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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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THE REDUCTION SMELTING
OF METAL-CONTAINING INDUSTRIAL WASTES

Abstract. Metal containing scrape accumulation is not only issue of the ecological safety of regions, but is a
new paradigm in development of the black metallurgy (direct production of iron) obtaining the energy and resources
conservation policy.

The purpose of the work: use of metal-containing and carbon-containing industrial waste — converter sludge and
coal sludge of the JSC "ArcelorMittal Temirtau" metallurgical enterprise.

The process structuring chain consists of: 1) ore-coal mixture conditioning from converter and coal slimes;
2) production of ore-coal pellets from the fine ore-coal mixture; 3) metallization of ore-coal pellets; 4) reduction
smelting of metallized pellets and production of natural-alloyed steel.

The solid carbon was used as a reducing agent, while preparing the ore-coal mixture we adhere to the principle
of complete reduction of the net extracted iron and manganese metals. Therefore, the stoichiometric consumption of
prepared coal sludge per unit of iron ore concentrate was determined according to the developed procedure, taking
into account the sequentially phase transformation of oxides. As a result of performed calculations, the coal feed rate
per unit of concentrate in the amount of 0,265 kg/kg was obtained. The ore-coal mixture consisted of the sum of
prepared converter and coal sludges.

On the basis of metal- and carbon-containing sludge of JSC "ArcelorMittal Temirtau" the ore pelletized pellets
with stoichiometric carbon content areobtained. Sequential processing, drying, metallization and reduction smelting
made it possible to obtain metal ingots corresponding to high-quality steel in composition in the final stage.

Key words: metal-containing waste, converter sludge, coal sludge, metallization, pellets, steel, carbon, phos-
phorus, reduction, smelting, crystallization.

The conventional technology of metallurgical production of cast iron and steel is based on the two-
stage complex "Blast furnace-Converter". At the initial stage of the complex, conventionally, agglomerate
oxide materials are used as raw materials in the form of sinter and pellets in predetermined weight ratios to
the mass of coke. The mass fraction of coke in the charge provides the thermal balance of the reduction
smelting process as a source of hot reducing gases (HRG) used to heat the charge column and to reduce
iron, and also to melt the ore portion of the charge.

In addition, the coke layer plays an important role as a nozzle in which counterflow filtration of HRG
and melts is realized, as well as a source of direct reduction of iron and hard-to-reduce metals by solid
carbon. As can be seen, under the conditions of implementation of the reduction-smelting process in the
blast furnace there is a stable excess of coke and the melted metal product is cast iron.

In view of high performance of blast furnaces, the worldwide mass production of structural materials
is based on the oxygen converter processing of pig iron via oxidation smelting into steel. The problem of
oxidation smelting of cast iron in the oxygen converter is metal decarburisation. However, during oxygen
32
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lancing of the iron melt, not only the oxidation of the carbon of the cast iron occurs, but also the oxidation
of a significant part of iron and the complete oxidation of the valuable alloying metals with formation of
metal oxides, which are transported into the converter slag. In converter smelting, not only the formation
of metal-containing slags occurs, but a significant mass of sludges with concentration of metals many
times higher than in slag. They are also accumulated in dumps.

Metal-containing wastes accumulation is a problem nowadays not only for the environmental security
of the regions, but also as a secondary source of raw materials for the production of metal [1].

Pursuance of the most low-cost use of these wastes is associated with their return, if possible,
according to the current scheme of the metallurgical cycle, in particular, to the agglomeration process.
However, the possibility of introducing dispersed metal-containing waste into the sintering charge is
limited and the mass of the incandescent metal-containing waste is expanding every year.

Analyzing new theoretical propositions [2] and the organization of the processes of mini production
of iron and steel [3-5], one may come to the conclusion that the last word of science is related not only to
the existing principle of the preparation of the agglomerated oxide raw material and its reducing melting,
but a new principle of preparation of disperse metal-containing raw materials and its reduction-smelting
processing.

Such an approach opens the prospect of not only the full use of current and accumulated waste, but
also the direct production of high-quality steels and alloys from them.

The principle of agglomerated oxide raw material (agglomerate, pellets) preparation is based mainly
on the use of HRG as a reducing agent, which requires high gas permeability of the burden layer. The very
organization of the reduction processes in countercurrent of the agglomerated charge column and HRG
from the position of the process kinetics has a number of significant drawbacks. The commonly advertised
adsorption-catalytic mechanism (ACM) [6] is not a determining factor in the realization of metal
reduction. On the contact surface between the agglomerated raw material and HRG, the metal reduction
mechanism is associated with a topochemical mass transfer regime [7], by the successive phase transfor-
mation of the oxides into a metallic state from the surface to the center of the pieces. Such a sequence of
the process is limited by the slowest contact-diffusion mechanism.

In the processes of metallization of dispersed metal-containing waste, HRG cannot be used as a redu-
cing agent. The most effective reducing agent is solid carbon, which does not require gas permeability of
the layer, while at the same time provides a high rate of reaction depending on the value of the RSC
coefficient (reaction-contact surface). The value of the RSC in the 1,0 mm thick dispersible waste layers
reaches up to 20,000 m*/kg, and below 1,0 mm can reach up to 30,000 m*/kg.

Conditions for the realization of direct reduction of metals is, first of all, the uniform distribution of a
carbon-containing reagent of a similar reaction in a layer of dispersed oxide waste. Based on this principle
of charge preparation, experimental studies were carried out.

Experimental procedure.In the experimental studies, metal-containing and carbon-containing
industrial wastes - converter sludge and coal sludge chemical compositions of which are presented in tab-
le 1 from the JSC “ArcelorMittal Temirtau” metallurgical enterprise were used.

It can be seen from the composition of the initial slimes that the content of the basic CaO oxide is
almost 4-times higher than the concentration of acid oxides (SiO,+Al,O;) in fluxes. Hence it can be seen
that phosphorus and sulfur with concentration of 0,5 and 0,2% are in the form of chemical compounds of
Ca;3(POy4), and CaS, respectively. Coal sludge also contains rather high concentration of slag-forming
oxides - SIOZI/I A1203.

Table 1 — Chemical composition of initial components

Chemical composition, %
Name
of components Feen | FeO | MnO | SiO, | ALO; | CaO | MgO S P C
Converter sludge 60,3 12,5 1,75 2,54 3,25 22,0 2,32 0,20 0,50 2,65
Coal sludge - - - 18,2 7,65 2,32 0,72 0,18 0,05 52,3
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Therefore, the initial sludge was pretreated to remove a part of the slag-forming gangue. Both sludges
were enriched: converter sludge - by magnetic separation, and coal sludge - by gravity concentration.

In the dry coal sludge the specific weight of slag-forming oxide particles (SiO,, Al,0;, CaO, MgO) is,
on average, five times greater than the specific mass of solid carbon particles. Within respective limits,
their hovering velocities vary, i.e. particles removal rate. These variations were used for separation in
the wind tube, which was charged with dry coal sludge and the layer was purged with air at a rate of 5,0-
6,0 m/s, which corresponds to fine carbon particles hovering velocity. Smaller and lighter particles are
blown through a special vent and enters the second container - dust collector. The trapped dust mainly
contained carbon particles.

The compositions of enriched converter and coal sludges are presented in table 2.

Table 2 — Chemical composition of processed converter and coal sludges

Chemical composition, %
Name
of components Fewn | FeO | MnO | SiO, | ALO; | CaO | Mg S p C
Converter sludge 71,25 14,75 1,93 1,51 1,92 12,75 1,33 0,02 0,12 2,95
Coal sludge - - - 6,36 2,87 0,87 0,27 0,06 0,02 65,74

As can be seen from the results of the analysis presented in table 2, rather qualitative components -
iron ore concentrate with high iron content and a carbonaceous reagent with a carbon content of 65% were
obtained from the initial converter and coal sludges. Only phosphorus content in the concentrate is much
higher than the allowable rate. However, it should be stipulated that high concentration of basic CaO oxide
in converter sludge is associated with the technology of dephosphorization of pig iron in an oxygen con-
verter in which oxidized phosphorus P,Os is bound by calcium oxide according to the following reactions:

2[P]+2,50, = P,0s (1)
P205 +3CaO = Ca3(PO4)2 (2)

As can be seen, phosphorus dissolved in the cast iron, oxidized in P,Os by reaction (1), binds firmly
to calcium phosphate by reaction (2). Considering the high chemical strength of Caz(PO,),, in the organi-
zation of subsequent reduction and smelting processes, it is advisable to regulate the temperature-heat
regime of phosphorus reduction. Based on this formulation of tasks, the following sequence of organiza-
tion of the process was adopted.

1. Preparation of ore-coal mixture from converter and coal sludges.

2. Obtaining ore-coal pellets from the fine ore-coal mixture.

3. Metallization of ore-coal pellets.

4. Reduction smelting of metallized pellets and obtaining nature-alloyed steel.

Since solid carbon is used as the reducing agent, when preparing the ore, the coal mixture is based on
the principle of complete reduction of the useful extractable metals of iron and manganese. Therefore, the
stoichiometric consumption of the prepared coal sludge per unit of iron ore concentrate was determined
according to the developed procedure, taking into account the successive phase transformation of oxides
[8]. As a result of the performed calculations, the consumption of coal cuttings per unit of concentrate in
the amount of 0,265 kg/kg was obtained. The ore-coal mixture consisted of the amount of prepared con-
verter and coal sludges in the amount of 140,265 = 1,265 kg. The resulting dispersed ore-coal mixture was
thoroughly mixed, then ore-carbon pellets were obtained from the pellet granulator. An aqueous solution
of nitrocellulose varnish was used as a binder. Mixing of converter and coal sludges inevitably leads to a
change in the chemical composition of the mixture, in which the mass fraction of ore and coal parts was
determined from the ratio y,=1,0:1,265=0,79 and y,= 0,265 : 1,265 = 0,21. Based on these mass ratios, the
average chemical composition of the mixture was determined, which is presented in Table 3.

Obtained crude pellets with fraction of 8,0-20,0 mm after drying at 400°C have acquired sufficient
strength and have been prepared for metallization.

— 34 ——
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Since the pellets contain an increased concentration of phosphorus and a stoichiometric amount of
carbon in choosing the temperature regime, not only the direct reduction of metals by carbon was taken
into account, but also the possibility of limiting the transition of phosphorus to the metal. Here the favo-
rable effect is due to the fact that phosphorus is completely in the compounds of calcium phosphate, from
which it begins to recover only at temperatures above 1200 °C. Therefore, the metallization process was
limited to heating to 1000-1100 °C.

The dried pellets with a mass of 200 g were placed in a sealed cell made of a quartz tube with a
diameter ¥40 mm and introduced into the tubular furnace SUOL-044 12-M2, preheated to 550 °C, then
heated at a rate of 10 °C/min. At 650 °C, the beginning of expelling of the gas - the reaction products of
CO and CO, was recorded. When temperature reached 1100-1120 °C, a time delay of 25-30 minutes was
observed until the gas expelling ceased, which meant the completion of the direct reduction of metals.

The chemical composition of ore-coal and metallized pellets is presented in table 3.

Table 3 — Chemical composition of ore-coal and metallized pellets

Chemical composition, %

Name of pellets

Feeom | Feme | FEO | Mn | SiO, | ALO; | CaO | MgO S P C
Ore-coal 5629 | -~ | 11,65 | 1,18 | 2,63 | 2,12 | 1025 | 1,107 | 0,036 | 0,10 | 16,13
Metallized 86,6 | 84,0 | 3,34 | 1,81 | 405 | 326 | 1577 | 1,70 | 0,04 | 0,154 | 2,15

Samples of metallized materials together with the cell were removed from the furnace, cooled and
further reloaded into a refractory crucible and installed in a "Tamman" melting furnace. The furnace was
heated at a rate of 15-20 °C/min. In order to avoid secondary oxidation of the metallized pellets, the sur-
face of the crucible was blown with neutral gas - argon. When the temperature reached 1600 °C, the
pellets were completely transferred to the melt, which was drained into a refractory baking sheet.

The yield of metal was 68,0 g. from the initial 200 g. of ore-coal pelletized pellets. Analysis of metals
obtained from two runs is provided in table 4.

Table 4 — Chemical composition of samples of molten metal

Metal Chemical composition, %
samples [Mn] (€] [sil [S] [P]
Test Ne 1 1,20 0,57 0,15 0,02 0,028
Test Ne 2 1,25 0,62 0,12 0,025 0,030

As can be seen from the results of the analysis, melted samples of metal are nature-alloyed steels. The
content of contaminants - sulfur and phosphorus meets the technical requirements of high-quality steel.

Conclusion. On the basis of metal-containing and carbon-containing sludge of JSC "ArcelorMittal
Temirtau", ore pelletized pellets with stoichiometric carbon content are obtained. Sequential processing of
drying, metallization and reduction smelting made it possible to obtain in the final stage metal ingots,
which in composition correspond to high-quality steel.
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KYPAMBIHJA METAJIJI BAP OHEPKOCIITIK KAJIABIKTAPIbI
PEAYKIUAJAII BAJIKBITY

Annoranus. KypambiHma metamn Oap KauIbIKTapIblH JKHHAKTATYBl OYTiHTI TaHZAa TEK OHIpIEpIiH 3KOJO-
THSUTBIK KayiNci3/iri Mocesneci FaHa eMec, COHal-aK YHePTUsl MEH pecypcrapbl YHEM/IEY CasCaThIH eCelKe ajla OThI-
pBII, Kapa MeTaJUlyprusi cajlachl AaMybIHBIH jKaHa IapagurMacbiHa (Tikenedl TeMip eHaipici) OaiiaHbICThI OOJTYBI
KepeK.

KymbicTeiH MakcaThl: «ApceopMurran Temipray» AK MeTaruryprusuiblk KOMOMHATBIHBIH KYPaMbIHAa METaLT
Oap >xoHe KeMipTeri 6ap KajIbIKTap — KOHBEPTEPIIiK 1IUIaM MeH KeMipii OaifbITy Nu1aMIapbiH Nnaijanany.

[TpouecTi ybIMAACTBIPY KE3EKTUIIT MbIHaaal: 1) KOHBEpTEp JKoHE KOMIp HIJIaMAapbiHaH KeH 1 KeMipJli Kocma-
HBI JalibIH/ay; 2) ycak KeH KeMipili KocnaJaH KeH KeMipJli OKaThIIITep aly; 3) KeH KOMipili OKaTBIITEepIi METaIH-
3anysiiay; 4) MeTaJiaHFaH OKaThIIITEPl peayKIHsIan-0alIKbITy )KaHE JIETipJIeHreH Ooar aiy.

TOTBIKCHI3AAHIBIPFHIII peareHT PETiHae KaTThl KOMipTeri KaObUTTaHFaH-IbIKTaH, KeH KOMIipI KOCIIaHbI TaibIH-
Jay Ke3iHjge TeMip MeH MapraHell METAIJapblHAH allbIHFaH MaiIaiblIapbl TONBIK TOTHIKCHI3AaHIBIPY IPHHIMIIHE
cyiienemi3. COHABIKTAaH OKCUITEPIiH PETTIK-(a3anblK TYPICHYIH eCKepyMEH d3ipJICHTEH oficTeMe OOMBIHIIA TeMip
pyZassl KOHLEHTpAT OipiiriHe NalblHIanFaH KeMip HIUIAMBIHBIH CTEXHOMETPHSUIBIK IIBIFBIHBI aHBIKTangbl. Ecemn-
Teynepai opbiHaay Hotikecinae 0,265 Kr/kr Mesiiepinae KOHIEHTPAT OipIliriHe KeTeTiH KOMIp IUIaMbIHBIH MOJIIiie-
pi anbiHBl. Kemip keHai Kocra KOHBEPTEPIIiK )KoHE KOMip HITaMIapbIHBIH COMachbIHaH KYPaJabl.

«ApcenopMutran Temipray» AK sxarnalibIHaarbl KypambIHia METall 0ap »aoHe KeMmipTeri Oap 11aMaapbIHbIH
HeTi3iH/Ie KOMIPTETiHIH CTEXMOMETPIIIK KypaMbIMEH KOMIpJIi OKaThIITEep AaiibIHAay YilbIMIacTeIpbuLabl. Onapabl pe-
TIMEH OHJIey, KEeNTipy, MEeTAIaH/bIpy KOHE PEAYKIMsIAN-0aKbITY COHBIH/A callalibl 00JaTThIH KypaMbIHa ColiKec
KEJIEeTIH MeTaJll KYHMachIH aryFa MYMKIHIIUIIK Oepe/i.

Tyiiin ce3mep: KypamblHIamMeTau 0ap KaJabIKTap, KOHBEPTEPIIK HUIaM, KOMip [UIaMbl, MeTanay, OKaThIll,
6ounaT, kemipreri, pocdop, penykuusiay, OaJIKbITY, KPHCTAIIAHY.

C. M. Taeyra6ymnos', /I. K. Poikonkos?,
H. B. Aiit6aes’, I'. M. Koiimmuna', E. Ke6eren®, I'. . Cyaramypat’

'Kazaxckuit HalMOHAJILHBIN HcCieoBaTeNbckuil Texunueckui yuusepeuteT uM. K. . Catnaesa
(CarmaeB Yuusepcuret), Anmartsl, Kazaxcras,
HanuoHanbHBIH HCCIIEN0BATENBCKHMN TEXHOIOTHYECKHUI yausepcureT (MUCuC), Mocksa, Poccus,
*KaparasMHCKHil rOCY1apCTBEHHBIH TeXHUYeCKHil yHuBepcuTeT, Kaparanna, Kasaxcran

BOCCTAHOBUTEJIbHAS IIVIABKA
METAJIJIOCOAEPKAIIUX ITPOMBIIIVIEHHBIX OTXO/J0OB

AHHoTanusi. HakomnneHne MetauicoepKaliux OTXOA0B CETOAHS ABJISIETCS NMPOOIEMON HE TOJNBKO 3KOJIOTH-
4eCKOH 0E30I1aCHOCTH PErMOHOB, HO U JIOJDKHO OBITH CBSI3aHO C HOBOM MapaJurMON pa3BUTHSI YEPHOU METAJLTYprUuu
(npsiMoe nosyueHue Kele3a) C y4eTOM HOJMTHKU 3HEPTo- U PecypcocOepesKeH sl TEXHOIOT Ui,

Ilens paGoOTHI: MCIOIB30BATh METAJUIOCOAEPIKAILNE U YITIEPOACOAEPIKAIE [IPOMBIIUICHHBIE OTXOABI METall-
nyprudeckoro komorHata AO «ApcenopMurran Temupray» - KOHBEPTEPHBIN [IUIAM U [IUIAM yTII€000T allieHHs.

[NocnenoBareIbHOCTH OpraHU3aLMK ITPOLIECCa COCTOUT U3: 1) MOATOTOBKA PYIOYTOJILHOM CMecH U3 KOHBEPTEp-
HOTO M YTOJIbHOTO IIUTAMOB; 2) MOJIyYeHNE PYAOYTOJIBHBIX OKAaThIIIeH M3 MEJIKHH pYyJ0 YrojbHOW cMecH; 3) MeTai-
JM3anusl PyNOYTOJBHBIX OKAaTHIMEH; 4) BOCCTAaHOBHTENbHASA IUIaBKa METAIM30BAaHHBIX OKATHIMICH W ITOIy4YEHHE
MIPUPOAOJIETUPOBAHHON CTaH.

B kauecTBe BOCCTaHOBUTEIBHOTO peareHTa MPHUHAT TBEP/BIN YIIepo, IPH MOATOTOBKE PYyJI0 YTOJBHOH cMecH
WCXOJVUM U3 MPUHINIA TTOJHOTO BOCCTAHOBJICHHS IIOJIE3HBIX M3BJIEKAEMBIX METAJUIOB Kele3a 1 Maprasia. [loatomy
ObUI ONpeNeNeH CTEXMOMETPHUYECKHH Pacxol MOATOTOBIEHHOTO YTOJIBHOTO IIIaMa Ha €AWHHMILY JKEJIE30PYAHOTrO
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KOHIIEHTpATa MO pa3pabdoTaHHON METOMUKE C YYeTOM MOCIEA0BaTeIbHO-(Da30BOro mpeBpalieHus OKCUIoB. B pe-
3yJIbTATE BBIIOJIHEHHBIX PACUYETOB IMOJYYEH PAcXoji YrOJbHOTO IUIaMa HAa CMHUIY KOHICHTpaTa B KOJIUYECTBE
0,265 kr/kr. PynoyrosibHasi CMECh COCTOSIIIA U3 CyMMbI TIOATOTOBJICHHBIX KOHBEPTEPHBIX U YTOJIbHBIX [IUIAMOB.

Ha 0aze metamicomep:kaonmx u yriepoacoaepxarommx nuamoB AO «ApcenopMurran Temupray» opranu-
30BaHa MOATOTOBKA PYIOYTOJIbHBIX OKATHILIEH CO CTEXHOMETPHYECKUM CojiepKaHieM yriepoja. [locnenoBarenbHas
00paboTKa CyllKa, METaIM3alusl U BOCCTAHOBHUTENIbHAS IUIABKA MO3BOJIMIIA MOJYYUTh HA 3aBepliarolieil cTaaun
CJIUTKU METajlia, KOTOPBIC [0 COCTaBy COOTBETCTBYIOT KAYECTBEHHOM CTaIIH.

KiroueBble c1oBa: METaUICOACPKALIUM OTXOA, KOHBEPTEPHBIM IJIaM, YTONBHBIM IITaM, MeTaJUIM3alus,
OKaThlIllI, CTaJlb, yriepos, Gpochop, BoccTaHOBICHUE, TIaBKa, KPUCTAIITH3ALIMSL.
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