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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 Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH 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 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

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

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 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).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Substandard mineral and technogenic raw materials can
be regarded as an additional feedstock source, given the limited availability of
high-quality ores for producing ferromanganese and ferrochrome alloys. Recovery
of manganese and chromium from ore fines and gravity-concentration sludges
will increase overall metal recovery from mineral feedstock and contribute to
environmental protection by reducing waste accumulation. Objects of study.
a technological sample of manganese sludge from the Zhairem Mining and
Processing Plant, manganese concentrate, manganese pellets, and ferromanganese
alloy; a technological sample of sludge chromite tailings from the Donskoy Mining
and Processing Plant, chromium concentrate, and ferrochrome alloy. Methods.
Mineralogical, chemical, X-ray phase (XRD), X-ray fluorescence (XRF), and
scanning electron microscopy were used to characterize the raw materials and
products. Results. Manganese-bearing waste was processed in three stages: gravity
separation to obtain a concentrate, pelletizing of the concentrate, and smelting the
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pellets into ferromanganese. The resulting high-carbon ferromanganese, containing
66.41% manganese and 6.43% carbon, corresponds to grade FeMn68C7.0 (China),
with phosphorus and sulfur levels within acceptable limits; the compositions of the
alloy and smelting slag were analyzed. A method was developed for producing a
chromite concentrate (49.81% Cr20s) from fine-grained chromium-bearing waste
by leaching magnesium compounds, followed by gravity concentration of the
resulting solid product. Chromium pellets were then formed from this concentrate
by adding to the charge the mineral fraction of ferrochrome slag, iron-bearing
diatomite, and liquid glass; roasting forms complex ferrosilicocalcium compounds
that increase pellet strength, yielding fired pellets suitable for smelting into high-
carbon ferrochrome. Conclusion. The research demonstrated the feasibility of
smelting ferromanganese and ferrochrome alloys using pellets produced from
enriched manganese and chromite waste, confirming that such technogenic raw
materials can be converted into commercial-grade ferroalloys.

Keywords: man-made waste, manganese concentrate, chromite concentrate,
manganese pellets, chromite pellets, ferroalloys
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AnHotauus. Ozexminici. Deppomapranern; xoHe GeppoxpoM KOpbITHATAPHIH
OHJIIpyTre apHaJIFaH )KOFaphl caralibl KeHJCPAiH MEKTey Il KOMKEeTIMATITIH ecKkepe
OTBIPBIII, Caachl3 MUHEPAJIbI )KOHE TEXHOTESH/I1 IMMKi3aTThl IIMKi3aTThIH KOCHIMILIA
Ke31peTiHje KapacTelpyFa 001aasl. MapraHer »koHe XpoM KeH/IEpiHiH KeH YCaKTaphl
MEH TPaBUTALUSUIBIK KOHIEHTpalUsIaHFaH UTaMIapbIHAH MapraHel] TIeH XPOM/Ibl
KOCBIMIIIa aJly MUHEpaJIbl IIUKi3aTTaH jKajlmbl (YIIBIHAH asFbIHA JIeHiH) MeTall
ayabl apTTHIPAbl KOHE KOpIIAFraH OpTaHbl KOpFayFa BIKMajl eTefdi, cededi Oy
OJIapAbIH KMHATY KeJEeMiH azaiitaigsl. 3epmmey Hvicanoapuvl. Xalipem Tay-keH
0alibITy KOMOMHATBIHAH AJBIHFAH MapraHell HUIaMBIHBIH TEXHOJIOTHSUIBIK YITicCi,
Maprasel] KOHLEHTPaTbl, MapraHel TYHipmikTepi, ¢peppoMapraner] KOpbITIachl,
JloH TaykeH OalbITy KOMOWHATBIHAH aJIbIHFAH LIJIaM XPOMHT KaJJIBIKTapBIHBIH
TEXHOJIOTHSUIBIK  YIITICi, XpOM KOHIEHTPAThl KOHE (EeppoXpoM KOPBITIACHL.
Odicmep. bacTankpl MUKI3aTTHIH J)KOHE aJbIHFaH OHIMIEPIiH KYpPaMbIH aHBIKTAy
YILIiH KeJieCi aHaMUTHUKAIBIK dicTep KONAaHbUIAbI: MUHEPAJIOTHSJIBIK, XUMHSITBIK,
peHTreHaik ¢a3anblK (peHTreHaik), peHTrenmik ¢uyopecuennus (XRF) xone
CKaHepJIeylIl AJIEKTPOHAbI MUKpockomus. Homuowcenrep. Makananga mapraser
KypaMac KaJIIbIKTapasl OHJACY OICTEepiH 3epTTey HOTHIKENepi TalKbLIaHa[bl.
3epTTey Y Ke3eHAe )KYPri3ini: OipiHIIiieH, KOHIEHTPATTap Iy YIlliH MapraHenTi
IpaBUTALMSIIBIK KYIITIEH 00I1y; eKIHIIIIeH, MapTraHel KeHiH TYHipIIikTepre oHJey;
YIIiHIIIeH, TYHipIikTepai ¢peppoMapranen KopbITiiatapbiHa 0anksITy. Mapraner
KypaMmbl 66,41% >xone xemipreri menmepi 6,43% 00naThIH )KOFapbl KOMIPTEKTI
¢deppomapranen Kopeitnacel FeMn68C7.0 mapkaceiHa (KpiTail) colikec kenei.
deppoKophITIAAaFkl TPOIECTIH THIMAUITH MIEKTEHTIH KocnanapabH (dpochop
KOHE KYKIPT) KOHIEHTpaIMACHl KONaiIbl ImekTepae. bankpiTynan keilin maiina
Oonran (QeppoMapraHen] KOPBITIACHIHBIH >KOHE NUIAKTBIH KYpaMbl TajAaHIbI.
ukizarTa Oap MarHUii KOCBUIBICTAPBIH CUITLICY apKbLIbl YCaK JAUCIEPCTI XpOM
KypaMac KaJIblKTaplaH XPOMHUT KOHLEHTPATbIH (XpPOM OKCHAIHIH Memepi
49,81%) amy oici, cojjaH KeliH KaTThl OHIMHIH I'PaBUTALUSIIBIK KOHIICHTPAIUSICHI
YCBHIHBUIAABL. AJIBIHFAaH KOHLEHTpArTaH XpoM TyHipurikrepi deppoxpom
OHJIPICIHIH UIAKBIHBIH MUHEpaNbl OOJIIriH, TeMip KypaMaac THaTOMHUTTI KoHE
CYHBIK OMHEKTI MapTUsiFa KOCy apKblIbI skacansl. Keinri Tydipiikrepai Kynaipy
TYHIpIIIKTEpiH OEpiKTIriH aTapiabIKTall apTTHIPAaThIH KYpAEi (peppoCcuiniuii-
KaJbIIMH KOCBUIBICTAPBIH TY3€Ai. AJIBIHFAH KYBIPBUIFAH TYHIPIIIKTEP KOFaphl
KOMIPTEKTI (eppoxpoMra OalIKpITyFa KapamIbl. Kopwsimwsinowvl. JXyprizinreHn
3eprTeynep OalbITBUIFAH MapraHel] XOHEe XPOMHT KaJIbIKTapblHAaH aibIHFaH
TYHIpIIIKTEpai Naigananslil, GpeppomMapranel] koHe GpeppoxpoM KOpbITIaiapbiH
OaNKBITYABIH OPBIHIBUIBIFBIH KOPCETTI.

Tyiiin ce3mep: ’xacaHAbl KaJJBIKTAap, MapraHell KOHIEHTPAaTbl, XPOMHUT
KOHLIEHTPATbI, MapraHell TYHipIIiKTepi, XxpOMUT TYHipLIikTepi, heppoKophITIaIap
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AHHoOTanus. Akmyanonocms. HEKOHINIIMOHHOE MUHEPAIbHOE U TEXHOTEHHOE
CBIpbE MOXKET PACCMATPUBATHCS KAK JIOMOJHUTEIbHBI MCTOYHMK MapraHua
W XpoMa B YCIOBUSX OTPAaHWYEHHOCTH 3alacoB BBICOKOKAUYECTBEHHBIX PYII,
WCTONB3YeMbIX JJIs1 MPOM3BOJACTBA (eppoMapraHueBbX M (HEeppOXpPOMOBBIX
cI1aBoB. JlOM3BIEUEHHE IICHHBIX KOMIIOHEHTOB U3 PYOHOM MENOoYM, ILJIAMOB
IPaBUTAIIMOHHOTO OOOTAIIeHUs] MapraHlEeBbIX Py M XPOMHTOBBIX XBOCTOB
MO3BOJISIET MOBBICUTH CKBO3HOE HW3BJICUECHHUE METAJUIOB U3 MHUHEPAIbHOTO
CBIPBS, COKpPaTHUTh OOBEMBI HAKOIUIEHUS OTXOJOB M CHU3HUTHh HEraTHBHOE
BO3/IEIICTBHE METAJUTypPru4ecKoro Mpou3BOJCTBA HA OKPYKAIOILYIO cpexdy. [lens.
Pa3paboraTh TEXHOJOTHYECKHE CXEeMBbl NepepaboTKH TEeXHOTEHHBIX MapraHell-
U XpOMCOJAEpKAIIUX OTXOJOB C IOJyYEHHEM KOHIIEHTPATOB, OKaTbllled u
(heppoCIuTaBoB, TPUTOAHBIX JUIS TMPOMBINUICHHOTO TpuMeHeHUus. Obvexnul
uccneooganus. TexHonormdeckas mpoba MapraHieBbIX muiamoB JKalpeMcKoro
rOpHO-000raTUTENIBHOTO KOMOWHATa, MapraHIeBblii KOHLEHTPAT, MapraHleBbIC
OKaThIIN U (peppoMapraHIeBbIN CIUIAB, A TAKKE TEXHOIOTHYECKasA TPOOAIIIaAMOBBIX
XPOMHUTOBBIX XBOCTOB JOHCKOTO TOPHO-000TaTUTEIEHOTO KOMOUHATA, XPOMUTOBBIN
KOHIICHTpAT, XPOMHUTOBBIC OKATBHIIIH B (PEPPOXPOMOBBINA cruiaB. Memoowt. Jlns
OTIpe/IeNIEHUs] COCTaBa HCXOJIHBIX CBHIPbEBBIX MaTepHalIOB, IMPOMEKYTOUHBIX
MPOAYKTOB W TIONYYEHHBIX (EeppOCIUIABOB MPUMEHSIINCh MUHEPATOTUYECKUN,
XUMHAYECKUH, PEHTreHO(a30Bblii U  PEHTIeHO(IYOPECIEHTHBIH  METO/bI
aHanmu3a, a TakXKe pacTpoBas JJIEKTpoHHass Mukpockonusa. Ilepepaborka
MapraHercoJep>Kalnx OTXOJ0B BKJIIOYala TPAaBUTAIMOHHOE OOOTaIleHue,
OKYCKOBaHHE ITOJIyY€HHOTO KOHIIEHTpaTa U MOCJEAYIONIYI0 TJIaBKy OKaTbIIIEH.
Jis mepepaboTKu XpOMCOepKAIIUX OTXOA0B MCIIOIH30BANCH BHIIEIaYBaHNE
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MarHWiCcOIepKANUX COCAMHEHHI, TPaBUTAIIMOHHOE OO0OTalleHne TBEPIAOTO
MIPOTyKTa, OKOMKOBaHUE IMHUXTHI U OOKUT OKaThIeH. Pe3yiomamut. [lepepaboTka
MapraHelco/iepKaliux 0TXOJ0B OCYIIECTBIIAIACH B TPH ATala: IPaBUTALMOHHOE
oOorameHrie ¢ TIONyYeHHEM KOHIIEHTpaTa, W3TOTOBICHHE MapraHIeBBIX
OKaThIIeW M WX TOCJeAyolas IUIaBKa C IOJyYeHHeM (eppoMapraHIeBOro
crutaBa.  llomydeH  BBICOKOYIJIEpOMUCTBIA  (peppoMapraHer], Cojaep Kamuit
66,41 % wmapranna u 6,43 % yruepoma, 4TO COOTBETCTBYET TPEOOBAHUSIM
mapku FeMn68C7.0. Conepxkanue ¢ochopa n cepbl B CIUIaBe HaXOOWIOCH B
mpenenax MOIMyCTUMBIX 3HadeHui. [IpoBenéH ananmms xuMudeckoro u (Gpa3zoBoro
cocraBa (eppoMapraHieBOro CijiaBa ¥ oOpa3oBaBLIETOCS MPH IUIaBKe HIIAKa.
Pazpaboran cnoco® momydeHHs XPOMHTOBOTO KOHIICHTpaTa C COIEp)KaHHuEM
okcuna xpoma 49,81 % H3 METKOJUCIEPCHBIX XPOMCOJEPKAIINX OTXO/I0B
MyTéM BHIMIETAYUBAHUS MAarHUHCOAEpKAIMUX COEIUHEHUH C TMOCIEIYIOINM
TPaBUTAIMOHHBIM OOorameHneM TBEPAOTO MpoAykra. Ha ocHOBE MOIy4eHHOTO
KOHIIEHTpaTa U3rOTOBJIEHBI XPOMUTOBBIE OKATHIIIM. B cocTaB MMXTHI BBOAMINCH
MUHepallbHas 4acTh II1aka (heppoxpoMOBOTO MMPOU3BOJICTBA, KEIE30COACPKAIINN
JMAaTOMUT U KHJKOE CTeKII0. B mpouecce o0kura opMupoBaIich KOMIUIEKCHBIC
(dbeppocuMKaTHBIE ¥ KaJbIIMHCOAEPIKAIIUE COCNUHEHUS, CIIOCOOCTBYIOIIUE
TIOBBIIIICHUIO TPOYHOCTH OKarhimei. [lomydeHHBIE 000X KEHHBIC OKATHIIIN
MPUTONHBI AJSl  BBIIUIABKM  BBICOKOYINIEPOAUCTOrO  (heppoxpoma. Bwigoosi.
Pesynmbrarel  mcciemoBaHUWS — MOATBEPXKIAIOT  BO3MOXKHOCTH — KOMIUIEKCHON
nepepadoTKN TEXHOTEHHBIX MapraHell- U XpOMCOAEPKAIINX OTXOJI0B C TOyYeHHEM
KOHIMIITMOHHBIX ~ KOHIIGHTPATOB, TMIPOYHBIX OKarhlmed ©  (heppocCIuIaBoOB.
[IpumeneHne npeaIoKEeHHBIX TEXHOIOTHUYECKUX CXeM CITO0COOCTBYET IMOBBIIIEHUIO
W3BIICUCHUS MapraHila U XpoMma, PacliupeHHI0 ChIPhEBOH 0a3bl (heppoCIUTaBHOTO
MIPOM3BOCTBA U COKPAIIEHUIO 00bEMOB HAKOIIJICHHBIX MMPOMBIIIJICHHBIX OTXO0B.

KuarodeBbie cJjioBa: TEXHOIEHHBIE OTXOMAbI, MApraHLEBBIH KOHLEHTPAT,
XPOMHTOBBI KOHIIEHTpPAT MapraHIeBble OKATBIIIH, XPOMHTOBBIE OKATHIIIH,
(dbeppocruaBbl

Introduction. At present, there is growing interest in the extraction of target
components from technogenic raw materials, including beneficiation tailings,
mining dumps, slags, and low-grade mineral raw materials (Murthy et al., 2011;
Liu et al., 2019; Yuan et al., 2020; Elliott et al., 2020)

The ferroalloy sector of Kazakhstan's metallurgical industry is based on unique
chromite and manganese ore reserves. Against the backdrop of declining high-
grade chromite and manganese ores, technogenic wastes generated during their
beneficiation have become increasingly important. Over the period of exploitation
of large deposits such as Dubersai, Akzhar (Donskoy Mining and Processing Plant),
and Ushkatyn-3 (Zhairem Mining and Processing Plant), tens of tons of chromite
ore beneficiation tailings with chromium oxide contents of up to 30% and several
million tons of manganese ore tailings containing up to 16% manganese have been
accumulated (Kazchrome Annual Report, 2024).
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These materials constitute a potential secondary resource for recovering
valuable metals (Abdykirova et al., 2016; Gladyshev et al., 2018).

Chromite and manganese ore beneficiation tailings are characterized by
fine particle size. For further metallurgical processing of the finely dispersed
concentrates obtained from these materials, agglomeration processes such
as sintering, briquetting, or pelletizing are necessary. Modern agglomeration
technologies significantly improve the techno-economic performance of the
smelting process. Among agglomeration methods, sintering is most commonly
applied (CVRD ferroalloy plant, Dunkirk, France; Aksu Ferroalloy Plant, branch
of JSC “TNK Kazchrome”, Kazakhstan) (Korotich et al., 2003; Faria er al., 2015;
Singh et al., 2011; Zhang et al., 2013).

The process ensuring sufficient strength of agglomerated materials can be
addressed through the use of pellet firing process during which the synthesis of
complex compounds-ferrosilico-calcium fluxes-occurs. Currently, high-quality
bentonite is primarily used as a binder in pellet production. In iron ore pelletizing,
Callovian clays have been proposed as a substitute for bentonite; their mechanical
activation in the presence of soda improves their technological properties, including
increased specific surface area and enhanced ion-exchange capacity (Terekhin et
al., 2025; Gzogyan et al., 2025).

In the present study, diatomite, an accessible natural mineral, is proposed for the
synthesis of ferrosilico-calcium fluxes. Kazakhstan possesses significant deposits
of diatomite unprocessed materials. One of the primary sources is the Zhalpak
deposit, whose varieties contain 25.8-73.1% SiOz and 2.4-27.4% Fe.0s (Kuldeev
et al., 2019). Diatomite samples are lightweight sedimentary rocks composed
mainly of silica with varying degrees of hydration. Dispersed submicrometer-
sized micro silica particles exhibit a porous structure and pronounced adsorption
properties (Flower et al., 2013; Mohamedbakr et al., 2010).

The use of a ferrosilico-calcium binder synthesized from iron-bearing
diatomite in the agglomeration process of manganese-bearing raw materials
enables this approach enables the production of high-strength fired pellets with
optimized composition, without additional fluxing agents. The similarity of the
physicochemical properties of manganese and chromite raw materials determines
the similarity of their grinding, beneficiation, agglomeration, and ferroalloy
smelting methods. Therefore, pelletizing technology used for manganese raw
materials can also be applied to agglomerating fine chromite.

The proposed technology for producing manganese and chromite pellets
suitable for further metallurgical processing enables more rational utilization of
mineral resources. It expands the raw material base of metallurgical enterprises
producing manganese and chromium. Involving sludge wastes from manganese
and chromium production in processing will reduce their volumes and improve
environmental conditions (Braga et al., 2013; Shevko et al., 2021).

This work focuses on establishing the feasibility of smelting high-carbon
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ferromanganese and ferrochrome alloys using pellets produced from beneficiated
chromite and manganese wastes.

Methods and materials. A 199 kg manganese-containing sludge sample
composed of particles within the size range of -5.0 to 0 mm was collected from the
Zhayremsky GOK processing site. The size fraction distribution of the synthetic
manganese-bearing material was determined by dry sieve analysis using the -5.0+0
mm fraction. Following size classification, the concentrations of manganese
and iron were determined in each size fraction to evaluate the size-dependent
redistribution behavior of the major metallic components.

To assess the role of particle size in the redistribution of metallic components,
the distribution of manganese and iron across the obtained size fractions was
analyzed. The results are presented in Figure 1, illustrating the contribution of
each size class to the overall elemental distribution.

254
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Element distribution (%)
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Figure 1. Distribution of manganese and iron across particle size fractions
of technogenic material.

In order to quantitatively evaluate the degree of elemental redistribution during
size classification, beneficiation factors were calculated for manganese relative
to the bulk composition. Figure 2 shows changes in the manganese beneficiation
factor depending on the particle size range.

362



ISSN 2224-5278 4.2026

1.15
1.10 1

o

2

[

£ 1.05

=

@

£

=l

=

2k

“ 100 A
0.95

+2.0 20410 -1.0+05 -05+0.315 -0.315+0.16 -0.16+40.1 -0.1+0.0

Particle size fraction (mm}
Figure 2. A dependence of the manganese beneficiation factor on particle size.
A selectivity index (Mn/Fe) was calculated to understand better how manganese

differs from iron across size fractions. Figure 3 shows how manganese selectivity
changes with particle size fraction.
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Figure 3. Selectivity of manganese over iron (Mn/Fe) across particle size fractions.

The manganese-containing sludge sample, as determined by X-ray fluorescence
examination, comprises the following mass percentages: Mn - 15.26; Fe - 5.40;
Ca-18.63; Si-7.04; Al - 1.38; O - 48.64; other elements - 3.65.
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The ore sample was examined by X-ray diffraction (XRD). The sample
diffractogram was acquired with a Bruker D8 Advance diffractometer. The
diffractograms were analyzed using the ASTM Powder Diffraction File and those
of pure minerals. Mineralogical characterization by X-ray diffraction confirmed
the predominance of calcite (CaCO,) at 55.1%, Gismondine (CaAl Si,0,-4H,0) at
9.2%, and Quartz (Si0,) at 8.6% as the principal minerals that constitute rocks in
the ore. Manganese minerals include Mn O, (SiO,) at 13.9% and Bixbyite ferrian
FeMnO, at 13.2% (Fig. 4).
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¥ PDF 01-075-0894 FeMnO,

¥ PDF 01-020-0452 CaAlSi,05 4H,0
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1000

700

Intensity
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Figure 4. Diffractogram of a manganese-laden sludge sample.

Investigations were conducted to identify suitable conditions for enhancing
manganese-rich sludge using a jigging apparatus and a table of concentration. The
ideal parameters for the separation of sludge sized 2.5-0.071 mm are: manganese
grain size of 9-8 mm, bed height of 35-45 mm, pulsation frequency of 360
oscillations-min™', and oscillation amplitude of 9 mm. Sludge having a particle
size of -0.073 + 0 mm was enriched using a laboratory concentration table.

This study utilized diatomite rock from the Zhalpak deposit (Aktobe Region,
Kazakhstan) as a binding agent in pellet manufacture, while coke served as
the reducing agent. The X-ray diffraction data shows the predominant phase of
diatomite rock is quartz SiO, at 69.4%. Goethite Fe“O(OH) at 7.0%, Barium
Manganese Silicate Ba,MnSi,0, at 6.7%, Garnet/Magnesium Silicate Mg(SiO,)
at 4.2%, Ca—Al silicate Ca Al _Si O, at 3.7%, Metascolecite/Calcium

0.8870.12 1777722378

Aluminium Silicate Hydrate Ca,Al Si,,0, . H O at 3.6%, Bigcreekite Ba(Si,0,)

(H,0), at 3.2%, and Srebrodolskite Ca Fe O, at 2.2% are additional phases that
were found (Fig. 5).
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Figure 5. Diffractogram of a diatomaceous earth sample.

Pellets composed of enhanced manganese concentrate were produced
through pelletizing using a high-speed Eirich granulator—mixer. During the
pelletization process, there was a liquid phase that was a solution of 1.5%
carboxymethylcellulose. The granulation process used a steel drum that spun at
180 rpm, a swirler that spun at 3500 rpm, and a drum that was tilted 30 degrees.
The samples were heated to 110-115 °C until they had lost all but 2.9% of their
moisture by mass after being air-dried for a full day. The firing happened in an
electric furnace that was held at a constant temperature of 1100-1200 °C for
an hour. Manganese pellets were experimentally smelted in a Tamman furnace,
with temperature measurement conducted using a BP-5/20 tungsten—rhenium
thermocouple. The specified composition was placed into 300 cm?® graphite
crucibles. At ambient temperature, the crucibles were introduced into the furnace
and subsequently heated at a controlled rate of 12 °C-min"' to 1500 °C for high-
carbon ferromanganese manufacture, then maintained at this temperature for 30
minutes. Upon completion of smelting, the Tamman furnace was deactivated,
and the crucibles were removed at 700 °C. Upon reaching room temperature, the
crucibles were fractured, and the slag and metallic components were segregated.
Mass measurements were performed to assess the material balance.

Results and discussion. Research on the beneficiation of manganese-laden
sludge by gravity techniques indicated the feasibility of producing a finely dis-
persed concentrate enriched in manganese, containing 28.9% and an iron concen-
tration of 10.71%, achieving recoveries of 68.8% and 72.5%, respectively (Table

1.
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Table 1. Outcomes of gravitational separation of manganese-laden sludge.

Product name Yield, Content, % Extraction, %
% Mn Fe Mn Fe
Manganese concentrate, grade -2.5+0.071 mm 33.8 289 | 10.2 | 63.5 | 63.67
Concentrate from a -0.071+0 mm concentration table 2.8 27 16.8 5 8.7
Combined concentrate 36.6 | 28.57 | 10.71 | 68.8 72.5
Tailings 53.2 7.1 2.10 | 24.76 | 20.66
Gravity table tails 10.2 10.1 37 | 6.74 | 697
Total tails 64.0 7.54 | 2.33 | 31.48 | 27.63
Initial sludge 100.0 | 15.26 | 5.40 100 100

The subsequent magnetic separation of the concentrate elevated the manganese
concentration to 37.8%, achieving a recovery of 93.0% during processing, or
64.0% from the starting slurry. The iron concentration was 9.62%. The manganese
concentration obtained is suitable for further metallurgical processing.

Two different formulations were used to make manganese-infused pellets.
The testing findings of the fired samples indicated that higher firing temperatures
corresponded with an increase in compressive strength. Manganese-containing
pellets were produced from two compositions: manganese concentrate - 88%,
kaolin - 9%, coke - 3%; manganese concentrate - 87%, diatomite - 10%, coke -
3%. Firing was conducted at 1100-1200 °C. With increasing firing temperature,
the compressive strength of the pellets increased from 29.1 to 31.4 kg/pellet for
composition 1 and from 32.4 to 37.3 kg/pellet for composition 2. The highest
compressive strength was exhibited by samples utilizing manganese concentrate
combined with high-iron diatomite as a binding agent.

The X-ray diffraction results of manganese-bearing pellets intended for
processing, calcined at 1200 °C, indicated that the use of kaolin as a binder result
in the formation of Jacobsite, Ulvoespinel ferrian, and Ferrobustamite phases
during calcination. When diatomite is incorporated into the mixture as a binder,
the phase composition of the fired pellets alters: the spinel phase is replaced
by Hedenbergite aluminian, a complex pyroxene, along with the presence of
Jacobsite and Bustamite calcian. Manganese-containing pellets were obtained
from compositions of two formulations: 1) manganese concentrate - 88%, kaolin
- 9%, coke - 3%; 2) manganese concentrate - 8§7%, diatomite - 10%, coke - 3%.
Firing was conducted at temperatures of 1100, 1150, and 1200 °C. The test results
of the fired samples showed that at higher firing temperatures, pellet compressive
strength increased: for composition 1, from 29.1 to 31.4 kg/pellet; for composition
2, from 32.4 to 37.3 kg/pellet.

Diatomite has been insufficiently researched as a binding agent for pellet
fabrication in metallurgical smelting, in contrast to kaolin. Kaolin was utilized as
a binding agent for comparison with diatomite. The mineralogical composition of
the furnace charge constituents influences the sintering temperature of the pellets
and the development of phases that dictate their properties.

Research indicates that diatomite serves as a more effective binder in the charge
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composition for manganese pellet manufacture compared to kaolin. The synthesis
of intricate calcium aluminosilicates of the hedenbergite variety Ca(Fe,, Al )
(SiAl ., Fe, ,;O,) with diatomite enhances the strength under compression of the
resultant manganese pellets to 37.3 kg per pellet.

Charge formulation for the flux-assisted smelting of high-carbon ferromanganese
was estimated to produce ferroalloy. Table 2 details the composition of the
processing charge and the outcomes of the chemical analysis of the products from

high-carbon ferromanganese smelting.

Table 2. Composition of charge and results of chemical analysis for high-carbon ferromanga-
nese smelting products.

Metrics Values of dicators | FeMn68C7.0 (China)
1 | Material usage, grams:
Manganese granules 199
Coke 41.48
Lime 12.76
2 | The resulting alloy mass, g 106.48
3 | Mean elemental composition
of the alloy product, %
Mn 66.40 65.1-72.1
Fe 21.30
C 6.42 <71
Si 3.96 2.6-4.6
P 0.066 0.3-0.4
S 0.027 <0.05
Slag obtained, g 76.49
5 | Mean elemental composition of the slag phase, %
MnO 6.08
FeO 0.55
Si02 37.55
MgO 2.83
Al2 O3 7.61
CaO 40.08

The chemical analysis indicates that the alloy contains an average manganese
containing 66.40% and a 6.42% carbon. The levels of deleterious contaminants,
phosphorus and sulfur, are within permissible limits. The high-carbon
ferromanganese alloy is classified as FeMn C.  (PRC) grade.

Samples of the alloy (Fig. 6a) and slag (Fig. 6b) produced during experimental
smelting the samples were characterized by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) of the microstructure.
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Figure 6. Products of high-carbon ferromanganese smelting: (a) alloy, (b) slag.

The X-ray phase analysis results of manganese pellet smelting products
indicated that the alloy comprises multiple phases containing manganese,
primarily consisting of manganese-iron-carbon compounds, Manganese Iron
Carbide Mn Fe C, (Fe, Mn, ,)C,, and iron-carbon compounds, specifically
Cohenite Fe,C (Fig. 7).

The slag comprises: Kirschsteinite Ca(Fe,..Mg ,)(Si0,), aluminium oxide
carbide ALOC, calcium silicate CaSi,, aluminium magnesium Mg Al,, and
ankerite Ca(Fe", Mg)(CO,), (Fig. 8).
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Figure 7. Diffractogram of the CFeMn alloy sample.
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Figure 8. Diffractogram of a slag sample obtained during CFeMn smelting.
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The high-carbon ferrochrome alloy has a microstructure that is full of
cracks and grains of different sizes (Fig. 9, Fig.10). The concentrations of alloy
components determined by point microanalysis EDS are as follows: Mn - 65.57%,
Fe - 25.51%, C - 5.90%, Si - 2.53%, which closely align with the elemental
content of the CFeMn alloy as per chemical analysis results, corresponding to
the composition CFe, Mn,  (Fig. 9, Fig. 10). This signifies the uniformity of
the alloy's chemical composition across different localized areas. The chemical
composition data closely match the amounts of slag components obtained from
point EDS microanalysis (Fig. 11). SEM study of slag samples indicates that a
small quantity of manganese transfers into the slag.

Figure 9. Microstructure of the CFeMn alloy.
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Figure 10. Elemental EDS mapping of the CFeMn alloy.
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Figure 11. Slag composition derived from CFeMn smelting, based
on EDS point microanalysis data.

A method has also been developed for producing chromium pellets from
technogenic chromite waste suitable for high-carbon ferrochrome production.
Chromium-bearing beneficiation tailings of chromite ores are represented by the
following minerals: lizardite, magnesiochromite, apophyllite, chlorite, olivine,
and fluorite.

Chemical beneficiation of finely dispersed chromite raw material was carried
out by thermal sulfation with ammonium sulfate and small additions of sulfuric
acid at 250-350 °C, followed by leaching with recycled solutions. From the
cooled filtrate, ammoshenite MgSOa-(NH4).SO4-6H20 - a complex ammonium-
magnesium fertilizer-was crystallized; up to 31% of MgO was transferred into
a water-soluble form. The solid residue (containing 39.7% Cr20s) obtained after
sulfate leaching was further beneficiated using a shaking table or spiral separator
to obtain a concentrate containing up to 50 wt.% Cr20; and a light fraction
represented mainly by magnesium silicate - forsterite, a refractory material used
for lining metallurgical furnaces.

Subsequent gravity beneficiation of the obtained products, separated into
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narrow size fractions on shaking tables, made it possible to get a marketable
chromite concentrate with the following composition (wt.%): 51.06 Cr20s; 11.65
Fe20s; 19.21 MgO; 3.88 AlOs; 15.54 SiO2; 0.007 P2Os; 0.089 SOs.

The optimal charge composition for producing fired chromium pellets was
determined as follows: chromite concentrate (50% Cr203) - 88%; mineral part
of ferrochrome production slag - 4.5%; iron-bearing diatomite - 3 wt.%; special
coke - 3 wt.%; liquid glass - 1.5%. At temperatures 1200-1250 °C, the samples'
structure becomes densified and strengthened without melting the pellets.
Mechanical strength of the thermally treated pellets under compression is 42.5 kg
per pellet. The composition of the chromium pellets (wt.%): 48.06 Cr20s; 13.47
Fe203;20.6 MgO; 5.1 Al203; 16.2 SiO2; 0.01 P2Os; 0.012 SOs. During pellet firing,
complex ferrosilico-calcite compounds are formed-hedenbergite, paragonite-2M1
(NaAlz(AlSiz)O10(OH)2), and chloritoid-A (FeAlL:SiOs(OH):2)-which enhance
pellet strength.

Smelting of the fired chromium pellets was carried out at 1750 °C to obtain
high-carbon ferrochrome. The charge composition was as follows: 88.5% chromite
concentrate, 3.0% mineral part of ferrochrome slag, 4.0% iron-bearing diatomite,
3.0% special coke, and 1.5% liquid glass.

The principal distinguishing feature of the proposed technological scheme is the
processing of chromite sludges using chemical beneficiation methods followed by
gravity beneficiation on shaking tables, separation into narrow size classes before
beneficiation, and treatment of each product in a separate beneficiation cycle.

Conclusions. The beneficiation of manganese-laden sludge produced a con-
centrate appropriate for ferromanganese smelting regarding manganese concen-
tration. Pellets exhibiting elevated compressive strength were fabricated from the
manganese concentrate. The incorporation of diatomite, a natural mineral, as a
binder results in the formation of hedenbergite, a silicate with the complex com-
position Ca(Fe ., Al .,) (SiAl €,,,30,)> which enhances the pellets' strength
properties.

Calcined manganese pellets, when melted at 1500 °C, yield a ferromanganese
alloy. The physical and chemical examinations indicate that the mean manganese
level determined in the high-carbon ferromanganese alloy is 66.41%, carbon is
6.43%, and the levels of impurity elements (silicon, phosphorus, and sulfur) are
within acceptable limits. The resultant alloy is designated as FeMn68C7.0.

A method has been developed for the integrated processing of fine-grained
chromite wastes to produce marketable chromite concentrate and magnesium
compounds. A charge composition has been suggested for making chromium
pellets. It would include finely dispersed chromite concentrate, the CaO—SiO>—
bearing mineral fraction of refined ferrochrome slag, an iron-bearing diatomite
(a source of amorphous SiO:), and liquid glass. When pellets are fired, they form
complicated ferrosilico-calcite compounds like hedenbergite, paragonite-2M1
(NaAlz(AlSi3)O10(OH)2), and chloritoid-A (FeAlL:SiOs(OH)2), which make them
stronger. Tests on fired composite pellets showed that it was possible to make
high-carbon ferrochrome.

0.179 0.822 F
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