits of
microelectronics and are in great demand for
coating various parts, turbines, and aviation,
automotive, medical equipment, construction
industry and other areas. In addition, solution
technologies provide the high homogeneity
of the complex oxide materials obtained

and a decrease in the temperature and time
parameters of synthesis.

The properties of thin films of complex
oxide materials are strongly dependent on
their structure (grain size, degree of porosity,
interfaces), which are determined by the method
of their preparation and synthesis conditions.
Different conditions and methods of synthesis
lead to obtaining ambiguous properties of
functional materials. In addition, the presence
of impurities significantly affects the properties
of materials. Possessing a number of significant
advantages over other methods, the extraction
pyrolytic method uses metal extracts as
precursors of oxide functional materials [1].

The main advantages of the extraction-
pyrolytic method are the possibility of obtaining
homogeneous intermediate and final products,
ease of instrumentation, versatility both for
obtaining products of various compositions and
various materials - ceramics, fine powders, films
with different electrical properties. Complete
mixing of the components in the mixture of
extracts contributes to the production of
homogeneous or homogeneous mixtures of
products and provides ease of regulation of
the ratios of components in solution and the
introduction of doping elements. Methods for
obtaining films from extracts are carried out
in the environment without the use of vacuum
and, at the same time, use the processes of self-
organization and structure formation, which is
important for creating oriented structures in
micro- and nanoelectronics.

Extraction-pyrolytic method (EPM)
obtaining oxide materials in the form of
homogeneous fine powders, thin films,

composite materials and powders, obtaining
the purity and homogeneity of complex oxide
materials and prospects for various applications.
The extraction-pyrolytic method was used to
obtain  high-temperature superconductors,
magnetic materials, ferroelectric materials,
materials for lithium current sources, tin dioxide
for gas sensors.

Vacuum-free production of films
significantly reduces the cost of material and
energy resources. In this case, solution methods
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lead to the formation of nanostructured
materials and provide the possibility of
controlling the grain size in the resulting films
by varying the synthesis modes.

Distinctive features of thin films deposited
from a solution are the homogeneity of the
phase and granulometric compositions, as well
as the presence of a predominant orientation
of crystallites, which has a significant effect on
the quality and properties of microelectronic
elements. Forexample, Bag;7Sro3TiOsand PbTiOs
films were obtained by chemical deposition
from solutions. The amorphous layers obtained
by heat treatment after deposition had a
preferential [100] orientation and a narrow
particle size distribution. By pneumatic spraying
of a solution of organic metal salts onto heated
substrates, polycrystalline films are obtained
with the preferred orientation of the “c” axis of
the grains perpendicular to the surface of the
substrate.

Consider the processes of manufacturing
films by solution methods. Film fabrication
usually begins with solution synthesis in a
chemistry lab. The main precursors are solutions
of inorganic metal salts, carboxylates or other
organic extractants. The coating solution is
then applied in several ways. Dip coating and
spin coating in various modifications are the
most commonly used techniques. Spray coating
and more recently ink-jet printing are more
sophisticated techniques that allow a uniform
or structured coating to be applied with reduced
material consumption. Subsequently, the wet
deposited film is dried, pyrolyzed and crystallized
after annealing for further densification or
microstructure manipulation. Typically, hot
plates are used for this conversion process in
combination with a conventional oven or rapid
thermal annealing (RTA) ovens. In special cases,
for example, for thermally sensitive substrates,
it is possible to use lasers for annealing [2]. The
process can be monitored at various stages using
a range of analytical methods: X-ray diffraction
(XRD) and electron microscopy (scanning - SEM
and transmission - TEM) to characterize the
phase composition and morphology of pyrolyzed
and crystallized films.

Transparent conductive films are in great
demand in modern electronics, technology,
automotive industry and construction. Sn-
doped In,O3 (ITO) is now the most widely
used. ITO films have high light transmittance
in the visible region of the spectrum, good
electrical conductivity, hardness and chemical
inertness. At present, ITO films are mainly
used as electrodes for LCD displays and touch
panels in electronic devices. They can be widely
used in the construction and automotive
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Figure 1 — Transmission electron microscopy of ITO
film

industries, provided they are obtained by a
large-scale, low-cost method. The ITO film
reflects infrared rays, which makes it possible
to use it as a heat-shielding coating on window
panes [3]. Conductive coatings on transparent
materials, providing visual access, protect
against electrostatic charges [2], reduce
electromagnetic interference, and also prevent
the emission of electromagnetic waves from
the instrument case or preventing their entry
into the case.

The extraction-pyrolytic method was
used to obtain high-purity In9SnOx (ITO)
nanostructured films of a given stoichiometry
onaZrgzYo30, (YZO) sublayer from inexpensive
starting materials [9]. To obtain ITO films, metal
extracts In, Sn were mixed in the required
stoichiometry [n:Sn=9:1 and deposited on
cleaned glass substrates by rolling. The
processes of thermal decomposition of extracts
occur in a narrow temperature range of 400-
450°C. Conductive ITO films require annealing
at 550°C or layer-by-layer heat treatment at
this elevated temperature.

X-ray photoelectron spectroscopy (XPS)
was used to study ITO films obtained by the
extraction-pyrolytic method and commercial
ITO films obtained by vacuum magnetron
sputtering of the target. XPS showed that
the films are almost identical. It has been
established by XPEM that the films obtained
by the extraction-pyrolytic method are
characterized by a lower content of impurity
elements, including carbon. From the data of
transmission electron microscopy (Figure 1) and



the electron diffraction pattern, the average
size of crystal grains is 6£2 nm.

It is expedient to use transparent oxide
conductive films for optical applications;
therefore, one of the main characteristics of
such films is the optical transmittance. Optical
transmission spectra of ITO films obtained by
the EP method. on glass and quartz in the visible
wavelength range. Studies of a series of samples
showed that in the visible region of the spectrum,
the transmission of the films is 90-95% [4-6].

The developed method can be used for
coating large surfaces. The ITO films obtained
by the extraction-pyrolytic method were used
as electrodes for GCraetzel solar cells and
electrochromic glasses.

Photovoltaic cells, such as oxide cells
sensitized with organic or organometallic dyes -
Dye-Sensitized Solar Cell (DSSC) [7], are of the
greatest interest due to the fact that they have
a low cost and their production does not require
high temperatures, deep vacuum and high-purity
semiconductors. DSSC is a film electrochemical
system in which transparent conductive films
of indium tin oxide (ITO) or fluorinated tin oxide
(FTO) are deposited on glass as electrodes; one of
which is further coated with a photoactive layer
of titanium dioxide impregnated with a dye and
an electrolyte to transfer carriers to the platinum-
catalyzed ITO counter-electrode. The gap
between the electrodes is filled with electrolyte.

Solar cells were formed by connecting
a photoanode impregnated with a dye and
counter electrodes deposited on glass with an
electrolyte interlayer (polyethylene glycol with
the addition of solutions, KJ and J,, LiClOy)
(Figure 2).

The extraction-pyrolytic method makes it
possible to control the grain size of the oxide
material by varying the concentration of the
extract solution [8]. The multilayer structure of
the photoanode was formed by the extraction-

ITC

Electrolyte
Glass

Contact

Frame

Glass

ITO TiO, with dye

Figure 2 — Construction of dye-sensitized solar cells

pyrolytic method by successive deposition of
a compact layer of a dilute extract solution,
a mesoporous layer of a more concentrated
extract solution, and a scattering layer of a
TiO, suspension and a paste of nanoparticles
obtained by pyrolysis of the titanium extract.
Tests of the photoanode as part of a solar cell
showed its increased efficiency compared to
single- and double-layer analogs [9].

Electrochromic glasses have a similar
design, in which a film of an electrochromic
material, such as nickel oxide, isdeposited onone
of the conductive electrodes. An electrochromic
device was fabricated by the extraction-
pyrolytic method, in which a nickel oxide film
passes from the reduced state of NiOOH to
oxidized Ni(OH),, with a color transition from
dark to transparent. The resulting NiO film on
transparent conductive glass, connected to the
counter electrode in the presence of a quasi-
solid electrolyte, withstood more than 500
bleaching-coloring cycles without changing the
color intensity [10, 11]. EC-glass currently has
a high cost. To reduce the cost of EC-devices,
it is advisable to use a low-cost technology
for their production. The extraction-pyrolytic
method makes it possible to deposit films on
large-scale surfaces. In this case, automated
equipment of the paint and varnish industry,
including automatic robots and infrared ovens
with quartz lamps, can be used.
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OOCTUXEHUSA B OBNTACTU ®YHKLMOHAJIbHbIX MOKPbITUMN,
NMNOJTYMEHHbIX 3KCTPAKUMOHHO-MNPOJIMTUYECKUM
METOAOM

Xonvxkun A.N.1, Ilampywesa T.H.?, Xpanxo H.H.%, benoycos A.J1.3

MHCTUTYT 06Len u HeopraHuveckon xummnu PAH, r. MockBa
2BanTUNCKUN roCyAapCTBEHHbIN TexHUYecknit yHnsepcuteT «BOEHMEX, r. CaHkT-TeTepbypr
3Cnbunpckunin depepanbHbiv yHUBepcuTeT, KpacHospck

CUHTE3 OKCMO0B MeTaNlIoB Ha OCHOBE pac-
TBOPOB MpuBrekaeT 60/blloe BHMMaHWe Mn3-3a
HU3KOW CTOMMOCTMK, BbICOKOW MNPOWU3BOAUTENb-
HOCTU U 3GPEKTUBHOIO KOHTPONA XMMUYECKOTro
coctaBa. Kpome Toro, nerkasi Hactpowka ¢dusn-
YECKUX U XMMUYECKMX CBOMCTB PYHKLMOHATbHBIX
MaTepuanoB NPUBOAUT K MHOMOGYHKLIMOHAIbHO-
CTU, KOTOPASA MNO3BOMAET MPUMEHATb UX B Pa3/I1Y-
HbiIX obnacTtax. B yacTHOCTW, ONA 3NeKTPOHUKM
60MblUMX MOWAAEN UCCNefoBaHME BaXHENLWMX
KOMMOHEHTOB, TOHKOTMJIEHOYHbIX TPAH3UCTOPOB
M MX KJIIOYEBbBIX MaTepuasnos, HarnpuMep, nosy-
NMPOBOAHUKOB, AN31EKTPUKOB, MPOBOLHUKOB, OT-
KpblBaeT OrPOMHbIe BO3MOXHOCTU A1 CO3O4aHUA
YCTPOMNCTB CliefytoLero nokoneHms.

OkcuaHble MaTtepuanbl obnagarT Bblaako-
LWMMNCA CBOMCTBAMMU, TAKMMU Kak BblCcOKasa On-
TMYyeckasa NMpPoO3pPavyHOCTb, XMMMUYECKas 1 TepMU-
yeckasi CTabuUNbHOCTb, & TakXe MexaHuyeckas
MPOYHOCTb.

Ona nony4yeHus TOHKUX MAEHOK YHKLU-
OHaJIbHbIX MaTepunasioB OBbIYHO MCMOJMb3YHOTCS
MeToAbl MUKPOINEKTPOHUKMK, Takme Kak MarHe-
TPOHHOE HamnblleHWe, NnasepHasa abnauus, XmMm-
yeckoe ocaxAeHue M3 rasoBor ¢asbl, KOTopble
ABNAIOTCA  3HeprosaTpaTtHbiMKY, TpebyowmMmMun
MCMOJSIb30BaHMSA BbICOKOro Bakyyma. MicnapeHue
OKCUAHbBIX MULLEHeN TpebyeT BbICOKUX TeMnepa-
Typ. Mo3ToMy nonyyeHme CNOXHOOKCUAHbIX, Ha-
npuMep, CerHeToaNeKTPUYEeCKMX TMIEeHOK, Tpa-
OUUMOHHBIMU MeTogaMu 3aTpyaHEHO.

XuMmnyeckoe ocaxneHve pacTBOpOB
(chemical solution deposition CSD) ctano 3pe-
IO TexXHoMormen Os U3rotoBneHmnsa GyHKLMO-
HaNbHbIX OKCUAHbIX TOHKUX MJEHOK 6narofaps
LenoMy psagy NpemMmyLLecTB, Takmx Kak OTCyT-
CTBME HEOBXOOMMOCTU NCMOSIb30BaHUSA BakKyyM-
HbIX CUCTEM, BO3MOXHOCTb HaHeCEeHUs MeHOK
Ha 60/blUME MOBEPXHOCTU, CMArYeHMe PexrnMoB
CMHTE3a M MOBbIWEHMEe OO4HOPOLAHOCTU Monyya-
eMbIX OKCUOHbIX MaTepuanoB. CTexrmomMeTpuio
CNOXHbIX OKCUOOB W, C/efoBaTefibHO, COCTaB
rnosly4aemMoro c/1os MOXHO HanpsMyto perynm-
poBaTb, cMeluBasa onpefenieHHble Kom4yecTBa
NMPUrOTOBMEHHbIX PACTBOPOB.

XrMmnyeckoe ocaxaeHue MnieHoK M3 pac-
TBOPOB B HacTosllee BpeMsa Mpuobpeno akTy-
anbHOCTb 6rarogaps BO3MOXHOCTM HAHOCUTb

TOHKME MOKPbITUA Ha BOSblUMe MOBEPXHOCTU, &
TakxXe MoBepxXHOCTU CIIOXHbIX dopM. B cospe-
MEHHOM MMpe TOHKME MMeHKM BbllNY 3a npege-
Nbl MUKPO3/IEKTPOHUKN U LWMPOKO BOCTpeboBa-
Hbl 0719 MOKPbLITUS Pa3/IMYHbIX Aetanei, TypbuH,
a aBuvauuM, aBTOMOGUNIECTPOEHUM, MeaULLNH-
CKOW TEXHUKE, CTPOUTENTbHOM UHAYCTPUU U OPY-
rux obnactax. Kpome Toro, pacTBopHbie TEXHO-
nornn o6ecrneymBaloT BbICOKYO MOMOMeHHOCTb
rnonyyaemMblX CIOXHOOKCUOHbBIX MaTepuasnoB U
CHUXEHWEe TeMNepaTypHbIX U BpeMeHHbIX napa-
MeTpPOB CMHTEe3a.

CBoMcTBa TOHKMUX MJEHOK CITOXHOOKCUA-
HbIX MaTepuanoB HaxoOATCA B CUIbHOM 3aBW-
CMMOCTU OT UX CTPYKTYpbI (pasmepa 3epeH, cTe-
MeHY MOPUCTOCTU, FPaHUL, pasgena), KoTopble
onpenensatTcs MEeTOA0M UX NOSyYeHUsa 1 ycro-
BUSAMU CUHTe3a. PasnunuHble ycnoBusa U MeToabl
CMHTE3a NPUBOAAT K MNOMYyYEeHUIO HEOLHO3AUHbIX
CBOMNCTB PYyHKLMOHabHbIX MaTepuanoB. Kpome
TOro, NPUCYTCTBME NPUMECer 3HAYUTENTbHO BIN-
AeT Ha cBoncTBa MaTepuanos. Obnagaa pagom
CYLLECTBEHHbIX MpPeuMyLLecTB nepen ApyrumMu
MeTodaMu,  3KCTPaKLUMOHHO-MUPOIUTUYECKUM
MeTOo[, UCMOMb3yeT 3KCTPaKTbl MeTasI/IOB B Kaye-
CTBe NPEeKypPCOPOB OKCUAHBIX QYHKLMOHABbHbIX
maTtepwuanos [1].

OCHOBHbBIMW ~ [OCTOMHCTBAMM  3KCTPaK-
LUMOHHO-TIMPONTUTUYECKOrO MeTofda ABAATCS
BO3MOXHOCTb MOJTyYeHUss OOHOPOAHbIX NpoMe-
XYTOUYHbIX M KOHEYHbIX MPOAYKTOB, NPOCTOTA an-
rnapatypHoro o¢opMseHus, YHUBEPCaslbHOCTb
Kak O/8 MoflydeHus npoaykToB pasHoobpas-
HOroO COCTaBa, Tak U pPas/iMyHbIX MaTepuanonB
— KepaMuky, BbICOKOOMUCMEPCHbIX MOPOLIKOB,
MJEHOK C PasfIMYHbIMU 3NEKTPODU3NYECKUMU
ceBoncTBamu. MNonHoe cMelleHre KOMMNOHEHTOB B
CMeCK 3KCTPaKTOB CMOCO6CTBYET MOJTYYEHMIO M-
MOrEeHHbIX UM OOHOPOAHbBIX CMeCceln NPOoAYKTOB
1 obecrneymBaeT IerkoCcTb PeryimpoBaHmnsa cooT-
HOLWEHUIN KOMMOHEHTOB B pacTBOpe U BBeAeHUS
OOMUPYIOLWLNX 3neMeHToB. MeToabl nonydyeHus
MJEHOK W3 3KCTPAKTOB OCYLLEeCTBAAKTCA B
okpyxatouen cpene 6e3  KCNosb3oBaHUA
BaKyyMa v B TO Xe BPeMSA MCMNOb3YIOT MPoLLecchl
caMoopraHmsaumMm U CTPYKTypoobpasoBaHus,
YTO BaXHO [OJ/19 CO343aHUS OPUEHTUPOBAHHbIX
CTPYKTYP B MUKPO- U HAHO3NEKTPOHMKE.
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SKCTPAKLMOHHO-MUPONTUTUYECKUIA  MeTo[,
(3MM) nony4deHusa okcuaHbIX GYHKLMOHANBHbBIX
MaTepuasioB B BWAE TFOMOIEHHbIX TOHKOOMUC-
MepCHbIX MOPOLWKOB, TOHKUX MJIEHOK, KOMMO-
3ULMOHHBIX MaTepuanoB U MeTassIM4yeckux Mno-
POLLKOB 06ecrneymBaeT YNCTOTY M FOMOreHHOCTb
C/IOXHOOKCUAHbBIX GYHKLUMOHANbHbBIX MaTepua-
JIOB U MepCrnekTUBEH ANA Pa3/IMYHbIX NMpUMeHe-
HUM. DKCTPAKLMOHHO-MUPOINTUYECKNI MeTo[,
6bIN1 UCMONBb30BaH A MOJyYeHUss BbICOKOTEM-
nepaTypHbiX CBEPXMPOBOAHUKOB, MarHUTHbIX
MaTepuasnioB, CErHeTO3/IeKTPUKOB PasfIMyHOro
COCTaBa, aKTMBHbIX MaTepuanosB A9 JNTUEBbIX
WCTOYHWKOB TOKa, AMOKCMAA OfioBa A9 raso-
BbIX CEHCOPOB.

BesBakyyMHOe mMofnyyeHWe MIeHOK 3Ha-
UMTENBHO CHMXAEeT 3aTpaTtbl MaTepuasnbHbIX U
3HepreTnyeckux pecypcos. NMpu 3ToM pacTeop-
Hble MeToAbl MPUBOAAT K POPMUPOBAHUIO Ha-
HOCTPYKTYPHbIX MaTepuanoB M obecrneymBatoT
BO3MOXHOCTb PEery/iMpoBaHna pasMepoB 3epeH
B MOJIyYaeMbIxX MieHKax npu BapbMpoBaHUU pe-
XMMOB CMHTE3a.

OTAMYNTENBHBIMU OCOBEHHOCTAMU TOHKUX
MIeHOK, HAHECEHHbIX U3 pPacTBOpa, SBISETCH
rOMOreHHoOCTb $a3oBOro U rpaHyomMeTpuye-
CKOrO COCTABOB, a TakXe Hasauuune npeumMylie-
CTBEHHOW OpUeHTaLMU KPUCTAINIUTOB, YTO OKa-
3blBaeT 3HaYUTENIbHOE BAMSHME HA KAYeCcTBO WU
CBOWCTBA 3/1IEMEHTOB MUKPO3INEKTPOHUKMK. Ha-
npuMep, naeHkn BagSro3zTiOs, PbTiOz nonyya-
N XMMUYECKNM HAHEeCeHWeM 13 pacTBopos. o-
Ny4yeHHble TepMoobpPabOTKOW MoCe oCcaxaeHns
aMopdHble C/Ion UMeNU MNpPenMyLLECTBEHHYIO
opueHTaymto [100] n yskoe pacnpeneneHuve ya-
cTuy, no pasmepam. MNHeBMaTMUYECKUM pachbiie-
HMEM pacTBOpa OpraHn4yeckmx cosie MeTassioB
Ha HarpeTble MOAIOXKW MOMy4YaoTCs NOSUKPU-
cTannmyeckme nMeHKUM C MpPeanovYTUTelbHOM
opueHTaLMen OCK «C» 3epeH NnepneHanKynapHo
MOBEPXHOCTU MOOSTOXKKM.

PaccMoTpuM  npoueccbl  M3roTOBNEHUSA
NMIeHOK pacTBOPHbIMM MeTodamu. M3sroTos-
NIeHNe MeHKM O6blYHO HaYMHAaEeTCs C CUHTe3a
pacTBopa B xuMuyeckon nabopatopus. OCHOB-
HbIMW MPEeKypCcopamu SIBMSIOTCS PaCTBOPbI He-
opraHnyeckmx cosien MeTasnoB, KapbokcmnaThbl
WU Opyrve opraHu4yeckue 3KCTpareHTbl. 3aTem
pacTBOp O/ MOKPbITUS HAHOCUTCS HECKObKM-
MW cnocobamu. MokpbiTMe MeToAOoM Morpyxe-
Hua (Dip coating) u BpaweHusa (Spin coating) B
pasnnyHbiX MoandUKALMAX ABNAKOTCA Hanbonee
4acTo MpUMeHsieMbiMU TexHUkamn. OcaxaeHne
aspo3onsa (4acto ob603HaYaeMoe Kak MoKpbITUe
pacnbineHveM (Spray coating) v, B nocnegHee
BpeMs, CTpyMHas nedaTtb (ink-jet printing) — aT1o
6ofiee CNOXHbIE METOAbl, MO3BOMSIOWME HAHE-
CTW OOHOPOOHOE UMM CTPYKTYPUPOBAHHOE MO-
KPbITUE C MOHMXEHHbIM PACXO4OM Matepuana.
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BrnocneoctBun BnaxHas HaHeCceHHasa mneHka
CYLUNTCS, MUPONIU3YETCS N KPUCTAIM3UPYETCH
nocne omxura Oaa AafbHeWWero ynaoTHeHUs
AU MaHUNYNALUM C MUKPOCTPYKTYPON. O6bIYHO
[OJ15 3TOro npotlecca npeobpasoBaHUA UCMOSb-
3YlOTCA ropsiume nanTbl B COYETaHUU C OBbIYHOMN
neyblo UK nedm 6bICTPOro TEPMUYECKOrO OT-
xura (RTA). B ocobbix cnyyasx, Hanpumep, ons
TEPMOYYBCTBUTENbHbBIX MOAJIOXKEK, BO3MOXHO
Mcnosb3oBaHue nasepos ans orxkura [2]. MNpo-
LLeCC MOXHO OTCMEXMBATb Ha PA3/IMYHbIX 3Tanax
C UCMOJIb30BAHMEM PSAOA aHAIUTUYECKUX METO-
[oB: peHTreHoBckas gudpakuma (XRD) v anek-
TPOHHasa MUKpockonus (ckaHupytowas - SEM n
npoceeymBatowas - TEM) ona xapaktepucTukum
dasoBoro coctaBa U MopdosorMM NUPOSN30-
BaHHbIX U KPUCTAN/IU30BAHHbIX MNEHOK.

Mpo3payHblie NpoBoAALLME MAEHKM LWLNPO-
KO BOCTpeboOBaHbl B COBPEMEHHOW 3/1EKTPOHU-
Ke, TeXHUKE, aBTOMOBUIbHOM MPOMBbILLIEHHOCTM
n B ctpoutenbctBe. Celyac Hambosnee WMPOKO
ncronb3yetca Sn-nervposaHHbil In,O3 (ITO).
ITO nneHkn obnagatoT BbICOKUM KOdDDULMEH-
TOM MponyckaHus cBeTa B BUAMMOM ob6nacTtu
CMeKTpa, XOPOLUEeN 3/1eKTPUYECKOW MPOBOOUMO-
CTblO, TBEPAOCTBIO M XUMNYECKON MHEPTHOCTbLIO.
B HacTosuwee Bpemsa ITO naeHKM Mcnonb3yoTcs
B OCHOBHOM B KadecTBe anekTpopoB XK-guc-
NMieeB U CEHCOPHbIX MaHenen 31eKTPOHHbIX
ycTponctB. OHU MOryT HANTU WMPOKOoe npume-
HeHMe B CTPOUTENIbHOM M aBTOMOBUIBHOW UHAY -
CTPUM NPU YCITOBUKN UX MOMYYEHUS MACLUTABOHbIM
Mano3satpaTtHbiM MeToaoM. [NneHka ITO oTpaxa-
eT uHdpakpacHbie Nyyn, YTo AaéT BO3IMOXHOCTb
MCMOMb30BaTb €€ B KayecTBe Temnao3aluTHOro
MOKPbITUS HA OKOHHbIX cTeknax [3]. MNMpoBoas-
e MOKPbITUS Ha Mpo3padvHbiX MaTepuanax,
obecneynBas BM3yasibHbIM OOCTYM, 3alMUaT
OT 2NeKTPOCTATUYECKMX 3apsaaoB [2], yMeHbla-
IOT 2/1eKTPOMArHUTHblE MOMEexK, a Takxke npe-
OOTBPALLAOT  U3MyYeHUe  3M1eKTPOMarHUTHbIX
BOJTH U3 KOopnyca NnpMbopoB niv NnpenoTepaLLas
Mx nonagaHuve B KOpryc.

Ona nonyyeHns HAHOCTPYKTYPHbIX mMe-
HOK BbICOKOM 4uCTOTbl INgSNO, (ITO) 3apaHHoOM
cTexmoMeTpumn Ha noacnoe ZrgzYo30, (YZO) us
HEeLOPOrMX WCXOLHbIX BELLECTB WCMONb30BaH
3KCTPAKLUMOHHO-MUponnTudecknin  metogd [9].
Onsa nonydenua ITO nneHok 3KCTpakTbl MeTas-
noB In, Sn cMewmBanm B HEO6XOOUMOM CTEXU-
oMeTpun IN:SN=9:1 N HaHOCU/IN Ha OYULLEHHbIE
CTeKJIAHHbIE MOANIOXKM MEeTOO0M HaKaTblBaHMUS.
MpoLeccbl TEPMUYECKOTO PA3TOXKEHNA SKCTPAK-
TOB MPOWCXOAAT B Y3KOM 06/51acTM TeMrepaTyp
400-450 °C. na nonydeHmnsa nposogawmx ITO
naeHok Tpebyetca oTxur npu 550 °C nmnbo no-
CcfloMHas TepMuyeckas 06paboTka npu 3Ton no-
BbILLEHHOWN TeMMepaType.



Pucynok 1. -
MuKpockonus ITO nneHku

[pocBeunBaolwas 3neKTPOHHAasA

MeTopom PEHTreHOPOTOINEKTPOHHOM
cnekTpockonuu (P®3C) 6binm  mnccnenoBaHbl
nneHkn ITO, nonyyeHHble 3KCTPaKLMOHHO-MNPO-
NTUYECKMM METOAOM U KOMMEepYecKue MIeHKMU
ITO, monyyeHHble BaKyyMHbIM MarHETPOHHbIM
pacnbifeHnem mMuwenHn. POIC nokasano, 4to
MAEHKW MpaKkTUYeckn WAEHTUYHbL. MeTopom
P®35M ycTaHOBNEHO, YTO MNEHKM, MOSyYEHHbIE
SKCTPAKLMOHHO-MUPOUTUHECKNM MeTOA0M,
XapaKkTepusyloTCcad  MeHbLKMM  coaepXaHneM
MPUMECHbIX 3/1EMEHTOB, B TOM 4uche yrnepona.
M3 paHHbIX MNpoCBeYMBalOLLEN 3MIEKTPOHHOM
MuUkpockonumn  (pucyHok 1) M KapTUHbI
oudpakumm  371eKTPOHOB  CPefHUN  pasmep
KPUCTaNIMYeCKMX 3ePEeH COCTaBSAET 612 HM.

[fpo3payHble  OKCMAHblE  MNpoBoOAsALLME
MNEHKW LLeNecoobpasHo WCMonb3oBaTb ANA
OMNTUYECKUX MPUITOXKEHWUIM, MO3TOMY OLHOM U3
OCHOBHbIX XapaKTePUCTUK TakMX MNEeHOK ABS-
eTcs KOIPPULMEHT OMTUYECKOrO MPOMyCKaHMS.
CnekTpbl OMTUYECKOro MNpPOMycKaHUsa MAEHOK
ITO, nonyyeHHbIx Dl1-MeTOQOM. Ha CTekse U
KBapue B BUMOAMMOM guanasoHe OavH BONH. Vc-
cnefoBaHUs cepum obpasLoB nokasanu, YTo B
BUAMMOWN 0o6nacTu crnekTpa nponyckaHue nne-
Hok cocTaBnsaetr 90-95 % [4-6].

PaszpaboTaHHbil MeTon, MoXeT 6biTb UC-
Nosb30BaH /1 HAHECEHWNSA MOKPLITUN Ha 60/1b-
e noBepxXHOCTU. [lonyyeHHble 3KCTpaKLW-
OHHO-TIMPONUTUYECKMM MeToaoM mneHkn [TO
OblIN MCMOSIb30OBaHbl B KayecTBE 3/1€KTPOAOB
ONS CONIHeYHbIX 351eMeHToB [peTuensa v anek-
TPOXPOMHbIX CTEKOS.

MoToBoNbTAMYECKME  D/IEMEHTHI,  Takue
Kak OKCUAHbIE 3/1eMEHTbl, CEHCUBUNU3NPOBAH-

IT® Electrolyte
Contact
Frame

ITo TiQ, with dye
PucyHok 2. - KOHCTPYKLMA CEHCUMOUNUIUPOBAHHbBIX

KpacuTesieM COJTHEYHbIX a4eekK

Hble OpPraHV4yeckMMU WM MeTassiopraHuye-
ckmmu  kpacutenamm — Dye-Sensitized Solar
Cell (DSSC) [7], npencTaBnsaOT HaAMBOMbLUUMI
VHTEepec B CBA3M C TeM, 4To 0651afarT HU3-
KON ce6ecToMMOCTbO M UX MPOU3BOACTBO He
TpebyeT BbICOKMX TemnepaTtyp, ry6bokoro
BaKyyMa M BbICOKOYUCTbIX MOJYNPOBOOHNKOB.
DSSC npencTaenaoT  cobowm MIEHOYHYO
3/1EKTPOXMMUNYECKYIO ~ CUCTEMY, B  KOTOpPOWM
rnpo3pavHble MPOBOAALME TMJIEHKW OoKCuAaa
vHona-onosa (ITO - indium-tin-oxide) wunu
dTOopUupoBaHHoro okcmpa onosa (FTO -
fluorine-tin-oxide) HaHeceHbl Ha CTek/10 B Kaye-
CTBe 3/1eKTPOLOB, HA OOHOM U3 KOTOPbIX fasee
HaHeceH GOTOAKTUBHbIM C/TIOM AMoKCUOA TUTAH3,
MPOMNUTAHHbIM KPACUTENEM U MIEKTPONTUTOM A1
nepenadn Hocutenem Ha KoHTp-anekTpog ITO,
KatanMsnpoBaHHbIM nnatuHon. PaspbiB mexay
3/1eKTPOAAMM 3AMOSTHEH 3MIEKTPOSIUTOM.

ConHeyYHble a4elrkn 6biin chopMmMpPOBaHbI
MoCpeacTBOM coefuHeHus oToaHoaa, Mnpo-
MATAHHOIO KpacuTerieM U KOHTP-3/1eKTPOoOOoB,
HaHEeCEHHbIX Ha CTEKJ1IO C NPOC/TIOMKOWN 3/1EKTPO-
nuTa (NOMM3TUNEHINIVKONb C Ao06aBeHneM pac-
TBOpOB, KJ 1 J2, LiClO4) (pucyHok 2).

DKCTPAKLMOHHO-MUPOSIUTUYECKUIM  MeTOo[,
Mo3BOJMAET pPeryavMpoBatb pasmMep 3epHa oOk-
cugHoOro ™maTepuana 6rnarogapsi BapbupoBa-
HUIO KOHLEHTpauMy pacTBopa 3kcTpakTta [8].
DKCTPAKLMOHHO-MUPOINTUYECKNM MeTOL4O0OM
cbopMrpoBaHa MHOrocsionMHasa cTpyktypa ¢o-
ToaHo4a nocnefoBaTesibHbIM HAHEeCeHMEM KOM-
MakTHOro csiof M3 pasbaBfieHHOro pacTeBopa
3KCTPaKTa, Me3arnopucToro csioa n3 6osee KOoH-
LLleHTPMPOBAHHOIO pacTBopa 3KCTpakTa W pac-
cemBatolLero cnos n3 cycrneHsum TiO, 1 nacTol
M3 HAHOYACTWL, MOJYYEHHbIX MUPOSIM3OM 3SKC-
TpakTa TuTaHa. VicnbitaHna ¢otoaHoga B cocTa-
BE COJIHEYHOM AYEeMKM nokasasanm ero rnoBbllIeH-
HY0 3PPEeKTMBHOCTb MO CPABHEHMIO C OOHO- U
OBYXCITOMHbIMKM aHanoramm [9].

AHanornyHyo KOHCTPYKLMIO VIMetoT
3/1EKTPOXPOMHbIE CTEeKS1a, B KOTOPbIX B KO-
TOPbIX Ha OOAWH W3 MPOBOAALMX IMEKTPO-
[0OB  HaHeceHa TM/leHKa  3/1eKTPOXPOMHOIo
Matepuana, HanpuMep,  OKCMAa  HUKens.
DKCTPAKLMOHHO-MUPONTUYECKNM MeTOLO0M
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M3roTOBJIEHO 3/1EKTPOXPOMHOE YCTPOMCTBO, B
KOTOPOM TMJIeHKa OKCMOA HUKena nepexogut
M3 BoccTaHoBneHHoro coctoaHua NIiOOH B
okmcneHHoe Ni(OH),, ¢ nepexopom LuUBeTa ¢
TEMHOro Ha Mpo3padyHbii. [lonydyeHHaa nieH-
ka NiO Ha npo3padyHOM MPOBOASLLEM CTeksE,
coeMHeHHasa C KOHTP3NEKTPOOOM B NPUCYTCTBUM

KBa3MTBEpPOOro 3/eKTponmTa BblaepxuBana
6onee 500 LMKI0B obecuBeYMBaHMe-
oKpalwuBaHMe, He MeHAs  UHTEHCMBHOCTU

useta [10,11]. 3X-cTekNno B HacToslee BpeMs
MMeeT BbICOKYIO CTOMMOCTb. [ns CHWXeHUs
CTOMMOCTU IX-yCTpomncTs LenecoobpasHo
MCMOMb30BaHME Maso3aTtpaTHOM TeXHOMNOorum
nX Npon3BOACTBA. IKCTPaKLMOHHO-

I'Il/IpOJ'Il/ITML{eCKMl;’I MeTond Mno3BON4deT HAaHOCUTb

NNeHKn Ha MacwTabHble MOBEPXHOCTMH.
|_|pl/1 3TOM MOXeT 6bITb MCnosib3oBaHoO
aBToMaTnsnpoBaHHoOe O60pyJZI,OBaHl/Ie

NakKoKpPaCOYHOM MPOMbILLNEHHOCTH, B TOM Yuncse
pob6oTbi-aBToMaTthl U WMK-neunm ¢ kBapueBbiMM
namMnamu.
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STUDY OF THE POSSIBILITY OF DECOMPOSITION OF TUNGSTEN
MINERAL RAW WITH A MIXTURE OF AMMONIUM
HYDRODIFLUORIDE AND AMMONIUM SULFATE

Medkov M.A., Krysenko G.E, Epov D.G., Dmitrieva E.E.
Institute of Chemistry, Far Eastern Branch of the Russian Academy of Sciences,
Vladivostok, Russia

All known methods of processing tungsten
concentrates can be divided into three groups:
alkaline opening using soda, caustic soda and
other alkaline reagents and obtaining solutions
by leaching of sintered solutions, from which
tungstic acid is precipitated after purification
from impurities; acid decomposition with
concentrated mineral acids when heated with
the release of tungstic acid; chlorination of
concentrates to obtain a condensate of volatile
tungsten halides and oxyhalides, the hydrolytic
decomposition of which produces tungstic acid.
Depending on the mineralogical composition
of the concentrate, one or another variant of
opening is chosen. All of the above methods
are characterized either by a high degree of
environmental load (pollution with harmful
emissions in the case of using concentrated
mineral acids or soda concentrates, caustic
soda, and other alkaline reagents) or require
complex expensive hardware design [1-4].

Some of these shortcomings in the
processing of mineral raw materials are devoid
of fluoride technologies. Highly effective fluoride
technologies have also found application in
the processing of tungsten concentrates: in
industrial practice, tungsten hexafluoride has
long been produced, a hydrodifluoride method
for processing scheelite has been developed,
etc. [5]. Previously, we studied the interaction
of wolframite concentrate with ammonium
bifluoride [6] and found that the fluorination
of wolframite with ammonium hydrodifluoride
makes it possible to destroy the crystal lattice
of minerals, including silicate ones, by breaking
the Si-O bonds, and convert the metals included
in its composition into complex ammonium
fluoride salts, which are then separated due
to differences in chemical behavior during
ammonia hydrolysis.

However, it should be taken into account
that during the leaching of fluorinated
tungsten concentrates, the impurities present
in them (mainly iron, silicon) also pass into
solution together with tungsten in the form of
ammonium fluorine complexes, which makes
it difficult to obtain pure tungsten products.
On the other hand, during fluorination of
tungsten-containing mineral raw materials

with  ammonium hydrofluoride, sparingly
soluble fluorides of some elements (calcium,
magnesium and rare earth elements) can be
formed, which cannot be removed by aqueous
leaching. For example, fluorite CaF2 is not
only practically insoluble in water, but also
sparingly soluble in nitric acid solutions. At
the same time, as we showed earlier [7], poorly
soluble fluorides can be converted into more
soluble sulfates by solid-phase interaction with
ammonium sulfate.

This report presents the results of a
study of the possibility of using a mixture
of ammonium hydrofluoride and ammonium
sulfate for low-temperature decomposition of
tungsten concentrates with the extraction of
tungsten from mineral raw materials and its
isolation in the form of a commercial product of
tungsten oxide WOs.

A thermogravimetric study (figure) showed
that heating a mixture of NH4HF; and (NH,4),SO4
is accompanied by thermal decomposition
in the temperature range of 125-430°C and
almost complete transition of the products
into the gas phase. X-ray phase analysis of
the phases isolated at different temperatures
showed that the first endothermic effect in
the given thermogram refers to the melting of
NH4HF2 (Tmer=126.20C). With further heating of
the mixture, a weight loss is observed, which
in the temperature range of 126-200°C is
initially due to a slight evaporation of NH4HF5,
and then above 200°C, decomposition of
ammonium sulfate occurs with the release of
ammonia NHz and the formation of ammonium
hydrosulfate NH4HSO,4. The product isolated at
2200C, according to X-ray phase analysis, was
a mixture of (NH,4),SO4, NH4HF,, and NH4HSO4.
In the temperature range of 220-280°C, there
are two endothermic effects that overlap
each other: boiling of NH4HF, (Tpe = 238°C),
accompanied by decomposition into NHsz and
HF, and melting of NH4HSO4 (T = 251°C).
A further increase in temperature is
accompanied by two endothermic effects
occurring at a maximum rate at 330 and 425°C,
and due to the stepwise decomposition of
ammonium hydrosulfate NH4HSO, into sulfuric
anhydride, ammonia and water.
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Figure — Thermogravimetric curves of a mixture of
NH4HF2 and (NH4)2504

Thus, based on the data of
thermogravimetric analysis of a mixture of
NH4HF> and (NH4),SOy, it can be assumed that
during the treatment of tungsten-containing
mineral raw materials when heated with a
mixture of hydrodifluoride and ammonium
sulfate, first in the temperature range up
to 200°C in the NH4HF, melt, the process
of fluorination of the main components of
wolframite and scheelite concentrates and
quartz impurities according to the following
schemes:

—_—

0.25 02
(Fe,MN)WQO,4 + 5 NH4HF, (NH4)sWO,F5 +

+0,5 (NHa)sFeFg + 0,5 NH4MnF4 + 2,5 H,0; (1)

CaWOy4 + 3,5 NH4HF5 » (NH4)sWO,F 5 +
+CaF2 +0,5 NH= + 2 HzO,’ (2)

SiO, + 3 NHaHF, > (NH4),SiFg + NHs + 2 H,0. (3)

Further, taking into account the
decomposition of ammonium hydrosulfate
NH4HSO,4 in the temperature range of 300-
4500C into sulfuric anhydride, ammonia
and water, we can assume the processes of
conversion of fluorides into sulfates.

The scheelite concentrate KSHT-1 and the
mineral wolframite selected manually from the
ore tungsten raw material of the Lermontovskoe
deposit (Primorsky Territory) were chosen as
objects for the study. The scheelite concentrate,
according to X-ray phase analysis, is represented
by scheelite CaWO, with an admixture of
hematite Fe,Os. X-ray fluorescence analysis
showed the presence of the following main
elements (wt %): W (68.94); Ca (12.91); Fe (6.04);
Si (5.83); S (4.52); P(0.87). Ammonium difluoride
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NH4HF> grade “chemically pure” was used as
reagents for opening the studied mineral raw
materials. and ammonium sulfate (NH4)>,SO4
grade “chemically pure”.

The treatment of tungsten mineral
raw materials with a mixture of NH4HF, and
(NH4),SO4 was carried out at a slow (~2 deg/
min) temperature rise to 330-420°C, followed by
leaching of the interaction product with water,
separation and washing of the precipitate,
which is tungstic acid H;WO,4 The study
showed that in the process of interaction of
tungsten-containing mineral raw materials with
a mixture of hydrodifluoride and ammonium
sulfate, first at temperatures up to 200°C,
fluorination of the components included in the
concentrate, such as calcium, tungsten, iron,
manganese, silicon, occurs with the formation
of compounds given in equations 1-3. A further
increase in temperature is accompanied by the
decomposition of ammonium sulfate (NH,4),SO4
with the formation of ammonium acid sulfates
NH4HSO4 and (NH4)sH(SO4),, which lead to the
conversion of the resulting calcium, iron and
manganese fluorides into sulfates according to
the following schemes:

2 CaF; + 3 (NH4)2S04 > (NH4)2Ca5(S04)s +
+4NHst + 4 HFY  (4)
(NH4)3FGF6 +2 (NH4)2SO4 -> NH4FE(SO4)2 +
+6 NHzt + 6 HF1; (5)
NHsMNF4 + 2 (NH4)2SO4 » NH4MN(SOy), +
+4 NHzt + 4 HF . (6)

The ammonium fluorine complex of
tungsten, according to X-ray phase analysis, at
this stage passes into tungstic acid and then
into tungsten oxide WOs:

(NH4)3W02F5 + Hzo - H2W04 + NH3T +4 HFT} (7)
It should be noted that at this stage,

ammonium fluorides, which are released
according to equations (4)-(7), pass into
sublimation, which can be collected and
subsequently used in circulation, and
sublimates ammonium hexafluorosilicate

(NH4)2SiFg (Tsup=3199C), which , as the study
showed, under these conditions does not react
with NH4HSO4.

Thus, as a result of the interaction of
fluorinated NH4HF, components of tungsten-
containing mineral raw materials with
ammonium sulfate in the temperature range of
350-420°C, more water-soluble compounds are
formed, in particular, instead of poorly soluble
calcium and magnesium fluorides, more soluble
sulfates of these metals are formed.



Table — The results of the elemental analysis of phases of the processing the scheelite
concentrate with a mixture of NH4;HF, and (NH,4),SO, at a temperature of 350°C, in %

Phase W Ca S Fe P Si
The product of the processing

the concentrate with a mixture 47.55 913 40.30 4.53 0.66 0.83
NH4HF2 and (NH4)2504

Leaching solution 0.67 5.89 87.95 3.79 0.55 0.6
First wash water (acidified

NH4HSO,4 to pH=T) 0.81 7.35 88.02 0.50 0.31 -
Second wash water (acidified

NH4HSO,4 to pH=T) 0.61 1.44 96.17 0.22 0.25 -
Insoluble residue 98.42 0.14 0.55 0.15 012 -

The study showed that sulfatization of
other elements proceeds according to similar
schemes, for example, in the case of the
presence of titanium or aluminum in the mineral
raw materials, the interaction with a mixture
of NH4HF> and (NH,4),SO,4, according to X-ray
phase analysis, proceeds with the formation
of water-soluble double salts (NH,4),TiO(SO4),
and NH4A[(SO4)2

The product of the interaction of tungsten
mineral raw materials with NH4HF, and
(NH4),SO4 is a mixture containing tungstic
acid and sulfates of calcium, iron and other
associated metals, as well as ammonium
acid sulfates. When this mixture is leached
with water, sulfates of impurity metals and
ammonium acid sulfates pass into the solution.
As a result of the transition of the ammonium
acid sulfates NH4HSO, and (NH4)sH(SO4),
into the solution, the pH value of the leaching
solution decreases to 1, which ensures the
transition to the calcium sulfate solution and
prevents the transition to the tungsten oxide
solution. Thus, at the stage of water leaching of
the product of the interaction of the tungsten
concentrate with a mixture of hydrodifluoride
and ammonium sulfate, HWOQO, is separated
as an insoluble residue from the rest of the
concentrate components.

Additional washing of the insoluble residue
with a solution containing acidic ammonium
sulfates or solutions of acids (hydrochloric,
sulfuric), with pH=1, leads to the production of
WOs grade “pure” (table).

The study showed that when processing
a tungsten-containing mineral raw material
with a mixture of NH4HF, and (NH4),SOy,
a more complete transition of Ca and Fe

into solution during aqueous leaching is
observed when the opening process is carried
out at a temperature of 330-340°C, which
is associated with partial decomposition
of double salts (NHg)>Cay( SO4)s and
NH4Fe(SOy4), at higher temperatures and the
formation of less soluble calcium and iron
sulfates requiring additional washings. Raising
the opening temperature of the scheelite
concentrate with a mixture of NH4HF, and
(NH4)2SO4 from 330 to 420°C practically does
not affect the purity of the resulting tungstic
acid (provided that the number of washings is
increased), but increases the yield of tungsten
from 83 to 90%. The use of weak solutions
of mineral acids for washing the precipitate
(for example, a 3—-10% HCLl solution) makes it
possible to increase the purity of the resulting
tungstic acid to 99.2%.

Thus, the mixture of NH4HF, with
(NH4),SO4 can be considered as a new
promising reagent for the opening of tungsten
mineral raw materials, which simplifies the
method of processing tungsten concentrates by
reducing the number of process steps to obtain
commercially demanded tungsten oxide WOs3
as a commercial product. The effect of using a
mixture of NH4HF> with (NH4),SO4 is achieved
due to the fact that NH4HF; is able to effectively
destroy the crystal lattice of minerals, but in this
case, poorly soluble fluorides of some elements
are formed, and (NH4),SO4 converts them into
sulfates.
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MCCNEOOBAHUME BO3MOXHOCTU BCKPbITUA
BOJIb®PAMOBOIO MMHEPAJIbHOIO CbIPbA CMECbLIO
rmaorPoaoNPTOPULA U CYNIBOATA AMMOHUA

Meoxos M.A., Kpvicenxo I.®., Onos /I.I., Imumpuesa E.D.
NHCTUTYT xuMnun JanbHEeBOCTOYHOIro oTaeneHns Poccunckom akageMmm Hayk,
r. BnagneocTok, Poccusa

Bce wn3BecTHble cnocobbl nepepaboTku
BO/bPPAMOBbIX KOHLLEHTPATOB MOXHO pasge-
NNTb Ha TPW FPynnbl: WenoYHOe BCKPbITUE C UC-
nonb3oBaHMEM COAbl, €4KOro HaTpa W ApYrux
LLLeNTOYHbIX peareHToOB W MoJlyYeHWe BbllLenaydn-
BaHWEM CMekoB pacTBOPOB, M3 KOTOPbIX Mocse
OYMCTKM OT MpUMecer ocaxnarT Bosbdpamo-
BYIO KUC/IOTY; KUC/TOTHOE Pa3/IOXKEHUNE KOHLLEH-
TPUPOBAHHBIMU MUHEPASIbHBIMU KNCTOTaMU MPU
HarpeBaHuWM C BblgeNeHUeM BONbdPamMoBOMN
KWNCNOTbI; X/IOPUPOBaHNE KOHLEHTPATOB C MO-
NyYeHUEM KOHAeHcaTa JIETYUYMX rasoreHnaoB um
OKCUrasioreHugoB Bonbdpama, ruaoponnTuye-
CKMM pa3/ioXeHMEM KOTOPbIX BblOENSAOT BOb-
dpamoByto KMCoTy. B 3aBUCMMOCTM OT MUHepa-
JIOrMYecKoro coctaBa KOHLLEHTparta BblouvpatoT
TOT WX WMHOW BapuaHT BCKpbITUs. Bce npuse-
OEHHble Bbllle CNoCobbl XxapakTepusytoTcsa Wam
BbICOKOM CTEMEHbIO Harpy3km Ha OKPY>KatoLLlyto
cpeny (3arpsisHeHwe BpeAHbIMM BbibpocamMu B
cnlyyae MCMNonb30BaHWUA KOHLLEHTPUPOBAHHbIX
MUHEepasbHbIX KMCAOT UM KOHLEHTPATOB COAbl,
e[KOro HaTpa, APYruX LWeNOYHbIX peareHToB)
UM TPEeBYIOT C/IOXHOMo A0POrocTosLwero anna-
paTtypHoro odopmnenHus [1-4].

HekoTopbiX M3 3TUX HeOOCTaTKoB Mpu
nepepaboTke MWHEPASIbHOrO Cbipbs  JIULLEHDI
dTopmnaHble TexHonornn. BbicokospdekTUBHbIE
dTOPULAHbIE TEXHOMOMMU HALUIN NPUMEHEHWE U
B nepepaboTke BONbPPAMOBbBIX KOHLEHTPATOB:
B MPOMBbILLSIEHHOM NPaKkTnke OABHO MPOU3BOAST
rekcaptopug Bonbdpama, paspadoTaH rmapo-
oudTopUaHbBIN Ccrocob nepepaboTky Leenuta
u op. [5]. PaHee HamMu 6bi10 nccnenoBaHoO B3aun-
MOLEeNCTBME BONMbGPAMUTOBOrO KOHLEHTpaTa ¢
6udTOPNAOM aMMOHUS [6] U YCTAHOBNEHO, YTO
dTOpMpOBaHMe BoNbdpaMmuTa ruapoanPTopu-
OOM aMMOHMUA MO3BONSET Pa3pyLnUTb KpUCTas-
NINYECKYto pelleTKy MWHepasioB, B TOM YUCIIE,
cunmMkaTtHblX, paspbiBas ceasum Si-O, n nepese-
CTW BXOASLIME B €ro CocTtaB MeTasisibl B KOM-
nMnekcHole PTOPaMMOHMEBbIE COMM, KOTOPbIE
3aTeM pasfensarTcsa 3a CYeT Pasnynimi XmmMmye-
CKOro noBefeHUs B npouecce aMMMayHoro rv-
aponusa.

OpHako cnepyeT yyuTbiBaTb, YTO MpPU Bbl-
wenaymBaHmMm nNpodToOpPMpPOBaHHbIX BoSbdpa-
MOBbIX KOHLLEHTPATOB MPUCYTCTBYIOLLME B HUX
npumecu (rnaBHbIM 06pPa30M, Xesie30, KPEMHUIN)

TakXxe nepexonsT B pacTBOp BMecTe C Bonbdpa-
MOM B BMOE AMMOHWUMHbBIX (PTOPOKOMIMIIEKCOB,
4YTO 3aTPYLHSAET NOyYeHNE YNUCTbIX BObdpamo-
BbIX NpoaykToB. C Apyron CTOPOHbI, Mpu GTopU-
poBaHuM BoNbdpamMcogepXallero MuHepasb-
HOro Cbipbs rMAPOANPTOPNLOM aMMOHUSA MOTYT
obpasoBblBaTbCs MasopacTBOpUMble  GTOpPU-
Obl HEKOTOPbIX 3/1EMEHTOB (KasbLMs, MarHus u
penko3eMesnbHbIX 3/IEMEHTOB) KOTOpble He yaa-
eTca ypanuTb Mpu BOOHOM BbllenadmBaHMm.
Hanpwumep, dnooput CaF, He Tonbko nNpakTn-
YeCcKM He PacTBOPWM B BOAE, HO U OFPaHNYEHHO
pPacTBOPUM B pacTBoOpax a3oTHOW KucnoTel. B
TO Xe BpeMs, Kak 6bllo nmokasaHo HaMu paHee
[7], manopacTBOpUMbIE PTOPUAObLI MOFYT ObiTb
nepeeBefeHbl B 6onee pacTBOpuMble cynbdathbl
TBEpAoda3HbIM B3aUMOLAENCTBMEM C CyNbdaToM
aMMOHWUSA.

B paHHOM poknage npeacTaBfieHbl pe-
3ynbTaTbl MCCNeAOBaHUSA BO3MOXHOCTU UCMOSb-
30BaHusa cMecu rugpoamdTopmaa aMMoHUS
cynbdarta aMMoOHUSA 415 NPOBeAEHUS HU3KOTEM-
nepaTypHOro BCKPbITUS BOJbdPAMOBbLIX KOH-
LLEHTPATOB C M3BJeYeHMeM Bonbdpama uU3s Mu-
HEpasIbHOro Cbipbs U BblAENEHNEM ero B BuUAe
TOBapHOro npoaykra okcmaa sonbdppama WOs.

TepMorpaBuMeTpuyeckoe McCCNefoBaHue
(pUCYHOK) nokasano, 4TO HarpeBaHuWe cMecwu
NH4HF> 1 (NH4),SO,4 conpoBoxpaeTtcs TepMu-
YEeCKMM pa3sioXKeHUEeM B TeEMMepaTtypHOM WH-
TepBane 125-4300C » npakTUYecky MOJHbIM
nepexonoM NpPoAyKTOB B rasoByto dpasy. PeHTre-
Hoda30BbIM aHann3 ¢as, BblAe/IeHHbIX NPy pas-
NINYHBIX TeMnepaTtypax, nokasas, 4YTo MnepBbli
SHOOTEPMUYECKMNA dPdeKkT Ha npuBeLeHHOM
TepMorpamMme oTHocuTca Kk nnasneHuto NH4HF,
(tnn=126.2°C). Tpwn panbHeMrweM HarpeBaHun
cMecu HabntopaeTcs ybbiib Macchl, KoTopas B
TeMnepaTtypHoM WuHTepBane 126-200°C BHa-
yase obycsioBneHa He3HauuTeNbHbIM uKcnape-
Hnem NH4HF,, a 3atem Bbiwe 200°C npoTekaeT
pasnoxeHune cynbdata aMMOHUA C BblAENEHNEM
amMmmaka NHz n obpasoBaHuem rugpocynbdata
ammonusa NH4HSO4. MpoaykT, BblgeneHHbn npu
2200°C, no paHHbIM peHTreHoda30BOro aHanmsa
npenctaensan co6or cmecb (NH4),SO4, NH4HF, n
NH4HSO,4. B TtemMnepatypHoM mHTepBane 220-
280°C npuUcyTCTBYIOT ABa 3HOOTEPMUYECKUNX 3P-
dekTa, KOTOopble HaKNaAbIBaTCA APYr Ha Apyra:
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PucyHok — Tepmorpamma cmecnt NHaHF, 1 (NH4),SO4

knnenne NH4HF; (te,n = 2389°C), conpoBoxaato-
weecs pasnoxeHmem Ha NHs n HF, u nnaesneHune
NH4HSO,4 (t,, = 251°9C). JanbHelwee noBbiwe-
HUe TeMnepaTypbl CONMPOBOXOAETCA OBYMS 3H-
noTepMmyecknMmn addekTamm, NpoTeKkaoWmMMm ¢
MakcuMaribHoM ckopocTbto npu 330 1 425°C, un
06YC/IOBNEHHBIMU CTYMEHYATbIM Pa3/IOXKeEHNEM
rugpocynbdata ammonHus NH4HSO,4 Ha cepHbin
aHrngpua, aMmmMuak n Boay.

Takmm o6pas3oM, Ha OCHOBAHWU LOaHHbIX
TEePMOrpaBMMETPUYECKOrOo  aHanmsa  CcMecu
NH4HF> 1 (NH,4),SO4 MoxHO npegnonaratb, UTO
rnpu obpaboTke BosbdpamMcoepXkallero MmHe-
pPanbHOro CbipbsA MPU HArpeBaHUM CMeCbio M-
apoandTopmaa n cynbdata aMMOHUSA CcHadana
B MHTepBasie TeMnepatyp go 200°C B pacnnase
NH4HF, 6ymeT npoTtekaTb npouecc $pTOopUpo-
BaHUS rMapoandTOPUAOM aMMOHUSA OCHOBHbIX
KOMMOHEHTOB BO/IbGPaAMUTOBOMO U LLIEESTUTOBO-
ro KOHLLEHTPATOB 1 NPUMeCK KBapLua no cnepy-
oMM CXemMam:

0.25 02
(FeMN)WO,4 + 5 NH,HF, ——» (NH4)sWO,Fs +
+ 0,5 (NHy)sFeFg + 0,5 NH,MnF4 + 2,5 H,O; (1)

CaWOy4 + 3,5 NH4HF5 » (NH4)3W02F5 +
+CaF, + 0,5 NHs + 2 H,0;  (2)

SiO, + 3 NH4HF; » (NH4),SiFg + NHz + 2 H,0. (3)

[anee, yuntbiBas passioxeHne rugpocynb-
daTta ammonuma NH4HSO, B TeMnepatypHOM MH-
TepBasie 300-4500°C Ha cepHbIM aHrMApPUA, am-
MUak 1 BoAy, MOXHO npegnonarartb npoTekaHue
NMpoLeccoB KOHBEPCUM GTOPUAOB B CynibdaTbl.

B kauectBe 06bekTOB ANA MUCCNepoBa-
HUS 6blIM BblIBpPaHbl LUEETUTOBbBIA KOHLLEHTPAT
KWT-1 n  ™MuHepan BonbdpamMmnt, oTO6paHHbIN
BPYYHYI W3 pPygHOro BOJbGPaAMOBOro Cbipbs
JlepmoHTOBCKOrO  MecTopoxaeHusa ([Mpumop-
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ckmi kpan). LLleennToBbI KOHLEHTPAT MO OaH-
HbIM peHTreHoda3oBOro aHanusa npeacrasieH
weenntom CaWO4 ¢ npumecbo rematmnta FeyOs.
PeHTreHo-bnoOpecUeHTHbIM aHannM3 rnokasasl
NPUCYTCTBME CNeAYOWMX OCHOBHbIX 3/1I€MEH-
ToB (Mac. %): W (68.94); Ca (12.91); Fe (6.04); Si
(5.83); S (4.52); P (0.87). B kauecTBe peareHToB
ONS BCKPbITUSA UCCefyeMoro MuHepasibHOro
CblpbsA MCMonb30BaNu rugpogmubTopmua amMmo-
HMa NH4HF, Mapkm «xu.» n cynbdar aMMoHus
(N H4)2504 MapKnM «X.4.».

O6paboTky BoNbdPaAMOBOro MUHEPATbHO-
ro cbipbsa cMecbto NH4HF, 1 (NH4),SO,4 npoBso-
OUNN NPU MeASIeHHOM (~2 rpaa/MuH) nogbeme
TeMnepatypbl o 330-420°C ¢ nocnenyolmm
BbilLlenauYMBaHUEM MpPoAykKTa B3anMOLENCTBUSA
BOOOM, OTAENEHMEM U TMPOMbIBKOW OCaLKa,
npencTaBstolLero cob6om BonbbpaMoByo KUC-
noty HyWO,. WccnepoBaHme nokasano, 4to B
npoLecce B3aMMOAENCTBUS BonbodpamMconep-
Xallero MMHEePaslbHOro Cblpbsi CO CMECblo TU-
opoaudrtopmaa v cynbdara aMMOHUSA cHadana
npu TeMnepartypax go 200°C npovcxogmt ¢To-
pUpOBaHME BXOAALMX B COCTAB KOHLLeHTpaTa
KOMMOHEHTOB, TakmMx Kak KasbLui, BofbbpaM,
Xene3o, MapraHeLl, KpeMHWUI ¢ obpa3oBaHMeEM
coelMHEeHUN, NpUBELEHHbIM B ypaBHeHuax 1-3.
[JanbHellee noBblleHWe TeMNepaTypbl CONpPo-
BOXAAETCA passfioxXeHueM cynbdarta aMMoHUsA
(NH4)2SO4 ¢ obpasoBaHueM KUCbIX CynbdaTos
amMmoHus NH4HSO,4 1 (NH,)3sH(SO4),, koTopble
NPUBOOAT K KOHBEpCUM obpasoBaBLUMXCS HTO-
PUOOB KasnbLMs, Xernesa 1M MapraHua B cynbda-
Tbl MO CNeayoWMM CXeMaM:

2 CaFy + 3 (NH4)2S04 » (NH4)2Cax(S04)5 +
+ 4 NHst + 4HFT  (4)

(NH4)3F€F6 +2 (NH4)2504 -> NH4FG(SO4)2 +
+6 NHzt + 6 HF1; (5)

NHsMnF4 + 2 (NH4)2SO4 -> NH4MI’1(SO4)2 +
+4 NHzt + 4 HF . (6)

DOTOPaAaMMOHUINHBIA  KOMMIeKC Bosibdpa-
Ma Mo AaHHbIM peHTreHoda3oBOro aHasMsa Ha
3TOM CcTagum nepexonuTt B BoNbdpamMoByto KUC-
noTy 1 ganee B okcup sonbdpama WOs:

(NH4)3W02F5 + Hzo -> H2W04 + NHz1t + 4 HF1; (7)

CnepyeT OTMETUTb, YTO Ha 3TON CTaANMU B
BO3MOH nepexoasTt GTopuabl aMMOHUS, BbloENA -
toLLMecs cornacHo ypaBHeHuaMm (4)-(7), koTopble
MOryT OblTb COBpPaHbl U B AasbHeNWeM NCNosb-
30BaHbl B 060pOTE, U CyBanMupyeT rekcadpTto-
pocunukat ammonus (NH4)SiFe (Te,6=319°C),
KOTOPbIM, Kak nokasano uccrefoBaHue, B OaH-
HbIX YC/TOBUAX HE BCTYMaeT B peakLnio B3anMo-
nencrtema ¢ NH4HSO,.



Taénuua — Pe3ynbtaTbl 31éMEHTHOro aHanusa ¢as npu BCKPbITUM LLEESTUTOBOIO
KoHLUeHTpaTa cMecbio NH4HF, u (NH,4),SO,4 npu Temneparype 350°C, B %

®Paza W S Fe P Si
[MpoayxT BCKpbITUA

KoHLLeHTpaTa cMecbio NH4HF; 4755 913 40.30 4.53 0.66 0.83
1 (NH4)2SO4

PacTBop BbilenaymBaHus 0.67 5.89 8795 3.79 0.55 0.16
[lepBas npoMbIBHasA Boga

(mnoakucneHa NH4HSO4 po 0.81 7.35 88.02 0.50 0.31 -
pH=1)

BTopas npomMbiBHasA Boga

(noakmncneHa NH4HSO,4 po 0.61 1.44 96.17 0.22 0.25 -
pH=1)

HepacTBopuMBbIN ocTaTtok 98.42 0.14 0.55 0.15 0.12 -

Takmnm o6pa3oM, B pesynbTate B3auMoaen-
cTBMsa npodtopmpoBaHHbix NH4HF, KoMnoHeH-
TOB BoSibdpamMcomepXkallero MUHEpPasrbHOro
CbipbA C CyNIbGaTOM aMMOHUSA B MHTEpPBasle TeM-
nepatyp 350-420°C ob6pa3sytotca 6onee pac-
TBOPWMbIE B BOOE COEOMHEHUHA, B 4acTHOCTU
BMECTO Masio pacTBOPUMbIX GTOPUOOB Kaslb-
LUS 1M MarHma obpasytotcs 6onee pacTBoOpuMble
cynbdaTbl 3TUX MeTasoB.

[MpoBeneHHOe uUcCcnenoBaHMe MNoOKa3ano,
UYTO MO AHAIOTUYHBIM CXeMaM MpPOoTeKaeT Cyslb-
daTu3aLMa U OPYrux 3MeMeHTOB, Harnpumep,
B C/lydae MpuUCyTCTBUSA B MUHEPAsSIbHOM Cbipbe
TMTaHa WM asloMUHUA B3anWMOLEWCTBUE CO
cmecbto NH4HF, n (NH4)»,SO4 cornacHo paHHbIM
peHTreHoda30BOro aHasmsa npoTekaeT c obpa-
30BaHMEM XOPOLLO PAacTBOPUMbIX B BOAE OBOM-
Hbix conen (NH4),TiO(SO4)o v NH4AL(SO4),.

MponyKkT B3aMmMoOencTemsa BoibGpaMoBo-
ro MmmHepanbHoro cbipbs ¢ NH4HF> 1 (NH,4),SO4
npeactaBnsgeT cobon CMecCb, COAepXallyto
BO/IbPPAMOBYIO KUCIOTY U CynbdaTbl Kanbums,
xenesa u Ap. CONyTCTBYOLWMX METANIO0B, a Tak-
Xe kucable cynbdaTtbl amMmMoHua. Mpu Bbilwena-
YMBaAHUKM 3TOMN CMECU BOLOM B pacTBOpP Nepexo-
OAT cynbdaTtbl NMPUMECHbIX MeTalsIoB U KMUCIIbIX
cynbdaToB aMMOHUSA. B pesynbtate nepexona B
pacTBop KMchbix cynbdatoB aMmoHua NH4HSO,
n (NH4)sH(SO4), 3HaueHne pH pactBopa Bbl-
wenadymBaHua noHmxaetca go 1, 4yto obecne-
uMBaeT NMepexon B pacTBop cysjbdaTa KasbLms
M NpefoTBpallaeT rnepexon B pacTBop okcumoa
BoNbdpama. TakMM 06pa3oM, Ha CTaauM BbilLe-
fladyvBaHUa BOAOM MpoaykTa B3amMOOEeNCTBUSA
BONIbOPAMOBOro KOHLLEHTpaTa CO CMEeCbio u-

opooudTtopuaa v cysbdata aMMOHMUA NPOUCXO-
omT otoenerne H WO, B BUAE HepacTBOPUMOro
ocTatka OT OCTasIbHbIX KOMMOHEHTOB KOHLEH-
TpaTa.

LononHutensHoe NpoMbiBaHME HepacTBO-
pPUMOro ocTaTka PacTBOPOM, CoAepXalMM KMUC-
nble cynbdartbl aMMOHUA UM PAcTBOPbI KUCNOT
(consaHon, cepHoi), ¢ pH=1 npuBOANT K Nony4ye-
Huto WOz Mapkn «4» (Tabnmua).

ViccnepoBaHve nokasaso, YTo Mpu BCKPbI-
T  BoSbdpamMcopepXallero  MmHepasbHOro
cbipbs cMecbto NH4HF, 1 (NH4)-.SO,4 6onee non-
Hbl nepexon Ca n Fe B pacTtBop npuv BOgHOM
BbilenadYnBaHnM Habnogaetca npu nposefe-
HUK NpoLecca BCKPbITUS Npu TemnepaTtype 330-
3400C, 4yTO CBSA3AHO C YACTUYHbBIM PA3/TIOXEHUNEM
nBoriHbix conen (NH4),Cax(SO4)3  NH4Fe(SO4),
npu 6onee BbICOKUX TeMMnepaTypax 1 obpasosa-
HMEeM MeHee PacCTBOPUMbIX CynbdaToB KasbLiUs
1 xenesa, TpPebyWMX AONONHUTENBHOIO KON-
yecTBa NMpPOMbIBOK. [loBbiWeHWe TeMnepaTypbl
BCKPbITUA LUEENUTOBOro KOHLEHTpaTa CMecChbio
NH4HF> 1 (NH4)>SO4 ¢ 330 po 420°C npakTtu-
4Yecku He BIMAET Ha YUCTOTY NoslydyaeMol BOsib-
dpamMoBOM KMCNOTbI (MPU YCITIOBUM YyBETUYEHUS
KONMMYecTBa NPOMbIBOK), HO YBESTMYMBAET BbIXO[,
Bonbdpama ¢ 83 po 90 %. Micnonb3loBaHue ons
MPOMbIBaHUA ocagka crabbiX pacTBOPOB MUHE-
panbHbix kucnoT (Hanpumep, 3-10 %-Hbil pac-
TBOp HCLl) no3BonseT yBenM4mnTb YUCTOTY MNOSY-
yaeMol BosibdpaMoBon KMcioTel Ao 99.2 %.

Takmm  obpasoMm, cmecb NH4HF, ¢
(NH4),SO4 MoxHO paccmatpuBaTb Kak HOBbIN
NepcrneKkTUBHbBIN peareHT ANA BCKPbITUS BOJb-
dpaMoBOro MmMHEpasibHOro Chbipbs, obecneymn-
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BaloOWMIM  ynpoluleHne cnocoba nepepaboTkm
BO/IbGPAMOBbLIX KOHLIEHTPATOB MyTeM CHUXE-
HUSI KONTMYeCTBa CTa4uM nMpoLiecca C NonyyYeHu-
€M B KayecTBe TOBAPHOro npoAykTa KOMMep-

KPUCTANNIMYECKYHO peLLeTKy MUHepasos, HO nMpu
3TOM 06pasyTCa MasiopacTBopuMble GTOPUAbI
HekoTopbix anemMeHToB, a (NH4),SO4 nepesBoguT
X B cynbdarhbl.

yeckm BOCTpebOBaHHOro okcmaa Bonbbpama
WOs3. 2ddekt mucnonbsopaHusa cmecm NH4HF;
c (NH4),SO4 pocturaerca 6narogaps TOMy, 4TO
NH4HF, cnocobeH addekTMBHO paspywaTtb
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FINDING THE OPTIMUM CONDITIONS FOR RECOVERY OF GOLD
FROM GOLD-URANIUM ORE USING SULFURIC ACID SOLUTIONS
OF THIOCYANATE

Shipnigov A.A.1, Epiforov A.V.1, Sobennikov R.M.!

TIrkutsk Research Institute of Precious and Rare Metals and Diamonds (Irgiredmet JSC), Irkutsk,
Russia

The gold mining industry is looking
for advanced and efficient methods of gold
recovery due to the depletion of placer deposits
and increased processing of low-grade ores
and ores of a complex chemical composition.
Cyanide is currently used as a lixiviant to recover
gold from gold-bearing ores [1-3]. Meanwhile,
hydrogen cyanide is a dangerous, volatile and
toxic agent. Thus, the use of cyanide requires a
strict control of pH at 10-11.

There are some alternative gold lixiviants
for leaching under acid conditions [4-6]. One
of the most promising noncyanide lixiviants
is thiocyanate (SCN-). It can be used for
processing of complex gold-uranium ores and
combined recovery of gold and uranium. The
optimum conditions of thiocyanate leaching
are comparable with sulfuric acid leaching of
uranium, i.e. pH =1-3, Eh = 450-550 mV, T = 45-
85 °C. Ferric ions are used as a gold oxidizing
agent according to Equation (1) and (2).

Thiocyanate complexes are formed from
the reaction between iron and thiocyanate
according to Equation (3). In this case, gold
leaching can occur by the ferric thiocyanate
complexes according to Equations (4)-(6) [7, 8].
Also, tetrathiocyanaurate (Ill) ion is a strong
oxidizing agent which can oxidize elemental gold
during leaching according to Equation 7 [8].

Au + 2SCN- + Fe3* = [AU(SCN),]- +Fe2*
Au + 4SCN- + 3Fe3* = [AU(SCN)4]- + 3Fe2+

M
(2)

0,25

Fe3* +nSCN- = [Fe(SCN),J5-n
Au + 3[Fe(SCN)T2* + SCN- = [Au(SCN)]- + 3Fe?*  (4)
Au + [Fe(SCN).]- = Fe2* + [Au(SCN),]- + 2SCN-  (5)
AU + 3[Fe(SCN).4]- = 3Fe?* + [AU(SCN)4]- + 8SCN- (6)
[AU(SCN),]- + 2Au + 2SCN- = 3[Au(SCN),]- )

The reduction of Fe3*to Fe2*during leaching
have a detrimental effect on gold dissolution.
Hydrogen peroxide (H,O,), manganese dioxide
(MNnO,), sodium nitrite (NaNO>), sodium chlorate
(NaClOsz) and some other species can be used as
Fe oxidizing agents [9, 10].

This study was aimed at finding the
optimum technological parameters for recovery
of gold from an oxidized gold-uranium ore using
sulfuric acid solutions of thiocyanate.

The main elements in the sample were gold
and uranium with a content of 0,97+0,24 g/t
and 87.5 g/t, respectively. The content of SiO,
and Al,Oz was 63.8 % and 16.9 %, respectively.
The mass fraction of iron was 4.59 %,; the
majority of Fe was present in an oxidized form.
The sulphide content indicated that the sample
could be referred to low-sulphide ore [11].

The recovery of gold by cyanide leaching
was approximately 87 %. The recovery of
uranium with sulfuric acid was 50-68 %. A low
uranium recovery can be explained by the fact
that U was present in the ore in a form of primary
minerals including brannerite (U4,Ca,Y,Ce)
(Ti,Fe)206:nH,0) and coffinite U[SiO4(OH)4]. It
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Figure 1 — Leaching kinetics (a); gold recovery (b) vs initial sulfuric acid concentration
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means that the uranium-containing ore
under study was refractory.

The particle size of the material in the
gold leaching study was 85 % passing —0.071
mm. The experiments were carried out under
agitated conditions. The effects of sulfuric
acid concentration, thiocyanate concentration,
Fe3* concentration, and temperature on gold
dissolution were studied. The Eh level in all
experiments was maintained at 450-550 mV by
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the addition of MnO, in pulp. The pulp density
was 25 %.

Figure 1 demonstrates the leaching
kinetics and the gold recovery with sulfuric
acid solutions of thiocyanate at a various initial
concentration of sulfuric acid (5-30 g/dm3).
The concentrations of SCN- and Fe3* in
all experiments were 05 and 1.0 g/dms3,
respectively. Leaching was undertaken for 10
hours at a temperature of 65 °C.



Figure Ta shows that the increase in sulfuric
acid concentration from 10 to 30 g/dm3 had not
affected on gold dissolution during the initial
period of leaching. However, the concentration
of gold in the solution with a high concentration
of sulfuric acid decreased at a later stage. It can
be explained by the oxidation of thiocyanate
at high concentrations of sulfuric acid and the
decomposition of gold-thiocyanate complexes
during continuous leaching, which resulted in
the reduction of gold recovery (Figure 1b).

The leaching kinetics and the gold
recovery as a function of initial thiocyanate
concentration (0.1-2.0 g/dm3) can be seen in
Figure 2. The concentrations of H,SO,4 and
Fe3* in all experiments were 15 and 1 g/dm3,
respectively. Leaching was undertaken for
10 hours at a temperature of 65 °C.

Figure 2 shows that the dissolution of
gold had been almost equal at a thiocyanate
concentration of 01 g/dm3 as well as other
examined concentrations in the first 0.5 hours
of leaching. Then, the dissolved gold was
precipitated due to the oxidation of thiocyanate
under sulfuric acid conditions. According to
Figure 2b, the gold recovery reached 86-88 % at
a thiocyanate concentration of 0.5-1.5 g/dms3.

Figure 3 shows the leaching kinetics and
the relationship between gold recovery and
Fe3* ion concentration in the leach solution
(1-10 g/dm?3). The concentrations of H,SO4 and
SCN- in all experiments were 15 and 0.5 g/dm3,
respectively. Leaching was undertaken for 5
hours at a temperature of 65 °C.

As Figure 3a and 3b show, the variations in
Fe3* concentration had no substantial effect on
the dissolution and recovery of gold from the ore
under the given conditions. At the same time,
the concentration of iron in solution of 1 g/dm3
was achieved by the dissolution of ore minerals
during leaching which made unnecessary the
addition of Fe salts to maintain the process.

The leaching kinetics and the gold recovery
using sulfuric acid solutions of thiocyanate as a
function of temperature (25, 45, 65, 85 °C) are
shown in Figure 4. The concentrations of H,SO4
SCN-, and Fe3* in all experiments were 10, 0.5,
and 1 g/dms3, respectively.

According to Figure 4a, the efficiency of
gold dissolution at 25 °C was almost two times
lower than under heated conditions, while the
kinetics of dissolution was near the same, and
the majority of gold was dissolved in the first
0.5 hours.

The maximum amount of gold (85 %) was
dissolved in 6 hours at a temperature of 45 °C.
The highest dissolution of gold at a temperature
of 65-85 °C was achieved in the first 5-15
minutes. However, the concentration decreased
at a temperature of 85 °C after 1 hour of leaching
due to the oxidation of thiocyanate under high-
temperature conditions. Figure 4b shows that
the highest gold recovery at temperatures
of 45, 65, and 85 °C was approximately 85 %
(Curve 1), although it could be reduced (Curve
2) due to the oxidation of thiocyanate under
high-temperature conditions at an increased
leaching time (> 2 hours).

The results of the study show that it is
possible to leach gold from gold-uranium ores
using sulfuric acid solutions of thiocyanate
under conditions comparable to the conditions
of uranium leaching. The optimum conditions
of gold leaching are as follows: temperature
=65 °C; initial sulfuric acid concentration =10-15
g/dm3; thiocyanate concentration = 0.5 g/dms3;

Fe3* ion concentration = 1-3 g/dm3. The
time of leaching is 15-30 minutes under the
given conditions. The gold recovery is 85 %.
The recovery of uranium is comparable to U
recovery by traditional sulfuric acid leaching
(50-68 %). In the present case, sulfuric acid
solutions containing gold and uranium are
produced which can be further recovered using
ion-exchange resins and activated carbon
[21.
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ONPEAENIEHUE ONTUMAJIbHbIX MAPAMETPOB U3BJIEHYEHUA
30N10TA U3 30JIOTOYPAHOBOM PYA,bl CEPHOKUCIbIMU
TUOUMNAHATHbIMU PACTBOPAMU

HTunnuzoe A.A.', Enugopos A.B.1, Cobernnuxoe P.M.!

TMpPKYTCKUIN HAYYHO-UCCIe00BATENBbCKUN MHCTUTYT 6/1aropoaHbIX U PeAKMX MeTalSIOB M a/iMa3oB
(AO «Mprupenmet») r. MpkyTck, Poccuiickaa Qepepanmsa

BBuOy WCTOWEHUS pPOCCHIMHbBIX MeCcTo-
POXIAEHWI 30M10Ta N BOBIEYEHNSA B NMepepaboT-
KY Cblpbsi C HU3KUM COAEpPXaHMEM LieHHbIX KOM-
MOHEHTOB W CIIOXKHbIM XUMWYECKMM COCTABOM
TPebytoTCs COBpPeMeHHble U 3bPeKTUBHbIE TeX-
HOMOrMU UX M3BNeYeHUs. B HacTosdwee Bpems
OJ19 U3BMIEYEHUS 30/10Ta M3 30/IOTOHOCHBIX Py[,
B KauyecTBe pacTBOPUTENS WUCMOMb3YOT LUaHWUA
[1-3]. LlmaHUCTbIM BOAOPOA ABMASETCS OMaCHbIM,
NETYYNUM N TOKCUYHBIM COEOUHEHMEM, MO3TOMY
HeobXo4MMO CTPOro KoHTponumpoBaTb pH Ha
ypoBHe 10-11. OgHako CyLlecTBYOT U Apyrue
pacTBOPUTENN 30/10Ta, KOTOPblE BO3MOXHO UC-
rnosb3oBaTb B KUCNoMW cpepe [4—-6]. OgHuM mn3
NepcneKkTUBHbIX HeLMaHWOHbIM PacTBOPUTENEM
3onota asnsetca TuoumaHat (SCN-). Ucnonb-
30BaHMe TMoLMaHaTa B Ka4YeCcTBE pacTBOpUTENS
30/10Ta MO3BONUT nNepepabaTbiBaTb KOMMIEKC-
Hble 30/10TOYypPaHOBble pyAbl M COBMECTHO U3-
BfiekaTb 3071070 U ypaH. OnTUManbHble yCTOBUSA
TMOLMAHATHOrO BbllLeNayYnMBaHuUs 30/10Ta CpaB-
HUMbl C CEPHOKUC/IOTHBbIM BbILLEaYMBaAHNEM
ypaHa: pH =1-3, Eh = 450-550 MB, temneparty-
pa 45-85 0. Okncnntenem 30510Ta BO BpeMs TU-
OLMAaHATHOrO BbILLENaYMBaHUSA SBSIOTCS MOHbI
TpexBasleHTHOrO Xere3a, Kak NokasaHo B ypaB-
HeHuax (1) v (2).

XKeneso pearuvpyet c TMoLMaHaToM ¢ obpa-
30BaHMEM TUOLMAHATHbBIX KOMMIEKCOB MO ypaB-
HeHuto (3). B aToM cnyyae BO3MOXHO Bblillena-
YMBaHME 30/10Ta TUOLMAHATHBIMW KOMMIeKCcaMm
xenesa (1) B cooTBeTCTBUN C ypaBHEHUAMU (4)—

0,25

—

0,20
0,15
0,10

0,05

Concentration Au, mg/dm3

0,00

0,0 2,0 4,0
Time, h

15 g/dm3 =+==20 g/dm3 =30 g/dm3

6,0 8,0 10,0

a
——5g/dm3 =+==10 g/dm3

(6) [7, 8]. Kpome Toro, TeTpaTtnoumaHaypat(lll)-n-
OH ABNAETCH CUSIbHBIM OKUCIUTENEM U MOXET
OKUCNATb 3/IEMEHTAPHOE 30/10TO MpU Bbilena-
YMBAHUW, KaK 3TO MpPencTaB/IEHO ypaBHEHUEM

(7) 18-
Au +2SCN- + Fe3*

[Au(SCN),]- +Fe2* ©)

Au + 3[Fe(SCN)4]- = 3Fe2* + [Au(SCN),]- + 8SCN- (6
[AU(SCN)a]- + 2AU + 2SCN- = 3[AU(SCN),]-

Au + 4SCN- + 3Fe3* = [Au(SCN)4]- + 3Fe2*  (2)
Fe3* +nSCN- = [Fe(SCN),J5-n 3)
Au + 3[Fe(SCN) T2 + SCN- = [Au(SCN),]- + 3Fe?*  (4)
Au + [Fe(SCN)4]- = Fe2 + [Au(SCN),]- + 2SCN-  (5)
)
)

(7

B npouecce BbiwenaymBaHusa Fe3* Boc-
cTaHaBnuBaeTca Ao Fe?*, yTo HeraTMBHO cKa-
3blBAE€TCA Ha pacTBOpeHue 3onoTa. B kavectse
OKUCINTENSA Xenesa MOXHO MCMNosb3oBaTb ne-
pekncb Bopopopa (H,O,), mmnokcma ™MapraHua
(MnOy), HuTpUT HaTpmsa (NaNO,), xnopaT HaTpua
(NaClOsz) u gp. [9, 10].

Llenbto HacTodAwer paboTbl ABMAAIOCH
onpenennTb ONTUMasibHble MapaMeTpbl U3BJe-
YeHWs 30/510Ta U3 OKUCIIEHHOW 30/10TOYPaHOBOM
pyAbl CEPHOKUCTBIMU TUOLMAHATHBIMU PAaCTBO-
pamu.

OCHOBHBIMU  Li@HHbIMWU KOMMOHEHTaM1 B
npo6e pynbl ABNAETCA 30/10TO, COAepXKaHMe Ko-
Toporo coctaenset 0,97+0,24 r/T n ypaH — 87,5
r/T. ConpepxaHue SiO, — 63,8 %, Al,Os — 16,9 %.
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Concentration H,SO,4, g/dm3

PucyHok 1 — OuHaMuka BbilenavymBaHnsa 30/10Ta () U 3aBUCUMOCTb M3BJIeYEHUs 30/10Ta (6) OT KOHLEeHTpaLum

CepHOM KUCNOTbI
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PucyHok 3 — JuHaMuKa BbilLenadymBaHms 3010Ta (a) U 3aBUCMMOCTb U3BeYeHUs 3o510Ta (6) oT KOHUeHTpauummn Fe3+
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PucyHok 4 — [duHamuka BbilwenadymsaHmsa 3os0T1a (a)
TeMnepaTtypax BbllLenavynmBaHms

MaccoBas gons xenesa B npobe cocTaB-
naet 4,59 %, 1 OHO NpaKTUYECKM MOMHOCTbLIO Ha-
XoOuTcsa B okcumaHon dopme. Mo copepkaHuto
cynbodnpos npoda OTHOCUTCH K yborocynbbui-
HoMy Tuny py4 [11]. M3BneyeHne 30510Ta LMAHU-
poBaHmeM coctaBnseT okono 87 %. M3eneyeHune
ypaHa cepHomn kucnoton coctasnsetr 50-68 %.
HeBbicokoe u3BnedyeHMe ypaHa o06YyC/IOBNEHO
TeM, YTO B pyOe OH npeactaBfeH MNepBUYHbI-
MU MuHepanamu 6paHHeputom (U4,Ca,Y,Ce)
(Ti,Fe)206NH0) 1 koddmHUTOM U[SiO4(OH),],
UTO yKa3blBaeT Ha ero yrnopHoOCTb.
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M 3aBUCMMOCTb M3BMeveHus 3onoTa (6) Npu pasanyHbiX

MccnepoBaHmsa no BbllenaynBaHuio 30/10-
Ta NPOBOAMMN Ha KpynHOCTK pyabl MuHyc 0,071
MM. B @armTaumMoHHOM pexmnme. 3yueHo BnvsHue
KOHLEHTPALMN CEPHOM KMUCMOTbI, TMOLMAHATA U
MoHoB Fe3*, a Takxe TemMnepartypbl Bbllienadm-
BaHWsS Ha pacTBopeHue 3osoTa. [Nokasatens Eh
BO BCeX onblTax nogaepxueanu Ha yposHe 450-
550 mMB po6aeneHuem B nynbny MnO,. MnoT-
HOCTb nynbnbl 25 %.

Ha pucyHke 1 npencraBneHa AMHaMMKa Bbl-
uenaymBaHus U 3aBUCUMOCTb WU3BJIEYEHUS 30-
noTa 13 pyabl CEPHOKMUCBIMU TUOLMAHATHbBIMU



pacTeopamMu Npu PasiMYHON KOHLEHTPALMN KUC-
JIOTbI B MCXOOHbIX pactBopax (ot 5 po 30 r/om3).
KoHueHTpauma SCN- n Fe3* Bo Bcex onbiTax co-
ctaenana 0,5 n 1 r/gm3 cootBeTcTBEHHO. TemMne-
patypa 65 °C, npogonxutenbHocTb 10 y.

M3 pucyHka 1-a BMOHO, YTO MOBbIWEHNMU
KOHLLeHTpaLum cepHo kncnotbl ¢ 10 go 30 r/om3
He OKa3blBaeT B/IMAHMSA Ha AMHAMUKY pacTBope-
HUA 30/10Ta B HadasibHbIA Mepuon Bblwenadn-
BaHna. OgHako B OafibHeMWweM KOHLEeHTpaLma
30/10Ta B pacTBOpe C BbICOKOM KOHLLeHTpaumnen
KWCMOTbI CHUXaNacb. 9TO O6bACHAETCA TEM, YTO
MPY BbICOKMX KOHLEHTPALMAX KUCMIOTbl Mpouc-
XOOUT OKWUC/IEHME TUMouMaHaTa M paspylleHue
KOMTM/ieKca 30/10TO-TUOLMAHAT B pacTBOpax npwm
O/IMTENbHOM BbllWENadYnBaHnm, YTo NPMBOOMUT K
CHUXEHWIO U3BieveHns 3onota (puc. 1-6).

JduHaMuKa BbillenavymBaHMsa 30M0Ta U 3a-
BMCMMOCTb €ro M3BfedeHmnsa M3 pydbl Npu pas-
NINYHOM KOHUEHTPAaLMN TUoLMaHaTa B MCXOL4HbIX
pacTteopax (ot 0,1 go 2,0 r/gmM3) npencrasneHa
Ha pucyHke 2. KoHueHTpaumsa H,SO4 n Fe3* Bo
Bcex onbiTax coctasnsana 15 n 1 r/gm3 cooteeT-
cTBeHHO. TeMnepaTtypa 65 °C, NpomsonXuTenb-
HocTb 10 u.

M3 pucyHka 2-a BMOHO, YTO MPU KOHLEH-
Tpauuum Tnoumanata 0,1 r/om3 pacteopeHue 30-
noTta npoucxoamT B nepeble 0,5 4 NpakTnyeckm
Ha POBHE C APYrMMU NCCNeA0BaHHbIMU KOHLLEH-
Tpauuamu. OgHako B OasibHenweM MNpouCXo-
OUT oCax[eHue pPacTBOPEHHOro 30/i10Ta M3-3a
OKMCIIEHUA TUouMaHaTa B CEPHOKMUCION cpeae.
N3 pucyHka 2-6 BUOHO, YTO MPU KOHLEHTPALLMSAX
Tnoumanata 0,5-1,5 r/oM3 nssneyeHwe 3onota
coctaBnaeT 86—-88 %.

Ha pucyHke 3 npepctaBneHa OuMHaMMKa
BblLLEauYMBaHNUsa M 3aBUCUMOCTb W3BMEYEHUS
30/10Ta OT KOHUeHTpauum unoHoB Fe3* B Bbl-
wenauymsatowem pacrteope (ot 1 go 10 r/om3).
KoHueHTpayma H,SO4 n SCN- BO Bcex onbitax
coctaenana 15 v 0,5 r/oM3 cooTBETCTBEHHO. TeM-
nepartypa 65 °C, npoaonXmMTenbHOCTb 5 u.

N3 pucyHkoB 3-a 1 3-6 BUOHO, YTO U3Me-
HeHMe KOHUeHTpaumnu Fe3* He okasbiBaeT cyle-
CTBEHHOrO BIMAHUA HA pPacCTBOpPEHME U U3BJe-
YeHMA 30510Ta M3 PYAbl NMPU AAHHbBIX YC/TOBUAX.
Mpu 3TOM KOHUEHTpauMsa Xefnesa B pacTeBope
1 r/oM3 pocTuraeTcs 3a cYeT PacTBOPEHUS MU-
HepasioB pyabl MpuW BblWenadnBaHuM, U AONA
noanepXaHus npouecca BblilenavymBaHna Oo-
MOMTHUTENbHOro O06aB/eHUA COMEen Xenesa He
TpebyeTcs.

Ha pucyHke 4 npepctaBneHa OuMHaMMKa
BblLLEauYMBaHNUa M 3aBUCUMOCTb W3BMEYEHUS
30/10Ta NpW passinyHbiX Temnepatypax (25, 45,
65, 85 °C) cepHOKMCNbIMY TUOLIMAHATHbBIMU pac-

TBOpamun. KoHueHTtpauma H,SO4, SCN- 1 Fe3* Bo
Bcex onbiTax coctasnana 10, 0,5 n 1 r/am3 coort-
BETCTBEHHO.

M3 pucyHka 4-a BUAHO, YTO Mpu Temnepa-
Type 25 °C pacTBOpeHMe 30510Ta NpoTEKAET NpU-
MEpHO B ABa pasa XyXe, YeM Mpu HarpeBaHuuy,
XOTA AWMHAMUKA PAaCTBOPEHUS OCTaeTCca Mpwu-
MEpPHO Ha OOHOM YpPOBHe, T.e. 3@ nepsble 0,5 4
pacTBOPSIETCA OCHOBHAS Macca 30/10Ta.

MPOLONXKXNTENBHOCTL PACTBOPEHUS 30510
Ta 0O MakcuMaribHoro ypoBHs (85 %) npu Tem-
nepartype 45 °C coctapnset 6 4. [pn Temnepa-
Typax 65-85 °C makcumMmaribHOe pacTBOpeHue
pocTturaeTcs yxe B nepsble 5-15 MuHyT. OgHako
npu 85 °C nocne 1 yaca Habnoganocb CHUXeHME
KOHLEHTpAaLMN B CBSA3N C OKUCIIEHUEM TUOLMA-
HaTa Mpu BbICOKUX TemnepaTtypax. M3 pucyHka
4-6 BMOHO, YTO MaKCKMMasbHOE U3BMeYEHNE 30-
nota npwu temnepartypax 45, 65 n 85 °C coctaB-
nsiet okono 85 % (NMuHuna 1), HoO NpPW OSINTENBHOM
BpeMeHW BblllenadnBaHus (bonee AByX 4acoB)
npn 85 °C nsBneyeHme 30/10Ta MOXET CHUXATb-
CSl M3-3@ OKUC/IEHUS TUoLMaHaTa nMpu BbICOKUX
TeMnepartypax (MnHus 2).

Mo pe3ynbTataM WCCIeOBaHUM  MOXHO
chenaTb BbIBO, YTO 30/10TO U3 30/1I0TOYPAHOBbIX
pynO, MOXHO BbllLena4ymBaTb CEPHOKUCIBIMU TUO-
LlMaHaTHbIMW PacTBOPaMm B YC/TOBUAX, COMoOCTa-
BMMbIX BblLLenadYnBaHuo ypaHa. OntuManbHbiMm
YyCOBUAMKW ONSA BblLeNadYnBaHUs 30710Ta ABA-
toTcsa: TeMnepatypa 65 °C; HayanbHas KOHLEH-
Tpauusa cepHon kucnotel 10-15 r/am3; KOHUEH-
Tpauua Tuoumanata 0,5 r/om3; KoHUeHTpauus
noros xenesa (lll) 8 pacteope 1-3 r/gm3. Mpun
OAHHbBIX YCNOBUAX MPOLOSIXUTENBHOCTD BbIlLe-
naymBaHumsa 3onota coctaenset 15-30 MuHyT.
M3BneyeHune 3onota coctaenset 85 %. Mapneuve-
HVe ypaHa B OaHHbIX YCNIOBUSX COMOCTABMMO C
ero W3BJeYeHUEM NMpU CTaHOAPTHOM CEPHOKMC-
NoTHOM Bblilenadmsanmm (50-68 %). B paHHOM
c/lyyae NpoAyKTOM BbIlLenavynBaHnA SABMAAOTCA
CEPHOKUC/ble PacTBOPLI, coAepXalime 30/10TO
n ypaH. [1na nsBneyeHms gaHHbIX METas/IOB U3
PacTBOPOB MOXHO MCMOSb30BaTb MOHOOBMEH-
Hble CMOJbl M aKTUBUPOBAHHbIe yrnn [12].
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INTEGRATED PROCESSING OF METAL BISMUTH TO OBTAIN
ITS OXIDE

Yukhin Yu.M., Koledova E.S., Timakova E.V.
Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia

The world consumption of bismuth is
17-21 thousand tons per year, and about 29 %
of this amount is used in the form of bismuth
oxide [1]. Layered compounds based on bismuth
oxide (titanates, niobates, silicates, germinates,
vanadates, ferrites, molybdates, etc.) possess
acourstic, scintillation, superconducting,
catalytic, ferro-, piezo-, photo-, magnetoelectric
properties, which allows using them in materials
science for multipurpose applications [2].

Bismuth oxide is obtained from the metal

of Vi 1 grade (containing not less than 98.0 %
bismuth) by dissolving metal granules in nitric
acid and subsequent hydrolytic purification of
bismuth from accompanying impurities through
its precipitation in the form of basic nitrate, and
annealing of basic bismuth nitrate to obtain the
oxide at a temperature of 650-680 °C [3, 4].
In turn, metal bismuth of Vi 1 grade is usually
obtained from lead production according to
the scheme: agglomeration — blast smelting
— refining. Bismuth is concentrated in bulk
lead. During rough lead refining, the semi-
product obtained at the stage of bismuth
isolation is lead bismuthide, which is the
major initial compound to obtain bismuth.
During pyrometallurgical processing of rough
lead, a lead-bismuth alloy containing 8-15 %
bismuth is obtained. Lead bismuthide is also
obtained from pyrometallurgical processing
of copper, tungsten-molybdenum and tin
concentrates [5, 6].
Lead bismuthide is processed by means of
electrolysis in hydrofluorosilicic electrolyte,
with the formation of bismuth sludge (85—
90 % Bi) and rough lead [5]. Electrolysis takes
much time (6—7 days), and the formed products
require subsequent refining to purify from
copper, lead, silver with the help of sulfur, and
from antimony, tellurium, and arsenic with the
help of caustic soda. The possibility to process
lead-bismuth alloy by re-fusion under the layer
of PbCl, — ZnCl, — KCl — NaCl electrolyte was
also demonstrated [6, 7].

One of the best solvents for bismuth and
its alloys is nitric acid. Dissolution of bismuth-
containing materials is usually carried out in
nitric acid with the concentration of 7-8 mol/L.
In this process, about 50 % of the acid is evolved
into the gas phase in the form of toxic nitrogen
oxides, and dissolution may be described by
equation [3]:

Bi + 6BHNO3 » Bi(NOs3)3 + 3NO,T + 3H,0. Q)]

To obtain bismuth salts, in our opinion, it
is reasonable to transform metal bismuth into
oxide preliminarily because the dissolution
of bismuth oxide proceeds according to
equation:

Bi,O3 + 6HNO3 - 2Bi(NO3)5 + 3H,0. )

Oxidation of metal bismuth may be
carried out by introducing 10-30 % bismuth
oxide, sodium or ammonium carbonate at
a temperature of (350+50) °C into the melt
under mixing, followed by temperature rise to
(600+50) °C.

The evolution of nitrogen oxides into
the gas phase may be eliminated also by
dissolving metal bismuth in nitric acid with
the concentration of 7-8 mol/L in the presence
of ammonium nitrate (400 g/L) according to
reaction:

10Bi + 28HNOs5 + 20NH4NO5 - 10Bi(NOs)s +
+19N,T + 54H,0. 3)

This allows a decrease in the evolution of
nitric oxides into the gas phase from 66.0 % to
less than 0.01 %.

Bismuth purification from admixture
metals is usually carried out at the stage of
hydrolysis by adding alkaline reagents to
bismuth nitrate solution. The degree of bismuth
recovery into precipitate (R) during bismuth
precipitation from nitrate solutions by adding
alkaline reagents (aqueous ammonium solution,
sodium hydroxide, sodium or ammonium
carbonates) is substantially dependent on pH,
process temperature, and almost independent
of the nature of the alkaline reagent [4].
With an increase in pH, the degree of bismuth
recovery into the precipitate increases; at pH
0.8-1 and process temperature 20-25 °C, it
reaches 93-97 % (the residual concentration
of bismuth in the solution is 10-5 g/L). With
an increase in the process temperature,
the quantitative precipitation of bismuth is
achieved at lower pH, so that at 60 °C within
pH range 0.8-1.0 R is 97-99 % (ocTaTo4Has
the residual concentration of bismuth in the
solution is 5-2 g/L). An increase
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Fig. 1.

Microphotographs of the products of bismuth precipitation from nitric acid solutions:

a—-pHO.7 60 °C,b-pHO.7 20 °C; c — after washing precipitated products with water, 20 °C

in solution pH to 3 allows achieving almost
complete (R = 99.99 %) bismuth precipitation
(the residual concentration of bismuth in the
solution is ~ 0.03 g/L).

Investigation of the effect of the nature
of alkaline reagent and process temperature
on the composition and purity of the products
of hydrolysis of bismuth-containing nitrate
solutions allowed concluding that the necessary
purity of the final product may be achieved by
bismuth precipitation from these solutions
within pH range 0.7-1.0 at a temperature not
lower than 50 °C, using ammonium carbonate
solutions with the concentration of 2.5 mol/L as
the alkaline reagent.

Hydrolysis at increased temperature
(~ 50 °C) within pH range 0.2-11 allows
obtaining readily filtrated coarse-crystalline
precipitate of basic bismuth nitrate, which
may be efficiently separated from the
solution containing admixture metals.
Oxohydroxonitrate [BigO4(OH)4](NO3z)e-HO
precipitated in this process is composed of
well crystallized ingrows of short prismatic
crystals; the largest size of a sole crystal in
the basic plane is 10-30 pm, and the maximal
thickness is 10-20 pm (Fig. 1a). Solution
settling and filtration of the precipitate proceed
approximately 5 times faster in this case than
at the usual process temperature (25+5) °C,
when the crystal structure of the precipitate,
oxohydroxonitrate [BigO4(OH)4](NOs3)g-4H50, is
composed of oriented ingrows of plate-like (flat
prismatic) crystals with the prevailing size of
individual crystals in the basic plane 5-20 pm,
with the thickness about 0.1-0.3 pm (Fig. 1b).
The latter promotes capture of a large amount
of solution containing admixture metals, thus
the purity of the product is decreased.

At the stage of washing the basic nitrate
of the composition [BigO4(OH)4](NO3)g-H,O
with nitric acid solution with pH ~ 1 or with
water, this compound is hydrolyzed according
to equation:
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[BigO4(OH)4](NOs)e-H20O (s) + 2H;0 -
[BisOs(OH)5](NO3)s:3H,0(s) + HNOs. (4)

Due to recrystallization, additional
purification of the product from admixture
metals occurs, and the product is composed of
elongated prismatic crystals with the length 5
to 50 um, with the cross section from 1x1 to 5x5
pum (Fig. 1c).

Investigation of bismuth-containing
materials processing was carried out with the
metal of Vi 1 grade (GOST 10928-90, Kaztsink,
Ust-Kametogorsk) with the mass fraction (in
%): bismuth — 991; lead — 0.71; zinc — 1.0-10-3;
antimony — 1.0-10-3; copper — 3.3:10-3; silver
- 1.010-1; arsenic — 2.010-4; iron — 1.0.10-
3; tellurium - 1.0-10-4, and with the sludge
obtained from processing lead bismuthide by
means of electrolysis in the hydrofluorosilicic
electrolyte, with the composition (in %): bismuth
- 73.9; lead - 8.7; antimony — 1.2:10-2; copper
- 1.0.10-1; silver — 2.7110-1; iron — 1.810-2; tin —
1.010-2.

Processing of 1.0 kg of metal bismuth
was carried out by dissolving it in 2.20 L of
nitric acid with the concentration of 7.2 mol/L
at a temperature of 60-70 °C in the presence
of 940 g of ammonium nitrate for 3 h. The
concentration of nitric oxides in the gas phase
did not exceed 0.01 %. The resulting solution
with bismuth concentration 438 g/L was
2-fold diluted with water, then the solution of
ammonium carbonate with the concentration
of 2.5 mol/L was added during mixing at a
temperature of 55 °C to reach pH 0.9 in the
mixture. The precipitate of basic bismuth nitrate
was filtered, washed with 6.0 L of nitric acid
solution with the concentration of 0.1 mol/L at
a temperature of 60 °C, two times with water,
dried at a temperature of 100 °C for 2 h, and
annealed to form oxide at a temperature of 650
oC for 4 h.

Bismuth was additionally precipitated
from the solution by adding a solution of
ammonium carbonate to reach pH 3.0 at a



temperature of 55 °C. The precipitate of basic
bismuth nitrate was filtered and directed to
the stage of dissolution of metal bismuth. The
solution of ammonium nitrate was purified from
admixture metals by adding the solution of
ammonium carbonate to reach pH 8.0, filtered,
and directed to the stage of metal bismuth
dissolution. The composition of this solution
was (mg/L): 0.4 bismuth; 3.2 lead; 0.5 silver;
0.05 copper.

Annealing of basic bismuth nitrate at a
temperature of 650 °C resulted in obtaining
1.05 kg of bismuth oxide with the mass fraction
of the major substance 99.6 %, with impurities
(in %): nitrogen — < 0.005; sulphates — < 0.007;
chlorides — < 0.001; iron — 0.0008; calcium
— 0.0006; magnesium — 0.0006; sodium -
0.0005; copper — 0.0005; lead — 0.0008; silver
— 0.0006, which meets the requirements of
GOST 10216-75 for the chemically pure (Kh. Ch.)
reagent grade. The direct recovery of bismuth
into oxide from processing metal bismuth of Vi
1gradeis 95.3 %.

Processing of 1.0 kg of bismuth-containing
sludge was carried out by dissolving it in 2.0 L
of nitric acid with the concentration of 7.0 mol/L
at a temperature of 60-70 °C in the presence
of 900 g of ammonium nitrate for 2 h. The
resulting solution with bismuth concentration
390 g/L was 2-fold diluted with water, and

subsequent processing of the solution to obtain
bismuth oxide was carried out similarly to the
case of metal bismuth processing. Bismuth
oxide was obtained in the amount of 0.780 kg,
with the mass fraction of the major substance
996 %, with impurities (in %): nitrogen -
< 0.005; sulfates — < 0.001; chlorides — < 0.0071;
iron — 0.0009; calcium — 0.0006; magnesium
— 0.0006; sodium — 0.0005; copper — 0.0005;
lead — 0.001; silver — 0.0008, which meets
the requirements of GOST 10216-75 for the
chemically pure (Kh. Ch.) reagent grade. Direct
recovery of bismuth into oxide from bismuth-
containing sludge processing is 94.8 %.
Conclusions

[t is demonstrated that hydrolytic
processing of metal bismuth of Vi 1 grade
and sludges obtained by electrolysis of lead
bismuthide allows obtaining high-purity
bismuth oxide. As a result of the dissolution
of these products in nitric acid in the presence
of ammonium nitrate, the evolution of toxic
nitric oxides in the gas phase is successfully
eliminated. Hydrolytic processing of metal
bismuth and its sludge allows complete use of
bismuth and the solution of ammonium nitrate
in the process of bismuth oxide production.
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KOMIMJIEKCHASA NEPEPABOTKA METAJUJTUHMECKOIO BUCMYTA
C NOJTYYEHUEM OKCHUOA

FOxun I0.M., Koneoosa E.C., Tumaxosea E.B.

NHCTUTYT xuMnun TBepporo tena n mexaHoxmmum CO PAH, r. HoBocmnbupck, Poccus

MupoBoe noTpebrieHne BUCMyTa COCTaB-
nsaet 17-21 TbicaA4 TOHH B rof, Npu 3TOM MNOpsAL-
ka 29 % BMCMyTa MCNosnb3yeTcs B BMAE OokCuaa
[1]. CnowncTtble coeguHEHWA Ha OCHOBe oKcuAaa
BMCMYyTa (TUTaHaTbl, HMOBATbI, CUIUKATbI, rep-
MaHaTbl, BaHadaTbl, peppuTbl, MOIM6OATbI 1 AP.)
obnapatrT akyCTU4eCckKMMK,  CLUMHTUAISLMOH-
HbIMW, CBEPXMPOBOAALMMU, KaTaTUTUHYECKUMU,
cerHeto- nbeso-, $OTO-, MarHUTO3NEeKTpUuYe-
CKMMW CBOMCTBaMW, YTO MO3BOJSIAET WUCMOSb30-
BaTb MX B MaTtepuanoBedeHun O MHorouene-
BOrro npumeHeHus [2].

MonyyaloT okcwua — BUCMyTa M3 MeTanna
Mapku Bu 1 (He meHee 98,0 % BucMmyTa) nytem
pacTBOPEHUSA rpaHy/ MeTassia B a30THOW KUC-
n0Te C nocneayroLen rmaponuTUuYeckon o4mcT-
KOM BMCMyTa OT COMYTCTBYIOLWMX MNpUMecen
ocaxAeHWeM ero B BUOE OCHOBHOIO HUTparta u
npokasMBaHMEM OCHOBHOIO HUTpaTa BUCMYyTa
0o okcmpa npu Temnepatype 650-680 °C [3, 4].
B cBoto ouyepenb MeTanMyeckmii BUCMYT Map-
kn Bu 1 monydatoT o6bl4HO MpU MPOU3BOACTBE
CBMHLIA MO CXeMe: arfioMepauus — LwaxTHas
nnaeka — paduHmposaHue. [Npu 3ToM BUCMYT
KOHLIeHTpUpyeTca B cBUHLLe. B npouecce padu-
HUPOBAHWSA YEPHOBOIro CBMHLIA Ha CTagun Bbl-
OeNeHVs U3 Hero BMCMyTa Mosy4vatoT nosyrnpo-
OYKT — BUCMYTUCTbIN CBUHELL, KOTOPbIN ABSETCS
OCHOBHbIM MPOAYKTOM MPU MNOYyHYEHUN BUCMYTA.
B npouecce nmpometannypruyeckon nepepa-
60TKM YEpPHOBOro CBMHLLA MOJy4YakT CBUHLLO-
BO-BMCMYTOBbIM cnnae, copepxawmnn 8-15 %
BMUCMYyTa. BUCMYTUCTBIN CBUHEL, nony4yatoT Tak-
Xe npu nupoMeTansypruyeckon nepepaboTke
MefHbIX, BO/bdpaM-MOIMOLEHOBbLIX M ONIOBSAH-
HbIX KOHLEeHTpaToB [5, 6].

BucMyTucTbin - cBUHeL, nepepabaTbiBaloT
3NeKTPOM30OM B  KPeMHedTOPUCTOBOLOPOL -
HOM 311eKTPOSIUTE C MOJIyYeHUEM BUCMYTOBbIX
wnamoB (85-90 % Bi) n yepHoBoro cauHua [5].
Mpouecc 3nekTponusa npoponxuteneH (6-7
CYTOK), & MOly4YeHHble MPOAYKTbl TPeOYyIOT Aanb-
Herwero paduHMPOBaHUSA OT Meau, CBMHLA WU
cepebpa C NMOMOLLbIO Cepbl, & TakXe OT CypbMbl,
Tennypa u Mbilbsika C MOMOLLbIO KayCTUYEeCKOM
conbl. [NokasaHa TakXe BO3MOXHOCTb Mnepepa-
60TKM CBUHLOBO-BUCMYTOBOIO cCrjiaBsa nyTeMm
nepennaeku nop cnoem snektponuta PbCl, —
ZnCl, — KCL = NaCl [6, 7].

OOHVM U3 Ny4YlIMX pacTBOpPUTENEN BUCMY-
Ta W ero CrnjaBoB ABMSETCH a3oTHas KucaoTa.
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PactBopeHmne BucMyTCcoaepXalLMX MaTepUasioB
MPOBOAAT O6bIYHO B @30THOM KUCIOTE C KOHLLEH-
Tpauuert 7-8 monb/n. Mpu 3ToM nopsaaka 50 %
KWUCNOTbI BbloenseTca B rasoByto ¢asy B BuAae
TOKCUYHBIX OKCMAOB a30Ta, a MpoLLecc pacTBo-
peHUst MOXET 6bITb onncaH ypaBHeHueM [3]:

Bi + 6HNO, » Bi(NO,), + 3NO,t + 3H,0. (1)

[na nonyyeHus pacTBOPOB COMel BUCMY-
Ta, Ha Hal B3rnag, uenecoobpasHo npensapm-
TENbHO MepeBOoAUTb MeTanIMyecknii BUCMYT B
OKCUfA, NMOCKOMbKY peakLmna pacTBOPEHUS OKCU-
[a BUCMYyTa NMpPOTEKAET MO YPABHEHUIO:

Bi,O, + 6HNO, » 2Bi(NO,), + 3H,0.  (2)

OKuCneHe MeTanImyeckoro BUCMyTa Mo-
XeT 6blTb MPOBeAEeHO MyTeM BBELEHWSA B pac-
nnae npu nepemewuBaHun 10-30 % okcmpa
BUCMYTa, Kap6oHaTta HaTpUa UM aMMOHUS Mpur
Temnepartype (350+50) °C ¢ nocnenytowmm no-
BbilLeHneM TeMnepaTypbl fo (600+50) °C.

BbioeneHuve B rasosyto ¢pasy OKCUAOB a30-
Ta MOXeT 6bITb YCTPaHEHO Takxe Npu pacTBope-
HUM MeTaNIIMYeCcKoro BUCMyTa B a30THOM KUCI10-
Te C KOHLeHTpauuelt 7-8 Monb/n B NpUcyTCTBUM
HUTpaTa aMMonusa (400 r/n) no peakuumm:

10Bi + 28HNO, + 20NH,NO, - 10Bi(NO,), +
19Nt +54H,0.  (3)

Mpwn 3TOM yOaeTcs CHU3UTb BblAesIeHNe B
rasoByto ¢asy okcmaos asoTa ¢ 66,0 % oo me-
Hee 0,01 %.

OuncTky BUCMyTa OT MPUMECHbIX MeTasl-
JIOB OCYLLECTBASAT OObIYHO Ha CTagum rmapo-
nmsa npwm pgobaBneHun K pacTBopy HuTparta
BMCMyTa pacTBopa Leno4YyHoro peareHta. [Npu
OCaXAEHNM BUCMYyTa M3 HUTPATHbBIX PACTBOPOB
no6aBneHneM LLEeOYHbIX peareHToB (BOAHOIo
pacTBopa amMMmuaka, eA4Koro HaTtpa, kapboHa-
TOB HATPUS WMV @MMOHWSA) CTEMNEHb N3BNIEYeHUs
BucMyTa (R) B 0Ccafok CyL,eCTBEHHO 3aBUCUT OT
pH cpepnbl, TeMnepaTypbl NpoLecca 1 npakTnye-
CKU He 3aBUCUT OT MPMPOAbI LLLENTOYHOIO peareH-
Ta [4]. C pocToM pH cTeneHb n3BneYeHns BUCMY-
Ta B ocafok ysenuuumeaetca u npm pH 0,8-1 1
TeMnepartype npouecca 20-25 °C cocTaBnser
93-97 % (ocTaTtoyHas KOHUEeHTpauus BUCMyTa
B pactsope 10-5 r/n). MoBbileHne Temnepa-
Typbl MpoLiecca cnocob6CTByeT TOMY, YTO KOMU-
YeCTBEHHOE ocaxAeHuWe BUCMyTa [OoCTUraeTcs
nNpW MeHblMX 3HaveHusax pH 1 npm 60 °C B 06-



Puc. 1.

MwukpodoTorpadum
a-pHO,7 60°C; 6 —pHO,7 20°C; B — nocne npoMbIBKM NPOAYKTOB ocaxaeHus sogon, 20 °C

NPOAYKTOB

nactn pH 0,8-1,0 R coctaBnset 97-99 % (ocTa-
TOYHas KOHLUEeHTpauusa BUCMyTa B pactsope 5-2
r/n). Yeenunuenuve pH pacteopa no 3 nossonsder
[0OCTUYb nMpakTuyeckn nonHoro (R = 99,99 %)
ocaxneHna BUCMyTa (OCTaTouyHas KOoHUEeHTpa-
uma BucMyTa B pacteope ~ 0,03 r/n).

MccnepoBaHns no  BAUMSHUIO  MPUPOLbI
LLeNIOYHOro peareHTa M TeMnepartypbl npoLec-
ca Ha COCTaB U YUCTOTY MPOAYKTOB rMaposm3a
BUCMYTCOOEPXALLNX HUTPATHbBIX PAcTBOPOB MO-
3BOSIUNU 3aKJTHOUYNTb, YTO TPeBoBaHUAM YUCTO-
Tbl KOHEYHOro MNpoaykTa oTBedaeT ocaxaeHue
BMCMYTa U3 OaHHbIX pacTBopoB B obnactu pH
0,7-1,0 npu TeMnepatype He MeHee 50 °C ¢ unc-
MoSfib30BaHMEM B KauyecTBe LLEesI0OYHOro peareH-
Ta pacTBOpoB kapboHaTa aMMOHUSA C KOHLEH-
Tpauuewn 2,5 Monb/n.

MMaponus mnpu MNOBbILEHHOW TemrepaTty-
pe (~ 50 °C) B o6nactn pH 0,2-1,1 no3sonser
rnonydarb NerkopunibTpyembli KPYynHOKpUCTA-
NINYEeCKMN 0CafoK OCHOBHOIMO HUTpAaTa BUCMYyTa
1 3pdeKTUBHO ero oTaenATb OT pacTBopa, Co-
nepxauiero rnpuMecHole Metannbl. Ocaxpae-
MbIi MPU 3TOM OKCOMMAPOKCOHUTPAT COCTaBa
[Bi,O,(OH),I(NO,),H,O0 npencrasnser cobom
XOPOLLO OKPUCTAINIU30OBAHHbIE CPOCTKU KO-
POTKOMPU3MATUYECKUX KPUCTA/NIOB C  Hau-
60/blIMM Pa3MepoM eaUHUYHOro Kpuctannia B
6asucHomn nnockoctn 10-30 MKM, a Mo Tonuwm-
He 10-20 mMkM (pwuc. 1a). OTcTamBaHne pacTBo-
poB 1 dunbTpaumMa ocagka NMpoTekarT B 3TOM
cnyyae npubnmsnTenbHO B 5 pas ObicTpee, YeMm
npu obbIYHOM TeMnepaType npoliecca (25£5) °C,
Korga KpucTanamyeckas CTPyKTypa ocagka —
okcormapokconmTpar  coctasa  [Bi,O,(OH),]
(NO,),4H,O - npeacTaBnaeT cobolt opueHTn-
POBaHHbIE CPOCTKU MNACTUHYATBIX (MJOCKONpPU-
3MaTUYEeCKMX) KPUCTAJIIOB C MpeobnagatouLmm
pa3MepoM B 6a3MCHOM MJIOCKOCTU KpUCTas-
nos-mHomeuaos 5—-20 MKM, a Mo TosiluuHe Mo-
pagka 0,1-0,3 mMkm (puc. 16). NocnenHee cno-
cobcTByeT 3axBaTy 6HoMblIOro  Konm4yecTtBa
pacTBopa, coaepXallero npuMecHble MeTasnsbl,
M COOTBETCTBEHHO CHMXAET YUCTOTY NpoayKTa.

ocaxageHnsa

BMCMyTa U3 pacTeBopoB a3oTHOM KNCNOTbI:

Ha ctagum npoMbiBKM OCHOBHOIO HUTpAaTta
cocTaBa [Bi604(OH)4](NOB)6-HgO a30THOKUC/bIM
pactBopoM ¢ pH ~ 1 unu Bogow nMeeT MecTo ero
rMaposn3 nNo ypaBHEHMUIo:

[Bi,O,(OH),](NO,).-H,O (T8) + 2H,0 »
[Bi,O.(OH),](NO,),-3H,0(18) +HNO,. (4)

Mpw 3TOM B CBA3U C NepekpucTanimsaymen
MMeeT MeCTO AOMNOMHUTEbHAS OYMCTKA NPOoaYyK-
Ta OT MPUMECHbIX METAISIOB U OH MpPeacTaBnaeT
COBON yANNHEHHO-MPU3MAaTUYECKME KPUCTasbl
anuHom ot 5 go 50 MKM, B MOMepeYHOM ceyeHmnmn
ot 1x1 go 5x5 MkM (puc. 18).

MccnepoBaHus no nepepaboTke BUCMYTCO-
[epXallnx MaTepmnasoB NPOBOAUIN HA MeTarse
mapkn Bnl TOCT 10928-90 TOO «KasumHk», .
Yctb-KameHoropck ¢ mMaccoson ponen (B %):
BUCMyT — 99,1, cBuHen, — O,71; umHk — 1,0.10-3;
cypbma — 1,010-3; mepb — 3,3-10°3; cepebpo —
1,010, mblwbak — 2,0-10-4; xeneso - 1,0-10-3;
Tennyp — 1,0-10-4, a Takxke Ha wname, NoayyeH-
HOM B pe3yrbrate nepepaboTkm BUCMYTUCTOFO
CBMHLLA 3M1EKTPOSIM3OM B KPEMHedTOPUCTOBO-
[OPOAHOM 3MeKkTponnTe coctaea (B %): BUCMYT
- 73,9; ceuHey, — 8,7; cypbma — 1,2.10°2 menb
- 1,010 cepebpo - 2,71107; xenezo — 1,810-%
onoso — 1,0.10-2,

[Mepepabotky 1,0 Kr M™MeTanaMyeckoro
BMCMYyTa MPOBOOUAN TMyTEM €ro pacTBOPEHUS
B 2,20 N a30THOM KWUCMOTbl C KOHLLeHTpaumnen
7.2 Monb/n npu TeMnepatype 60-70 °C B npwu-
cytctBumM 940 r HUTpaTa aMMOHUA B TeyeHue
3 4. [lpy 3TOM KOHLIEHTPALMA OKCMAOB asoTa
B rasoson ¢ase He npesBbiwana 0,01 %. Mony-
YEHHbI pPAacCTBOP C KOHUEHTpauuen BUCMyTa
438 r/n pa36aBnanu B Aga pasa Boaon, no6as-
NSAM K HEMY NPU NepeMeLLVBaHUN PACTBOP Kap-
60HaTa aMMOHUS C KOHLeHTpaumen 2,5 monb/n
npu temnepatype 55 °C po pH cmecn 0,9. Oca-
[OK BUCMYTa HUTpAaTa OCHOBHOMO GUIbTpOBasu,
npombiBanu 6,0 n pacTBopa azoTHOM KUCIOTbI C
KoHueHTpauuven 0,1 mMonb/n npu TemnepaType
60 °C, pBykpaTHO BOLOW, CYLUUNU NpU TeMre-
patype 100 °C B TeyeHMe 2 4 U Npokanmeanu oo
okcupa npu temnepatype 650 CTeyeHune 4 u.
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BucMyT poocaxpanm m3 pactesopa go-
6aBneHneM K HeMy pacTBopa KkapboHarta aMMo-
Husa po pH 3,0 npu temnepatype 55 °C. Ocapok
BMCMYTa HUTPATA OCHOBHOIo GUIbTPOBaIN W
HanpaenaIM Ha CTagul PaCcTBOPEHUS MeTas-
NIMYecKoro BMcMyTa. PacTBop HMTpaTa aMMOHMA
oYnLLLaIN OT MPUMECHbIX MeTanioB A06aBIeHN-
eM K HeMy pacTBopa kapboHarta amMMOHMA 00
pH 8,0, dunbrpoBanm v Hanpaensan pacTeop C
copepxaHuem (Mr/n): 0,4 BUCMYTa; 3,2 CBMHUS;
0,15 cepebpa; 0,05 Meagn Ha cTaguto pacteope-
HUA MeTaNIM4Yeckoro BUCMyTa.

[MpokanMBaHMeM BUCMYyTa HUTPATA OCHOB-
Horo npu TeMnepatype 650 °C nonydeHo 1,05 kr
oKcMaa BMCMYyTa C MAcCOBOWM [[0f1el OCHOBHO-
ro Beuwectea 99,6 % c copoepxaHuem rnpmmecen
(B %): azot — < 0,005; cynbdatel — < 0,001; xno-
pugbl — < 0,001; xeneso — 0,0008; kanbumn —
0,0006; marHum — 0,0006; HaTpun — 0,0005;
menb — 0,0005; ceuHel, — 0,0008; cepebpo —
0,0006, uto cooTBeTCTBYET TPpeboBaHUsaAM [TOCT
10216-75 pna kBanudpukaumm «xu». lNpamoe mn3-
BflieYeHMe BMUCMYyTa B OKCMO MNpu nepepaboTke
MeTasl/In4yeckoro BucMyTa Mapkm Bu 1 coctaena-
e1 95,3 %.

[MepepaboTky 1,0 Kr BUCMYyTCOAEpPXALLErO
wnaMa nNpoBOAMIN MYTEM ero pacTBOpPeHUs B
2,0 n a30THOM KMUCNOTbl C KOHuUeHTpauunen 7,0
Monb/n npu Temnepatype 60-70 °C B npucyT-
ctBun 900 r HUTpaTa aMMOHUS B TeyeHune 2 u.
[Mony4YeHHbIN PACTBOP C KOHLLeHTPaLumMen BucMy-
Ta 390 r/n pas6aBnsanu B OBa pa3a BOLON U
OanbHeNnwyo nepepaboTky pacTteopa C Mnosy-
yeHMeM oKcmaa BUCMyTa MPOBOOMIM Takxe Kak
M Npu nepepaboTke MeTas/IM4eckoro BUCMYyTA.
Mony4yeHo 0,780 Kr okcmMaa BUCMyTa C MACCOBOM
nonen ocHoBHoro BeuwecTtBa 99,6 % c copep-
XaHneM npumMecen (B %): azot — < 0,005; cynb-
datbl — < 0,001; xnopuapl — < 0,001; xeneso —
0,0009; kanbuum — 0,0006; marHum — 0,0006;
Hatpumn — 0,0005; megb — 0,0005; cBuHen, —

0,001; cepebpo — 0,0008, yto cooTBETCTBYET
TpeboBaHuam [OCT 10216-75 pns kBanmnomka-
UMM «x4». MNpaMoe nsBnevyeHne BUCMyTa B OKCUL,
npu nepepaboTke BUCMYTCOAEPXALLEro wWamMa
cocTtasnsgeT 94,8 %.

BbiBoAabl

[Moka3zaHo, 4YTO rupponuTuyeckasa nepe-
paboTka MeTanImyeckoro BucMyTa Mapku Bul um
LNaMoB, NOsyYyaeMblX B MpoLLecce 3NeKTposau-
3a BMCMYTUCTOro CBMHLLA MO3BONAET nosay4aTtb
OKCUA, BUCMYTa BbICOKOM YMCTOTbI. B pesynbra-
Te pacTBOPEHUS OaHHbIX MPOAYKTOB B a30T-
HOW KWC/IOTE B MPUCYTCTBUWN HUTPaTa aMMOHUSA
y[aeTcsa yCTpaHUTb BblAe/IEHME B ra3oBylo dasy
TOKCMYHBIX OKCMAOB asoTa. [uaponutmuyeckas
rnepepaboTka MeTa/yIM4eckoro BUCMyTa W ero
LWNaMoB MO3BONAET MOJIHOCTbIO WMCMOJSb30BaTh
BMCMYT M pacTBOP HUTpaTa aMMOHMUSA B NpoLiec-
ce MPou3BOACTBA OKCMAA BMCMYTaA.
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RATIONALE FOR SELECTION OF LOW-HEAT FEED
PROCESSING TECHNOLOGY

Krupnov L.V.1, Ozerov 8.5.2, Midyukov D.O.!, Malakhov P.V.!
TPJSC “MMC “NORILSK NICKEL", the Polar Division, Norilsk, Russia
2QGipronickel Institute, Saint-Petersburg, Russia

Abstract. As is well known, the main autogenous units widely used for processing of high-
grade copper, copper-nickel, copper-lead sulfide ores fall into two general classes, namely flash
smelting and bath smelting, that combine the entire palette of various design solutions. Heated
debates concerning optimal type of unit are still underway among practicing engineers that
operate such units, as well as among scientists whose expertise is applied in this area.

With availability of traditional raw materials for processing in such units changing, and growing
environmental requirements of the society, such disputes exacerbate, no longer being a matter
of merely personal preferences. Against the background of deteriorating mineral resources bases
of companies that operate such main units and/or intend to expand/modernize their production
facilities, the correct choice of the head unit type essentially defines whether the plant will be
operating profitably (or simply be operating) in the market on a mid-term and long-term horizon.

This paper is an attempt of a scientifically based assessment of selection of the unit as
illustrated by two classical representatives of the respective classes, the Outokumpu Flash Smelting
Furnace and bath smelting Vanyukov’s furnace. The evaluation criteria are based on more than 10
years of operation experience retrospectively, calculations of heat balances for various types of
feed, and current requirements concerning greenhouse gases (GHG) emissions reduction.

Key words: mineral resources base, autogenous units, low-heat feed, Flash Smelting Furnace,
Vanyukov’s Furnace, greenhouse gases.
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OBOCHOBAHWE BbIBOPA TEXHOJTOI MU NMEPEPABOTKMUA
HU3KO3HEPITETUYECKOIO CbiPbs

Kpynnos /1.B.', Manaxos I1.B.!, Ozepos C.C.%, Muorwxos [].0.!
130 MAO «I"MK «Hopunbckuin HUkenb», Hopunbck, Poccus
2000 «UHcTuTyT «fUnpoHmnkenb», CaHkT-lNeTepbypr, Poccus

AHHOTauumsa Kak M3BECTHO rO/IOBHbIE ABTOMEHHbIE arperathl, LWMPOKO NMpuMeHseMble O rne-
pepaboTkm 6oraTbix MefHblX, Me4HO-HUKEeNEeBbIX, MEOHO-CBUHLOBbIX CY/IbOUOHbBIX PY4, OENATCA HA
0Ba 06LLMX KNacca, KoTopble 06beAMHSIOT BCIO MNANMTPY UX KOHCTPYKTUBHbBIX PeLIeHUn — NAaBKK BO
B3BELIEHHOM COCTOSAHUM U1 NNABKWU B XUOKOW BaHHEe. [1o cMX Nop B Cpefe MHXEeHEepPOB-MpPaKkTUKOB,
3KCMIyaTUPYOLWMX NOoA06HbIe arperaThl, a TakXe YYeHblX, YbM NpodeccroHasibHble MHTEpPeChl Haxo-
OAT CBOe MpUMeHeHWe B 3TOM obnacTu, ayT ropsiuMe Crnopbl Kakol TUM arperata aBnseTcs tonee
npeanoYTUTEbHbIM.

MeHsowasaca cnTyaums ¢ OCTYMNHOCTbIO TPAAULMOHHOIO Chbipbs ANA nepepaboTku B Tako-
ro BUOa arperartax, a Takxe yxecTo4alowmecsa sKonormyeckme TpeboBaHna Co CTOPOHbI O6LLLECTB,
o6ocTpuia 3TU CNopbl, KOTOpPble 00 3TOFO HOCUAW BWUA MO CYLLECTBY JMYHbIX NpeanodyTeHuit. Ha
doHe yXyAlaoLwerocsi COCTOAHUA MUHEPAsIbHO-CbiPbeBOW 6a3bl KOMMAaHWUM 3KCMYATUPYIOWMX Mo-
0O6HbIE TUMbl FONTOBHbBIX arperaToB U, UK COBUPAIOLLUXCS MPOBOAUTL pPaCLUMpPEHMEe, PEKOHCTPYK-
LIMIO CBOMX MPOU3BOACTB NPAaBUSbHbIM BbI6GOP TUMA MOIOBHOMO arperaTa no CyL,ecTBy SB/AeTCa 3a-
JIOroM Toro 6yneT v 3To npeanpusatTue peHtabenbHo pabotatb (M pabotaTtb BOO6GLLE) HA PbIHKE B
CpeaHeCpPOYHOW U OONTOCPOYHON MepcrneKkTUBe.

B naHHOM paboTe aBTOpbI MOMbITANIMCL AAaTb HAYYHO-OBOCHOBAHHYIO OLLeHKY Bblibopa arpe-
rata Ha npuMepe KJacCMYeckmMX arperaToB, Kaxa40ro B CBOEM Klacce — rneym B3BeLIEeHHOM MiaBku
OyToKyMny 1 neum B XUAKOW BaHHe BaHtokoBa. [JaHHble KPpUTEPUN OLLEHKU BA3NPYHOTCA Ha OnbiTe
WX 3KCMyaTaumm B petpocnekTnee 6onee 10 neT, pacyeToB TEMIOBbIX 6aAHCOB PA3/IMYHOIro BUOA

CbIpbs M COBPEMEHHbIX TPebOoBaHMA MO COKPALLEHUIO SMUCCUU NapHUKOBBIX rasos (MM).
KnroueBble cnoBa: MyHepasbHO-CbipbeBas 6a3a, HU3KOdHepreTu4eckoe Cblpbe, Neyb B3Be-
LeHHOM nnaeku, neyb BaHokoBa, napHMKoBbIE rasbl.

AHanms TeHOEeHUWM M3MEHEHUS MUPOBbLIX
pecypcoB HuWKens no coctosaHuio gen Ha 2011 r
npeacTtaBneHa B pabote . Magna v gp. (2011 )
«[deTanbHaa oueHKa TeHOEHUMN 1 obecrnedeH-
HOCTW MUPOBBLIMU HUKENeBbIMKU pecypcamuy» [1],
roe nokasaHo, B 4acTHOCTW, YTO MUPOBbIE pe-
CypCbl HUKENS, HECMOTPSA Ha yBeNnyeHue npo-
M3BOOCTBA HUWKENs, MPOLOSIKANN/MPOAOXAT
pactn Ha ¢oHe CHUXeHUA BGOPTOBOro Ccopep-
XaHUs M COPTHOCTU pPyAbl, & TakXe pocTa 0Co3-
HaHWSA 3KOMOrUYeckuUx NpobaeM U Opyrux BO-
npocoB. OcHOBHYI YacTb Hukens (64% B 2011
r) nonyyanu m3s cynbduaHbIX pyn, HO OCHOBHYHO
yacTb (59,5%) pecypcoB BMellanun nateputosble
MEeCTOpPOXOeHUS.

XOpOLLO TakXe N3BECTHbI OLLEHKM PeCYpPCOB
pasHbIX MeTaINIOB U MUHepanos leonornyeckomn
cnyx6bl CLLA - United States Geological
Survey (USGS). USGS paet oueHKy 3amnacoB no
M3BECTHbIM MPOMBbILMEHHBIM (peHTabesbHbIM)
MecTopoxaeHusM (economic deposits). K atum
3anacaM  nNpubaBNATCA  HEMPOMbILIEHHbIE
(ycnoBHO peHTabenbHble —  Subeconomic)
M HepeHTabesbHble MPOEKTbl W MoJydyaeTcs
6a3a 3anacoB (maHHble Mo 6as3e 3amacoB He
nyénukytoTcs, HadumHaa ¢ 2009 r). 3anacbl B
BapunaHte USGS aBnatoTCS MNOMHOM OLEHKOM
3anacos, HanpuMep, HUKENs WU ecnu CyauTb Mo
OAHHBbIM OTYeTaM MOXHO YTBepXAaTb 61m3s-
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uemMcsa Ux mcyepnaHuu. Peub mnpeT B nepsyto
oyepenb O pecypcax C peHTabesbHO M3BMeKa-
€MbIM HUKeNeM Ha base TeKyLIMX U MPOrHO3HbIX
TEXHONOMMYECKMX U IKOHOMMYECKNX HaKTOPOB.
Takyto TEHAEHLMIO XOPOLLO UAIIOCTPUPYIOT AaH-
Hble, NpeacTaBneHHble B Tabnuue 1.

Tak , Hanpumep, B 2015 r B cBA3KM C Npefn-
CTOSILLMM yXXeCcToYeHneM TpeboBaHUM Mo BbIGPO-
cam SO2 un TBepabix YacTuy, B atmocdepy Vale
06BbABMIA O NPEACTOALLEM 3aKPbITUM NNaBUIb-
HO-padUHNPOBOYHOIrO KOoMMsiekca Thompson,
MOTUBUPYS 3TO pelleHne CrefyrowmMm ob6CcTo-
ATENbCTBAMU: HEOBXOAMMOCTBIO BIIOXEHUS He-
npuemnemMo 60/blUMX OIS KOMMaHUK CPeacTB
B obecreyeHne HOPMATMBOB MO BbibpocaM B
aTtMocdepy (cHUxeHne BbibpocoB SO2 nouTtu
Ha 88%) 1 HepoCTaTOYHBIMKM O6beMamMu JOObIUU
cbipbst B MaHMTOBE Onsa obecneyeHus 3arpysku
npennpuaTua B 6yaylieM, B OTCYTCTBMW MocCTa-
BOK C pyaHuka Voisey's Bay. OkoH4yaTenbHoe
3aKkpblTre KoMnaekca Thompson cocTosiioch B
2018 r

He obownu 3TM TeHOEHUMN U Npeanpus-
Tna Poccum [2,3] B yacTHOCTU, aHanornyHas cu-
Tyauus cknagbliBaeTcs C CbipbeBOW 6a3on B 3a-
nonspHom @unuane MNMAO «I'MK «Hopunbckuin
Hukenb» (panee — 3®). Tak, ecnn B 2013
rony o6bemM [o06blum Goratbix pyn B 3D 6bIn
COMOCTaBMM C O6BEMOM [06bIYM BKPAMIEHHbIX



Taénuua 1 - PygHble 3anachbl, JONONMIHUTENIbHbIE pecypcCbl, CyMMapHas ao6biya no
HeKOTOPbIM HUKeJIeBbIM NpoeKTaM (Mo cocTosiHuio aen Ha 2011 r.)

HakonneHHbIM

Onepad, JononH.M1HepasnbH
I'I
pOeKT nepuo 3anacbl pyabl pecypeol npoﬁg;oe:cma
Paiion Kambal- 1967 507 1966:1,93 ManTc 415%Ni 201118791 manTc 90 200k
da, ABcTpanus 2011: 4,788 MnH T ¢ 3,43%Ni 2,07%Ni ’3 10%Ni
2003: 0,32 MH T C
Savannah/Sally ) . ! : 2003-2011:
ABcTpanusa S r£070 Do 1,29%Ni
3,2%Ni
1996: 79 MNHTC
. . NatepuT. o/ NI 1999-2011:
Murrin Murrin, 1999 2011 1996: 117,4 M T ¢ 1,02%Ni LOZ2%Ni ~30,5 MAH T C
AscTpanus 2011:186,2 mnH T 1,00%N; 2018179 maHTc “134%Ni
: ’ ! 1,00%Ni !
Greenvale- HepnaBHune nabickaHms 1974-1995:
Brolga, 1974-1995  1974: 45 MmnH T ¢ 1,57%Ni BbISIBUJIN HOBbIE 31,26 MIHTC
ABCTpanus MUHep.pecypchbl 1,41%Ni
HepasHo Corazon
1< 1953-1976:
bynn Lake, 19531976 1952:12,75 mnn T ¢ 1,223%Ni "INNG OBHapYXUna 5016 wnp 7'c
aHaga HOBbIE MUHEP. 6.98%Ni
pecypcsl '
Thompson . T Vale npusoaut 1961-2011:
(Vale), KaHaga 1961-2011 1926oc1)i,222§668MT_|?_|HTTCC1 27’56;,/{"2\“ TOJIbKO OLLEHKY ~M9,TMNHTC
sl 7270 3anacos ~2,19% Ni
. o/ NI Vale npusoaut 1916-2011:
Sudbury (Vale), 1886-20M 1916:60,33 MnH T c~2,0%Ni TONBKO O
- A - LLeHKY 81,6 MNHTC
Kanaga 2011:105,4 MnH T ¢ 1,17%Ni 3anacos 130%Ni
Sudbury (Glen- 1950 507y 1929:124MaHTC2,97%Ni  2011:3268 MAHTC 10283 2ol
core), KaHapa 2011:18,11 MaH T ¢ 1,39%Ni 2,29% Ni 1’ 43% Ni
Raglan, (Glen- 1998 oo 1993181 MAHTC3I3%NI  2011:23,07 mante 40500 20M
core), KaHapa 2011: 9,43 mnH T ¢ 3,07%Ni 3,10% Ni 2 78% Ni
Giant Hope/ 1959-1974:
Giant Mascot, 1959-1974  1957:1,2 MnH T 1,39%Ni 408 MNHTC
KaHapa 0,80%Ni
Codemin Jlarepur. 2001 82 MR C 2001-2011:
5 asmnmé 1982-2011 2001: 5,4 MmnH T 1,37% Ni 2011"60c;~4nHTc 562MIHTC
P 2011: 4,6 MnH T 1,35% Ni PNt 1,81%Ni
1,25%Ni
2001: 4,3 MAHTC
. NatepwuT. J h 2001-2011:
Loma de Niduel, 5001-2011 2001: 41,4 manTc 148%Ni o IIO%NT 10,87 MK T €
y 2011: 4,6 mMnH T ¢ 1,48%Ni 13300N 1,64%Ni

MpyMeyaHue: KypCMBOM - PYAHUKY, 3akpbiTble K 2011 . (Ha MOMEHT cocTaBneHus Tabnuubl).

pya, 70 k 2030 ropy oxupaeTrcs AByKpaTtHoe
npeebileHne obbemMa [06bl4M  BKpanIeHHbIX
pyn4 Hap 6oraTtbiMu, a HadmHas ¢ 40-ro roga —
ceMuUKpaTHoe. YTo B CBOK ovepenb oTobpaxaeT
M OMHaMMKA M3MEeHeHUA NPOM3BOACTBA HUKENs
M3 TUMNOB PYyA —CHUXEHME MPOU3BOACTBA HUKENA
n3 6oratbix pyn ¢ 2035 roga (puc. 1).

Mpu nepepaboTKM MPOrHO3HOM  LWNXTbI
PYL ~ OXMOAeTcsa  nosyyeHue  HUKeeBOoro
KOHLLeHTpaTa C HU3KUM COOEpPXaHUEM LieneBblx

KOMMOHEHTOB U Cepbl, U BbICOKMM COAEpPXaHUEM
KOMMOHEeHTOB nycTon nopoabl. (Taén. 2).
CHUXeHMe KadecTBa pPyOHbIX KOHLEHTpa-
TOB, C TOYKM 3PEHUA UX aBTOTEHHOCTU, a Takxe
BCce 6orbllee BOBJ€YEHUE HU3KOCEPHUCTOIO
TEXHOreHHOro ChbipbA C 6GONblIOK  Aonen
TYronjiaBKMX KOMMOHEHTOB CTaBUT TMepeq,
MeTasilypraMm Cepbe3Hbll  BbI30B C  TOYKMU
3peHna  Bblibopa  KOHCTPYKLMM  FOMOBHbIX
NAaBW/bHBIX — arperaToB Ojs nNepepaboTku
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Ta6bnuua 2. YcpeaHeHHbI KayeCTBEHHbIN COCTAB MPOrHO3HOro cbipba, %.

Ni Cu Co S Fe MgO CaO Sio,
3-4 2-3 0,140-0,150 18-21 37-40 3-4 2-4 9-13
ﬂ,VIHaMVIKa M3MeHeHUNA CTPYKTYpPbI p,O6bIBaeMOl7I py4bl
100 100
N X
® 90 I CI
[ >
> 80 80 2
o x
L 70 70 ‘E"
g 60 60 -
2 50 50 &

i

S 40 40 =
o I
g 30 30 ¢
@ 20 20 o
S 10 I I I 10 g
S I
0 I il
o wn ~ ()} — (a2} n ~ ()] — o n ~ [e2} — (a2} n ~ ()] 8

- -l — — o o~ o~ o~ o~ m o o o o < < < < <
o o o o o o o o o o o o o o o o o o o v
o~ [o\] [o\] o~ o~ o~ ~ ~ ~N o~ (o] [o\] N [o\] N o~ o~ o~ ~ 8
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N BKpanneHasa pyaa

e [10151 Ni B BKPANEHHbIX PyAax
PucyHok 1 — [loneBoe COOTHOLEHMe 6oraTbix, MeANCTbIX

Takoro poga coipbs. Kpome Toro, B HacTosilee
BPEMS MHOroe onpefgenser Heob6Xo4MMOCTb
CHMXAaTb UK MO KpanHen Mepe He yBeTMYMBaTb
aMuccuio napHukosblx rasos (M) [7].

C y4yeToM o0603Ha4deHHbIXx uenen [MAO
«"MK «Hopunbckunit Hrkenb» No nogaepXaHuto
abcontotHoro obvema CO, Bbi6pocor (OxBaTta
1+2) Ha ypoBHe 10 MAH TOHH. [4] cTouT
akTyasibHas 3agadva no Bbi6Opy OMTUMasbHOM
TEXHOOrnm nepepaboTku KOHLeHTpaTa,
C TOYKW 3pEeHUs Kak 3IKOJIOrMYeckmx, Tak W
3KOHOMWYECKMX &CMEKTOB.

Taénuua 3 — YpenbHoe noTtpe6neHue npu-
poAHoro rasa

Pacxopn NpuMpoaHOro rasa, ThiC.HM3/T

nBri MNB (a) MB (6)
0,923 0,588 0,441
(0,495)*
*YoenbHoe notpebneHue B cnydae

npenBapuTenbHOM CYLKU KOHLEHTPATOB Ha
napoBon cywunke. B HacToswee BpeMs He
peanmn3oBaHHbIN MPOEKT.
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e 10517 Ni B 6OraTbix pygax

M BKparnieHHbix pya s 30

B HacToAuiee BpemMa oOCHOBHas Macca
rnepepabaTtblBaeMblXx B MUpe  HUKESEBbIX,
MeAHbIX W MefHO-HUKENEBbIX KOHLEHTPATOB
nepepabaTbiBAETCA B aABTOMEHHbIX arperarax,
KOTOpPbIe B CBOK o4epeb AeATCA Ha ABa 06LLMX
Knacca — NNaBKW B XWUOKOW BaHHE U NiaBku BO
B3BELEeHHOM cocToaHuu. Knaccmyeckmm arpe-

11,3

2030

2013 2019

Mpouee™) I NpoussoacTso
I MpeanpusTva (NPOM3BOACTBO W Npoyee)

I Hacenenve

BbI6pOCOB
rpynnb

Puc.2 [duHamuka w3MeHeHna obbema
MapHUKOBbIX rasos npeanpusaTuaMm
HopHukens, man T CO5-3KB.
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1 — dusnyeckoe Tenao TBepabiX MaTepPUasioB 1 OyTbs;
2 — TennoBom abdeKT npoLiecca;
3 — Tenso oT CKUraHWsa NPUPOLHOro rasa

PucyHok 3 — MNocTtynneHuve Tenna

rataMm M Hambosiee pPacrnpoCcTPaHéHHbIMK B
obomx Kaccax HABMATCA Meyb B3BeLleHHOM
nnaekn OyTOKyMMy M Medb B XWUOKOW BaHHe
BantokoBa. O6a 3T1 arperata npenctaBfeHbl U
B Hopwnbcke, npuyem yxe HakonsneH 60MbLlIomn
OoMbIT UX 3KCMayataumyM B pexumax npu
pPa3fIMyHbIX COCTABOB CbIpbS.

PeTpocnekTVBHbBIN aHanmM3 yCcTOMYMBOCTU
paboThl 3TUX  OBYX  TWMOB  arperatos
npencTaBneHHbIM B paboTax [5,6] nokasan
HECOMHEHHble MpenmyllecTBa neyn BaHiokosa
no cpaeBHeHun c (MBIl no Takomy nokasaTesnto
Kak  HacTblleobpasoBaHMe B passiUyHbIX
BHYTpPEneyHbIX JIoKaLusaxX M COOTBETCTBEHHO
ycToMumByto paboTy 3Toro arperarta c 6onee
BbICOKMM KO3PDULMEHTOM UCTONb30OBAHUA.

[eno B TOM, UTO @aBTOrE€HHOCTb NMPOTeKaHUs
npoliecca B oboux arperartax ornpenensercs
BELLECTBEHHBIM COCTABOM nepepabaTbiBaeMomn
LWNXTbI, T.€. HASIMYMEM B HEMN 4,0CTATOYHOI O KON -
YecTBO CcynbduaoB. KOCBEHHOM xapakTepucTm-
KOW MpUeMIeMoON C TOYKU 3PEeHUs aBTOreHHO-
CTW KOHLEHTPATOB SIBNISETCA CoAepXaHne B HUX
cepbl, KOTOPOE [OJ/IXXKHO HaxXOoOUTCH Ha ypOBHE
=25%. Tpu CHWXeHUN copepXaHne cepbl HUXe
3TOro MOPOroBOro 3Ha4YeHUs PexuMbl pPaboThbl
rneyen nepexonAT B MOSyaBTOreHHbIM mpoLecc,
roe neduumT Tenna MoxeT cocTaBnaTb A0 8% u
6ornee, 1 ero KomneHcauus TpebyeT CKUraHus
YyrneBoOpPOAHOrO TOMIMBA.

PacuyeTbl TennoBoro 6anaHca npu nepepa-
60TKWN NepCrneKTUBHOM LWUXTbl A1 06OUX TUMOB
arperaToB npefctaBfeHbl B BUAE AMArpaMmbl
Ha pucyHkax 3 n 4.1

1 BrnaXHocTb WWxThl, NocTynaroLwen Ha
nnaeky no BapuanTy B (a) — coctaBnset — 12
%, no BapmaHTty NB (6) — 3 %

w o
- ©

=}

[ SISt
o

Hoas npuxopatenaa, %
=
w

[
o

o wn

WBM =B (a) =NB(6)

1 — dpusKnYeckoe Temno WTENHa;

2 — dmn3smyeckoe TeMo WnaKka;

3 — du3mMyeckoe Teno OTXoAALLNX ra3os;
4 — dunsmyeckoe TensIo Nbiu;

5 — TennonoTtepwu arperaTta;

PucyHok 4 — Pacxop tenna

Kak ™Mbl BUOUM Mpu NepepaboTke Cbipbs C
copepxaHue cepbl Ha ypoBHe 20 % obpasyeTtcs
cyliecTBeHHbIM aedunumnt Tenna 32-50 %, koto-
pbit, 04HAKO, He paBeH 415 Pa3HbIX TUMOB arpe-
raToB.

[MepepaboTka KOHLLEHTPATOB BO B3BELUEH-
HOM COCTOSIHUW TpebyeT UX rnybokoro ob6esso-
xupaHua. CopepxaHuve Bnarm B WwWuxre Oss ne-
yen MBI gonxHo coctaBnath He 6onee 0,2%, B
TO BpeMsa kak ansa neden MNB goctatoyHo nmeTb
5% Bnarun, npuyem o6e3BOXMBAHME WX HUXE
3TOrO 3HayeHUsa [axe HexXenaTesbHO C TOoYkU
3peHna NbifieBbIHOCA.

Taknm o06pasoM GopMUPYETCH CYLLECTBEH-
HO pasHoe yaenbHoe noTpebrieHne NpUupogHOro
rasa o/s aTux AByX arperatos, Kak ona nognep-
XaHWa TennoBoro 6anaHca, Tak uM NoAroTOBKU
caMoM WKxTbl. YoenbHoW notpebreHne Nnpmpos-
HOro rasa Ha 1 TOHHy WTerHa NpuBeaeHo B Ta-
6nunue 3.

OTo B CBOW ouyepenb GoOpMUpPYET coBep-
WeHHO pasnuuHyto amuccuio NI ana atnx osyx
arperaToB. Tak pacyeTbl nokasanu, 4yto gnsa MBI
yoenbHbln Boibpoc CO, —akB. cocTtaBnset 2,90
(2,37) Ha ToHHY WwTerHa, a gna MNB Bcero nuwb
2,25 CO, —3KB. Ha TOHHY LWITEnHA.

Kpome Toro, aToT Xe nokasartesib BO MHO-
romM onpegenser pPas/MyHy 3KOHOMUYECKYH
3PPEeKTUBHOCTb O/ ABYX Pas3HbIX TUMOB arpe-
rato. C y4yeToM HeOBXOOUMOCTU COOEPXaTb
BECOMbIM MO KanuTasibHbIM UM OMepaLnoHHbIM
3aTtpataM nepepnen o06e3BOXMBAHUA U y60-
KOM CyWKM KOHLLeHTpaTa 1 ¢toca B3BelleHHas
nnaeka NpourpbiBaeT No CPaBHEHUIO C MaBKOM
XWUOKOMN BaHHE.
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BbiBoabl
. AHanmM3 ycToOMYMBOCTU paboThbl ABYX pasnuy-
HbIX TUMOB arperaTtoB NMpu nepepaboTke HU3-
KOaBTOreHHOrO Cbipbsi MoOKas3asl HEeCOMHeH- 3. DKOHOMWKAa Mepenena B3BELEHHOW MnaBku

HYHO yCTO;I‘-IMBOCTb MAaBkKM B XWMOKON BaHHe TakKXxe rnpourpbiBaeT nepeneny niaskm B neym
no CcpaBHeEHUKO C MAaBKOW BO B3BELUEHHOM BaHtokoBa.
COCTOAHUMN.

P.S. 3Tu oueHKU NpuBenn K peLleHunto pas-

.MnaBka B HW3KOABTOMEHHOrO Cbipbsl B MeYu BUBaATb MaBWbHble MOLLHOCTU HageXamnHCKo-

BaHiokoBa MpmBOANT K MeHbllel amuccum NN ro meTannyprudeckoro 3sasopa wum. bB.M. Ko-

no cpaBHenuto ¢ MBI MpuynHOM ABNSETCS  NECHMKOBa, & WMEHHO CTPOWTENIbCTBO TPETbeN

NyYLWni TeNo- U MacCOOBMEH, N OTCYTCTBME  TEXHONIOMMYECKOM IMHUMK, Ha 6a3e neyven nnasku
HEeOB6XOAMMOCTW FTyOOKOM CYLIKU CblpbS; B XX1Akown BaHHe BaHiokoBa.
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ASSOCIATIONS OF MICROORGANISMS USED IN BIOTECHNOLOG-
ICAL PROCESSES AT THE OLIMPIADA GOLD PROCESSING PLANT
Belyi A. V.1, Solopova N.V.!

" Polyus Krasnoyarsk Research Center (Polyus Krasnoyarsk JSC),
Krasnoyarsk, Russian Federation

Recovery of metals from sulfide ores
and concentrates is based on the activity of
chemolithotrophic bacteria that transform
insoluble metal sulfides into soluble metal
sulfates.

In terms of bacterial leaching, gold ores
and gold industry products are of most interest.
Over recent years, the gold industry has seen
an ever-growing use of refractory arsenic-
containing ores in treatment. Gold in such ores
is finely disseminated in arsenopyrite and pyrite
and is poorly amenable from the perspective
of processing but accessible by bacterial
oxidation.

Sulfide gold concentrates are processed
with BIONORD® technology at Olimpiada
mine based on two-stage tank biooxidation of
gold arsenic concentrates using associations of
mesophilic, acidophilic bacteria with pH ~ 2.0
acidity level maintained in stage 1input reactors
and stage 2 advanced oxidation reactors.

A number of acidophilic associations of
moderately thermophilic microorganisms are
known to have been retrieved from commercial-
scale sulfide concentrate biooxidation reactors.
The natural bacterial association used at
Olimpiada mine was retrieved from commercial-

scale reactors containing associations of
moderately thermophilic microorganisms
performing sustainably against fluctuating

process parameters of the biooxidation reactor
slurry with strains containing bacteria such
as Acidithiobacillus thiooxidans, Acidiphilium

cryptum, Leptospirillum  ferriphilum, and
archaea Ferroplasma acidiphilum, which,
due to their iron- and sulfur-oxidizing

properties, enhance the association’s activity
rate. The microorganisms were deposited in
the Kurchatov Institute Scientific Center -
Research Institute for Genetics and Selection
of Industrial Microorganisms (GosNIlIGenetika).
Acidithiobacillus thiooxidans deposition
certificate #13655 dated 14 October 2020,
Acidiphilium cryptum deposition certificate
#13776 dated 14 October 2020, Leprospirillum
ferriphillum deposition certificate #13777 dated
14 October 2020, Ferroplasma acidiphilum
deposition certificate #13654 dated 14 October
2020 [1].

Within order to reduce the elemental
sulfur content in biocake and consequently
reduce the cyanide consumption rate, we tested
some process techniques involving handling
associations of microorganisms that can
oxidize elemental sulfur and its by-products
at neutral pH to advance the oxidation of
antimony sulfides and elemental sulfur. This
was the thermophilic neutraphilic association
we obtained, with Thermithiobacillus
tepidarius being its dominant neutral sulfur-
oxidizing strain. The strain was deposited in
the Kurchatov Institute Scientific Center -
Research Institute for Genetics and Selection
of Industrial Microorganisms (GosNIIGenetika).
Thermithiobacillus tepidarius deposition
certificate # 13778 dated 14 October 2020 [2].

Mine reclaim water treatment for
thiocyanate-ionremovalisrequiredtoreducethe
environmental impact and the use of effluentsin
the water cycle. Biological techniques seem to
be the most promising solution for ecosystem
decontamination, as they make it possible to
avoid secondary contamination of effluents with
reagents used for thiocyanate-ion destruction.
This technical issue can be addressed by
obtaining an autotrophic bacterial strain,
Thiobacillus thioparus, capable of thiocyanate-
ion destruction. The strain was deposited in
the Kurchatov Institute Scientific Center -
Research Institute for Genetics and Selection
of Industrial Microorganisms (GosNlIGenetika).
Deposition certificate # B - 13779 dated 14
October 2020 [3].

RF Patent # 2758086 dated 24 February

2021 - Association of microorganisms
Acidithiobacillus  thiooxidans, Acidiphilium
cryptum, Leprospirillum ferriphillum,

Ferroplasma acidiphilum for oxidation of sulfide
gold concentrate.

RF Patent # 2758291 dated 17 March 2021
— Strain of Thiobacillus thioparus bacteria used
to remove thiocyanate-ion from industrial
reclaim water.

RF Patent # 2756647 dated 17 March 2021
— Strain of Thermithiobacillus tepidarius for
advanced oxidation of sulfur in sulfide gold-
arsenic concentrate.
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ACCOUuMALMN MUKPOOPITAHU3MOB, NCIMOJIb3YEMbDIE
B BUOTEXHOJIOMMYECKUX MPOLLECCAX OJTUMMUALANHCKOW
30N0TOU3BJEKATE/IbHON ®ABPUKU

benviiit A.B.1, Cononosa H.B.!

"Mccneposatenbckuin ueHTp AO «[lNontoc KpacHospck» (AO «lMontoc KpacHosaipck»),
r. KpacHosapck, PO

M3BneyeHne M™MeTannoB W3 CynbOUAHBIX
PYL U KOHLLEHTPATOB OCHOBAHO Ha OeATeslbHO-
CTW XeMONUTOTPOGHbBIX BakTepui, KOTopble ne-
pPeBOAAT HepacTBOpUMble Cynbduabl MeTassioB
B pacTBOpUMble CynbdaTbl MeTasISIOB.

Hanbonblwnit HTepec ans 6akrepuasbHO-
ro BbllLeNayMBaHUsa NpencTaBisatoT PyLbl U Npo-
OYKTbl 30/10TOO06bIBAOLLEN MPOMBILIEHHOCTM.
B nocnepHwe rogbl B Hel Bce WuMpe BoBeka-
I0TCA B NepepaboTky yrnopHble MbllubAKCcOoOoeP-
Xalme pyabl. 30/10TO B HUX TOHKOKBPArJ/eHO B
APCEHOMUPUT U MUPUT, YTO NPEeACTaABAET MNOBbI-
LEHHY TPYAHOCTb Ans o6paboTku, HO JOCTYnM-
HO O/19 OKUC/IEeHUs 6aKTEPUAMM.

[Mepepabotka  cynbduaHbIX  30/10TOCO-
OepXalmx  KOHLLEHTpaToB MO TeXHOJ0rum
«BIONORD®» npumeHsemas Ha OnMmnmnaguH-
ckom NOK ocHoBaHa Ha cnocobe aoByxcTagmanb-
HOrO YaHOBOro 6aKTEPUANIbHOINO OKUCIEHUS 30-
JIOTOMBILLBbAKOBBIX KOHLEHTPATOB accouuaumen
Me30PUNbHbIX, aunaoPUIBbHBIX 6AKTEPUN, C MOL-
nepXaHMeM ypoBHS KMCOTHOCTM B 3arpy304HbIX
peakTopax nepBon CTaAuM U B peakTopax [00-
KNCIeHNA BTOPOU cTaaum Ha ypoBHe pH ~ 2,0.

MN3BecTeH pag aumgoduibHbIX accoum-
auun  yMepeHHO TepMOPUIIbHbIX MUKPOOP-
raHM3MoOB, BbIOE/IEHHbIX W3 MPOMbILUNEHHbIX
peakTopoB MUKPOBHOro oKucneHusa cynbdupi-
HblX KOHUeHTpaToB. EctectBeHHas accouma-
umsa npumeHsemasa Ha OnumnumagmHckom [OK,
BblAE/IeHA M3 MPOMbIWSIEHHbIX PeakTopoB ac-
coumaumm yMepeHHO TepMOPUIIbHbIX MUKPO-
OpPraHM3MOoB, XapakKTepu3yrLWmMxcsa CcTabunb-
HOCTblO Mpu  bnyKTyaumy TexXHONOrMyeckmnx
napamMeTpoB B My/fibre peakTopoB 6MooKuUce-
HUA 1 MPUCYTCTBMEM B COCTaBE LUTAMMOB H6akTe-
puin Acidithiobacillus thiooxidans, Acidiphilium
cryptum, Leptospirillum ferriphilum, n apxen
Ferroplasma acidiphilum, koTopble 3a cuet
UX XENe300KUCIAIWUX U  CePOOKUCTSIOLMX
CBOMNCTB CMOCOBCTBYIOT MOBBILEHUID aKTUBHO-
CcTU accouymaumn. MmkpoopraHmsmel 6bIn ge-
nonuposanbl B HBELL BKIMM HUNL, «KypuaToBckuin
MHCTUTYT» - TocHWVreHetnka (panee BKIIM).
Acidithiobacillus thiooxidans cnpaBka o geno-
HupoBaHum N213655 ot 14.10.2020, Acidiphilium
cryptum cnpaBka o genoHupoBaHumn N213776 ot
14.10.2020, Leprospirillum ferriphillum cnpas-
Kka o pgenoHupoBaHuu N213777 ot 14.10.2020,
Ferroplasma acidiphilum cnpaeka o genoHumnpo-
BaHnu N213654 o1 14.10.2020 [1].
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B uenax cHuxeHusa cooepxaHusa B buokeke
3/1EMEHTHOW Cepbl U KaK ClIeAcTBME CHUXEHUS
pacxoda uuaHmga onpoboBaHbl TEXHOMOMM-
Yeckme rpuembl C MPUMEHEHMEM accouuaumm
MUKPOOPraHM3MOB, KOTOpble MOryT OKUCNATb
3/IEMEHTHYIO Cepy W eé& MPOMeXyTOYHble Mpo-
OYKTbl NPy HENTpasibHOM pH Ans [ooKUcneHus
cynbdUOOB CYypbMbl U 3NIEMEHTHON Cepbl, MOosy-
YEHHOMN HaMU TepMOPUIBHON HEUTPODUIbLHOMN
accounaLmen, B KOTOPOM AOMUHAHTHbLIM SBMSA-
eTCA HeWTpasibHbIM CEPOOKNCASIOWMA WTaMM -
Thermithiobacillus tepidarius. LLUtamm 6bin ge-
noHvposaH B HBLL BKIMM HUL, «KypuyaTtoBckuin
MHCTUTYT» - TocHWWreHetnka (manee BKIIM).
Thermithiobacillus tepidarius cnpaeka o geno-
HupoBaHun N2 13778 ot 14.10.2020 [2].

Ounctka 06OPOTHLIX BOA MeTanypruye-
CKUX MPeanpuaTnii OT TMoLMaHaT-MoHa ABASIOT-
Ccsl HeO6XOAMMOW OJ151 YMEHbLUEHWS HEFraTUBHOIO
BO3[ENCTBUS HA OKPYXaILLYyo cpeny v NCnosb-
30BaHWA CTOKOB B BopoobopoTe. Haubonee
NepcnekTUBHLIMW OJ1 OYNCTKW 3arpsisHEHHbIX
3KOCUCTEM HABNAOTCA OUoNormyeckme MeToapl,
Tak Kak OHUW MO3BONAT M3bexaTb BTOPUYHO-
ro 3arpsi3HEHWs CTOKOB peareHTamy, KoTopble
NPUMEHSAIOTCA ONS pa3pyLIeHWs TuouMaHaT-u-
oHa. [aHHasa TexHu4yeckas npobnema pellaeT-
Csl 3@ CYeT BblAeNleHUs aBTOTPOPHOro wramma
B6akTepun Thiobacillus thioparus, cnoco6Horo k
LecTpyKUuMM TuoumaHaT-uoHa. LLramm 6bin ge-
noHuposaH B HBLL BKIMM HUL, «KypuyaTtoBckuin
MHcTUTYT» - TocHWWreHetnka (manee BKIIM).
CBupoeTenbCcTBO O AenoHmpoBaHum N2 B - 13779
oT114.10.2020 [3].

MateHTPDO N22758086 0124.02.2021T1. «Ac-
coumauma mMmkpoopraHnsmos Acidithiobacillus
thiooxidans, Acidiphilium cryptum,
Leprospirillum ferriphillum, Ferroplasma
acidiphilum gna okucneHmnsa cynbduaHoOro 3o0-
NI0TOCOAEPXALLErO KOHLEHTpaTa.

MateHt P® N2 2758291 ot 17.03.2021 r.
«lltamm  6akTepuun  Thiobacillus thioparus,
npefHasHa4YeHHbIN ANS OYMCTKU MPOMbILSIEH-
HbIX OBOPOTHbIX BOA, OT TMOLMAHAT-NOHa.

MateHt PO N2 2756647 ot 17.03.2021 r.
«LlTamm Thermithiobacillus tepidarius ons goo-
KUCNEHUs 3NeMEHTapPHOM cepbl B ocTatkax 6uo-
OKUCNEHUs CyNbPUAHOro 30/I0TOMbILLBbSKOBOIrO
KOHL,eHTpaTa.



HYDROMETALLURGICAL PROCESSING OF IRON COLLECTOR
CONTAINING FERROSILICON PHASES ENCAPSULING PLATINUM
GROUP METALS

Kuzas E.A.., Golovkin D.1.Y, Sandalov 1.P.}, Rogozhnikov D.A.!

TLaboratory of Advanced Technologies in Non-ferrous and Ferrous Metals Raw Materials
Processing, INMT, UrFU, Yekaterinburg, Russia

Annotation. The results of research on the hydrometallurgical processing of the iron collector,
which is obtained by smelting spent automotive catalysts, are presented. To destroy the matrix of
ferrosilicon, a leaching method in a mixture of HCl and HF is proposed. The parameters that ensure

the minimum cake yield are determined.

Key words: iron collector, automotive catalyst, pgm, ferrosilicon, hydrochloric acid, hydroflu-

oric acid
currently, against the backdrop of
tightening  environmental standards, all

automakers are equipping their cars with
catalytic converters (automotive catalysts).
They serve to oxidize the products of combustion
of fuel coming from the car engine. To ensure the
catalytic effect, PGM (Pt, Pd, Rh) are present in
the composition of automotive catalysts. As a
rule, the service life of cars significantly exceeds
the service life of catalysts. Spent catalysts are
dismantled and sent for processing [1, 2].

In recent decades, refineries are
increasingly faced with a shortage of primary
feedstock containing PGM. This forces them
to use secondary raw materials, including
automotive catalysts. The catalysts consist of
honeycomb blocks made of aluminumand silicon
oxides. Existing technologies do not allow direct
hydrometallurgical processing of catalysts due
to the low PGM content (0.15-0.30%) and the
inertness of their base. Therefore, such raw
materials are first subjected to melting on the
collector, during which ferrosilicon phases
encapsulating PGM can form. Next, the collector
is opened by hydrometallurgical methods to
obtain a cake, which is sent to the refinery.

Melting on the collector is carried out in
plasma or arc furnaces [3, 4]. The advantages
of plasma furnaces include the possibility of
organizing a continuous melting process and low
power consumption. Copper, nickel, lead, and
iron are used as collector metal [5]. The use of
an iron collector is preferable from an economic
point of view. During the melting of catalysts,
the plasma furnace is additionally loaded with:
lime, quartz sand, magnetite and coke. The
content of PGM in the slag does not exceed 30
g/t. In the resulting iron collector, the silicon
content reaches 20%, PGM — 5%. It is crushed
and transferred to the hydrometallurgical
processing.

In the course of hydrometallurgical
processing of the iron collector obtained in a

plasmafurnace,thetaskistoopentheferrosilicon
matrix, and concentrate PGM in a cake suitable
for subsequent refining using methods of aqua
regia leaching or hydrochlorination. According
to the reference [6], when the content of silicon
in the iron collector is up to 20%, there are no
difficulties when it is dissolved in hydrochloric
or sulfuric acid solutions. However, preliminary
experiments on the leaching of a high-silicon
iron collector showed that for any combination
of influencing factors (acid concentration,
temperature, process duration), the cake yield
using both HCl and H,SO4 can reach 50%, and
the extraction of PGM into solution during
subsequent leaching in aqua regia does not
exceeds 40%. This indicates an incomplete
opening of the ferrosilicon matrix.

In this work, a mixture of HCl and HF was
used as a leaching agent. This contributed to
the destruction of not only the iron, but also the
silicon component of the ferrosilicon matrix:

Fe + 2HCL = FeCl, + Hy™; M
Si + 4HF = SiF4 + 2H,1. (2)

The purpose of this work is to determine
the parameters of iron collector leaching in a
mixture of HCl and HF, providing a minimum
cake yield. At the same time, the consumption
of HF should also be minimal to ensure the
environmental friendliness of the process.

In the experiments, we used a model
collector sample that does not contain PGM,
which was obtained in an induction furnace. The
alloy was preliminarily ground in a Pulverisette
6 planetary mill (Fritsch GmbH & Co. KG,
Germany), sieved (granulometric characteristic:
100% fraction —0.5 mm) and analyzed using
a PANalytical Axios MAX X-ray fluorescence
spectrometer (Malvern Panalytical Ltd., the
Netherlands). The chemical composition of the
obtained collector, %: 63.0 Fe, 20.0 Si, 13.8 C,
3.2 others. Figure 1 shows a micrograph of the
collector particles and an XRF spectrum.
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Figure 1 — Micrograph of iron collector particles and XRF spectrum

The experiments were carried out using a
laboratory setup, the scheme of which is shown
in Figure 2. A 15 g sample of an iron collector
was placed in a beaker filled with a mixture of
HCl and HF (L:S = 10:1) installed in a preheat-
ed water bath. Stirring was carried out using
an overhead stirrer. All equipment in contact
with the solution is made of polymeric materi-
als (polypropylene, fluoroplastic). The resulting
pulp was filtered. The cake was washed with
distilled water (L:S = 3:1), dried in an oven at
80°C, weighed, and its yield was calculated.

The studies were carried out in accordance
with the matrix of a complete factorial
experiment of type 24 (including star points)
obtained in the Statgraphics 18 (Statgraphics
Technologies, Inc., the USA). The parameters
and results of some experiments are shown in

N -
' )

11 11 T 111 4
I o

Figure 2 — Scheme of the laboratory setup
1 — retort stand; 2 — overhead stirrer; 3 — beaker;
4 — water bath
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Table 1. In this sample of experiments, HCl con-
centration was varied from 64 to 286 g/dms3,
HF concentration — from O to 179 g/dm3, tem-
perature — from 40 to 100 °C, process duration
— from 30 to 209 min.

When processing the data, the equation
for the dependence of the cake yield (n, %) on
the experimental parameters was obtained:

1 =149,0 — 0,10-Cici —
- 0,29-Cye — 0,95t — 0,091, (3)

roe Cyc — HCL concentration, g/dms3;
Cyr — HF concentration, g/dm3;

t — temperature, °C;

T — process duration, min.

Based on the obtained data, in de-
scending order, temperature, HF concentration,
HCLl concentration and process duration have
the greatest influence on cake yield minimiza-
tion.

Cake yield, %

Figure 3 — Dependence of the cake yield on the
concentration of HCl and HF at a temperature of 90 °C
and a process time of 60 min



Table 1 — Parameters and results of experiments

No. HCl concentration, HF concentration, Temperature, Process gluration, Cake yield,
g/dm3 g/dms3 °C min %
1 175 179 70 120 15,6
2 100 150 90 180 1,3
3 286 90 70 120 5,8
4 64 90 70 120 12,6
5 100 150 50 59 58,4
6 175 90 70 30 22,5
7 175 90 100 120 0,7
8 175 90 40 120 51,6
9 175 0 70 120 82,7
10 175 90 70 209 1,9
At refineries, the process of opening aniron Conclusions
collector, which contains arelatively low content In the course of the research, the

of ferrosilicon, is usually carried out at an HCl
concentration of 215 g/dm3, a temperature of
90 °C, and a duration of 60 min. In the course
of preliminary studies, it was found that with
a cake yield of no more than 15%, a complete
opening of the collector is ensured with the
possibility of extracting at least 95% of PGM
into solution during subsequent aqua regia
leaching. The processing of the studied sample
of the iron collector under such conditions with
obtaining an acceptable cake yield (no more
than15%) is possible only if the solution contains
at least 74 g/dm3 of HF. With an increase in the
concentration of HF, a decrease in the cake
yield is observed. A volumetric diagram of the
dependence of the cake yield on the parameters
of the experiments, obtained in the OriginPro
2015 (OriginLab Corporation, the USA), is shown
in Figure 3.

parameters for opening an iron collector
containing ferrosilicon in a mixture of HCl
and HF were determined, providing a cake
yield of no more than 15% and a minimum
consumption of HF: HCl concentration 215 g/
dm3, HF concentration not less than 74 g/dm3,
temperature 90 °C, process duration 60 min.
The resulting cake is suitable for processing
by methods of aqua regia leaching or
hydrochlorination. The developed method can
be applied at refineries that use the process of
melting in plasma furnaces for the processing
of automotive catalysts.

The research funding from the Ministry of
Science and Higher Education of the Russian
Federation (Ural Federal University Program of
Development within the Priority-2030 Program)
is gratefully acknowledged.
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rMMAPOMETANNYPIrMYECKASA NEPEPABOTKA XEJIESHOIO
KOJUJTEKTOPA, COAEPXALLEIO ®A3bl PEPPOCUITULNA,
UHKANCYJIMPYIOLLUE METAJI1bl MJIATUHOBOM MPYMMbI

Kysac E.A.L, Tonoexun /I.J.!, Canoanos JI.I1.1, Pozoxcruxos [J.A.!

THayuHas nabopaTtopus nepcrnekTUBHbIX TEXHOIOr MM KOMIMIEKCHOMN nepepaboTkyu MUHEPAasIbHOro
U TEXHOIEHHOI O CbIPbA LIBETHbIX U YepHbix MeTannos, IHMT, Yp®Y, EkatepuHbypr, Poccusa

AHHoTauua. [lpencraBrieHbl

pe3ynbTaThl

uccnenoBaHuUn  no I’l/I,EI,pOMeTaJ'IJ'IypI'I/I‘-IeCKOIZ

nepepaboTKe XeNe3HOro KOIIeKTOPa, KOTOPbIW Mosly4YatoT Npu nnaske oTpaboTaHHbIX aBTOMOGUIIb-

HbIX KaTanm3aTopos. [1a BCKpbITUS MATpULbl Geppocnimuma NnpensioxeH MeTo, Bbilienadmsanms B

cmecu HCL u HF. OnpepeneHbl napameTpbl, o6ecrneyrBatoLLLe MUHUMANbHbBIN BbIXOL KeKa.
KnoueBble cnoBa: xenesHbil KONIeKTop, aBTOMOBUIIbHbIN KaTanmsaTop, Mnr, Geppocunmumni,

condgHaa KMCnoTa, d)TOpMCTOBOLI,OpO,EI,Haﬂ Kncnorta

B HacToswee Bpema Ha doHe yxecTode-
HUSA 3KONOMUYEeCKMX HOPM BCEe aBTOMPOW3BO-
OUTenM OCHaLLalT BbliNyckaeMble aBTOMOGWIU
KatanuTMyeckMMn HenTpanmsaTopamu (aBTo-
MOBUNbHBbIMK  KaTanm3atopamu). OHU cnyxar
05 LOOKUCNIEHUS MPOAYKTOB CropaHuMs TOmn-
Ba, MOCTymawLlWmx M3 ABUratens aBToMob6uUns.
Ona obecneyeHusa kaTanutTnyeckoro sadpodekta B
cocTaBe aBTOMOGWIIbHbBIX KaTanM3aTopoB Mpu-
cytcteytoT MMM (Pt, Pd, Rh). Kak npaBwuno, cpok
cnyx6bl aBTOMOBUNEN CYyLLECTBEHHO MpeBbIa-
eT cpok cNnyx6bl katanusatopoB. OTpaboTaHHble
KatanusaTopbl OEMOHTUPYIOT M OMPaBAAtOT Ha
nepepaboTky [1, 2].

B nocnegHue pecatunetus adoduHaxHble
npeanpuaTUsa BCE valle cTaskmBatoTcs ¢ aedu-
LLMTOM MepBUYHOro cbipbs, cogepxawero MMM
3TO BbIHYX[AAEeT UX MCMNOMb30BaTb BTOPUYHOE
Cblpb&, B TOM 4MC/ie aBTOMOOMUIIbHbIE KaTanu-
3aTopbl. KatanmsaTtopbl COCTOAT U3 610KOB-COT,
M3rOTOBJIEHHBIX U3 OKCUAOB astoOMUHUS N KPeM-
HuA. CyLLecTBYOLWME TEXHOOMMIN He NMO3BOMAOT
MPOBOANTL MNPSMYIO FMOPOMETaNNYypPrmyeckyro
nepepaboTky KaTanM3aTopoB M3-3a HU3KOro
copgepxaHua MM (0,15-0,30 %) u uHepTHO-
CTW MX OCHOBbI. [103TOMY Takoe Cbipbé cHaua-
na rnoABeprarT MnjaBke Ha KOMeKTop, B Xo4e
KOTOpOM MoryT obpasoBbiBaTbCs dasbl dep-
pocunuumns, wuHkancynupytowme Ml Hdanee
MpoBOASAT BCKPbITUE KOJIeKTopa rugpomeran-
NypruyeckMMm MeTogaMm ¢ nonydvyeHmem obo-
rawénHoro no MMl keka, KOTOPbIA OTAPABAAOT
B addmHax.

[MnaBKy Ha KOMMEKTOp MPOBOAAT B Mjas-
MEHHbIX UNK ayrosBbix nevax [3, 4]. K npeumy-
LLecTBaM MjasMeHHbIX nevyer OTHOCAT BO3MOX-
HOCTb OpraHu3aLnM HeMNpepbIBHOrO npouecca
MraBkM U HU3KWIM pacxon 3neKkTpoaHeprum. B
KayectBe MeTasla-KoMsIekTopa  MUCMNOMb3YyHoT
Mefb, HUKenb, CBUHeL, xeneso [5]. Micnonb3o-
BaHWe XeNe3HOro KossiekTopa sABAseTca npes-
MOYTUTENBbHBIM C SKOHOMUYECKOWN TOUKU 3PEHUS.
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B xome mnaBku KaTasiM3aTopoB B Ma3MeHHYo
rneyb [OOMOSNHUTENBHO 3arpyXxarT: W3BeCTb,
KBapLEBbI Mecok, MarHetTuT 1 kokc. Coaepxa-
Hue MM B wnake He npesbiwaeT 30 r/T. B no-
Nly4aeMoOM Xesie3HOM KOJI/IeKTOpe codepXaHue
KpeMHusa gocturaet 20 %, MMM — 5 %. Ero mns-
MenbyaloT U nepenaT Ha rugpoMeTaniyprmye-
ckui nepegen.

B xope rupgpomeTtannypruyeckon nepe-
pPaboTKM XEene3HOro KOJI/IeKTopa, MOosyYeHHO-
ro B MJa3MEeHHOM Mneuyun, CTOUT 3a4ada BCKPbITb
MaTtpuuy deppocunumuma, a MMM ckoHueHTpuU-
poBaTb B Keke, MpUrogHoM [Ans nocnenyto-
wero addmHaxa C MCNONb30OBAHMEM METOLOB
LLAPCKOBOOOYHOIO BbILENAYUBAHUA WUAN  TU-
npoxnopupoBaHusa. CornacHo MTepaTypHbIM
OaHHbIM [6], Npu copepXaHUu B Xene3HOM Kos-
nektope Ao 20 % KpeMHUA He BO3HUKAET C/IOX-
HOCTeM MNpwW ero pacTBOPEeHWU B CONAHO- WU
cepHoOKMCbIX pacTBopax. OgHako npensapwu-
TeNnbHble 3KCMEPUMEHTbl MO BblleIauYMBaHMIO
BbICOKOKPEMHUCTOIO XXEeNe3HOro KoJisiekTopa
rokasasiy, 4to mMpu Jb6OM CoYeTaHUU BIIUSAIO-
wmx dakTopoB (KOHLEHTPAaLMSA KMCNOTbl, TeMMe-
paTypa, NPoao/IXNTENBHOCTb MPOLECcca) BbIXOn,
Keka npu ncnonbsoeaHum kak HCl, Tak 1 H,SOy4
MoxeT pgocturatb 50 %, a ussnedyedve MMl B
pacTBOp Mpu MocrenytoleM LapCKOBOOOYHOM
BblllenaymBaHmm He npesblwaeT 40 %. 270 yKka-
3blBAET Ha HEMoJIHOe BCKPbITME MaTpulbl dep-
poCUAULMSA.

B HacToAwen paboTe B kKayecTBe BbilLena-
umBalLlero areHta ncnosbsosanm cmecb HCL n
HF. 910 cnocob6cTBOBANO PA3PYLLUEHWNIO HE TOSb-
KO >Xes1e3HON, HO 1 KPEMHMEBOM COCTaBASAIOLLLEN
MaTpuLbl peppocunmumns:

Fe + 2HCL = FeCl, + Hy1; Q)]

Si + 4HF = SiF41 + 2H,1. (2)
Llenb paHHOM paboTbl — onpenenuTb
napameTpbl BbllLlelaYmMBaHms XenesHoro

konnektopa B cMecu HClL n HF, o6ecneuunBato-
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PucyHok 1 — MukpodoTtorpadus yacTul, xenesHoro konnektopa n XRF-cnektp

Lwme MMHUManbHbIM Bbixod keka. [MNpu 3ToM pac-
xon, HF Takxe porxeH 6biTb MUHUMAIbHBIM O
obecrneyeHnsa 3KOOrMYHOCTI NpoLecca.

B 3KCNepuMeHTax MCMONb30BasIN
MoLernbHbIM obpaseLl, KONnekTopa, He copgepxa-
wun MMM, koTopbIXM NonyyYeH B MHOYKLMOHHOW
neun. Cnnae npenBapuTenbHO M3Menbyanu B
nnaHetapHown MenbHuue Pulverisette 6 (Fritsch
GmbH & Co. KG, lepmaHusa), npocemBanu yepes
Habop CTaHOAPTHbIX CUT (FpaHyoMeTpuyeckas

xapaktepuctuka: 100 %  dpakumm  —-0,5
MM) W aHanM3MpoBanM C UCMONb30OBaHWEM
peHTreHodNyopPeCcLEHTHOrO crnekTpoMeTpa

PANalytical Axios MAX (Malvern Panalytical
Ltd., Hupoepnangbl).  XuMuuyeckun cocTaB
rnonydeHHoro konnektopa, %: 63,0 Fe, 20,0 Si,
13,8 C, 3,2 npouuve. Ha pucyHke 1 npmBeneHbl
MukpodoTorpadusa vactmy konnektopa n XRF-
cnekTp.
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PucyHok 2 — CxeMa nabopaTtopHOM yCTaHOBKM
1 — wramme; 2 — Mewaska BepxXHenpuBoAHas;
3 — cTakaH; 4 — 6aHa BoaaHas

OKCNepUMEHTHI NPOBOANNM C
MCroNb30oBaHMEM 1abopaTopHOM  YCTaHOBKM,
cxeMa KOTOpOM MnokasaHa Ha pucyHke 2. Ha-
BECKYy >efne3Horo Kkosiektopa ™Maccon 15
r nomewianu B CTakaH, 3arnosIHEHHbIN CMe-
coto HCL m HF (OK:T = 10:1), yctaHOBNEeHHbIN
B NpenBapuTesibHO  pas3orpetor  BOAAHOM
baHe. MepemMeluvBaHme OCYLLECTBANN
npv MOMOLLW BEPXHEMNPUBOLHOW  MeLLasKu.
Bcé obopypoBaHue, KOHTakTMpoBaBslliee C
pacTBOPOM, WU3rOTOBMIEHO U3 MOJIMMEPHbIX
MaTtepwanoe  (monunponuneH, dToponnacT).
[MonyyeHHyto  nynbny  dunbtpoBann.  Kek
npoMbiBaNU guUctunnmpoBaHHom sogon (KT =
3:1), cywmnu B CyWWbHOM wWwKady npw Temne-
patype 80 [, B3BeWMBAIN U PACCUUTBLIBAIU €r0
BbIXOA,.
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Keka OT

3
KoHueHTpauum HClL n HF npu Temnepatype 90 °C un
npPoaoNXMTENbHOCTU Npouecca 60 MUH

PucyHok 3aBUCUMOCTb  BbIXxoa
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Taénuua 1 — NapameTpbl U pe3ysibTaTbl 3KCNEPUMEHTOB

Ne Ko;LéiHrT/za:;,m Kon—gu;:n:;z:;mg TemnepaTypa, C I‘Ipon,u,poolxeizgz'l::zcw BbIXO:Z Keka,
1 175 179 70 120 15,6

2 100 150 90 180 13

3 286 90 70 120 5,8

4 64 90 70 120 12,6

5 100 150 50 59 58,4

6 175 90 70 30 22,5

7 175 90 100 120 0,7

8 175 90 40 120 51,6

9 175 0 70 120 82,7
10 175 90 70 209 11,9

MccnepnoBaHua nNpOBOAMAM B COOTBET-  MOJIHOE BCKPbITUE KOMIEKTOPA C BO3MOXHOCTbLIO

CTBMW C MaTpULEN MOSHOro GakTOPHOrO 3KC-
rnepyvMeHTa Tuna 24 (Bkto4vas 3BE34Hble TOu-
kW), monydeHHon B nporpamme Statgraphics
18 (Statgraphics Technologies, Inc., CLLUA). Ma-
pamMeTpbl M pe3ynbTaTbl YacTU SKCMNEPUMEHTOB
npuBeneHol B Tabnuue 1. B gaHHon Bbi6opke
3KCMepPUMEHTOB KoHUeHTpauuto HClL nameHsanm
B npegenax ot 64 o 286 r/om3, KOHUEHTpaLUuo
HF — ot O 0o 179 r/nm3, Temnepatypy — ot 40 go
100 °C, npogonxuTtenbHocTb npouecca — oT 30
0o 209 MuH.

Mpn  obpaboTke  HaHHbIX  MOJyYeHO
ypaBHeHMe 3aBUCUMOCTM Bbixoaa keka (n, %) ot
napamMeTpoB 3KCMNEPUMEHTOB:

n= 149,0 - O/1O'CHCl -
- 0,29:Cyr = 0,95t - 0,097, (3)

roe Chc — koHueHTpaumna HCL, r/om3;
Cyr — kOoHUeHTpauus HF, r/om3;

t — TeMnepartypa, C;

T — NPOOONIXKUTENIbHOCTb MPOLLECCa, MUH.

CornacHo nosy4yeHHbIM OaHHbIM, HANBOb-
ee BAVSHME HA MUHMMM3ALMIO BbIXO4A Keka
OKa3blBAOT B Nopsaake ybbiBaHUA: TeMMNepaTypa,
KoHueHTpauma HF, «koHueHTpauma HCL u
NMPOAOIXNTENBHOCTb NMpoLecca.

Ha adduHaxHbIX npeanpuaTmusax npoLecc
BCKPbITUA Xesle3HOro KoJIJIeKTopa, B cCocTaBe
KOTOPOro copepxaHue Geppocuinuma cpas-
HUTENbHO HEBENKO, OOBbIYHO TMPOBOAAT MpPWU
KoHueHTpauum HCL 215 r/am3, Temnepatype 90
°C v npoponxmntenbHoctn 60 MuH. B xone npen-
BapUTESIbHbIX MCCNEeAOBAHUN YCTAHOB/IEHO, YTO
npu Bbixoae keka He 6onee 15 % obecneumBaeTcs
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n3BredyeHns He MeHee 95 % MIII B pacTBOp
npu nocnenyoLiem LAaPCKOBOLOYHOM
BblleaumBaHnn. [lepepabotka U3YyYEHHOro
obpasua XKenesHoro Kossiektopa B - Takux
YC/TOBUAX C MOSTyYEHNEM MPUEMNIEMOIO BbIXO4A
keka (He 6onee 15 %) BO3MOXHa TONIBKO MNpwU
HaNMYUKM B pacTeope He MeHee 74 r/om3 HF. Mpu
yBenM4yeHnn kKoHueHTpaumumn HF Habniopgaetcsa
CHUMXeHWe Bbixoga keka. O6beMHaa guarpamma
3aBMCMMOCTM BblXxoga Kkeka OT MnapaMeTpoB
3KCMEPUMEHTOB, MOMlyYeHHas B MNporpamMme
OriginPro 2015 (OriginLab Corporation, CLUA),
npmBeneHa Ha pucyHke 3.
BbiBoabl

B xope vccnepoBaHuii onpeneneHbl napa-
MeTpbl BCKPbITUS XeNe3HOro KoJiekTopa, Co-
nepxautero ¢deppocunnumin, B cmecn HCL n HF,
obecrneymBatloLme Bbixod keka He 6onee 15 % un
MWHUMarbHbIM pacxon HF: koHueHTpauumsa HCL
215 r/om3, koHueHTpauua HF He MeHee 74 r/om3,
TemnepaTtypa 90 °C, NpoOo/IXMTEbHOCTb NPO-
uecca 60 MuH. MNonyyeHHbIM Kek NpurogeH aas
nepepaboTkm MeToAaMu LLapCKOBOLOYHOMO Bbl-
WwenaymBaHnua UM rugpoxnopupoBaHus. Pas-
paboTaHHbIN CMOCO6 MOXET 6bITb MPUMEHEH Ha
adPmMHaXHbIX MPEAnPUATUNAX, UCMOMb3YHOLLKMX
ons nepepaboTky aBTOMOGWIbHbBIX KaTanmsa-

TOPOB MPOLLECC MMIABKW B M1a3MeHHbIX Meyax.
WccnegoBaHue BbIMOHEHO NPy GUHAHCO-
BOM nopaepxke MuHucTepcTBa HAYKM U BbIC-
wero o6pasoBaHus Poccurickon @epepauyun
B pamkax [llporpamMmbl passBuTus YpasibCKoro
dpenepasbHOro yHuBepcuTetTa MMeHW MepBoro
[MpesupgeHta Poccum B.H. EnbuymHa B cooTBeT-
CTBUM C MPOrpaMMoin CTpaTeruyeckoro akage-
Muyeckoro nnpepctea «llpmnopmntet-2030%.
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OPTIMIZATION OF THE PURIFICATION PROCESS AND
INVESTIGATION OF CONCENTRATED HYDROSOLS OF SILVER
NANOPARTICLES

Vorobyev S.A.%, Nikolina N.D.?, Mikhlin Yu.L.!

TInstitute of Chemistry and Chemical Technology of the Siberian Branch of the RAS, Krasnoyarsk,
Russia

2Siberian Federal University, Krasnoyarsk, Russia

e-mail: yekspatz@ya.ru

Silver nanoparticles are used to create
catalysts, “inks” for 2D and 3D printing,
chemical and biological sensors, optical and
microelectronic devices, antibacterial materials,
and much more. The most common method for
synthesizing silver NPs is chemical reduction
in solutions; however, due to the metastability
of the system, the metal concentration in the
final product rarely exceeds 0.1 g/L. Previously,
we modified the procedure for the synthesis
of silver nanoparticles according to Carey Lea,
which made it possible to create hydrosols
of monodisperse silver nanoparticles with a
concentration of up to 2100 g/L.

The purpose of this work was to find
conditions for deep purification of the obtained
hydrosols from the reaction products that do
not cause aggregation of particles.

In a typical procedure for the synthesis
of silver nanoparticles, aqueous solutions
of FeSO, NazCit, and AgNOs were mixed,
resulting in a brown precipitate, which was
separated from the solution and dissolved in
deionized water. For purification, the sol was
precipitated with aqueous solutions of sodium
citrate of various concentrations (0.1-0.6 M)
and volumes (VNazCit : VAg(sol) = 1-3), the
solution was separated by centrifugation,
and the precipitate was redispersed in
deionized water; the operation was repeated
several times. The resulting hydrosols were
diluted to a concentration of 0.1 mM, and the
optical absorption spectra were measured.
Nanoparticles of metallic silver in the optical
spectra have a characteristic absorption band
in the region of 380-420 nm, the so-called.
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surface plasmon resonance (SPR). The FWHM,
position of the maximum, and SPR intensity are
sensitive to the shape, size, and aggregation of
particles.

It was found that during precipitation with
sodium citrate solutions with respect to VNaszCit
: VAg(sol) = 1-3 and a concentration of 0.5 M,
the amount of iron ions in the sample rapidly
decreases from stage to stage down to 0.02%.
Under these conditions, according to optical
spectroscopy data, the SPR narrows from 61
to 53 nm and the “blue” shift from 398 to 393
nm occurs, which can be associated with the
stabilization of particles and the destruction
of their aggregates. The influence of the
concentration of sodium citrate in the range of
0.2 - 0.5 M at a volume ratio of 1leads to similar
results. In this case, the optimal concentration
of sodium citrate was 04 M, where the
nanoparticles were completely precipitated.
When less concentrated solutions were used,
the target product was carried away. According
to the atomic adsorption data, the sols purified
under such conditions contained less than 1.9%
trisubstituted sodium citrate.

Further purification of the sols was carried
out using weakly acidic and weakly basic ion
exchangers Purolite C 104 Plus (H-form) and
A 847 (OH-form), respectively. Within 8 hours,
the electrical conductivity of the sols decreased
from 2.9 mS/cm to 0.09 mS/cm, while the
intensity, position, and width of the SPR
remained the same. The sols thus purified over
a wide range of concentrations showed high
aggregation stability for at least 2 weeks.
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OonTMMU3ALNA NPOLUECCA OYUCTKU U UCCITIEAOBAHUE
KOHUEHTPUPOBAHHbIX TMOPO30/IEN HAHOYACTUL, CEPEEPA

Bopobves C.A.', Hukonuna H.J1.?, Muxauu FO./1.!

MHCTUTYT XUMUK 1N XUMUYECKOU TexHonorum Cbupckoro otaeneHns Poccunckon akageMmm Hayk,
r. KpacHospck, Poccusa

2Cnbupckunin depepanbHbi yHUBepcuTeT, I KpacHosipck, Poccus
e-mail: yekspatz@ya.ru

HaHouacTuubl cepebpa Ucnonb3yoTcs ons
CO30aHMA KaTaim3aTtopoBs, «4yepHun» ana 2D-
n 3D-nevatr, XUMUYECKUX U BUOIOrUYEeCKUX
CEeHCOPOB, OMTUYECKUX U MUKPOINEKTPOHHbIX
YCTPOWCTB, aHTMBaKTepUabHbIX marte-
pnanos W MHororo pgpyroro. Hawb6onee
pacnpocTtpaHeHHbIM MeTogoM  cuHTesa HY
cepebpa ABMAETCA XMMMYECKOe BOCCTaHOBeHNE
B pacTBoOpax, ogHako BBUAOY MeTacTabuibHOCTU
CUCTEMbl KOHLEHTpAaLMSa MeTansla B KOHEYHOM
npoaykte penko npesbiwaetr 01 r/n. Panee
HaMmM  6blna  MogMdUUMpOBaHa  MeTogumka
cMHTe3a HaHo4yacTul, cepebpa no Carey Lea,
KoTopasa no3BosiMfa Cco3fhaBaTb MUOpPO30SM
MOHOOMCMEPCHbIX HaHo4YacTuy, cepebpa C
KoHueHTpauven go 2100 r/n.

Lenbio OaHHOM paboTbl AB/AN0Cb
HaxoXnaeHwe YCNoBUM ANA ry6OKOM OYUCTKM
MONIyYEHHbIX  rMApPO30nen  OoT  NpoAyKTOB
peakLn He Bbi3blBaKOLWMX arperaymm 4acTtull,.

B TUNUYHOWN MeToauKe CUHTEe3a
HaHoyacTul, cepebpa CMewnBanM BOAOHble
pactBopbl FeSO,4, NazCit 1 AQNOz B pe3synbtate
yero BbiNagasn ocafok Byporo LBeTa, KOTopbI
oTOoenannm oT pacTteBopa W pacTBopsaAnmM B
OenoHm3oBaHHoOW Boge. s O4YMCTKM  305b
ocaxganu BOAHbIMM pacTBopaMy LMTpaTa
HaTpus pasnunyHom koHueHTpaumm (0.1 — 0.6 M)
n obbvema (VNazCit : VAg(sol) = 1-3), pactsBop
oTOoenanm LeHTpUdYrnpoBaHmeM, ocapok
peavcrneprupoBanu B 0EVNOHN30BaHHOMN
Bo4E;, onepauuio MOBTOPSASIM HECKOSbKO pas.
MonyyeHHble  rmgposonn  pasbaBnsnu OO
KoHueHTpaumm 0.1 MM 1 n3Mepsanu onTudeckme

CcrnekTpbl nornoLweHms. HaHnouacTuupl
MeTannuMyeckoro cepebpa B ONTUYECKUX
cnekTpax MMEIOT  XapaKTepHYo nosnocy

nornoweHunsa B obnactu 380-420 HM, T.H. nonocy
nnasmMoHHoro pesonaHca (MMP). WwupuHa

Ha MOJlyBbICOTE, MOJIOXEHNE MakCcMMyMa W
mHTeHcmBHOCTb [P wyBcTBUTENbLHBI K POopMe,
pasMepy un arperaymm 4acTuLl.

Bblno ycTaHOBMEHO, 4YTO MpW ocaxaeHuu
pacTBoOpamMu UuMTpata HaTpUs B OTHOLUEHWUU
VNaszCit : VAg(sol) =1 - 3 n koHueHTpauum 0.5 M

OT CTaguMu K CcTagum npoucxoguT 6bicTpoe
CHUXEHWeE KONM4YecTBa MOHOB Xefesa B obpasue
Br1oTb 4,0 0.02 %. Mpn 3TUX yCNoBUSX MO AAHHBIM
onTU4yeckomn CMEeKTPOCKOMNUmn npoucxoguT
cyxeHune T[NP ¢ 61 po 53 HM M «CUHee»
cMeleHue ¢ 398 0o 393 HM, UTO MOXHO CBA3aTb
co cTtabunusaumen YyacTul, U paspyLlleHneM mx
arperaTtoB. BnusHue KoHueHTpauum uuTpaTa
HaTpua B ananasoHe 0.2 - 0.5 M npu o6beMHOM
oTHoweHun 1.0 npmBOAWMT K aAHANOMUYHbIM
pe3yrbTaTam. Mpwn 3TOM onTuManbHas
KOHLUEHTpAaLMA UuuTpata HaTpua cocTaBuia
0.4 M, roe npoucxogouso MoOSHOe ocaxaeHue
HaHo4dacTuy. [lpu  MCNonb3oBaHUMKM  MeHee
KOHLEHTPUPOBAHHbIX pPAaCcTBOPOB Habnwgancs
yHOC LeneBoro npoaykta. [1o gaHHbIM aToMHOM
afcopbLum OUnLLLEHHbBIE B TAKUX YCITIOBUAX 307U

cogepxannm MeHee 1.9% Tpex3aMelleHHOro
umMTpaTa HaTpusa.

HanbHenwasn 00OYNCTKA 3051en
ocylLecTBAsanach C MCMOSIb30BaHMEM

CcNnaboKUCNOTHBIX U CabOOCHOBHbBIX WMOHUTOB
Purolite C 104 Plus (H - dopma) u A 847
(OH - d¢opma) cootBeTcTBEHHO. B TeueHwme
8 yacos 31eKTPONpPOBOAHOCTb 301en
cHuxanacb ¢ 2.9 mMCm/cm go 0.09 MCm/cM,

npy  3TOM  WMHTEHCUBHOCTb,  MOJIOXEHWe
n  wupuHa T[NP octaBanucb  NpexHUMM.
OuuuleHHble TaKUMM 06pa3oM 30711 B LLUMPOKOM
OmanasoHe KOHLUEeHTpaLui nokasanm BblCOKYH
CTabUNbHOCTb K arperaumm no KpamHem Mepe B
TeyeHUe 2 Hepenb.
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INVESTIGATION OF THE CORROSION CHARACTERISTICS OF
HASTELLOY™ ALLOYS BY THE CYCLIC POLARIZATION
METHOD IN THE CONDITIONS OF LOW-TEMPERATURE

LEACHING OF LOW-NICKEL PYRRHOTITE PRODUCT

Kalashnikova M.1., Lisakov Iu.N.!, Naumenko G.E.?, Saltykov P.M.!
" Gipronickel Institute, Saint-Petersburg, Russia
2 Kola MMC, Monchegorsk, Russia

1. In the late 1970s, a hydrometallurgical
complex for the autoclave processing of
nickel-containing pyrrhotite concentrate was
put into operation at the Norilsk Mining and
Metallurgical Combine - the first stage of
the Nadezhda Metallurgical Plant. The high
corrosiveness of the process media and the
strict operating conditions of the equipment
(temperatures up to 150° C) led to the choice
of a corrosion-erosion-resistant material for
the manufacture of autoclaves and embedded
parts (mixing aerators, refrigerators). The main
structural material chosen for the equipment
of the autoclave department was O6XH28MOT
alloy.

2. In accordance with the strategic plans
on the reconfiguration of the nickel production
of MMC Norilsk Nickel, since 2016 the
hydrometallurgical division of the Nadezhda
Metallurgical Plant (HMD NMP) had been loaded
with tailings from pyrrhotite flotation (low-
nickel pyrrhotite product - LNPP), containing
~ 0.7% nickel and ~ 2 g / t of platinum group
metals (PGM).

3. Gipronickel Institute has developed
a promising low-temperature leaching
technology (LTTV), the use of which will increase
the extraction of non-ferrous and precious
metals into autoclave sulphide concentrate
and improve the economic indicators of
redistribution. In connection with a change
in the composition of raw materials supplied
to the HMD NMP, as well as a promising
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change in the technological parameters of the
leaching process for pyrrhotite concentrate,
the composition of solutions and conditions
in which the leaching process is implemented
inevitably changes.

4. For the promising LTTV technology, a set
of studies was carried out to select a corrosion-
erosion-resistant material to replace the O6XH-
28MAT alloy. The purpose of the research was
to determine the corrosion characteristics of
the base metal and weld of Hastelloy ™ alloys
by the method of cyclic polarization in a sulfuric
acid solution with the addition of Fe and Ni ions
at temperatures of 20° C and 60° C and their
subsequent assessment.

5. The main tasks of the research were
to obtain polarization curves on the studied
samples of alloys from the areas of the base
metaland weldedjoint under the test conditions,
to determine the corrosion, pitting and
repassivation potentials by a graphical method,
and then to calculate the main and additional
bases of pitting corrosion resistance.

6. As a result of the research, the forward
and reverse course of the polarization curves
were obtained, from which the potentials of
corrosion, pitting formation and repassivation
were determined. Also, in the work, the main
and additional bases of pitting resistance were
calculated, according to which a comparative
assessment of corrosion resistance and ranking
of materials was carried out.



NCCNEOOBAHNA KOPPO3UOHHbIX XAPAKTEPUCTUK
CrJj1ABOB TUMNA HASTELLOY™ METOAOM LIMKJ'IMLIECKOﬁ
nonaPnN3ALNUN B YCITIOBUAX HU3KOTEMMNEPATYPHOIO

BbILWWETAMUBAHNA MANTOHUKENTUCTOIO MMPPOTUHOBOIO
NMPOAYKTA
Kanawnuxosa M.N.", /lucaxoe FO.H.!, Haymenxo I.E.%, Canmuvixos I1.M.!

TO0OO0 «MHcTuTyT TMNpoHukenb», CaHkT-lMeTepbypr, Poccusa
2 AO «Konbckas NlopHo-MeTtannyprudeckas KomnaHuay, MoHuyeropck, Poccusn

1. B koHue 1970-x rogoB Ha Hopunbckom
ropHO-MeTasIlypruyeckom KoMbuHaTte 6bin BBE-
0EH B OeNCTBME rMapoMeTanlypruyeckmin Kom-
Nniekc No aBTOK/IABHOM nepepaboTke HUKEesb-
copepxaliero MUMPPOTUHOBOIO KOHLEHTpaTa
— 1-a ovyepenb HapgexauHckoro Metannyprmye-
ckoro 3aBopa. Bbicokasa Koppo3noHHas arpec-
CMBHOCTb TEXHOMOMMYeckmx cpen, U XEcTkme
yCcnoBusA akcnnyaTtaunmmn obopypoBaHua (TeMm-
nepatypa o 150 °C) obycnosunu Bbi6Op KOpP-
PO3MOHHO-3PO3MOHHOCTOMKOro Matepmana ans
M3roTOBJIEHNS aBTOK/IABOB M 3aK/IaZHblX YacTemn
(NepemMelLVBatloLMe aspupyoLLMe YCTPOWCTBA,
XonoaunbHUKK). OCHOBHbBIM KOHCTPYKLMOHHBIM
MaTepuanoM, BblbpaHHbIM Ana  obopyposa-
HUSA aBTOK/TABHOrO OTAENIEHUs, SBNSETCA CrnnaB
O6XH28MAT.

2. B cooTBeTCcTBUMW CO CTpaTternyeckumMm
nnaHaMm Mo M3MeHEHWIO KOHPUrypaumum Huke-
nesoro npoussopacTea MAO «I"MK «Hopunbckni
Hukenb» ¢ 2016 rogy ruapoMeTannyprmyeckoe
NPoOM3BOACTBO HagexXauHCKoro Metannypruye-
ckoro 3asoga (MM HM3) 3arpy>xeHo oTBasbHbI-
MU XBOCTaMW MMPPOTUMHOBOM dnoTaumu (Masno-
HUKENNCTBbIN MMPPOTUHOBBIN NpoaykT — MHIMM),
copepxatuero ~0,7 % Hukens u ~2 r/T meTannos
nnatuHosow rpynnel (MIT).

3. OO0 «WNHcTnTyT TUNpOHMKenb» pas-
paboTtaHa nepcrnekTUBHAA TEXHOMOrUsa HU3-
KoTeMnepaTtypHoro  BbiwenadmsaHua  (HTB),
NnPUMeHeHMe KOTOPOM MO3BOSIUT MOBbLICUTb U3-
BfleYeHMe LBETHbIX U AparoLeHHbIX MeTanioB B
aBTOKJ1aBHbIA CyNbOUOHBIN KOHLLEHTPAT U Yry4-
WNTb 3KOHOMUYECKMe rokasaTenu nepenena.
B cBA3KM c n3MeHeHMeM cocTaBa Cbipbs, MOCTY-
natowero B MM HM3, a TakXxe nepcrnekTUBHbLIM

M3MEHEHMEeM TEexXHOJIOrMYeckux napamMeTpoB
npoLecca BbllWenavymMBaHna MNUPPOTUHOBOMO
KOHLLEHTPATa, HEM36EXHO NPOUCXOOAUT U3MEHEe-
HUe CcoCTaBa PAcTBOPOB U YC/IOBUMN, B KOTOPbIX
npoLecc BbllenavynMBaHna peanmsyeTcs.

4. [na nepcnekTtuBHOM TexHonorum HTB
BbIMNOSIHEH KOMMIEeKC WCCNefoBaHUA Mo MNoA-
60py KOPPO3NOHHO-3PO3NOHHOCTOMKOrO Ma-
Tepmnana B3ameH cnnasa O06XH28MAT. Llenbto
nccnenoBaHU 6bI10 onpefeneHne Koppo3u-
OHHbIX XapakTepPUCTUK OCHOBHOro MeTannia u
cBapHoro wea cnnaesoB Tuna Hastelloy™ me-
TOOOM UMKIIMYECKOW Monspu3anum B pacTBope
cepHoM KMCNoTbl ¢ aobasneHreM noHos Fe n Ni
npu Temnepatypax 20°C n 60°C n nx nocneny-
OLLLEN OLLeHKe.

5. OcHOBHbIMM 3agadvaMu uccnenosa-
HUW ABNANUCH MNOSyYyeHue NoNspU3aLMoHHbIX
KPUBbIX Ha nccnenyemblix obpasuax HUKeneBbix
CniaBoB M3 ob6nacTe OCHOBHOro Metannia u
CBApPHOro coeAuHeHUs B BbibpaHHbIX YCOBUAX
MCMbITAHMK, omnpedeneHne rpapuyeckmM MeTo-
[OM MOTEeHLUMANoB KOPPO3UK, MUTTUHIO06pa30-
BaHUA U penaccmBaLun U Nocneaytolen pacyer
OCHOBHOIO U AOMOSIHUTENIbHOrO 6a3MCOB MUT-
TUHFOCTONKOCTMU.

6. B pesynbrate uccnenoBaHuUn 6bliv no-
NydeHbl MpaMoM U o6paTHbIM Xon mnonapusa-
LUMOHHBIX KPUBbBIX, MO KOTOPbIM onpeaeneHsbl
noTeHuManbl KOPPO3nKn, MUTTUHroo6pa30oBaHUSA
n penaccupaumn. Takxe B paboTte 6biiM pac-
CYNTaHbI OCHOBHOM U OOMOMHUTENbHbIN 6a3UChI
MUTTUHIOCTOMKOCTU, MO KOTOPbIM MPOBOAUIACH
CpaBHUTENIbHAA OLEHKA KOPPO3MOHHOW CTOMN-
KOCTU U paHXMpOBaHMe MaTepuanonB
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KINETICS OF TENNANTITE, CHALCOPYRITE, AND SPHALERITE
DISSOLUTION IN NITRIC ACID

Dizer O.A.!, Karimov K.A.., Kuzas E.A.., Babintsev A.A.2, Rogozhnikov D.A.!
"Laboratory of Advanced Technologies in Non-Ferrous and Ferrous Metals Raw Materials
Processing, Institute of New Materials and Technologies, Ural Federal University, Yekaterinburg,
Russia
2 Department of Non-Ferrous Metals, Institute of New Materials and Technologies, Ural Federal
University, Yekaterinburg, Russia

Annotation. The results of nitric acid dissolution of natural minerals tennantite, chalcopyrite
and sphalerite, with the introduction of Fe (Ill) and FeS, ions into the process, are presented. With
the help of the obtained values of the activation energy, calculated by the model of a coalesced
core for tennantite, chalcopyrite and sphalerite, the values of empirical orders for the oxidizing
agent HNOs3, for the amount of pyrite, the concentration of Fe (lll) ions. It has been suggested
that the process of dissolution of sulfide minerals, under the conditions under study, is limited
by internal diffusion, and semi-empirical equations have been derived to describe the leaching

kinetics.

Key words: tennantite, chalcopyrite, sphalerite, nitric acid, leaching, kinetics.

At present, it is increasingly important
to involve refractory copper-arsenic sulfide
concentrates in the process due to the depletion
of rich ore raw materials. A characteristic feature
of polymetallic ores is complex mineralogical
composition. The main minerals are chalcopyrite
(CuFeS;), covellite (CuS), chalcocite (Cu,S),
bornite (CusFeS,), sphalerite (ZnS). Minerals
of the fahlore group are increasingly common:
tennantite (CupAs,Si3), tetrahedrite (CuppSbsSis)
[1]. Presence of arsenic in copper concentrates
prevents their processing using traditional
technologies. Thus, the resulting commercial
products quality decreases [2, 3].

There are studies on the processing of
such complex raw materials using various
approaches: acid leaching, ammonia leaching,
alkaline methods, autoclave oxidation and
bioleaching. These methods are limitedly
implemented in industrial scales for various
reasons.

Developing the new effective method
for processing copper polymetallic raw
materials with a significant content of fahlore
is relevant. One of these methods can be nitric
acid leaching. It allows to achieve the most
complete break-down of sulfides. Nitric acid
leaching transfers valuable metals into solution
for their subsequent selective extraction. This
process allows to release arsenic and other
toxic elements into stable and environmentally
friendly products, and antimony into commercial
products.

According to previous studies, pyrite
and iron (Ill) ions have a positive effect on the
opening of sulfide minerals [4]. The purpose
of this study is an in-depth study of the effect
of pyrite and iron (lll) ions on the process
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of nitric acid leaching of natural minerals
tennantite, chalcopyrite and sphalerite with the
establishment of various kinetic patterns.

A mixture of natural sulfide minerals
tennantite, chalcopyrite, and sphalerite was
used as the main raw material. The ratio of
chalcopyrite, tennantite, and sphalerite in the
mixture was 1:0.36:0.17 by weight: this ratio is
typical for commercial Cu-As concentrate from
the Uchalinskoye deposit [4]. X-ray patterns of
minerals are shown in Figure la-c. Pyrite was
obtained from the Berezovsky deposit, the X-ray
pattern is shown in Figure 1d. All the minerals
used were crushed and sifted on laboratory
sieves; after sifting, a working fraction with a
particle size of 80% of the class 20-40 microns
was taken.

Laboratory experiments to study the
kinetic characteristics of nitric acid leaching of a
mixture of sulfide minerals were carried out on a
setup consisting of a borosilicate glass reactor
with anouterjacket Lenz Minni-60 with a volume
of 0.5 dm water-cooled glass refrigerator. The
reactor was thermostated using a Huber CC-
205B thermostat-circulator. Mixing was done
with a Cat R-100C overhead agitator at 350
rpm to ensure slurry uniformity.

When conducting kinetic studies, the effect
of temperature, concentration of nitric acid,
amount of pyrite, and concentration of iron (lll)
ions on the efficiency of opening minerals was
evaluated (Fig. 2). Increasing the parameters
in the studied intervals has a positive effect
on the degree of dissolution of tennantite,
chalcopyrite and sphalerite, in particular, an
increase in the process temperature to 95 °C
makes it possible to increase the degree of
dissolution of chalcopyrite from 45% to 75%.
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Table 1 — Results of empirical order calculations for HNO3 concentration,
Fe(lll) ion concentration and FeS, amount for tennantite,
chalcopyrite and sphalerite

HNOs3z concentration

Mineral CupAssSis CuFeS, ZnS
Empirical order 1,2 14 1,6
Fe(lll) ion concentration
Empirical order 0,34 0,82 0,62
Amount of FeS,
Empirical order 0,47 0,69 0,59
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¥ =0.0062x uT
0 45, 00027 0.0028 0.0029 00030 0.0031
v =0.005x 504 E..= 33,7 k[k/mone
IR2=0.97 - R2=0,96
n
55 ]
y =0.0023x bé
R2=0.99
— 60 ]
v =0.0014x
0.00 e — R2=0.99 ek 1
0 10 2 30 40 50 60
MPOAOMKNTENEHOCTS, MUAH 7.0 , , ‘ ,

Figure 3 - Calculation of the slope coefficient k. for chalcopyrite (a); dependence of lng. on

reciprocal tempera-
ture for chalcopyrite (b)

258



To describe the kinetics of the studied
heterogeneous reactions, we used the
contracting core model (CNC), which assumes
that the rate of the process is controlled either
by the diffusion of the reactant to the surface
through the diffusion layer (liquid film), or
by diffusion through the product layer, or by
a surface chemical reaction. According to
the calculation results, it was found that the
equation describing diffusion through the
product layer has the highest value of R2. The
apparent activation energies were determined
by a graphical method: for tennantite -
28.8 kJ/mol, chalcopyrite - 337 kJ/mol,
sphalerite - 53.7 kJ/mol (Fig. 3).

Empirical orders for the concentration of
nitric acid, the concentration of Fe(lll) ions, and
the amount of pyrite are calculated graphically.
In accordance with the data presented, it can be
seen that the concentration of nitric acid has
the greatest effect on the degree of opening of
sulfide minerals (table 1).

According to the results obtained, gener-
alized kinetic equations for the nitric acid disso-
lution of tennantite, chalcopyrite, and sphaler-
ite were derived:

For CU12AS4S‘|31

1=3(1=X) 2/3 + 2(1-X) =
=38820Cn03"2Cre(i)*3*Cres2047e-28858/RTt (1)

For CuFeS,:

1-3(1=X) 2/3 + 2(1-X) =
=74070Cn05"2Cre(1)*82Cres 07 33708/RTt  (2)

For ZnS:
1-3(1-X) 2/3 + 2(1-X) =
= 4'2CHNOS1'52CFe(III)0‘63CFeS2O’59e>53723/RTt (3)

Conclusions:

It has been established that the concen-
tration of nitric acid and temperature have
the greatest positive effect on the dissolu-
tion of tennantite, chalcopyrite and sphalerite,
the concentration of iron ions Fe (lll) and the
amount of pyrite have a lesser effect. The val-
ues of the apparent activation energy according
to the MNC, the empirical orders according to
the reagents for tennantite, chalcopyrite, and
sphalerite are calculated. Semi-empirical equa-
tions are derived to describe the leaching kinet-
ics of tennantite, chalcopyrite, and sphalerite
under the conditions under study. Based on the
calculations performed, it was suggested that,
under the process conditions under study, the
dissolution of copper sulfide minerals is limit-
ed by intradiffusion restrictions, which is pos-
sibly associated with the emerging passivation
phenomena due to the formation of elemental
sulfur films on their surface.

This work was funded by the Russian
Science Foundation Project N2 22-79-10290..
The XRF, XRD analysis were funded by State
Assignment, grant number N2 075-03-2021-
051/5 (FEUZ-2021-0017)
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N3YYEHUE KUHETUKU PACTBOPEHNA TEHHAHTUTA,
XAJNTbKOMUPUTA U COAJIEPUTA B PACTBOPE A3OTHOM
KUCNOTbI

[Husep O.A.', Kapumos K.A.!, Kysac E.A.!, babunues A.A.%, Pozoxcnukos JI.A.!

THay4yHas nabopatopus NepcnekTUBHbIX TEXHOIOMMIN KOMMEKCHOWN nepepaboTkm MMHepabHOro
M TEXHOMeHHOI O CbIPpbs LIBETHbIX U YepHbix MeTannos, IHMT, Yp®Y, EkatepuHbypr, Poccusa

2 Kadenpa Mmetannyprum ueTHbix metannios, VIHMT, Yp®Y, EkaTtepunHbypr, Poccus

AHHOTauumsa. [lpuBegeHbl  pes3ynbTaThbl

A30THOKWMCJIOTHOIo

PacTBOPEHUS  MPUPOLHbIX

MUHEepPanoB TEHHAHTUTA, Xanbkonuputa n chaneputa c BBegeHnem B npotiecc noHos Fe (1) n FeS,.
C noMoLLblo MOMyYEHHbIX 3HAYEHUN 3HEPrvM aKkTUBALMW 019 TEHHAHTUTE, Xanbkonuputa n cda-
NIEPUTa, 3HAYEHUI SMMNUPUYECKNX MOPSOKOB peakLumi no peareHty okucnmtento — HNOs, a Takxe
KONMMYeCTBY NMMpUTa U KOHLeHTpauunn noHos Fe (lll), BbIABMHYTO NpeanonoxeHne o TOM, YTO Mpo-
LlecC pacTBOpPeHUA MefHbIX CynbOUAHbIX MUHEPanoB B WCCeAYyEeMbIX YCNOBUAX JIMMUTUPYETCS
BHYTpeHHel auddy3neln, BbiBeAEHbl MONY3MNUPUYECcKMe YpaBHEHUS OIS OMUCAHUS KUHETUKMK

BblleslavdynBaHMAa MMHEPAOB.

KnioueBble cnoBa: TEHHAHTUT, XalbKOMMpPUT, c¢anep|/|T, A30THada KMCNOTa, BbllenavdmBaHue,

KUHETUKa.

B HacTosilee BpeMa CTaHOBUTCA BCE
6onee akTyasbHbIM BOBJIeYEHME B nepepaboTKy
YMOPHbIX MEAHO-MbIWbAKOBUCTLIX CyTbPUAHBIX
KOHLIEHTPAaTOB BC/EACTBME UCTOLLEHWS 3amnacos
6oratoro  pPygHOro  Cbipbsi.  XapakTepHoOM
0COBEHHOCTbIO Nnoao6HbIX py4 asngeTca
CNTOXHOCTb MX MUHepasnoruyeckoro coctasa. Oc-
HOBHbBIMW MUHEepanamMm MeLHO-MblLbIKOBUCTbIX
KOHLLEHTpAaTOB aBstoTcs: xanbkonuput (CuFeS,),
koBenamH (CuS), xanbkosumH (Cu,S), 60pHUT
(CusFeS,), chaneput (ZnS), BCce vaule BCTpeya-
IOTCS MUHepasbl rpynnbl 61eKnbiX Pyd, - TeH-
HaHTUT (CujpAs4Siz), TeTpasoput (CupSbaSis) [1].
MpucyTcTBUE MbilbsKa B MELAHbIX KOHLEHTpaTax
NnpensaTcTBYeT MX nepepaboTke C MOMOLLbIO Tpa-
OMUUOHHBIX TEXHONMOIMUM, CHUXAEeTCs KayecTBO
rnosly4yaeMon ToBapHoOW nponykumm [2-3].

B nutepatype npmBogATCcs MccnenoBaHus
no nepepaboTke MOLOBHOrO C/IOXHOIO Chbipbs
C MNPUMEHEHMEM PAa3/IUYHbIX MOAXOMAOB, TaKMX
Kak OBXWr, KWUCIOTHOE BbllWenayMBaHue, am-
MUAYHOe BbllenavymMBaHue, LenoYHble MeToabl,
aBTOK/IABHOE OKWCNEHME U 6UOBbILLENaYMBA-
HKe, HO MO Pa3HbIM MPUYMHAM OAaHHbIE CMOCO6bI
OrpPaHNYEeHHO pPeanu3yrTCca B MPOMbILWLIEHHbIX
MacliTadax.

B cnoxuBLlielnics cuTyaumm akTyasabHa pas-
pabotka HoBoOro 3ddekTUBHOro crnocoba ne-
pepaboTkm MefHOro-MbIbAKOBUCTOrO Chipbs
CO 3HAYUTENbHbBIM cofepXaHueM 6neknbiX Pym,.
OOHUM M3 TakMx CrocoboB MOXET CTaTb a3oT-
HOKWCNOTHOE BbllLleaynBaHne, Mo3BosswoLLee
3a CYET BbICOKOW MHTEHCMBHOCTM MPOTEKAIOLLMX
3K30TEPMUYECKUX peakuuin OoCTUratb Hambo-
flee MOSHOro BCKPbITUA CynbdMO0B, MepeBo-
OWTb LleHHble MeTasfibl B pacTBOP A8 MX nocrne-
OYIOLLEro cenekTMBHOO U3BMeYeHUs, BblgeNsaTb
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MbIlWbAK B CTabWibHble M 3KOMOrnyeckn 6e3o-
nacHble NPOoayKTbI.

CornacHo pfaHHbIM MnpegbioyLmnx mccne-
[OBaHWUM, NMMPUT U MoHbI xene3a (lll) okasbiBatoT
MOSIOXUTENIbHOE BIIMSHUE Ha BCKPbITWE CYyJib-
duraHbIx MUHepanos [4]. Llenbto xe gaHHoro mc-
cnefoBaHNA ABNSETCS Yr/yOnéHHoe M3yyeHue
BAVNSAHUA nuputa u noHos xenesa (lll) Ha npo-
LLecC a30THOKMC/IOTHOrO BbilenadnBaHus npm-
POAHbIX MUHEPASIOB TEHHAHTUTA, Xasibkonnpura
n chanepuTa C yCTaHOB/IEHUEM HEKOTOPbIX KW-
HEeTUYEeCKMX 3aKOHOMEPHOCTelM mnpoLiecca pac-
TBOPEHMUS.

B kayecTBe OCHOBHOIO Cbipbsi UCMOMNb30Ba-
N CMeCb MPUPOAHbLIX CyNb®UAHbBIX MWUHEPasoB
TeHHaHTUTa, Xanbkonumputa, cdanepmta. CooT-
HOLUEHMe XaslbKOMMPUTa, TeHHaHTUTa U cbane-
puTta B cMecn coctaensano 1:0.36:0.17 no macce:
[AaHHOEe COOTHOLLEHME XapakTepHO AJs npo-
MbllweHHoro Cu-As KOHLLeHTpaTta Y4asMHCKOro
MecTopoxaeHus [4]. PeHTreHorpammbl MuHe-
pasioB npeacTaBfieHbl Ha pucyHke la-B. [Muput
Obin nonyyeH ¢ Bepe3oBCckOro MecTopoXAeHUs,
peHTreHorpamMma npeacTaBieHa Ha PUCYHKe
Tr. Bce wncnonb3yemble MuHepanbl M3Menb4ya-
N 1 NpocenBany Ha NabopaTopHbIX cuUTax, Mo-
cfle NpocenBaHUsA OTUpanM padouyo dpakLuo
kpynHocTbo 80 % knacca 20-40 MkMm.

JNlabopaTopHble 3KCMNEPUMEHTbI MO n3y4ye-
HUIO KMHETUYECKMX XapaKTepPUCTUK a30THOKMUC-
JIOTHOrO BbIWENayMBaHUA CMecu CynbPUaHbIX
MUHepasioB MPOBOLMUN Ha YCTAaHOBKE, COCTO-
awen 13 6opOCUNIMKATHOINO CTEKJISHHOIO pe-
aKkTopa C BHelHel pyb6awkon Lenz Minni-60
obbemom 0,5 gM3 ¢ oTBepcTMaAMU Ona nobas-
JNIEHNA HaBeCkM MUHepasioB, Mnojayun BO34Yy-
Xa, a TakXe [N KOHTpONs TemnepaTtypbl W
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Ta6bnuua 1 — Pesynbratbl pac4éToB SMNMPUYECKUX NOPSAAKOB No KoHueHTpauuu HNO3,
KoHueHTpauuu noHos Fe(lll) n konnuecTsy FeS, ansa TeHHaHTUTa, Xanbkonupura
n chanepurta

KoHueHTpauns HNOs

MuHepan CupAsySis CuFeS, ZnS
SMMNNPUYECKMM NOPAOOoK 1,2 1,4 1,6
KonueHTpauwns noros Fe(lll)
SAMNMpUYECcKnii NOPALOK 0,34 0,82 0,62
KonnuecTBo FeS,
DMMNPUYECKMM NOPAJOKr 0,47 0,69 0,59
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yOaneHNa HUTPO3HbIX FA30B Yepe3 CTEKAHHbIN
XONOAWMBbHUK ~ C  BOASIHBIM  OXJ1aXOeHUEM.
TepMocTaTMpoBaHMe peakTopa OCyLLeCTBAANN
3a CYéT TepmocTata-umpkynsatopa Huber CC-
205B. lNepeMewrBaHme oCyLEeCTBASANMN 3a CYET
BepxHenpueogHon Mewankn Cat R-100C co
ckopocTbio 350 06/MUH Ona obecrneyveHns of-
HOPOAHOCTW MNy/bMbl.

Mpy nNpoBefeHWU KUHETUYECKUX Uccne-
OOBaHWM OLEHWBANU BAWAHUE TeMnepaTypbl,
KOHLEHTPaLMM a30THOW KUCAOTbl, KOAM4ecTBa
nupuTa U KOHLeHTpaumu noHos xenesa (1) Ha
3bPeKTUBHOCTb BCKPbLITUS MUHepasnoB (puc. 2).
MoBbllWeHWEe NapaMeTpPOB B M3yyYaeMbiX UHTEpP-
Basiax MosIOXUTENbHO CKa3blBAeTCA Ha cTene-
HU PACTBOPEHUS TEHHAHTUTE, XanbKonmputa wm
chanepuTa, B YACTHOCTU, YBESTMYEHNE TEMMEpPA-
Typbl npouecca fo 95 °C nossonseT NoBbiICUTb
CTerneHb pacTBOpeHus xanbkonuputa ¢ 45 %
0o 75 %.

Ons onucaHus KUHETUKU UCCedyeMblX
reTeporeHHbIX peakLunii NCNoNb30oBan MoLesb
cxmmatolweroca agpa (MCA), npepnonarato-
LYK, YTO CKOPOCTb Mpouecca KOHTPOIMpyeT-
ca nnmbo anddysmen peareHTa K NOBEPXHOCTM
yepes AMPOY3NOHHBIN Crior (KUOKYIO MIEHKY),
nméo ounddysnen yepes cnow npoaykra, Améo
MOBEPXHOCTHOM XMMMyeckomn peakumen. Mo pe-
3yNbTaTaM pacyeToB YCTAHOBJIEHO, YTO YypaB-
HeHUe, onucbiBawlee ANPPY3UO Yepe3 crion
MPOAYKTa, MMeeT HamBbIClLee 3Ha4YeHMe R2 pa-
dnyeckmnM MeToaoM BbIIN onpeaeneHbl KaxXyLLm-
€CH SHEPIrUKM akTUBALMMK: OS18 TEHHAHTUTA — 28,8
kOx/Monb, xanbkonuputa — 33,7 kOx/Monb,
coaneputa — 53,7 kx/Monb (puc. 3).

[padmueckmm cnocoboM paccymTaHbl M-
nupuyeckme NMopsaaky Mo KOHUEHTpauum asoT-
HOM KMCNOTbI, KoHueHTpauum noHoB Fe (lll) n
Konu4yecTBy nuputa. B cootBeTtcTBUM C mpuBe-
OEHHbIMU OAHHBIMU BUAHO, YTO KOHLLEeHTpaLuus
a30THOM KMCNOTbl oka3blBaeT Hanbonblwnin 3¢-
deKT Ha cTeneHb BCKPbITUA CynbOUOHBIX MUHE-
panos (Tabnuua 1).

CornacHo nony4eHHbIM pesynstaTaM, 6bln
BblBEEHbI 0606LEHHbIE KUHETUYECKME YpaBHE-
HUA 014 a30THOKUC/IOTHOrO pacTtBOpPeHUA TeH-
HaHTUTA, XanbkonmpuTta n chbanepuTta:

,D,J'Iﬂ CU12AS4S‘|3Z
1=-3(1-X) 2/3 + 2(1-X) =
=38820CHn03"2Cre(i)®3*Cres2047e28858/RTt (1)

Ona CuFeS,:
1=3(1=X) 2/5 + 2(1=X) =
=74070CHN03"*2Cre(i 82Cres07@33708/RTL (2)

Ona ZnS:
1-3(1-X) 2/3 + 2(1-X) =
= 4.2CN03"52Cre()*63Cres 059 -53723/RTt  (3)

BbiBoabl:

YcTaHOBNEHO, 4YTO KOHUEHTpauusa asoT-
HOW KWC/10Tbl OKa3blBAIOT HAMBObLLEE MOOXM-
TeNbHOE BMSHWE HAa PACTBOPEHME TEHHAHTUTA,
xanbkonuputa u cdaneputa, KOHLLEHTpaLMA
noHos xenesa Fe (lll) n konnyecTBo NMpKUTa OKa-
3blBAlOT BAMSAHME B MeHblUel cTeneHn. Paccum-
TaHbl 3HAYEHUS KaXyLLEeNCs SHePrum akTueaLmm
no MCH, asMmnupuryeckne NOpsAKM Mo peareHTam
0719 TEHHAHTUTa, XasbKonupwuTa, cdanepuTa.
BbiBeneHbl nonyaMnmpuyeckme ypaBHeHUs ANns
OMNCaHNA KMHETWKM BbllLeNavymMBaHns TeHHaH-
TUTQ, Xanbkonuputa un cdaneputa B muccreny-
eMbIX yCnoBUsX. Ha ocHoBaHMM MpoOBeAEeHHbIX
pacyeToB BbIABWHYTO MPEAMOSIOKEHNE O TOM,
4YTO B M3y4aeMblxX YC/IOBUSX BeAeHUsA rnpoLecca
pacTBopeHune MefHbIX CynbPUaHbBIX MUHEPAaoB
NUMUTUPYETCA BHYTPUANDPY3MOHHBIMK Orpa-
HUYEHUSAMM, YTO BO3MOXHO CBSI3@HO C BO3HMKA-
IOLMMWN MACCUBALIMOHHBIMU SABIEHUAMUW BCIE[ -
CcTBMe 06pa30BaHUsS MIEHOK 3/1EMEHTHOM cepbl
Ha VX NMOBEPXHOCTM.

ViccnepoBaHue BbIMOMHEHO NMpy GUHAHCOBOM
nopnepxke npoekta Poccuickoro Hay4YHoro ¢oH-
na N2 22-79-10290. lMNpoeeneHuve peHTreHodaso-
BOrO U PEHTreHOdyopeCLLEHTHOrO aHa/IM30B Bbl-
rnonHeHo B pamkax loczaganma PO no MpaHty N
075-03-2021-051/5(FEUZ-2021-0017).
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THE USE OF COMBINED DETOX CIRCUITS FOR CIL TAILINGS

Sharypov R.S.! Astapchik S.V.!, Klimantsev V.S.!, Proskuryakova I.A.%,
Kovalev S.V.1, Kovalev E. V. !

" Polyus Krasnoyarsk Research Center (Polyus Krasnoyarsk JSC),
Krasnoyarsk, Russian Federation

The process of gold recovery from cyanide
solutions produces tailings that contain
residual cyanide ion concentrations in the liquid
phase. Prior to discharging such products into
the tailings storage facilities (TSF), they must
be detoxified to ensure the reuse of the entire
liquid phase in the plant reclaim water supply.

The following detox methods are practiced
commercially across Polyus’ assets:

Cyanide ion oxidation wusing SOj-air
technology in the presence of copper ions
(INCO process): CN- + SO, + O, + H,O » OCN- +
H,SOy;

Cyanide ion oxidation by calcium
hypochlorite run in sufficient alkali in tailings
slurry:

CN- + ClO- - CNO- + Cl;

Treatment with a formaldehyde solution
(formalin) producing cyanohydrin, which further
breaks down by hydrolysis into relatively safe
products: CN- + CH,O - HCOCN + H*.

All these detox methods are aimed at the
maximum possible removal of cyanide ions
from the liquid phase of the tailings. In addition,
alkaline chlorination destroys thiocyanate
(rhodanide) ions, the presence of which also
limits the reclaim of the liquid phase. However,
it should be kept in mind that decomposition
products of detox reagents, primarily chloride
ions, adversely impact the processes when
water from the TSF is reclaimed.

In response to this challenge, combined
two-stage detox processes were studied, in
particular:
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INCO process as the first detox stage
(oxidation of cyanides) followed by alkaline
chlorination and oxidation of thiocyanate ions
as the second stage.

Partial treatment by formalin at the first
stage and further oxidation of the residual
cyanide ion concentrations under natural
factors;

The study demonstrated that the use of
the INCO + chlorination scheme brings down the
per-unit consumption of reagents, reduces the
accumulation in the reclaim water of impurities
such as sulfate, chloride and copper ions, and
mitigates the risk of residual concentration of
the detox reagents in the liquid phase of the CIL
tailings, which also compromises the quality of
the reclaim water.

The second option for combining processes
could involve partially detoxifying the products
and then depositing them into a dedicated TSF
basin designed to prevent liquid phase drainage
and where natural factors (ultraviolet, dissolved
oxygen, etc.) decompose cyanide compounds.
In this case, the water that is reclaimed for the
mill will be additionally cleaned if necessary.

Currently, the combined methods are
implemented at Polyus assets such as Kuranakh
and Verninskoye. The combined circuits are
also being considered in the design of mineral
processing at the Sukhoi Log deposit.



NMPUMEHEHUE KOMBUHUPOBAHHDbIX CXEM OBE3BPEXBAHUA
XBOCTOB COPBLULMNOHHOIO BbIWENTAYUBAHUA

Hlapwvinos P.C.!, Acmanuux C.B.!, Knumanues B.C., IIpockypaxosea J.A.},

Kosanes C.B.1, Kosanes E.B.!

"WccnepoaTtenbckuin LeHTp AO «llontoc KpacHospck» (AO «lMontoc KpacHoapck»),
r. KpacHosapck, PO

B TexHoMormyeckom npolecce wn3lBreve-
HUA 30/10Ta C MPUMEHEHMEM LMAHUCTbIX pac-
TBOPOB 06Pa3ytoTCHA XBOCTOBbIE NPOAYKTbI, B KO-
TOPbIX COOEPXAaTCA OCTATOYHbIE KOHLEeHTpaLum
UMaHnO-MOHOB B Xuakow dasze. MNepen c6pocom
B XBOCTOXPaHUIMLWE Takme MpoayKTbl HEO6XO-
OVMO mofBepraTb O6e3BPeXUBaHUIO C LESblo
obecrneynTb BO3MOXHOCTb MOJSIHOrO BOBeYe-
HUA XUOKOM Pas3bl B 060pPOTHOE BOAOCHAa6Xe-
HU1e pabpuku.

Ha npeponpuatuax komnanum «[lontoc»
MPOMBbILLIEHHOE MPUMEHEHUE HalUW Ccrenyto-
e MetToabl 06e3BpexXmnBaHUS:

OkucneHne ymMaHUL-MoHOB NO TEXHOMOM UM
«S0O,-Bo3gyx (npouecc INCO) B npucyTcTBUmU
MOHOB Meau no crnepytowen peakumm: CN- +
SO; + Oy + H;O » OCN- + HySOy;

OkucneHve UMAHULA-WOHOB TUMNOXIOPU-
TOM KanblLMs, npoTekatLllee npm SOCTaTOYHOM
KONMMYeCTBE LWenoyn B xBocToBol nynbne: CN- +
ClO- » CNO- + Cl;

ObpaboTka pacTtBopoM dopmManbaermoa
(bopManmHoM) ¢ obpasoBaHMEM LMAHTUMOPUHA,
KOTOpbIA fanee B pe3ynbrate rmaponuMsa pas-
naraeTtcs ¢ obpasoBaHMEM OTHOCUTENIbHO 6e3-
onacHbix npoayktos: CN- + CH20O -» HCOCN +
H+.

Bce 3T MeTobl 06€3BpexmBaHna HaNpaB-
JIeHbl HA& MaKCMMaslbHO MOJSTHOE yAaneHve uua-
HUL-VNOHOB U3 XUOKOM da3sbl XBOCTOB, BMeCTe C
TEM LLENOYHOE XJIOPUPOBaHWE TakXe MO3BOJIS-
eT paspywnTb U TMoymaHaTt- (PoAaHWA-) UOHbI,
KOTOpble TakXe HaK/aLblBaloT OrpaHUYeHUs Ha
060pOTHOE MCNoNb3oBaHWe xuakon dasbl. MNpu
3TOM Heo6XOOAMMO Y4UUTbIBATb, UTO MPOLAYKTbI
pasnoxeHns 06e3BPEXMBAIOLLNX PEeareHToB,
M B NepBylo odepelb XJ0pUL-UOHbI, oKa3blBa-
IOT HeraTMBHOE BIIMAHWE Ha TexHosormyeckue
MpoLLecchbl MpU BOBJIEYEHUU OBOPOTHOM BOAbI
XBOCTOXPaHWINLL B 0O60POT.

B cBA3M ¢ HannumeM 3Tol Npobnembl Gbinn
nccnenoBaHbl KOMBUHMPOBAHHbIE [OBYCTaOUN-
Hble TEXHONTOrn4yeckme cxeMbl o6e3BpexmBaHms,
Takme Kak:

Mpouecc INCO Ha nepBoM cTtagum obe-
3BpeXuBaHua (OKMCNeHne LMaHnaoB) C nocne-
OYIOWNM LLEeTOYHbIM X/TOPUPOBAHNEM U OKUC-
NleHMeM TUOoLMaHAaT-MOHOB Ha BTOPOM CTaaunM.

YacTnuyHas obpabotka dopMasiMHOM Ha
nepBoM CTaguM W rnocnepyloliee OKUCTIEHWE
OCTATOYHbIX KOHLLeHTPAaLWIA LMaHUL-MOHOB Mog,
0ENCTBMEM eCTeCTBEHHbIX MPUPOLHbIX aKTo-
pos;

B pe3ynbrarte nccnenoBaHunii yCTaHOBEHO,
yTo nMpuMeHeHue cxembl INCO+xnopupoBaHue
Mo3BONAET CHU3UTb YAe/bHble PaCcXOAbl peareH-
TOB, COKPaTUTb HakomnieHne B 060OPOTHOW BOAE
TakMx npumecemn, Kak cynbdart- 1 xJI0pua-no-
Hbl, NOHbI MeK, a TakXe CHUXAaeT PUCK HaTNYUSA
OCTATOYHbIX KOHLLeHTPaLUN 06e3BpeXMBatOLLMX
peareHTOB B XWOKOM dasze XBOCTOB cCopbLUM,
KOTOpble TakKXe CHMXalT KayecTBo 0H60POTHOM
BOAbI.

BTopol BapvaHT KOMGUHUPOBAHUA CXeM
MOXeT O6blTb peasiM3oBaH MyTeEM YaCTUYHO-
ro ob6esBpexuBaHUa MPOAYKTOB C MocCienyto-
UMM UX HanpaB/ieHMEM B CreluasibHbl oTCcek
XBOCTOXPAHWUULLA, B KOTOPOM MPUHATbHI Mepbl
0719 UCKJTIOYEHNSA gpeHaxa Xugkon ¢asbl, v roe
rnon, AencTBMeM NpupoaHbiX GakTopoB (ynbTpa-
duroneT, pacTBOpPeHHbIM KUcnopon U T4.) npo-
UCXOAUT passioxeHne LMAHUCTbIX COemuHEHUN.
Mpwn 3TOM BoAa, Hampasnsemas B 060opoT dpa-
OPUKU, MPU HEOBXOAMMOCTU MPOXOAUT HEOBXO-
OMMYIO AOMNONTHNTENbHYK OYNCTKY.

Ha cerogHawHMin MOMEHT KOMBUHUPO-
BaHHble METOAbl peasiM3oBaHbl HA Takux npep-
npuatnax Komnannm kak AO «[Montoc AngaH» v
AO «lMontoc BepHuHckoe». Takxe KOMBUHUPO-
BaHHble CXeMbl PACCMaTPUBAIOTCA B MPOEKTU-
pyeMOM TEXHONOrMYECKOM CxeMe nepepaboTkim
MUHepasibHOro Cbipbsi MecTopoxaeHus «Cyxol
JTor».
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SEMI-INDUSTRIAL TESTING OF PRESSURE OXIDATION
TECHNOLOGY OF CARBONACEOUS GOLD-SULFIDE
CONCENTRATES USING NITRIC ACID AS A SECONDARY OXIDIZER

Gordeev D.V. !, Fomenko 1.V.!, Lyakh S.1.1, Polezhaev S.Yu.!

Nietz Technologies, Saint Petersburg, Russia

Modern processing technologies of
refractory gold make it possible to process
a material with minimal losses, however,
the involvement of feed materials with high
carbonaceous matter (CM) content is still
a big problem for the modern gold mining
industry due to the preg-robbing process. One
of the most popular methods for processing
sulfide gold-bearing concentrates is pressure
oxidation (POX). In POX gold metallurgy, there
are two types of preg-robbing: the first one
occurs during POX, the second - in the process
of cyanidation of the POX residue.

Nietz Technologies specialists have
developed a method to reduce the sorption
activity of CM, which consists in addition
nitric acid during POX to stimulate oxidation
and passivation of CM surface. The obtained
laboratory results have proved the efficiency
of nitric acid as an oxidizer/passivator of
the surface of CM. The mechanism of the
oxidation process in a continuous process can
differ significantly from periodic laboratory
experiments, which is why it was decided to
conduct semi-industrial tests on an autoclave
pilot plant (APP). APP makes it possible to
verify promising technological solutions by
switching from periodic-batch to continuous

mode of pressure oxidation in a 50-liter
4-section autoclave equipped with systems for
continuous supply of raw materials, reagents,
and discharge products.

Three different industrial samples of sulfide
flotation concentrates were used as feedstock,
their chemical composition is given in Table
1, indicators characterizing the technological
properties of raw materials - in Table 2.

Testing of the POX processing at the APP
included the following operations: grinding in
a ball mill, pressure oxidation in a continuous
mode, conditioning of the POX slurry in a
periodic mode, thickening and filtering of the
conditioned slurry, RIL cyanidation of POX
cakes.

At all stages of testing, distilled water with
a chloride content of less than 1 mg/l was used
to exclude its uncontrolled effect on process.
Before POX, the concentrates were subjected
to regrinding in a ball mill. Depending on the
initial fineness, the duration of grinding in a
periodic mode varied from 90 to 180 minutes.
The crushed slurry with a solids content of 50 +
5 % was transferred to the autoclave feed tanks,
where the L:S ratio was corrected.

Pressure oxidation was carried out in a
horizontal titanium autoclave with 5 stirrers

Table 1 — The composition of the tested samples of gold-bearing sulfide flotation

concentrates
Composition (%)
Namee
Au (g/t) Corg ) S(S04)  Ciotal As Fe Si Al
(@ 31,0 0,43 25,6 0,2 1,0 9,3 28,1 8,9 2,7
c2 31,1 0,48 27,8 0,7 0,6 79 28,2 10,1 3,0
Table 2 — Characteristics of concentrates
Parameter (% or mass fraction)
Name
FeAsS FeS2 C org/Au S/Au Ext(Au)
(@ 20,2 40,5 139 8181 35
c2 17,2 45,7 154 8726 26

Note: Ext(Au) - extraction of gold by direct RIL cyanidation of the concentrate, characterizes the

degree of refractoriness of the concentrate.
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Table 3 — Technological POX indicators of concentrates in experiments with the
addition of nitric acid

Procgss Technological indicators
Acid con- duration

EXP sumption o
ioh with . o =D = . 870 S 2L &S
T el o, aF 48 EZ 55 52 93 25 418 38

(min) (min) oLt L& P T2 O o o
C1-1 - 49 - 994 13 541 o7 977 43 42 93,0 934
C1-2 25 130 31 992 16 721 01 997 55 1,6 94,7 94,5
C1-3 100 130 31 98,8 30 725 01 998 58 12 96,4 974
C2-1 - 58 14 994 12 579 04 970 65 2,7 898 896
C2-2 100 57 8 97,9 16 706 01 998 68 1,9 951 959

Note: s is oxidation degree of sulfides; fc — Degree of removal of organic carbon; ORP - redox po-
tential of the solution; Fe(ll) and H2SOa4 - The concentration of iron(ll) and sulfuric acid in solution;
C(Au) — Gold content in cyanidation cakes; E(Au) — Gold recovery in samples before (1) and after

(2) conditioning.

(4 sections) at the following parameters:
temperature 225 °C and total pressure in the
autoclave 30.5 bar. With these parameters,
the overpressure of oxygen in the autoclave
was 6 bar. The distribution of oxygen over the
agitators was as follows: M1, 35-39%, M2 - 35—
39%; M3 - 15-25%; M4 - 4-5%; M5 - 0%.

The initial L:S ratio at loading into the
autoclave (the total ratio of the flows of
sharp water and water with the initial slurry
to the loaded solid), the supply of cooling
water by sections, the average residence time
of the slurry in the autoclave was calculated
before performing the experiment using a
mathematical model verified by the operation
of industrial autoclaves of the Pokrovsky POX
Hub (LLC Petropavlovsk). Modeling is carried
out based on the composition of concentrates,
productivity in terms of raw materials and
process parameters: temperature, pressure, and
oxygen consumption under the stirrers.

Sampling of the slurry from the unloading
of the autoclave was started after the APP
reached a stable stationary mode. During each
experiment, 4 samples of autoclave discharge
were taken (1 time in 30 minutes). In the liquid
phase of the slurry, the process indicators were
determined promptly - redox potential and
Fe(ll) concentration. Sectional sampling was
performed after the fourth unloading sample
was taken.

In experiments with the addition of nitric
acid, the acid solution was fed under 4 and 5

stirrers, depending on the oxidation mode, by
a special high-pressure piston pump. Acid was
introduced into the autoclave through a hole in
the covers of the stirrers into the liquid phase of
the slurry. The specific consumption in terms of
concentrated nitric acid was 25 L/t or 100 L/t.

Samples from the autoclave were divided
into two parts, the first was filtered, the second
was subjected to conditioning at a temperature
of 95 °C for 2 hours and filtration. All solutions
and cakes were submitted for chemical and as-
say analysis. The solid residues were cyanid-
ed (RIL) according to the standard method on
bottle agitators (pH 10.0-10.5, L:S = 4:1, C(CN) =
1-2 g/L, 5% vol. Purogold, 24 hours). Cakes after
cyanidation were handed over for assay analy-
sis to determine the residual gold content and
determine the proportion of cyanidated gold.

Technological POX indicators of concen-
trates in experiments with the addition of nitric
acid are shown in Table 3.

The final extraction of gold in autoclave
samples C1 and C2 before (1) and after (2) con-
ditioning is shown in Figure 1, which also pres-
ents data on the degree of removal of organic
carbon from the material (fc), calculated from
its content before and after POX. In Figure 1, M4
and M5 indicate the numbers of the agitators
into which nitric acid was supplied.

Presented data shows that addition of
nitric acid contributes to an increase in the
amount of cyanidable gold in the final prod-
ucts of oxidation and conditioning. Dosage in
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Figure 1 — Final gold recovery and degree of carbon removal from autoclave oxidation cakes of C1 and C2 con-

centrates with and without the addition of nitric acid

the amount of 25 L/t of acid led to an increase
in gold recovery by 1.5-2.0% to 94.5-95.0%,
100 L/t - by 3.0-4.0% to 9697 %. At the same
consumption of nitric acid of 100 |/t in experi-
ment C1-3, the gold recovery turned out to be
approximately 1% higher than in experiment
C2-2, which is obviously due to the longer con-
tact time of nitric acid with the oxidized mate-
rial (30 min instead of 8 min) and a greater de-
gree of removal of organic carbon (2 times).

It can be stated that the addition of nitric
acid in the amount of 25 L/t was insufficient to
obtain a high gold recovery (an increase of only
1.5-2.0% relative to the design value). Close to
optimal is the dosage of 100 L/t, which allows
to significantly reduce the loss of gold due to
autoclave preg-robbing and increase the re-
covery factor of the precious metal to 96-97%.
Thus, the results of laboratory studies for the C1
and C2 concentrates were confirmed.
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Pressure oxidation with the addition of
nitric acid at the final stage of the process is
an effective method for processing carbona-
ceous gold-bearing raw materials with vari-
ous compositions, which makes it possible to
achieve high technological performance. The
action of nitric acid is to create favorable condi-
tions in terms of carbon oxidation. First, due to
the formation of a harsh oxidizing environment
(high ORP), oxidation processes proceed faster,
including the oxidation/destruction of organ-
ic carbon. Secondly, nitric acid acts as a sub-
stance capable of affecting the active centers
of sorption on the surface of organic carbon.
Both mechanisms have a positive effect on the
extraction of gold from autoclave residues.

The optimal consumption of the reagent is
to be determined during additional studies. The
developed technology is unique and is protected
by Russian Federation patent RU2732819.



NnoJ1IYNPOMDIWEHHDIE NCMNbITAHUA TEXHOJTOI A
ABTOKJIABHOM NEPEPABOTKM YIIEPOAUCTbIX
30J1IOTOCYJIb®UAHbIX KOHLUEHTPATOB C UCMOJIb3OBAHUEM
A30THOM KMCNOTbl B KAYECTBE BTOPUYHOIO OKUCJIUTENA

Topoees /1.B.!, ®omenxo W.B.1, JIax C.JL., Ilonexaes C.10.!

Nietz Technologies, r. CaHkT-lNeTepbypr, Poccus

CoBpeMeHHble TexHONMornmM nepepadoTkm
YyMOpHOro 3os510Ta MNO3BOMAIOT NepepabartbiBaTb
Matepuan ¢ MUHUMasbHbIMY NOTEPSMU, OAHAKO
BOBJIEYEHME BbICOKOYI/IEPOAMCTBIX MaTepua-
NIOB A0 CUX Mop MpeacTaBnseT 60/bluyo Npo-
6nemMy O/ COBPEMEHHOW 30510ToA06bIBatOLWLEN
MPOMBILLIEHHOCTU U3-3a NPOTEKAHUS MpoLuecca
nper-po66uHra. OgHMM M3 Hambosiee BOCTpe-
60BaHHbIX CrocoboB nepepaboTky cynbdua-
HbIX 30JI0TOCOAEPXALLMX KOHLEHTPATOB ABMA-
eTCcs aBTOkJlaBHOe okucreHue. B aBTtoknasHoM
MeTannypruy 3of10Ta passmv4yaloT Asa  Buaa
nper-po66uHra: nepBbii NPOSIBISETCA BO BPeEMS
aBTOK/I@BHOIO OKUC/IEHUS, BTOPON — B MpoLec-
ce LMaHMpOoBaHMA aBTOKJIABHOIO OCTaTKa.

Cneuunanmnctamm Nietz Technologies 6bin
paspaboTaH Crnocob CHUXEHUS COPBLMOHHOM
aKTUBHOCTU yrnepoauncToro sewectea (YB), ko-
TOPbIM 3aK/to4aeTcs B CTUMY/IMPOBAHUU OKUC-
NIeHUs U naccmMBaLMM ero rnoBepxHOCTU B Xon4e
aBTOknaBHoro okucneHuns (AO) nop gencremem
a30THOM KkuMcnoTbl. [lonydeHHble natopartop-
Hble pe3ynbTaTbl [oKa3anu NepcrnekTMBHOCTb
MCMOJSIb30OBAHUSA a30THOW KUCMOTbl B KayecTse
okucauTens/mnaccmpatopa  rnosepxHoctn  YB.
MpoTekaHMe npoLecca OKUCTIEHUA B HEMpepbIiB-
HOM MpoLLecce MOXET CYLLeCTBEHHO OT/IMYATbCA
OT nepuoamnyecknx-nabopaTopHbIX  OrMbITOB,
BBUAOY Yero 6bi/10 pelleHo NMpoBecTU Moaynpo-
MbILWSIEHHbBIE WUCMBITAHUSA HA AaBTOK/IABHOM MW-
noTHou yctaHoeke (AMY). ATY nossonseT Bepu-

dULMpOBaTbL MepCrneKkTUBHbIE TEXHOMOrMYeckme
peLlleHnsa 3a cYeT nepexona oT Neproamyeckoro
K HEMNpPepbIBHOMY PEeXUMY aBTOK/IABHOIO OKMUC-
nexma B 50-nutpoBoM 4-CeKLUMOHHOM aBTO-
KflaBe, CHaBGXEHHOM CUCTEMAaMK HernpepbiBHOM
MOAAYM CbIPbS M peareHToB, & TakXe BbIrPy3KM
MPOoAOyKTOB peaKkLum.

B kauecTBe MCXOOHOrO Chipbs UCMOJMb30-
BaHbl MPOMbIL/IEeHHble 06pa3ubl CybPUAHBIX
PIOTALMOHHbBIX KOHLLEHTPATOB, UX XMMUYECKUMN
cocTaB npuvBenéH B Tabnuue Tabnuua 1, noka-
3atenu, xapakTepusylolime TexHoJIormdyeckue
CBOWCTBA Cbipbs — B Tabnuue Tabnuuya 2.

McnbiTaHns npouecca aBTOKIABHO-TU-
OpoMeTannypruyeckon nepepaboTkm KOHLEH-
TpaTtoB Ha AllY Bkntouyano B cebs npoBefeHue
cnepyoWmux ornepauuin: n3MesnbYeHre B LWapo-
BOM MefibHULE, aBTOK/IABHOE OKUC/IEHME B He-
NMpPepbIBHOM pexmme, KOHOULMOHUPOBAHME aB-
TOKJIABHOM My/ibMbl B MEPUOANYECKOM PEXUMME,
cryuweHve m ounbTpaymsa KOHAULMOHUPOBAH-
HOM MysbMbl, KOHTPOMIbHOE LMAHUPOBAHME aB-
TOK/TaBHbIX KEKOB.

Ha Bcex ctaamax ucnbiTaHUM UCNOb30Ba-
v OUCTUINIMPOBAHHYIO BOLY C COLEPXaHUEM
xnopua-moHa MeHee 1 Mr/n ansa UCKIOYEHUN
€ro HEKOHTPOIMPYEMOrO BAIMSHUS Ha MoKasaTe-
nv npouecca. Nepen aBTokNaBHBIM OKUCIEHUEM
KOHLLeHTpaTbl MoaBeprasiv OOU3MeNlbYeHUIo B
LapoBoW MefbHULe. B 3aBUCMMOCTN OT MUCXOL-
HOM KPYMHOCTW MPOLOSIXUTENBHOCT W3MESb-

Ta6nuua 1 — CoctaB uccneaoBaHHbIX NPo6 ¢NOTOKOHLEHTPATOB

CopepxaHue KOMNoHeHToB (%)

HavmeHoBaHune
Au (r/T) Copr S S(SO4)  Copu As Fe Si Al
C1 31,0 0,43 25,6 0,2 1,0 93 28,1 8,9 2,7
c2 311 0,48 27,8 0,7 0,6 79 28,2 10,1 3,0
Ta6nuua 2 — XapakrepmucTmka pJIOTOKOHLL,EHTPaTOB
Mokasatenb (% nnu macc. en,.)
HawnmeHoBaHwe
FeAsS FeS: Copr/Au S/Au Ext(Au)
C1 20,2 40,5 139 8181 35
c2 17,2 45,7 154 8726 26

MpwnMeyaHue: En(Au) — n3BriedyeHme 30/10Ta NPAMbIM COPOLMOHHBIM LIMAHUPOBaHMEM KOHLLEH-
TpaTa, XapakTepmnsyeT CTeneHb YNOPHOCTN KOHLeHTpaTa.
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Ta6nuua 3 — KoHeuyHble TexHOoJIorMyeckme nokKasaresiv B onbiTax ¢ J,06aBKOM a30THOM

KWUCNOTbI
qzzﬂ'sg;it_ TexHoONornyeckme nokasartenm

Pacxop, .
omra MOOH g2 82 as =3 :L 55 35 5g S
g Ii <% =% 5E g3 §S 73 o g% &%

-
C1-1 - 49 - 994 13 541 O,7 977 43 42 93,0 934
C1-2 25 130 31 992 16 721 01 997 55 1,6 94,7 94,5
C1-3 100 130 31 988 30 725 O1 998 58 12 96,4 974
C2-1 - 58 14 994 12 579 04 970 65 2,7 898 896
C2-2 100 57 8 979 16 706 O1 998 68 1,9 951 959
MpumeyvaHue: fs — CreneHb okumcneHus cynbduaos; fc — CreneHb yAaneHWs opraHU4yeckoro

yrnepopga; OBM — OkuncnutenbHo-BOCCTAHOBUTENbHbBIM noTeHuuman pacteopa; Fe(ll) n H2S0s —
KoHueHTpaums xenesa(ll) n cepHon kucnotsl B pacteope; C(Au) — CopepxaHue 3o050Ta B Kekax
umnaHupoBaHus; E(Au) — M3BneyeHune 3onota B npobax Ao (p) v nocne (PK) KOHAULMUOHUPOBAHMUS.

YeHUNA B NeproamUyeckoM pexrMe BapbupoBanu
ot 90 po 180 MuHYT. M3MenbYéHHyto nynbny ¢
conepxaHueM TBEpAoro Ha yposHe 505 % ne-
peHoCcunn B 6akm NMTaHUA aBTOKIABa, rae Kop-
pekTnpoBann oTHoweHme X:T.

ABTOK/I@aBHOE OKMC/IeHMe TMPOBOAWIN B
rOpPM3OHTaNIbHOM TUTAHOBOM aBToK/1aBe ¢ 5 Me-
wankamum (4 cekumun) nNpu napameTpax: Temne-
patype 225 °C n obwem gaBneHun B aBToksiaBe
30,5 6ap(a). Mpwn Takmnx napameTpax n3bbITOYHOE
[aBieHVe KMCopoaa B aBTOK/IaBe COCTaBAAN0
6 6ap. PacnpepneneHune kncnopoga rno cekumam
6blno cnegytowmm: M1 — 35-39 %; M2 — 35-39 %,
M3 —15-25%; M4 — 4-5 %; M5 - O %.

McxopHoe X:T Ha 3arpyske B aBTOK/aB
(cyMMapHoe OTHOLLEeHME MOTOKOB OCTPOM BOAbI
M BOAObl C MCXOOHOW My/fibMoM K 3arpyxaemMoMmy
TBEPAOMY), nogady oxnaxgpatouwen BoAbl Mo
cekuMsiM, cpefHee BpeMst nMpebbliBaHUsS Mysbrbl
B aBTOKJ1aBe pPacCUYUTbIBANIW Nnepen, BbiNMOSTHEHN -
€M 3KCMepurMeHTa C MOMOLLLbIO MaTeMaTMYeckom
MoLenn BepudULMpPOBaAHHOM paboTon Mnpo-
MbILLMEHHbIX aBTOK/1aBoB [loKpoBCKOro aBToO-
KJI@aBHO-TMAPOMETaNTyPrmyeckoro  KoMmriekca
(MATK, TK Tetponaenosck). MopennpoBaHue
NMPOBOAWMTCS Ha OCHOBAHWUK COCTaBa KOHLLEH-
TpaToB, NPOU3BOAUTENIBHOCTU MO CbIpblo U Na-
paMeTpoB MpoLiecca: TeMnepaTtypbl, 4aBNEeHUS U
pacxoa KMcaopoaa rnon MeLlasku.

OT160p NMpo6 My bMhbl C BbIFPY3KM aBTOKIa-
Ba Ha4YMHasIM Nocse BbiIxo4a annapara Ha yCTom-
UMBbIN CTaLMOHAaPHbIN pexnm. B xope kaxporo
3KCMepUMEHTa oTbupanm no 4 Npobbl pasrpysku
aBToknaea (1 pa3 B 30 MuHyT). B Xxnaokon dase
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nynbrbl MPOW3BOAUIN OMepaTUBHOE ornpeae-
neHve mHaukatopoB npouecca — OBIT u koH-
ueHTpaumm Fe(ll). MocekUMOHHBIM NpobooT6op
BbINOSIHUIM MOC/e oT6opa 4YeTBepTor MNpobbl
pasrpysku.

B onbitax ¢ po6aBkoM a30THOM KWCNO-
Tbl, PACTBOP KMCMOTbI MogaBanu rnog 4 n 5 me-
Wwankm B 3aBUCUMOCTM OT pexuMa OKUCIeHUA
creuvanbHbiM MOPLIHEBbIM HACOCOM BbICOKOIO
naeneHus. Beon KMcnoTbl B aBTOK/IAB OCYLLECT-
BMSSICA Yepe3 OTBEepCTME B KpbllKax nepeme-
WMBAKOLWNX YCTPOMCTB B XMOKYIO dasy nynbmnbl.
YoenbHbIM pacxon B nepecyéte Ha KOHLEeHTpU-
POBAHHYIO A30THYIO KUCOTY cocTaensan 25 n/T
mnn 100 n/T.

Mpobbl C BbIrPY3KM aBTOKNABA UM HA
OBe 4acTu, nepByto — GUIBTPOBAIU, BTOPYHO —
noaBepranv KOHOULMOHUPOBAHUIO MPU TeMne-
paType 95 °C B TeyeHMe 2 4acoB 1 pUbTpaLMN.
Bce pacTtBOpbl 1 Keku caaBasii Ha XUMUYECKNI
M NPOBUPHBIN aHanu3bl. TBEpAble OCTaTKU M-
aHVpoOBaNU Mo CTAHOAPTHOM MeToAuKe Ha by-
TbiouHbIX armtatopax (pH 10,0-10,5, X:T = 41,
C(CN) =1-2r/n, 5 % 06. Purogold, 24 vaca). Keku
nocse UMaHMpOBaHUA cOoaBasiv Ha NPOBUPHbLIN
aHanmM3 Oas onpeneneHnss oCTaTOYHOro comep-
XaHWs 30510Ta U onpefeneHns 4onn LuaHupye-
MOro 30/10Ta.

TexHoMornyeckme nokasaTtenm aBTOK/aB-
HOIrO OKMC/TIEHUSA KOHLLEHTPATOB B OMblTax ¢ 4O-
6aBKOM a30THOWM KMCAOTblI NpUBeLEHbI B TabNM-
ue Tabnuua 3.

KoHeyHOe un3BnedyeHue 3050Ta B aBTO-
knaeHbix npobax Cl1 u C2 po (P) n nocne (PK)
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koHueHTpaToB C1n C2 ¢ no6aBKOM a30THOW KNCOTbI 1 6e3 Heé

KOHOVLMOHUPOBAHUS MNPUBELEHO HA PUCYH-
ke PucyHok 1 — KoHeuHOe mn3BneyeHue 3onota
M CTerneHb yaaseHus yrnepona 13 KeKoB aBTo-
KNaBHOIroO oOKMCreHuUsa KoHueHTpatos Cl n C2
c pobaBKoW a30THOM KUCNOTbl U 6e3 Heé&, raoe
Takxe npenctaBieHbl OaHHbIe MO CTeneHu yaa-
fIeHMsa opraHM4Yyeckoro yriepoga m3 maTtepuana
(Bc), paccumMTaHHOM MO ero copepXaHuo A0 W
rnocsie aBTOKABHOrO oKucneHusa. Ha pucyH-
ke PucyHok 1 — KoHeuHOe mn3BneyeHue 3onota
M CTerneHb yOasieHus yrnepona M3 KeKoB aBTo-
KNaBHOro okucreHusa koHueHTpatoe Cl n C2 ¢
n0o06aBKOM a30THOM KUCIOTbI U 6e3 Heé M4 n M5
0603HavalT HOMepa Kpblllek MeLlasnok, B KOTO-
pble NogaBann a3oTHYH KUCIOTY.

M3 nprBeaéHHbIX OaHHbIX BUOHO, YTO O0-
6aBka asoTHOM KWCMOTbl cnocobcTBoBasia Mo-
BbILLUEHWIO KOSIMYECTBA LIMAHMPYEMOro 30/10Ta B
KOHEeYHbIX MPoAyKTax aBTOK/ABHOIMO OKUCIEHNS
M KOHOMUMOHMpPOBaHMA. [Jo3npoBka B Koaunye-
ctBe 25 /T KMCNOTbl NpUBOAMAA K MOBbILIEHUIO
mn3BnedyeHua 3onota Ha 1,5-2,0 % no 94,5-95,0
%, 100 n/T — Ha 3,0-4,0 % no 96-97 %. BugHo,
4YTO MPU OAMHAKOBOM Pacxone a3oTHOM KNCOTbI
100 n/7 B onbite C1-3 M3BNeYeHUe 3010Ta OKasa-
nocb npumepHo Ha 1 % Bbiwe, yeM B onbiTe C2-2,
UTO, OYEBUAHO, CBA3AHO C 6OMbLINMM BpeMeHeM
KOHTaKTa a30THOWM KUCMOTbl C OKUC/IEHHbIM Ma-
Tepuanom (30 MuMH BMecTo 8 MWH) U 6Onbluei
CTeneHblo yOasieHUs opraHuyeckoro yrriepona
(B 2 paza).

MOXHO KOHCTaTMpoBaTb, 4YTO AobaBka
A30THOW KMCNOThl B KonudecTtee 25 n/T okasa-
nacb HeJOCTATOYHOM ANA NOJYYEeHUA BbICOKOro

n3BnevyeHus 3onota (npupoct Bcero 1,5-2,0 %
OTHOCUTENIbHO MPOEKTHOro 3HadeHus). banskon
K onTuMasnbHon asnseTca gosupoeka 100 n/T,
MO3BONAOLWEN 3HAYUNTENBHO CHU3UTb MNOTEPU
30M10Ta 3a CYET aBTOKJIABHOro nper-poboumHra
M NOBbICUTb KO3GPULMEHT M3BNEYeHUsa gparme-
Tanna po 96-97 %. Takum o6pasom, pesynbtathl
nabopaTopHbIX UCCIeNOBaHMM 019 KOHLEHTpa-
ToB C1 1 C2 nogTBepamimch.

ABTOKJIABHOE OKUCNeHMe ¢ pob6aBkoi
Q30THOM KMCNOTbl HA 3aKJIIOUYUTENIbHOU CTaaum
npouecca sABnsaeTcaA 3¢pPeKTUBHbIM Crnoco6oM
nepepaboTKu YriaucToro 30/10TOCOoAepIKallLero
Cbipbsi Pa3/IMYHOrO COCTaBa, MNO3BOJIAIOWUM
[ocTUratb BbICOKMUX TEXHONOrM4Yeckmx
nokasarenen. [lencTBrMe asoTHOM KWUCNOTbl 3a-
KJItoUaeTCsa B CO34aHMU 61aronpUsaTHbIX YCNOBUM
C TOYKWM 3peHus okucreHua yrnepopa. Bo-nep-
BblX, 61arogaps popMUPOBaHMIO XKECTKOM OKMUC-
nnTenbHou cpeppl (Bbicokun OBI1) npoueccol
OKUC/IeHUS MNpoTeKatoT 6bicTpee, B TOM 4uche
OKUCNIeHMe/NeCTPYKLMSA OpPraHnM4eckoro yrne-
pona. Bo-BTopbix, a3zoTHas KucrnoTa BbiCTynaeT
KaK BellecTBO, CMOCOOHOe BO34eNCTBOBaTb Ha
aKTUBHbIE LLeHTPbl COPHLIMM HA MOBEPXHOCTU Op-
raHuyeckoro yrnepoga. O6a MexaHM3Ma OKasbl-
BalOT MONOXMUTENbHOE BIIUSHWE HAa U3BeYeHne
30/10Ta 13 aBTOKJ1aBHbIX OCTATKOB.

OnTuUMarnbHbIM pPacxofd peareHTa nopne-
XUT OnpenenieHnto B XO4e LOMOSHUTENbHbIX
nccnepoBaHun.  PaspaboTaHHas TexHonorus
ABMISETCSA YHUKANbHOM U 3aljullieHa NaTteHToM
P® RU2732819.
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PROSPECTS FOR IMPROVING TITANIUM PRODUCTION METHODS
Chemezov O.V., Babintsev A.A., Trushkova A.A.

Institute of new materials and technologies of Ural Federal University named after the first Pres-
ident of Russia B.N.Yeltsin, Yekaterinburg, Russian Federation

Titanium is a unique constructural mate-
rial, due to its low specific gravity, mechanical
and heat resistance, as well as corrosion resis-
tance in aggressive environments. The content
of titanium in the earth’s crust is about 0.6%.
Therefore, the reserves of its ores are quite
large and not scarce. The cost of obtaining Ti
metal from ore by the energy-intensive Kroll
method (currently adopted in the Russian Fed-
eration) is high, which does not allow this met-
al to be widely introduced into various indus-
tries, except for the military and aerospace. The
main steps of this method [1, 2]: 1) chlorination
of rutile or titanium slag with Cl,-based anode
gas obtained in the production of Mg. The initial
titanium oxide is chlorinated in the presence of
carbon to obtain titanium tetrachloride (TiCly)
and a number of other impurity chlorides. The
processes of separation of chlorides of various
metals by rectification methods make it possible
to obtain very pure TiCly; 2) reducing titanium
TiCly with metal Mg to obtain a titanium sponge;
3) vacuum distillation, in which the titanium
sponge is separated from residual magnesium
and MgCl,; 4) an electrolysis process in
which magnesium chloride (MgCl,) isolated
in the reduction and distillation processes is
regenerated into chlorine gas and Mg metal; 5)
grinding and classification of titanium sponge,
which is sent to vacuum remelting to obtain
ingots of pure titanium or its alloys.

The main advantage of the process of
magnesium-thermal production of titanium is
theintegrity and completeness of the production
cycle. The closed production cycle allows to
regenerate the used reagents magnesium and
chlorine according to a parallel technological
scheme, thereby reducing economic costs.
Also a very important aspect is the possibility
of producing high purity sponge titanium, a
titanium content of 99.998% and a low oxygen
concentration of about 500 ppm [3].

However, despite a number of advantages,
the technology of magnesium thermal production
of titanium has significant disadvantages. The
most significant of which are: 1) frequency and
low productivity of titanium reduction and
separation operations; 2) the use of chlorine and
high process temperature - reduces the energy
capacity and environmental friendliness of the
technology, requires special working conditions
and environmental protection; 3) the process
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of magnesium-thermal requires the creation of
parallel production of Mg, which entails additional
capital costs; 4) the final product of production
- the titanium sponge has an inhomogeneous
chemical composition, requires additional
sorting, crushing and pressing operations, always
contains iron impurities; 5) complexity and high
energy capacity of process equipment.

Let’'s dwell in more detail on the stages of
the process. Why it became necessary to convert
titanium oxide (the main component of Ti ores)
to TiCly. The fact is that it is extremely difficult
to separate metal oxides of impurities from TiO».
Existing technologies require enormous energy
costs, therefore, they are not economically
profitable. At the same time, the technology of
separating metal chlorides by rectification has
been used on an industrial scale and makes it
possible to obtain very pure TiCly. In addition, the
permissible oxygen content in titanium metal is
extremely small and strictly regulated.

There are proposals for a fluoride method
of processing rutile with elemental fluorine
[4, 5] to obtain a mixture of metal fluorides
of impurities and TiF4. Then it is proposed to
conduct electrolysis of TiF4 in low-melting
fluoride electrolyte LiF-KF-NaF with Tyer =
472°C. Such a technology is used to process
uranium compounds. Most likely, this process will
not find industrial application primarily due to the
lack of cheap constructural materials capable of
withstanding the atmosphere of fluorine and the
influence of the melt of fluoride salts.

The most controversial in the Kroll process
is the magnesium-thermal redistribution. Many
researchers have made attempts to reduce
energy and economic costs and increase the
productivity of magnesium thermal recovery
operations [6]. A prerequisite for titanium
reduction is high purity and high consumption
of magnesium metal, about 1.7 tons of Mg per 1
ton of titanium

Other possible and available metals
reducing agents are Na and Ca, but the cost
of their production is greater than that of
magnesium. Note that sodium metallothermy
is characterized by the production of titanium
powders in the form of a finer fraction. This
property is useful for powder metallurgy. In
general, it is extremely difficult to control the
fractional composition of titanium powders
by metallothermy. In this case, there is no



competition for an electrochemical method
that allows smoothly changing the structure of
the cathode deposit of metal from powders up
to coherent coatings - with a smooth change in
current density.

There are patents for the aluminothermic
preparation of Ti from its tetrachloride.
Dispersed Al (10-6 -107 m) in opposite flows of
inert gas and TiCl, interacts in the temperature
range of 500-800°C [7]. Complex equipment is
needed in this case and titanium contamination
with aluminum is inevitable. The method is
suitable for the production of Al-Ti ligatures
and alloys, but not pure titanium.

The main difficulties in producing titanium
are that the content of a number of impurity
elements in the raw material is unacceptable,
especially foriron and oxygen. Electric current s,
in fact, the cleanest reducing agent. Therefore,
attempts are repeatedly made to obtain
metallic titanium by electrolysis. In aqueous
electrolytes, titanium cannot be obtained due
to a narrow electrochemical potential window.
Although, it is tempting, working at relatively
low temperatures, and therefore with low energy
costs, to obtain a refractory metal in its pure
form. In addition, in this case, it is possible to
receive smoothly adjusting the morphology of
sediments from powders of different fractions
to coherent sediments.

In the last two decades, studies in the
field of molten ionic liquids, where there is
a large organic cation, have expanded in
explosive nature. lonic liquids exhibit a wide
operating temperature range (typically — 40°
C to +200°C), good thermal stability, high
jonic conductivity, and a large electrochemical
window [8]. Work is known in ionic liquids
such as AlClz-[EMI,ICL and AlClz-[BMIy]
Cl, where it was possible to obtain aluminum
precipitates in the form of powders at room
temperature [9]. It is of interest to replace
AlCls with TiCly in similar systems and try to
recover titanium metal at room temperatures.

The formation of fine powders of Ti-
Al alloys from such systems has already
been experimentally confirmed in the
temperature range from 70 to 100°C [10].
Electrochemical reduction of TiCly in 1-butyl-
2,3-dimethyl imidazolium azide at T = 65°C
[11] has been studied. In general, due to the
lack of development of the topic of titanium-
containing ion liquids for electrolysis TiCl, the
production of titanium on an industrial scale
from such media seems to be a distant prospect,
but scientific developments in this direction are
certainly necessary.

In  connection with the possibility of
implementing a low-temperature process for

producing titanium, the patent of A.l. Begunov
et al. [12] is of interest. Writers propose to obtain
titanium powder from TiCly in a continuous
mode. The process is carried out with the help of
dispersed Al, in the temperature range from -23
to + 137°C. The reduction products of Ti and AlClz
powders suspended in the TiCly as a “Newtonian
liquid” are withdrawn from the reactor and fed to
the filter. The liquid TiCl, is returned to the reactor.
AlCls are sublimated and condensed into solid
product. Filters with titanium powder are sent for
processing. Unfortunately, there is no information
about the purity of the resulting titanium.

Let's return to the electrolysis process
- consider as electrolytes molten salts, and
more specifically - the most accessible halides
of alkali (Li, K, Na) and alkaline-earth (Ca, Mg)
metals, or rather their low-melting mixtures
- to reduce the energy consumption of the
process. Particular attention should be paid to
the hygroscopicity of salts (especially for LiCl,
CaCly, KF), because the slightest traces of oxide
and hydroxide ions make it difficult to obtain
high-quality titanium. For the same reason, it
is necessary to provide an atmosphere of dry
purified argon in the cell. The bath can be fed
with pure TiOy, TiCly, TiF4.

In the bath of alkali metal chlorides, TiO,
dissolves poorly, in fluoride - better. On the other
hand, the fluoride bath is extremely difficult to
clean from traces of moisture and oxygen, and
this is detrimental to high-quality electrolytic
titanium. In addition, problems of corrosion
resistance of electrolysis cell constructural
materials increase with the use of a fluoride
bath. There is a way out of the situation.

This is a compromise - using a chloride-
fluoride bath where there is intermediate
solubility of titanium oxide and the
aggressiveness of the melt to the constructural
materials of the bath is reduced. To get rid
of traces of oxygen in the cathode space,
an electrolytic cell with two chambers and a
bipolar liquid metal electrode can be used. The
anode compartment, which receives titanium
oxide or titanium waste contaminated with
TiO,, may even be under an air atmosphere. It
contains a chloride-fluoride melt with dissolved
titanium oxide. A graphite anode, a mixture of
CO and CO; gases is released on it in this case,
It is better to use a non-consumable anode from
a mixture of electrically conductive oxides or
cermets, on which oxygen will be released [13].
The heat exchange of the walls is organized so
that a side dish of frozen salt is formed on them.
At the bottom of the bath is a liquid metal elec-
trode, for example of Bi-Ti alloy. This electrode
is bipolar. In the anode compartment, it oper-
ates as a cathode and is enriched in titanium. In
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the cathode compartment, it works like an an-
ode and is depleted in titanium.

Communication between the cathode and
anode compartments is carried out using a lig-
uid metal electrode through an opening in a
partition located at the bottom of the cell and
which is completely filled with a liquid alloy.
The problem of uniform distribution of titanium
over the volume of the bipolar electrode alloy
can be achieved by selecting a pulse current of
a certain duty cycle.

The cathode compartment is located
under Ar atmosphere and contains chloride
melt. The chloride melt is necessary to facilitate
subsequent washing of the cathode precipitate
Ti from electrolyte residues. This design of the
cell will prevent the oxide and hydroxide ions
penetrating into the cathode space of the cell.
As a result, it is possible to feed titanium waste
contaminated with TiO, to the bath.

The Cambridge process attracts close
attention of the researchers [14]. A cathode
material made of a pressed metal oxide powder
(e.g., TiOy) is reduced by a solution released by
electrolysis or alkaline (fe. Li), or an alkaline-
earth metal (f.e. Ca). Most likely, the productivity

of such a process, even when choosing optimal
process conditions, will be small, since the rates
of diffusion processes of alkali metal in a solid
body (TiO? particle) are significantly inferior in
speed to diffusion processes in salt melts [15].
As a result, high process temperatures are
needed, and this increases the requirements for
constructural materials of plants.
Conclusions

In general, it can be concluded that the main
efforts to organize the production of titanium
in the future will be associated with a decrease
in process temperature, the search and selec-
tion of corrosion-resistant constructural ma-
terials and the selection of technical solutions
that allow organizing a continuous process. This
process is more likely to be electrolytic rather
than metallothermic, although a successful
combination is possible. The main advantage
of electrolysis is the ability to smoothly control
the structure of cathode deposits. Note the fun-
damental possibility of galvanoplasty of titani-
um coatings, when instead of a massive Ti part,
a thin solid layer of titanium is applied to the
surface of a cheaper metal.
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NEPCNEKTUBbI COBEPLLEHCTBOBAHUA METOLOB
NOJNTYYEHNA TUTAHA

Yemesoe O.B., babunues A.A., Tpywxosa A.A.

MHCTUTYT HOBbIX MaTtepuanos u TexHonorum , ®rAQY BO «Ypanbckuin denepasnbHbll yHUBEPCUTET
nMeHu nepsoro lMNpesngenTta Poccun B. H. Enbumnnax», EkatepunH6bypr, Poccuiickaa Qepepaumsa

TuTaH — YHWKaNbHbI KOHCTPYKLMOHHbIN
MaTepwasn, 6narogaps CBoeMy MasioMy yaesb-
HOMYy BeCYy, MeXaHW4yeckoW U Xapornpo4yHOCTH,
a TakXe KOPPO3MOHHOW CTOMKOCTM B arpec-
cmBHbIX cpepax. CoaepxaHue TMTaHa B 3eMHOM
kope okono 0,6 %, To ecTb 3anachl ero pyn 4o-
CTaTOYHO BENKU U He OePULMUTHBDI.

CebecTOMMOCTb  MONYyYEHUS s  MeTaun-
yeckoro Ti M3 pyObl 3HEProémMKMM MeTOAOoM
Kponna (npuHATOM B HacTosulee Bpemsa B PD)
BeSIMKa, YTO He MO3BOJISET LWWMPOKO BHELPUTb
3TOT MeTasll B pasfinyHble OTpaciy MPOMbILL-
NIEHHOCTU, KPOME BOEHHbIX U a3POKOCMUYECKUX.
OcHoBHble 3Tanbl 3Toro Metoga [1, 2]: 1) xnopwm-
poBaHWe pyTuna Unm TUTaHOBOIO LWiaka - aHo-
OHbIM rasoM Ha ocHoee Cl,, monydaemMom npwu
npoussoacTee Mg. McxogHbii okcup TuTaHa
XJTOPUPYIOT B MPUCYTCTBUK yriiepoda C nosyye-
HneMm TeTpaxnopuga tutaHa (TiCly) v pagoa opy-
rMx xJo0puaoB npuMecen. lNpoueccbl pasgene-
HUA XTOPWAOB Pa3/IMYHbIX METaINIOB METOA4aAMM
pekTuPUKaLmm Mo3BONAT MosydaTb O4YeHb
unctbln TiCly; 2) BoccTaHoBneHue TiCly TuTaHa
MeTannuyeckum Mg C nonyyYyeHUEM TUTAHOBOM
ryéky; 3) BakyymMHas AWCTUNNSALMUSA, NPU KOTO-
pOW TUTAHOBYIO ry6KYy OTAENAOT OT OCTATOYHO-
ro marHua n MgCly; 4) npouecc anekTponunsa, B
koTopoM xnopup MarHmna (MgCly), BblgeneHHbIN
B MpoL,eccax BOCCTAHOBNEHUSA U OUCTUNNALMK,
pereHepupylTCa B ra3oobpasHblil X/1op U Me-
Tannnyeckmn Mg; 5) nsmenbuyeHve n knaccudu-
Kauus TMTAHOBOW ry6Ku, KOTopas oTnpaB/iseTcs
Ha BakyyMHbIN nepennas A NONyYeHUs CuT-
KOB YMCTOro TUTaHa UK ero CrnsaBoB.

[maBHbIM npevMyLLEeCTBOM npouecca
MarHMeTepMMYeCcKoro MpOM3BOACTBA TUTaHa
ABNSAETCA LEIbHOCTb M 3aKOHYEHHOCTb MpO-
M3BOACTBEHHOIrO  LUMKAA. 3aMKHYTbIM  LWKN
MPoOM3BOACTBA MO3BOJIAET pPereHepmpoBaTb
MCMOb3yeMble peareHTbl MarHui 1 xsiop no na-
pannenbHOM TEXHONOrMYECKON CxeMe, TeM ca-
MbIM COKpaLlllas 3KOHOMUYeCKMe 3aTpaThl. Takxe
BeCbMa BaXHbIM acrnekTOM SABMSETCS BO3MOX-
HOCTb MOJTYYEHWS BbICOKOYUCTOrO ryb4aToro Tum-
TaHa, cogepxaHneM TutaHa 99,998 % u Huskomn
KOHLEHTpaLMEN KMCIopoaa, COCTaBASOLLEN
okono 500 ppm [3].

OpHako, He CMOTPSA Ha PAA NPEenMYLLECTB,
TEXHOMOrMa MarHMeTepPMMYEeCcKoro mnpPOW3BOA-
CcTBa TMTaHa UMeeT CYLLEeCTBEHHbIE HeOOoCTaTKM.

Hanbonee 3HauynMblie 13 koTOpbIX: 1) Neproany-
HOCTb U HU3Kas MPOW3BOAUTENBHOCTbL ornepa-
UM BOCCTAHOBMEHUA W OTAENEeHUsa TUTaHa; 2)
MCMoNb30BaHMe XJIopa 1 BbICOKOM TeMnepaTypbl
rnpouecca - CHMXaeT 3HEPro€MKoCTb W 3KOJO-
FMYHOCTb TEXHOIOr UK, TpebyeT 0CobbIX YCOBUM
paboTbl U OXpaHbl OKpyXatollen cpenpl; 3) Mar-
HUeTepMmnsa TpebyeT cospaHUs napasnnenbHoro
npousBoacTea Mg, UTo BreyeT 4OMNONHUTENbHbIE
KanuTanbHble 3aTpaTtbl; 4) KOHeYHbIM MpPoayKT
NPOU3BOACTBA — TUTAHOBAs rybka MMeeT HeoL, -
HOPOAHbBIN XMMUYECKUIM CcoCTaB, TpebyeT Aonos-
HWTENbHbIE OonepaLuun COPTUPOBKMK, APOBNEHUSA
M NpeccoBaHus, BCcerga CoaepXuT npuMecu xe-
nesa; 5) CNOXHOCTb U BbICOKas 3HEProémMKOoCTb
TEXHONOrNYeCcKoro obopyAoBaHMS.

OcTtaHoBMMCA 6onee NogpobHO Ha cTa-
omax npouecca. [loyeMy BO3HMKNIA HeO6XO-
OMMOCTb NepeBofa OKCMAa TUTaHa (OCHOBHOMN
koMnoHeHT Ti pyn) B TiCly. leno B TOM, 4TO oTAE-
NNTb OKCUAbl MeTannoB npumecen ot TiO,, ypes-
BblyalHO TpyaHo. CyliecTBylowme TEXHONOrUM
TpebyeT KONOCCallbHbIX 3HeprosaTpar, Mo3To-
My, SKOHOMUYECKU He BbirogHbl. B TOXe Bpems
TEXHONOIUA pasfeneHnsa XJI0pPULOB MeTasioB
nyTeM pekTudukaumm oTpadoTaHa B MPOMbILL-
NeHHOM MacLuTabe 1 NO3BOJIAET MOoMyYaTbh OYeHb
ymcTbin TiCly. Kpome Toro, ponyctumoe copep-
XaHue Kucropoga B MeTa/l/IM4eckoM TUTaHe
KpanHe Masio U CTPOro pernaMeHTUpPOBaHO.

CyLLecTBYOT NpeasioxXeHunsa no pTopmaHo-
My Crnocoby nepepaboTku pyThaa C MOMOLLbIO
anemMeHTapHoro ¢rtopa [4,5] ¢ nony4yeHmnem cme-
cn pTopmpoB MetannoB npumecen u TiF4. 3a-
TeM npepsaraeTca NpoBoauTb anekTponus TiFy,,
B HWM3KOMNNaBKoM PTopuaHOM snekTponute LiF-
KF-NaF ¢ Tnn = 472 °C. lNogo6bHaa TexHonorua
npUMeHsaeTca On8 nepepaboTkn CoeAUHEHUN
ypaHa. Ckopee BCero, 3TOT MpoOLLecC He Hanget
MPOMBbILNEHHOIO MPUMEHEHUNA B MEPBY O4e-
pefib M3-3a OTCYTCTBUS [AelleBblX KOHCTPYK-
LMOHHbIX MaTepuasoB CNOCO6HbIX BblAepXaTb
atMocdhepy ¢TOopa M BO3LENCTBME pacniaBa
dTOPUAHBIX CONENn.

Hawnbonee cnopHbiM B mnpouecce Kponna
ABMSETCA MarHvetTepMuyeckuin nepepen. MHo-
rme wmccnepoBaTenu npeanpuHUMani nonbiTKu
CHWU3UTb 3HEPreTnyYeckme M 3KOHOMMYeckmne 3a-
TpaTbl U YBENUYNTb MPOU3BOLAUTENBHOCTL One-
paumii MarHMeTepMUYeckoro BOCCTAHOBEHUSA
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[6]. O6sazaTenbHbIM yC/IOBUMEM BOCCTAHOBNEHUS
TUTaHa SBMSETCA BbiCOKAs YMCTOTA U HOSbLIOWN
pacxon, MeTanIMyeckoro marHus, nopagka 1,7 t
Mg Ha 1T TuTaHa

Lpyrne Bo3MOXHble U OOCTYMHble MeTan-
nbl BocctaHoBuTenun — 31o Na n Ca, Ho cebecToun-
MOCTb UX MPOU3BOACTBA BOJIbLUE, YEM Y MArHUS.
OTMeTUM, YTO AN METAITTIOTEPMUU HATPUEM Xa-
pakTepHO MoslyYyeHMe NMOPOLLKOB TUTaHa B BUAE
6onee Menkon ¢pakuMmn. ITO CBOMCTBO Mosies-
HO [ON19 MOPOLLKOBOM MeTannyprum. B uenom
ynpaensaTe $ppakLMOHHBIM COCTABOM MOPOLLKOB
TUTaHa MeTO4O0M MEeTas/IoTEPMUU Ype3BbIYaNHO
C/IOXHO. B 3TOM criyyae BHe KOHKYPEHL MM 31ekK-
TPOXUMUYECKMM CMOCO6, MO3BOSAIOLLMIA MIABHO
M3MEHATb CTPYKTYpPY KaToAHOro ocazka meTas-
7@ OT MOPOLIKOB BMIOTb OO KOrepPeHTHbIX Mo-
KPbITUA - MPW NNABHOM U3MEHEHUW MAOTHOCTMU
TOKa.

VIMetoTcss maTeHTbl MO antoMoOTEPMUYECKO-
My monydyeHuto Ti U3 ero TeTpaxnopuga. Auc-
nepcHbin Al (10-6 -107 M) BO BCTPeEYHbIX MOTO-
Kax mHepTHoro rasa u TiCly B3aMogencTeyeT B
MHTepBane temnepatyp 500-800°C [7]. 3pecb
Heobxo4MMa CNoXHasa annapartypa u Hemsbex-
HO 3arps3HeHWe TuTaHa antoMuHMeM. MeTopn
NoAXoOUT ONA MOSyYeHUs nuraTtyp U CriaBoB
Al-Ti,HO He YyncToro TUTaHa.

OCHOBHble  TPYOHOCTW MOJIyYeHUs TU-
TaHa - HeOonyCcTUMO coaepXaHue psaga ane-
MEHTOB-MPUMECEN, HAaXOOALMXCA B  Cbipbe,
OCOBEHHO 3TO KacaeTcs Xefesa U KUCIopo-
na. dnekTpuyeckmMin ToK — Mo CyTW, camblh ym-
CTbliA BOCCTAHOBUTENb. [103TOMY HEOOHOKPATHO
npeanpuHUMaloTCa  MOMbITKM  MonyyaTtb  Me-
TanM4yeckmm TUTaH 371eKTponmM3oM. B BoaHbIx
3M1eKTPOMTax TUTAH MOSyYNTb HE BO3MOXHO
M3-3a Y3KOTrO 3/1eKTPOXMMUYECKOro OKHa Mo-
TeHumanoB. XoOTa 3aMaHuyuBO, paboTaa npwu
OTHOCUTENIbHO HebOoMblUMX TeMnepaTypax, a,
cnefoBaTeNlbHO, C HU3KMMW 3HeprosaTpaTa-
MU, - Mony4daTb TYyromnaaBKUA MeTassl B YUCTOM
BUAE, MPUYEM MNABHO perynupys Mopdonoruto
OCaZIKOB OT MOPOLLKOB pa3HbiXx dpakumit 4O KO-
repeHTHbIX OCaAKOB.

B nocnepHve ABa AecATUNETUS B3PbIBHbIM
XapakTepoM PacLIMPSIOTCS UccenoBaHus B 06-
NacTV pPacniaBoOB MOHHbIX XWOKOCTEN, rae uMe-
eTcst 60/bLUION OpraHnyeckuin KaTuoH. MoHHble
XNOKOCTU LEMOHCTPUPYIOT LUMPOKUN paboumnii
ouanasoH Temnepatyp (o6blyHo ot -40 °C pgo
200 °C), xopoLuyto TEPMUYECKYO CTabUNbHOCTD,
BbICOKYIO MOHHYIO MPOBOAMMOCTb M 60/blUOe
3NEeKTPOXUMMYeckoe oKHOo [8].

M3BecTHbl paboTbl B MOHHbIX XMOKOCTAX
Tmna AlClz-[EMI,]ClL n AlClz-[BMI,]Cl, roe
yOoanocb MosyuYnTb OCAAKU astoMWUHUS B BUAE
MOPOLLIKOB MpW KOMHaTHOM Temnepatype [9].
Mpepctaensaet nHtepec 3ameHnTb AlCls Ha TiCly
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B MOAOOGHbIX CcUCTEMax (UM aHaNOrMUYHbIX WM)
M nonpoboBaTb OCYLLECTBUTb BblAefleHne Me-
TannMyeckoro TUTAHa MPU KOMHATHbBIX TeM-
nepatypax. O6pa3oBaHWe MeNKUX MOPOLLKOB
Ti-Al cnnaBoB M3 MOLO6GHbLIX CUCTEM YyXe 3IKC-
nepuMeHTaslbHO MOATBEPXAEHO B AManaso-
He TemnepaTtyp oT 70 go 100 °C [10]. N3yyeHo
aneKTpoxuMmyeckoe  BocctaHoBreHne  TiCly
B 1-butyl-2,3-dimetil imidazolium azide npwu
T=65°C [11]. B uenom, ns-3a He pa3paboTaHHO-
CTW TEMATUKN TUTAHCOOEPXKALLNX MOHHbBIX XU[,-
KocTen gns anekTponmsa TiCl4, nonydyenusa Tm-
TaHa B MPOMBbILLIEHHOM MacluTate U3 Nogo6HbIX
Ccpen NpefacTaBnaeTcs OTAANIEHHOM NepcrnekTu-
BOW, HO Hay4Hble pa3paboTkM B 3TOM Hanpasie-
HUM — 6e3YCNTOBHO, HEOBXOOMUMBI.

B cBS3M C BO3MOXHOCTbIO OCyllecTBie-
HUS  HU3KOTEMMEepaTypHOro mnpouecca Mnosy-
YeHUs TUTaHa - MPencTaBsSeT MHTEepeC naTteHT
BberyHoea A.V. n gp. [12]. ABTopbl NpegnaratoT
noslyyYaTb B HEMPEPbLIBHOM peXMME TUTAHOBbLIN
nopowok m3 TiCly. lMpouecc ocylecTBAsSOT C
nomolpbto ancrnepcHoro Al , B granasoHe Tem-
nepatyp ot -23 go +137 °C. MNMpoaykTbl BOCCTA-
HoBneHuns nopowku Ti u AlCls, B3BelweHHble B
TiCly, B BMAE “HbIOTOHOBCKOM XWAKOCTU”, Bbl-
BOASATCH M3 peakTopa WM MojatTca Ha GuUnbTP.
XKupgkum TiCly - Bo3BpawaeTtca B peaktop. AlCls
Cy6MMUPYIOT, M KOHAEHCUPYIOT B TBEPAbIN MPO-
OyKT. DUAbTPbl C MOPOLLKOM TUTaHa OTNpPaBAsAoT
Ha nepepaboTky. K coxaneHuto, HET nHbopma-
LMW O YNCTOTE MONYYEHHOTO TUTAHA.

BepHeMcs K mpoLeccy 31ekTponmsa - pac-
CMOTPMM B KayecTBe 3/1eKTPOJIMTOB pacnaBsbl
conen, a KOHkKpeTHee — Hauboree [OCTYMHble
ranoreHuabl wenounbix (Li, K, Na) n wenoyHo
- 3eMenbHbix (Ca, Mg) MeTannos, a BepHee Mx
HU3KOMMABKME CMECU - AN CHUXEHUSA SHEPro-
eMKocTu npouecca. Ocoboe BHUMaHWe cnenyet
yoensaTb TUrPOCKOMUYHOCTM conen (ocobeH-
Ho aonsa LiClL, CaCl,, KF), nébo manenwume cneppl
OoKCUA, N TUAPOOKCUI, UOHOB - 3aTPYLHSOT Mo-
Nly4yeHMe KayecTBeHHOro TuTaHa. [lo 3Ton xe
npuUYrHe HeobxoaAMMO obecrneuynTb aTtMmocdepy
CYXOro OYMLLEHHOIO aproHa B 3/1eKTPON3epe.
MuTaHre BaHH MOXHO OCYLLECTBAATb YMUCTbIMMU
TiOo, TiCly, TiF 4.

B BaHHEe X/IOpPUAOOB LLENOYHbIX METas/IoB
TiO, pacTBOpsieTCcs MNOXo, BO dTOPMOHON -
nyduwe. C gpyron CTopoHbl, PTOPULHYIO BaHHY
KpanHe COXHO OYUCTUTb OT CMefOB Brarm um
KMCMOPOAE, & 3TO ryBUTENIbHO AN KAYeCTBEH-
HOro 3MeKTPOANTUYECKOro TUuTaHa. Kpome Toro,
C ncrnonb3oBaHMeM GTOPUAHOM BaHHbI BO3pac-
TaroT NPobreMbl KOPPO3IUOHHOM CTOMKOCTU KOH-
CTPYKLMOHHbBIX MaTepuasioB  3/1eKTposm3epa.
Bbixon 13 cuTyaumm ecTb.

3TO KOMMPOMMUCC C UCMOMb30BaHNEM XJ1O-
pUOHO-OTOPUAHOM BaHHbI, FAe MMeEeTCs Mnpo-



MeXyTO4YHas pPacTBOPMMOCTb OKCMAA TUTaHa, a
arpeccrMBHOCTb pacnfiaBa K KOHCTPYKLMOHHbBIM
MaTepuanaM BaHHbl CHUXeHa. [O1a nsbasneHuns
OT CNefoB KMCIopoda B KATOAHOM MPOCTpaH-
CTBE MOXHO MCMOJIb30BaTb 3/1€KTPONM3EP C OBY-
MA KamMepamu U BUMOMAAPHBIM XUOKUM MeTas-
NIMYECKMM 3M1eKTPOoOOoM. AHOAHbLIM OTceK, Kyaa
MoCTyrnaeT OKCUA TUTaHa UMM OTXoA4bl TUTAHA,
3arpsisHeHHble TiO;, MOXeT HaxoauTbCs paxe
nog armocdepon Bosgyxa. B HEM HaxopuTcs
XTOPUAHO-GTOPUOHbBIN pacrniaB C pPacTBOpPeH-
HbIM OKCMOOM TUTaHa. AHog 13 rpaduTa, B 3TOM
cnyyae Ha HeM Bblgensetcs cmecb CO u CO,.
Jlydlwe ncnonb3oBaTb HepacxonyeMbl aHo, U3
CMEeCK 3MeKTPOMNpPOBOOHbIX OKCUAOB WM Kep-
MeTa, Ha KOTOPOM ByAeT BblAeNAaTbCsa KMCNopoL,
[13]

Tennoo6bMeH CTEHOK 3/eKTposiM3epa op-
raHmM3oBaH Tak, 4Tob6bl Ha HUX GOopPMMpPOBASICA
rapHucax M3 3acTbiBwen conun. Ha gHe BaHHbl
HaxoOMTCA XUOKUA MeTalsIMdecknin anekTpoq,
Hanpumep, 13 cnnaea Bi-Ti. 9To anekTpon 6u-
rnonspHbli. B aHOOHOM OTCceke OH paboTaeT Kak
Karton v oborauiaeTca no TutaHy. B katogHom
oTceke OH paboTaeT Kak aHon U obefHAETCA Nno
TUTaHYy.

CoobLieHne Mexay KaTo4HbIM M aHOOHbIMMU
OTCeKaMy OCyLLEeCTBAAETCA C MOMOLLLbI XMAKO-
MeTas/l/IMYeckoro afeKkTpoda 4depes oTBepcTue
B Meperoponke, pPacrosIOXEHHOro Yy AHula
3/1eKTPO/IM3epa M KOTOpPOe MOJIHOCTbIO 3anosi-
HEHO XWOKWM CraaBoM. 3a4avyy pPaBHOMEPHO-
ro pacnpegeneHusa TutaHa no o6béMy crsasa
6UMONAPHOrO 3M1eKTPoda MOXHO obecnedynTsb,
nogo6bpaB  MMMYSbCHBIM  TOK OMNpeaesieHHOoMN
CKBaXXHOCTW.

KaToaHbIM oTcek HaxXoAMTCA nog atMocde-
pon Ar 1 COQEPXUT XNOPUOHbIKM pacrnas. Xno-
pPUOHbIA pacnnaB HeobxoauM ANs obneryeHus
rnocnenytoLlen oOoTMbIBKM KatogHoro ocapka Ti
OT OCTATKOB 3/1eKTposiMTa. Takasa KOHCTPYKLMS
3/1eKTPOIM3epa He NO3BOSIUT OKCUA- W TUOPOK-
cuAa - MoOHaM MPOHMKATb B KATO4HOE MPOCTPaH-
CTBO 351eKkTponm3epa. B pesynbraTe, noasnsercsa
BO3MOXHOCTb MMTaTb BaHHY OTXO4AMW TUTAHa,
3arpssHeHHbIMU TiO,.

MpuctanbHOe BHUMaHWe UcCefoBaTenen
npuenekaet Kambpuaxckmin npouecc[14]. Ka-
TOOHbIN MaTepuan, U3roTOBJIEHHbIN U3 Mpecco-
BaHHOMO MOpoLLKAa OKCMAA MeTanna (Hanpumep,
TiO,), BoccTaHaBIMBaeTCs, 3a CYeT pacTBoOpa,
BblAe/ISEMbIX 3/1eKTPOSIM3OM, WU  LLETOYHOIrO
(f.e. Li) , unu wenoyHosemenbHoro metanna (fe.
Ca). Ckopee Bcero, Npov3BOAUTENIbHOCTb TaKO-
ro npouecca gaxe npu nonbope onTUMasbHbIX
yCNoBUIM Mmpouecca - byaeT Mana, Tak Kak CKo-
pocTn AnddYy3MOHHbIE MPOLECChl LLETOYHOro
MeTasnna B TBEpAOM Tene (Yactuuke TiO,) 3HaUM-
TE/IbHO YCTyNnakT MO CKOPOCTU ANDPY3NOHHBIM
npoueccaM B pacnnaeax conen [15]. B pesynb-
TaTe HY>XHbl BbICOKME TeMMepaTypbl MPOLLECCOB,
a 3TO MoBbIWAeT TPeBOBAHUA K KOHCTPYKLMOH-
HbIM MaTepuanam ycTaHOBOK.

BbiBoabl

B LenoM, MOXHO 3ak/ItouYnTb, YTO OCHOB-
Hble YCUINA MO OpraHM3aLmmy NonyyYeHns TuTaHa
B 6ynyLiemM 6yayT CBA3aHbl C MOHUXEHNEM TEM-
nepaTtypbl MpoLecca, noncka 1 nogdopa Koppo-
3MOHHOCTOMKUX KOHCTPYKLMOHHbBIX MaTepuarioB
M Bblbopa TEXHUYECKUX PELIEHWUM, MO3BONSAIO-
LWIMX OpraHM3oBaTb HenpepbiBHbIM npouecc. C
6orblUel BepOSATHOCTbIO 3TOT Mpouecc 6ynet
3MEeKTPONIUTUYECKMM, & He MeTassioTepMuye-
CKUM, XOTSi BO3MOXHO MX YCMELIHOE COYeTaHMe.
OCHOBHOE MPenMyLLLECTBO 3/1EKTPOSIM3a — BO3-
MOXHOCTb MJ@BHOIrO YMpaBfieHUs CTPYKTYpPOMn
KaTtogHbIX ocaakos. OTMETUM MPUHLUMMANBHYO
BO3MOXHOCTb  rasibBAHOMIACTUKU  TUTAHOBbIX
MOKPbITUI, KOrA4a BMECTO MacCUBHOM AeTanu 13
Ti Ha mMoBepxHOCTb 6onee AeweBOro Metasna
HaHOCUTCSA TOHKMIM CMIOWHOW CNOW TUTaHa.
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PALLADIUM EXTRACTION FROM CHLORIDE SOLUTIONS WITH
THE DISULFIDE OF DITHIOPHOSPHINIC ACID
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Federal Research Center “Krasnoyarsk Science Center SB RAS”; Academgorodok, 50/24, 660036;
Krasnoyarsk, Russia

Interest in these processes has increased
markedly due to the challenges of palladium
recovery from spent catalysts, in particular, from
automobile catalysts. Extraction with neutral
sulfur-containing extractants is of interest.
Such extractants do not only efficiently recover
palladium, but they are also highly selective for
Pd over other impurity metals.

Data on palladium extraction from
chloride solutions with the disulfide of bis(2,4,4-
trimethylpentyl)dithiophosphinic acid (L)
are presented in this work. The disulfide of
bis(2,4,4-trimethylpentyl)dithiophosphinic
acid (RoP(S)-S-S—-(S)PR,, L) prepared from
dithiophosphinic acid [(R,P(S)SH, CYANEX 301]
was used as the extractant.

The extraction of palladium with the
disulfide (L) occurs due to the replacement
of two chloride ions in the anionic complex of
palladium with the disulfide molecules by the
reaction givenin Eq. 1:

N[PACL T * Liorg <> [(PACL), L] +2nClig (1)

org) org

The extraction of palladium with the
disulfide is slow. The low extraction rate is
caused by the low rate of replacement of
chloride ions in the inert complex [PdCl,]?-
with the extractant molecules in the aqueous
phase.

When changing the diluent from toluene
to octyl alcohol, the extraction rate increases
due to the fact that octyl alcohol can act both
as a solvent and as a catalyst for the extraction
of palladium.

The catalytic effect of trioctylamine (TOA)
on the extraction of Pd with the disulfide was
even greater. Thus, in the presence and in
the absence of TOA, the degree of palladium
recovery was 99.6 % at a contact time of
5 min and 19.0 % at a contact time of 10 min
respectively.

The change in the palladium content
in the aqueous phase as a function of time is
satisfactorily described by a first order kinetic
equation.

Palladium extraction decreases as the
concentration of hydrochloric acid increases
from 0.5 to 4.0 mol/L. Based on the data
obtained, the extraction of palladium with the
disulfide in toluene was found to be due to the
formation of the complexes [(PdCl,)-L] and
[(PACL;),°L] in the organic phase.

The disulfide and TOA mixtures were
shown to be highly efficient for the extraction
of palladium from hydrochloric acid solutions
containing such metal impurities as Ni, Cu, Co,
Zn, Fe(lll), Na, and AL In a single extraction
stage, the degree of palladium recovery was
97.22 %, while the extraction of impurity metals
did not exceed 0.46 %.

The systems based on the disulfide and
TOA can be used for the extraction of palladium
from the hydrochloric acid solutions derived
from leaching of various raw materials, including
spent automobile catalysts.
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IKCTPAKUUA NANNTAAUA U3 XNTOPUOHDBIX PACTBOPOB
ANCynibonagoM aMTMOPOCOPUHOBOU KUCTTOThI

I'puzopvesa H.A., Onetimaux V.IO.

NHCTUTYT XUMUK 1 XMMUYECKOM TexHoorum CUbrpckoro otaeneHns Poccuinckom akageMmm Hayk
— obocobneHHoe nogpasaeneHmne OULL KHL, CO PAH, KpacHospck, Poccusa

MHTepec K 3KCTpakLMOHHBIM Mpoueccam
3aMeTHO BO3POC B CBA3M C HEOOXOAMMOCTbBIO 13-
BfleYeHMsA nasanagns U3 pacTBoOpoB nepepaboT-
K1 OoTpaboTaHHbIX KaTaJn3aTopoB, B TOM YK1CIe,
aBTOMOGU/IbHBLIX. OCOBbI MHTEpPeC Bbi3blBAET
3KCTPaKuMsa nannagnsa HenTpasbHbIMU  Ccepy-
copepxXalMMy 3SKCTpareHTaMn.  IDKCTpareHTbl
3TOro TMNa He TONbKO 3PEPEKTUBHO M3BNEKAOT
nannagui, Ho N OTIMYAIOTCHA BbICOKOW CeNeKkTUB-
HOCTbO MO OTHOLLUEHUIO K APYTrMM MeTasinam.

B HacTosweln paboTte npeacTaBneHbl AaH-
Hble MO 3KCTPaKLUuW Nainagnsa m3 CoONaHOKMCbIX
pacTBopoB AUCYNbdUOoM 6mc(2,4,4-TpuMeTnn-
neHTun)anTnopochuHosom kuncnotbl, [R,P(S)-
S-S-(S)PR3] (L). TMpepnoxeHHbI aucynboun
cuHTEe3npoBaH u3 6uc(2,4,4-TpuMeTUINeHTUN)
ouTnodpocdurHosom kmcnotel (Cyanex 301), npo-
M3BOACTBO KOTOPOM HanaxXeHo B MPOMbILLIEH-
HOM MacliTabe.

JKCTpakumMa nannagma obycrnoBrieHa 3a-
MEHOW ABYX XJIOPWA-WNOHOB B aHWMOHHOM KOM-
nnekce nannaguvs Ha Monekynbl aucynbduna,
ypPaBHEHME 3KCTPakLuM MoXeT 6biTb 3anmcaHo
cnepyoLmM obpasom:

n[PdCl4]2'(B) + L(Opr) > [(PdClz)nL](Opr) + 2I’]Cl'(5)

SKCTpakumMa nannagus gucynbduaoom B
Tonyone 3aMepseHHa. MepseHHas CKOpPOCTb
3KCTPaKUMU onpenensaeTcd HU3KOM CKOPOCTbIO
MPOLLEeCcCOB 3aMelLLeHUsa XIOPUL-NOHOB B KOM-
nnekce [PdCly]?- Ha Monekysbl 3KCTpPAreHTa,
NPoOxXo4ALnX B BOgHOM dase.

[Mpu nepexofne oT Tonyona K OKTUIOBOMY
CMUPTY CKOPOCTb 3KCTPakuumM Bo3pacTaeT. T.e.
OKTUMOBBIM CNMPT BbiCTyNaeT B AAHHOM cry4ae
He TOMbKO KaK pPacTBOPUTENb, HO U KaK KaTasu-
3aTOp IKCTPAKLMM Nannagns.
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B ewé 6onblen cTeneHun KataamTuye-
CKUM 2ddeKkT MNposaBAAeTCa Mpu  3KCTPaKLUU
Pd pwncynbdupoom B NpuCyTCTBUM TPUOKTUNA-
MuHa (TOA). CreneHb m3BnevyeHus nannaguvs
coctaBuna 99,6% yxe npu t = 5 MuHyT, TOrga
Kak 6e3 pobasku ¢ coctaBuna scero 19,0% npwu
T =10 MuHyT. Cam TOA npakTuyecku He BHOCUT
CYLWeCTBEHHOrO BK/aLa B M3BMeYeHMe nanna-
ans.

M3mMeHeHMe copepxaHus nannagus B
BOOHOM dpa3ze B 3aBUCUMOCTU OT BpeMEHWN YO0B-
NEeTBOPUTENIBHO  OMUCBLIBAETCH  KUHETUYECKUM
YPaBHEHMEM MePBOro Nopsaaka.

DKCTpakums  nannagums  C
HUeM KOHLEHTpaLmm consiHOM
(0,5-4,0 monb/n HCL) ymeHbluaeTcs.

CoenaH BbIBOL, YTO 3KCTpakuusa nanna-
ons  oucynbdngom B TONyone obycrioBreHa
06pa3oBaHMEM B opraHmyeckon dase KoMriek-
coB coctaBa [(PdCly)-L] v [(PdCly), L].

Cmecun gucynbdumpa ¢ TOA nokasanu Bbl-
COKYt 3GDEKTUBHOCTb NPU MU3BIEYEHUM Nanna-
OWS M3 CONMAHOKMCIbIX PACTBOPOB, COAEPXaLLMX
npumecu metannos (Ni, Cu, Co, Zn, Fe(lll), Na, Al).
CreneHb M3BNeYeHUsa nannaguvs 3a ogHy CTy-
neHb coctasuna 97,22%, npun 3TOM U3BreYeHUe
npumecen He npesbiwano 0,46%. PeakcTpak-
UMa nannagus U3 opraHuyeckon ¢asbl NPoOBO-

yBenn4ye-
KWCNOTbI

OUTCS pacTBOpamMu TMOMOYEBMUHbLI B COJISIHOM
Kucnore.
IKCTPakLMOHHbIE CUCTEMbI  Ancynbduaa

c TOA M™MoryT 6bITb MCMNOMb30BaHblI NPU U3Be-
YeHUW nannaguvs U3 PacTBOPOB CONAHOKMUCIONO
BblLLleNIaYMBaHWS PA3IMYHOIO Cbipbs, B TOM YUC-
ne, oTpaboTaHHbIX aBTOMOOUIMbHbIX KaTaamsa-
TOPOB.



ABOUT MOBILITY AND SOME FORMS OF GOLD DURING
LEACHING OF THEM WITH HUMIC AGENTS

Zashikhin A., Suvorova O.
Institute of Chemistry and Chemical Technology SB RAS

On the one hand, along with the depletion
of traditional sources of extraction of gold
and minerals in general from the subsoil,
technological difficulties in the development
of fundamentally new deposits, on the other
hand, the availability, properties and potential
of humic preparations, as well as the trend to
integrate mining sciences and disciplines [1] on
the other hand, an important role can be played
by geotechnology, using humic substances
(HS). Humic acids (HA) can be considered as
one of the most attractive components of HS
for research and development of technologies
for the extraction of minerals. Gold-containing
humic acids (HAAu) in the future can be
considered as target products (concentrates)
obtained during the complex processing of,
for example, gold-containing coals and peats
[2-6], whenusing hydrometallurgicalmethods of
gold extraction by alkaline solutions from ores,
containing in essential quantity carbonaceous
substances, for example, of carlin-type [7,8] and
with characteristic persistence [9, 10], including
possible use of humic substances as reagents in
enrichment technology [11, 12]. At the same time
it is necessary to note the increasing interest
in knowledge-intensive sorption and filtration
technologies of humic acid extraction [13,14], as
well as biotechnologies for releasing gold from
refractory carbonaceous substances into water-
soluble humic products during beneficiation
[15]. All of the above determines the interest in
this topic of research and allows to judge the
prospects of the chosen direction.

In the present work we consider the results
of experiments, which allow to make some

estimation of mobility and forms of gold at its
leaching by humic preparations, as well as at
coagulation of humic acids in a range from pH
2 to pH 5,6 by products of centrifugation. The
results of amino acid analysis of HAs before and
after interaction with ammonium hydroxide are
given.

Centrifugation [16] for 15 min at a speed
of 4000 rpm was used as a basic method of
separation of gold-containing products of humic
preparations. HAAu and modified humic acids
(HAAUM) were obtained in alkaline medium in
the presence of ammonium hydroxide according
to the method described in [17].

At the first stage of the work, we evaluated
the effect of reprecipitation of humic acids
on the distribution of gold in the products
of centrifugation. Gold-containing alkaline
solutions of HAAu and HAAuUM, with metal
content of 4.78 mg/l and 31.2 mg/|, respectively
(the data were obtained by atomic absorption,
spectrometer Perkin Elmer A Analyst 400) after
reduction to pH 2 with hydrochloric acid were
centrifuged. Then the supernatant was drained
and the precipitate was flushed into a flask,
brought to pH 12 and volume of 10 ml with alkali.
Thus, HA were precipitated and dispersed three
times. The supernatant was analyzed after
each repetition for gold content. The HAAu
and HAAuUM precipitates were dissolved again
with alkali after the final step and analyzed for
gold to obtain the residual concentration of the
organically bound metal.
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O NOABUXHOCTU N HEKOTOPbBIX ®OPMAX 30JIOTA NPU EIO
BbIWWENTAYNBAHUN TYMNHOBbBIMU NMPEMNAPATAMU

3awuxun A.B., Cysoposa O.H.

NHCTUTYT XuMnu 1 xummdeckom texHonormnm CO PAH

C ooHOWN CTOPOHbI, HAPAAY C UCTOLLLEHMEM
TPAANLMOHHBIX UICTOYHUKOB U3BJIEYEHWNS 30/10Ta
M NONE3HbIX MCKOMAEMbIX B LLE/IOM U3 Heap, Tex-
HOIOrNYECKMMU CITOXHOCTSIMU OCBOEHUS MPUH-
LUMMMANbHO HOBbIX MEeCTOPOXAEHUM, C OpYrown
- OOCTYMHOCTbIO, CBOWNCTBAMU W MOTEHLMANOM
rYMWHOBBIX MpenapartoB, a Tak Xe TeHAEeHUUU
K UHTerpaumy ropHbiX Hayk v gucumnnuvH [1] ¢
OPYrol, BaXHYI POSib MOXET CbirpaTb FreOTEXHO-
JIOTUS C UCMONb30BaHMEM MNYMUHOBbIX BELLECTB
(F'rB). OgHUMU UXx Hanbonee NpuBneKaTenbHbIX
B cocTaBe ryMmHoBbix BewecTs ([[B) ona nccne-
0OBaHUM N Pa3paboTKM TEXHONOM N U3BeYeHNs
NMONE3HbIX MCKOMaeMbIX MOryT paccMaTpmBaTbCs
rymuHoBble kucnoTbl (IK). 3onotoconepxatime
Xe rymuHoBble kuciotbl (FTK3) B nepcnekTtuBe
MOryT paccMaTpmBaTbCA Kak LieseBble MPoayKTbl
(KOHLEeHTpaTbl) noslydaemble Mpu KOMMIEKCHOM
nepepaboTKke, HanpuMep, 30/10TOCOAEPXKaLLMX
yrnen v Topdos [2-6], npy UCMONb30OBaAHUN TU-
ApomeTanypruyeckmx CrnocoboB M3BEYeHUs
30/10Ta LWENOYHbIMW pacTBoOpamMn U3 pypn, Cco-
OepXalmx B CyLLeCTBEHHOM KOSIMYeCTBe YIrnu-
CTble BeLLecTBa, HanpuMep, kapamH-tuna [7,8] u
c xapakTtepHow yrnopHocTbto [9, 10], B TOM uncne
NnPW BO3MOXHOM WCMOSb30BaAHMU TYMWUHOBBIX
BELLEeCTB B KayecCTBe peareHToB B TEXHOMOrum
oborauerus [11, 12]. MNpu 3TOM Henb3sa He OTMe-
TUTb BCE BO3PaCTaOLWNIM MHTEPEC K HAYKOEMKINM
COPOUMOHHBIM U GUNBTPALMOHHBIM TEXHOTOM M-
SM BblAeneHunsa ryMmuHoBbix kucioT [13,14], a Tak
Xe BUMOTEXHONOMMN 019 BbICBOOOXOEHUSA 30/10-
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Ta U3 TYromnnaBkWMX YrneponucTbiX BeLLecTB B
BOOOPACTBOPUMbIE TYMUHOBbIE MPOAYKTbI Mpu
oborauwieHun [15]. Bce BblwenepeyncieHHoe
onpenenseT MHTEPEeC K HaCTOSALLEN TeMe uccne-
[OBaHWM 1 MO3BOSAET CyAUTb O MNepPCrnekTUBHO-
CTW BbI6paHHOIrO HanpaeieHus.

B HacTosAwweNn paboTe HaMM PacCMOTPEHbI pe-
3ysbTaThl 3KCMEPUMEHTOB, NO3BONSOWME CAeNaTb
HEKOTOPYH OLLEHKY MOABUXHOCTU 1 GOPM 30s10Ta
rMpW ero BbllenaymBaHny ryMMHOBbBIMKW Mpenapa-
TaMu, a Tak Xe Npu Koarynsumm ryMMHOBBIX KMC-
noT B ayanasoHe ot pH 2 go pH 5,6 no npoayktam
ueHTpudyrmpoBaHus. [puBeneHbl pe3ynbrathl
aMUHoKMcnoTHoro aHanmsa K go u nocne B3aun-
MOLOENCTBUS C rMOPOKCUOOM aMMOHUA.

B kadecTtBe 6a3oBoro crnocoba pasgene-
HUA 30710TOCOAEPXALLMX MPOAYKTOB N'YMUHOBbIX
rnpenapaTtoB MCNOSb30Bain LeHTpudyrmposa-
Hue [16] B TeueHwme 15 MuHyT npm ckopoctn 4000
06/MuH. TK3 1 ryMUHOBbIE KUC/IOTbI MOANPULM-
poBaHHble (TK3L) nonyyanu B Weno4yHom cpene
B MPUCYTCTBUU MAPOKCUOA aMMOHUS COracHO
MeTofuKe onncaHHom B paborte [17].

Ha nepeBom >Tane paboTbl HaMM 6bin oue-
HEHO BIUAHME MNepeocaxXneHUs TyMUHOBbLIX
KWCMOT Ha pacnpegeneHuve 3050Ta B NpoayKTbl
LeHTPpUdYrnpoBaHusa. 30/10TOCOAepXKaLlMe Le-
noynble pacteopbl K3 1 K3y, ¢ copgepxaHnem
MeTasnna, cCooTBeTcTBeHHOo, 4,78 mr/n un 31,2 mr/n
(maHHble MoslyYeHbl MeToLOM aToMHOM abcopb-
unun, cnektpometp Perkin Elmer A Analyst 400)
rnocne cHuxeHma o pH 2 congaHon kucnioTomn

== cxogaeie TE3u (0) n cynepnarane: (1-3)
=l=cxogaeie TE3 () u cymepratants: (1-3)

=

0 1

2 3
Uircro MoBTOPeHHIl MepeocaEJeHNA TYMIHOBBIX KIICIOT

PucyHok 1 — 3aBUCHMMOCTb cofepXaHus 30/10Ta B HRA0CAA0YHOM XUAKOCTU OT YMCia CTaAnM nepeocaxaeHus

F'YMUHOBbIX KUCTOT
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PucyHok 2 — ToHkoamcnepcHoe 3050TO (CBeT/ible
yacTunubl), yoansaemoe n3 K3 n MK3w, c ocapkom nepep,
npoBefeHneM NccnenoBaHnn.

T T T T
500nm

L E 1
S-5500 3.0kV 0.0mm x100k SE 29/04/2021

PucyHok 3 - Yactuubl CyBMUKPOHHOrO 3050Ta
(cBeTnble OKpyrible YacTuubl) B OCagke ryMUHOBbIX
KMCNOT.

Ta6nuua 1 — PacnpepeneHue Metanna no npoaykram

KonnyecTtBo MeTanna, mr

B cynepHaTaHTe

HanmeHo- B rymMunHoBbIx
Bahne B ncxonHoM Mocne Mocne Mocne KucnoTtax nocsne
npoaykTa npoaykTe nepBoro BTOpOro TpeTbero Tpex sTanos
nepeocaxpe- nepeocaxae- MNePeocaxfe-  nepeocakaeHMs
HUS HUS HUS
K3 0,0478 0,038 0,005 0,001 0,0038
MK3w, 0,312 0,25 0,028 0,0039 0,0301
nodBepranmce  LeHTPpUPYrnpoBaHuio. 3ateM  rymarta HaTpusi U BOAHOIO aMMuaka npu 6ap6o-

cnvBanacb HagoCafouYHasa XUAKOCTb U MPOom3-
BOOMMACb CMbiBKA ocagka B Konby, noBeneHue
ero wenoybto o pH 12 n o6vema 10 mn. Takum
o6pa3oM, MPOU3BOAUIN OCaXaeHne U aucnep-
rMpoBaHmMe ryMMHOBBIX KUCMOT TpW pasa. Hago-
cafoyHasa XMOKOCTb aHanMsMpoBasacb rnocse
Kax[oro NMoOBTOPEHWA Ha copepXaHue 3osoTa.
Ocapkn NK3 v MK3L nocne 3akarouYUTENIbHOro
3Tana cHoBa PacTBOPSAIM LWEoYbtio 1 NoaBepra-
I @HaNM3y Ha 30/10TO AJ1F MOoSy4YeHUsa ocTaTou-
HOM KOHLLeHTPALMMU CBA3AHHOIMO C OPraHMKOW
MeTanna. PesynbTaTbl UCMbITaHUM OTO6pPAaXeHbI
Ha puc.l. n B Tabn.l

N3 paHHbIX rpaduka n Tabnmubl BUOAHO, YTO
BbICBOHOXAEHME 30/10Ta B HAAOCAA0UYHYIO XU -
KOCTb 'YMUHOBbBIMU KUC/TOTAMU HE MPOUCXOOUT B
OfOMH 3Tan 1 B NMOJIHOW Mepe, a xapakTep, npuse-
OEHHbIN Ha rpaduke 3aBUCMMOCTU, OEMOHCTPU-
pyeT Cxoxue 4epTbl MOBeAeHUs MeTanna Ans
obonx 3onotocogepxawmx npoayktos. Cro-
UT OTMeTUTb, YTo B K3 3010TO MOBUMINM30OBAHO
WCKJIIOYMTENIbBHO CMECbIo LLLEeSIOYHOro pacTeopa

TupoBaHun BosayxoM, a B KI'3w B TOM yncne B
MPUCYTCTBUN CENEeKTUBHOIo pacTBopuTensd me-
TasIM4Yeckoro 30/10Ta.

B pesynbrarte nepBoro ocaxneHusa rymm-
HoBbIX kMcnoT n3 K3 n K3y, BbicBoOb6OXOaeTCA
B pacTBop (HagocapouHyto xuakocts) 0,038 mr
n 0,25 Mr 3010Ta, YTO COCTABAAET OT UCXOOHO-
ro 79,5 % n 80,1 %, noBTOpHas onepauus cno-
cobcTByeT Bbixony B pacTteop - 10,5 % 1 9 % 30-
N0Ta, Mocsie TPeTbero ocCaXAeHusa TYMUHOBbIX
KNCNOT B HaAOCAA0UYHY XWAKOCTb NnepexoguT
- 2,1% n 1,3 % metanna, COOTBeTCTBEHHO. Tpya-
HO M3BJIEKAEMOE U3 NYMUHOBbLIX KMCIOT OaHHbIM
CNoCcoBbOM KONMYECTBO 30/10Ta (Kak OTHOLUEHWE
ero Kosm4yectsa B N'YMWHOBbBIX KMCNOTax nocse
TPEeXKPATHOro nepeocaxpeHusa K KONM4ecTBy B
ncxofoHoOM npopykte) coctasnset ona K3 7,9 %,
a ona MNK3u 9,6 %. TyT cTONT OTMETUTb, YTO Mo-
Kasatesim B MPOLEHTHOM BbipaXeHun BecbMa
6n13KkMe ANa AByX NPOoOYyKTOB C MOGUIN30BAH-
HbIM 30/10TOM. DTOT GaKT MOXET CBUAETE/IbCTBO-
BaTb O CXOXEM XxapakTepe MoBeOeHWs 30/10Ta
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PucyHok 4 — Pesynbrathl ammnHokmncnotHoro aHanusa K, rge a) xpomatorpamma mcxogHbix K, 6) xpomato-
rpamma 'K nocne B3anMonencTems ¢ rmaApokCcMaoM aMMOHUS

B MPUCYTCTBUU CENEKTUBHOIO PacTBOPUTENS WU
6e3 Hero.

Ons oueHkn dopmMbl 30510Ta NosyyYaemMom
npwv BbILLENaYMBaHNM FYMUHOBBIMK Mpenapa-
TaMW UCMoMb30BaNn MeTOoh LeHTpudyruposa-
Hus. MMpoLecc ocyLecTBASAN NOCIef0BaTENIbHO
Ha Tpex annapartax C Pas/IMYHbIM YCKOPEHUEM.
Mocne kaxnow onepaumu cynepHaTaHTbl aHa-
M3UPOBAN Ha COLEpPXaHme 30/10Ta METOAOM
aTomMHoM abcopbuunun. MNepBaa cTagmsa LeHTpU-
dyrmpoBaHmMsa ocCyLLeCcTBNANACb Ha HWU3KOCKO-
pocTHom LeHTpudyre CM 600 C (Stegler, Kutan)
npwn 4000g, BTOpas ctagus — Ha ueHTpudyre
Centurion CR4000 (Centurion Scientific, Be-
nmkobputaHmnsa) npu yckopenumn 22000g, Tpe-
TbA cTagus — Ha ueHTpuepyre Optima MAX-XP
(Beckman Coulter, Inc., CLUA) npmu 233000g.
Ocapok Bbinagas yxe rnpm oTHOCUTENTbHO MarsiblX
YCKOPEHMAX Ha NepBON CTaAnU LEHTPUDYrmpo-
BaHUsS W noaBeprasics aHasim3y C NOMOLLbIO MU -
kpockona (Hitachi TM-4000, KPLKM CO PAH)
pucyHok 2. Nocnepyouive aBe ctagmm LeHTpu-
dyrmpoBaHnsa He Cnocob6CTBOBANIN CHUXEHMUIO
cofepxaHus 30510Ta B cyrnepHaTaHTax, KoTopoe
COOTBETCTBOBAJIO MCXOAHbBIM nMpoayktam K3 un
K3w nocne yeHTpundyruposaHus npu 4000g.

TakmM o6pa3oM, MOXHO caenaTb Bbl-

BO4, 4YTO nMpwn BblWeravYymMBaHUM MOLEIbHbIX
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06pa3loB MeTan/IM4eckoro NnopucToro 3osoTa
paccMaTpuBaemMbiMiM B paboTe TyMUHOBbIMU
npenapatamy o6pasyroTcsa UCTUHHbIE PacTBOPbI,
a  cBobonHble MeTasniMyeckme  4acTuubl
OTHOCUTENBbHO JIEFKO MUCK/IIOYAKOTCHA U3 dKCMepuU-
MEHTOB C MOMOLLbIO LEHTPUDYTrMPOBaHUSA.

Ona onpenenenus dopMbl TPyOHO U3BMe-
KaeMoro 13 ryMrUHoOBbIX KMCIIOT 3010Ta bl Mpo-
BeLleH aHa/In3 BbICYLLIEHHbIX 30/10TOCOAEPXALLMX
rYMUHOBbBIX KWC/IOT METOAOM MNpOoCBeYMnBato-
er MUKPOCKOMMU CBEPXBbICOKOrO paspelle-
HMa S-5500 (Hitachi, AnoHna, 2009 ) puc. 3.

Kak MoxHO BMOETb Ha pucC. 3, Ha MoBepPX-
HOCTU UCCrenyeMbiXx 06pasLLoB CyXUX MYMUHO-
BbIX KWC/IOT UMetoTcs chepuyeckme 4YacTulbl,
MOEHTUOULMPOBAHHbBIE KaK 30/10TO KPYMHOCTbLIO
ot 50 po nepBbix HM. [Mpy 3TOM HE UCKITOYEHO
obpaszoBaHMe 3TUX YacTul, B Npouecce CyLKu
obpasLoB.

MpY paccCMOTPEHUMN BO3MOXHbIX MEXaHU3-
MOB pPacTBOPEHUs 30/510Ta TYMUHOBbBIMU Mpe-
napatamMy 6bi1 nNpoBedeH AaMUHOKWUCIIOTHbIN
aHanm3 'K go v nocne B3aMmMogencTeus Ux ¢ rm-
OPOKCUAOM aMMOHUS.

MomroTtoBky o6bpasyos K npowssogunu
cnepyrowmm obpasoM. Cyxme obpasubl U3Menb-
yanu B cTynke. BoicylumBaHme npo6 nposoauam B
cylwmnbHoM Lwkady npu Temnepatype 60—65 °C


http://ccu.kirensky.ru/info/32/

00 BO34YLUIHO-CYXOro COCTOAHUA. [1oaroToBneH-
Hble NPO6bl XPaHWIM B akcMkaTope. [nsa onpene-
NIEHUA aMUHOKMCIIOT B NMpobe NpoBoauAn rmapo-
nm3 B 6N pacTBOpe COMSHOM KUCNOTbl. AHanm3
BbIMNOMIHAIM HA AaBTOMAaTM4YeCKOM aHanmsatope
LA80O8O (Hitachi, Tokyo, Japan) metogom B3XX
C MOCTKOIOHOYHOM MoguduUKaumern HUHMMAPW-
HOM. [N KOSMYEeCTBEHHOM OLLEeHKM Herocpem-
CTBEHHO Mepepn aHasM30M cepun npob B Tex xe
YC/IOBUAX MPOBOANIN aHAIU3 CTAHOAPTHOM CMe-
CW aMUHOKWCIIOT, C M3BECTHOM KOHLEeHTpaLumen
(Pickering calibration standart). B pe3ynbrate
noslyYyasimi XpoMaTorpaMmbl C MUKAMU CeMHa[-
uatm AK: NU3KH, TMCTUOWH, apPrUHUH, TPEOHUH,
BasIMH, METUOHWH, U3ONEeWUUH, NenunH, eHu-
nanaHuH, acrnaparmvHoBas KMCNoTa, MPOosivH, ce-
PWH, TIOTAMUHOBAA KUCMIOTa, MIULUMH, anaHuH,
LMCTUH, TUPO3KMH. B npouecce KMCNOTHOroO ru-
aoponusa TpuntodaH MpakTUYeCcKM MOSHOCTbIO
paspyllaeTcs, LUMCTEMH OKMUCNAETCA B LMCTUH,
acnaparvH M rayTaMmMH MpeBpalarTca acna-
ParnMHOBYIO M TNYTAMUHOBYH KMCOTbI, COOTBET-
ctBeHHo. CopepxaHue kaxgon AK onpegpens-
NOCb MO KanMbpOBOYHOM KPUBOMN, MOCTPOEHHOM
C MUCnonb3oBaHMeM cTaHgapTHoro pactesopa AK
(0,25 pmol/ml Pickering Labo

M3 npuBedeHHbIX OaHHbIX Ha puc. 4 BuA-
HO, YTO Mocse B3aMMOAEUCTBUSA C aMMMadHOMN
Booon [K xapakTepusylTcsa coaepxXaHmeMm
cnepyoWmx aMmHokmcnoT: acnaparuH (0,038
Mr/r), cepun (0,023 Mr/r), rnoTaMUHOBAA KMUC-
nota (0,037 mr/r), ravumn (0,036 ™mr/r), ana-
HUH (0,025 mr/r), BanuH (0,056Mr/r), u nusmH
(0,004 mr/r). Lo o6paboTku, T.e. B ucxomHbix MK
6b1/1 O6HAPYXeH TONbKO MMULMH C CoaepXaHneM
0,051 mr/r. CTonT OTMeTUTb, YTO Takme aMUHO-
KWUCNOTbl Kak acnaparuH, cepuH v rnumH crno-
CO6HbI K pacTBopeHuto 3onoTa [18]. MNonyyeHHble
pe3ynbTaTbl MOryT CBMOETE/IbCTBOBATb O POJIN

AMUHOKMCNOT B MeXaHW3Me pacTBOPEHMs 30/10-
Ta CMeCbto rymMaToB U MMAPOKCKOA aMMOHKSA.
BbiBoabl.

B pe3synbTate npoBefeHHbIX MCCNeaoBa-
HWM NOKa3aHo, YTO N'YMMHOBbIE BellleCcTBa B Lie-
NIOYHOM cpefe B NMPUCYTCTBUM Kak rmapokcmoa
aMMOHMUS, Tak N CeNnekKTUBHOIro Ha 30/10TO pac-
TBOPUTENA 06pPa3yloT UCTUHHbIE 30/10TOCOAEP-
Xalime pacTBopbl.

30/10TO MpU KOAryaAauMM ryMMUHOBBIX KMUC-
NOT B U36bITKE CONAHOW KMCNOTbl HE BbICBOBO-
XOAeTcsa B MOJSIHOM Mepe 3a ogHy onepauuto,
4TO OYEBUAHO CBA3AHO C HaMYMEM KOOpOMHA-
LMOHHBIX CBA3el 3TOro MeTassia C opraHuye-
cKMMK Monekynamu. Mpouecc xapaktepusyeTtcs
rMo3TarHbiM BbICBOBOXAEHMEM 30/10TQ, & TPYL4-
HOM3BMEeKaeMblii MeTasyl 0bHapyXeH B HaHO-
pasMepHoOn GopMe Ha BbICYLUEHHbIX Ob6pasuax
T'YMUHOBBIX KMC/IOT.

MpuBeOeHHble [OaHHble aMUHOKMCIOTHO-
ro aHanmsa K nokasbiBatoT BAMSHME KX obpa-
B60TKM MMAPOKCUOOM aMMOHMA Ha 06pasoBaHme
CMOCOBHbIX K PACTBOPEHMIO 30/10Ta opraHmye-
CKUX coeanNHEHUN.

ABTOpPbI BblpaxatoT 6/71arogapHoCTb 3a Mo-
MoLLb Mpu NpoBeaeHUn nccnenosaHmin Konmako-
BoM AHxenuke AnekcangpoHe (MB® CO PAH),
Bopobbery Cepreto AnekcaHgposuyy, Manspy
FOputo Hukonaesuuy, Xuxaesy AHaTonmto Mu-
xannosudy (MXXT CO PAH) n LWa6aHosy Anek-
caHgpy Bacunbesuuy (ML, KHL, CO PAH).
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SORPTION TECHNOLOGIES AS A TOOL FOR ENVIRONMENTAL
SAFETY OF METALLURGICAL PRODUCTION

Razmakhnin K.K., Khatkova A.N., Shumilova L.V.
Transbaikal State University, Chita, Russia

The intensive development of the
metallurgical and mining industries s
accompanied by the use of technologies that
generate a significant amount of man-made
waste, which, as a rule, cannot be disposed
of and recycled. At the same time, significant
volumes of technogenic raw materials are
accumulated, which determines the emergence
of serious economic and environmental
problems in the areas of their location [1-3].

The solution to the problem of the negative
impact of waste from the metallurgical and
mining industries on the environment lies in the
use of effective tools for managing technogenic
raw materials, which include the introduction
of the best available technologies (BAT) and
materials that can reduce the content of toxic
and radioactive elements in wastes, prevent or
significantly reduce the amount dust and gas
emissions from them, as well as to restore the
lands disturbed due to anthropogenic impact,
while observing the principles of conservation
of mineral resources, rationality and complexity
of their use.

One of the most effective multi-purpose
tools in the implementation of environmental
protection measures are sorbents, which have a
set of necessary properties, primarily adsorption
properties. Among the sorbents of natural
origin, zeolite-containing rocks are the most
efficient, available both in terms of resources
and cost. The unique sorption and ion-exchange
properties of natural zeolites can be effectively
used in the waste management systems of the
metallurgical industry and mining.

A set of studies was carried out, which
made it possible to develop technologies for
processing zeolite-containing rocks to obtain
high-quality zeolite products, the effective
use of which is possible in the treatment and
disposal of wastewater, reclamation and waste
disposal.

The problem of elimination of man-
caused waste is one of the key ones on the
way of sustainable development of Russia. In
this regard, one of the directions for creating
environmentally safe conditions for the
population of the Russian Federation is the
development and subsequent implementation
of the Mining Waste Management Concept
based on the rational and integrated use of
mineral raw materials (the Concept), which will

significantly reduce the volume of technogenic
raw materials, including those accumulated as a
result of the previous economic activities.

The concept of waste management, which
has a different composition and qualitative and
quantitative characteristics, developed by the
authors, is based on the principles of rational
and integrated use of mineral raw materials
based on the best available technologies. The
concept, along with the developed alternative
technologies forimproving the quality of zeolite-
containing rocks, includes an analytical BAT
research block, which provides for the study of a
database of vertical and horizontal information
and technical reference books, formed on
the basis of the best practices of industrial
enterprises and innovative developments of
Russian research institutes for non-metallic
mineral raw materials; economic and analytical
block; a block for the development of a project
for the implementation of BAT at a metallurgical
enterprise, containing: a feasibility study;
development of a technical project; drawing up
a schedule for the implementation of BAT and
project estimates; calculation of standards for
the permissible complex impact of technology
ontheenvironmentaccordingtomethodological
recommendations; verification of compliance
with the standards of permissible complex
environmental impact, affecting the issuance of
an integrated environmental permit.

A strategy for improving the efficiency and
competitiveness of metallurgical enterprises
based on BAT has beendeveloped, including BAT
selection criteria and energy efficiency reserves
based on the principles of a comprehensive
environmental impact assessment, taking
into account the methodology for assessing
economic feasibility.

The main criteria for selecting BAT are:
rational consumption of resources; high energy
efficiency, low-waste processes; integration
with mining cluster companies; the nature and
scale of the impact on the environment and
the possibility of reducing emissions; the use
of substances that are the least dangerous
for humans and the environment; possibility
of regeneration and reuse of obtained mineral
products; reducing the risk of accidents.

The following are proposed as energy ef-
ficiency reserves: optimal modes of operation;
energy-technological combination; the use
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of hidden energy flows and the integration
of mining cluster companies on a territorial ba-
sis for the implementation of technical integra-
tion systems based on BAT,; synergistic effects
of integration; scale and topology effects.

The main principles of a comprehensive
environmental impact assessment include: de-
termining the scope and identification of alter-
native technologies; inventory of emissions/
discharges, waste, consumption of raw mate-
rials, materials and energy; impact assessment
on environmental components; interpretation
of mutual influence and contradictions in en-
vironmental impact assessment; defining the
scope and identification of alternative technol-
ogies; collection and verification of the correct-
ness (validation) of the justification of data on
the costs of introducing the best available tech-
nologies; determination of the cost structure;
processing and providing information on costs;
determination of costs related to environmen-
tal protection. These principles guide the sub-
sequent cost-benefit analysis and cost-benefit
sharing between pollutants.

The strategy for the rational and inte-
grated use of mineral raw materials based on
BAT on the example of the CSP of Eastern Trans-
baikalia, developed by the author, is focused on
improving the efficiency and competitiveness of
mining enterprises; mining waste management
based on the rational and integrated use of the
DSP with the use of appropriate management
tools.

Conclusions

Thus, the developed Mining Waste Man-
agement Concept based on the rational and in-
tegrated use of CSP is based on the use of the
best available technologies for ore preparation,
enrichment and chemical modification in order
to obtain high-quality zeolite products for use
in the processes of waste and recycled water
neutralization, waste gas purification, reclama-
tion and disposal technogenic raw materials, as
well as reducing the negative impact on the en-
vironment.

The work was supported by the Russian
Science Foundation project 22-17-00040 “Sci-
entific substantiation and development of en-
vironmentally friendly waste-free technologies
for processing natural and technogenic mineral
raw materials” (2022-2023).

References

1 Milyutin V.V,, Razmakhnin K.K., Khatkova A.N., Nekrasova N.A. Natural Zeolites of Eastern Transbaikalia in
Technologies for Mining Enterprises Wastewater Treatment // Journal of Environmental Research, Engineer-
ing and Management. 2020. — Vol. 76, No. 3. — P. 62-70.

2 Shumilova L.V.,, Khatkova A.N., Razmakhnin K.K., Cherkasov V.G. Strategies for the rational and integrated use
of mineral raw materials based on the best available technologies and assessment of the life cycle of mining
waste. Vestnik of Transbaikal state university. — 2021. — V. 27, No. 4. — P. 32-44.

3 Shadrunova |V, Gorlova O.E., Orekhova N.N. Kolodezhnaya EV. Resource saving and elimination of
accumulated environmental damage in old industrial regions during the processing of slags of metallurgical
production // Mining Information and Analytical Bulletin (scientific and technical journal). 2018. NeS1. pp.

300-320.

288



COPBUMNOHHDIE TEXHOJIO'MU KAK MHCTPYMEHT
9KONOM’MYECKOM BE3ONACHOCTU METAJUTYPIMYECKOIO
NMPON3BOAOCTBA

Pasmaxnun K.K., Xamvkosea A.H., lllymunosa JI1.B.
3abanKkanbCKUi rocygapCcTBEHHbIN YHUBepcUTeT, I. YuTta, Poccusa

VIHTEHCVMBHOE pasBuTME MeTasypruye-
CKOM U TOPHOM MNPOMBILIEHHOCTEN COMPOBO-
XAaeTcss MNPUMEHEHWEM TEeXHONOrMn, MNpu Ko-
TOpbIX Ob6bpasyeTcss 3HAYMTESIbHOE KONMYEeCTBO
TEXHOIMeHHbIX OTXOAO0B, Kak MPaBWIO, He Mof-
nexawmx ytunmsaumm u nepepabdotke. [pwu
3TOM MNPOUCXOAUT HAKOTMJIEHWE 3HAYUTENbHbBIX
06bEMOB TEXHOMEHHOIO CbiPpbs, YTO onpeaenseT
BO3HWKHOBEHME CEepbe3HblX 3KOHOMUYECKMX W
3KOIOrMYeCcKMX NMpobieM B pamoHax Ux pasme-
weHuna [1-3].

PelweHne npobnembl HeraTMBHOIMO BAWSA-
HUSI OTXOA0B MeTasllypruyeckom 1 ropHom npo-
MbILLNIEHHOCTEN Ha OKPY>XAlLLylo cpeny 1exuT
B MNJIOCKOCTU UCMONb30BaHUS 3GPEKTUBHbBIX UH-
CTPYMEHTOB YMNpaB/ieHNsA TEXHOMEHHbIM CbIPbEM,
K KOTOPbIM OTHOCWUTCH BHeOpPEHME HauydLnx
[OCTynHbIX TexHonorun (HAOT) n maTtepuanos,
CMOCOBHbIX CHU3UTb COAEPXaHWE TOKCUYHbBIX
M paguoakTUBHbBIX 3/IEMEHTOB B OTXo4ax, npe-
OOTBPATUTb UMM CYLLECTBEHHO COKPAaTUTb KOMU-
YeCTBO BbIGPOCOB MbI/IM M rasa OT HUX, a Takxe
BOCCTAHOBUTb HapyLUIEHHbIe 3a CYET aHTPOoro-
reHHOro BO34EUCTBUA 3eMnn, cobnogas npwu
3TOM MPUHLMMbI COXPAHEHUS MUHEPasIbHO-Cbl-
pbeBbIX PEeCypCcoB, PaLWMOHaNbHOCTU U KOM-
MIEKCHOCTU UX UCMONTb30BaHUS.

OpHUM 13 Haubonee >PPEKTUBHBLIX WH-
CTPYMEHTOB MHOTMOLLENIEBOrO Ha3HaYeHUs Mnpwm
peanusauny MeponpuaTUM NMPUPOLOOXPAHHO-
ro xapakrtepa aBnsaTca copbeHTbl, obnagato-
e HabopoM HeOBXOAMMbIX CBOMCTB, B MEPBYIO
oyepenb ancopbuMoHHbIX. CyliecTBeHHOM 3¢-
GeKTMBHOCTbIO Ccpean COpPO6EeHTOB MNPUMPOOHOro
NMPOUCXOXAEHNSA ABNAIOTCA LleonnMTcogepxalyme
nopoabl (LLCIM), mocTynHble kak Mno pecypcam,
TaK U Mo CTOMMOCTU. YHMKasIbHble COPOLIMOHHbIE
M MOHOOBMEHHbIE CBOMCTBA MPUPOLHbIX LLEOsn-
TOB B MOJHOM Mepe MOoryT 3ddekTUBHO UCMONb-
30BaThbCsA B CUCTEMax YMpaB/ieHWs OTXOoLaMu
MeTasypruyeckor oTpacsin U ropHoro rnpous-
BOACTBA.

[MpoBepeH KoMMekc wuccnenoBaHui, Mno-
3BONMBLUMIM pa3paboTaTtb TexHOMOruM nepe-
paboTkM LieonuTcogepxXalimx nopogd Aas no-
JIyYeHUs  BbICOKOKAYeCTBEHHOW  LLeOSIUTOBOWM
npoaykuun, 3ebeKTMBHOE MNpUMeHeHUe KOoTO-
pPOW BO3MOXHO MPU O4YNCTKE U 06e3BpexXmnBaHUn
CTOYHbIX BOJ, PEKYNbTUBALMK N 3aXOPOHEHUMN
OTXOL,0B.

MpobnemMa nuUkKBMAALMM OTXOAOB TEXHO-
rFEHHOro MPOUCXOXAEHUSA ABMAETCH OAHOMU U3
KJIIOYEBbIX Ha MyTW YCTOMYMBOTO pa3sutus Poc-
cnun. B 3TOM CBA3M O4HWM U3 HanpaB/ieHUN CO3-
OaHWNSA 3KONMOornmyeckn 6e3onacHbiX yC/IOBUN A5
HaceneHua P® aBnaetca paspaboTtka U nocne-
pywouwasa peanmsauma KoHuenumy ynpaeneHus
rOPHOMPOMBILLIEHHBIMM  OTXOA4aMM Ha OCHOBE
paLMOHAIBHOrO M KOMM/IEKCHOrO MCMOob30Ba-
HWUA MUHepanbHoro cbipbsa (KoHuenums), KoTo-
pas NO3BOMUT CYLLLECTBEHHO COKPAaTUTb O6beMblI
TEXHOreHHOrO CbiPbs, B TOM YMC/1€ HAKOMIEHHO-
ro B pe3sysbrate npeablaylien Xo3sUCTBEHHOMN
[esATeNbHOCTH.

B ocHoBy pa3paboTaHHOW aBTOpamMu
KoHuenuumn ynpaBneHua oTxooamu, WMeto-
LWWMU pPa3fiUYHbIM COCTaB U KayeCTBEHHO-KO-
NIMYECTBEHHbIE  XapaKTEePUCTUKK,  3asIOXeHbl
MPUHLWMbI  PALMOHANIBHOIO U KOMMJIEKCHOIO
MCMONb30BaHUA MUHEPAsSIbHOro Cbipbs Ha OC-
HOBE HaMNy4LlWUX AOCTYMHbIX TeXHONorum. KoH-
Lenuns Hapsagy ¢ paspaboTaHHbIMU anbTepHa-
TUBHBIMU TEXHONOIMMUSAMU TMOBbILLEHUA KayecTBa
LleonMTcoaepXallmMx nopon, BKoYaeT aHaImTu-
YeckUN Hay4Ho-uccnepoBaTenbckm 6nok HAT,
KOTOPbIA MpefycMaTpmBaeT M3ydeHue 6asbl
OaHHbIX BEPTUKAIbHbIX M FOPU3OHTANIbHbIX UH-
dopMaLMOHHO-TEXHUYECKMX CNpPaBOYHNKOB
(MTC HAOT), cdopMmMpoOBaHHbIX HA OCHOBE Mepe-
[OBOro OMbiTa MPOMBbILLMIEHHBIX NPeanpUATU K
MHHOBALIMOHHbIX Pa3paboToK Hay4YHO-UCCNeao-
BaTeNIbCKUX MHCTUTYTOB Poccmnu no HemeTanm-
4EeCKOMY MUHepasbHOMY Cbipbto; 3KOHOMWMKO-a-
HanUTU4Yeckuin 610K; 610K pa3paboTkmM NpoekTa
BHegpeHua HOT Ha MeTannypruyeckom npep-
MPUATUY, COOEPXAaLLMN: TEXHNKO-3KOOro-3KO-
HOMUYeckoe OBOCHOBaHWeE; pas3paboTKy TEXHM-
YeCKOro MpoeKTa; CoCTaBieHMe nnaHa-rpapuka
BHeapeHuns HOT v cMeTbl NpoeKkTa; pacyeT HOp-
MaTMBOB [OMYCTUMOIrO KOMMJIEKCHOrO BO34eW-
CTBWS TEXHOJIOTUM Ha OKPYXaloLyto cpepy Mo
MeTOOUYEeCKMM  peKOMeHAauMusM;  MpOBepKy
COOTBETCTBMA HOpPMaTMBaM [OMYCTUMOro KOM-
MIEKCHOro BO3AENCTBUSA Ha OKPYXaloLLyto cpe-
LY, BAVSIOWMX Ha BblAady KOMMIEKCHOro 3KOs10-
rM4yecKoro paspeLlueHus.

PaspabotaHa Crparterusa nosbileHUs 3¢-
PEKTUBHOCTU WM KOHKYPEHTOCMOCOOHOCTN Me-
Tannypruyecknx npeanpusaTmin Ha ocHose HAT,
BKJItOYatolwas kKputepuu Boibopa HAOT v pesep-
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Bbl 3Hepros3pdekTUBHOCTHN, Hasumpyrolmecs Ha
MPUHLMNAX KOMMIEKCHOM OLEHKU BO3OENCTBUSA
Ha OKpyXalLLyto cpefy C y4eTOM MEeTOL40N0rm
OLEeHKN 3KOHOMUYECKOM LLe1ecoo6pa3HOCTU.

OcHoBHbIMU KpUTEpPUAMM Bbibopa HOT aB-
NS0TCS: paumoHanbHoe noTpebneHve pecyp-
COB; BblCOKas 3HeproadpbekTUBHOCTb, Mpume-
HEeHMe ManloOTXOAHbIX MPOLECCOB; MHTErpaLms
C KOMMaHWAMU FOPHOro KacTepa; Xxapaktep u
MaclTab BO3LENCTBUS Ha OKPYXXalolLyto cpeny
M BO3MOXHOCTb CHUXEHUS 3MUCCUI;, UCMOSb-
30BaHME BeLWeCTB, B HaMMeHblUel CTeneHu
onacHbIX 019 YerloBeKa M OKpyXKatollen cpenpbl;
BO3MOXHOCTb pereHepaLuy M NOBTOPHOIro UC-
MOSIb30BaHUS MOJSIyYEeHHbIX MUHEPASIbHbIX MPO-
OYKTOB; CHUXEHME pucKa aBapuii.

B kauecTtBe pe3epBOB 3Hepros3dpdekTnB-
HOCTW MPeaIoXeHbl: ONTUMasbHble PEXUMbI pa-
60Tbl; S3HEPrOTEXHONOIMYHOE KOMBUHUPOBAHUE;
MCMOMb30BaHME CKPbITbIX MOTOKOB 3HEPrUU W
MHTerpauuss KOMnaHui ropHOro Knacrepa Mo
TeppUTOPUanbHOMY MPUHLMUAY ONS BHeOpPeHUs
CUCTEM TEXHUYECKOrO WMHTErPUPOBaHWA Ha OC-
HoBe HAT,; cuHepretnyeckme adpdekTbl UHTErpa-
uunmn; 3ddekTbl MacWTaboB U TONONOrUN.

K OCHOBHbIM MpUHLMMNAM KOMIMJIEKCHOMN
OLEeHKN BO3LENCTBUS Ha OKpYyXalollyto cpeny
OTHOCATCHA: onpefeneHve o61acTM MnNpuUMeHe-
HUS U uaeHTUGUKALMN anbTepPHATMBHbBIX TeX-
HOMOIMUI; NHBEHTApM3aLmsa BbIBPOCOB/c6pPOCOB,
OTXOLOB, MNOTPEeBNeHUs Cbipbs, MaTepuasnos
M 3HEepruu; oLeHka BO3OENCTBUA Ha KOMMO-
HEeHTbl OKpYyXatlollen cpenbl; UHTEpnpeTaLms
B3aMMOBNNAHUS U NMPOTUBOPEYUN MPU OLLEHKE
BO34ENCTBUS Ha OKPYXalLLyto cpeny; onpene-
ieHne 061acTn NPUMEHEHNA N NAEHTUDUKALNN
anbTepPHATUBHBIX TEXHOMOMMM; cbop M NMpoBep-
Ka npaBubHOCTM (Banupaumm) oboCHOBaHWSA
OAHHbIX O 3aTpaTtax Ha BHeApeHWe Hauy4dlmx
OOCTYMHbIX TEXHONIOM UM, onpefeneHne CTPyKTy-
pbl 3aTpaT; obpaboTka U NpefocTaB/ieHne UH-
dopMaumm o 3atpaTax; onpefefieHue 3aTpar,
OTHOCALLIMXCA K OXpaHe okKpyXatlieln cpenbl.
JaHHble NPUHLMNBI ONpeaenstoT NOCIeAYOLWNI

aHanu3 s3koHoMmyeckom apPeKTUBHOCTM 3aTpaT
M UX paspenieHne Mexay 3arpsasHsoWnMMm Be-
uiecTeamu.

Ha ocHoBe BbIMO/IHEHHbIX aBTOpPaMW Te-
OpeTnYeckMX U 3IKCMEPUMEHTAsIbHbIX UCCe-
[oBaHWM BblpaboTaHbl Hay4YHO OOOCHOBAHHble
TEXHUYECKMe U TexHOMOornyeckme pelueHus no
pauvoHaIbHOMY U KOMMIEKCHOMY WCMOJb30-
BaHUIO LleonmnTcoepxalimx nopon, 6asupyto-
LIMEeCs Ha HaUyYLMX OOCTYMHbIX TEXHOMOMMAX
nx oboralieHus, nepepaboTkmn n MmogmuobmrKamu,
018 yNpaBneHuss OTXo4aMuU MeTasllypruyeckomn
M TOPHOW MPOMbILLTEHHOCTU.

CTpaTterva paumoHanbHOro M KOMMIeKc-
HOMO UCMONIb30BaHUA MUHEPAsSIbHOIO Chipbs Ha
ocHoee HOT Ha npumepe LLCI BocTtoyHoro 3a-
b6arkanbs, paspaboTaHHas aBTopamMm, OPUEHTU-
poBaHa Ha mnosblleHne 3GPEKTUBHOCTU N KOH-
KYPEHTOCMOCOBHOCTU  TOPHbIX  MNPEeAnpPUATUI;
yrnpaeneHne ropHOMNPOMbILLIIEHHBIMU OTXO4aMM
Ha OCHOBE paLMOHANIBHOrO W KOMMJIEKCHOMO
mncronb3soanua LCM ¢ npuMeHeHneM cooTBeT-
CTBYIOLMX MHCTPYMEHTOB yrnpaBieHus.
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ACTIVATION OF MOLYBDENITE BY BRYCITE
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Molybdenum ore concentrates are
processed into ferromolybdenum, molybdenum
trioxide, ammonium paramolybdate, sodium
and calcium molybdates and molybdic acid. In
industrial practice, the opening of molybdenite
concentrates is mainly carried out by oxidative
roasting, as a result of which a calcine is
obtained, consisting of molybdenum (VI) oxide,
contaminated with impurities. The resulting
calcine is purified by the sublimation of MoOs
or by the hydrometallurgical method [1]. The
disadvantages of the oxidative roasting process
are the release of sulfur dioxide into the gas
phase (maximum concentration limit 0.5 mg/
m3) and partial volatilization of molybdenum in
the form of MoOs.

Based on this, one of the alternative
methods for increasing the efficiency of
molybdenite decomposition and solving the
problem of SO, pollution is the process of
thermochemical decomposition of molybdenite
mixed with brucite. This process will open and
convert valuable components into water- and
soda-soluble compounds. Brucite as anadditive,
instead of currently used artificial sodium
salts (carbonates, sulfates and chlorides), will
reduce the loss of molybdenum oxide due
to its conversion to non-volatile magnesium
molybdate and bind sulfur into a calcine.

During the firing process, molybdenite is
oxidized and brucite decomposes to form oxides
of molybdenum, magnesium, and sulfur dioxide.
In addition, as a result of the interaction of the
roasting products, secondary processes of the
formation of molybdate and magnesium sulfate
occur [2].

The firing process of a mixture of
molybdenite concentrate (wt. %: 472 Mo;
3518 S) with brucite (wt. %: MgO 61.4%) was
carried out under the following conditions,
temperature - 550-600 °C, duration - 60-90
min , the consumption of brucite is 100-110%
of the stoichiometrically required. The phase
compositions of the resulting solid reaction
products were determined on a Bruker AXS
D8 ADVANCE X-ray diffractometer. It has been
established that the formation of molybdate
and magnesium sulfate occurs during the firing
of a mixture of concentrate with brucite.

According to the results of X-ray phase
analysis of the calcine, the main products of
roasting are MgMoO,4, MgSO,4 MoOs, which
indicates that the addition of brucite performs
its function of fixing sulfur in the cinder.

Thus, the principal possibility of using
brucite as an additive in the thermochemical
activation of molybdenite concentrate has been
shown.
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U3YYEHUE NPOLLECCA TEPMOXMMUYECKOI'O
AKTUBUPOBAHWUA MOJIUBAEHUTA BPYCUTOM

Xomoxconosa /l.11., Aumponoea JI.I.

Balkanbckuin MHCTUTYT Npuponononb3oBaHua Cubrpckoro otaeneHns Poccuinckon akageMmmm
Hayk, YnaH-Yn53, Poccna
darkhom@mail.ru

MonubpoeHoBble  pyAHble  KOHLLEHTpaTbl
nepepabaTtbiBalOTCA Ha deppomMonmbaeH, Tpu-
okcua ™MonubpeHa, napamMonmbéaoaTr aMMOHUS,
MonuéaaTtbl HATPUS, KasbLUUs U MONIMOOEHOBYO
KMCcnoTy. B mpoMbIliieHHON npakTuke BCKpbITUE
MONMO6OEHUTOBbBIX KOHLLEHTPATOB B OCHOBHOM
MPOBOASAT OKUCITUTENbHBIM O6XWUIOM, B pe3y/ib-
Tate KOTOPOro mnoslyyarT Orapok, COCTOALMMN
n3 okcmpa monmbaeHa (VI), 3arpsasHeHHOro
npuMecaMu. MNonyyeHHbIN orapok ouYMLLaT Me-
ToooM Bo3roHkn MoOsz unum rugpomeTtanaypru-
yeckum cnocobom [1]. HepocTtatkamu npouecca
OKUCITUTENBHOIO 06XMra saBMASATCA Bblaene-
HMe B rasosyto dasy gumokcmaa cepbl (MOAK m.p.
0,5 Mr/mM3) mn yactuyHoe ynetyymBaHmue Mosm6-
neHa B suge MoOs.

Mcxops 13 3Toro ogHUM U3 anbTepHaTUB-
HbIX MeTO40B MOBbIWEHUA 3DDEKTUBHOCTUN pas3-
NoXeHns MonmbaeHuTa U peleHnmn nNpobnemol
3arpsasHeHma SO, aBnaeTca nNpouecc TepMOoxXm-
MUYECKOrO passioXeHUss MonmbaeHuUTa B CMecu
Cc 6pyCUTOM, MO3BOMAOWMIA B OQHOM MpoLiecce
BCKPbITb U MepeBecTU LEeHHble KOMMOHEHTbl B
BOOO- M COLOPACTBOPMMbIE coedmHeHUs. Bpy-

obpaszoBaHMeM OKCUOOB MonMbaeHa, MarHusa u
omnokcmpa cepbl. KpoMe Toro, B pesysnbraTte B3a-
MMOLENCTBUS MPOAYKTOB O6XWra npoTekaroT
BTOPUYHbIE NPOLECChbl 06pa3oBaHMa Monmbaara
v cynbdata marHusa[2].

Mpouecc obxura cMecnm MOIMBGOEHUTO-
BOro KoHueHTpaTta (mMacc. %: 47,2 Mo; 35,18 S)
c 6pycutom (Macc. %: MgO 61,4%) nposogmnu
npu cnegyoLlmx pexmmax, tTemnepartypa — 550-
600 °C, npoponxutenbHocTb — 60-90 MuH,
pacxopn, 6pycmuta 100-110% oT ctexmomeTpuye-
cku Heobxogumoro. PasoBble cocTaBbl Obpa-
3YIOLWMXCA TBEPObIX MPOAYKTOB peakLui onpe-
OEeNnann Ha PeHTreHOBCKOM audpaktomeTpe D8
ADVANCE o¢wupmbl Bruker AXS. YcTtaHoBneHo,
4TO MpPU 0BXMUre CMecu KOHLeHTpaTta ¢ 6pycu-
TOM MpoucxoomuT obpasoBaHMe MonmbégaTa M
cynbdaTta MarHus.

Mo pesynbratraM peHTreHodas3oBOro aHa-
nM3a orapka OCHOBHbIMU MPOAYKTAMU O6XMra
asnsatotca MgMoOy4, MgSOy4, MoO3, uTo ykasbliBa-
eT Ha TO, UTo fobaBKa 6pycMTa BbIMOSHAET CBOKO
dyHKLMIO dUKcaLMM Cepbl B orapke.

TakuM o06pasoM, nokasaHa MnpUHLMAN-

CcUT B KayecTBe [06aBKW, B3AMEH UCMOb3yeMblX  aflbHas BO3MOXHOCTb WCMONb30BaHUA  6py-
B HacToslLlEe BPeMS MCKYCCTBEHHbIX COMEN Ha- cuTa B KadecTBe  O06aBKU MpPW TEPMOXUMMU-
Tpua (kapb6oHaTbl, cynbdaTtbl U x0pUabl), MO- 4YECKOM  aKTUBUPOBAHWKM  MONNBOEHUTOBOMO
3BOSINT YMEHbLUNTb MOTEPU OKCMAA MOMMBAEHA  KOHLLeHTpaTa.
3a cYeT ero npeobpasoBaHUA B HENETYUYUI MO-
NMBOAT MarHUs U CBA3aTb Cepy B Orapok.

B npouecce obxura npomMcxogut OKUC-
NleHne MOoMMbBOeHUTa M pasrfioxeHne bpycuta ¢
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LITHIUM HYDROXIDE PRODUCTION
BY MEMBRANE ELECTROLYSIS METHOD

Zhilin K.P,, Korolkova L.V.

JSC “Chemical Metallurgical Plant”, Krasnoyarsk, Russia

Lithium hydroxide monohydrate plays main
role among products of the joint stock company
“Chemical Metallurgical Plant” (AO “CMP").
This product is used in production of batteries,
highly hydrophobic lubricants, projectile fuels,
polymerization catalysts etc [1-4].

The main current method of lithium
hydroxide production is based on caustification
of lithium carbonate with lime slurry [5-6].
This method benefits from the use of cheap
and available materials but suffers from low
concentrations of produced lithium hydroxide
(up to 36 g/L LiOH) contaminated by sodium,
potassium, calcium and other ions in high
amounts [5].

Concerned  with  customers  quality
demands to lithium hydroxide and unstable
raw materials supply AO “CMP” specialists
research electrochemical alternatives to the
method of lithium hydroxide production.
These electrochemical methods yield high
purity lithium hydroxide produced by simple
implementation and low lithium loss [6-8].

This work aimed to define scope of
membrane electrolysis conducted on the
intermediate scale equipment for lithium
hydroxide production from sulfate solutions.

Research was conducted on the semi-
industrial membrane electrolysis apparatus
MB-5/L-RE built by ASET company (Russia)
with 18 liters bath volume separated by YuanBo
(China) membrane. AISI 304 stainless steel

Table 1 — Impurities content in starting
anolyte and catholyte solutions.

Analysed Anolyte con- Catholyte
component tent, mg/L content,
mg/L
Lithium oxide 58.76 0
Calcium 7.54 2.83
Sodium 26.63 1.26
Potassium 2.36 0.16
Aluminium 013 0.25
Iron 0.74 0.90
Silicon 77.58 1.51
Magnesium 0.69 112

cathode and lead C1 grade anode were used.
Anolyte was prepared from Lithium sulfate
solution with 200 g/L concentration. Technical
grade water served as the catholyte (Table 1).
Solutions flow rates (catholyte — 2 L/hr, anolyte
— 2.5 L/hr) were set up by pump regulators.

In the anode containment water is
electrochemically oxidized during the
electrolysis process producing oxygen gas and
protons:

H,O - 2e~ > 2H*+% O, 1

High concentrations of hydroxide ions is
achieved by the water decomposition on the
cathode. Lithium cations flow from the anolyte
through the cation exchange membrane into the
cathode containment where lithium hydroxide
is generated:

2H,O +2e~ 5 20H-+ Hy ¢

Measured lithium hydroxide concentration
(expressed as Li;O) in the cathode containment
was 33-36 g/L after the electrolysis. Electrolysis
effectiveness was deduced as the rate of lithium
transfer from anolyte into catholyte calculated
by the formula:

VK . CK
R = 100%
A" Ca
where R — rate of the lithium transfer from the
anode containment to the cathode [%];
Vi — final catholyte volume [L];
Cx — catholyte concentrations expressed as
Li,O [g/L];
VA — anolyte volume after reaction [L];
Ca — anolyte concentration expressed as Li,O [g/L].

Table 2 — Impurities concentrations in the
catholyte and anolyte after electrolysis.

Analysed Anolyte con- Catholyte
component tent, mg/L content,
mg/L
Aluminium 0.09 on
Calcium 593 2.51
Potassium 2.25 0.06
Magnesium 1.95 1.61
Sodium 29.29 13.35
Lead 0.23 219
Sulfate ions 19710 3.06
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Table 3 — Lithium hydroxide monohydrate composition and purity in the membrane
electrolysis process and in the caustification method.

Content in the lithium hydrohide monohydrate

Analysed component, %

Produced by membrane electrolysis

Produced by caustifica-

Before washing

After washing tion method

Lithium hydroxide 49.90
Carbon dioxide 0.600
Sulfate ions 0.004
Chloride ions <0.002
Aluminuim 0.003
Calcium 0.002
Potassium < 0.001
Sodium 0.002

51.90 42.71
0.100 0.300
0.002 0.030
<0.002 0.002
0.002 0.002
0.002 0.007
< 0.001 0.005
0.001 0.005

For the one cycle this rate was found to
be 50 — 55 %. Neverthless, generated sulfuric
acid in the anolyte can be used to produce new
portion of lithium sulfate after lithium carbonate
addition. This renewed anolyte solution is then
recycled into the membrane electrolysis. After
five consequent cycles apparent lithium transfer
rate grows up to 95-98%.

It worth mentioning that sulfate ions
and cations of sodium, potassium and others
are transferred through the membrane into
cathode containment too. lons concentrations
was determined by atomic absorbtion
(ICE 3300, USA) and atomic emission with
inductively coupled plasma (ICAP 7400 Duo,
USA) spectrometers (Table 2).

Maintaining high quality of the production
is the major aim of AO “CMP". We determined
composition and purity of the lithium hydroxide
monohydrate yield after evaporation of the pro-
duced catholyte in comparison with the product

acquired in the laboratory by the caustification
process (Table 3).

Determined purities clearly show that
LiOH - H,0 produced by the membrane electrol-
ysis have lower calcium, potassium and sodium
content.

After the research experiments for lithium
sulfate electrochemical conversion we have de-
veloped economic process with low stage num-
ber and low demand for additional reagents.
This process does not involve additional equip-
ment units for the washing and carbonate slurry
settling used in the caustification process which
lead to lower operating and production costs. In
summary, lithium hydroxide monohydrate pro-
duction method based on the membrane elec-
trolysis found promising for the further realiza-
tion in pilot and industry scales.
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NOJIYMEHUE TMOPOKCUAA TNTUA METOAOM MEMBPAHHOI'O
JNIEKTPOJIU3ZA

Kunun K.I1., Koponvxosa J.B.

AKUMOHepHOoe 06LecTBO «XMMUKO-MeTanyprnyeckuin 3asony, r. KpacHospck, Poccusa

OpHuM n3 OCHOBHbIX
NMpomn3BOACTBA akuuoHepHoe o6LLecTBO
«XUMWNKO-MeTasNypPrmyeckmi 3aBOA» (AO
«XM3») gaBnsgeTca MoHoOrMagpart rugpokcuaa
nnTusa,  chepamm MPUMEHEHUs  KOTOPOTro
ABNATCA U3roTOB/IEHME  aKKYMYATOPHbIX
6aTtapemn, pakeTHOro TomnanBa, CMasokK C BbICOKU-
MW BOOOOTTANIKMBAKOLWLMMKM CBOMCTBAMM, TakxXe
KatanmMsaTopoB nonvMepmsaumm n ap. [1-41.

npoayKToB

B HacTosee Bpems OCHOBHOM
MPOMBILLTEHHbIN cnoco6 noay4eHns
rugpokcmaa  JSIMTUS  OCHOBaH Ha  peakuuu

Kkayctudmkaumm - B3amMoOencTBumn kapboHarta
JNTNA C N3BECTKOBbLIM MosiokoM [5,6]. JocTomH-
CTBOM 3TOro MeTofa SABMSETCS MCMNOSb30BaHMe
OOCTYMHbIX U AelleBbiX NCXOAHbIX BewecTs [5,6],
a HegocCTaTtkoM - TosydeHue pasbaBrieHHbIX
pPacTBOPOB rmapokcuaa nutha (oo 36 r/om3 no
LiOH), copnepxatumnx 6obLlloe KONMYecTBO Npu-
MEeCHbIX MOHOB: HATpUs, Kanus, Kanbuus v ap.,
NOCTyNalLLMX B pacTBOP M3 KapboHaTa nTUs n
nssectn [5].

BBuaoy yxectoueHus TpeboBaHUM K Ka-
YecTBy rMapokcuaa NMTUS CO CTOPOHbI 3akas-
UYMKOB, & TakXe B CBSA3W C HeCTabubHOWN CUTY-
aumen Ha CblpbeBOM pblHKe, cneumanuctel AO
«XM3» paccMaTpuBaloT BO3MOXHOCTU MpuMe-
HEeHUs aNbTepPHATUBHbLIX METOAOB MONyYeHUs

Ta6nuua 1 - CopepxxaHue npumecen
B UCXOAHbIX pacTBopax

TMAPOKCUOA NIUTUSA, HAMPUMeEpP, 31eKTPOXUMU-
YeCKMX, KOTOpble MO CPABHEHUID C XUMUYECKM-
MW cnoco6amMm MPOU3BOACTBA MO3BONSIOT MO-
nyyaTb TMOPOKCUL NIUTUS BbICOKOM YUCTOTbI MO
YMPOLLEHHOW CXeMe U MPU MEHbLUUX MOTEepPsx
nnTtua [6-8].

Llenbto HacToswer paboTbl ABMASIOCH
onpepeneHne BO3MOXHOCTU MOJSyYEHUS MOHO-
rmgparta rmopokcuaa nMTtus MeToAOM MeMbpaH-
HOrO 3/1eKTPOIn3a U3 pacTeopa cynbdarta IMTms
B MOJYMNPOMbILLISIEHHbBIX YCIIOBUSAX.

VccnepoBaTtenbckme paboTbl MO mosyde-
HWIO pacTBOpa rMAPOKCUAA NUTUA MPOBOAUIUCE
Ha NonynpoMbILLIEHHOM MEMBPAHHOM 3/1eKTPO-
nmnsepe MB-5//1-P3, komnanum ACIT (Poccus)
obbeMom 18 om3 ¢ memBpaHon YuanBo (Kutawn).
B kauyecTBe KaToga MPUMEHSANCS 3MeKTpon U3
HepxaBetolen ctanm mMapku AISI 304, a aHo-
ba - anektpop n3 cemHua mapku Cl. AHonntom
ABNSASICSH PACTBOP Cy/ibdaTa MMTUS C KOHLeHTpa-
umen 200 r/om3, copepxalmin okono 99 % oc-
HOBHOIO BELLEeCTBa, KaTOIUTOM - TexHu4yeckas
Boga (Tabnuua 1). CkopocTb Nogadn MCXOOHbIX
KOMMOHEHTOB PeryMpoBasiocb Hacocamu, ANs
KaTtonmMTa oHa coctasnana 2 aom3/d, aHonuta -
2,5 oM3/u.

Mpu ocyliecTBNEHUN NpoLecca MeMbpaH-
HOro 371eKTposM3a B aHOLHOM Kamepe npoTe-

Ta6bnuua 2 — CopepixaHue npuMecen
B pacTBOpax Katonura u aHonuTa nocne

KatonuTta v aHonurta 351eKTponumsa

OnpepensieMbiit AHoONUT Katonut Analysed AHonut Karonur

KOMMOHEHT component nocne nocne
3MeKTposiu3a 3neKTponmsa
Okcupg, nutus, r/om3 58.76 0
ANOMUHUN,

Kanbuwi, Mr/om3 7.54 2.83 Mr/nm3 0.09 om
Hatpwit, Mr/am3 26.63 1.26 Kanbumii, Mr/om3 5.93 2.51
Kanuii, mr/om3 2.36 0.16 Kanui, Mr/om3 2.25 0.06

AOMUHUI, MF/oM3 013 0.25 Marumii, Mr/am3 1.95 1.61

XKeneso, mr/om3 0.74 0.90 Hatpuit, Mr/am3 2929 13.35

KpemHui, Mr/nm3 77.58 1.51 CauHel, Mr/om3 0.23 219
M ", 3 0.69 112 -

arHui, Mr/om Cynbdar-noHb, 19710 306

mMr/om3
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Ta6nuua 3 — Pesynbrartbl aHanusa MoHoruapara ruapokcmupa JIMTus, Nosly4yeHHoro
B pe3y/ibTaTe MeM6paHHOIro 3/1eKTPoNM3a U peakLuum kayctupukaumm

CopepxaHue npuMecei B MOHorupparte ruppokcuaa nutus

OnpepensieMbiit
KOMMOHEHT, %

noJsly4YeHHOM B pe3yfibTate
MeM6paHHOro aneKTposmsa

Mony4YeHHOM Mo peakLum

KaycTupumkaumm
A0 NMPOMbIBKM rnocrie NpoMbIiBKU

Mpopokecnp nnTus 49,90 51,90 42,71
Onokcnp yrnepona 0,600 0,100 0,300
CynbdaTt-unoHbl 0,004 0,002 0,030
Xnopua-noHbl < 0,002 < 0,002 0,002
AnOMUHUIN 0,003 0,002 0,002
Kanbummn 0,002 0,002 0,007
Kanui < 0,001 < 0,001 0,005
Hatpui 0,002 0,001 0,005

KaeT 3MeKTPOXMMUMUYecKoe OKUCIIeHWe BOAbl C
obpaszoBaHMeM razoobpasHoOro Kucropoda W
NMPOTOHOB BOAOpOAA:

H,O - 2e~ > 2H*+% 0O, 1

MoHbl  nnTua  npu  3ToM  6ecrnpenaT-
CTBEHHO MPOXOOAT 4Yepe3 KATUOHOOBMEHHYIO
MeMBpaHy B KaTOAHYI KaMepy, rge 3a cuer
pasfnoxeHua BoObl Ha KaTooe obpasyeTcs
BOAOPOL W TMAPOKCUAO-MOHBI U MPOUCXOOUT
KOHLEHTPUPOBAHWE NIUTUEBON LLLESTOYM:

2H,0 +2e~ - 20H-+H;,

B pesynbrtate noBegeHus MeMBpaHHOro
3/1eKTPosM3a B KATOAHOMW Kamepe MpoucxoguT
POCT KOHLIEHTpaLMKM pacTeBopa rugpokcuaa
AUTUS 00 KOHUEHTpauum 33-36 r/om3 no okcnay
NTUA.

ObdeKkTMBHOCTb MNpoTekaHus npoLecca
371eKTPONM3a onpeaensan rno cTeneHy nepexona
WOHOB JIUTUA U3 aHOAMTA B KATOMIUT, KOTOpPYHO
paccunTbiBanu no dopmyne:

Vi + Ck
R= — .100%
Va - Ca
roe R — cremeHb mepeHoca WMOHOB NUTUA U3

aHoHOM Kamepsbl B katoaHyto [%];

Vi — nony4yeHHbIn o6beM kaTonuTta [1];

Ck — KOHLeHTpauusa katonmTa B nepecyeTe Ha
LizO [r/am3];

VA — MpopearnpoBaBLUMi 06beM aHonuTa [1];
Ca — KOHLEHTpaLMa aHoNuTa B MepecyeTe Ha
Li,O [r/am3].
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[nsa ogHoro umkia npouecca oHa coctaBuna 50 —
55 %. OpgHako, obpa3syrollancs B aHOOHOM KamMepe
cepHas Kucriota B OasibHeENWweM MOXeT 6biTb
HeMTpanm3oBaHa [[o6aBMeHHbIM  KapboHATOM
nuMtng, a obpasoBaBlMKCA cynbdar AnMTua -
BHOBb MCMOSb30BaH B MpoLecce MeM6paHHOro
3M1EeKTPONM33a, T.e. ByOeT NpoTekaTb PeuUMpKyIaLms
aHonuta. [poBeneHWe MNATU UMKIOB pPaboTbl Ha
PEeUMKINPOBAHHOM aHOJIUTE MO3BOSIAET MOBbICUTL
cTerneHb Mepexoda WOHOB NNTUA M3 aHoOHOM
KaMepbl B KaToAaHYyo 0o 95-98%.

Cnepyet OTMeTUTb cnenyowmm
dakT, B npouecce 3MeKTponM3a  4Yepes
KaTMOHOOBMEHHYO MeMb6paHy B KAaTOAHYHO

KaMepy M3 pacTBopa aHoaMTa MOMUMMO WMOHOB
NTUS MUFPUPYIOT U ApYyrue KaTUOHbl (Kanus,
HaTpUs, KanbLma 1 Ap.), a Takxe cynbdaT-noHbI,
onpeaeneHne coaepXaHmsa KOTOPbIX BbIMOHAN
Ha cnekTpoMeTpax aTOMHO-a6CcopPBLMOHHOM
ICE 3300 (CLLUA) 1 3MUCCMOHHOM C MHAOYKTUB-
Ho-cBsizaHHoM nnasmon ICAP 7400 Duo (CLUA)
(Tabnuua 2).

OpHoM M3 ocHoBHbIX 3agad AO «XM3»
aBnaeTcs obecnedyeHne BbICOKOTO KadecTBa
nocTaBAsieMoOn  MNpPOoAyKLWK,  MO3TOMY B
nabopaTopHbIX YCIOBUAX 6bl1I0  MPOBEOEHO
ynapuBaHue pacTBopa KaTonuTa M pacTBopa,
MOSlyY4eHHOro MO  peakumm KaycTubukaLmu,
[0 MoHorugparta ruMapokcmaa utmusa ¢ Lenblo
onpegeneHuns XUMUYECKOIro cocTaBa n
KOJIMYEeCTBEHHOro cofepxaHus npumecen (Ta-
6nunua 3).



CpaBHeHVe  copepxaHuit MPUMECHBIX ~OCHOBAHHOW Ha  peakuuu KayctudmkaLmm,

mnoHos B LIOH - H,O, nony4eHHbIX pasHbIMKM METO-  UCK/OYAET UCMOSb30BaHME  OOMONHUTENBHbIX

OAaMK MoKasaso, YTO U3 pacTeBopa cyfnbdara nnv-  enuHML ob6opynoBaHus, HEOBXOOMMbIX
TS METOOOM MEMBPAHHOIO 3/1IEKTPOMN3Aa MOXHO AN MPOMbIBKM M OTCTaMBaHUSA  OCAOKOB
Mosy4YnTb 6OMee YNCTbIM FOTOBbIN MPOAYKT. Kap6oHaTa KasbLus, YTO MPUBEOET K CHUXEHMUIO

B pesynbTtaTe npoBefeHHbIX  GUHAHCOBbLIX M MPOW3BOACTBEHHbIX 3aTpat. Ha

SKCNnepmMMeHTasibHbIX pa60T no SN1EKTPO- OCHOBaHMM Bbllle CKaszaHHOro YCTaHOBJIEHO,
XUMMYECKOM KOHBEPCUU cynbd)a'ra NTNA 4TO nonydyeHme M™MoHormgpata rumapokcumaoa
o6Hapy>KeHo, 4TO npouecc ManocTagumHbIn 1 nTmna  MeTonooMm MeM6paHHOFO 2N1eKTpon3sa
Tpe6yeT MNWHUMAJIbHOIoO KOJIM4YeCTBa PeareHTos, MOXeT 6bITb ycnewHo peannsoBaHoO B
a, CnenoBaTtesibHO, B OT/IMHME OT TEXHONOrmn, MPOMDbILLNEHHDbIX Macwtabax.
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RECOVERY OF THE BIOOXIDATION PROCESS FOR GOLD SULFIDE
CONCENTRATES IN PRODUCTION BIOREACTORS

Belyi A. V.., Solopova N.V.!, Krasilnikov G.S.!
T Polyus Krasnoyarsk Research Center (Polyus Krasnoyarsk JSC),
Krasnoyarsk, Russian Federation

Biohydrometallurgy currently forms an
integral part of the global gold mining industry
to ensure the processing of refractory gold
sulfide ore, in particular double refractory.
The technology entails an economical and
environmentally friendly process progressing
at atmospheric pressure. Chemolithotrophic
bacteria contribute to the generation of ferric
ions dissolved in sulfuric acid, which act as a
main oxidant in the process. Chemolithotrophs
exhibit an extraordinary natural ability to use
sulfide minerals, sulfur and ferrous iron as a
source of energy for cell biosynthesis, while
carbon nutrition is sourced from atmospheric
carbon-dioxide gas. Thus, bacteria act as a live
renewable catalyst for oxidation processes. The
process is responsive to automated control.

Processing stability and high efficiency are
subject to the control of biological, physical and
chemical, technical, process, and emergency
factors.

These mainly relate to temperature, slurry
pH, aeration, the balanced composition of key
feed elements, including N, P, K and Mg, as well
as the stable ratio of sulfide minerals contained
in flotation concentrate, effective mass
exchange and hydrodynamic performance of
the bioreactor, even solid distribution in slurry
throughout the whole volume of a reactor. The
feed rate shall not exceed the reproduction rate
of bacteria, whereas the slurry feed density shall
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be no more than the value that aggravates the
mass exchange performance of the bioreactor.

Any non-compliance with the biooxidation
(BIO) parameters leads to process failure and
requires immediate measures for its recovery.
The sooner the measures are taken, the faster
the process is stabilized. Oxidation-reduction
potential (ORP) is the quickest parameter for
monitoring the condition of bacteria association
in the biooxidation process of sulfide minerals.
Based on the process parameters and ORP
value, stability and high efficiency can be
maintained. Should a failure occur, the process
can be quickly recovered to its initial condition.
The timely feed of fresh slurry with an ORP
reaching 780-800 mV proves to be an efficient
measure to recover the process in a failed
bioreactor. If ORP drops below the level of
770 mV, this triggers the feed of fresh slurry with
an ORP of at least 780 mV. Such an operative
feed within several hours after the problem
is detected makes it possible to restore the
ORP in the bioreactor to normal values. Other
measures, including reduced slurry density or
flow rate, have shown less efficiency and may
lead to lower throughput at BIO circuits. The
described method for BIO control was patented
(Russian Federation Patent #2637204 dated
30 November 2016, A method for biooxidation
of refractory gold sulfide concentrates).



BOCCTAHOBJIEHME NMPOLUECCA BUOOKUCIIEHUA
30/10TOCYNIb®UNAHDbIX KOHLUEHTPATOB B NMPOMbILWIEHHDbIX
BUOPEAKTOPAX

benwuii A.B.!, Cononosa H.B.!, Kpacunvnuxos I.C.!

1 NceneposaTtenbckuin ueHTp AO «lontoc KpacHospck» (AO «[Tontoc KpacHosspck»),
r. KpacHosapck, PO

B Hactoswmi MoMeHT 6uormgpo-
MeTannyprmsa ABMASeTCS HEeOTbeM/IEMOM YacTbio

MI/IpOBOIz TEXHONOMM ,D,O6b|‘-l|/| 3010Ta, npu
nepepaboTke YMOPHbIX 3010TOCOAEPXALLNX
cynbdUOHbIX  pPyd, OCOBEHHO C  ABOMHOM

YAOPHOCTbIO. DTO 3KOHOMUYHbBIN K 3KOJOrNYeCcKU
6e30MacHbIM  Ccnocob, KOTopbiM  WMOET NpwU
aTMoCchepHOM  OaBMeHUMW, a  OCHOBHbIMMU
OKUCITUTENAMU  CyNbOUOOB  ABMSIOTCA  WOHBI
TPexBa/IEHTHOrO Xenes3a B pacTBOpe CepHoMn
KNCOTb, obpasytolimecs npv yyacTtnm
XEMONUTOTPODHbBIX MUKPOOPraHM3MOB.
OHW  obnapatT  YHWUKANbHOM  MPUPOAHOM
CNOCOBHOCTBID  MUCMONb30BaTh AN CUHTEe3a
6uomMaccbl  cybduAHbIE  MWHEpanbl,  cepy
M 3aKUCHOE Xefeso Kak >SHepreTu4eckui
cybCTpaT, @ B KadecTBe MUCTOYHMKA yriepona -
YrNeKkucnbli ras atMocdhepbl, ABAAACh XUBbIMY,
BO306HOBAAEMbIMUY KaTaIM3aTopamMm NpoLLeccoB
OKUCNEHUS. Mpouecc  nerko nopnaeTcs
aBTOMATU3NPOBAHHOMY YMNPaB/EHMUIO.

Ons Toro 4ytobbl mpouecc npoxonus
B CTabu/ibHOM,  BbICOKOMPOU3BOLUTENTIbHOM
pexuMe Heob6XOAMMO  yumTbiBaTb akTopsbl,
KOTOpble MOXHO MoApasfennTb Ha crefyoLme:
6uonoruyeckue, dU3KKO-XMMUYecKkue,
TexHu4yeckue, TeXHoIormyeckmne, aBapuiiHble.

B nepeyto o4yepedb 3TO KacaeTcs:
TemMneparypbl, pH nynbrbl, aspauum,
c6anaHCcMpoBaHHOMO cocTasa OCHOBHbIX

snemeHToB nNutaHua — N, P, K, Mg, ctabunbHoro
COOTHOLEHUA  CybPUOHBIX MUHEpanoB BO
ONOTOKOHLLEHTPATE, XOPOLUMX MACCOOBMEHHbIX
" r’MOPOAVMHAMUYECKMNX XapakTepucTuk
61opeakTopa, PaBHOMEPHOro pacnpeneneHus
TBepoon ¢asbl B MNyfnbhne no BCeMY 0O6beMy
peaktopa. CKOpOCTb MnoJayn nuTaHusa He
OONIKHa TMpeBbIlWaTb CKOPOCTU Pa3MHOXEHUSA
MUKPOOPraHU3MOB, MIOTHOCTb MUTAHMUA NybMbl

He [Oo/siXHa MpeBbiWaTb TOW, MPU  KOTOPOW
YXYALWAKTCA MacCOOBMEHHbIE XapakTepUCTUKM
61opeakToOpPOB.

HecobniogeHne napaMeTpoB npoLiecca
6unookuncnenus (BMNO) npuBoanT K ero cpbiBy U
TpebyeT HezaMenNUTENbHbIX OENCTBUN MO ero
BOCCTAHOBJ/IEHUIO. YeM paHblue 6yayT NPUHATHI
Mepbl, TEM BbICTPee MpoLecc cTabunmsnpyercs.
Havnb6onee onepaTuMBHbIM MapKepOM KOHTPOISA
COCTOSHUSA  accoumaLmm  MUKPOOPraHW3MOB,
B npouecce 6UOOKUCNEHUS  CynbOUOHBIX
MUHepanos, AaBnseTcs OKUCTUTENBHO-
BOCCTAHOBUTESbHbIN rnoteHuman oBn.
OpueHTUpYACb Ha mnapaMeTpbl npouecca U
nokasatens OBl MOXHO yaoepxuBaTtb npouecc
B  CTAabwW/bHOM,  BbICOKOMPOU3BOAUTENIBHOM
pexuMe, a B c/lydae ero cpbiBa 6bICTPO
BEPHYTb Ha MWCXOAHbINM ypoBeHb. OOHUM KX

3bPeKTUBHBIX crnoco6oB BOCCTaHOB/IEHMSA
npouecca 6rnookmncneHus ABnseTcs
CBOEeBpeMeHHasi rnpokayka «3abonesliero»

BropeakTopa Ny bnon U3 peakTopa C XOPOoLMM
OBl - 780-800 ™B. MMpu cHuxeHnn OB
B OOHOM M3 6uopeaktopoB Huxe 770 mB
B HeEro HauyMHalT MpoKadvBaTtb Mysbny U3
peakTopa ¢ OBl Bbiwe 780 MB. OnepaTvBHas
npokadka MO3BOMAET B TeYeHUU HeCKONbKUX
yacoB BepHyTb OBIT «6onbHoro» peaktopa B
HopMy. [pyrve Mepbl, TakMe Kak yMeHblueHune
MAOTHOCTM  MNyJNbMbl,  CHUXEHME  CKOPOCTMU
npoToka 3Ha4ynTenbHO MeHee 3bdeKTUBHbI U
NPUBOOAT K MAaLeHUIO MNPOU3BOAUTENIBHOCTM
LexoB BNO. Ha  pmaHHbIM noaxomn, K
pPeryimMpoBaHuio  npolecca 6akTepuanbHOro
oKMceHusa nonydyeH nateHT PO N2 2637204
ot 30.11.2016 r. «Cnoco6 6uoBbILLENaYnBaHNA
YMOPHbIX  30/10TOCOoAepXalmX  CynbOUAHbIX
KOHLLEHTPATOB».
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HYDROTHERMAL TRANSFORMATIONS OF LANTHANIDE
PHOSPHATES IN SYSTEMS WITH IRON(3+) OXIDES
(HYDROXIDES) IN ACIDIC SOLUTIONS

Kuzmin D.V., Gudkova N.V., Kuzmina A.A., Vorobyev S.A., Leskiv M.N., Kuzmin V.I.

Institute of Chemistry and Chemical Technology of the Siberian Branch of the RAS, Krasnoyarsk,
Russia

Introduction. Lanthanide phosphates (monazite, florencite) are the most important min-
eral forms for industrial processing, at least in Russia, where the largest deposits of rare earth
metals (REM) have been discovered and explored — Tomtorskoye (Yakutia) and Chuktukonskoye
(Krasnoyarsk Territory). In the ores of these deposits, REM are represented precisely in the form of
phosphates. As a rule, at the first stage, ores are enriched with the release of monazite concen-
trate, and then processed by known methods. One of the most important tasks of such processing
is the conversion of lanthanides into solution and dephosphorization of solutions. The main prob-
lem of processing for the new Russian rare-metal deposits turned out to be the unavailability of
ores and the need for their direct hydrometallurgical processing. One of the promising processes
providing both the dissolution of lanthanides and the dephosphorization of solutions was devel-
oped for iron-containing Chuktukon ores [1, 2]. As it was found, during nitric acid treatment of ore
under hydrothermal conditions at temperatures above 180°C, deep extraction of REM into solution
(more than 90%) and dephosphorization of solutions is achieved due to the formation of complex
hydroxypherrophosphate - Fe5(PO4)4(OH)s (giniite). Simultaneously with the temperature increase,
a decrease in the iron content (3+) is observed due to its hydrolysis. The objective of the performed
studies was to assess the influence of the nature of the acid used on the process of hydrothermal

extraction of REM by a new method.

Research results. Nitric, hydrochlo-
ric and sulfuric acids were used for leaching.
The process was studied on the model sys-
tems “LnPO4—oxides (hydroxides) of iron(3+)
— acid — water”. REM phosphates (lanthanum,
gadolinium and ytterbium) were obtained by
mixing lanthanide nitrates with concentrated
phosphoric acid (5% deficiency), calcining the
mixture at 300°C, then 800°C, with washing
of precipitation with a solution of nitric acid.
Hydrothermal decomposition was carried out
in fluoroplastic autoclaves placed in stainless
steel housings. After the process, the solutions
were analyzed and the composition of the solid
phase was determined.

Leaching with nitric acid. The dissolution
of lanthanide phosphates in nitric acid was
studied in the presence of various forms of
iron(3+) oxides (hydroxides): hydroxide — Fe(OH)s,
hydroxyoxide (goethite) — FeO(OH) and oxide
(hematite) — Fe,Os. It has been previously
shown that at a temperature of 200 °C,
the solubility of lanthanide phosphates in nitric
acid is low and amounts to about 01-0.2 g/l
for 1 mol/l solution. The behavior of iron (3+)
oxides (hydroxides) in the absence of lanthanide
phosphates is more complex. For the most
stable hematite compound, an increase in the
concentration of iron in solution is observed
for 30-60 minutes with the establishment of
an equilibrium concentration of iron (3+) 130-
140 mg/l. For the other two hydroxide-oxide
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forms, an initial increase in the metal content is
observed with its gradual decrease in solution
to 130-140 mg/L. This is especially noticeable for
the hydroxide form, for which the concentration of
iron after 15 minutes from the start of the process
is 300 mg/l. As established by X-ray phase
analysis (XRF), when equilibrium is established in
the system, all oxide (hydroxide) forms of iron pass
into one form - the form of hematite — Fe;Os.

With the combined presence of lanthanide
phosphates and iron (3+) oxides (hydroxides),
a sharp increase in the solubility of REM in
solution is observed, while the phosphorus
concentration decreases to values less than
5mg/l. For concentrations of nitricacid of 2 mol/l
or more, complete dissolution of lanthanum
phosphates is observed (Table 1). At the same
time, as a result of the reaction of hematite
with phosphoric acid released as a result of
acid decomposition of lanthanum phosphate,
a poorly soluble giniite — Fes(PO4)4(OH)s is
formed, which is confirmed by the XFA data.

It should be noted that the system is quite
complex and in some cases equilibrium in it
is not achieved in 1-2 hours of mixing phases.
It has been established that when equilibrium
is reached, the complete decomposition of
lanthanide phosphates with dephosphorization
of solutions by more than 99% is achieved in the
nitric acid concentration range from 1to 6 mol/L.
This ensures the extraction of lanthanides from
Chuktukon rare metal ores by 95-97%.



Table 1. = Joint hydrothermal decomposition of lanthanum and hematite phosphates
with nitric acid solution: temperature 200°C; time - 120 min; mLaP0,:Vs=1:50 g/|;
mFe2°3:VS =1:33 g/l

C(HNO3)-ex, mol/l 0 0,5 1 15 2 4
Lanthanum cogr;}tent in solution, 0 0,32 10 48 12,7 12,5
Fe3* content in solution, g/l 0 0,005 0,021 0,038 0,058 1M
Phosphorus cog}c[ent in solution, 0 <0,005 <0,005 <0,005 <0,005  <0,005
Extraction of lanthanum into 0 27 83 40 100 100

solution, %

Table 2. — Joint hydrothermal decomposition of lanthanum and hematite phosphates
with hydrochloric acid solution: temperature 200°C; time - 120 min;
mLaP0,:Vs=1:50 g/l; mFe,05:Vs from 1:25 g/l to 1:5 g/l (depending on the HCl content)

C(HCl)-ex, mol/l 0 0,5 1 1,5 2 4
Lanthanum content in solution, 0 01 0,1 0,4 0,5 0,4
g/l
Fe3* content in solution, g/l 0 3,4 10,9 19,2 26,7 63,0
Phosphorus co;}clent in solution, 0 0,036 0,081 0,096 ) 0,46
Extraction of lgntflanum into 0 0,9 0,4 30 43 37
solution, %
Leaching with hydrochloric acid. was only 1,5%. The total increase in the iron

Hydrochloric acid is in many cases a more
effective reagent for leaching ores and
concentrates. This is well manifested in the
reactions of dissolution of oxides (hydroxides)
of iron (3+). The equilibrium in the system for all
the compounds considered - Fe(OH)s, FeO(OH)
and Fe,03, at 200°C for HCl solution of 1 mol/l,
is established in 10 minutes. Attention is also
drawn to the high dispersion of iron oxide forms
after leaching and, in some cases, the formation
of colloidal solutions during cake washing.

The results of leaching a mixture of
lanthanide phosphates and hematite with
hydrochloric acid solutions are shown in Table 2.

The data obtained show a significant
deterioration of all technological indicators
during the transition from nitric to hydrochloric
acid. The concentration of iron in the solution
increases to more than 1 mol/l when the HCl
content in the initial solution is 4 mol/l, which
corresponds to the consumption of acid for
the dissolution of iron over 80%. For nitric
acid, the acid consumption in a similar process

content in the solution in comparison with
nitric acid reaches 2 orders of magnitude. At
the same time, for hydrochloric acid, there is a
significant deterioration in the main indicators
of the process: the extraction of lanthanum into
solution decreases from 100% to 4%, and the
phosphorus content increases from 5 mg/l to
almost 500 mg/L.

Leaching with sulfuric acid solutions. The
behavior of the system components for sulfuric
acid also differs significantly from systems
with nitric and hydrochloric acids. Equilibrium
in the system is achieved rather slowly. The
iron content in the solution when using
hydroxide and iron hydroxide passes through
the maximum and is leveled approximately 2
hours after the start of the process. At the same
time, in contrast to the previous acids, partially
hydrolyzed salts - iron hydroxysulfates (3+)
are found in solid processing products. During
the joint hydrothermal treatment of iron oxide
and lanthanide phosphates with a solution
of sulfuric acid in the solid product by the
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Table 3. — Joint hydrothermal decomposition of lanthanum and hematite phosphates
with sulfuric acid solutions: temperature 200°C; time - 120 min; mLaP0,:Vs=1:50 g/l;
MEe203:Vs from 1:25 g/l to 1:5 g/l (depending on the content of H,SO,)

C(H,S04)-ex, mol/l 0 0,5
Relative changs in cake weight, 0 133
%
Lanthanum content in solution, 0 0,12
g/l
Fe3* content in solution, g/l 0 0,45
Phosphorus content in solution, 0 0,076
g/l
Extraction of lanthanum into 0 10

solution, %

1 15 2 4
-10 16,7 34,2 60,5
0,29 0,68 0,76 115
3,7 4,3 6,1 8,6
0,07 0,021 0,02 0,092
2,5 57 6,4 97

XFA method, gynite is not detected. The main
product is iron hydroxysulfate. According to the
analysis of reaction products (Table. 3) with an
increase in the concentration of sulfuric acid,
the proportion of oxysulfate in the solid phase
increases, which leads to a relative increase in
the mass of the precipitate. The content of iron
(3+) in the solution also significantly exceeds
the same indicator for the nitric acid solution.
At the same time, the extraction of lanthanum
into solution does not exceed 10% with a suffi-
ciently high phosphorus content in solutions.
Conclusions. The results obtained show
that of the studied acids, only nitric acid can
be used for direct hydrothermal processing

of iron-containing monazite ores. For this re-
agent, with sufficient disclosure of REM miner-
als, quantitative extraction of lanthanides into
a solution with deep desphosphorization of
solutions can be achieved. The indicators of the
opening of hydrochloric and sulfuric acids are
unsatisfactory by all indicators: the extraction
of REM into the solution does not exceed 10%,
and the solutions contain a lot of iron and phos-
phorus.

The study was carried out at the expense
of a grant from the Russian Academy of Sci-
ences (project No. 22-23-20085).
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TTMAPOTEPMAIJIbHbBIE NMPEBPALLEHUA ®OCDATOB
JJAHTAHOMOOB C OKCUOAMU (TMOPOKCUOAMMU) XXENE3A(3+)
B KUCJIbIX PACTBOPAX

Kysomun /1.B., Iyokoea H.B., Kysomuna A.A., Bopo6ves C.A., /leckueé M.H.,
Kysvmun B.J.

NHCTUTYT xuMnm 1 xummdeckon TexHonorum OUL, KHL, CO PAH, r. KpacHospck, Poccus.

BBepeHue. docoartbl naHtaHompoB (Mo-
HaUWT, JIOPEHCUT) HABNAIOTCA BaXHENULWMMN
MUHepasbHbIMK  dopMamMu AN MPOMbILLIEH-
HOW nepepaboTky, No KpanHen Mepe, B Poccun,
roe obHapyXeHbl W pasBefaHbl KpyrnHenlme
MECTOPOXOEHUS penko3eMesibHbIX MeTaslsioB
(P3M) —TomTopckoe (AkyTusa) M YykTyKOHCKOe
(KpacHospckuii kpar). B pymax 3Tmx mecTto-
poxaeHun P3M npepncraBnieHbl MMEHHO B BUAE
docdatoB. Kak npaBuiio, Ha mnepBon cTaguu
pyobl oboralaloT C BblAeNIEHMEM MOHALUTO-
BOrO KOHLLEHTpaTa, a 3aTeM nepepabaTbiBaoT
M3BeCTHbIMU MeTopamu. OOHON M3 BaXHEWLINX
3a4ay Takon nepepaboTkn SABASETCS MepeBof,
NnaHTaHoMOoB B pacTeBop 1 obecdocdopmBaHme
pacteopoB. OcHOBHOW NpobtreMoin nepepaboT-
KW 0N HOBbIX POCCUMCKUX pPefkKoMeTasrbHbIX
MEeCTOpPOXOEeHUN oKa3anacb HeoboraTMMoCTb
pyo U HeobXxoAMMOCTb MX MPSAMOU ruapome-
Tannypruyeckon nepepadotke. OQHUM 13 nep-
CMEeKTUBHbIX MPOLLeCCOB, obecneymBaroLmMx Kak
pacTBOpeHWe naHTaHouMaoB, Tak U obecdoc-
dopmBaHMe pacTBOpoOB 6bl1 paspaboTaH ANs
xenesocogepXalimx YykTykoHckux pyg [1, 2].
Kak 6bl510 yCTaHOBEHO, MPU a30THOKMCIOM 06-
paboTke pyabl B rMapoTepMasbHbIX YCTOBUAX
npu Temnepatypax Bbiwe 180°C pocTturaetcs
rnybokoe usBnedyeHne P3M B pactBop (6onee
90%) n obecdochopmBaHMe pacTBOPOB 3a CYeT
obpasoBaHUsA C/IOXHOro rugpokcmupeppodoc-
data - Fes5(PO4)4(OH)3 (rnHnmTa). OnHOBpPEMEH-
HO C MOBbILWIEHWEM TeMmepaTypbl HabnaaeTcs
CHUXeHWe copepxaHns xenesa(3+) 3a cyet ero
rMaponmnsa. 3ajadvelrt BbIMOSIHEHHbIX UCCNeno-
BaHMM 6bl51a oLeHKa BIUSHUA NPUPOAbl UCMOSb-
3yeMOM KMCIOTbl HAa NpoLecc rmapoTepMasibHO-
ro nssnedyeHma P3M HoBbIM MeTOO,0M.

Pesynbratbl uccnepoBaHusa. [ns  Bbi-
LenaymBaHuUs UCMONb30BaNM a30THYHO, XJ10-
PUCTOBOAOPOAHY W CEPHYK KWcroTbl. [po-
LLecC WccnenoBann Ha MOAEsNbHbIX CUCTEMax
«LNPO4-okmnabl(rupgpokcuabl) xenesa(3+)-kuc-
nota-soga». ®ocdatbl P3M (naHTaHa, ragonm-
HUW N NTTepbUs) nosydanu CMeLmBaHUEM HU-
TPaToOB /lAHTAHOUOOB C KOHLEHTPUPOBAHHOM
docdopHom kmcnotom (HepocTaTtok 5%), npoka-
nmeaHnem cMecum npun 300°C, 3atem 800°C, c oT-
MbIBKOM OCaAKOB PACTBOPOM &30THOM KUCNOTbI.
MMpopoTepManibHOe pPassioXeHWe NPOBOAMAN BO

dTOpONNACTOBbLIX aBTOK/MIaBaX, MOMELLEHHbIX B
Kopryca n3 Hepxasetolen ctanu. Nocne npo-
BefeHUs mpoliecca aHanM3npoBanu pacTBOpbI
M onpenenanm coctas TBepaon dasbl.

BblwenaymBaHme asoTHOM kucnoton. Pac-
TBOpeHue ¢docdaToB NaHTaHOMLOB B a30THOM
KUCMOTEe UCCNefoBaHO B MPUCYTCTBUM pas-
NUYHBIX GOPM  OKCUAOB(FrMAPOKCUAOB) Xene-
3a(3+): ruppokcunpa — Fe(OH)s, rmuapokcmok-
cunpa (rétuta) — FeO(OH) n okcnpa (rematmTa)
— Fe,0z. lNpepBapuTenbHO nokasaHo, YTo npu
Temnepatype 200°C pactBopumMocTb docdaToB
NaHTaHOWAOB B &30THOM KWUC/IOTE HEBbICOKA U
coctasnget gna 1 Monb/n pactBopa nopsgka
0,1-0,2 r/n. MNoBeneHne oKcMO0B(rMapPOKCNAOB)
xenesa(3+) B oTcyTCcTBMM docdhaTtoB naHTaHo-
MOOB HOCUT 60ree C/OXHbIM xapakTtep. [Ona
Hamboree yYCTOMYMBOIrO COEAMHEHUS remMaTu-
Ta HabntofaeTcss POCT KOHLEHTPALMN Xene3a B
pacTtBope B TedyeHmne 30-60 MUHYT C ycTaHoBe-
HWEM PaBHOBECHOM KOHLEHTpaLun xenesa(3+)
130-140 w™mr/n. Ona p[Byx [OpYyrux rUapok-
CWMAHO-OKCUMAHBbIX OPM HabnogaetTcs nep-
BOHauasbHbIM POCT coAepXaHus MeTanna ¢
MOCTEMEHHBIM €ro CHWXEHWEM B pacTBope
no 130-140 mr/n. 310 ocobeHHO 3aMeTHO AN
FMAPOKCMAHOM GOopMbl, O1A KOTOpPOM KOH-
LeHTpaLumsa xenesa yepes 15 MUHYT C Hadana
nposeneHUs npolecca coctasnser 300 mr/n.
Kak ycTaHOBMeHO MO [aHHbIM PEHTreHO-
dazoBoro aHanusa (PDA), npu ycTaHOBIEHWU
paBHOBECUss B CUCTEMe BCE OKCUOHO(rMOpoK-
cuaHble) GopMbl Xeresa nepexonsaT B OOHY
dopmy — dopmy remaTuta — FerOs.

Mpn CcoBMeCTHOM npucyTcTBUM docda-
TOB JI@HTAHOMOOB W  OKCUAOB(rMOPOKCUAOB)
xenesa(3+) HabniopaeTcs pe3kUn PocCcT pac-
TBOpMMOCTM P3M B pactBOope npu ogHoBpe-
MEHHOM CHUXEHWU KOHLUeHTpauun docdopa
00 BeNnYMH MeHee 5 Mr/n. [nsa KoHUeHTpaLuui
a30THOW KMCNOTbl 2 MOnb/n 1 6onee Habnoaa-
eTCcA MosiHoe pacTBopeHune dochaToB naHTaHa

(tabn. 1). Mpu >ToM B pe3ynbrate peakumm
remaTuTa C dochopHom KncnoTon,
BbIOENAOWENCS B pe3ysbTate  KUCIOTHOrO

pasnoxeHus d¢ocdarta naHTaHa, obpasyeTcH
ManopacTBOpuMbIN TMHUNT — Fes(PO4)4(OH)s3,
4yTO MoATBEPXAAOT AaHHble PDOA.
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Taénuua 1. —CoBMecTHOE rmpgpoTepMarnibHoe pasnoxeHue pocparoB NnaHTaHa U rema-
TUTA PAacCTBOPOM a30THOM KUCIOTbI:
TeMneparypa 200°C; BpeMa— 120 MUH; My ,p04:Vpp=1:50 r/n; Meep03:Vp.p =1:33 1/n.

C(HNO3)-ucxs MOMIB/T 0 0,5 1 15 2 4
CopepxaHue naHTaHa B 0 0,32 1,0 48 12,7 12,5
pacTsope, r/n
3+
CopepxaHue Fe3* B 0 0,005 0,021 0,038 0,058 m
pacTsope, r/n
ConepxaHune docdopa B 0 <0,005 <0,005 <0,005 <0,005 <0,005
pacTtBope,r/n
M3BrneuyeHue naHTaHa B 0 27 83 40 100 100

pacTtBop, %

Taénuua 2. —CoBMecTHOE rmppoTepMasibHoe pasnoxeHue pocparToB NaHTaHA U
reMaTuTa pacTBOPOM COJIIHOM KUCJIOTbI: TeMnepaTtypa 200°C; BpeMa— 120 MuH;
My ap04:Vp-p=1:50 I/N; Mee03:V,., 0T1:25r/n po 1:5r/n
(B 3aBUCMMOCTHU OoT copgepxkaHusa HCL).

CHey-nexs MONB/N 0 0,5 1 1,5 2 4
CopepxaHue naHTaHa B
pacTteope, r/n 0 01 0,1 0,4 0,5 0,4
CopepxaHue Fe3* B pactBope,
r/n 0 3,4 10,9 19,2 26,7 63,0
CopepxaHue pocdopa B
pacTtsope, r/n 0 0,036 0,081 0,096 - 0,460
M3BneyeHne naHTaHa B
pacTteop,% 0 0,9 0,4 3,0 4,3 3,7

CnenyeT OTMeTUTb, 4YTO cCuUCTeMa pocTa-
TOYHO C/IOXHA W B paAge C/lyvYaeB paBHoBecue
B Hel He gocTturaetca 3a 1-2 yaca nepemelun-
BaHMA ¢as. YCTAHOBMEHO, YTO NpU OOCTUXEHUM
paBHOBECUS MoNHOe pasfnoxeHne docdaToB
naHTaHomgoB ¢ obecdochdopuBaHMEM pPACTBO-
poB 6onee yeM Ha 99% pocTuraeTcs B obna-
CTU KOHLEHTpauMM asoTHoMm kucioTbl oT 1 go
6 Monb/n. 2To obecneymBaeT U3BAEYEHWE aHTa-
HOWOOB M3 YYKTYKOHCKMX peaKoMeTasibHbIX pym,
Ha 95-97%.

BbilenaymBaHne  XJIOPUCTOBOLOPOLHOMN

kncnoton. ConsiHas KMcnoTa BO MHOMMX Crlydasx
apnaeTca 6onee 3¢deKTUBHBIM peareHToM ANs
BblLLENauYnBaHMSa Py U KOHLEHTPATOB. DTO XO-
POLIO MPOSBNASETCA B peakuusax pacTBOPEeHUs
okcmpoB(rugpokcmaos) xenesa(3+). PaBHoBe-
cume B CUCTeMe A1 BCEX PACCMOTPEHHbIX Coean-
HeHun — Fe(OH)sz, FeO(OH) n Fe;03, npm 200°C
ona pacteopa HCL 1 mMonb/n, yctaHasnvsaet-
ca 3a 10 MuHyT. Obpauiaet Ha ceba BHUMaHME
Takxe BblCOKas OMUCMepPCHOCTb OKCUAOHbIX GopM
Xesfesa nocsie BbllenadymBaHus 1 B page ciy4da-
Aax, o6pazoBaHMe KOMMOUOHbIX PACTBOPOB MpwU
NMPOMbIBKE KEKOB.
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Pe3ynbTaTbl BbillenadymBaHmsa cMecn poc-
$daToB NaHTaHOMOOB U remMatMta pacTsopamm
CONAHOM KNCNOTbI MpUBeaeHbl B Tab. 2.

MonydeHHble OaHHble MOKAa3blBAKOT Cylle-
CTBEHHOE YyXyOlleHWe BCexX TEeXHONOrmYyeckmx
rokasaTesien nNpu nepexone oT a3oTHOM K cons-
HoM kmncnoTte. KOHUeHTpaums xenesa B pacTBo-
pe Bo3pactaeT Ao 6onee 1 Monb/n Npun copep-
XaHuu B ncxogHoMm pacteope HCL 4 monb/n, uto
COOTBETCTBYET pPacxody KMC/OTbl Ha pacTBope-
Hue xenesa cabie 80%. 1519 a30THOM KUCNOThI
pacxod, KMCNOTbl B aHA/IOrMYHOM npoLecce co-
ctaBnan nuwb 1,5%. O6wWmMn pocT copepxaHus
Xenesa B pacTBoOpe Mo CPABHEHWIO C a30THOM
KMCIOTOM focTuraeT 2-x nopsagKos. lNpm aTom ona
CONAHOM KUCOTbl HabntogaeTcs CylwecTBeHHoe
yXyOlleHMe OCHOBHbIX MokasaTesiel rnpouecca:
M3BfleYeHMe flaHTaHa B PacTBOP CHMXAeTCA COo
100% po 4%, a copepxaHne pocdopa yBenmym-
BaeTcs ¢ 5 Mr/n go noutn 500 mr/n.

BblwenayvBaHve pacTBOpaMu  cepHoOM
KMCoThl. [loBegeHMe KOMMOHEHTOB CUCTEMBbI
0719 CEPHOM KUCMOTbl TaKXe CyLLeCTBEHHO OT-
NiMyaeTca OT CUCTEM C Aa30THOM U COMAHOM KUC-
notamn. PaBHOBecne B cucTeMe pocTuraeTcs




Ta6nuua 3. — CoBMecTHOe rmapoTtepmMasnbHoe pasnoxeHue ¢ocpaToB SlaHTaAHA
M reMaTuTa pacTBopamMm cepHoM KUcnotbl: Temneparypa 200°C; spemst — 120 MuH;
My ap04:Vp-p=1:50 r/N; Meer03:Vp.p 0T 1:25 r/n po 1:5r/n
(B 3aBUcuMocTU oT copepxxaHua H,SO,).

C(H2504)_MCX, MO)'Ib/J'I 0 0,5 1 1,5 2 4
OTHOCUTENbHOE VIBI*;IeHeHI/Ie 0 133 10 16,7 342 60,5
Macchbl Keka, %
CopepxaHue naHTaHa B 0 012 0,29 0,68 076 115
pacTteope, r/n
3+
CopepxaHue Fe3* B pacTBope, 0 0,45 37 43 6,1 8.6
r/n
CopepxaHune docdopa B
pacTteope, r/n 0 0,076 0,07 0,021 0,02 0,092
3BneyeHne naHTaHa B
pacteop, % 0 1,0 2,5 5,7 6,4 9,7

pocrtatoyHo MepsieHHo. CopepxaHue xenesa B
pacTBoOpe Mpu MCMOMb30BAHUW TUAPOKCMAA W
rMAPOKCMOKCUAA Xefe3a NpoxXoauT Yepes Mak-
CMMYM W BblpaBHWBAETCH MPUGIN3UTENTBHO Ye-
pe3 2 yaca OT Hayasa NpoBefeHUs mpoliecca.
Mpwy 3TOM B OT/M4YME OT NpeablayLimnX KUCNOT B
TBepablx NpoaykTax o6paboTky obHapyXuBa-
IOTCA Y4aCTUYHO TFUOPOSU30BAHHbIE COMU- TU-
npokcucynboatbl xenesa(3+). MNpu coBMecTHOM
rmopoTepManbHon obpaboTke OKCUAA Xenesa
n docdatoB NAHTAHOMAOB PACTBOPOM CEpPHOM
KMCMOTbl B TBEPOOM mpoaykte Metogom POA
He obHapyxuBaeTca FMHUUT. OCHOBHbLIM MpPO-
OYKTOM SABMSeTCA ruapokcucynbdat xenesa. 1o
OaHHbIM aHanusa npoaykToB peakuuu (tabn. 3)
C POCTOM KOHLEHTPALMN CEPHOM KMUCNOTbI 40N
okcucynbdata B TBepaoom ¢dase BO3pACTAaET,
4YTO MPUBOOUT K OTHOCUTENIbHOMY POCTY MaccChl
ocapka. CopmepxaHune xenesa(3+) B pactBope
TakXe CyLLeCTBEHHO MPEeBbIWAET aHaNOrUYHbIN
nokasaTtenb AN a30THOKMUCAOro pacTBopa.
Mpn 3TOM KM3BEeYeHUe faHTaHa B PacTBOp He
npeBbiwaet 10% npu [LOCTATOYHO BbICOKOM
copepxaHnm dochopa B pactBopax.

BbiBoabl. [lonydeHHble  pe3ynbTaThl
MOKa3blBalOT, 4YTO W3 WUCCNEOOBaHHbIX KUC-
NOT NULWb a30THAsA MOXeT 6blTb MCMOMIb30BaHa
ONS NpaMoM rMapoTepMasibHON MnepepaboTku
XefnesocofepXalimx MoHauuMToBbIX pya. [Ana
3TOro peareHTa Npu SOCTATOYHOM PACKPbITOCTH
MuHepanoB P3M  MoxeT 6blTb AOCTUMHYTO
KOIMYECTBEHHOE  W3B/leYeHMe flaHTaHOWUOOB
B pactBop ¢ rybokmm obechdochopmBaHMEM
pacTBopoB. [lokazaTenu BCKPbITUS CONSHOMN
M CepHoM KWUCMIOT MO BCeM nokasaTensam
HeyOoBMeTBOpUTENbHbI:  M3BNedYeHne P3M B
pacTBop He npeBbiwaeT 10%, a pacTBoOpbl CoO-
[epXaT MHOro xenesa u pocdopa.

NccnepgoBaHve BbIMO/HEHO 3a
rpaHTa PHO (npoekTt N2 22-23-20085)
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Introduction

Plants of the metallurgical industry
processing copper concentrates are mainly
pyrometallurgical and are accompanied by the
formation of a large amount of exhaust gases
and dust. In modern conditions of production
of non-ferrous metals, the issues of the
complexity of the use of raw materials and
the environmental friendliness of production
come to the fore. Thus, the disposal of dust
from copper smelting solves two problems -
preventing potential damage to nature and
human health and increasing the complexity of
using ore raw materials.

The processing of metallurgical dusts
is reduced to the extraction of valuable
components into individual products, and
harmful impurities into low-toxic concentrates.
With regard to dust from the processing of
the Ural copper concentrates, it is possible
to obtain zinc, copper- and lead-containing
products, while arsenic is first distilled from the
material.

Fine dusts from copper smelters in the
Ural region can be conditionally divided into
two groups. The first is dust from melting units;
the second is converter dust. The latter are
characterized by a high content of oxide and
sulfate forms of metals, and a slight enrichment
in arsenic. Therefore, the hydrometallurgical
processing of such dusts is usually carried out
according to a technology similar to the neutral
leaching of zinc cinders.

At the same time, such metallurgical
units as the Vanyukov furnace and the Ausmelt
furnace are characterized by low dust emission
and a reducing atmosphere in the under-roof
space. Due to this, a significant enrichment of
dusts with zinc and lead is observed, and the
opening of compounds of these metals during
sulfuric acid leaching of dusts depends on the
composition of gases and the temperature
regime in the flue.

The urgency of the problem

An analysis of publications on the topic
shows that pyro- and hydrometallurgical
methods are used to process metallurgical dusts;
their combination is also widespread [1-8]. One
should take into account such a feature of copper
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smelting dust as the presence of a noticeable
amount of arsenic in them, which affects the
choice of waste disposal method [2,6].

The advantages of pyrometallurgical
schemes for processing dusts are high specific
productivity and relatively low cost of the
reagents used. The disadvantages include
the low quality of the products obtained, the
intensive process of secondary dust formation,
which, as a result, leads to additional losses of
valuable components and the need to organize
measures for the purification of process
gases. Products obtained by processing dust
in pyrometallurgical units most often require
additional refinement, which significantly
reduces the efficiency of pyrometallurgical
schemes [5].

Hydrometallurgical processes are
becoming increasingly important in the
metallurgy of non-ferrous metals, including the
processing of metallurgical dusts [8]. At the
same time, to transfer the target components
into a solution, the method of opening with
sulfuric acid is often used, which stands out at
an affordable price, the presence of materials
resistant to its action, and the ease of cleaning
waste solutions from sulfate ions. Other
solvents are used less frequently.

Among the works devoted to the complex
processing of fine dusts of copper smelting
production [1,3,7]; Of greatest interest is the
experience of the Kirovgrad copper smelter
(KMK), where in the 1970s. the processing of
dust from metallurgical units of the Ural copper
smelters was organized. The initial dusts were
divided into converter dusts, represented mainly
by metal oxides, and dusts from roasting, mine
and reflective smelting, which are characterized
by multicomponent and complex phase
composition. During sulfuric acid leaching,
roasting dusts are opened worse than converter
dusts. In the technological scheme of complex
processing of dusts, the initial operations
were Waelzization of dusts and subsequent
two-stage sulfuric acid leaching of Waelz
sublimates.



Material characteristic

Copper-smelting dusts are characterized
by a fairly wide range of element content,
which indicates a significant dependence of
the chemical composition of dusts on the mode
of operation of the production unit and the
composition of the feedstock. A comparative
analysis of the chemical composition of various
batches of dust revealed a direct correlation
between the content of iron and copper in them,
which indicates the presence of a significant
amount of minerals containing both iron and
copper, for example, chalcopyrite and its
thermal decomposition products.

In this work, we used a sample of “fine” dust
from the electrostatic precipitator bin, chemical
composition, %: 4.47 - Cu, 9.01 - As, 7.52 - Zn.

Semi-quantitative phase analysis of
electrostatic precipitator dust samples showed
the presence of compounds in the material, %:
PbSO4 - 22.8; ZnSO4-H,0 - 40.2; PbsO4 - 3.3, ZnS
- 6.3; As,03 - 7.8; ZnO - 3.8; CuFeS; - 3.3; PbO -
3.5; ZnySn0O4 (FeaSn0y) - 4.3; FesO4(ZnFeyOy) -
5.2; CuO - 1.5.

Experimental technique

A study was made of the processing of
“fine” dusts according to the option “sulfatizing
roasting-sulfuric acid leaching of cinder”

During the first operation, a sample of dust
was placed in an alundum boat and fired at a
given temperature in a tube furnace in a sealed
flow-through quartz tube with continuous air
supply by a compressor at a rate of 2—-3 dm3/
min. The overpressure was 10 mm aq. art.
Condensation of arsenic oxide occurred on
the inner surface of the cold (40-50°C) outlet
end of the tube. The air from the furnace was
subjected to sanitary cleaning by bubbling in
water through a dispersant.

After the end of the experiment (burning
duration - 1 hour), the boat was removed from
the furnace, the cinder was weighed and sent
for sulfuric acid leaching.

A cooled quartz tube with arsenic oxide
was washed in a sulfuric acid solution (30 g/
dms3, 200 cm3) for 1 h. The solution was treated
with sodium hydrosulfide (80 g/dm3, 30 dm3).
The resulting precipitate after holding for 10
h was filtered through a finely porous (No. 40)
Schott ceramic filter and dried for 12 h at 105°C.
The mass of arsenic sulfide was determined
from the difference between the masses of
the clean and spent filters. A recalculation was
carried out for the mass of arsenic distilled
during firing.

A portion of the cinder was leached in a
solution of sulfuric acid (100 g/dm3) at W:S =
20 and a temperature of 80°C for 1 hour. The
solutions were analyzed for the content of
copper and zinc. The extraction of copper and
zinc into the solution was calculated relative
to their masses in the sample of the initial dust
(copper and zinc quantitatively remain in the
cinder during roasting).

Research results

During firing, a small amount of arsenic
sulfide was also distilled off, which did not pass
into solution when the tube was washed. The
main results of roasting and leaching are shown
in Table 1and in Figures 1-2.

The research results show that at
low-temperature roasting, despite the relative-
ly high degree of arsenic distillation, it will not
be possible to ensure 100% extraction of copper
and zinc into solution due to their incomplete
transition into soluble compounds. An increase
in the temperature and duration of firing does
not lead to an increase in the extraction of cop-
per and zinc into the solution during leaching.

Table 1 - Main indicators of the process of roasting and dust leaching

Extraction of arsenic into sublimates depending on the temperature of dust roasting

T firing, °C

Extraction of arsenic

into sublimates % 0

25 (without firing)

400 500 600 700

79,8 84,3 85,5 81,0

Extraction of copper and zinc into solution during sulfuric acid leaching depending on the
temperature of sulfating roasting

Extraction of copper

into solution, % 66,2

Extraction of zinc

into solution, % 60,6

81,1 94,4 92,8 74,2

678 84,9 72,2 69,0
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Figure 1 - Temperature dependence of the extraction of arsenic into sublimates
Experimental results show that the highest extraction of arsenic is achieved at a firing temperature
of 500 °C. At the same time, this firing temperature made it possible to obtain the most satisfactory results for

the extraction of copper and zinc into solution.

Extraction into solution, %

Ann eAn 500 —nn ann

Firing temperature, °C

Figure 2 - The dependence of the extraction of copper and zinc into the solution on the firing temperature

Conclusions

The paper presents a combined technol-
ogy for the processing of “fine” metallurgical
dusts of the copper production process. On the
basis of theoretical and laboratory studies, a
rational technology for the complex processing
of copper smelting dusts with the extraction
of valuable components and the production
of marketable products is proposed. At the
same time, experimental data were obtained
for specific samples of roasting dusts and
technological solutions.
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In particular, technological operations are
described: sulfating dust roasting; sulfuric acid
leaching of the cinder to obtain a lead cake
and a solution for the extraction of copper and
zinc with the precipitation of arsenic into an
insoluble precipitate suitable for burial. In the
course of the studies carried out, the optimal
firing temperature was determined, 500 °C,
which makes it possible to drive off up to 84%
of arsenic from dust and transfer most of (85%)
zinc and (94%) copper into solution.
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NMPUMEHEHUE KOMBUHUPOBAHHOM TEXHOJIOr MU
NMEPEPABOTKU NbIJIEM MEQENNABUIbHOIO NPOU3BOACTBA

Bnyoosa [I. Y., Mamauenkoe C.B., Xanwxun H.A., Mouanose b.K.
OrAQY BO «Ypanbckuit defmepanbHbiv yHUBEPCUTET MMeHW nepBoro MNpesnpeHta Poccuun B.H.
Enbumnax, r. EkatepuHbypr, Poccuinckas @epepaums
KnioueBble cnoBa: Mefb, LIWMHK, MbllLbAK, TOHKME MbINU, 06XUT, BbllenadnsaHME.

BeepeHue

Mpeonpuatna MeTannypru4yeckon oTpac-
nun, nepepabaTtbiBawoLLe MeaHble KOHLUEHTPATHI,
ABNSAOTCA B OCHOBHOM MUPOMETaslypruyecku-
MW K compoBoXgatTca obpasoBaHneM 605b-
LLIOro KOSIMYECTBa OTXOAALLMX ra30B U MNbiien. B
COBpPEMEHHbIX YC/IOBUAX MPOU3BOACTBA LBET-
HbIX METaJI/IOB Ha MepBOe MecTO BbIXOO4AT BO-
MPOChl KOMMAEKCHOCTU UCMOSIb30BaHMS Cbipba U
3KOMTIOrMYHOCTU MPOU3BOACTBA. TakMM 06pa3oM,
yTUNU3auus nbiie MefensiaBuiibHOro npows-
BOACTBA pellaeT ABe 3a4a4M — npenoTepalle-
HWe MoTeHUManbHOro yulepba npupone v 340-
pOBblO ftoAen M MOBbILEHNE KOMMIEKCHOCTU
MCMOIb30BaHUSA PYOHOIO Chipbs.

[MepepaboTka MeTannypruyeckux rnbinemn
CBOOMUTCA K U3BJ/IEYEHMIO LLEHHbIX KOMMOHEHTOB
B OTAE/IbHble MPOAYKTbI, & BPeOHbIX NMpuMecen —
B MasIOTOKCUYHbIEe KOHLLeHTpaTbl. [TpyMeHnTenb-
HO K MbIIAM OT NepepaboTku yparbCKUX Mef-
HbIX KOHLEHTPATOB BO3MOXHO MOJSy4YeHne LUHK,
Mefb- W CBUHEL,-COAEePXaLLMX MPOAYKTOB, Mpwu
3TOM MpeaBapuTesIbHO U3 MaTepurana OTroHAeT-
CS MbllbSAK.

ToHKMe nblIM MefennaBubHbIX MPOU3-
BOACTB YpPasbCKOro pPermoHa MOXHO YCIOBHO
pasnenutb Ha Ae rpynnbl. [epBas — nbuiv oT
MAaBU/IbHbIX arperaTtos; BTOpas — KOHBEPTOP-
Hble Mbln. [Ona nociegHUX XapakTepHO Bbl-
coKoe copepxXaHme OKCUAHbIX U CynbdaTHbIX
dopM MeTannoB, He3HaunTebHOe oborauieHune
MbllWbsKOM. [lo3ToMy rugpomMeTannyprmyeckas
nepepaboTka Takmx Mblsien 06bIYHO MPOBOOMUT-
€Sl MO TEXHOOM UK, @HANIOTUYHOM HENTPASIBHOMY
BblLLE/1aYMBaAHMIO LLMHKOBbBIX OrapKOB.

[Mpu 3TOM Takue MeTannypruyeckme arpe-
ratbl, Kak nedb BaHiokoBa 1 nedyb Ausmelt xa-
pPaKkTepPU3YTCA HU3KUM Mbl/ie-BbIHOCOM U BOC-
CTAHOBUTENIbHOM aTtMocdepon B MOACBOOOBOM
npocTpaHcTee. bnarogaps 3ToMy HabnopaeTcs
3HauYMUTeNbHOEe oboralleHue nbiner UUHKOM U
CBUHLOM, & BCKPbIBAEMOCTb COEOUHEHUM 3TUX
MeTasi/IoB MpU CEPHOKUCNOTHOM BbllLenavymea-
HUW NblNIeV 3aBUCUT OT COCTaBa ra3oB U TeMne-
paTypHOro pexmMa B rasoxone.

AkTyanbHOCTb Npo6seMbl

AHanus nyénmkaumi rno Teme nokasbiBaeT,
UTO ANA NepepaboTky MeTanaypruyeckmx mnbl-
el UCMONb3YIOT NUPO- U FMAPOMeTanyprmye-

310

CKMe METOAbl; LIMPOKO PaCnpOCTPAHEHO TaKXe
nx kombuHuposaHue [1-8]. CnenyeTt yunTbiBaTh
Takyto OCOBEHHOCTb MefennaBusbHbIX TMblen,
Kak Hanmyme B HWX 3aMeTHOro KosmyecTBa
MbILLbSKA, YTO BIIMSAET Ha BbIGOp cnocoba yTunm-
3aumum otxonos [2,6].

JoCTOMHCTBAMY  NMPOMeTaslypruyeckmnx
cxeM nepepaboTky Mblien ABASIOTCA BblcOKas
yOenbHas npousBoOOUTENIbHOCTb U CPABHUTESb-
HO HM3Kas CTOMMOCTb MPUMEHSIEMbIX PEareHTOB.
K HepocTatkam crieflyeT OTHECTN HEBbICOKOE Ka-
4YeCcTBO MoslyYaeMblX MPOAYKTOB, WHTEHCUBHbLIN
npoL,ecc BTOPUYHOrO MblieobpasoBaHus, YTo,
Kak cneacTeme, NMPUBOANT K OOMOMHUTENbHBIM
noTepsiM LEeHHbIX KOMMOHEHTOB U HeObXOoAM-
MOCTW OpraHmM3aLuny MeponpuATUI MO OYUCTKE
TexHosornyeckmx rasos. [lpoaykTbl, nony4a-
eMble Mpu nepepaboTke MblsiIel B nMupoMeTas-
Nypruyeckmx arperartax, yaile Bcero TpebytoT
[OMOSIHUTENIBHON A0PAaBOTKM, YTO 3HAYUTENBHO
cHmxaeT 3bdeKTUBHOCTb NMpPOMETaTyprmye-
ckmx cxem [5].

MmpopomeTannypruyeckme npoLeccol nosy-
YaloT pacTylllee 3Ha4YeHMe B MeTa/Iypruu LBeT-
HbIX MeTas/IoB, B TOM YucC/e 1 Npu nepepaboTke
MeTannyprudeckux noinen [8]. lMpu atom gns
nepeeBoda LEeNeBblX KOMMOHEHTOB B pPacTBOP
3a4acTyto NCMOMb3yeTCs CNocob BCKPbITUSA cep-
HOM KWCNOTON, BblAENAWENCcs JOCTYNMHON Le-
HOM, HANTMYMEM CTOMKUX K €€ OeNCTBUIO MaTepu-
anoB, NMPOCTOTOM OYNCTKU COHPOCHbBIX PACcTBOPOB
oT cynbdar-noHa. pyrne pactsoputenu npwu-
MEHSIOTCS pexe.

Cpenu paboT, NoCBSALLEHHbBIX KOMIMIEKCHOMN
rnepepaboTke TOHKUX Mbler MenennaBuIbHO-
ro npowussoactea [1,3,7]; HauMbonbwn MHTEpPEC
npenctaenseTr onbiT KupoBrpagckoro ™Mepge-
nnaeunbHoro kombuHata (KMK), roe B 1970-x
rr. 6blla opraHmM3oBaHa rnepepaboTka Mbiien
MeTanypru4yeckmx arperaTtoB ypasbCkuUX Me-
[ennaBuiibHbIX 3aBOOOB. VIcxofHble Mbinn pas-
OEenany Ha KOHBEpPTEpHble, MNpeAcTaBlieHHble
NPenMyLLLECTBEHHO OKCMAAMWN METASIOB, W MblSn
06XUroBOro nepefena, LWAaxXTHOW U oTpaxa-
TEeNIbHOW NaBOK, OT/IMYALWMECS MHOMOKOMMO-
HEHTHOCTbIO U CJTIOXKHOCTbIO $a30BOro cocraBa.
Mpw CEPHOKMCIOTHOM BblllenavymsaHum
O6XMroBble MblIM  BCKPbIBAKTCA  XyXe, 4YeMm
KOHBepTepHble. B  TexHonormyeckon cxeme
KOMMJIEKCHOM nepepaboTky Mblyien HavyaibHbIMU



onepaumamMu  6biIM  BesibLlEeBaHWE Mblen w

nocnenyoliee AByXCTaAMNHOE CEPHOKMUCIOTHOE

BblLLeNayYnBaHme BefbL,-BO3rOHOB.
XapakTepucTuka Martepmana

MepennaBubHble MbIIWM XapakTepPU3yoTCs
[OCTaTOYHO LWMPOKMM MHTEPBASIOM COAEpPXa-
HUSI 3/1IEMEHTOB, YTO FOBOPUT O 3HAYUTESTbHOMN
3aBUCUMOCTU XMMUYECKOrO COCTaBa Mblie oOT
pexunmMa paboTbl MPOU3BOACTBEHHOIO arperarta
M cocTaBa MUCXogHoro cbipbs. CpaBHUTENbHbLIN
aHanm3 XMMMUYEeCKOro CocTaBa pasfiIMyHbIX nap-
TUI MbINKY, BbISBUI MPSMYO KOPPENALLMIO MEXAY
conepXxaHueM xenesa n Meam B HUX, 3TO CBUAE-
TENbCTBYET O MPUCYTCTBUW 3HAYUTENTbHOIO KO-
MYeCcTBa MUHEPASIOB, COAEPXALLNX U XENe30, 1
Me[b, HaNpUMepP, XanbKOMUPUT U NPOAYKTbl ero
TEPMNYECKOTO PA3TOXEHUS.

B pa6oTte ucnonb3soBanacb npoba «TOH-
KOM» Mbiin ByHKepa 31eKkTpodunbTpa, XmMmye-
ckoro coctaBa, %: 4,47 - Cu, 9,01 - As, 752 - Zn.

[MonykonuyecTBeHHbIW Ga30BbIM  aHaIn3
npo6 nbinen 31ekTpodUALTPOB MoKasasa Ha-
nnyne B Matepuane coegumHeHun, %: PbSO, —
22,8; ZnSO4H,0O — 40,2; PbzsO4 — 3,3, ZnS — 6,3;
As,03 — 7,8, ZnO - 3,8; CuFeS; - 3,3; PbO - 3,5;
ZnQSnO4' (FezsnO4) - 4,_7),' FE304' (ZnFe204) -
5,2, CuO - 1,5.

MeToguka akcnepuMeHTa

Bbino npoBefeHo nccienoBaHWe nepepa-
H60TKMN «TOHKMX» MbleM Mo BapUaHTy «cynbda-
TU3MPYHIOLWLMN OBXUM-CEPHOKMUCIOTHOE Bbllena-
YMBaHWe orapka»

B xone nmepBol onepaluu HaBecKy Mbian
noMeLLann B anyHOOBYH NIOAOYKY U O6Xuranm
npu 3a0aHHOM TeMnepaType B TpybyaTon neym
B repMeTUYHOM MPOTOYHOW KBapLEBOW TpybKke
C HempepbIBHOM NMofaden Bo3ayxa KOMMpPEecco-
POM CcO cKopocTbto 2-3 am3/MuH. M36bITouHOE
nasneHue coctasnsano 10 mm BogH. cT. KoHaeH-
caums okcmaa Mbllbsika MPOUCXoamMia Ha BHY-
TpeHHelr noBepxHocTu xonogHoro (40-50 °C)
BbIXOLHOIrO KOHUa Tpy6kn. Bo3aoyx n3 neum nof-
BEpraan CaHUTApPHOM ouncTKe 6apboTaxem B
BOZLE Yepes Aucrneprartop.

Mocne okKoH4YaHUs onbiTa (NPOJOIXM-
TenbHOCTb obxura - 1 4) NoAouKy M3BeKanm
M3 Meyn, orapok B3BELUMBAIN U HAMPABAANN HA
CEPHOKUCIOTHOE BbiLLeNadYmBaHme.

OxnaxneHHyo KBapLeByto TPy6bKy C OKCU-
[OM MbllbsAKa MNPOMbIBASIM B PACTBOPE CEPHOM
kmcnoTsl (30 r/om3, 200 cm3) B TedeHme 1 4. Pac-
TBOp obpabaTbiBasiv rMapocyibPePUaoM HaTpuUs
(80 r/om3, 30 gm3). TonyyeHHbIM 0cagok nocne
Bblaepxkn 10 4 dunbTpoBasin yepes Menkono-
pucTbit (N2 40) kepamMmnyeckmin dunetp LWoTTa n
cywunnu B Tedenme 12 4 npum 105 °C. Maccy cynb-
dunaoa MbllWbAKa ONpenenanu no pasHuLe Macc
YMCTOro U oTpaboTaHHoro ¢unbrpa. Nposogmn-
I NepecyeT Ha MacCy OTOMHAHHOIO NpK o6Xxmre
MbILbSKA.

HaBecky orapka BbilLenaynBaim B pacTBoO-
pe cepHon kucnotel (100 r/gm3) npu X:T = 20
n temnepartype 80 °C B TeyeHue 1 4. PacTtBopbl
aHanMsMpoBanun Ha copepXaHue Meau M LMH-
ka. PaccunTbiBanu nsBneyeHne Meam n LUHKa B
pacTBOpP OTHOCUTENIBHO UX Macc B HaBeCcke UC-
XO4HOM MNblNn (Medb U LMHK NpW 06XUre Konm-
YeCTBEHHO OCTaTCH B Orapke).

Pe3synbTaTbl nuccnepoBaHum

Mpn o6xure Habnogannm OTFOHKY Takxe
HeBOMbLIOro KonmyecTBa Cynbduaa MbllUbAKA,
KOTOPbIA MPW OTMbIBKE TPY6KM B pacTBOp He
nepexoann. OCHOBHble pe3ynbTaTbl 06Xura m
BbilLenaymBaHmns npmeeneHbol B 1abnuuel v Ha
pucyHkax 1-2.

PesynbTaTbl MUCCIeOOBaHMA MOKA3bIBAOT,
4YTO MPU HU3KOTEMMEPATYPHOM OBXUre, He-
CMOTPS Ha OTHOCUTENIbHO BbLICOKYIO CTerneHb
OTFOHKW MblWbsAka, obecnedynTtb 100%-Hoe mn3-
BfleYeHne Meau U LMHKa B PacTBOP He yaactcs
M3-3a HEMOSTHOrO Mepexofa X B pacTBOPUMble
coefMHeHUs. YBennyeHwe TemnepaTypbl W
MPOAOIKNTENBHOCTU OBXUra He MNPUBOAAT K
POCTY U3BNEYEHNA MEOM U LIMHKA B PACTBOP MNpu
BbILLENaYMBaHUN.

Ta6nuua 1 — OcHOBHbIe NokKasaTesiu npoLlecca o6XXura v BbileslauyMBaHUSA Mbln

MN3BneyeHune Mbilbsika B BO3roHbl B 3aBUCUMOCTU oT TeMnepartypbl o6Xxura nbinm

T o6xura, °C 25 (6e3 obxura) 400 500 600
79,8 84,3 85,5

700
3BneyeHe MblllbAKa B BO3rOHbI, % 0 81,0

M3BneyeHue Meau U LLMHKA B PACTBOP MPU CEPHOKUCIIOTHOM BbileSIaYMBAHUUN B 3aBUCUMOCTHU
OT TeMnepaTtypbl cynbdaTusumpyoLero oéxura

66,2 81,1 94,4
60,6 67,8 84,9

92,8
72,2

M3BneyeHne Megu B pacTteop, % 74,2

Vi3BneyeHwue LumHka B pactesop, % 69,0

M
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PMCyHOK1 - TeMnepaTypHaﬂ 3aBNCMMOCTb n3BsieHeHMa MblllbsAKa B BO3rOHbI

W 3eneqeHne B pacteop, %
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PI/ICyHOK 2 — 3aBUCUMOCTb U3BIeYEHUS Meon 1N LMHKa B pacTBOp OT TeMMNepAaTypbl obxura

BbiBoAabl

B paboTte npencrtaBneHa KOMOBUHUPOBAH-
Has TEXHOOIUS NepepaboTKU «TOHKUX» MeTas -
Nypruyeckmx Mblner npouecca npon3BoaCTBa
Mean. Ha ocHoBaHWK TeopeTmyeckmx U nabo-
paTopHbIX WUCCNenOoBaHUN NMpenaraeTca paLum-
OHasbHaaA TEXHOSOrMsA KOMMJIEKCHOW nepepa-
60TKM MeLennaBUIbHbIX MblNen C U3BNEYEHNEM
LLEHHbIX KOMMOHEHTOB U MOJy4YeHUEM TOBAPHbIX
npoayktoB. [lpy 3TOM 3KCMepuMeHTasbHble
OaHHble MOoNy4YeHbl O/ KOHKPETHbIX 06pasLoB
O6XMUrOBbIX  MbleN M TEXHONOrMYECKMX
pacTBOPOB.
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B uacTHoCTW, onmcaHbl TexHoMormyeckme
onepaunm: cynbdaTUINPYOLWLKMA OBXUI MblNun;
CepHOKMCNOe  BblllenaymBaHue orapka c
MoslyYeHMEM CBUHLLOBOIO Keka W pacTeBopa
0719 W3BJeYeHUs MeaM W UMHKa C ocaxne-
HMEM MbllbsAKA B HEepacTBOPUMbIM 0Cafok,
MPUIroAHbIM  Ona  3axopoHeHusa. B xope
NnpoBeAeHHbIX  UCCeAOBaHUW  onpefeseHa
onTMManbHas TemnepaTtypa obxwura, 500 °C,
no3posiarolaa oTorHatb 0o 84 % Mbilwbaka U3
MblIN U MEepPeBECTU B PacTBOP 60MbLUYIO YacTb
(85%) umHka n (94%) mepn.
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SINGLE-STAGE METHOD OF ELUTION OF NICKEL IONS
FROM KU-2-8 CATION-EXCHANGE RESIN TO FORM
A SOLID PRODUCT

Krolikov A.E., Nemkova D.I. , Saikova S.V.

Siberian Federal University, Krasnoyarsk, Russia

The ion exchange method is widely used
in industry and everyday life for wastewater
treatment, water softening, extraction of ions
from dilute solutions, etc. This is facilitated
by such advantages of the method as high
extraction of ions from the solution, simple
hardware design of the process, low metal
consumption, high reliability of the method.
The disadvantages of the method include the
complexity of the solutions formed after elution
and the need to isolate metals from them
in various ways — electrolysis, cementation,
hydrolysis, etc.

The development and improvement of ion
exchange technology go in two interrelated
and complementary directions, through the use
of the highest quality and currently promising
brands of ion exchange resins and through the
use of the most advanced technologies.

The aim of the work is to develop a method
for single-stage elution of metal ions from
KU-2-8 cation-exchange resin to form a solid
product.

To achieve this goal, the following tasks
were solved: obtaining the Ni-form of KU-2-8
cation-exchange resin; selection of an effective
eluent that ensures the formation of a solid
metal-containing product; analysis of the
precipitation obtained by X-ray phase analysis,
IR spectroscopy, thermal analysis and SEM.

As an ion-exchange resin, a strongly acidic
cation-exchange resin KU-2-8 (TU 6-07-493-
95) containing sulfogroups as ionogenic groups
was used. The polymer matrix is a styrene
copolymer with a DVB gel structure. The
structural formula of the elementary link of the
cation-exchange resin is shown in Figure 1.

SOH

—(CH- CH_—- n

Figure 1- Structural formula of the elementary link of
KU-2-8 cation-exchange resin
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To obtain the Ni-form of cation-exchange
resin, a sample of washed cation-exchange
resin in the form of an aqueous suspension
was transferred to a column and a solution
of Ni(NOsz), was passed through the cation-
exchange resin. The filtrate was collected in
a flask and the content of metal ions in it was
determined by direct complexometric titration.
The process of saturation of KU-2-8 cation-
exchange resin with metal ions was completed
when the concentration of metal ions in the
filtrate and in the initial solution became the
same [1,2].

To carry out elution, the suspension of the
Ni-form of ion-exchange resin was kept with
an excess of eluent (sil = 1:20) when shaken
on a laboratory shaker (150 rpm) at room
temperature. After a certain time (30 min),
the sediment and ion-exchange resin phases
were separated by centrifugation and sent
for analysis. TM solutions of Na,COsz, NaHCOs5,
NH4HCOs, H,C,04 and NaOH were studied as
eluents. To determine the residual metal content
in the cation-exchange resin after elution, it
was treated with 1M HCl and metal ions in the
solution were determined by titration [1].

Figure 2a shows a histogram of the
influence of the nature of the eluent on the
degree of nickel elution. As can be seen from
the figure, the highest degree of elution in one
stage - about 100%, was observed when using
oxalic acid. When using sodium carbonate and
bicarbonate, the degree of elution for stage 1is
75% and 70%, respectively. The lowest degree of
elution was observed when using TM NH4HCO3
and TM NaOH as eluent.

In the case of using ™ NH4HCO;3,
precipitation did not occur, but blueness of
the solution was observed, which indicates the
formation of a soluble ammonia nickel complex
during elution. When using 1M NaOH on the
surface of the ion-exchange resin grain, the
formation of a dense precipitate was observed,
the adhesive properties of which prevented
its exfoliation from the cation-exchange resin
grain (Figure 2b).
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Attempts were made to separate the
sediment by heating and ultrasound treatment.
Cation-exchange resin with sediment was
filled with TM NaOH, heated to 60°C for 1 hour
with stirring. Similar attempts to peel off the
sediment were carried out using an ultrasonic
bath for 1 hour. Sediment exfoliation was not
observed, which indicates the inefficiency of
these methods.

The study of the effect of the number of
stages on the degree of elution was carried
out according to the scheme shown in Figure
3, using the example of sodium bicarbonate,
which in one stage provided a degree of elution
of 70%.

The data obtained in Table 1 indicate
that it was possible to increase the degree of
elution due to the introduction of stages 2 and 3
to 84 %.

In order to identify the synthesis products,
a number of analyses of precipitation obtained
from nickel nitrate solutions were carried out
using oxalic acid and sodium bicarbonate as an
eluent.

According to the X-ray phase analysis data,
the precipitates of the basic nickel carbonate
are amorphous (Figure 4a), therefore, the IR
spectroscopy method was used to identify
them (Figure 4b).

The IR spectrum of the basic nickel
carbonate contains a fairly wide absorption

Figure 3 - Diagram of multistage elution

Table 1 — Results of multistage elution
of nickel ions from 1M NaHCOj; cation-
exchange resin

Ne Degree of elution
1 70 %
2 10 %
3 4%

Amount for 3 stages 84%

band at 3490 cm, related to the valence
vibrations of hydroxyl groups. The broadening
of this maximum occurs with a decrease in the
size of crystallites, as well as with the formation
of hydrogen bonds of OH groups with water
molecules - absorption bands at 1627 cm.
Carbonate ions located between the hydroxyl
layers correspond to absorption maxima at
1462,1065, 830 and 735 cm-.

Based on the results obtained, it was found
that the precipitate is the main nickel carbonate
of the composition Ni(OH),.5,(CO3),,H20 [3].

Six absorption bands (PP) are observed
on the IR spectra of oxalate (Figure 5a): PP
at 3399.53 cm-! and 1639.23 cm-! correspond
to valence vibrations of coordination water,
the rest are characteristic of the oxalate
group. The same conclusion follows from the
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Figure 4 — X-ray phase analysis (a) and IR spectroscopy (b) of basic nickel carbonate
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Figure 5 — Results of IR spectroscopy (a) and TG (b) of nickel oxalate

thermogravimetry (TG) data (Figure 5b). Two
stages of mass loss are observed, accompanied
by significant endoeffects at 235 and 380°C.
They correspond to the cleavage of
crystallohydrate water and the decomposition
of oxalate to form a finely dispersed metallic
phase and carbon dioxide. Calculations show
that the composition of the products obtained
under these conditions corresponds to the
formula NiC,04.2H,0 [4-6].

According to the X-ray phase analysis
data (Figure 6a), the resulting precipitate is
nickel oxalate dihydrate. Based on the position
and intensity at the half-width of the diffraction
peaks, the size of the crystallites was calculated
according to the Debye-Scherrer formula, the
size of the coherent scattering region, which
turned out to be 36 nm. At the same time,
according to electron microscopy data (Figure
6b), nickel oxalate precipitate consists of cubic
particles of a much larger size - 200-400 nm.
The differences in size are probably due to
the fact that small particles of the sample are
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combined into large aggregates, which are
observed in a scanning microscope, while small
particles are not visible on the scale presented.
It is also necessary to take into account that
when determining the particle size from X-ray
data, errors are possible related both to the
equipment wused (instrumental broadening
of peaks, accuracy of alignment) and to the
properties of the material itself, for example,
defects in the crystal lattice also lead to
broadening of X-ray peaks.

Based on the data obtained, the structural
formula of the ion exchange synthesis product
from nitrate solutions was proposed:

H,O H,0

o—o! o_ol o_o

B oo a0
H.0 H,0
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Figure 6 — X-ray phase analysis (a) and micrography (SEM) (b) nickel oxalate precipitate

Conclusion increase the degree of elution from 70 to 84%
1 The influence of the nature of the by introducing stages 2 and 3.
eluent (NayCOs, NaHCOs, NH4HCOs, H,C20,4 3 The composition and structure of the

and NaOH) on the degree of nickel elution from obtained products were investigated by XRD,
KU-2-8 cation-exchange resin in the form of a IR spectroscopy, thermal analysis and SEM. It
solid product has been studied. The best of the is shown that when NaHCOs3 is used, the basic
eluents is oxalic acid (the degree of elution in nickel carbonate is formed, and when oxalic
one stage is 100%). When using NaOH, a dense  acid is used, NiC;042H,0 is formed with the
layer of surface sediment forms on the surface structure of orthorhombic modification of
of cation-exchange resin grains, preventing oOxalate.
the elution process. In the case of NH;HCO3
application, the process is complicated by
complexation in solution.

2 When using NaHCOs3 as an eluent, the
effect of the number of stages on the degree
of elution was investigated. It is possible to
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OOHOCTAOUNHBIN METOL 2NIOUPOBAHUSA MOHOB HUKESA
n3 KATUOHUTA KY-2-8 C OBPASOBAHMEM TBEPAOOIO
NMPOAYKTA

Kponuxos A.E., Hemkosa /1.1., Caiixosa C.B.

Cubupckuim denepanbHbil yHUBepcuTeT, . KpacHosipck, Poccus

MeTon MOHHOro 06MeHa HaXoO4UT LWMPOKOoe
npUMeHeHne B MPOMbILWNEHHOCTU U 6bITy ANA
OYMCTKU CTOYHbBIX BOL, YMArYeHUsa BOLbl, U3B/e-
YeHUA MOHOB M3 pa3baBfieHHbIX PACTBOPOB U
Op. 9TOMy CNOCOBCTBYIOT Takme npenmyliecTsa
MeTofa, Kak BblCOKOEe W3BfeYeHMe UOHOB U3
pacTBopa, MpocToe annapatypHoe odopmieHne
npouecca, Hebosbllas MeTa/lJIoeMKOCTb, BbICO-
Kasa HagexHocTb MeTtoda. K HepgocTaTkam mMeTo-
03 MOXHO OTHEeCTU CJTOXHOCTb OBpas3ytoLmMxca
rnocne 3/IUPOBaHUA PacTBOPOB U HeobXxoau-
MOCTb BblAeneHne N3 HUX MeTaslyIoB pasfinyHbl-
MU cnocobamMy — 371eKTPOSIM3OM, LeMeHTaluen,
ruaopoan3oM 1 ap.

Pa3Butne 1 coeBeplueHCTBOBaHME UMOHOO-
6MEHHOM TeXHONMOormu MAyT No ABYM B3amMOC-
BA3@HHbIM W OOMOSHAKLWMM OpYyr Apyra Ha-
nMpaBfeHnaM, NyTeM UCMNONb30BaHUA Hanbornee
BbICOKOKAQYECTBEHHbIX W TMEePCneKTUBHbIX Ha
OaHHbIM MOMEHT MapOK MOHOOBMEHHbIX CMOJ U
nyTemM nprvMeHeHUa Haubornee NepenoBbiX TeX-
HONMOrnM.

Llenb paboTtbl - pa3paboTtka MeToLa
OOHOCTaANMNHOrO 310MpPOBaHUSA MOHOB
MeTannoB u3 katnoHuta KY-2-8 c obpasoBaHmem
TBEPLAOro NnpoayKTa.

Ona peanusauum 3TOM UenM pellanuncb

cnepyouwme 3apgaudm:  nonydeHve Ni-dopmbl
katnoHuta KY-2-8;, nopbop addekTnBHOro
SMt0eHTa,  obecnevmBarowero  obpasoBaHue
TBEPAOro  MeTanncogepXalero  npoaykTa;

aHasM3 MnosyyYeHHbIX ocaakoB mMeTomamm POA,
MK-cnekTpockonun, TepMUYECKoro aHasamsa u
CoM.

B kauecTtBe wnoOHMTA 6bIT UCMNONMb30OBaH
CUNBHOKUCNOTHBIN KaTUoHUT KY-2-8 (TY 6-07-
493-95) copepxallnii B Ka4ecTBe MOHOMEHHbIX
rpynn — cynbdorpynnsl. [NonmnMepHasa Matpuua

CH - CH - CH - CH —

SOH

—(CH- CH_—- n

PucyHok 1- CTpykTypHas ¢dopMyna 31eMeHTapHOro
3BeHa kaTnoHuTa KY-2-8
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— cononumep ctupona ¢ BB renesoi cTpyk-
Typor. CTpykTypHas ¢opMyna 3/1eMeHTapHOro
3BEHa KaTMOHWTa NpeacTaBaeHa Ha pucyHke 1.

Ona nonyyeHnsa Ni-popMbl KaTMoOHUTA MPO-
6y OTMbITOro KaTMOHUTA B BUAE BOLHOMW CyCreH-
31V MEPEHOCUITN B KOJTIOHKY U Yepe3 KaTUOHUT
nponyckanu pacteop Ni(NOsz),. ®unbTpar
cobupanu B Konby W onpepensnnm B HEM
copepxaHne MOHOB MeTasiia MeToL0M NPSMOro
KOMM/IEKCOHOMETPUYECKOrO TUTPOBAHMS.
Mpouecc HacblLLeHne katnoHuta  KY-2-8
MOHaMW MeTanla 3akaHuMBanW Torga, kKorga
KOHLIEHTPALMA MOHOB MeTasna B dunbTpaTte 1 B
WNCXOAHOM pacTBOpEe CTaHOBMUIACb OAWMHAKOBOMN
[1,2].

Ona OoCyLLeCTBNeHUS S1I0UPOBaHUSA
HaBecky Ni-bopMbl MOHUTA BblOepPXMBaNM
Cc mn3bbITkKoM aaoeHTa (Toxk =1:20) npu BCTpSa-
XUBaHUKM Ha nabopaTtopHoM wemnkepe (150
06/MWH) npu  KOMHaTHoW TeMmnepartype. [lo
ncteveHnn onpepeneHHoro spemenun (30 MuH)
da3bl ocagka U MOHWTa pasfensanm MeToAoM
LEHTPUIYrMpoBaHUA 1M OTNPAaBAANM Ha aHamns.
B kauectBe ant0eHTOB 6bINM UccnegoBaHbl 1M
pacTBOpbI N32CO3, NaHC03, NH4HCO3, H2C204
m NaOH. [na onpeneneHns oOCTATOYHOIO
cogepxaHua MeTalla B KaTUOHWTe nocse
anoupoBaHmMa ero obpabarteiBanm 1M HClL
M onpemdenanM MUoHbl MeTanna B pacTBope
TnTpoBaHueM [1].

Ha pucyHke 2a npeacrtaBieHa ructorpam-
Ma BAWSHWA MPUPOLObl 3M0eHTa Ha CTeneHb
anonpoBaHma HuKensa. Kak BUOHO M3 PUCYHKA,
Hambonbluasa CcTeneHb >SMIOUPOBAHWA 3a OAHY
ctaguto - okono 100 %, Habntoganacb Npu Uc-
Nosb30BaHUK LLaBeneBon kuciotbl. [Mpu umc-
nonb3oBaHUM KapboHaTa W rugpokapboHaTa
HaTpus CcTeneHb 3oMpoBaHusa 3a 1 cTaguto
coctaensaeTr 75% mn 70% cooTBeTCcTBEHHO. Hau-
MeHbllas CTeneHb 3MIOMPOBaHUS Habnoganach
npW MCNONb30BaHUM B KayecTBe aoeHToB M
NH4HCO3 n 1M NaOH.

B cnyyae wucnonbzosaHua M NH4HCO3
obpasoBaHMe ocafka He MPOM3OLIo, HO Ha-
6ntofanocb NMOCUHEeHMe pacTBopa, YTO cBuAe-
TenbCcTBYyeT 06 06pasoBaHMU MPU 3TONPOBAHUN
PacTBOPUMOro aMMMa4yHOro KOMmaekca H1Kens.
Mpu mncnonbsosaHnn 1M NaOH Ha noBepxHO-
CTW 3epHa MOoHUTa Habnoganocb obpasoBaHue
MIOTHOrO OCaaka, afre3voHHble CBOMCTBA KO-
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PucyHok 2 — BnusHue npupopbl 30eHTa Ha
cTeneHb 3/10MpoBaHus (a) n MukpogoTorpadpus
ocazgka Ha noBepxHOCTM 3epHa MoHUTa (6)

KATHOHHT

3 cragEa
pasieleHHe pasdeleHHe
3THHPOBARNS
TIPOIYKT 3THOEHT TPOAVET

PVICyHOK 3 - CxeMa MHOFOCTa,EI,I/IlZHOFO SroMnpoBaHNA

TOPOro, NPenATCTBOBa/IN ero oTc/ianBaHuio oT
3epHa KaTtuoHuTa (PUCYHOK 26).

Bbinyv  npoBepeHbl MOMbITKU  OTAENeHus
ocajka HarpeBaHueM U 06paboTKON yNibTpa3By-
koM. KatnoHuT ¢ ocagkom 3anmeanu 1M NaOH,
HarpeBanu o 60°C B TeyeHure 1 yac npu nepe-
MeLlWwmnBaHUN. AHaNoOrMyHble MNOMbITKM OoTCnaun-
BaHMA ocazka 6bin NpoBefeHbl C MCNOMb30Ba-
HMEeM yrbTPa3BYyKOBOM BaHHbI B TedeHue 1 yaca.
OTcnamBaHne ocagka He Habnoganm, Yto CBU-
netenbcTByeT 0 HEdIDDEKTUBHOCTU AAHHbBIX Me-
TOAVIK.

VccnepoBaHve BAWMAHUA Yucna CTaguin Ha
CTeMeHb 3/IOUPOBAHUA MPOBOOUIN MO CXEMe,
npeacTaBlIeHHOW Ha pPUCYHKe 3, Ha NpuMepe M-
OpokapboHaTa HaTpus, KOTOPbIM 3a OOHYy cTa-
outo obecneynn cteneHb antonposaHus 70%.

[TonyyeHHble gaHHblE, MPUBEOEHHbIE B Ta-
6nuue 1, CBMOETENBbCTBYHOT, YTO yAasochb MoOBbl-
CUTb CTEMeHb 3IONPOBAHUSA 3a CYET BBeaeHUs 2
n 3 craguu 0o 84 %

C uenblo uaeHTUPUKALMU MPOOYKTOB
CUHTe3a 6bl NPOoBeAEH PAL aHAIM30B OCaaKOB,
MOJSTyYEHHbIX M3 PAaCTBOPOB HUTpAaTa HUWKens, C
MCMNOSb30BaHME B KadecTBe 3J0eHTa LlaBene-
BOW KMUCNOTbI U rnapokapboHara HaTpus.

B cootBeTcTBUM C gaHHbiMU PDA, ocanku
OCHOBHOIO KapboHaTta H1KenNs, ABMSI0TCA aMop-
®HBbIM (pUCYHOK 4a), MO3TOMY ANS UX UAEHTUPU-
Kauum wmcrnonbsoBanm ™Metop WK-cnektpocko-
nun (pucyHok 46).

Ta6nuua 1 — PesynbraTbl MHOrocTagumHoO-
ro 3/1loMPOBaHUSA MOHOB HUKENA U3 KaTuo-
Huta 1M NaHCO3

Ne Degree of elution
1 70 %
2 10 %
3 4%

Amount for 3 stages 84%

NK-cnekTp ocHoBHOro kapboHata HukKe-
N5 COAEPXUT AOBOJSIbBHO LMPOKYK MOSOCYy Mo-
rnoweHus npu 3490 cm”, oTHocsLWLYyOCS K Ba-
NIEHTHBIM KOJIE6AHUAM TUOPOKCUIBHbBIX FPYMmM.
YwnpeHne [aHHOTO MakCMMyMa MpOoMCXoauT
NnpW YyMeHbLUEHUM pa3Mepa KPUCTAISIUTOB, a
Takxe npum obpasoBaHMM BOLOPOAHbIX CBA3eM
OH-rpynn ¢ Monekynamu BofAbl - MOSOCHlI MO-
rnoweHns npu 1627 cml. KapboHaT-UoHbI, pac-
MOJIOXEHHBIM MeXAY TUAPOKCUOHBIMU CIOAMMU,
COOTBETCTBYIOT MAaKCUMyMbl MOTJIOWEHUA TMPW
1462,1065, 830 1 735 cm-.

Ha ocHoBaHUM MoONy4YeHHbIX pe3ynbTa-
TOB YCTQHOB/IEHO, YTO OCAAOK MpeacTaBnaeT
coboV OCHOBHbIM KapboHaT HWKeNs cocTaBa
Ni(OH)2-24(CO3)xnH20 [3].

Ha WK-cnektpax okcanata (pucyHok
5a) HabniopaeTcs WecTb MOSOC MOrNoLeHUs
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PucyHok 4 — POA (a) u MK-cnekTpockonuu (6) ocHOBHOIro kapboHaTa HUKens
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PucyHok 5 — Pesynbratbl K —cnekTtpockonuu (@) u TI
(m: N npwm 339953 cm!
COOTBETCTBYIOT Ba/IEHTHbIM
KoopAMHALMOHHOWN BOAbI, ocTasnbHble
xapakTepHbl A8  OKcanaT-rpynnbl. DTOT Xe
BbIBOA, C/leflyeT U3 OaHHbIX TepMOrpaBuMeTpumn
(Tr)  (pwicyHok  56). Habniopatotcs  OBe
CTyMNeHU MnoTepu MaccChl, ConpoBoOXAarLimecs
3HauYUTEeNbHbIMW  3HOO3ddekTaMm  npu 235
n 380 OC. OHM COOTBETCTBYIOT OTLLEMNEHUIO
KPUCTANNOrMapaTHOM BOAbl U Pa3ioXeHUo
okcanata ¢ obpasoBaHWMEM MeSIKOANCNEePCHOM
MeTannuyeckon ¢asbl W YrnekuUcsioro rasa.
PacueTbl mnoka3sbiBaloT coOTBeTCTBME cocCTaBa
MONYYEHHbIX B 3TUX YC/NOBUAX MNPOAYKTOB
dopmyne NiC,04.2H,0 [4-6].

CornacHo paHHbiM POA (pucyHok 6a), no-
NIy4YeHHbIM ocafok npeactaBnsetT cobon aurun-
OpaT okcanata Hukens. Ha ocHoBe nonoxeHus m
MHTEHCMBHOCTU Ha MonywmpuHe AMbpPaKkLLMOH-
HbIX MWKOB pasMep KpUCTanauToB no dopmyne
Heban-Llleppepa paccumtanu pasMep obnactu
KOrepeHTHOro paccesiHUs, KOTOPbIM oka3ascs
paBeH 36 HM. B To e BpeMs, No OaHHbIM 3/eK-
TPOHHOM MMKpOCKOMNUK, (PUCyHOK 66), ocanok

okcanarta HUKesis COCTOUT U3 YacTuL, Kybuyeckom
320
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(6) okcanaTa HuKens

dopMbl ropazno 6onbluero pasmepa - 200-400
HM. OTMumMa B pasMepax CBA3aHbl, BEPOATHO,
C TeM, YTO MesikMe YacTuubl obpasua obbean-
HeHbl B KPyrMHble arperaTtbl, KOTopble 1 Habto-
[AOTCS B CKAHUPYIOWMIM MUKPOCKOM, NpU 3TOM
Menkme YyacTuubl B NpeacTaBieHHOM MacwTabe
He BUAHbI. TakXe HeOBXOOMMO Y4YWUTbIBATb, YTO
npw onpeneneHnn pasmepa 4acTuL, No peHTre-
HorpadmnyeckmM OaHHbIM BO3MOXHbI MOrPeLIHO-
CTW, CBA3AHHbIE KaK C MCMOMb3yeMbIM 060PYLO-
BaHMEM (MHCTPYMeHTaslbHOe YLIVMpPEHME MUKOB,
TOYHOCTb FOCTUPOBKMU), TAK M CO CBOWNCTBAMM Ca-
MOro mMatepuana, Hanpumep, nedekTbl KpUcTan-
NINYECKOWN peLIETKMN TOXe MPUBOOAT K YLLUMPEHUIO
PEHTrEeHOBCKMX MUKOB.

Ha ocHoBaHUM NONyYeHHbIX OaHHbIX 6blna
npensioxeHa cTpykTypHas dopMmyna npoaykTa
MOHOOBMEHHOIO CUMHTE3a M3 HUTPATHbIX pac-
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PucyHok 6 —POA (a) n MmnkpodoTorpadus (COM) (6) ocanka okcanarta HUKenst

1.

2

3

4

BbiBop, 2.MpU MCNONb30BaHMM B KadecTBe 3Jl0eHTa
N3yueHo BanaHue npupoasl snoenTa (Nay,COs, NaHCOs 6bino MccnefoBaHO BAMSHME KOMAM-
NaHCOs, NH4HCO5, H,C,04 1 NaOH) Ha cTe- yecTBa CTaAMM Ha CTerneHb 3MOUPOBAHUA.
NeHb 3/IOMPOBAHNSA HUKENS U3 KaTuoHuTa KY- MoBbicnTb cTeneHb smtomnposarHuna ¢ 70 go 84
2-8 B dopMe TBEpHOro mnpoaykta. Jlydiwmm % MOXHO 3a CYET BBefeHus 2 1 3 ctaguu.

W3 3/I0eHTOB ABMAETCA WaBesnesas Kucnora
(cTeneHb antonpoBanusa 3a 1 ctaguio = 100%).
Mpwn ncnonesoeaHnm NaOH Ha noBepxHOCTU
3epeH KaTuoHUTa obpasyeTcs MNOTHbIM COW
MOBEPXHOCTHOrO 0CaaKa, MNPEensTCTBYOLWNMI
npoTekaHuto antonpoBaHus. B cnyyae npume-
HeHusa NH4HCOz npouecc ocnoXHSAeTcs KoM-
naekcoobpasoBaHMEM B pacTBOpE.

. CocTaB ¥ CTpyKTypa MONlyYeHHbIX MNpoayK-
TOoB uccnenoBaHbl MeTogamu POA, MK-cnek-
TpocKoMnuK, TepMmyeckoro aHanmsa m COM.
MokazaHo, 4To npu mncnonbsoBaHmn NaHCOs3
dopMMpyeTCa OCHOBHbIM KapboHaT HUKe-
N8, a npu O0encTBUM LWaBeneBon KWUCIOTbl -
NiC;042H,0 co cTpykTypow opTopoMbuye-
CKOW MogudUKaLmm okcanarta.
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INVOLVEMENT OF THE LIQUID PHASE OF TAILS
IN THE TECHNOLOGICAL PROCESS OF INTENSIVE CYANISATION
AND SORPTION LEACHING

Astapchik S.V.!, Klimantsev V.S.!, Kashirin D.M.!, Kovalev S.V.!, Malashonok A.P.!

1 Polyus Krasnoyarsk Research Center (Polyus Krasnoyarsk JSC),Krasnoyarsk, Russian Federation

One of the key challenges that existing
hydromet circuits face is the reduction of the
liquid phase portion discharged into tailings
storage facilities (TSF) as part of final tailings.
This issue can be resolved by adding TSF
reclaim water into the process of carbon-in-
leach (CIL). This approach to water circulation
addresses several issues, such as the reduction
of water intake from natural sources, extension
of the TSF life and the reduction of reagent
consumption both in the main process and for
tailings neutralization.

The key problem of such an approach is the
unfavorable chemical composition of the TSF
liquid phase that affects CIL parameters. This
was demonstrated by a 2021 test held at the
Verninskoye mill, which revealed that the liquid
phase contained chloride ions, free chlorine,
iron ions and rhodanide ions (the chemical
composition is reported in Table 1).

The subject of the test was to analyze how
the partial replacement of the liquid phase of
the initial CIL feed with liquid phase from the
neutralized tailings from CIL TSF impacts the
process.

The test results revealed that the
introduction of up to 40% of liquid phase from
the TSF into the process had no adverse impact
on the properties of the product processing.

In  particular, laboratory test results
showed that gold recovery at the CIL circuit
amounted to 85.7% when using clean water and
not less than 85.6% when using liquid phase
from the TSF (if the portion is not more than
40%). The CIL conditions of the tests were in
line with the actual characteristics of current
hydromet processing at the Verninskoye mill.

When the portion of the liquid phase from
the TSF in the CIL feed slurry was increased up
to 60-100%, this led to a 3—4% reduction in
recovery.

The hydromet circuit of the Verninskoye
mill was sampled node by node, and the test of
these samplesindicated that with the successful
implementation of the proposed approach of
replacing 40% of the CIL liquid phase preceded
by feed deep thickening and dilution with
reclaim water, the intake of clean water will be
reduced by 6—7 m3/h or 50-60 km3/year.

Table 1 — Chemical composition of the liquid phase from the CIL tailings section of the
Verninskoye mill TSF

H Cl-, Residual chlorine, free  Fe total SCN-, mg/ CN-, mg/dm3
P mg/dm3 chlorine mg/dm3 mg/dm3 dms3 (total)
10.0-10.5 1,000-6,000 <20.0 >10.00 <70.0 <1.00
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BOBJIEYEHUSA XXUOKON ®A3bl XBOCTOXPAHUJTULL,
B TEXHOJIOFMYECKUU MPOLLEECC UHTEHCUBHOIO
UWMAHNPOBAHUA N COPBLUMNOHHOIO BbILLEJTAMNBAHUA

Acmanuux C.B.., Knumanues B.C.., Kawupun J].M.!, Kosanes C.B.!, Manawonox A.I1.!

"UccnepoaTtenbckuin LeHTp AO «llontoc KpacHospck» (AO «IMontoc KpacHoapck»),
r. KpacHosapck, PO

OpHOM U3 BaXHeMWMX 3a4a4d, NOCTOAHHO
TpebyLWmMX pelweHna Ha OeNCTBYWMX MMApPOo-
MeTasllyprmyeckmx npou3BoaCcTBaX, ABNAETCA
CHUXeHne 06BEMOB XMAOKOM dasbl, Hanpasise-
MOW B XBOCTOXPAaHWIMLLLE BMeCTe C OTBasIbHbIMMU
XBOCTaMu. PelunTb OaHHY 3a4a4y MOXHO NyTeM
BOBJIeYEHMs 0OBOPOTHOW BOAOblI XBOCTOXPAHUIN-
LA B TEXHOJIOIrMYEeCKMI NpoL,ecc COPB6LMOHHOIO
BblLLeadYMBaHns. Takom nogxon K BoLooO6opo-
Ty pelaeT cpa3y HeCKOSIbKO 3adad — CHuMXe-
HMe MoTpebneHnsa YMCTOM BoAbl M3 MPUPOLHbIX
MCTOYHMKOB, YBe/IMYeHne pecypca XBOCTOXpa-
HUMULLA, CHUXEHME pacxoda PeareHToB Kak Ha
OCHOBHOM TEXHOJIOrMYeCKUin NMpoLecc, Tak 1 Ha
obe3BpexmBaHme XBOCTOB.

OcHOBHOM NpPO61EMON, BO3HWKAIOLWLEN MPW
peanusauum Takoro noaxona, Asnaerca Hebna-
rONPUATHBIA XMMUYECKUNA COCTAB XUOKOW dasbl
XBOCTOXPAHUMMLLA, BAMAIOWMA Ha nokasaTenu
COPBLUMOHHOIO BhilenavymBaHma. Tak, nccneno-
BaHMs, BbinosniHeHHble B 2021 r Ha 3O BepHuH-
cKas nokasasim Hanmuyme B XUAKOW dase Takmx
rnpuMecemn Kak x0pua-noHbl, CBOGOLHbBIN X10p,
MOHbI Xene3a, PoaaHua-NoHbl, XUMUYECKNIM COo-
CTaB KOTOPOM npeacTassieH B Tabnuue 1.

B xopme nccnepoBaHuin onpegeneHo Bnvsa-
HWEe YaCTUYHOM 3aMeHbl XMOKOM dasbl MUCXOOHO-
ro nMTaHMsa COpPBLMOHHOIrO Bbilea4ymBaHnsa Ha
Xnokyto dasy obesBpexeHHbIX XBOCTOB CoOpb6-
LU XBOCTOXPAHMUIMLLA.

YCTaHOBMNEHO, YTO BOBJIeYEeHUE XUOKOW
da3bl XBOCTOXpaHWIMLLIA B TEeXHOOrMYeckuni
npouecc B konmyectee o 40 % He NpuBOOMUT K
CHUXEHWIO TEXHONOMMUYeCcKnx nokasaTtesnen rm-
OpoMeTanyprmuyeckon nepepaboTku MnpoaykK-
TOB OboralleHus.

Tak, Mo paHHbIM 1labopaTopHbIX Kcce-
0OBaHWM M3BMleYeHMe 30/10Ta Ha y4dacTke COo-
PBUMOHHOTO BbllL,elaYMBaHns COCTaBWIO
85,7 % npu MCNonb3oBaHWUM YUCTOM BOAbl, W
He MeHee 85,6 % npwW MCNONb30OBAHUW XUL-
KoM dasbl XBOCTOXpaHUNMLWEA B COOTHOLIEe-
HUM He 6onee 40%. MNpu 3ToM ycnoBus Bbille-
fadyMBaHMsa  COOTBETCTBOBaNM  PaKTUUYECKUM
rokasaTtensm Tekyuwen nepepabotkm MO
3N® BepHuHckas.

LanbHenwee yBennyeHne [OAU XULAKOM
da3bl XBOCTOXPAHUINLLA B NysibMie NUMTAaHWA Co-
pbumn no 60-100 % NPUBOAMNO K CHUXEHUIO
ornepaumoHHOro n3snedyeHns Ha 3—4 %.

BbinonHeHHoe  noy3noBoe  onpo6oBa-
HMEe y4dacTka rugpomeTanypruyeckon nepe-
pabotkn B3N® 6bino ycTaHOBNEHO B crydae
yCrnewHon peanusaumm npensiokeHHON CXeMmbl
3aMeHa 40 % obbeMa xupkon dasbl Ha copb-
UMM NyTeM npenBapuUTesibHOro rny6oKoro cry-
WeHNA NUTaHua copbumm u ero panbHenwe-
ro pasbaBsieHMss OBOPOTHOM BOLOM MO3BOAUT
COKPaTUTb PAacxXofd, YMCTON BoAbl Ha 6-7 M3/4
mnmn 50-60 Tbic. M3/rog.

Ta6nuua 1 — XMMuueckuin coctaB XXuUpKom ¢pasbl oTceka XBOCTOB copbLuumn
xBocToxpaHunuuwa 3P BepHuHckoe

Cl-, Xnop ocTaTtouHbIl, Fe o6, ~ 5 CN-, Mr/om3
pH mMr/om3 cBOGOAHbIN Mr/AM3 mr/om3 SCN=, mr/am (06Lwmin)
10,0-10,5 1000-6000 <20,0 >10,00 <70,0 <1,00
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COMPARATIVE ANALYSIS OF SOME PROPERTIES OF CASTINGS
FROM CAST IRON GRADE 330x17L OBTAINED BY DIFFERENT
METHODS

Jumaev Akhmadjon’, Mansurov Yulbarskhon!, Kulikov Vitaliy?, Kvon Svetlana?,
Akhmedov Khasan'
Navoi State Mining and Technological University (Uzbekistan)
2Karaganda Technical University named after Abylkas Saginov (Kazakhstan)

High-chromium cast iron of the 330x17L
brand is widely used for the manufacture of
parts of mining and processing equipment
operating under conditions of intense abrasive
wear (feeding discs, substrates, plates of
crushers, etc.). Castings made of this cast iron
demonstrate sufficiently high hardness and
wear resistance during operation. The chemical
composition of cast iron is given in Table 1.

The main method of manufacturing
castings from this alloy, both at the enterprises
of Uzbekistan and at the enterprises of
Kazakhstan, is the method of casting into
sand-clay molds (PGF) or earthen molds. The

PucyHok 1 — CtpykTypa vyryHa 330X1771,
a — nuTbe B 3emMnaHyto dopmy x200;
B — UTbe B 3eMnsHyto dopmy x1000;
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prevalence of this method is explained by
the availability, cheapness and simplicity of
manufacturing the mold. However, it should be
noted that the castings obtained by this method
are characterized by high porosity, liquation, gas
friability, large grain, which reduces the quality
of the finished product.

One of the methods of improving the
quality of casting is to change the conditions
of primary crystallization, which can be realized
by replacing the PGF with a metal mold, i.e. by
casting into a coquille. Coquille casting allows
you to avoid many casting defects, improve
the quality of the casting surface and obtain

6 — nuTbe B MeTannmnyeckyto ¢opmy x200;
r — NnTbe B MeTannuyeckyto dopmy x1000.



Table 1. - Composition of the investigated cast iron

Content of chemical elements, % by weight

Cast iron grade
C Si Cr

Mo Ni Ti P S

330X1711 3,40 0,6

16,5

0,5 0,6 - =001 =001

Table 2. Hardness determination results

330x171
(casting into earthen molds)

Cast iron grade

330x1711
(casting into metal molds)

Hardness on the surface
in the cast state HRC

46-47

Hardness in the core
in the cast state HRC

43-44

58-62

54-55

a finer-grained structure, which will favorably
affect the mechanical properties. The cost of
such castings is certainly higher compared
to casting in PGF, but the increase in cost is
justified by an increase in the service life. For
experimental proof of this statement, the
following experiments were carried out with the
aim of subsequent replacement of casting in
PGF with casting in coquille.

Cast iron of the 330x17L grade, smelted in
the laboratory induction furnace ICHT-2,5, was
poured into PGF and into a coquille.

The casting temperature was 1380C, which
was chosen based on casting practice and in
order to reduce the volume of complete casting
shrinkage.

The cooling rate of the alloys during
casting into the ground was 100 °/minute, when
casting into a coquille — 235 °/minute. Hardness
was determined on a TK-2M hardness tester,
the structure of the samples was studied on an
OLYMPUS BX53 microscope at magnifications
x200, x1000. The results of the studies are
shown in Table 2 and Figure 1.

As can be seen from the data in Table 2,
on the samples cast in coquille, there is an
increase in hardness by 20-30% compared to
the samples cast in earthen molds.

The analysis of the microstructures shown
in Figure 1showed that anincrease in the cooling
rate leads to the grinding of the structure as a
whole, which leads to an increase in hardness.

The experiment confirmed that the
replacement of PGF with a metal mold leads
to a grinding of the structure and an increase
in the hardness of the casting, which will have a
positive effect on the service life
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CPABHUTEJIbHbIA AHAJIU3 HEKOTOPbIX CBOUCTB OT/IMBOK
N3 YHYT'YHA MAPKU 330x17J1, NOJTYMEHHbIX PA3SHbIMU
CNOCOBAMMW.

XKymaee A.A.', Mancypos 10.H.!, Kynuxoe B.IO.?, Keon Ce.C.%, Axmedoe X.J1.!
"HaBounickuin rocynapCcTBeHHbI FOPHbBIA M TEXHOIOMMYECKUI YHUBEPCUTET (Y36eKkncTaH)
2KaparaHonHCKMM TeXHUYeCKMn yHUBepcuTeT UMeHn Abbinkaca CarmHosa (KasaxctaH)

BbicokoxpomucTbir 4yryH mapku 330x17J1
LWMPOKO MPUMEHSAETCS AN U3rOTOBNEHUS AeTa-
el TopHO-060raTUTENbHOrO 060PYAOBaHMSA,
paboTalwmx B yCOBUAX MHTEHCUMBHOrO abpa-
3MBHOIO M3HOCA (MUTaloWMe OUCKU, MOASTOXKM,
nanTbl opoéunok n ap.). OTANBKKN, N3rOTOBMEH-
Hble U3 3TOro 4YyryHa, 4eMOHCTPUPYIOT gocTa-
TOYHO BbICOKME TBEPAOCTb U U3HOCOCTOMKOCTb
B npouecce skcnnayataumu [1,2]. Xumuyeckui
cocTaB YyryHa npueefeH B tabnuue 1.

OCHOBHbBIM METOAOM W3roTOBMEHUS OT-
JIMBOK M3 3TOrO CMjaBa, kKak Ha NpeanpusaTusax
Y36ekncTaHa, Tak U Ha npeanpuatusax Kasax-
cTaHa sBMSeTCA MeTOA NUTbs B MNecYaHo-r/n-
HucTble dopmbl (MIFD) mnm 3emnsaHblie GopMbl.
PacnpocTpaHeHHOCTb 3TOro Metoga O6BACHA-

PucyHok 1 — CtpykTypa vyryHa 330X1771,
a — nuTbe B 3emMnaHyto dopmy x200;
B — UTbe B 3eMnsHyto dopmy x1000;
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€TCA OOCTYMHOCTbIO, AELIEBU3HON N MPOCTOTON
M3roToBNeHUs nuterHon ¢opmbl. OgHako He-
06X0QMMO OTMETUTb, UYTO  OT/IMBKMU, MONYyYeH-
Hble 3TUM METOLOM, XapPakTePU3YIOTCA BbICOKOMN
MOPUCTOCTbIO, NIMKBALMEN, Fra30BON PbIX/IOCTbIO,
KPYMHbIM 3€PHOM, YTO CHMXaET Ka4yeCcTBO roTo-
BOW MPOAYKLMMN.

OOHUM 13 MEeTOLOB MOBbILEHUS KadyecTsa
OT/IUBKU SBMISETCA W3MEHEHMEe YCNIoBWUM nep-
BWYHOW KPUCTaNIM3aLmm, YTO MOXET 6biTb pe-
anusoBaHo, 3aMeHoW [P Ha MeTannMyeckyto
dopMy, T.e. TMTbEM B KOKWMb. JINTbe B KOKWIb
nosBonseT nsbexaTb MHOMUX NUTENHbIX Aedek-
TOB, MOBBLICUTb KA4YeCTBO MOBEPXHOCTU OT/IUBKU
M NONy4nTb 6osiee MeNKO3ePHUCTYIO CTPYKTYPY,
4YTO 6aronpPUSATHO CKAXeTCs Ha MexXaHW4yeckmx

6 — nuTbe B MeTannmnyeckyto ¢opmy x200;
r — NnTbe B MeTannuyeckyto dopmy x1000.



Ta6nuua 1. CoctaB uccnenyemMoro 4yryHa

Cop,epxaHMe XUMUYECKNX 31EMEHTOB, % MO Macce

Mapka uyryHa
C Si Cr

Mo Ni Ti P S

330x1771 3,40 0,6

16,5

0,5 0,6 - =001 =001

Ta6énuua 2. PesynbTaTtbl onpeaeneHust TBep[oOCTU

330x1771
(NMnTbe B 3eMnsHble GOopMbI)

Mapka 4yryHa

330x1771
(NMnTbe B MeTanmyeckme Gopmbl)

TBeppoCTb Ha MOBEPXHOCTU
B IMTOM cocTtosaHun HRC

TBepoocCTb B cepaLeBuHe B
nutoM coctoarmm HRC

46-47

43-44

58-62

54-55

ceomcTBax. Ceb6ecToMMOCTb TakmMx OT/IMBOK 6e3-
YC/TOBHO BblLLE MO CPaBHEHUIO C NNTbeM B [T D,
HO MOBblEHNe CebecTOMMOCTN OornpaBablBa-
eTca yBeNMYeHMeM cpoka akcnnyataumu. [Ons
3KCMEepUMEHTANbHOIO AoKa3aTeNbCTBa 3TOro
yTBEPXOEHUS C Lenbio MNocseayolwen 3aMeHbl
nutbsa B [NIT® Ha nuTbe B KOKWIb 6bl51n NpoBee-
Hbl ClefytoLLne SKCNePUMEHTDI.

YyryH mapku 330x17J1, BbinnaBneHHbIn B
nabopaTopHOM WHAOYKUUMOHHOM neun UNYT-2,5,
pasnueanu B [MTO 1 B KOKWMIb.

TemnepaTtypa nmTba coctasBuna 1380°C,
KoTopas BbibpaHa Ha OCHOBAHUW MPaKTUKU NN-
TbA U C LEbo CHUXEHNA o6bema MosIHOM Nn-
TerHon ycaakwm [3].

CkopoCTb oxNaxneHus cnaaBoB Npu NUTbe
B 3emst0 coctasmuna 100 ° C/MUHyTy, Npu NnTbe B
KOKWb - 235°C/MunyTy. TBepaocTb onpenens-
nv Ha TBeppomepe TK-2M, cTpykTypy obpasLos
n3y4vanu Ha Mukpockone mapke OLYMPUS BX53
npu yBenmndeHuax x200, x1000. PesynbtaTbl Uc-
cnefoBaHu NMpuBeneHbl B Tabnuue 2 1 Ha pu-
cyHke 1.

Kak BMOHO M3 OaHHbIX Tabnuubl 2 Ha 06-
pasuax, OT/IUTbIX B KOKWIIb, HAbto4aeTCs NoBbl -
weHve TBeppocTh Ha 20-30% no cpaBHEHMIO C
obpasuamMn, OTIUTbIMU B 3eMJIsiHble GOPMbI.

AHanmM3s MMKPOCTPYKTYP, MPUBEOEHHbBIX Ha
pucyHke 1, nokasars, 4To yBeNIMyeHne CKOpOCTH
OXNaXAEHNS MPUBOOUT K M3MESIbYEHWNIO CTPYK-
TYypbl B LLE/IOM, YTO U MPUBOANT K YBETNYEHWNIO
TBEPOOCTM.

[MpoBeAEeHHbIN 3KCMEPUMEHT MOATBEPAMNT,
yTo 3ameHa [MM® Ha MeTannuyeckyr dopmy
NPUBOANT K U3MESIbYEHUID CTPYKTYPbl 1 yBEen-
YEHUIO TBEPAOCTN OT/IMBKM, YTO MOSNOXMTENBHO
CKaXeTCs Ha cpoke aKcryaTauum.
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THE STUDIES OF STRUCTURAL AND MAGNETIC PROPERTIES
OF CuFe, O, NANOPARTICLES SYNTHESIZED
BY ANION-EXCHANGE CO-PRECIPITATION METHOD
IN THE PRESENCE OF POLYSACCHARIDES

Pavlikov A.Y.1, Saikova C.B.!, Nemkova D.I.1, Samoilo A.S.!

1Siberian Federal University, Krasnoyarsk, Russia

Ferrites are popular magnetic materials
that are widely used in electronics, as well as
in medicine as a means of delivering drugs
to the human body [1]. Existing methods for
producing CuFe,O4 (solid-phase synthesis from
initial oxides, sol-gel methods and chemical
co-deposition method) have a number of
disadvantages [2].

In this paper, an anion exchange deposition
method is proposed for the synthesis of copper
ferrite nanopowders [3], which provides a
homogeneous product that does not contain
impurities and does not require repeated
washing and cleaning operations [4].

The process is based on ion exchange
between the anions of the initial salts and
the OH groups of the anion exchange resin. It
proceeds in a heterogeneous anionite-solution
system, where a new phase is formed at the
phase interface — a precipitate consisting of
jointly deposited metal hydroxides.

Previously, we [2, 5] obtained powders
with Fe,O4 with particles of 100-200 nm in size.
In order to reduce the particle size, solutions of
polysaccharides (dextran and inulin), differing in
molecular weight, were used in this work, which
stabilize the system and prevent agglomeration
of particles. It has been found that when using
any type of polysaccharide, the bulk of metals
precipitates as a separate precipitate phase,
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Figure 1 — X-ray diffraction patterns of CuFe;O4
powders

(1 - with dextran-40, 2 - with inulin, 3 - with dex-
tran-70, 4 - without polysaccharides)

and the number of cations in the anionite and
solution phase is insignificant.

According to X-ray phase analysis (XFA),
the products obtained using dextran-40, inulin
and without polysaccharides, after calcination,
are pure phases of ferrites.

However, the particle size depends
on the molar mass of the polysaccharide.
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Figure 2 — Microphotographs and particle size distribution diagrams of CuFe,;O4 particles obtained using
dextran-40
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Thus, the molar mass of the polysaccharide
has a noticeable effect on the growth and
agglomeration of copper ferrite precursor
particles. It can be assumed that when using
inulin, the stabilization of nanoparticles is not
effective due to its low molecular weight, and
in the case of dextran-70, the anion exchange
deposition process is complicated by the higher
viscosity of the solutions used, which, moreover,
leads to particle flocculation.

The minimum size of nanoparticles
was obtained using dextran with an average
molecular weight of ~40,000 g/mol. In
the process of synthesis, homogeneous
nanopowders are formed, consisting of particles
with a size of 10-20 nm (Figure 2).
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U3YYEHUE CTPYKTYPHbIX U MAFTHUTHbIX CBOMNCTB
HAHO4YACTWUL, CuFe,O,, NOJTIYYEHHbIX METOAOM
AHNOHOOBMEHHOIO OCAXAEHUA B NMPUCYTCTBUN
NMNOJIMCAXAPUOOB

Iasnuxos A.FQO.., Caiikosa C.B.!, Hemkosa [I.M.!, Camotino A.C.!
1Cnbunpckuin degepanbHbiv yHuBepcuTeT, . KpacHosapck, Poccus

Qepputbl  ABNAOTCA  BOCTPebOBaHHbLIMU
MarHUTHbBIMKU MaTepuasaMn, KOoTopble LUMPOKO
NPUMEHSAIOTCH B 3NEKTPOHUKE, a TakxXe B Meau-
LUMHEe B KayecTBe cCpefcTBa [[OCTaBKM fekap-
CTBEHHbIX MpenapaTtoB B OpraHuM3M 4esioBeka
[1]. CywecTBytowme metoabl nonyderus CuFe,O4
(TBepoodasHbIN CUHTE3 U3 MCXOOHbIX OKCUOOB,
30Mb-reflb MeToAbl N METOA, XMMWYECKOro COO-
CaxAeHus) UMetoT psad HegocTaTkos [2].

B paHHOM paboTe onA CUMHTE3a HaHOMO-
polwkKoB depputa Meau npeasiaraeTcs MeTOA
aHMOHOOBMEHHOro ocaxpaeHusa [3], koTopbi
obecrneymBaeT MnosyyYeHme OOHOPOLAHOro Mpo-
OYKTa, He copepXallero rnpruMecemn n He Hyxaa-
tOLLEerocst B MHOMOKpPAaTHbIX ornepaLmsax NpoMblB-
KW 1 oumnctku [4].

lMpouecc OCHOBaH Ha WOHHOM O6MeHe
Mexay aHMOHaMM mcxogHbix conen n OH-rpyn-
rnamMy aHMOHOO6MeHHOoM cMosbl. OH MpoTekaeT B
reTeporeHHoOm cucteMe aHWOHUT-PacTBOP, rAe
Ha rpaHuue pasgena das npomcxoont Gpopmu-
poBaHue HoBOM da3bl — ocanka, NpeacTaBnato-
ero cobom COBMECTHO OCaXAeHHble MMOpOK-
CWAbl MeTassIoB.

PaHee HaMu [2, 5] 661511 NOMyYeHbl MOPOLLIKYU
CuFe,O4 ¢ vactruamm pasmepom 100-200 HM.
C uenblo yMeHbLUEHWA pa3MepoB YacTuL, B AaH-
HOM paboTe UCMOSIb30BaHbl PACTBOPLI Monuca-
XapuaoB (OeKCTpaH U UHYAWH), OTIIMYAKOLWLMXCS
MOJIEKYIAPHOM Maccol, KoTopble CTabunmsn-
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PucyHok 1 — PeHtreHorpammbl yactuy, CuFe;O4
(1 - c pekcTpaHoM-40, 2 - ¢ UHYTMHOM, 3 - C foeKkcTpa-
HoM-70, 4 - 6e3 nonucaxapuaos)

PYHOT CUCTEMY U MPefoTBpaLLatoT arioMepanmo
YacTuL,. YCTaHOBIEHO, YTO MPWU MUCMOSIb30BaAHUM
noboro TMna nonucaxapuga OCHOBHas O0Ns
MeTasNIoB OCax4aeTcs B BUAE OTAEeNbHOW das3bl
0OCafika, a KOIMYeCTBO KATMOHOB B dase aHMo-
HUTa U pacTBOPa HE3HAYUTENBHO.

[To paHHbIM peHTreHoha3oBOro aHanmsa
(PDOA) npopykTbl, MOMyYeHHble C MCMofb3oBa-
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PucyHok 2 — Mukpogotorpapus n anarpamma pacrnpenenenms yactuy CuFe>O4 no pasmepaM, rnosydeHHbIX C

mncrnosb3oBaHueM gekctpaHa-40
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HMeM pekcTtpaHa-40, vHynuHa n 6e3 nonuca-
XapuaoB, Nocsie NpokanuMeBaHWs, NpeacTaBAsoT
cobom YncTble pasbl peppuUToB.

OpHako pasmep 4acTuy, 3aBWCUT OT MO-
NAPHOM Macchl NonmMcaxapmaa. Takum o6pasom,
MONSIPHOM Macca nonmMcaxapuaa oKasbiBaeT
3aMeTHOe BAWAHME Ha POCT U arnoMepamio
yacTuy, npekypcopoB depputa mMegu. MoxHO
NpeanosioXmTb, YTO MPU NCMONb30BAHUN MHYIIN -
Ha cTabunmsauusa HaHodacTuy, He 3ddekTuBHA
BC/I@ACTBME €rO HU3KOW MONEKYSPHOM Macchl,
a B cnydae pgekctpaHa-7/0 npouecc aHMOHOO6-
MEHHOIO OCaXAEHWUSA OCNOXHEH 60ee BbICOKOMN

BA3KOCTbIO MCMONIb30BaHHbIX PACTBOPOB, YTO, K
TOMY Xe, MPUBOAMUT K GIOKYAALUN YacTUL,.

MUHMManbHbIM pa3Mep HaHOYacCTUL, Mosy-
YeH NpU UCMONb30BaHUU AeKCTpaHa co cpenHen
MonekynsipHon maccor ~40 000 r/monb. B npo-
Lecce cuHTe3a GopMUPYIOTCS OOHOPOOHbIE Ha-
HOMOPOLLKM, COCTOALLME N3 YaCTUL, C Pa3MeEPOM
10-20 HM (pucyHoK 2).
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OpraHu3aLMOHHbIA KOMUTET

MNpencepatens

OJIEMHUKOBA Hamanvs Bacunvesna, n.1.+., npod. COY

BEJIOYCOB Onez Bnaoucnasosut, o.x.+., npod. COY, UXXT CO PAH
BOPHUCOB Poman Braoumuposud, k. x.H., noueHt COY, MUXXT CO PAH
BPAT'VIH Buxmop Mzopesun, n.1.H., npod. COY, UXXT CO PAH
CAVIKOBA Csemnana Bacunveeua, p.x.1., npod. COY, UXXT CO PAH
YCMAHOBA Hamanva @epzamosna, k.x.H., poueHt COY, MUXXT CO PAH

MporpaMMHbIA KOMUTET

[Mpencepartens

KY3bMMWH Bnaoumup HMeanosuu, n.x.H. UXXT CO PAH

BE/IOYCOBA Hamanvs BukmoposHua, p.x.H., npod. COY
BEJIBIN Anexcanop Bacunvesuu, k.6.1. AO «Monoc»
MUXANIIOB Anexcanop Iennaovesuu, n.r.H. UXXT CO PAH
MMUXJINH KOpuii Jleonudosuu, p.x.H., npod. UXXT CO PAH
IOXWH Opuii Muxaiinoeuu, p.t.x., npod. UXTTM CO PAH

C6opHUk goknapos XV mexayHapogHon KoHbepeHLMn
«MeTannypruvs LuBeTHbIX, peaokux 1 61aropogHbix MeTasiIoB»

MMEHU YneHa-koppecnoHaeHTa PAH leHHagus JleoHmnpoBmya Mawkosa

NMOArOTOBMEH NPU GUHAHCOBOM NoaOepXKe

KpaeBoro ¢poHOa HayuYHOM 1 HAYUYHO-TEXHNYECKOM OeATENbHOCTU

(Kop, zasskun: 2022063008840).
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HayuHoe nspaHue

METAJIJTYPIA LUBETHDbIX,
PEOKUX U BJIATOPOAHDbIX
METAJIJ10B

C6opHMK foKlIapoB
XV MmexayHapoaHou KoHbepeHUuuu
MMEHU uYneHa-KoppecnoHaeHta PAH
feHHapua JleoHnpgoBuya
NMNALLKOBA

r. KpacHospck, 6-8 ceHTa6ps 2022 .

HocTyn Kk c6opHUKY — CBOGOAHDIN.
COopHUK copepXnTtca B eanHom darne PDF.

Hata Bbixona B ceeT 21.10.2022.
CeobogHas ueHa. 3akas 2110/2022.

[1o BonpocaM NprobpeTeHns N n3gaHusa nutepaTypbl 06pallaTbCsa Mo agpecy:
N3paTenbctBo «HayuyHO-MHHOBALLMOHHBIN LLeHTP»
yn. 9 Mag, 5/192, r. KpacHosapck, 660127 Poccus
Ten. +7 (923) 358-10-20
DneKTpoHHas noyta: monography@nkras.ru
LononHutenbHasa nHdopMaumsa Ha canTe: www.nkras.ru
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