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CaxeTak: LipBeHu My/b, Hycnpoussoj fobujarba WnHULe U3 60KCUMTa, ¥ TUOHUT, OcTaTak U3 NPOU3BOAHE
TUTaH-AMOKCMAA W3 WIMEHWTa, MpeAcluaB/kbajy fBa 06UMHa UMHAyCTpMjcka OTnaja ca 3HayajHum
yTuLajeM Ha >XWBOTHY CPefyHy U HefOBO/bHO McKopuLLheHnM pecypcHUM moTeHuujanom. Oba ocTaTka
cagp>Ke BUCOKe KOHUEeHTpauuje rsoxkha n hasa koje Hoce TUTaHWjyM, anu buxoBa CTabuiHOCT 1 CnodKeHa
MUHepanorvja oTe>kasajy MpeKTHY Banopusayujy. Y oBompagy nprMereHaje cTpaTelja kapboTepmujcke
pefyKuMje pagnm MCTOBPEMEHOr yKnakaka rBoXkha u CTPYKTYpHe mogudukauynje TuTaHujymcke chase.
Kanymnjym-okcug je yBefeH Kao TONMTE/Mb, He camo fa 6u ce nobosbluana KMHeTMKa peaykunje seh n ga 6m
ce NOACTAKNO (hopMuparwe Kanuujym-TuTaHaTa, uume ce fecTabunmsyje pyTunom boraTa CTPyKTypa
TuoHuTa. MNMpumapHu unmb 610 je ceneKTUBHA peayKumnja v ofgajarbe reodkha, y3 fobujarbe TUTaHWjyMOM
boraTe wmbake mogudgmkoBaHe CaO-0M, MOrogHe 3a HaKHafLHO ny>kewe. OBaj NPUCTYN UCTUYe ABOCTPYKY
KOpPNCT: CMarbere eKoNnoLKor onTepehera MHAYCTPUjCKUM 0TNaguma 1 06e36efjBare nyTa Ka usgpajary
reo>xhja 1 TUTaHujyma.

Kﬂ:y‘—lHe peyun: NMIMEHUT, UPBEHV mym,pegykunja,nsgeajawe metana
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Abstract: Red mud, a by-product of alumina production from bauxite, and tionite, a residue from
titanium dioxide manufacturing from ilmenite, represent two large-scale industrial wastes with significant
environmental impact and underutilized resource potential. Both residues contain high concentrations of
iron and titanium-bearing phases, yet their stability and complex mineralogy hinder direct valorization. In
this work, a carbothermal reduction strategy was applied to simultaneously address the removal of iron and
the structural modification of titanium phase. Calcium oxide was introduced as afluxing agent, not only to
enhance reduction kinetics but also to promote the formation of calcium titanate, thereby destabilizing the
rutile-rich tionite structure. The primary objective was the selective reduction and separation of iron, while
preparing a CaO-modified titanium-bearing slag suitable for subsequent leaching. This approach highlights
a dual benefit: mitigating the environmental burden of industrial residues and providing a pathway toward

resource recovery of iron and titanium.
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YBO/J,

Mpoun3BoAHa FTUHULE U TUTAHWUjYM-ANOKCUAAY
BE/IMKMM pa3mepamMa NnoBe3aHaje ca HacTajateM
OFPOMHUX KOJIMYMHA MHAYCTPUjCKOT OTNaja,
KOjV MpefcTaB/bajy 1 eKONOLWKM U3a30B U Npu-
NUKY 3a K3fBajatbe KOPUCHUX KOMMOHEHTW.
Mehy buma, upeeHn My (LLM), Hycnponssog
fobujarba rnnHMLe bajepoBMM MOCTYMKOM, K
TUOHWT, OCTaTak W3 MPOW3BOAHE TUTaHUjyM
anokenga (TiOj n3 wnmeHuTa cyndaTtHUM
NMOCTYNKOM, MpeAcTaB/bajy fABa Haj3HauajHuja
oTnaga. tbuxoso 6e36e4HO ofnarake OCTaje
rnobanHo akTyenaH Mpo6nem, anm XeMujCKu
cacTaB W MUHepanormja OBMX mMartepujana uc-
TOBPEMEHO MXUMNHE 1 06ehaBajyhM cekyHaap-
HVMM pecypcuma 3a n3faBajarbe MeTana v gpyre
NHAYyCTpunjcke npumene [1,2].

LipBeHn myrb HacTaje y KonuumnHm og 0,5 go 2,0
TOHe N0 TOHW NPOW3BeLEHe MMUHULE, a rnobaiHe
3aNKxe cy npema rnpoLeHama npemMatumne 5 mu-
nn)apam ToHa ao 2020. rogvHe. Hberoea Kapak-
TEpUCTMYHA UpBeHa 6o0ja MOTMYE Of BWCOKOT
cagpkaja okcmpa reoxxha, anu Takohe caapxu
3a0CTany [VHWLY, CUNUUMjYM-OUOKCUS, TuTa-
HUjYM-QMOKCWA 1 ankanHe okcuae. Matepujan je
n3pasnTo ankanaH (pH 9-13), WTo npeacTas/ba
036U/baH PU3NK of 3araherba 3eMbUTNTa U NoA-
3eMHUMX BOfa, KOpo3uje MH(PaCTPYKTYpe M TOK-
CMYHOCTM 3a ekocucTeMe. open Tora, Herosa
CWUTHa rpaHyfaumja oTeXkaBa CyBO CK/IAAULLTEHE
360r CcTBapata npalinHe. TpaguLMOHa/IHO ce
O41Ke TaNoXKereM Y BUAY CyCreH3uje, CyBUM
[lerioHOBakbeM WM CYLLEHEM Ha CyHUY, au
LipBEHN My/b Ce M farbe Knacuimkyje Kao onacaH
maTepumjan 360r CBOr cacTaBa M CNeLupUIHmNX 3ax-
TeBa 3a pyKoBae. Vnak, 6pojHa NCTpakmBara cy
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INTRODUCTION

The large-scale production of alumina and ti-
tanium dioxide is associated with the genera-
tion of massive volumes of industrial residues
that present both environmental challeng-
es and opportunities for resource recovery.
Among these, red mud (RM), a by-product
of alumina production through the Bayer
process, and tionite, a residue from titanium
dioxide (Ti02) manufacturing from ilmenite
via the sulfate process, represent two of the
most significant waste streams. Their safe dis-
posal remains a pressing global issue, yet their
chemical composition and mineralogy also
make them promising secondary resources
for metal recovery and other industrial appli-
cations [1,2].

Red mud is generated in quantities ranging
from 0.5 to 2.0 tons per ton of alumina pro-
duced, with global stockpiles estimated to
exceed 5 billion tons as of 2020. Its character-
istic red color derives from a high iron oxide
content, but it also contains residual alumina,
silica, titanium dioxide, and alkali oxides. The
material is highly alkaline (pH 9-13), which
poses serious risks of soil and groundwater pol-
lution, corrosion of infrastructure, and toxicity
to ecosystems. Furthermore, its fine particle
size makes dusting a challenge in dry storage.
Traditionally managed by slurry disposal, dry
stacking, or solar drying, red mud continues to
be classified as a hazardous material due to its
composition and handling requirements. Nev-
ertheless, extensive research has highlighted
its potential utilization in applications such as
stabilization materials, adsorbents, catalysts,
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MCTaKNa HeroB NnoTeHUMjan 3a NnpuMeHy y obna-
CTMMa Kao LUTO Cy CTabunm3aLmoHn matepujany,
aficopbeHcK, KaTanm3aTopu, Kepammka, MMrMeHTw,
LIeMEHTK, @ HAPOUNTO Y U3[ABajary MeTana nonyT
reoxna, anymMuHujyma v TutaHujyma [3-21].

TWoHUT, C apyre CTpaHe, HacTaje MPETEXHO Y
cyngaTtHoOM NocTynky npoussogwe TiO,, rae ce
HaKOH NyXXera 0[Bajajy HepacTBOPeHU OcTaum
pyfe. OBM OCTauy Cy KOMMEKCHM U cacToje ce
Of, HepearoBaHUX jeutbera TUTaHWUjyMa, OKCU-
Ja reoxha, Apyrmx MeTafHUX OKCUAa U YecTo
3a0CTa/IMX Tparoea CyMrOpHE KucenuHe. Takas
CacTaB YMHW TUOHUT U eKOJOLLIKM NpobnemMaTiny-
HAM W1 TETNKWMM 3a npepagy. Mako xnopvgHu
nocTynak Takohe reHepuiule ocTtaTke 6orate Tu-
TaHWjyMOM, TUOHMUT U3 CyNdaTHOr NocTynka je
[laneko 3acTynsbeHuju. 360r BUCOKOr cafpxaja
TK), 1 MWHepanoruvje 3acHOBaHe Ha pyTuny,
TUOHWT NpeAcTaB/ba MOTEHUMjaIHUA CeKyHAap-
HU pecypc, anuM HeroBa CTabWIHOCT OTeXasa
OVPEKTHY npumMeHy. [locafallba NCTPaXMBaka
06yxBaTasia Cy X1MpOMETayPLUKO Ny>XKerbe pagu
n3aBajartba TUTaHWjyMa, MMPOMETaNYPLUKY KOH-
BEp3uMjy Yy W/bake 6orate TUTaHWjyMOM, penHTe-
rpauunjy y npounssogty Ti02 Kao 1 npumMeHe y
pemeanjaumnjv XXMBOTHE cpeavHe, rpaheBUHCKM
maTepujaimma Uav Npov3BOAHM KaTanusaTopa.
Ynpkoc TUM Hamopuma, MeToje 3a Macos-
HWjy ynoTpeby jow YyBEK HUCY pa3BUjeHe, Te Ccy
noTpebHe MHOBaTUBHe cTpaTervje koje he wmc-
TOBPEMEHO CMatMUTW EKOJOLLIKE PU3MKE U OMO-
ryhutn nckopuwhere noteHymnjana [2,22-27].

JenaH o o6ehasajyhux nyTeBa 3a UCTOBPEMEHY
Ba/lopu3aLmjy LpBEHOr My/ba U TUOHWUTA jecTe
Kap6oTepMujcka pefykumja. OBaj nocTynak
omoryhaBa CeneKkTUBHY pefyKuujy 1 usfsajare
rsoxha, YMme ce pellaBa jeflaH 0f, K/bYUHMX
npo6nemMa y BUX0BOj YNnoTpedun. Y cnyuyajy TMo-
HWTa, fodaTaK Ka/lluujym-oKcuaa He camo [ja
[lenyje Kao TonMTerb 1 0nakKLwasa peaykuujy, seh
NoACTUYE W hopMMpare Kanuujym-TutaHara,
yMme ce HapyllaBa CTabuiHa pyTu/iHa CTPYK-
Typau npunpemMa MaTepujan 3a HakHagHy npepa-
ay. Kog oba octatka, peaykuuja npeacrtas/ba
npunpeMHy asy 3a nyxewe, omoryhasajyhu
n3aBajarbe KOPUCHNX META/THUX KOMMOHEHTH Y3
cTabunusaunjy npeocTane Lsbake.

OBO WCTpaXuBake je YCMepeHO Ha KOM-
GMHOBAHW TPeTMaH LIPBEHOT My/ba 1 TUOHMTA

ceramics, pigments, cements, and particularly
in the recovery of valuable metals such as iron,
aluminum, and titanium [3-21].

Tionite, on the other hand, originates main-
ly from the sulfate process of Ti02 produc-
tion, where undissolved ore residues are
separated after leaching. These residues are
complex, consisting of unreacted titanium
compounds, iron oxides, other metal oxides,
and often entrapped sulfuric acid. This com-
bination makes tionite both environmentally
problematic and difficult to process. While
the chloride process also generates titani-
um-bearing residues, tionite from the sulfate
route is particularly abundant. Due to its high
Ti02content and rutile-dominated mineral-
ogy, tionite represents a potential secondary
resource, though its stability makes direct
utilization challenging. Approaches investi-
gated for tionite valorization include hydro-
metallurgical leaching for titanium recovery,
pyrometallurgical conversion into titani-
um-rich slags, reintegration into Ti02 pro-
duction, and applications in environmental
remediation, construction materials, or cat-
alyst production. Despite these efforts, large-
scale solutions remain underdeveloped, and
innovative strategies are required to both
mitigate environmental risks and unlock its
resource potential [2, 22-27].

A promising pathway for the simultaneous val-
orization of red mud and tionite is carbother-
mal reduction. This process enables selective
reduction and separation of iron, addressing
one of the key obstacles for their utilization. In
the case of tionite, the addition of calcium ox-
ide not only acts as a fluxing agent to facilitate
reduction but also promotes the formation of
calcium titanate, thereby disrupting the stable
rutile structure and preparing the residue for
downstream processing. For both residues, the
reduction step serves as a preparatory stage for
subsequent leaching, allowing recovery of val-
uable metal components while stabilizing the
remaining slag.

This study focuses on the combined treatment
of red mud and tionite via carbothermal
reduction with CaO addition, aiming to (i)
remove iron efficiently, (ii) destabilize the
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KapboTepMnjCKOM peayKuMjoM y3 gopatak
Ca0, ca yumem ga ce: (i) ehMKacHO YKNOHM
reoxhe, (ii) gectabunusyje ctabunHa Tuta-
HUjymcka paza y TMOHUTY 1 (iii) npunpemu
Lu/baka NMorofHa 3a ny)<ewe 1 farbe n3aBajarbe
meTana. MiHTerpaunjom mMeTanypLiKnX n eKo-
NOLIKWX acnekarta, OBaj paf AONPWHOCK pa-
ssojy OfPXXUBE CTpaTeruje 3a ynotpedy oBux
NHAYCTPUJCKMX OCTaTaKa.

MATEPWIANN N METOAE

Y 0BOM pagy, kao cupoBMHa je KopuuheH
LipBEHN My/b M3 (habpuke ,,AnymunHa" 4.0.0. U3
3BOpHUKa. LipBeHr My/b je NPeTX04HO OCYLLEH,
CaM/beBEH M MPUMPEMSbEH 3a NPOLLEC peayKLMje.
Y Tabenn 1 nNpuKasaH je cacTaB KopuwheHor
LIpBEHOT My/ba.

stable titanium phases in tionite, and (iii)
prepare a leachable slag suitable for further
resource recovery. Byintegrating metallurgical
and environmental considerations, this work
contributes to the development of sustainable
strategies for the utilization of these major
industrial residues.

MATERIALS AND METHODS

In this work, red mud from the factory ,,Alu-
mina" d.0.0. was used as a raw material from
Zvornik. The red mud is previously dried,
ground, and prepared for the reduction pro-
cess. In Table 1. the composition ofthe used red
mud is shown.

Tabena 1, Cacwas upeenoi My/mba 13 habpuke ,,AnymmnHa"g.o.o.

Table 1, Composition ofred mudfrom ,,Alumina’d.o.o.

Jeoumerbe 0
Compounds %

Fy6|/|T.a.K Xaperwem 1000° C 8.3
Ignition loss at 1000° C '

SiO, 10,52

FeX 3 49,29

Na,0 2,45

TiO, 4,59

CaO 8,23

aib3 12,03

AgD 0,001

BaO 0,014

CrD3 0,133

Sc 3 0,011

Cod 3 0,012

Jeoumerbe 0
Compounds %
Ga2 3 0,225
CuO 0,007
k20 0,159
tid 3 0,088
MnO 0,145
MgO 0,627
NiO 0,034
PbO 0,019
PA 0,930
ZnO 0,016
VA 0,135
SrO 0,075

Ha caumum 1 npukasaH je XRD kopuwheHor
LIPBEHOT My/ba.

On figure 1 XRD analysis of used red mud is
shown.
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| CCOftOl'ettUtO IH ratttecnfOIW J
| cooamxn c*o3iijpen.jrt«coc«iojici
I COOWMSU fifflli inwACiX)
mcoo HHonsccia] cnam3o00 hhoug
I COO 100*743 AtN 02 CLIAOI*C j<
COOK 110 HHIO &Mhr4«000HLLI47
COOHLUIM tm HO3 GtvMiOOC «OOCH*

CO0
| COOMXtuAj&H MS, 4i*"i«*MSda>4M
I COOW)33flu nuouym BBi09 Briw«iril*i*CC0 JC4BM3
I CCCICIHW TO?3i0u»t to*OQC HI
« CaCttMOet iaCU3 JM k*M 3» KUU04

Cnuka 1, XRD aHanusa LpBeHOr MyHa
Figure 1, XRD analysis of red mud

XRD aHanu3a je noTBpAmia NpucycTBo Xema-
TUTa U APYyrux BeoMa cTabuniHmux oKcuza 3a pe-
LAYKUMjY, YKbYUyjyhn nnMeHnT. AHanusa Takohe
nokasyje MpucycTBO ApYrux MuHepana nonyT
MepoBCKWTa, KanuuTa, guacnopa, 6emMuTta, aHxu-
Apviga n ap., Koju he TOKOM pefykuuje okcmaa
reoxxfa npohu Kpo3 CTPyKTYpHe NPOMEHE.

XRD aHanu3a TMOHWTa NpUKasaHaje Ha cimum 2.

The XRD-analysis has confirmed the presence
hematite and other very stable oxides for re-
duction including ilmenite. Analysis shows
other non-ferrous minerals perovskite, calcite,
diaspore, boehmite, anhydride etc. which will
undergo structural change caused by iron oxide
reduction.

XRD analysis of tionite is shown in Figure 2.

Cnuka 2, XRD aHanu3a TuoHuwa
Figure 2, XRD analysis of the Tionite sample
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XRD gudpakTorpamMmy TMOHUTa OTKpMBajy (ha-
3HM cacTaB Yy30pKa. Y30pak nokasyje npucy-
CTBO [OMWHAHTHMX (pasa, a TO Ccy pyTun,
Mg-Ti okcng 1 KeHeguT (reBoxkhe-TUTaHUjyMm-
-MarHesnjym okcug). PyTun ce jaB/ba Kao Ao-
MWHaHTHa (hasa, LITO je BUA/bUBO U3 N3PaXKEHNX
nukKoBsa npu Hxum 20 yrnosuma, oko 25-30°.
MpucyctBo Mg-Ti okcuga ykasylc Ha hopmu-
patbe KOMMAeKCHe (hase Koja MOXe yTuuaTu Ha
PEaKTUBHOCT TUTAHWNjyMa TOKOM /yXetba. Tako-
fle je AeTeKTOBaH MU KEHEAUT Y Mar0j mepu. Xe-
MWjCKM cacTaB TUOHMTA je MPMKasaH y Tabenu 2.

Tabena 2, XeMunjcKu cacllaB WNOHMLWA
Table 2, Chemical composition of Tionite

The XRD patterns of Tionite reveal the phase
composition of the sample. The sample shows
the presence of dominant phases which are
rutile, Mg-Ti oxide, and kennedyite (iron tita-
nium magnesium oxide). Rutile appears to be
the dominant phase. This is evident from the
strong peaks at lower 20 angles around 25-30°.
The presence of Mg-Ti oxide suggests the for-
mation of a complex phase that could influence
the reactivity oftitanium during leaching. Ken-
nedyite which is a less common phase is also
detected. The chemical composition of Tionite
is shown in Table 2.

EnemeHT TuTaHnjym Cunnunjym ANYyMUHWjYM EBoxhe
Element Titanium Silica Aluminium Iron
0,
Konunha(%) 339 7,72 194 5,68

Amount (%)

XeMnjcKn cacTaB y30pKa yKasyje Ha TO fa je
TUTAHUjYM [OMWHAaHTHU efleMeHT ca YAenoM
[0 33,9% ykynHe mace. CUIMLMjyM-anuoKcng je
Takohe npucyTaH y KOAnunHu og 7,72%, WTo
MOXe YTULATN Ha NPOLLeC NYXXera CTBaparem
cununka-rena nof ogpeheHnm ycnosuma. Asy-
MUHWjYM je NpuUcyTaH Yy KonuumHu og 1,94%, a
reoxnhe 5,68%, WITO Cy HVKe BPEAHOCTH, ann 1
Jarbe MOTy yTULaTu Ha (hasHe TpaHcqopmaunje
1 NOHallake Npu peayKumju TOKom obpage.

METO/E

XRD aHanu3a je ypaheHa kopuwherem augp-
pakTomeTpa Bruker D8 Advance onpemsbeHor
LynxEye petektopom. Bruker D8 Advance npej-
CTaB/ba MofepaH 1 BeoMa cHaxxaH XRD cuctem
Mo3HaT MO BWCOKOM KBaIUTETY aHamse.
ICP-OES aHanm3a je m3BplieHa Ha ypehajy
Agilent 5000 ICP-OES ca HanpegHUM QyHKUN-
jama 3a no6osblwaHe nepdopmaHce. OBaj cu-
CTEM je BeOMa emkacaH 1 MO3HAT N0 BMCOKOj
OCET/bMBOCTY U LUMPOKOM AMHAMUYKOM Orcery,
WwTo omoryhasa feTeKuujy ¥ KBaHTU(MKaLnjy
He camo rnasHuX, Beh efemeHaTa y TparoBuma.
ElanpenHa onTukKa U AeTEKTOPCKa TeXHo0ruja
06e36ehyjy noysgaHe 1 penpoayKTUBHE pesyn-
TaTe 3a rOTOBO CBaku enemeHT. EDS aHanu3a je
cnposefeHa nomohy getektopa Octane Plus-A
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The elemental composition of the sample
indicates that titanium is the dominant ele-
ment with up to 33.9% of the total mass.
Silica is also present at 7.72%, which could
influence the leaching process by forming
silica gel under certain conditions. Aluminum
have amount of 1.94%, iron 5.68%, which are
lower amounts but still it may affect phase
transformations and reduction behavior du-
ring processing.

METHODS

XRD analysis was conducted with Bruker D8
Advance diffractometer equipped with a Lynx-
Eye detector. The Bruker D8 Advance isamod-
ern and very powerful XRD system known for
its high quality of analysis. ICP-OES Agilent
5000 ICP-OES equipped with advanced fea-
tures for enhanced performance was used. This
system is very efficient and known for high
sensitivity and wide dynamic range, detecting
and quantificating not just major but also trace
elements. Advanced optics and detector tech-
nology ensure reliable and reproducible results
for almost every element. EDS analysis was
performed using an Octane Plus-A detector by
Ametek-EDAX. This detector is very popular
and has high-resolution capabilities and sensi-
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komnaHuje Ametek-EDAX. OBaj AeTekTop je
BEOMa pacrnpocTpareH 1 Of/IMKYje Ce BUCOKOM
pe3onyunjom 1 ocet/bmsowhy, LWTO ra YMHU
MOrof4HMM 3a JeTa/bHY e/IeMeHTapHy aHau3y.

Mpouec peayKumje Yr/beHUMKOM OfBujao ce y
DC enekTpony4yHoj nehu. Tpu (3) Kunorpama
LpBeHOr My/ba UM TUOHWTA, 3ajefHO ca rpa-
(hMTOM Kao pefyKLUMOHWM areHcoM, NoMeLlaHu
cy 1 y6ayeHn y neh. 360r BUCOKE BUCKO3HOCTM
LU/baKe HAKOH pefyKuuje okcraa reoxha, Wwibaka
je nokasmBana TeHAeHUM]jy cTBapara neHe. Jda
61 ce CMarMa BUCKO3HOCT, gogat je CaO Kao
Tonutesb. Mo3nTuBaH eekaT pgogatka CaO
ornefa ce y TOMe LUTO ce eBeHTyanHu FeO u3
Fe2Si04noHOBO pacTBapay L/bauy, y3 NOBO/bHY
NPOMeHY akTMBHOCTM FeO, a CTOBPEMEHO f0Ma-
31 U [10 HapyLLaBaka CTabunHe pyTusiHe CTPyK-
TYPe ¥ peayKumju TMOHWTA. 11akoH ybauuBarba
CMeLLe, peqyKuuja ce ogsujana y Tpajarby of 45
MUHYTa, KaKo 61 Yr/beHWK pearosao ca LL/bakoM.
Mo ncTeky BpeMeHa 3afpkaBarba, M3L4BOjeHa je
meTanHa (asa Fe, AOK je Wwrbaka octanay nehu.

JobunjeHn ysopum cy 3aTUM OABOjEHN MeXa-
HUYKM Kopulwhewem MarHeTHe cenapaumje.
[o6unjeHn nponssogm cy aHanusmpanm XRD u
EDS aHanusom.

PESYNTATU N JNCKYCWIA

Pesyntatn ICP aHanuse (M3paXkKeHn y MaceHUM
npoueHTnMa, Wt%) npmkasyjy cactaB Kiby4HMX
efleMeHaTa y LW/bauy HakKoH KapboTepMujcke
pegykumnje, ykmyuyjyhu reoxhe (Fe), Tuta-
Hujym (Ti), cunmuunjym (Si), anymuHmjym (Al) n
Kanumjym (Ca).

tivity, making it suitable for detailed elemental
analysis

The reduction process with carbon took
place in a DC electric arc furnace. Three (3)
kilograms of red mud and tionite and graphite
as carbon-reducing agent are mixed and
charged into the furnace. Because of the high
viscosity of the slag after reducing the iron-
oxides, the slag has been creating a foam. To
lower the viscosity, CaO has been added as a
fluxing agent. The positive side effect of CaO
is, that possible FeO from Fe3Si04is dissolved
back into the slag with a positive change of
activity of FeO and also altering the strong
rutile structure in tionite reduction. After
charging, a holding time of 45 minutes has
been started, to let the carbon react with the
slag. After the holding time, the furnace was
tapped to extract the Fe metal phase, while the
slag phase remained in the crucible.

The samples were separated mechanically using
magnetic separation. The obtained products
were analyzed by XRD and EDS analysis.

RESUFTS AND DISCUSSION

The results of ICP analysis (expressed in weight
percent, wt%) illustrate the composition of
key elements in the slag after carbothermal
reduction, including iron (Fe), titanium (Ti),
silicon (Si), aluminum (Al), and calcium (Ca).

Cnuka 3, EnemeTnapua aHanusa wbake obujeHe KapboTepMasHOM PeayKLjoM LpBEHOT My/ba
Figure 3, Elemental analysis ofcarbothermally reduced red mud slag
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3HayajHO BUCOKA KOHLEHTpaumja Kanuujyma,
6nm3y 30 mac.%, ofgpaxaBa HaMepHO pofa-
Bakbe CaO Kao TonuTes/ba TOKOM npoueca. Y
nopehewy ca MOYETHUM LPBEHUM MYy/bEM,
KOjW je cagpXXao camo Tparose Kaauujyma, 0BO
[0faBare je 3HauajHo 060raTuno peayKoBaHy
Wwbaky. Cagpxaj anymuHujyma je Takohe 6na-
ro nosehaH, AocTXyhn BpMjeAHOCTN M3HAL
10 mac.%. KoHueHTpaunja reoxha je 3HauyajHO
onana Ha 5-10 mac.%, wto noTephyje egurkac-
HY pefyKuujy okcuga reoxna. VictoBpemeHo,
CUNNLUNJYM U TUTAHUjYM CY KOHLEHTPUCAHM Y
L bauu, LWTO je Y CKNajy ca thbUX0BOM Hepeak-
TMBHOWMhAY NOA NPUMEHEHUM pPefyKUUOHUM
ycnosumMa. OBY pe3ynTaTy yKasyjy Ha CHaXKaH
yTuuaj gogatka CaO, Koju je nmoctao Ao-
MWHAHTHa KOMMNOHEHTa Y (DMHANHO] Lu/baLy.

A notably high concentration of calcium,
close to 30 wt%, reflects the deliberate addi-
tion of CaO as a fluxing agent during the pro-
cess. Compared with the original red mud,
which contained only trace levels of calcium,
this addition significantly enriched the re-
duced slag. Aluminum content also increased
slightly, reaching values above 10 wt%. Iron
concentration decreased markedly to 5-10
wt%, confirming the effective reduction of
iron oxides. Meanwhile, silicon and titanium
remained concentrated in the slag, consistent
with their relative inertness under the applied
reducing conditions. These results demon-
strate the strong influence of CaO addition,
which became the dominant component in
the final slag.

Cnuka 4, Anhpakwolpamu Wwibake LpBeHOr My/ba peaykoBaHe Ha 1600° C
Figure 4, Diffractogramsfor red mud slag reduced at 1600° C

XRD aHanusa y npaxy Ha Co6HOj Temnepary-
pU M3BedeHa je Ha y3opuuma peaykoBaHOr
LpBEHOr Mysba, a (hase cy WAEHTU(UKOBaHe
Kopuwwherem ICDD 6a3e nogataka. O4CycTBO
XemMatuTa y AudpakumoHoM obpacuy ykasyje
Ha HeroBy NOTNYHY peayKunjy, fOK aeTekuuja
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Room-temperature X-ray powder diffraction
(XRD) analysis was performed on the reduced
red mud samples, with phases identified using
the ICDD database. The absence of hematite
reflections in the diffraction pattern indicates
its complete reduction, while the detection of
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MarHeTuTa cyrepuvile fa je geo rsoxha octao
JeNMMWYHO  OKCMAoBaH Yy LWibauu. [lojaBa
neposcknta (CaTi03) noTephyje cTtabunmsa-
LUNMjy TUTaHMjyma y OKCUAHOM 06/MKY, [OOK
thopmupare reneHnta (Ca2Al2Si07) ogpaxasa
CNOXEHe BUCOKOTEMMepaTypHe WHTepakuuje
n3mehy okcuga NpUCyTHUX Yy CUCTEMY.

CseykynHo, XRD pesyntatu nokasyjy ga Kap-
6oTepMasiHa peayKunja TpaHcopMuLLEe LpBe-
HU My/b U3 HEroBe NPBOBUTHE C/OXEHE CMe-
e okcuiga U cunukata y MojeaHOCTaB/beHU
CUCTEM KOjM Ce cacToju of MeTasHor reoxha
N wbake moaugukoBaHe CaO-0M, npeTex-
HO caCTaB/beHe Of NepoBCKMTa U refieHnTa, ca
MakUM YAenom MarHeTuTa.

Ha cnnum 5 npukasaHa je XRD aHanusa pe-
LlYKOBaHOI TUOHWUTA.

magnetite suggests that a fraction of iron re-
mained partially oxidized in the slag. The ap-
pearance of perovskite (CaTi03) confirms the
stabilization oftitanium in oxidized form, while
gehlenite (Ca2Al2Si07) formation reflects the
complex high-temperature interactions among
oxides present in the system.

Overall, the XRD results reveal that carboth-
ermal reduction transforms red mud from its
original complex mixture of oxides and silicates
into a simplified system dominated by metallic
iron and a CaO-modified slag phase, primarily
composed of perovskite and gehlenite, with mi-
nor magnetite also present.

On figure 5. XRD analysis of reduced tionite is
shown.

Cnuka 5, Andhpakworpamu pegyKkoBaHor TUOHUTa
Figure 5, Diffractogramsfor reduced tionite

XRD aHanu3a n3BefieHa je Ha y3opuuma pe-
[LYKOBaHOI TMOHWTa, a fJeTeKToBaHe (hase cy
naeHTugpmkosaHe kKopuwhetem ICDD 6ase
nogataka. locmaTpaHe cy HoBe (ase Koje
cagpxe TWUTaHMjyM, WITO oOfpaxaBa egekar
fopatka CaO v BUCOKOTeMMNEPaTYpHe pefyk-

X-ray diffraction (XRD) analysis was per-
formed on the reduced tionite samples, and
the detected phases were identified using the
ICDD database. Several new titanium-bearing
phases were observed, reflecting the effect of
CaO addition and high-temperature reduction
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uMje Ha CTabUMHOCT OpUTMHAaNHE PYTUIHE
CTPYKTYype. MpucycTBO KeHeAWUTa, KOMMeKC-
HOr TWTaHaTa CpOAHOr MCeyfoOpyKUTY K
CTPYKTYPHO C/AMYHOT apMasiKonnuTy, ykasyje
Ha OncexHy mogugukaumjy novetHe Ti02
thaze. detekuuja TutaHuta (CaTiSi05) ykasyje
Ha MHKopnopauunjy Kanuujyma n cuamumnjyma
TOKOM peakuujckor npoueca, cyrepuwyhu
CHaXKHe nHTepakuuje nsmehy CaO 1 cunmkar-
HUX KOMMOHeHTU TMOHUTaA. Mopep Tora, ¢op-
mupare neposckuta (CaTiO3) noTephyje
oueKkuBaHy peakumjy mamehy Ti0O2un CaO y
pefyKUUOHMUM YCNOBUMA.

CBeyKynHo, nojaea TUTaHWUTa U MePOBCKMTA
ncTuye TpaHchopmauujy pyTtunom o6orator
TUOHUTA Y LW/bakKy AOMUHUPaHY HOBUM Ca-Ti
thazama. OBU pe3ynTaTu Nokasyjy fa gogarak
Ca0 He camo fja 0naKLuaBa yKnamake rsoxna,
Beh © pgectabunusyje CcTabunHy pyTUIHY
CTPYKTYpy, npunpemajyhu cucteM 3a HakHaj-
HO Ny>Ketbe U U3JBajare TUTaHUjyMa.

3AK/bYYAK

Kap6oTepmunjcka pegykumja y3 gogatak CaO
nokasana Ce Kao e@ukacHa cTpaTerula 3a
TpaHc(opmaLmjy LPBEHOT My/ba U TUOHUTA Y
KopucHe npoussoge. ICP aHanu3a je nNoTBp-
Anna 3HadvajHO oborahewe Kanuujyma y pe-
[LYKOBaHMM LW/bakama, AOK je KOHLUeHTpayuja
reoxha 3HayajHO cmareHa Ha 5-10 mac.%,
LITO MOKasyje eiMKacHO yKnaware reoxha.
XRD pesyntatm cy OTKpuUAuM NOTNYHY pe-
OYKUMjYy XemaTuTa y LPBEHOM My/by WU Hbe-
ropy TpaHcgopmayujy y meTanHo reoxhe u
LW/bakoMm MogmntrnkosaHom CaO-om, npeTex-
HO cacTaB/beHOM Of, NePOBCKUTA U FeNeHnTa,
ca MawWUM Yy[enom MarHetuta. Y cny4ajy
TUOHWUTA, PYTWNHA CTPYKTypa je paectabu-
NIM30BaHa, WTO je Ao0Beno Ao opMmupama
HoBux Ca-Ti (hasa, nonyT nNepoBCKUTa U
TUTaHUTa. OBY pe3ynTaTtu UCTUYY ABOCTPYKY
ynory CaO kao TonuTe/ba U cTabunmusatopa
jeankera 6oratux TutaHujymom. CBeykyn-
HO, Npouec He camo Ja omoryhaBa n3faBajare
reoxfa, Beh n npunpemMa LWsbaky NOrogHy 3a
nyxewe, 6orary Ca-Ti (asama, oTBapajyhu
nyT 3a HakKHafHO W3[Bajatbe TUTaHMjyMa W
Lpyrunx enemeHara.
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on the stability of the original rutile structure.
The presence of kenedyte, a complex titan-
ate related to pseudobrookite and structural-
ly similar to armalcolite, indicates extensive
modification of the initial Ti02 phase. The
detection of titanite (CaTiSi05) points to the
incorporation of calcium and silicon during
the reaction process, suggesting strong inter-
actions between CaO and the silicate compo-
nents of tionite. In addition, the formation of
perovskite (CaTi03) confirms the expected
reaction between Ti02and CaO under reduc-
ing conditions.

Overall, the emergence of titanite, and perov-
skite highlights the transformation of rutile-
rich tionite into a slag dominated by novel
Ca-Ti phases. These results demonstrate that
CaO addition not only facilitates iron removal
but also destabilizes the stable rutile structure,
preparing the system for subsequent leaching
and titanium recovery.

CONCLUSION

Carbothermal reduction with CaO addition
proved to be an effective strategy for transform-
ing both red mud and tionite into value-added
products. ICP analysis confirmed a significant
enrichment of calcium in the reduced slags,
while iron concentration was markedly de-
creased to 5-10 wt%, demonstrating efficient
iron removal. XRD results revealed the com-
plete reduction of hematite in red mud and
its transformation into a system dominated by
metallic iron and a CaO-modified slag phase,
primarily composed of perovskite and gehlen-
ite with minor magnetite. In the case of tionite,
the rutile structure was destabilized, leading
to the formation of new Ca-Ti phases such as
perovskite and titanite. These findings high-
light the dual role of CaO as a fluxing agent and
a stabilizer of titanium-bearing compounds.
Overall, the process not only enables iron re-
covery but also prepares a leachable slag rich in
Ca-Ti phases, paving the way for subsequent
extraction of titanium and other valuable ele-
ments.
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