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Caxerax: L]psenu mym, Kao HycUpoU360g anymMuHujymcke ungyciipuje, ipegciiasoa 3Ha4ajam exonouKku upo-
Onem 3001 c601 Xemujckoi cacifiasa u konuuuxa xoje ce ienepuuty. Osa ciliyguja uciiuiityje moiyhnociu weiose
sanopusayuje kpo3 euuiecitieienu Upoyuec Koju yKmwyuyje pegyxuujy, nyxetrve ca upewuwhasarem pacieopa u
ynipaconuuny ciapej auponusy (USP). Y iipsom kopaxy, upeeru mysmw Uponasu Kpo3 kapoomepmanty pegyKuujy,
WOKOM KOje ce OKCUgu Meiliana pancopmumty y meiianty dasy u wimaxy. Y gpyiom kopaky, wimaxa ce iog-
epiasa nyxcervy Upu pAsUMUTHUM YC08UMA OJHOCHO UpomeHe Upuiliucka, imemilepaiiiype u KoHyeHpayuje
Kucenume, witio omoiyhasa usgeajare muilanujyma y o6auky mMUtanujym okcu-cyadama u gpyiux meiiana.
Ha xpajy, naxon ipeuuwhasara paciiisopa xopuwhervem apeyutiuifiayuje uny consenisi ekcitipaxiyuje yniipa-
coHuuHa ciipej duponusa kopucihiu wuimanujym oxcu-cyngaiti (TiOSO4) 3a cuniiie3y HAHOUPAX08A WUTHAHUTYM
guokcuga (TiO). Osaj uniieipucanu GPUciiyi He camo ga goupuHocu cmarwervy oiiiaga, éeh u ipoussogu
mailepujane 6ucoxe 8pegHOCHAU KOjU UMAJY WUPOKY UPUMEHY Y UHGYCTUPUJU.

K)by‘IHe pnje'm: IPBEHV MYJb, PENYKUWJA, IYKEIBE, YITPACOHNYHA CIIPE] ITMPOJIM3A
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Abstract: Red mud, byproduct of the aluminum industry, poses a significant environmental problem due to its
chemical composition and the large quantities generated. This study explores the potential for its valorization
through a multi-step process that includes reduction, leaching with acid solution, purification, and ultrasonic
spray pyrolysis (USP). In the first step, red mud undergoes carbothermal reduction, during which metal oxides are
transformed into metal phase and slag. In the second step, the slag is subjected to leaching under various conditions,
including changes in pressure, temperature, and acid concentration, which allows the recovery of titanium in the
form of titanium oxysulfate and other metals. Finally, after purifying the solution using precipitation or solvent
extraction, ultrasonic spray pyrolysis is used to synthesize titanium dioxide (TiO,) nanopowders from titanium
oxysulfate (TiOSOy). This integrated approach not only reduces waste but also produces high-value materials with

broad industrial applications.

Keywords: RED MUD, REDUCTION, LEACHING, ULTRASONIC SPRAY PYROLYSIS

YBO/],

Lpsenn My/b, MHEYCTPUjCKM OTIAJ KOju Ha-
CTaje Kao HyCIIPOM3BOJ, Y IIPOM3BOIY ATyMM-
HMjYMa, IIPeCTaB/ba BE/IMKY €KO/IOIIKY 132308
360r CBOT' BMCOKOT aJIKaJTHOT CajpiKaja ¥ IpU-
CyCTBa TOKCMYHVX MeTaja. TpajuijyoHanHe
MeTOfie yIIpaB/balba OBUM OTIIQZIOM, Ka0 ILITO
Cy ofjIarame y AeloHujaMa Wiy Kopuirherme y
rpaheBMHCKMM MaTepujammma, IOKasane Cy ce
Kao HeJOBO/BHO e(MKacHe U HeNpMKIafiHe 32
IIVIPOKY IPYMjeHy, I0CeOHO Kajla ce pa3Marpa
06MM HeroBe IPOM3BOJE U JYTOPOUHE €KO-
nomike nocnepuue. ITorpe6Ha cy MHOBaTMBHA
pjelersa koja 6u omoryhmna edukacHo mcko-
pUILITaBambe LIPBEHOT MY/ba, Y3 MIHIMAJIaH He-
raTyBaH yTHIaj Ha )KUBOTHY cpefuHy [1].

Pasmarpane cy pasmrumre Mertome 3a obpamy
LPBEHOI MY/ba, /i Cy MHOT€ TEXHUYKU KOM-
IIEKCHe, CKyIIe WIM He TIPY»Kajy 3aJjoBo/baBajyhe
pesynrTare y CMUCITy M3JjBajatba KOPYICHIX Mare-
pujama. Y TOM KOHTEKCTY, MCTpaKUBAmbe yCMje-
PEHO Ha IbETOBY PENYKL]Y, Ty>KEIHe Y IIPUMjeHY
HalpeHNUX TEXHMKA IOIyT YATPACOHNYHE CIIPE]j
mmpormse (USP) Hyzu HoBe MoryhHOCTH. Yrpa-
BO OBaKBa KOMOVHaIIja IIpoljeca Ipy»ka He CaMo
U3/IBajabe K/bYYHNX e/leMeHaTa IOy T TUTaHjy-
Ma, JKe7le3a I alyMIHujyMa, Beh 11 cMarmerme He-
raTMBHOT YTULIaja Ha OKO/MHY (2], [3], [4].

Kap6oTepMirika pefyKiyja je MCTaKHYT IIpoLiec
Y METaTypIyjy 3a U3Bajarbe METajla 3 hIXOBUX
OKCMfIa KOpMCTeNM YI/beHMK Kao pemyKLOHO
cpencro. OBa MeTofa je MoceOHO 3HaYajHA Y pe-
DYKLVIjJ JKENE3HNX OKCHA, LITO je KIbyIHU KOPaK
y IPOU3BOZIbY JKerte3a 1 dennKa. OCHOBHM IIPYH-
I KapOoTepMITIKe pefyKuyje HoApasyMijeBa
VHTepaKLyjy usMeby yrbeHnka, oouaHo y o6mi-

INTRODUCTION

Red mud, an industrial waste generated as a
byproduct in aluminum production, poses a
significant environmental challenge due to its
high alkaline content and the presence of toxic
metals. Traditional methods for managing this
waste, such as landfill disposal or use in con-
struction materials, have proven inadequate
and unsuitable for widespread application, es-
pecially given the scale of its production and
the long-term ecological consequences. Inno-
vative solutions are needed to enable the effi-
cient utilization of red mud with minimal neg-
ative environmental impact [1].

Various methods for red mud processing have
been considered, but many are technically
complex, costly, or fail to deliver satisfactory
results in terms of recovering useful materials.
In this context, research focused on its reduc-
tion, leaching, and the application of advanced
techniques like ultrasonic spray pyrolysis (USP)
offers new possibilities. Such a combination of
processes enables not only the recovery of key
elements like titanium, iron, and aluminum but
also a reduction in the environmental footprint

(2], [3], [4].

Carbothermal reduction is a well-established
process in metallurgy for extracting metals
from their oxides using carbon as a reducing
agent. This method is particularly important
for the reduction of iron oxides, which is a cru-
cial step in the production of iron and steel.
The basic principle of carbothermal reduction
involves the interaction between carbon, usu-
ally in the form of coke or charcoal, and metal
oxides at elevated temperatures, leading to the
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Ky KOKCHOT yI/ba WIV IPBEHOT YI/ba, I META/THOT
OKC/J]a Ha MOBMIIEHNM TeMIleparypama, IITO
moBopu o (opmupama yribeH-MoHoKerza (CO)
wm yrybeH-guokenza (CO,) u metana [5], [6].

Y KOHTEKCTY »Ke/le3HMX OKCHIA, KapOoTepMIryKa
penyKuyja mpBeHCTBeHO Iyba XeMatnt (Fe,Os)
u marHetut (Fe;O.), koju cy HajsacTymbeHuje
xenesHe pyze. [Ipomec ce msBonu y Bucokoj nehmn,
I7lje ce cMjeca >Ke/be3He pyfie, KOKCa M KpedrbaKa
3arpujaBa Ha TemrepaTrype oko 1500°C. Peax-
1Jje ce OfiBMjajy Y HeKOMMKO ¢asa. Y IOoYeTKy ce
XeMaTuT peaykKyje y maraetut [7], [8]:

formation of carbon monoxide (CO) or carbon
dioxide (CO,) and the production of the metal

(5], [6].

In the context of iron oxides, carbothermal
reduction primarily targets hematite (Fe,Os3)
and magnetite (Fe;O,), which are the most
abundant iron ores. The process is carried out
in a blast furnace, where a mixture of iron ore,
coke, and limestone is heated to temperatures
around 1500°C. The reactions occur in several
stages. Initially, hematite is reduced to magne-
tite [7], [8]:

3Fe,01+CO —> 2Fe,0, +CO, (1)

3aTuM MarHeTHT ce peayKyje o Byctuta (FeO)

[7]:

Then, magnetite is reduced to wustite (FeO)

[7]:

Fe,0,+CO —3Fe0+CO, 2)

KonavHO BYCTUT ce pefyKyje JO MeTaIHOT XKe-
pe3a (rBoxkba) [7]:

Finally, wustite is reduced to metallic iron [7]:

FeO+CO— Fe+CO, 3)

OBe peakumje Cy €HIOTEPMHE U 3aXTUjeBajy
3HaYajaH YHOC TOIUIOTe, Koja ce obe3bjehyje
caropmjeBambeM KOKCa Yy IIPUCYCTBY TOIIOT
BaslyXa. YI/b€H-MOHOKCHUJl KOju HacTaje y
OBVM peaklMjama Jijelyje Kao PemyKIMjCcKO
CPeACTBO, AoAaTHO HobospuraBajyhu edukac-
HOCT penyknuje. OBaj HU3 peakiyja je K/by4aH
3a IIPOM3BOJIbY CUPOBOT JKeJbe3a, KOje CafipyKI
YIJbeHUK U Apyre Heunmcrohe M Koju ce Hak-
HaJHO paduHuIIe fa 6u ce fo6uo yemk. Cnu-
YaH MeXaHM3aM je IPUCYTaH U KOJ pefyKuuje
LIPBEHOT MYJba, jep jeé LpBEHU MY/b YITTABHOM
cacrasbeH off >kenne30(III) okcuma, CIMYHO Kao
XKeresHa pyza [9].

EdmkacHocT KapboTepMIriKe pemyKije IpBe-
HOT My/ba 3aBUCH Off HEKOTMKO (paKTOpa, yKIbY-
qyjyhyt peakTMBHOCT M3BOpa YI/beHNKA, TeMIIe-
parypy u mputucak yHyrap nehu, e ¢pusmake
KapaKTepUCTHKe IpBeHOr My/ba. ONTUMaTHN
YCIIOBY MOpajy OuTK Ofp>kaBaHM Kako Ou ce
ocurypanma TOTHYHa pPefyKIija ¥ CMAmbIIOo
dbopMupame HeToXXe/bHIX HYCIPOM3BO/A, MO-
IyT TPOCKa, Koja ce cacToju oy Hedncroha u
tormTesba [10].

These reactions are endothermic and require
a significant heat input, which is supplied by
burning coke in the presence of hot air. The
carbon monoxide produced in these reactions
acts as a reducing agent, further enhancing
the reduction efficiency. This series of reac-
tions is crucial for the production of pig iron,
which contains carbon and other impurities,
and is subsequently refined to produce steel. A
similar mechanism is present in the reduction
of red mud, as red mud is mainly composed of
iron (III) oxide, similar to iron ore [9].

The efficiency of carbothermal reduction of
red mud depends on several factors, including
the reactivity of the carbon source, the tem-
perature and pressure within the furnace, and
the physical characteristics of the red mud. Op-
timal conditions must be maintained to ensure
complete reduction and minimize the forma-
tion of undesirable byproducts, such as slag,
which consists of impurities and fluxes [10].
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Ca TepMopMHaAMMYKe TaykKe IJIEAMINTA, W3-
BOI/BMBOCT OBMX peakumja ofpebyje mpome-
Ha [ubcoBe cnobogHe eHepruje, Koja mocraje
IIOBO/bHMjA Ha BUIIMM Temieparypama. Ku-
HeTyKa Takobhe urpa K/by4Hy ynory, jep audy-
3Mja peaKTaHaTa U NIPOJyKaTa Kpo3 YBPCTE U
pacTombeHe ¢ase MO)XKe YTULATU Ha YKYIHY
6p3uny peakuuje. Crora Cy AM3ajH U paj eleK-
TponyuHe mehm K/byYHM 3a MAaKCUMU3ALV)y
epUKacHOCTM KapOOTePMUYKOT PeLyKIMOHOT
nporeca [9], [11].

MebyTnm, 13a30BU OCTajy y ONTMMU3ALU)U
KapboTepMuuKe pefyKiuje LipBeHor Mysba. To
yK/bydyje YyIpaB/batbe BUCOKOM IIOTPOIIIOM
eHepruje 300r NOBMIIIEHNX TeMIIepaTypa Koje Cy
HoTpebHe, OcUrypaBambe e(PUKACHOT U3/IBajarby
CBUX JJparolljeHN X MeTajia ! Cyo4yaBarbe ca I10-
teHuyjaHuM emucujama CO u CO,. [10], [12].

JIYKEIBE

Jly>xeme je mpoliec Koju ce KOPUCTU Y pasyu-
YUTUM MHAYCTPUjaMa 3a U3JBajarbe KOPUCHUX
KOMIIOHEHTH) M3 YBPCTUX MaTepujajia pacTsa-
pameM y TeuyHoM pacTBapady. OBa Meroza
je moceGHO 3acTyIUbeHa y PYAApCTBY, IAje ce
KOPUCTH 3a U3JIBajambe MeTana u3 pypa. Oc-
HOBHM IPUHIUII YK/bY4yje KOHTAKT YBPCTOT
Marepujaja ¢ pacTBapadyeM KOjU CeIeKTUBHO
pacTBapa >Ke/beHe CacTojKe, OCTaB/bajyhm msa
cebe HeXXe/beHe OCTaTKe.

IIpowec myxemwa MOXe ce U3BOGUTH y pasyn-
YUTUM KOHQUTypannjama, Kao MTO Cy JIyXKerbe
Ha rOMMIN, JTYy>KE€bE y ayTOK/IaBYy 1 MH-CUTY JIy-
JKembe. Y Ty>Kemby Ha TOMIUIN, YCUTEEHA PyZia ce
C/IaKe Ha Be/IVMKe TOMMJIE M HaTalla PaCTBOPOM
3a TyXebe, Koju mpopupyhu kpos rommy pac-
TBapa LbaHe MeTaje. JIy>keme IOf, BUCOKUM
IIPUTUCKOM IIOfIpasyMeBa CTaB/batbe PyJe y ay-
TOKJIaBE VI Pe3epBOape I yparbatbe y paCTBOP
3a JIy>Keme, oMoryhyjyhu mpouec pacrsapama
y KOHTPO/MCAHMjeM OKpyXemwy. VIH-cuty y-
XKeme, YK/bydyje yOpusraBame pacTBOpa Iu-
PEKTHO y PYAHMK IIOfi 3€M/bOM, Ifi€é pacTBapa
MeTajie Ha JINIY MjecTa, KOju Ce IIOTOM ITyMIIajy
Ha NOBpIINHY pagu obpane[13], [14].

Hexommko daxTopa yTide Ha epuKacHOCT ITpo-
Ieca TyXema, yK/bydyjyhu npupopy uBpcror

10

From a thermodynamic perspective, the fea-
sibility of these reactions is determined by the
change in Gibbs free energy, which becomes
more favorable at higher temperatures. Kinet-
ics also plays a key role, as the diffusion of re-
actants and products through solid and molten
phases can influence the overall reaction rate.
Therefore, the design and operation of the elec-
tric arc furnace are critical to maximizing the
efficiency of the carbothermal reduction pro-
cess [9], [11].

However, challenges remain in optimizing the
carbothermal reduction of red mud. These in-
clude managing the high energy consumption
due to the elevated temperatures required,
ensuring the efficient recovery of all valuable
metals, and addressing potential emissions of
CO and CO, [10], [12].

LEACHING

Leaching is a process used in various industries
to extract valuable components from solid ma-
terials by dissolving them in a liquid solvent.
This method is especially used in mining,
where it is used to recover metals from ores.
The basic principle involves the contact of solid
material with a solvent that selectively dissolves
the desired components, leaving behind un-
wanted residues.

Leaching can be performed in different con-
figurations, such as heap leaching, autoclave
leaching, and in-situ leaching. In heap leach-
ing, crushed ore is piled into large heaps and
soaked with a leaching solution, which perco-
lates through the heap, dissolving the targeted
metals. High pressure leaching involves placing
the ore in autoclave or tanks and immersing it
in the leaching solution, allowing the dissolu-
tion process to occur in a more controlled envi-
ronment. In-situ leaching involves injecting the
solution directly into an underground mine,
where it dissolves the metals in situ, which are
then pumped to the surface for processing [13],
[14].

Several factors affect the efficiency of the leach-
ing process, including the nature of the solid
material, the type of solvent used, temperature,



C. Cimouuh, [I. Kociuuh, H. Huxonuh, [T. )Kueoitiuh, M. Pocuh, M. ITepywuh, B. Friedrich, IIpou3sogta HaHOupaxoea MuitaHujym guokcuga u3 upeeoi mymwa (7-28)
S. Stopi¢, D. Kosti¢, N. Nikoli¢, D. Zivoti¢, M. Rosi¢, M. Perusi¢, B. Friedrich, Production of Titanium Dioxide Nanopowders from Red Mud (7-28)

MaTepujana, BPCTY KOPMIUTEHOT pacTBapaya,
temueparypy, pH BpujegnocT u Mujemarme. Ha
IIpMMjep, TeMIIepaTypa MOXKe 3Ha4ajHO yTHUIja-
TV Ha OP3MHY PacTBapamba; BUIIIE TeMIepaType
061yHO noBehaBajy pacTBOP/BMBOCT LM/baHUX
KOMITOHeHT! 1 6p3uny peakuuje [15], [16].

KonTuHyanHo mykerbe IOf, BUCOKUM IPUTH-
CKOM, IIO3HaTO M Kao KAacKaJHO ayTOK/IABHO
Ty>Kerbe, IpPeCTaB/ba HAIPEJHY XUpoMeTa-
NYPIIKY TEXHUKY KOja Cé KOPUCTH 3a U3/Bajaibe
MeTaja U3 Pyfa ¥ KOHIIEHTPaTa IOf MOBMUIIIE-
HUM IPUTUCLMMA U TeMIlepaTypama y MHIY-
cTpuju anymuHujyma. OBa MeTOfia je HapO4MTO
edukacHa Kof TpeTupama pysa, Koje je TeIKo
npepaguTyi KopuihemeM KOHBEHIVIOHATHUX
TEXHMKA JIy>Kea 300T IIPUCYCTBA CIOXKEHMX
MMHEPATHUX CTPYKTypa WM HeuncToha Koje
oMeTajy nsaBajame MeTana [17], [18].

YIITPACOHMYHA CIIPE] IIIPOJIMI3A

Texnuka ynrpassy4sor crpej mupomuse (USP)
YK/bydyje TeHepucame Kambuija nomohy ymr-
PasBy4HMX Tajaca, Hyfehn jegHOCTaBHOCT, MC-
IUVIATUBOCT, KOHTUHYMPAHY OIlepaLyjy, BICOKE
Op3uHe HaHOIIe’a ¥ MOTyhHOCT HOKpuBama
BE/MMKNUX NOBpIINHA. [IponsBeeHe Kampuiie cy
061YHO Mambe o7 20 M Y Be/IVYVHY PV HUCKUM
Op3MHaMa TOKOM KpeTamba, IITO MOXKe M3a3BaTH
norenkohe y ibMIXOBOM YK/Iatbalby 113 FacHe (ase
360r cypapa ca 3augoBuMa peakropa u Mehyco6-
HIX CyJapa, IITO JOBOAM /IO CIajama. JefHa of
3HAYajHMX NIPEIHOCTY TeXHUKE CIIPej MMPO3e
je Beha cTabymHOCT MpeMasa Koje IPOM3BOAM Y
nopehemy ca OHMMa KOju ce HAHOCE Y BaKyyMYy,
Kao I BeHa cBecTpaHocT. [19], [20].

Cnopej nmponusa je HpMIarofbuBa METOAA
32 IPUIIPEMY jESHOCIOJHMX ¥ BUINECTOJHUX
¢uMoBa, 6UI0 la Cy TYCTH MU TIOPO3HI, Ke-
PaMMYKUX NPEMas’a M PasHMUX IIPaXoBa MaTe-
pujana. ITocrojehe Texumke crpej o6pase Mory
ce KIacM(UKOBATU Ha OCHOBY BPCTE M3BOpa
eHepruje Koju ce KOPUCTH 3a peakLujy IoyerT-
HOr pacTBopa. To yK/bydyje LieBHE peakTope
(SP), MeTony caropeBama, peaKTope ca IlaMe-
HOM TIape 1 pacrpumBame y miaMeny. Takobhe
ce MOTy KIacupyKoBaTy peMa MeTO/IM aTOMMI-
3aluje MPeKypcopa, Kao IITO Cy €leKTPOCTa-
TUYKE, Ba3AYIIHUM IIPUTUCKOM I YITpa3By4dHE

pH value, and agitation. For example, tempera-
ture can significantly influence the dissolution
rate; higher temperatures generally increase the
solubility of the target components and the re-
action rate [15], [16].

Continuous high-pressure leaching, also known
as cascade autoclave leaching, is an advanced
hydrometallurgical technique used to extract
metals from ores and concentrates under ele-
vated pressures and temperatures in alumini-
um industry. This method is particularly effec-
tive in treating ores that are difficult to process
using conventional leaching techniques due to
the presence of complex mineral structures or
impurities that hinder metal extraction [17],
[18].

ULTRASONIC SPRAY PYROLYSIS

The ultrasonic spray pyrolysis (USP) technique
involves the generation of droplets using ultra-
sonic waves, offering simplicity, cost-effective-
ness, continuous operation, high deposition
rates, and the ability to cover large surface ar-
eas. The droplets produced are typically small-
er than 20 pm in size at low velocities during
movement, which may cause difficulties in
their removal from the gas phase due to col-
lisions with reactor walls and mutual colli-
sions, leading to coalescence. One significant
advantage of the spray pyrolysis technique is
the greater stability of the coatings it produces
compared to those deposited in a vacuum, as
well as its versatility [19], [20].

Spray pyrolysis is an adaptable method for
preparing single-layer and multilayer films,
whether dense or porous, ceramic coatings,
and various material powders. Existing spray
processing techniques can be classified based
on the type of energy source used for the re-
action of the initial solution. These include
tubular reactors (SP), combustion methods,
steam flame reactors, and flame spray pyrol-
ysis. They can also be classified according to
the precursor atomization method, such as
electrostatic, air pressure, and ultrasonic spray
pyrolysis techniques. If the energy source for
the precursor solution reaction comes from
external sources rather than from the spray

11
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TeXHMKe CIIpej Imponuse. AKo U3BOpP eHepruje
3a peaKklMjy pacTBOpa IPeKypcopa /I0aasy U3
CIIOJbALIILMX M3BOPA YMECTO U3 CaMoOTr CIIPEja,
MeTOJa je Mame OCeT/blBa Ha ofabpaHe Ipe-
Kypcope U pacTBapaue. Y 3aBUCHOCTU Off, pac-
TBOP/bUBOCTY, BpPCT€ U MCIUVIATUBOCTU pac-
TBOpa IPEKypcopa, KOpPUCTe Ce Pa3IUuUTH
pacTBapaun y Crpej MMponnsy, 0OOMIHO HUTPaA-
TH, XJIOPUIM U alleTaTyl paCTBOPEHM Y BOIEHUM
¥ QJIKOXO/THUM pacTBapayrnma [21].

TexHmke crpej nuponuse ce Takohe mory kia-
cnpUKOBATU HAa OCHOBY THIIA aTOMM3epa KOju
ce Kopucre. Benm4ynHa aepocosa, Koja yTude
Ha KBanuteT unma, o6udHO ce oxpebhyje me-
tooM aroMmmsanuje. ITocroje Tpu riaBHe Me-
TOfle aTOMM3allje: eIeKTPOCTaTUYKA, Bas/yIl-
Ha ¥ y/ITpa3By4yHa. TeXHMKe Koje KOpUCTe OBe
aToMM3€epe Ha3MBajy ce eJIeKTPOCTATUCTUYKOM
CIIpe€j JEeNO3NLINjOM, CIIpej MMPOIN3e y KojuMa
Ce pacTBOp pacmpilyje IOMOhy HpUTHCKA U
YATPa3BY4HOM W1 HOPMAjJHOM CIIp€j IMpO-
mmsoM (USP). YintpasByyna arommsanmja ce
oC/ama Ha eleKTpOMeXaHM4Kyu ypebaj koju
BUOpMpa Ha BUCOKUM (ppeKBeHIIMjaMa 1 MOKe
aTomMm3oBaTu camo IbyTHOBe TeuHOCTM Ca HU-
CKOM BMCKO3HOIINy Koje Impojase IMpeKo BHU-
6pupajyhe nospumze, yspokyjyhu ga ce pac-
TBOp pasbuje y karbuie [22].

Y nopebemy ca ApyruM TexXHMKama [ielo3M-
Iyje TaHKUX (UIMOBA, CIIpej MUPOIM3a UMa
HEKO/IMKO INPefHOCTH, YK/byuyjyhu mpouec y
OTBOpeHOj aTMocdepy, OTBOPEHY PeaKIUjcKy
KOMODY, IIPUIaTOJ/bUBOCT TOKOM JieNo3u1je
U aKohy mocMmarpama Ipolieca AeIosuliyje.
CacraB QuiIMa MOXe ce IpPUIATOJUTH Bapu-
pambeM IOYeTHUX PAcTBOPA, IITO YMHU CIPE]
HMPO/NIN3Y TOTOJHOM 33 IPOU3BOAIY TYCTUX
U TOpPO3HMX (puIMOBa KpoO3 ONTMMU3AL)Y
pasnmuuntux Bapujabmu penosunuje. OBe
IpoMemMBe YK/bY4yjy TeMIIepaTypy Aelo3u-
1uje, cacTaB M KOHIIEHTpalujy IIPeKypcopa,
TeMIlepaTypy IOJjIore, TUI pacTBapaya, Of-
HOC HOCMBOT raca, Op3uHy IPOTOKa pacTBOpa,
yAa/beHOCT u3Mehy MiasHmie 1 moasore, Kao
u Op3uHY IpOTOKa. [JIlaBHAa NPEegHOCT CIpEj
IUPO/IN3E y OfJHOCY Ha IpyTre MEeTOfie Y TacHOj
¢dasu je weHa CIIOCOOHOCT [a CMHTETHIE BU-
II€EKOMITIOHEHTHE YeCTUIle Ca IIPELM3HO JKebe-
HOM CTEXMOMETPMjOM. Y 3aBUCHOCTHU Of TUIIA
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itself, the method is less sensitive to the select-
ed precursors and solvents. Depending on the
solubility, type, and cost-effectiveness of the
precursor solution, various solvents are used
in spray pyrolysis, typically nitrates, chlorides,
and acetates dissolved in water and alcohol
solvents [21].

Spray pyrolysis techniques can also be classi-
fied based on the type of atomizer used. The
size of the aerosol, which affects the film qual-
ity, is typically determined by the atomization
method. There are three main atomization
methods: electrostatic, air, and ultrasonic.
Techniques using these atomizers are known
as electrostatic spray deposition, spray pyrol-
ysis where the solution is sprayed using pres-
sure, and ultrasonic or regular spray pyrolysis
(USP). Ultrasonic atomization relies on an
electromechanical device that vibrates at high
frequencies and can only atomize Newtonian
fluids with low viscosity that pass over the vi-
brating surface, causing the solution to break
into droplets [22].

Compared to other thin-film deposition tech-
niques, spray pyrolysis has several advantages,
including processing in an open atmosphere,
an open reaction chamber, adaptability during
deposition, and the ease of observing the depo-
sition process. The film composition can be ad-
justed by varying the initial solutions, making
spray pyrolysis suitable for producing dense
and porous films through the optimization of
various deposition variables. These variables
include deposition temperature, precursor
composition and concentration, substrate tem-
perature, solvent type, carrier gas ratio, solu-
tion flow rate, the distance between the nozzle
and the substrate, and the gas flow rate. The
main advantage of spray pyrolysis over other
gas-phase methods is its ability to synthesize
multicomponent particles with precisely de-
sired stoichiometry. Depending on the type of
precursor, substrate temperature, and the dis-
tance between the nozzle and the substrate, the
droplets can either deposit without evapora-
tion or completely decompose before reaching
the substrate, resulting in a process similar to
chemical vapor deposition [23].
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IpeKypcopa, TeMIleparype MOfJIore U yhajbe-
HOCTH M3Melhy MIasHuIle 1 OfIOre, KaIUbyLie
ce MOTY WM TanoXuTy 6e3 ucIapaBama WK
Ce TIOTIIYHO PA3JIOXWUTH Ipuje Hero mwTo goby
JI0 TIOi/IOTe, IITO Pe3YITHpA IPOLeCOM CINY-
HUM XeMUjCKOj TacHOj Aeno3unuju. [23].

360r akor KOHCTpoOMCama Mopdooruje
mpaxoBa fgo6ujennx kopuirhewem USP meTo-
Jie ¥ JOCTYITHOCTY jep TMHMX IIpeKypcopa, oBa
TeXHMKa IpefiCTaB/ba CBeCTPaH 1 MohaH ajar
3a CUHTe3y YeCTHIa Ca KOHTPOIMCAHVIM U YHM-
¢dbopmHMM BenmunHaMa. Vima 3HauajaH MOTeH-
LVjaJl 32 IPOU3BO/Y HAHOIIPAXOBa.

Y USP meTopu, moueTH pacTBOP Ce aTOMU3Yyje
Kako 61 ce popmupao aepocon. OBe aepocon-
He KaIUbJLIe ce IIPeHOCe TOMONhy HOCUBOT Taca,
Koju MoXke 6utu penykyjyhm rac, y Bpyhy ko-
MOPY IZie IpoIa3e Kpo3 CyLIehe, KOHTPAKIN]Y,
NpeUMINTALN]y ¥ CUHTepOBame Kako 01 ce
dopmupane chepre dectnie. Beoma kparko
BpeMe 3aJIp>KaBara, 00MYHO HEKOIVIKO CEKyH-
1M, je 06MYHO JOBOJ/BHO fia ce ocurypa popmu-
pame chepHMX HaHOUYecTHLIA [24].

C

Due to the ease of controlling the morpholo-
gy of powders obtained using the USP method
and the availability of inexpensive precursors,
this technique represents a versatile and pow-
erful tool for synthesizing particles with con-
trolled and uniform sizes. It has significant po-
tential for producing nanopowders.

In the USP method, the initial solution is atom-
ized to form an aerosol. These aerosol droplets
are transported by a carrier gas, which can be
a reducing gas, into a hot chamber where they
undergo drying, contraction, precipitation, and
sintering to form spherical particles. A very
short residence time, usually a few seconds, is
typically sufficient to ensure the formation of
spherical nanoparticles [24].
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Cnuxa 1, Illema USP ouipeme: a) Peiynayuja tipotitioxa iaca; 6) yninpassyunu ieHepaitiop; u) uesHa tieh;
g) 6oue 3a caxyimwaree; e) ynas iaca; ¢) usnas iaca [24]

Figure 1, Schematic of USP Equipment: a) Gas flow control; b) Ultrasonic generator; c) Tubular furnace;
d) Collection bottles; ) Gas inlet; f) Gas outlet [24]

Hekonuko crynmja ce dokycupano Ha obpa-
Iy GUHMX IpaxoBa KopucTehy TeXHUKY CIIpej
HUpOJN3e, jep OHAa MOXKe ITPOM3BECTU BUCO-
KO 4YJCTe ¥ HearJioMepyicaHe HaHOYeCTHIe ca
XOMOTE€HUM XeMMjCKUM cacTaBoM. TokoM mo-
CTYIIKa, TTOYETHU IIPEKypCop ce aToMusyje y
KaIUbuIle, Koje ce 3aTUM IIPeHOCe TacoM Kpo3
neh 3a kanyHanyjy. Ca 0BMX KaIUbUIIA pacTa-
pad ucrapaBa, J0/asy O Hpelunuranyuje u

Several studies have focused on processing fine
powders using the spray pyrolysis technique, as
it can produce highly pure and non-agglomer-
ated nanoparticles with homogeneous chemi-
cal composition. During the process, the initial
precursor is atomized into droplets, which are
then transported by gas through a calcination
furnace. The solvent from these droplets evap-
orates, leading to precipitation and drying. The
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cymema. OcyllleHe YecTuIle pearyjy ca BOHO-
HJMKOM I JI0/Ia3! [I0 HaCTaHKa QMHNX YeCcTHIa
TUTAHUjyM MOKcuaa. [25].

VcTpakyuBadn Cy MOKa3asii Ja je KpUTUYIHY T1a-
pamerap y npunpemu GpuHNX, chepHIX YecTuIa
fla ce HpeLMIMTUpaHa cO He fedopMuIle VI
TOIY TOKOM Tpejarba, jep TO MOXKe [JOBECTI 10
dopmupara HUCKOIPOIyCHUX oMoTada. OBaj
npo6reM y3pokyje 3apob/paBare pacTBapada
yHyTap jesrpa Kalubyija, Ito cTeapa Behu npu-
TICAK jep ce pacTBapay He MOXKe JIAKO MCIIAPUTH
u3 omotaya. Kao pesynrar Tora, Ha OMOTauMMa
ce hopMuMpajy MyKOTHHE, LITO TOBOAM /IO CTBA-
pama CeKyH[IApHMX KaIUBMI[A M C/IOM/BEHUX
OMOTaua, ILITO Pe3y/ITHpa YeCTHUI[aMa HelIPaBII-
HoT 00/1MKa. JJOKa3aHo je a BUCOKA pacTBOP/bI-
BOCT COJIY HIje HEOIIXOfHA 3a GOopMupatbe YHI-
($OpMHUX 1 YBPCTHX YecTHLa [26].

Y oBoM pany 6uhe npukasaTu fobujame HaHO-
IpaxoBa TUTaH-OKCU/iAa HAKOH PefyKIiije 0Cy-
ILIEHOT L[PBEHOT My/ba Ca YI/bEHNMKOM, JIy)Kera
II/baKe Ca CYMIIOPHOM KMCE/IVHOM, U YATpa3-
BYLIHOT pacIplinBaimba TUTAHOKCUCYIdaTa y
arMocdepu BOJOHMKA, TIpK deMy mpednirha-
Bale PacTBOpa HAKOH JIy)Kema Libake Hehe
OMTH OMMCaHo.

MATEPUJAJINL 1 METOJIE

KAPBOTEPMMYKA PEAYKLIVJA

IIponec pegykumje ¢ yI/beHUKOM je U3BEMEH Y
enexTpony4yHoj nehu. Tpu kumorpama LpBeHor
Myba cacraBa (Tabena 1.) n 10 g rpadura Ha
100 g upBeHOT My/ba Kao PEAYKLMOHOT areHca
MeIlaHM Cy 1 fofaBann y neh. 360r Bucoke B1-
CKO3HOCTM IlI/baKe HAaKOH pefyKIMje XKele3HNX
OKCMZIa, LI/bAKa je cTBapana neny. Kako 6u ce
CMamIIa BUCKO3HOCT, fofat je CaO kao cpen-
CTBO 3a CHIDKaBame TauKe ToIUbera. Hakon
IIyIberba, 3all04eTa je peaklyja Koja je Tpaja-
na op, 60 MuHyTa, Kako 6u ce omoryhmo ga C
pearyje ca nubakoM. Ha kpajy peakunje, neh
je oTBOpeHa ma 6u ce MeTanHa ¢asa Kebesa
OJIBOjMJIA, OK je II/baKa OCTasa y IOCY/N.
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dried particles react with hydrogen, resulting
in the formation of fine titanium dioxide par-
ticles [25].

Researchers have demonstrated that a critical
parameter in the preparation of fine, spherical
particles is to prevent the precipitated salt from
deforming or melting during heating, as this can
lead to the formation of low-permeability shells.
This issue causes solvent entrapment within
the droplet cores, which creates higher pressure
since the solvent cannot easily evaporate from
the shell. As a result, cracks form on the shells,
leading to the creation of secondary droplets
and broken shells, which result in irregularly
shaped particles. It has been shown that high
salt solubility is not necessary for the formation
of uniform and solid particles [26].

In this work, the production of titanium oxide
nanopowders will be demonstrated after the
reduction of dried red mud with carbon, the
leaching of slag with sulfuric acid, and the ul-
trasonic spraying of titanium oxy-sulfate in a
hydrogen atmosphere. The purification of the
solution after the slag leaching process will not
be described.

MATERIALS AND METHODS

CARBOTHERMAL REDUCTION

The reduction process with carbon was carried
out in an electric arc furnace. Three kilograms
of red mud (composition shown in Table 1)
and 10 g of graphite per 100 g of red mud as
a reducing agent were mixed and added to the
furnace. Due to the high viscosity of the slag af-
ter the reduction of iron oxides, the slag formed
foam. To reduce the viscosity, CaO was added
as a flux to lower the melting point. After load-
ing, the reaction began, lasting 60 minutes, al-
lowing the carbon to react with the slag. At the
end of the reaction, the furnace was opened to
separate the metallic iron phase, while the slag
remained in the container.
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Tabena 1, Cacitias upseHoi myma

Table 1, Composition of Red Mud

Jemumwema Jemumema
% %
Compounds Compounds
Iy6 1000°C
v I/ITa.K.Ha}BeH)eM Ha 81 Ga,0 0.235
Ignition loss at 1000°C }

SiO, 10.38 CuO 0.008
Fe O, 48.29 K0 0.149
Na,0 2.55 TLO, 0.080
TiO, 4.59 MnO 0.155
CaO 8.23 MgO 0.677
ALO, 12.04 NiO 0.044
Ag,0 0.001 PbO 0.018
BaO 0.015 PO, 0.940
Cr,0, 0.134 Zn0O 0.017
S¢,0, 0.012 V.0, 0.125
Co,0, 0.011 SrO 0.073

Y3opuy cy pa3aBojeHV MeXaHMYKM Kopuirhe-
IeM MarHeTHe cenapanuje. [lobujeHn mpous-
Bopu cy aHamusupanu XRD u EDS ananusowm,
kao u SEM ananmmusom. Ha cmunm 2. je mpuka-
3aHa eJIeKTPOJTy4Ha Iteh 3a pefyKuujy LpBeHor
MyJ/ba a) ¥ IPOMU3BOAY pefyKiyje 6).

Samples were separated mechanically using
magnetic separation. The obtained products
were analyzed through XRD and EDS analy-
sis, as well as SEM analysis. Figure 2 shows the
electric arc furnace used for the reduction of
red mud (a) and the reduction products (b).

Cnuxa 2, Enexitiponyuna tieh a) u kapooimiepmanto peqykosanu upeeHu mymw 0)

Figure 2, Electric arc furnace a) and carbothermally reduced red mud b)

JIYJKEILE

ITponec ny>xema OfBMjA0 Ce Y ayTOK/IABY IIOJ,
MOBMILIEHNM IPUTICKOM U TEeMIIEPaTypoM. 3a
TyXeme je KopuimheHa CyMIIOpHa KVCEMHa.
Marepujan 3a mporjec 1yema je IUbaka (pe-

LEACHING

The leaching process took place in an autoclave
under elevated pressure and temperature. Sul-
furic acid was used for leaching. The material
for the leaching process was slag (reduced red
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IyKOBaHNU LpBeHN My/b) JusajH mporeca my-
Kerba TIPMKa3aH je y Tabermn 2.

CBM eKCIepVMEHTH Cy U3BefieHM y naboparo-
pujama IME RWTH. Jly>xeme mbake 06aB/beHO
je y ayroknaBy byun, IlIBajuapcka, Koju je mm-
3ajHMpaH 3a Kuceno myxeme (1.53 L, max mpu-
ticak 200 bar, makc. Temneparypa 270°C), kao
mTo je npukasano Ha Cmunm 3. OBaj excrepu-
MEHTA/IHU CET YK/by4yje TOIIOTHU U3MjerbUBaY
ca TepMOCTaTOM, MUKCep, COHJIe 3a nosehame u
CMaberbe IIPUTUCKA, K0 ¥ MOTYhHOCT y3uMama
y30paka TOKOM pajia. AyTOK/IaB je IOBe3aH ca
pavyyHapOM 1 MOXKe Ce TIOTITYHO KOHTPO/IMCATH
myTeM copTBepa Koju 6elexxy cBe MOofaTKe To-
KOM pajia, a KOju Ce KaCHMje MOTy KOPUCTUTH 3a
o6pany pesynrara. [IpuTicak y oBOM ayTOK/Ia-
By je mpahen nmomohy MaHOMeTpa M JUTMTANI-
HMX ceHsopa. IIpurtucak y cucremy je popmu-
paH nomohy KOMITpMMOBAHOT KyceoHuka (6, 9
bar-a) u mpurncka Bogene nape (ykymso 12-15
bar-a). Xmabemwe ayTokmaBa o6aB/beHO je I1O-
CeOHMM CUCTeMOM 3a XjIahere HaIlpaB/beHNM
y Axeny. bp3una 3arpeBama 6m1a je 10°C/min.
AyTOK/IaB ce MOpa Py4YHO 3aNTMBATU BUjIMIMA
1 TIpe CBaKe oIlepaliyje MOpa Ce M3BPIINTHU TeCT
IPUTHCKA.

mud). The design of the leaching process is
presented in Table 2.

All experiments were conducted in the labo-
ratories of IME RWTH. Leaching of the slag
was performed in a Buchi autoclave, Switzer-
land, designed for acid leaching (1.53 L, max
pressure 200 bar, max temperature 270°C), as
shown in Figure 3. This experimental setup
includes a heat exchanger with a thermostat, a
mixer, pressure increase and decrease probes,
and the ability to take samples during opera-
tion. The autoclave is connected to a computer
and can be fully controlled via software that re-
cords all data during operation, which can later
be used for result processing. The pressure in
this autoclave is monitored by a manometer
and digital sensors. The pressure in the system
was generated by compressed oxygen (6, 9 bars)
and water vapor pressure (a total of 12-15 bars).
The cooling of the autoclave was performed by
a special cooling system made in Aachen. The
heating rate was 10°C/min. The autoclave must
be manually sealed with bolts, and a pressure
test must be performed before each operation.

Cnuka 3, Ayitioknas 3a tipouec nyxeroa

Figure 3, Autoclave for the leaching process

IIporwec myxemwa nparu ¢uarpanyja, Tj. pas-
IBajambe OCTaTaka of pactBopa. PactBop je
ananmsupa nomohy ICP-OES, nox je uBpctu
ocTaTak aHanmsupas momohy EDS u XRD.

16

The leaching process is followed by filtration,
i.e., the separation of the residue from the solu-
tion. The solution was analyzed using ICP-
OES, while the solid residue was analyzed us-
ing EDS and XRD.
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100 rpama 1/baKe je JIY>KEHO IOJ, PasauIuTIM
ycnoBuMa npukasanuM y tabemn 2. Illpaka je
IIPETXOJHO MJ/beBEHA M IIPpOCHjaHa IIpuje my-
xema. Kao mro je mpukasano y Tabemu 2, pas-
JIMYNTY ITapaMeTpy Cy TpaheHu 1 oNTUMM30Ba-
HJ KaKo 0¥ ce MOCTUITIN IITO 60/bM pe3ynTaTu
3a JIy>Xere TUTaHujyMa. EXCIIepuMeHT je 3aro-
9eT I10f] aTMOC(EPCKUM TIPUTUCKOM Ca HUCKOM
KOHLIEHTPAIMjOM KMCENMHE ¥ KPATKMM BpeMe-
HOM peaknuje. Y HapeJHNM eKCIIePUMEHTUMA,
ycnoBy ¢y mnpwiarohasanu mnosehameM KoH-
LEeHTpalyje KUCENNHe, MPONY>KemheM BpeMeHa
peakiuje n noehameM IpPUTICKA KICEOHMKA
KaKo 611 ce Mo6osbIITana ePUKaCHOCT Ty)Kemba.

Tabena 2, JusajH eckilepumeHAaiia 3a iyxerve uibake

Table 2, Experimental design for slag leaching

100 grams of slag were leached under various
conditions shown in the Table 2. The slag was
ground and sieved prior to leaching. As shown
in Table 2, different parameters were monitored
and optimized to achieve the best possible re-
sults for titanium leaching. The experiment
began under atmospheric pressure with a low
acid concentration and a short reaction time.
In subsequent experiments, conditions were
adjusted by increasing the acid concentration,
extending the reaction time, and increasing the
oxygen pressure to improve leaching efficiency.

Temmeparypa |IIputucak knceonnka| Konnenrpanuja xucenae | OgHoc TeyHO:YBpcTO| Bpeme
Exc. Br. . . .o . . .

Exp No Temperature | Pressure of oxygen Acid concentration Liquid:solid ratio Time
Xp O (°C) (mol/dm?) (min)

1 150 0 bar 0,5 10:1 30

2 150 6 bar 0,5 10:1 30

3 150 6 bar 2,5 10:1 60

4 150 6 bar 5 10:1 120

5 180 6 bar 5 10:1 120

6 150 9 bar 5 10:1 120

Haxon mpoleca mykema pacTBOp je Ipedn-
mhen kopuirhemeM COMBEHTHE eKCTpaKIyje KO-
je je obaBuma pupma MEAB CHEMIE Technik
GmBH.

YIITPA3BYYHA CIIPE] IIVIPOJIMI3A

YnTpasBy4Ha crpej nmMponmsa ca pefyKIuujoM
BOJJOHMKOM y OBOM C/Iy4ajy C€ KOPUCTU 3a
CMHTe3y IIpaxoBa Ha 06as3) TUTaHA M3 TUTAH-
oxcucyndara (TiOSO,). CBu excrnepumeHTN
cy usBobhenn y maboparopujama VHcTuyTa 3a
MeTanyprujy y Axeny. Merone xopuithene y
OBMM €KCIIEPMMEHTVMA 3a KapaKTepusauujy
y3opaka cy: XRD ananmusa go6ujeHnux ysopa-
Ka, EDS ananmmusa n SEM anammsa. Ha cunm 4.
je mpukasana onpema 3a USP ca pegykumjom
BOJIOHVIKOM.

After the leaching process, the solution was
purified using solvent extraction performed by
MEAB CHEMIE Technik GmBH.

ULTRASONIC SPRAY PYROLYSIS (USP)

Ultrasonic spray pyrolysis with hydrogen re-
duction is used in this case for the synthesis of
titanium-based powders from titanium oxysul-
fate (TiOSO.). All experiments were conducted
in the laboratories of IME-Institute in Aachen.
The methods used in these experiments for
sample characterization include XRD analy-
sis of the obtained samples, EDS analysis, and
SEM analysis. Figure 4 shows the equipment
for USP with hydrogen reduction.
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Cnuxa 4, Oipema 3a USP ca pegykyujom 60goHuxom

Figure 4, USP Equipment with Hydrogen Reduction

3a excriepuMeHTe KOpuiheH je CMHTeTUYKA TH-
TaHMjYM OKCHCY/I(aT ca MOTTAPHOM KOHIIEHTpa-
mijoM op, 1.5 mol/L. ITpahen je yrtuiaj temme-
paType Ipy KOHCTaHTHO]j (dpekBeHIMju of 1,7
MHz, mTo ce Mo>xe BugjeTH y Tabemu 3.

A synthetic titanium oxysulfate solution with a
molar concentration of 1.5 mol/L was used for
the experiments. The effect of temperature was
monitored at a constant frequency of 1.7 MHz,
as shown in Table 3.

Tabena 3, JusajH exciiepumeHatiia

Table 3. Experimental Design

Exc. Bp. Temmeparypa Bp]f[jeMe KOHueHTpagMja ryCTI/-[Ha paCTBo.pa Onnoc I‘aC.OBa
Exp No. Temperature Time Concentration | Density of solution Gas ratio
(°C) (min) (g/D) (g/) H,/ Ar (L/min)
1 700 180 80 1,15 1:1
2 800 180 80 1,15 1:1
3 900 180 80 1,15 1:1
4 1000 180 240 1,39 1:1

IIpBeHM Mysb, II/baKa, YBPCTY OCTATAK U JO-
OujeHM y30pLy HAaHOIPaXoBa TUTAHUjYM M-
OKCHJIa aHA/IM3VMPAHI CY Ha COOHO]j TeMIIepaTy-
P TEXHMKOM peHAIreHCKe udpakifyje X 3paka
kopuctehn Ultima IV Rigaku gudpaxromerap,
onpemmbeH ca CuKal,2 spauemen, Y3 HaIIOH re-
HepaTopa o 40 kV u ctpyjy reneparopa oz 40
mA. Pacrion o 10-100° 260 je kopuiuTeH 3a ce
y30pKe Ipaxa y pe>kuMy KOHTUHYVMPAHOT CKe-
HMPamba, Ca BEIMYNHOM KOpPaKa CKeHMpParba Off
0,02° 1 6p3mHOM CKeHMpama of 1°/min, Kopu-
crehu D/TeX Ultra gerexkrop. CrakieHy Hocad
je kopmnTeH 3a mpunpeMy ysopaka. Copraep
PDXL2 (Bep. 2.8.4.0) je kopuilTeH 3a eBaya-
1mjy dasHor cacraBa U upeHTUGMKanmjy. Cau
HoOVjeHN IPaxoBU CY UJIEHTU(PUKOBAHU KO-
pucrehy ICDD 6a3sy nogaTaka.
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Red mud, slag, solid residue, and obtained ti-
tanium dioxide nanopowders were analyzed
at room temperature using X-ray diffraction
(XRD) techniques. The samples were ana-
lyzed with a Rigaku Ultima IV diffractometer
equipped with CuKal,2 radiation, with a gen-
erator voltage of 40 kV and a generator current
of 40 mA. A range of 10-100° 20 was used for all
powder samples in continuous scanning mode,
with a step size of 0.02° and a scanning speed
of 1°/min, utilizing a D/TeX Ultra detector. A
glass holder was used for sample preparation.
The PDXL2 software (Ver. 2.8.4.0) was used to
evaluate phase composition and identification,
with all obtained powders identified using the
ICDD database.
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Ckennpajyha eneKTpoHCKa MUKpOCKoONuja
(SEM): SEM ananusa je usBeseHa momohy
JSM 7000F ypebaja xomnanuje JEOL (mopen
u3 2006. rogune, JEOL Ltd., Tokno, Jaman).

Eneprerckn [ycriepsyiBHa peHJIT€HCKA CIIEKTPO-
cxorja (EDS): EDX anamsa je msBepeHa Io-
mohy Octane Plus-A cucrema kommanyje Ametek-
EDAX (mopen us 2015. rogune, AMETEK Inc.,
Berwyn, PA, USA) n ana/msupana kopuihemem
codraepa Genesis V 6.53 od Ametek-EDAX-a.

PE3VIITATU M1 JMICKYCUJA

PenykoBanu ysopuu cy MeXaHNYKIM pasfBoje-
HY KopuurtheweM MarHeTHe cemaparuje. ICP-
OES je xopumheH 3a eeMeHTapHY aHamu3y
11/baKe, ITO je IPUKA3aHO Y CIIMLMA 5.

Scanning Electron Microscopy (SEM): SEM
analysis was performed using a JSM 7000F
device from JEOL (model 2006, JEOL Ltd.,
Tokyo, Japan).

Energy Dispersive X-ray Spectroscopy (EDS):
EDX analysis was conducted using the Octane
Plus-A system by Ametek-EDAX (model 2015,
AMETEK Inc., Berwyn, PA, USA) and ana-
lyzed using Genesis V 6.53 software from Am-
etek-EDAX.

RESULTS AND DISCUSSION

The reduced samples were mechanically sepa-
rated using magnetic separation. ICP-OES was
used for the elemental analysis of the slag, as
shown in Figure 5.

Carbothermal reduction

Fe

10
| 5 ul B []
0 [ ]

Ti Si Al Ea

mRed Mud mSlag

Cnuxka 5, Enemeniiiapna ananusa kapOoiiepmanto pegykosame uioae
y tiopeherwy ca upseHum mymem

Figure 5, Elemental Analysis of Carbothermally Reduced Slag
Compared to the Red Mud

OsBa c/mmKa mpukasyje KOHIeHTpaujy (y Mace-
HJM TIPOLIEHTMMA Wt%) PasIM4IuTuX efleMeHa-
Ta—xerpesa (Fe), Tutannjyma (Ti), cummmmjy-
Ma (Si), amymmanjyma (Al) n kammjyma (Ca) y
IIUBAIIY HAKOH KapOoTepMaHe pefyKIje y mo-
pebemy ca moveTHNM KOMMYMHAMA Y I[PBEHOM
MyJby. Bricoka KOHILIeHTpanmja Ka/lyjyMa, Koja
nocTipke rotoBo 30%, ogpakaBa JofaBambe Kajl-
IUjyM OKCHJIa KaO CPEMICTBA 32 TOIbEEhE TOKOM
nporeca. Y mopehemy ¢ OpurnHaIHIM LPBEHNM
My/beM, KOjU je CafipyKao 3aHeMap/buBe KOJu-
YyyHe Ka/lyjyMa, yBobeme KamujyM OKCH7
3HauajHO ToBehaBa HEroBy KOHIIEHTpALMjy Y

This figure shows the concentration (in weight
percent wt%) of various elements—iron (Fe),
titanium (Ti), silicon (Si), aluminum (Al), and
calcium (Ca) in the slag after carbothermal
reduction compared to the initial content in
red mud. The high concentration of calcium,
reaching nearly 30%, reflects the addition of
CaO as a fluxing agent during the process. In
comparison to the original red mud, which
contained negligible amounts of calcium, the
introduction of CaO significantly increases its
concentration in the reduced slag. Aluminum
also shows a higher concentration, slightly
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PpenyKoBaHOj HubaLy. AJTyMMHMjyM Takobe mo-
Kasyje Behy KoHIleHTpauujy, Hemro nsHazg 20%.
KoHueHTpammja xe/be3a cMamyje ce Ha u3Mehy
10% 1 15%, mro yKasyje Ha penyKLujy >Ke/bes-
HYX okcuaa. CHIMIVYM U TUTaHMjyM, 06 TIpu-
CyTHa Y HIDKVM KOHILieHTpanmjama (ucrop 10%),
TIOKa3yjy KakKo Cy oM enieMeHTV1 oborahenn y on-
HOCY Ha [TI0YeTHM LIPBEHY MY/b.

1- Hematite

700 4 2- Perovskite
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4- Goethite
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above 20%. The concentration of iron decreases
to between 10% and 15%, indicating the reduc-
tion of iron oxides. Silicon and titanium, both
present in lower concentrations (below 10%),
demonstrate how these elements are enriched
compared to the initial red mud.
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Cnuxa 6, [Jugpaxinoipamu upeeroi myma u uimake pegykosare Ha 1600 °C
Figure 6, Diffractograms of Red Mud and Slag Reduced at 1600 °C

Pesynratn pennrencke audpaxuyje (XRD) kap-
60TepMaTHO pPETYKOBAHOT IPBEHOT MYy/ba
(cmmxa 6.), KOju je OpUTMHATHO CajpyKaBao
XeMaTuT, 6eMIT, A1aCIOP, WIMEHNT, IEPOBCKUT,
KBapIl 1 Jpyre MUHepase, OTKPUBAjy 3HayajHe
Tpancopmanyje. Y moderky, XRD nmkosn
LIPBEHOI MYy/ba IIOKa3yjy jacHe BpPXOBE KOju
ofiroBapajy oBuM aszama, Ipy 4eMy je XeMaTHUT
IJIaBHA KOMIIOHEHTa 300 BICOKOT Cajp>kaja
xebesa. Pase Koje cafipke alyMUHUjYM,
nomyT 6eMmTa M AMACIOpa, Kao M MMHepanmm
KOjM cafip)Ke TUTAHUjyM, HONYT WIMEHUTA U
IIePOBCKNUTA, JONPMHOCe 00paciy, 3ajefHo C
KBapILOM, KOju je yoOudajeHa cumkaTHa ¢asa.

Hakon kap6oTepMasmHOr IIpoleca pemykiuje,
XRD pesynrarty IpuKasyjy OTIIYHO ApyTaduju
cactaB (asa. XeMaTWUT, DOMUHAHTHM OKCHUJ
JKerbe3a, BUIIE HUje IIPUCYTaH, IITO yKasyje Ha
IETOBY IIOTIIYHY PefyKLMjy. YMeCTO TOra, pe-
IYKIVIOHU TIPOLIeC je J0Beo o hopMupama ise
pasmmunTe Qase: MeTanHe (ase cacTaBbeHe
yrnaBHoM of xernesa (Fe) n nypake. XRD nuko-
BII IIJbaKe OTKPMBAjy IMPUCYCTBO IIEPOBCKUTA,
KOjI je 0CTao TOTOBO HEIPOMEMEH, 33j€HO ca
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The X-ray diffraction (XRD) results of
carbothermally reduced red mud (Figure 6),
which originally contained hematite, boehmite,
diaspore, ilmenite, perovskite, quartz, and other
minerals, reveal significant transformations.
Initially, the XRD peaks of the red mud show
clear peaks corresponding to these phases,
with hematite being the main component due
to its high iron content. Phases containing
aluminum, such as boehmite and diaspore,
as well as titanium-containing minerals, such
as ilmenite and perovskite, contribute to the
pattern, along with quartz, which is a common
silicate phase.

After the carbothermal reduction process, the
XRD results display a completely different
phase composition. Hematite, the dominant
iron oxide, is no longer present, indicating its
complete reduction. Instead, the reduction
process has led to the formation of two differ-
ent phases: a metallic phase mainly composed
of iron (Fe) and slag. The XRD peaks of the
slag reveal the presence of perovskite, which re-
mains almost unchanged, alongside the forma-
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dbopMupameM TeleHWUTa, KaJLujyM-alTyMu-
HMjyM CM/IMKATa KOjU BjepOBaTHO HacTaje M3
MHTepaKIMje IJIMHNIIE Ca CHIMIYjYMOM TOKOM
penykuuje. JlogatHo, IpUCyTaH je Maau y#eo
MarHeTuTa, IITO YKasyje Ha TO Jia Huje CBO >Ke-
J1e30 pefyKOBaHO o MeTasHe (ase.

IlepoBCcKUT OCTaje MPUCYTaH, IITO YKa3yje Ha
TO Ja TUTAaHUjYMOBA jelUibeba He IOfIMje-
XKy TIpoliecy pefyKuuje, JOK I0jaBa TeleHNUTa
ofipaykaBa CIO>KeHe peakiyje usMely pasmmunm-
TUX OKCHJA y LJPBEHOM MYy/by TOKOM IIpolieca
peflyKiluje Ha BUCOKMM TeMIIepaTypama.

Csey cBemy, XRD pesynTatu npukasyjy TpaHc-
(dbopManujy IpBEHOT My/ba U3 CTIOXKEHe Mjella-
BJHE OKCUJIA ¥ CU/IMKATA y CUCTEM Y KOjeM JIo-
MIHMPA METAJTHO Kele30 U LUbaKa, Py 4eMy
Cy IIEPOBCKMIT U TeJICHUT I7IaBHe ase, y3 Marbu
YAMO MarHeTUTA.

y APYroM feny, /baKa 13 OBOT [i€/1a C€ IIOABP-
raBa ce IIpouecy ny>Kema.

JIYJKEILE IIIJBAKE

Ha ¢ 7. mpukasase cy pasmranTe epuKacHo-
CTV Ty>KeHba Y 3aBYCHOCTH Of Pa3IMUUTHX YCTIOBa
eKcIepyMeHaTa fAedyHcaHnx y Taberm 2.

100

tion of gehlenite, a calcium-aluminum silicate
likely formed from the interaction of alumina
with silicon during reduction. Additionally,
a small amount of magnetite is present, indi-
cating that not all iron has been reduced to the
metallic phase.

Perovskite remains present, suggesting that
titanium compounds do not undergo the
reduction process, while the appearance of
gehlenite reflects complex reactions between
various oxides in the red mud during the high-
temperature reduction process.

Overall, the XRD results shows the transfor-
mation of red mud from a complex mixture
of oxides and silicates to a system dominated
by metallic iron and slag, with perovskite and
gehlenite being the main phases, along with a
smaller fraction of magnetite.

In the second part, the slag from this section
undergoes the leaching process.

LEACHING OF SLAG

Figure 7 shows different leaching efficiencies
depending on the various experimental condi-
tions defined in Table 2.

—8— Fe
80

—o—Ti
—A— Al
—v—Si

60

/

40

Leaching efficiency (%)

20

3

4 5 6

Exp. No.

Cnuxka 7, EdpukacHoctii nyxeroa 3a pasnuquitie apameiipe
(150°C, 6-9bar O,, 0.5-5 mol/l H,SO,)
Figure 7, Leaching Efficiency for different parameters
(150°C, 6-9 bar O,, 0.5-5 mol/l H,SO,)

[ITo ce TmM4e mpBa TpU €KCHEPUMEHTA jaCHO
jé la OBM IapaMeTpy HUCY JOBO/bHU 32 afleK-
BaTHO JIy)Kere TUTaHUjyMOBUX jefumbema. Ca
nosehameM TemIeparype, KoHIeHTpanuja Al
n Fe pacre, ann xonuentpanuja Ti sHavyajHO

Regarding the first three experiments, it is clear
that these parameters are insufficient for ade-
quate leaching of titanium compounds. As the
temperature increases, the concentrations of Al
and Fe rise, but the concentration of Ti signifi-
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omaza. MehyTum, ca nosehamem nputncka kn-
ceoHMKa ca 6 Ha 9 bar-a, gonasu Ko 3HaYajHOr
nosehamwa edukacHocTn myxemwa Ti. Beoma po-
Opu pesynTaTy fOOMjeHU Cy PV NPUTUCKY KN-
ceoHuka of 9 bar-a, rje je epukacHoOCT my>kema
tuTaHujyma 97.5%. To 3Haum fa je mpmTmcax
KICEOHNKA K/bYYHM ITapaMeTap e(dUKaCHOCTU
TyXewa TuTaHujyma. Ilopen turannjyma, edu-
KacHOCT JTy>Kera rBo>kba 1 amymMuHmjyma je ta-
kobe Beoma Brucoka. IlITo ce Tnye cunmuumjyma,
y ClIy4ajy BUCOKe TeMIlepaType, KOHIIeHTpalyje
KJICE/IMHE ¥ BUCOKOT IIPUTHCKA, KONMYMHA W3-
TY>KEHOT CMIMLMjyMa je BpJIO Maja, TaKo Jia
HeMa Ipo6yeMa ca 06pa3oBameM rea.

YJIITPACOHMYHA CIIPE] ITMPOJINI3A

VcrpaxuBanu cy edexTu TemIeparype Ha
pasaM4nTe mapamMeTpe, Kao LITO Cy BeMMYMHA
JecTuila, Moposoruja 1 cactaB HoOMjeHMx
IpaxoBa Ha 06a3y TUTaHa, JOK Cy APYIH Iapa-
METPU OfIp>)KaBaHV KOHCTAHTHUM, IITO je npu-
KasaHo y Tabemn 2.
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cantly decreases. However, with the increase
in oxygen pressure from 6 to 9 bars, there is
a significant increase in the leaching efficien-
cy of Ti. Very good results were obtained at an
oxygen pressure of 9 bars, where the leaching
efficiency of titanium is 97,5%. This indicates
that oxygen pressure is a key parameter for the
leaching efficiency of titanium. In addition to
titanium, the leaching efficiencies of iron and
aluminum are also very high. As for silicon,
under conditions of high temperature, acid
concentration, and high pressure, the amount
of leached silicon is very small, so there are no
issues with gelation.

ULTRASONIC SPRAY PYROLYSIS

The effects of temperature on various param-
eters, such as particle size, morphology, and
composition of the produced titanium-based
powders, were investigated while other pa-
rameters remained constant, as shown in Ta-
ble 2.
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Cnuxa 8, EDS gujaipam 3a wecttiuye gobujere tipu a) 700 °C, b) 800 °C, ¢) 900 °C i d) 1000 °C
Figure 8, EDS Diagram for Particles Obtained at a) 700 °C, b) 800 °C, c) 900 °C, and d) 1000 °C

Ha ocnoBy EDS ananmsa, eBujieHTHO je fa
IPOM3BOAYU HOOMjeHV IO OBMM YCIOBMMA
IpeTe>XXHO cafpxe crexujomerpujcku TiO,.
YTunaj temMneparype Ha IpoLieC CMHTE3E je
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Based on EDS analyses, it is evident that the
products obtained under these conditions pre-
dominantly contain stoichiometric TiO,. The
impact of temperature on the synthesis pro-
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noce6HO 3HayajaH; KaKO TeMIlepaTypa pac-
Te, HONIa3!U [0 3HAYajHOT CMambema caapiaja
cymmopa yHyTap ysopaka. OBO cMameme
CyMIIOpa MOXKE Ce HPUIINCATU HOTIyHUjeM
pasyiaramy U pefyKLUMju NpeKypcopa THUTa-
Hujym okcucyndara (TiOSO4) npm Bumum
TeMIepaTypaMa, IITO yKasyje Ha ImobosblIa-
HY e(UKaCHOCT peaklyje ¥ 4ucTohy mpous-
BemeHor Ti0,.

[Tpuxasann Bpx Ha npubmokHO 1.5 keV y EDS
CHEKTPY MAeHTUUKOBAH je Kao HOcad KOpH-
utheH TOKOM mpunpeMe ysopka. To morspbyje
fila BPX Huje IOBe3aH ca Hedrncrohama yHyTap
CHHTeTM30BAaHOT IIpOuM3BOAa, Beh je NIPORYKT
AQHAIMTIYKOT IIPOLieca.

Iloper EDS ananuse, usBplieHe Cy aHalIu-
3e cKeHupajyhe eneKTpoHCKe MUKpOCKomuje
(SEM), a pesynratu Ccy IpMKa3aHU Ha CIIUIMN
9. 3a pasnmuunte Temneparype. SEM aHanmse
IpY>XXajy fieTa/baH yBUJ Y MOP(OJIONIKe Kapak-
TepucTuKe cuHTeTn3oBaHux TiO, yectuna.

Mag= 500K X —
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cess is particularly significant; as the tempera-
ture increases, there is a substantial reduction
in the sulfur content within the samples. This
reduction in sulfur can be attributed to the
more complete decomposition and reduction
of the titanium oxysulfate (TiOSO,) precursor
at higher temperatures, indicating improved
reaction efficiency and purity of the produced
TiO,.

The peak observed at approximately 1.5
keV in the EDS spectrum was identified as a
carrier used during the sample preparation.
This confirms that the peak is not related to
impurities within the synthesized product but
is a product of the analytical process.

In addition to the EDS findings, scanning
electron microscopy (SEM) analyses were
performed, with the results shown in Figure
9 for different temperatures. SEM analyses
provide detailed insight into the morphological
characteristics of the synthesized TiO, particles.
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Cnuxa 9, SEM ananusa y3opaka 3a pasnuvuiiium emiiepaillypama
a) 700 °C, 6) 800 °C, u) 900 °C u g) 1000 °C
Figure 9, SEM Analysis of Samples at Different Temperatures
a) 700 °C, b) 800 °C, ¢) 900 °C, and d) 1000 °C
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Kao 1mTo je moMeHyTO y YBOAY, TeXHUKA Y/IT-
pasByuHor pacnpumsama (USP) je moce6HO
euKacHa y IPOU3BOABY CHPEpUYHNX YeCTH-
na. ¥ oBoj cTyauju, kopuitheH je mpexypcop
TiOSO,4, Koju mpomasyu Kpo3 TepMUUKY [ie-
KOMIIO3MLIMjy Ha IOBUIIEHVM TeMIepaTypa-
Ma y arMocdepu BOJOHMKA, IITO IOBOAM JIO
¢dopMupama HaHOIPAaXOBa TUTAHWUjyM MAMOK-
cupa. AHanM3a pacrofiefie BeM4MHe 4eCTuIa
OTKpMBA jacaH TPeHJ: KaKo ce TeMIlepaTypa
nosehaBa, BemuMHa YeCcTHIA JOCTENHO OIIa-
ma. OBa mocMarpama notBhyje aHamm3sa cke-
H1pajyhe enexkrponcke Mukpockonuje (SEM),
IpUKa3aHa Ha cunu 9, raje ce moTsphyije fa cy
JecTuIie motnyHo chepnyne. [Topey tora gara
CIMKa MIPY’Ka fleTa/baH Iperyes IpevyHnKa ye-
ctuia, npukasyjyhu epukacuoct USP npore-
ca y reHepucamy QUHUX, cHepUYHUX HAHO-
npaxoBa. Kopemanmja msmeby rtemmepaType
Y Be/IMYMHE YeCTUI[A HaITIAIlaBa CIOCOOHOCT
OB€ METOfIe J]a IPOM3BO/Y BYICOKOKBA/UTETHE
HAaHOIIPaXOBe.

36upHo, kombuHOBaHe aHanmu3e EDS n SEM
HaIJIAlIaBajy K/bY4HYy Y/IOTy TeMIeparype y
oppehuBamy Kako KOMIO3MLMOHUX, TaKO U
MOpQOJIOIIKNX CBOjcTaBa HAHOIIpaxa TUTA-
HVjyM JIMOKCU/]a CUHTETM30BAaHOT OBOM METO-
moM. OBa casHama he mocimy>xntu Kkao ocHOBa
3a [ja/by ONTMMM3ALMjy IlapaMeTapa CUHTe3e
Kako 61 ce mocturiy BucokoksammrerHu TiO,
HaHOMaTepujanu npunarohenn cnenupuaHNM
VHYCTPYjCKUM U TeXHOJIOMIKVM IIpYIMEHaMa.

As mentioned in the introduction, the ultra-
sonic spray pyrolysis (USP) technique is par-
ticularly effective in producing spherical par-
ticles. In this study, the TiOSO, precursor was
used, which undergoes thermal decomposition
at elevated temperatures in a hydrogen atmo-
sphere, resulting in the formation of titanium
dioxide nanopowders. Particle size distribution
analysis reveals a clear trend: as the tempera-
ture increases, the particle size consistently de-
creases. This observation is confirmed by the
scanning electron microscopy (SEM) analysis
shown in Figure 9, which verifies that the par-
ticles are completely spherical. Furthermore,
the provided image offers a detailed overview
of the particle diameters, demonstrating the
effectiveness of the USP process in generating
tine, spherical nanopowders. The correlation
between temperature and particle size empha-
sizes the capability of this method to produce
high-quality nanopowders.

Overall, the combined EDS and SEM analy-
ses highlight the crucial role of temperature
in determining both the compositional and
morphological properties of the titanium diox-
ide nanopowders synthesized by this method.
These insights will serve as a foundation for
further optimization of synthesis parameters
to achieve high-quality TiO, nanomaterials tai-
lored for specific industrial and technological
applications.
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Figure 10, Average Particle Diameter as a function of temperature
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Haxon pmera/pHe aHanmmse pesynTaTa IpyuKasa-
HUX Ha C/IMIY, OYUITIE[HO je 1a CPeMbY Ipey-
HVK 4YeCTHIja JOC/TeqHO omajja ca nosehamem
TeMIeparype. 3alla>keHo je /ja Ha IOBYIIEHUM
temneparypama of 900°C n 1000°C mpouec
epuxacHo mpousBomu (uHe, YHUPOPMHO
chepHe HAHOYECTHUIIE TUTAHUjYM JVOKCUAA.
OBaj TpeHp cyrepuiile fia BUIIe ITOBMIIEHA
TeMIeparypa IMoAcTide (OopMUpame MABUX
YeCTHIIA, IITO JOBOAM 1O (OpMuparma HaHO-
Ipaxa ca Ho60JbIIAHNM CBOjCTBMMA.

After a detailed analysis of the results presented
in the figure, it is clear that the average particle
diameter consistently decreases with increasing
temperature. It was observed that at elevated
temperatures of 900°C and 1000°C, the process
effectively produces fine, uniformly spheri-
cal titanium dioxide nanoparticles. This trend
suggests that higher temperatures promote the
formation of smaller particles, leading to the
generation of nanopowders with enhanced
properties.
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Cnuxa 11, XRD pesyniniainiu uecitiuya a) 1000 °C, 6) 700 °C
Figure 11, XRD Results of Particles a) 1000 °C, b) 700 °C

Y ysopky Ha Temmeparypu 1000 °C (Cnmxa
11a), mpucyTHe cy 06je dase 1 py T 1 aHaTaC.
[TpucyTHOCT pyTnma ykasyje Ha TO Jja BMIIA
TeMIlepaTypa noacTinde Gopmupame oBe Tep-
MOMHAMMYKY cTabuiHe ¢ase. AHarac, MeTa-
crabuaHa asa TMTAHUjyM AMOKCHAA, TaKobe
OCTaje MPUCYTaH, HITO Cyrepuile Ja YCIOBU
¢daBopusyjy gjenummudHy TpaHchopmanujy y
pyTun 6e3 moTIyHe KOHBep3lje.

In the sample at a temperature of 1000°C (Fig-
ure 11a), both phases, rutile and anatase, are
present. The presence of rutile indicates that
higher temperatures encourage the formation
of this thermodynamically stable phase. Ana-
tase, a metastable phase of titanium dioxide,
also remains present, suggesting that the con-
ditions favor partial transformation to rutile
without complete conversion.
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Hacynpot Tome, XRD o6pasan 3a y3opak ca
temneparypom og 700°C (Cnuka 116), mokasyje
IPUCYCTBO CaMO aHaTac ¢a3e 1 M3BECHOT aMOp-
¢duor Marepujama. OfcycTBO pyTmna 1 IIpu-
CyCTBO aMOp(HOI cafpskaja yKasyjy Ha TO Ja
HIDKA TeMIlepaTypa HHje I0BO/bHA Jia IOfICTAK-
He IOTIYHY KpUCTaMM3auujy u ¢asHy TpaHc-
¢dbopmanyjy koja ce 06MYHO jaB/ba Ha BUIIUM
Temneparypama. AmopdHa uHTepdepeHUUja
Ha XRD cmmum cyrepuile fa caB Marepujan
HMje KPUCTaMM30BaH, IITO MOXKe OUTHU ToCIe-
IMIa HIDKe eHepruje focTynHe Ha 700°C, mTo
TOBOMIM JIO HETIOTIIYHOT CTPYKTYPHOT pa3Boja.

3AK/bYYAK

ITporec kap6oTepManHe pemyKiyuje LPBEHOT
MYyJba JOBEO je 1O 3HaYajHuX IIPOMjeHa Y MUHe-
paTHOM cacTaBy, U Y€MY je JOMIHAHTHY OK-
CIJL >Ke/be3a, XeMaTUT, 610 y MMOTIYHOCTH pe-
IYKOBaH, IITO je pe3ynTupano GopmupameM
MmeTtanHe (paze n mybake. XRD aHanmmsa moka-
3a7a je ma cy raaBHe ¢ase y IUbALM ITOCTase
IIEPOBCKUT U T'€I€HNUT, JOK CY J)K€/bE€3HM OKCUAN
y BEJIUKOj Mepu TpaHC(HOPMICAHU Yy METATHO
xepe30. OBaj Kopak je 610 K/by4aH 3a Jajbu
IpoleC Ipepaje.

Y mporecy nyxkema, HajBuma eduKacHOCT
IOCTUTHYTA je TPV BUCOKOM IIPUTHUCKY KH-
CEeOHNKa, NPV 4YeMy je ePMKACHOCT Iy)Kermba
TuTaHujyma pocturna 97.5%. OBu pesynraTu
yKasyjy ia Cy IPUTUCAK U TeMIepaTypa K/by4-
HJ TapaMeTPU 32 ONTUMMU3ALUjY Ty>KeHba, IOK
Cy HUCKE KOHIIEHTpalije M3/Iy>KeHOT CU/IN-
LMjymMa CIpednsie 1ojaBy rejanuje, mro onak-
1IaBa gaby oOpany.

YnTpasBy4Ha Clipej IMpo/u3a je moKasasa Be-
NIMKY epUKACHOCT y IPON3BOAIBY CPepUIHNX
HAHOIIPAX0Ba TUTAHNUjYM JUOKCHU/IA, Ca jACHOM
KOpenanujoM n3Meby Temmeparype ¥ Benmu-
yyHe 4vecTuna. IIpy BummuM TeMmeparypama
(900°C u 1000°C) mobujeHu cy mpaxoBu ca
AOMMHAaHTHOM PYTU/IHOM (l)aSOM, OK Cy HIKE
TeMIlepaType pe3ylaTupasne IPUCYCTBOM aHa-
tac ¢ase u oppeheHoM KommurHOM amMopdHOr
Martepyjana. SEM aHammsa moTBppuia je ga
Cy HAaHOIIPAXOBY XOMOTeH! U CPepUIHN, LITO
yKasyje Ha yCHEeLTHOCT MeTOfie y CUHTe3! BU-
COKOKBA/INTETHUX HAHOMATepMjaa.
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In contrast, the XRD pattern for the sample
at 700°C (Figure 11b) shows the presence of
only the anatase phase and some amorphous
material. The absence of rutile and the pres-
ence of amorphous content indicate that the
lower temperature is insufficient to promote
complete crystallization and the phase trans-
formation typically occurring at higher tem-
peratures. The amorphous interference in the
XRD image suggests that not all material is
crystallized, which may be due to the lower
energy available at 700°C, leading to incom-
plete structural development.

CONCLUSION

The carbothermal reduction process of red
mud led to significant changes in the mineral
composition, with the dominant iron oxide,
hematite, being completely reduced, resulting
in the formation of a metallic phase and slag.
XRD analysis showed that the main phases
in the slag became perovskite and gehlenite,
while iron oxides were largely transformed into
metallic iron. This step was crucial for further
processing.

In the leaching process, the highest efficiency
was achieved at high oxygen pressure, with
titanium leaching efficiency reaching 97,5%.
These results indicate that pressure and
temperature are key parameters for optimizing
leaching, while low concentrations of leached
silicon prevented the occurrence of gelation,
facilitating further processing.

Ultrasonic spray pyrolysis demonstrated high
efficiency in producing spherical titanium
dioxide nanopowders, with a clear correlation
between temperature and particle size. At
higher temperatures (900°C and 1000°C),
powders with a dominant rutile phase were
obtained, while lower temperatures resulted
in the presence of the anatase phase and a
certain amount of amorphous material. SEM
analysis confirmed that the nanopowders were
homogeneous and spherical, indicating the
success of the method in synthesizing high-
quality nanomaterials.
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OnTumusanyja mapamerapa cBakor Ipolieca,
Ofl pefyKlMje U JIy>Kemwa 10 NUPO/N3e, Urpa
K/bYy4HY Y/IOTY Y IIOCTH3amby BUCOKe edukac-
HOCTM U KBa/lMTeTa Kpajmer npouspopa. Osa
MeTofja He caMo Jja oMoryhasa IOTIIyHY BaJo-
pu3anyjy LpBeHOTr My/ba, Beh ¥Ma U 3HavajaH
IOTEHIMja/l 3a CKanuMpame M MHAYCTPUjCKY
IpuMjeHy, JonpuHocehn Tako cMamemy eKo-
jomkor ontepehema Koje IpBeHN MyJb IIpefi-
CTaBba.
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