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Analytics

The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Iron-containing technogenic waste generated during
flotation beneficiation and metallurgical processing represents not only a serious
environmental burden but also a valuable secondary resource for metal recovery.
The growing demand for resource-efficient and environmentally sustainable
metallurgical technologies has intensified interest in integrated roasting—reduction
methods for producing porous metallic iron from sulfide-containing industrial
waste. In particular, pyrite concentrates and iron-bearing residues formed
during copper—molybdenum ore processing contain significant amounts of iron
compounds suitable for secondary extraction. Objective. The aim of this study
was to investigate the oxidation and reduction behavior during thermal treatment
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of pyrite concentrate and to evaluate the efficiency of magnetic separation for
metallic iron recovery. Methods. Oxidation roasting was carried out at 500 °C
for 30 min, followed by solid-phase reduction at 950 °C for 90 min using 15
wt.% Angren brown coal as a reducing agent. Structural and physicochemical
characterization of the obtained products was performed using X-ray diffraction
(XRD), chemical composition analysis, scanning electron microscopy (SEM),
optical microscopy, and magnetic separation analysis. Results. XRD analysis
confirmed the transformation of iron sulfides into Fe O, and Fe,O, during
oxidative roasting and their subsequent reduction to metallic iron during high-
temperature treatment. The reduction process proceeded through the sequential
Fe,O, — FeO — Fe pathway controlled by carbon monoxide formation via the
Boudouard reaction. The metallization degree reached 70%, while the magnetic
fraction yield ranged from 50 to 55%, indicating effective recovery of metallic iron
from technogenic waste. Microstructural investigations revealed the formation of
porous metallic iron with a developed pore structure, which enhanced reduction
kinetics and magnetic separation efficiency. The use of locally available Angren
coal provided additional technological and economic advantages due to its high
volatile matter content and lower cost compared with imported metallurgical coke.
Conclusions. The obtained results demonstrate that oxidation—reduction treatment
followed by magnetic separation enables efficient recovery of metallic iron from
pyrite-containing technogenic waste. The proposed approach can be applied for
secondary processing of mining and metallurgical residues and contributes to
resource conservation and reduction of environmental impact.

Keywords: pyrite roasting, iron oxide reduction, porous iron, magnetic
separation, technogenic waste, metallization degree
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AnHoOTanMsA. O3exminiei. DNOTAUMSIIBIK OalBITY )KOHE METAILITY PTUSUIBIK OHACY
OapbICBIHA TY31IETIH TEMIpKYpaMIbl TEXHOTCH K KalABIKTap KOpIIaFraH opTara
aliTapiapIKTaliKayin TOHIIpyMeHKaTap, MeTajliapapl KaiTaaryFaMyMKiHAIK OepeTiH
KYH/bI KiHIII PeTTIK MHMKi3aT Ke3i Oombin TaObutagsl. PecypcThl yHEMIEHTiH
KOHE DKOJOTHSUIBIK TYPFBIOAH THIMII METaUTypTUsIIBIK TEXHOJIOTHsIIapFa
JIeTeH CYPaHBICTBIH apTybl CYIbOUIAKYpaMIbl OHIIPICTIK KaJIABIKTapJaH KEeyeKTi
METaJIJBIK TEeMip aly YIIiH KeHIeHAl KYHIipy—TOTBIKCHI3AAHIBIPY OAicTepiHe
KBI3BIFYIBUIBIKTBI KYIIEHTTI. Ocipece, MbIC—MOINO/CH KEHACPIH OHLY Ke3iHae
TY3UIETiH MUPHUT KOHLEHTPATTapbl MEH TEeMIpKypam/bl KaJAbIKTap KypamblHAa
KaliTa eHJIeyre >KapaMIbl TeMIp KOCBUIBICTAPBIHBIH €19yip MeJIepi Ke3aecei.
Maxcam. 3epTTeyniH MakcaThl MUPUT KOHIICHTPATHIH TEPMUSUIIBIK OHACY KE3iHIe
KYPETiH TOTBIFY XOHE TOTBIKCBHI3JAHY MPOLECTEPiH 3EpTTey >KOHE MAarHUTTIK
cenapanus apKpUIbl METAJBIK TEMIipai Oedin axy THIMAUIriH Oaranay OOJIbI.
O0icmepi. ToTbIKTBIpYIIBI KYiAipy 500 °C temneparypana 30 MUHYT XKYpri3iiai,
ofaH KeWiH ToThIKchI3Aanabipy 950 °C rtemmeparypaga 90 muHyT Ooiibl 15
Macc.% AHTpeH KOHBIP KOMIpIH TOTBIKCBHI3JAHJBIPFIN pPETiHAC MalaanaHy
apKbUIBI OpBIHAANABL. AJBIHFAH OHIMICPAIH KYPBUIBIMABIK JKoHE (hU3HKa-
XMMUSUIBIK CHIIATTaManapbl peHTreHAiK ¢aszanblk Tainay (XRD), XUMUSIIBIK
KypaMIpl Taljaay, CKaHepJeyIli eKTPOHIBIK Mukpockonus (SEM), onTukanbix
MHUKPOCKOIIUS KOHE MarHUTTIK cenapanus ojicTepiMeH 3epTrenai. Homuoicenep.
XRD satmkenepi TOTbIFY KyWHaipyi Kesinge Temip cynbdunrepinin Fe,O, xone
Fe304 xocbuibicTapblHa alHAJIFaHBIH, al JKOFapbl TEMIIEPaTypablK OHJIEY
OapbICBIHAA ONapIBIH METAJJBIK TeMipre JIeiHiH TOTBHIKCHI3JAHFAHBIH PacTaibl.
ToteikchI3nany mpoueci bomyap peakuuscbl HOTHXKECIHIE TY3UIETIH KOMIpTeK
OKCHJIIHIH dcepiMeH FezO3 — FeO — Fe Ti30eri OoiipiHIa xypai. Merangany
nopexeci 70%-ra KeTTi, aln MarHuTTiK ppakiust weFbIMbl 50-55% apaibiFbiHIa
001IbI, OYJT TEXHOTSH/IIK KaJJIBIKTApJIaH METAJIJIBIK TeMip/i THIMII Oeuin amyFa
MYMKIHIIK OepeTiHiH KepceTTi. MUKPOKYPBUIBIMABIK 3epTTeyiep daMblFaH
KEYeKTi KYpBUIBIMBI 0ap KeyeKTi MeTalJblK TEeMIipAiH TY3UITeHIH KepCeTTi,
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OYJ1 TOTBIKCHI3ZIaHy KHHETHUKACHIH JKOHE MArHHUTTIK cemapanus THIMAUIITIH
apTTeipAbl. JKeprijmikTi AHTpeH KeMIpiH THaiianaHy OHBIH YIIKBIII 3aTTapbIHBIH
YKOFapbl MOJIIIEPI MEH UMITOPTTHIK METAJUTYPIHsUTBIK KOKCTICH CaJIbICTBIPFaHIaFbl
TOMEH KYHbIHa OalIaHbICTBl KOCBIMIIA TEXHOJOTHSJIBIK >KOHE SKOHOMHUKAJBIK
apTHIKWBUIBIKTAp  Oepai.  Tyowcvipvimoap.  ANBIHFAH —HOTHXKENIEP TOTHIFY—
TOTBHIKCBI3AAHBIPY OHICY1 MCH KEHIHT1 MArHUTTIK CeNapalisiHbIH THPUTKYPaM/IbI
TEXHOTCH/IIK KaJJIBIKTapIaH METAIJIBIK TEMIip/i THIM/Ii aTyFa MYMKIH]IIK OepeTiHiH
KepceTTi. ¥ ChIHBUIFAH 9/ic Tay-KeH KOHE METAJUTYPTUSIIBIK KAJIABIKTap bl eKiHIL1
PETTIK eHJEYle KOINAHBUIBII, PecypcTapabl YHEMACYTE KoHE KOoplIaraH opTara
TYCETiH )XYKTEMEHi a3aliTyFa BIKITall eTe/I.

Tyiiin ce3mep: Temip KeHIH Maif/iaiady, TUPOMETAILTYPTHUSIIBIK OHIIPY, Kapa
MeTaJIJapAbl ally, TEMip OKCUATEPIH KalIbIHA KEATIpY, KAJIABIKTapAbl KalTa OHIeY
TEXHOJIOTHSICHI, METAJIITYPTUSUIBIK KaJIBIKTapIbl OHICY
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AHHoOTamuA. Axmyarerocmos. YKenezoconepixaliue TEXHOTEHHBIE OTXOIBI,

oOpasytomuecss npud  (IOTALMOHHOM OOOTAlleHWH M METaJulyprudecKoit
nepepadoTke, MPEACTABISIIOT COOOH HE TOJNBKO CEPhE3HYIO HKOJIOTHYECKYIO
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mpoOiieMy, HO W IIEHHBI BTOPWYHBIA pecypc [UIsl H3BICYCHHS METaJlJIOB.
Poct motpebHocTH B pecypcocOeperamommx M SKOJIOTMYECKH 0e30MacHbIX
METaJUTyPTHYEeCKUX TEXHOJIOTHSIX YCUIIMBAET UHTEPEC K KOMIUIEKCHBIM METO/laM
00XKWra M BOCCTAHOBIJICHHUSA I MOTyYEHHUSI TTOPUCTOTO METAIIIMYECKOTO JKees3a
13 cynb(UICOAepKAIMNUX TTPOMBIIINIEHHBIX OTXOI0B. B 9acTHOCTH, MHPUTOBBIS
KOHIIEHTPATHI U JKeJIe30CoeprKallie OCTaTKH, 00pa3yIoIrecs MpH repepadoTke
MEIHO-MOJMOACHOBBIX PYA, COAEPKAT 3HAUYUTEIHHOE KOJMYECTBO COCIMHEHMI
Kene3a, MPUTOAHBIX JUIsl BTOPUYHOTO U3BIeueHus. [Jens. V3yuuTh mporeccs
OKHCIICHHST W BOCCTAHOBJIGHUS TNPH TEPMUYECKOW 00pabOTKE MHUPHUTOBOTO
KOHIIEHTpaTa, a TaKke ONEHUTHh >(PPEKTUBHOCTh MATHUTHOW Cemapauu s
V3BIICYCHNAS METAIIMYEeCKOTO Keneza. Memoovl. OKHCTUTENbHBINH  00XHT
npoBoauiau npu temieparype 500 °C B TteyeHue 30 MUHYT, MOCIE YEro
OCYIIECTBIISLTN TBepaodazHoe BoccraHoBienue npu 950 °C B Teuenue 90 MUHYT C
KCIOJIb30BaHueM 15 Macc.% aHrPeHCKOT0 OypOTO YIS B KaU€CTBE BOCCTAHOBUTEIIS.
CTpyKTypHBIE U (PU3UKO-XUMHUECKHE XaPaKTEPUCTHKH MOTYYSHHBIX TPOIYKTOB
WCCIIeIOBAIN  MeTolaMi peHTreHogaszoBoro axamm3a (XRD), xumugeckoro
aHanM3a COCTaBa, CKaHUPYIOMIEW OJIeKTpOHHOW MuKpockonuu (SEM),
ONTUYECKOW MHUKPOCKOIIMM W MarHUTHOW ceraparuu. Pe3yibmamsl U 6bl800bI.
Pesynbrarer XRD noarsepaunu npespamieHue Cyibpuuos xenesa B Fe O, u
Fe,0, B poriecce OKUCIUTENBLHOTO OOKUTa U MX TOCIENYIOIIEE BOCCTAHOBIEHUE
JI0 METAJJIMUECKOro Kejie3a MpU BBICOKOTeMIepaTrypHoil oOpabotke. [Ipomecc
BOCCTAaHOBJICHUs MPOTEKan Mo mocnenosarenbhoin cxeme Fe O, — FeO —
Fe monm BozmeiicTBeM MOHOOKCHIA yrieponaa, oOpa3yromierocs B pe3yabrare
peakuuu bynyapa. Crenenp Metamnu3auuu nocturia 70%, a BBIXOA MarHUTHOM
¢pakunu coctaBui 50-55%, 4To cBUAETEALCTBYET 00 AP PEKTUBHOM H3BICUCHUU
METAJUINYECKOTO JKele3a U3 TEXHOTEHHBIX OTXO0M0B. MUKpPOCTPYKTYpHBIE
WCCIIeIOBAHMS TIOKa3ald 00pa3oBaHHE MOPUCTOTO METaJUIMYECKOro jKene3a ¢
Pa3BHUTOI MOPOBOM CTPYKTYPOH, YTO CHOCOOCTBOBAJIO TOBBIIICHUIO KHMHETHKH
BOCCTaHOBIIEHUS W A(P(PEKTHBHOCTH MarHWTHOW cemaparuu. lcrmonb30Banne
MECTHOTO aHTPEHCKOTO YTIIA 00ECIeYHIIO OTIOJHUTEIbHBIE TEXHOJIOTHYECKUE
W DKOHOMHYECKHE TpeuMyllecTBa Omaromaps BBICOKOMY COACPIKaHHUIO
JETy4nX BEIIECTB M 0ojee HU3KOW CTOMMOCTH MO CPaBHEHHIO C WMIIOPTHBIM
METaJUIypru4ecKuM KokcoM. llomyueHHBIE pe3yiabTaThl IOATBEPXKJIAIOT, HYTO
OKHUCIIUTEIHHO-BOCCTAHOBHUTEIbHAS 00paboTKa C TMOCIenyIone MarHUTHOM
cemaparueil ooecreunBaeT 3 (PEKTHUBHOE H3BICUCHHE METAJUTHYECKOTO JKeJIe3a 13
MUPHUTCOIEPIKAIUX TEXHOTCHHBIX 0TX0/0B. [IpemioskeHHBIN 01X0/] MOXKET OBITh
WCTONB30BaH AJISl BTOPUYHON NepepadOTKH TOPHO-METAIUTYPrHUE€CKUX OTXOOB,
CIOCOOCTBYS PeCypCOCOCPEKESHHUIO M CHUKCHHIO SKOJIOTUYESCKON HATrPy3KHU.
KiroueBblie cjioBa: 00XKHT MUPUTA, BOCCTAHOBJICHUE OKCHJIOB JKelie3a, TOPUCTOE
JKeJle30, MAarHUTHAS CeTraparysi, TEXHOTEHHBIE OTXOAbI, CTENEHh METaJNTN3allnU

Introduction. The sustainable development of the metallurgical industry
requires efficient utilization of mineral resources and secondary raw materials.
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In recent decades, the rapid growth of construction, mechanical engineering,
energy production, and high-technology sectors has significantly increased the
global demand for ferrous metals. However, conventional beneficiation processes,
including flotation of sulfide copper—molybdenum ores and magnetic separation
of iron ores, generate substantial volumes of technogenic waste containing
oxidized iron compounds (Bulayani et al., 2024). These wastes represent both an
environmental burden and a valuable secondary resource for metal recovery.

In many processing plants, tailings, clinker residues, slags, and gas-cleaning
dust contain iron predominantly in the form of hematite (Fe O,), magnetite (Fe,0,),
wiistite (FeO), fayalite, and other iron-bearing phases (Pilchin, 2011). The presence
of such compounds creates opportunities for secondary extraction; however, their
strong association with silicate matrices and complex mineralogical composition
complicate efficient recovery. Traditional hydrometallurgical methods often face
limitations due to poor filtration properties of pulps and high reagent consumption,
while pyrometallurgical approaches require optimization to reduce energy demand
and environmental impact.

Recent studies emphasize the importance of integrated waste processing
and direct reduction technologies to improve metal recovery efficiency while
minimizing CO, emissions and raw material losses. In this context, low-
temperature sulfation roasting, selective leaching, and solid-phase reduction using
carbonaceous reducing agents have attracted particular attention. The optimization
of temperature regimes, reducing agent dosage, and gas composition plays a
decisive role in achieving high iron extraction rates.

Consequently, the aim of this study is to investigate the oxidation and reduction
dynamics of iron-containing technogenic waste during pyrite roasting and
subsequent reduction processes, to determine optimal technological parameters,
and to evaluate the feasibility of replacing imported coke with locally available
reducing agents (Sahu et al., 2020). The study provides experimental data on the
roasting and reduction behavior of pyrite-containing materials and evaluates the
possibility of using local reducing agents for iron recovery.

Literary Review. The processing of iron-bearing technogenic waste has become
increasingly relevant in the context of global efforts toward circular economy and
sustainable industrial development. According to recent estimates, the Almalyk
Mining and Metallurgical Complex alone generates hundreds of thousands of
tonnes of sulfide-bearing tailings annually, creating both environmental challenges
and opportunities for secondary resource utilization (Yessengaliev et al., 2023).
Integrated pyrometallurgical processing of such waste materials is increasingly
studied as a practical method for recovering valuable components from technogenic
raw materials.

Pyrite concentrate, as a by-product of copper—-molybdenum ore beneficiation,
contains substantial amounts of iron in the form of sulfides and oxides. The thermal
decomposition of pyrite (FeS)) proceeds through intermediate phases, including
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pyrrhotite (Fe,_S), before complete oxidation to hematite (Fe,O,) and magnetite
(Fe,0,) (Strezov et al., 2011). The temperature and atmosphere during roasting
critically determine the phase composition of the calcine and, consequently, its
suitability for subsequent reduction treatment. It has been established that oxidative
roasting at temperatures between 450—600 °C effectively removes sulfur while
preserving iron in a highly reactive oxide form favorable for further processing
(Gomes et al., 2022).

The thermodynamic basis of iron oxide reduction in carbon-rich environments
is well established. The Boudouard reaction (C + CO, <> 2CO) plays a central
role in controlling the partial pressure of CO at elevated temperatures, thereby
governing the reduction potential of the gas phase. At temperatures above 900
°C, equilibrium strongly favors CO formation, creating conditions suitable for
the sequential reduction of Fe,O, — Fe,O, — FeO — Fe (Peng et al., 2017). The
kinetics of this process are strongly influenced by the porosity of the iron oxide
particles, the reactivity of the carbonaceous reductant, and the contact efficiency
between solid and gas phases. Studies have shown that the use of brown coal, with
its higher volatile content compared to coke, can accelerate the initial stages of
reduction by providing additional reactive gases at lower temperatures (Yuan et
al., 2020).

The use of locally available carbonaceous reductants as alternatives to
imported metallurgical coke has attracted considerable attention in recent years.
Angren brown coal, characterized by relatively high volatile matter content and
moderate fixed carbon, has been identified as a technically viable reducing agent
for direct reduction processes in Central Asian industrial contexts (Sahu et al.,
2020). Its availability and low cost provide significant economic advantages over
conventional coke-based processes, particularly for small- and medium-scale
operations focused on secondary raw material processing.

Magnetic separation following reduction roasting represents a well-established
and efficient method for concentrating metallic iron from complex multi-
component mixtures. The effectiveness of separation depends primarily on the
degree of metallization achieved during reduction, the grain size of the metallic
iron particles, and the intensity of the applied magnetic field. Several studies have
confirmed that metallization degrees exceeding 60—65% are generally sufficient to
achieve satisfactory iron recovery rates through low-intensity magnetic separation
(Yuetal., 2020; Zhang et al., 2022). Furthermore, the formation of porous metallic
iron during solid-phase reduction is known to enhance both the surface area
available for reaction and the liberation of iron particles from the silicate matrix,
thereby improving separation performance (Strezov et al., 2011).

Materials and methods. Iron-containing technogenic waste generated at the
Almalyk Mining and Metallurgical Complex was used as the primary research
material. The investigated materials included flotation tailings from the copper
beneficiation plant, pyrite concentrate obtained from Kalmakyr ore, and iron-
bearing slag formed during smelting operations (Yessengaliev et al., 2023).
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Chemical analysis showed that cyclone dust contained 52.5 wt.% Fe, 13.0 wt.%
Si0,, 3.12 wt.% AL O, 0.30 wt.% CaO, 0.10 wt.% MgO, 0.35 wt.% Cu, 0.30 wt.%
Zn, and 1.64 wt.% total sulfur. After roasting, the calcine exhibited 18.0 wt.% Fe
and 52.84 wt.% SiO,. Granulometric analysis indicated that approximately 73% of
the material belonged to the fraction below 0.061 mm, ensuring sufficient reaction
surface during thermal processing. Angren brown coal was used as the reducing
agent. The coal was dried, crushed, and sieved prior to mixing.

The raw material was mixed with 3.5 wt.% bentonite binder and granulated in a
laboratory drum granulator (diameter 0.75 m; side wall height 0.13 m; productivity
50 kg/h). The moisture content during granulation was maintained at 30-31%. The
main operating parameters of the granulation and drying stages are summarized
in Table 1.

Table 1. Operating parameters of granulation and thermal drying stages.

Parameter Value
Binder addition Bentonite — 3.5 wt..% of the granulated
material mass
Moisture content in granulator 30-31 %
Granulator capacity (0.7.5 m diameter; 0.13 m side 50 kg/h
height)
Drying agent (air) temperature 600-700 °C
Fluidized bed drying layer temperature 200-220 °C
Air velocity during drying 0.20 m/s
Drying furnace productivity (0.02 m? area) 15 kg/h
Residual moisture content of pellets 0.5-1.0 %

The prepared pellets were subsequently transferred to the reduction furnace for
thermal treatment.

Pellets were dried using hot air at 600—700 °C. The fluidized bed drying layer
temperature was controlled within 200-220 °C. Air velocity was maintained at
0.20 m/s. The drying furnace (effective area 0.02 m?) provided a productivity of
15 kg/h. Residual pellet moisture was reduced to 0.5-1.0%.

Oxidation roasting of pyrite concentrate was carried out at 500 °C for 30 min.
Subsequent reduction was performed at 950 °C for 90 min using 15 wt.% reducing
agent relative to the charge mass.

Experiments were conducted in a laboratory rotary tube furnace under
controlled temperature conditions. The heating rate was maintained at 10 °C/min.
Samples (100-200 g per batch) were reduced and cooled inside the furnace to
prevent rapid oxidation.

Each experiment was repeated three times to ensure reproducibility. The
average values were calculated, and deviation did not exceed +3%.

After reduction, the product was subjected to magnetic separation using a
laboratory magnetic separator. The magnetic field intensity was set to approximately
0.2-0.3 T to ensure effective recovery of metallic iron.
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Phase composition was determined using X-ray diffraction (XRD).
Microstructural analysis was performed using scanning electron microscopy
(SEM). Chemical composition was analyzed by atomic absorption spectroscopy
(AAS) and X-ray fluorescence (XRF). Statistical processing was performed using
standard deviation analysis.

Results and Discussion. The oxidation and reduction behavior of iron-bearing
pyrite concentrate was systematically investigated under controlled laboratory
conditions. The experimental results demonstrate significant phase transformation
during both roasting and reduction stages (Quast, 2018).

Oxidative roasting at 500 °C for 30 minutes resulted in effective sulfur removal
and partial conversion of iron sulfides into iron oxides. The mass loss observed
during roasting is attributed to sulfur oxidation and SO, evolution.
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Figure 1. Oxidation kinetics of pyrite concentrate during roasting at different temperatures.

The oxidation behavior observed during roasting can be explained by the
multistage thermal decomposition mechanism of pyrite. Initially, pyrite (FeS,)
undergoes partial sulfur removal with the formation of intermediate pyrrhotite
phases (Fe, S), which are subsequently oxidized into magnetite and hematite. At
temperatures near 500 °C, sulfur oxidation becomes thermodynamically favorable,
resulting in intensive SO, evolution and progressive destruction of sulfide
structures. The selected roasting temperature ensured efficient sulfur removal
while preventing excessive sintering of oxide particles, which is important for
maintaining high porosity and reactivity during the subsequent reduction stage.
Similar oxidation behavior of pyrite concentrates has been reported in previous
studies, where roasting within the range of 450-600 °C promoted effective
transformation of iron sulfides into reactive iron oxide phases suitable for further
reduction treatment. The results show that controlled oxidation roasting promotes
the formation of porous iron oxide phases that are favorable for subsequent
reduction and metallization.
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Table 2. Chemical composition of cyclone dust and calcine obtained from the fluidized bed
furnace at Copper Beneficiation Plant No. 1.

Component Cyclone Dust (wt.%) Calcine (wt.%)
Fe 52.5 18.0
Cu 0.35 -
Zn 0.30 -
S (total) 1.64 0.84
S (sulfide) 1.08 -
SiO, 13.0 52.84
CaO 0.30 -
MgO 0.10 -
ALO 3.12 -

Subsequent reduction at 950 °C for 90 minutes using 15 wt.% Angren coal
resulted in the formation of metallic iron. The reduction process required higher
temperature and longer duration compared to oxidation, confirming thermodynamic
expectations.

Based on the obtained experimental results, the main kinetic relationships were
plotted. The dependence of the reduction degree of iron oxide in the iron-bearing
material on the isothermal holding time at a reducing agent consumption of 15
wt.% is presented in figure 2.
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Figure 2. Reduction kinetics of iron oxide during pyrite calcine reduction at 950 °C.

The reduction kinetics presented in Figure 2 indicate that temperature and
gas-phase composition strongly influence the metallization process. At elevated
temperatures, the Boudouard reaction (C + CO, <> 2CO) shifts toward carbon
monoxide generation, increasing the reducing potential of the gaseous atmosphere.
The produced CO actively participates in the sequential reduction pathway Fe O,
— Fe,0, — FeO — Fe. The accelerated reduction observed at 950 °C confirms
that the thermodynamic conditions at this temperature are favorable for metallic
iron formation. In addition, the porous structure formed during oxidative roasting
enhanced gas diffusion and improved contact between reducing gases and iron
oxide particles. The use of Angren brown coal also contributed significantly to
the reduction efficiency due to its relatively high volatile matter content. During
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thermal decomposition, volatile compounds released from coal generated
additional reducing gases, intensifying the initial stages of reduction and improving
overall reaction kinetics. Similar reduction behavior has been reported by Peng et
al. (2017) and Yuan et al. (2020), who demonstrated that carbon-based reduction
systems achieve higher metallization efficiency under CO-rich conditions.
Compared with conventional coke-based reduction, the use of locally available
Angren coal provides additional economic and technological advantages while
maintaining satisfactory reduction performance.

After reduction, the product was subjected to magnetic separation. The
magnetic fraction yield ranged between 50—55%, confirming efficient recovery of
metallic iron.

Table 3. Chemical composition and metallization parameters of the magnetic fraction after
reduction roasting.

Number of | Number of FeO—Fe . Reduction
. Fe Fe . Cu C SiO
experiments | samples total met conversion 2 degree, %
1 sample 62.1 37.8 - 0.71 | 42 | 17.40 61.0
) 2 sample 58.2 37.8 - 0.65 | 3.8 | 18.76 65.0
3 sample 60.9 41.7 - 0.66 | 3.54 | 18.76 68.80
4 sample 64.4 42.0 - 0.74 | 2.65 | 16.0 65.50
S sample 61.1 36.5 23.5 - - - 60.0
2 6 sample 61.6 38.1 24.7 0.86 1.6 21.8 62.0
7 sample 68.5 47.9 21.3 0.93 1.5 16.9 70.0

The obtained metallization degree of 60—70% demonstrates the effectiveness
of the proposed roasting—reduction technology for secondary iron recovery from
pyrite-containing technogenic waste. The highest metallization level achieved
in sample 7 indicates that optimized reduction conditions significantly enhance
the transformation of iron oxides into metallic iron. Similar metallization ranges
have been reported in previous studies involving magnetization roasting and coal-
based reduction of refractory iron ores. However, the present results demonstrate
that pyrite-derived materials can also serve as effective feedstock for porous
iron production when appropriate thermal treatment conditions are applied.
The relatively high magnetic fraction yield further confirms the feasibility of
subsequent magnetic separation for iron concentration. In addition, the residual
non-magnetic fraction was composed mainly of silicate phases, indicating
satisfactory liberation of metallic iron particles from the gangue matrix during
reduction. These findings highlight the potential of integrated roasting—reduction
treatment as an environmentally sustainable alternative for valorization of mining
and metallurgical waste streams.
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Figure 3. Technological flow diagram for iron recovery from Kalmakkir ore.

According to the scheme, the ore undergoes crushing, grinding and
classification followed by bulk flotation at pH 11. The Cu—Mo—pyrite concentrate
is subjected to selective flotation at pH 8.5-9 to obtain pyrite concentrate. The
pyrite concentrate is oxidatively roasted to remove sulfur, with SO, directed to
sulfuric acid production. The calcine is then reduced at elevated temperature
using a carbonaceous reductant, followed by magnetic separation to obtain iron
concentrate, while non-magnetic fractions are discharged as tailings.

The chemical analysis of the magnetic fraction revealed a substantial increase
in iron content compared to the initial material. Non-magnetic fractions were
primarily composed of silicate phases and were directed to tailings.

SEM analysis demonstrated the formation of porous metallic iron structure after
reduction. The porous morphology enhances reactivity and improves subsequent
processing characteristics.
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Figure 4. Optical micrographs of reduced granulated particles at different temperatures: (a) 800 °C;
(b) 850 °C; (c) 950 °C; (d) 1000 °C. A — metallic phase; Be — coal; Frr — ferrite; Fa — fayalite; P —
pores; Slg — slag; Hd — hedenbergite.

Microstructural observations revealed that the reduction process was
accompanied by intensive pore formation within the metallic phase. The
development of porous iron structure can be associated with sulfur removal, gas
evolution, and volume changes occurring during oxide reduction. As reduction
progresses, oxygen removal from iron oxides creates internal voids and channels,
improving gas permeability inside the particles. Such porous morphology
significantly enhances diffusion of reducing gases and facilitates further
metallization of the inner particle regions. In addition, the formation of porous
metallic iron improves liberation of metallic particles from silicate phases, thereby
increasing magnetic separation efficiency. The observed structural transformation
confirms that controlled reduction conditions promote not only chemical
conversion of iron oxides but also favorable microstructural evolution. Similar
porous structures have been reported in studies on solid-phase reduction of iron-
bearing materials, where pore development was identified as one of the key factors
governing reduction kinetics and separation performance.

Conclusion. The conducted study confirms that iron-containing technogenic
waste, particularly pyrite concentrate and roasting residues, represents a viable
secondary resource for porous iron production through controlled oxidation—
reduction treatment. The experimental results demonstrated that oxidation roasting
at 500 °C for 30 minutes ensures effective sulfur removal and transformation of
iron sulfides into Fe,O, and Fe,O, phases, while subsequent reduction at 950 °C
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for 90 minutes using 15 wt.% Angren coal promotes the formation of metallic iron.
X-ray diffraction analysis verified the sequential phase transformation pathway
Fe,O,—FeO—Fe, governed by CO generation through the Boudouard reaction.
The metallization degree reached 70%, and the magnetic fraction yield ranged
between 50-55%, confirming the efficiency of the proposed reduction—magnetic
separation route. Microstructural analysis revealed the formation of porous
metallic iron with a developed pore network, which enhances both reactivity and
separation performance. Beyond confirming the thermodynamic feasibility of
the process, the obtained results highlight the technological and environmental
relevance of integrated roasting—reduction treatment. The use of locally available
Angren coal as a reducing agent improves economic feasibility while reducing
dependence on imported coke. In conclusion, the findings of this study establish
a technically sound and economically feasible framework for the secondary
recovery of iron from technogenic waste streams generated at copper—molybdenum
processing facilities. The optimized combination of oxidative roasting, carbon-
based solid-phase reduction, and magnetic separation demonstrates clear potential
for industrial implementation, particularly in regions where locally available
carbonaceous reductants can replace conventional metallurgical coke. Beyond the
immediate technological implications, the proposed approach aligns with broader
objectives of sustainable resource management and circular economy principles,
offering a replicable model for the valorization of iron-bearing industrial residues
in the mining and metallurgical industry.
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