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Abstract. This paper presents the results of a study of the strengthening of iron ore raw materials obtained by oxidative
roasting of granules and pellets using gaseous fuel and agglomeration with combustion of solid fuel in the agglomeration layer.
Differences in the mechanisms of mineral formation of granules, pellets and agglomerates appear at the stage of liquid-phase
strengthening and are due to the different role of iron in forming the strengthening melt. At the same time, in the agglomerate,
granules and pellets, iron is in different valence states, affecting the processes' features. Iron can be in a trivalent state in the
iron-silicate melt of granules and pellets and is not a silicate-forming component of the charge. The silicate compositions of the
binders in the entire studied range of basicities (0.3-1.5) are located along the line of the CaO—SiO, connection, which is de-
termined using the phase diagram of the CaO-Fe;03;—SiO, system. During agglomeration, the silicon-containing melt is
formed under conditions of excess FeO, which directs the process of mineral formation during the creation of the iron-silicate
binder of the agglomerate. Under standard agglomeration conditions, silicate binders with a basicity of 1.0-1.5 are formed in
the olivine field of the CaO-FeO-SiO; phase diagram, covering a wide range of compositions. The processes of mineral for-
mation in batches, by hardened methods, both during the firing of granules, pellets, and during agglomeration, have shown that
changing the oxidation potential of the gas phase is an effective lever on the path not only to improving the properties of fer-
rous sand - a waste product of alumina production, but also to creating both new binders and new types of iron ore raw materi-
als suitable for smelting ferrosilicon.
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1. Introduction To date, various works on red mud processing have been
presented worldwide. However, not all studies conducted are
of interest from the metallurgical engineering perspective.
Many red mud processing technologies are distinguished by
the high cost of implementing the presented studies, and
most of them are accompanied by complex and multi-stage
processing. Red mud, by its composition, can be used in
various areas of industry. The work [9] presents multiple
options for using red mud in different sectors. The presented
studies consider pyrometallurgical, hydrometallurgical meth-
ods, direct use of red mud, and catalysts in the chemical
industry. For example, in [10], the processing of red mud is
approached critically. In [11], it is proposed to use red mud
as a filter for water purification. In [12], it is proposed to
subject red mud to pyrometallurgical processing and use it as
a building material.

At JSC Aluminum of Kazakhstan, about one million tons of
waste sludge accumulates yearly in waste dumps. A significant
part of the waste sludge is considered substandard and used only
in highway construction as bulk material. As is known, the
bauxite deposits of Kazakhstan are distinguished by a large
amount of iron and silicon. Therefore, ferrous sands with a

Alumina is known to be produced from bauxite using the
Bayer sintering method [1]. These methods produce a large
amount of sludge. One of these sludges is called waste (red)
sludge. According to sources [2, 3], 0.9 to 1.5 tons of red
mud are produced from bauxite for every ton of alumina. To
date, red mud has no further use and is stored in sludge
fields. The latter occupy vast territories and cause enormous
harm to the environment. Such sludge fields occupy 10 to 50
hectares and store millions of tons of waste [4].

Some sources report that between 2.0 billion [5] and 4.0
billion tons of alumina production waste [6] have accumulat-
ed worldwide, and vast amounts of money are spent on main-
taining such sludge storage facilities. According to [7] alone,
the Ural alumina refineries in Russia have accumulated 100-
300 million tons of waste.

Alumina production sludge contains a high amount of al-
kali and therefore poses a danger to the environment. The
disaster in Hungary in 2010 (Kolontar) is well known. As a
result of a dam break, about 700 thousand tons of sludge
were released. People and wildlife suffered, and houses were
destroyed [8].
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Fe,0; content of 50-65% are separated at the first stage of baux-
ite processing by the leaching method. These ferrous sands are
sent according to the general scheme to sludge fields and do not
find further use. As a result, together with the remains of red and
gray sludge, ferrous sands lose their value as iron ore material,
mixing with other sludges.

Regarding iron oxide, approximately 10 million tons are al-
ready irretrievably lost. Let's consider the iron content in ferrous
sands, which are sent to the sludge field in approximately 500
thousand tons per year, as substandard material. This situation is
only in Kazakhstan. And according to [13], over 2.7 billion tons
of bauxite waste have accumulated worldwide, increasing by
120 million tons annually. However, due to their physical and
chemical properties, ferrous sands are suitable for inclusion in
metallurgical processing. From this material, it is possible to
obtain granules, pellets and agglomerates for use in producing
ferrosilicon and other alloys (cast iron and steel). For example,
in ferrosilicon production, the obtained granules are quite suita-
ble as a substitute for iron shavings.

When using waste for smelting metals and alloys, two prob-
lems are solved: including accumulated waste in metallurgical
processing in the form of a semi-finished product and reducing
the environmental burden. Ferrosilicon can be obtained by re-
ducing the silicon contained in the studied ferruginous sand and
the obtained iron ore agglomerate by over 13%. The need to
include iron ore agglomerate in the charge is explained by the
fact that oxygen compounds of iron at relatively low tempera-
tures can easily interact with SiO; to form silicate melts. The
theoretical temperature of silicon reduction by carbon according
to the reaction SiO; + 2C = Si + 2CO is 1669°C, and the eutec-
tic temperature is 1178°C in the FeO-SiO, system. When using
iron ore materials in the charge during the smelting of ferrosili-
con, the processes of melting the charge, rather than reduction,
are advanced. With the appearance of silicate melts in the bath
of the ferroalloy furnace, the specific electrical resistance of the
charge sharply decreases, its components stratify, and silicate
slag accumulates, which leads to a breakdown in the furnace

Table 1. Chemical composition of the samples studied

Ne Materials Fegen Fe,04 FeO

1 Ferrous sand is a waste product of alumi- 31.62 56.78 918
na production

2 Iron ore agglomerate (Basicity 1.2) 55.6 31.33 28.9

The chemical composition of ferruginous sands was de-
termined by X-ray fluorescence analysis on a portable Pro-
spector 2 LE X-ray fluorescence spectrometer (Figure 2)
with a measurement range of chemical elements from Mg to
U in the range up to 0.01 %.

Figure 2. X-ray fluorescence analysis of ferruginous sands
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operation. Therefore, in connection with the process theory, it is
necessary to use the appropriate material that meets the re-
quirements of electric smelting. For this, a thorough study of the
mineral formation processes occurring during high-temperature
firing in the materials under study (granules, pellets and ag-
glomerates) is necessary.

2. Materials and methods

To work with ferrous sands - waste from alumina produc-
tion, samples were taken at JSC «Aluminium of Kazakhstan»
to obtain iron ore agglomerate in laboratory conditions, in
which the optimal parameters for sintering ferrous sands
were developed [14] (Figure 1).

Figure 1. Ferrous sands - waste from alumina production

Also, in the course of the research, a thermodynamic
analysis of the phase formation processes during agglomer-
ation was carried out using the state diagrams of the FeO-
Ca0-Fe;03-A1,03 and FeO-MgO-Fe,03-Al,03 systems and
the effect of dolomite additives in the composition of the
sinter batch was studied, which made it possible to deter-
mine the optimal amount of magnesium oxide in the batch
and identify new phases [15]. The chemical composition of
ferrous sands and the resulting iron ore agglomerate are
given in Table 1.

Si0, ALO; CaO MgO S P PPP
6.25 12.16 2.54 1.62 1.12 0.064 12.57
13.28 6.58 16.5 3.62 0.86 0.13 3.18

Figure 3 shows samples of iron ore pellets and agglomerate
obtained from ferrous sand and waste from alumina produc-
tion. Optical microscopy in reflected light using a metallo-
graphic inverted microscope, METAM LV-32, was used to
study the morphology of the agglomerate samples (Figure 4).

(a)

(b)

Figure 3. Iron ore pellets (a), iron ore agglomerate (b)
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Figure 4. Metallographic inverted microscope METAM LV-32

The micrographs reveal structural features and surface
texture characteristic of the sintered phases present in the
samples.

3. Results and discussion

In industrial conditions, the main processes of strengthen-
ing iron ore raw materials are oxidative roasting granules and
pellets using gaseous fuel and agglomeration with solid fuel
combustion in the agglomeration layer. Under real roasting
conditions, fluxed pellets and agglomerates undergo a similar
path of phase transformations at the stage of solid-phase
sintering until the appearance of a liquid phase. This path
includes dehydration, dissociation and amorphization of
minerals of host rocks, as well as decomposition of fluxes
with the formation of ferrites.

Differences in the mechanisms of mineral formation of
granules, pellets and agglomerates appear at the stage of
liquid-phase strengthening and are due to the different role of
iron in forming the strengthening melt. In this case, in the
agglomerate and pellet, iron is in different valence states,
which affects the features of the processes. In the iron-
silicate melt of granules and pellets, iron is in a trivalent state
and is not a silicate-forming component of the charge. The
silicate compositions of the binders in the entire studied
range of basicities (0.3-1.5) are located along the CaO-SiO,
bond line, which is visible in the phase diagram of the CaO—
Fe,05-Si0;, system. According to the diagram shown in
Figure 5, the compositions of the silicate binders are in the
crystallization region of iron-free mineral phases: cristobalite
(Si0), wollastonite (CaSiOs), rankinite (Ca3;Si,O7) and
dicalcium silicate (Ca;SiOs). In real pellet compositions,
trivalent iron enters the melt from calcium ferrites, which are
formed at the solid-phase sintering stage and are the primary
source of the strengthening melt.

In the zone of maximum temperatures, the finely dis-
persed fraction of hematite contained in ferruginous sand
passes into a melt. When the pellets are cooled under the
existing technological firing mode conditions, the melt
solidifies predominantly in a glassy form, retaining some of
the iron in the trivalent state. A batch of pellets was pro-
duced to compare the processes of mineral formation in
pellets and agglomerates made from ferruginous sand.
However, difficulties associated with pelletizing ferrugi-
nous sand arose during their production, since, according to
the theory of pelletizing [16-18], the most unfavorable
effect on the process is exerted by the particle size in the
range of 0.1-1.6 mm.
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Figure 5. Phase diagram of the CaO - Fe:0s - SiO: system.
Location of composition areas of silicate binders of fluxed pellets:
1 — compositions providing high strength during reduction of
pellets with a SiO: content of more than 5%; 2 — the same, with a
Si0: content of less than 5% [17]

As the data in Table 2 shows, the fractional composition
of the studied ferruginous sand corresponds to this range. In
this case, the bulk of the ferruginous sand falls on the frac-
tion of 0.2-1.0 mm, making up 63.7% of the total volume.

Table 2. Granulometric composition of ferruginous sands

-0.06
2.0

-0.2-0.06
14.7

-0.5-0.2
432

-1-0.5
20.5

-3-1
6.8

-5-3
12.8

Fraction, mm
Units of measurement, %

Finely dispersed iron-containing aspiration dust generat-
ed in steelmaking was used to improve the conditions for
pelletizing ferruginous sands. The resulting pellets were
subjected to firing. During pellet firing at temperatures below
the solidus point in air, complete crystallization of the glassy
phase occurred with the release of iron in the form of hematite
and the formation of iron-free silicate phases. Their composi-
tion depended on the basicity of the pellets and corresponded
to the crystallization region in the CaO—SiO, binary system.

During agglomeration, the silicon-containing melt is
formed under conditions of excess FeO, which directs the
process of mineral formation during the creation of the iron-
silicate bond of the agglomerate. Under standard agglomera-
tion conditions, silicate bonds with a basicity of 1.0-1.5 are
formed in the olivine field of the CaO—FeO-SiO- phase dia-
gram, covering a wide range of compositions adjacent to the
crystallization region of dicalcium silicate.

(b)

Figure 6. General view of the microstructure of the agglomer-
ate (a, b) x100: 1—magnetite; 2 —wustite; 3 — magnesia; 4 —
hercynite; 5 — pores
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Based on Figure 6, it can be noted that the content of non-
metallic impurities in magnetite of one genetic variety of iron
ore agglomerate remained relatively stable within a specific
volume of the sintering batch, but varied significantly at differ-
ent levels of the sintering cake. The stability of the composition
is explained by the fact that only those components of the batch
that are within a specific elementary volume are involved in the
process of solid solution formation. At the same time, fluctua-
tions in the content of impurities in magnetite of different
genetic varieties along the height of the cake are due to the
temperature and heat regime of sintering and the amount of
liquid phase formed at each level of the sintering batch.

An example is the transformation of grains of the original
magnetite into a solid solution of hercynite FeAl,O4 in mag-
netite. By analyzing the distribution of zones with different
compositions, it is possible to indirectly estimate the state of
the ore material in the roasting zone. The composition of the
olivine phase in each specific case is determined by the ba-
sicity of the melt and the content of divalent iron, which
affects its change from calcium-iron olivine, known as fer-
romonicellite (CaFeSiO4), to ferrous olivine, or fayalite
(FeSiO4) [17]. In melts that have been fluxed, the composi-
tion does not reach the fayalite phase (Fe2SiO4). The maxi-
mum content of the fayalite component in the olivine phase
can be up to 80%, with 56.5% FeO present in the melt and a
minimum melting point of 1130°C, which is confirmed by
the data presented in Figure 7. Ferromonticellite and fayalite
are two low-temperature phases in the olivine class, with
melting points of 1208°C and 1205°C, respectively. Between
them, there is a continuous series of solid solutions with a
minimum temperature of 1120°C. This corresponds to a
composition containing 80% fayalite in a solid solution.

Suppose the melt at the maximum temperatures of the
agglomeration process contains high concentrations of diva-
lent iron, which is released as an oxide phase when the ag-
glomerate cools. In that case, its final composition is deter-
mined by the oxidation potential of the gas phase.
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Figure 7. Section of the CaSiOy - FeSiOy system [17]

In raw materials of a more complex composition, con-
taining oxides of aluminum contained in ferruginous sands
(Table 1) and magnesium, the role of these impurities in
forming raw materials is primarily determined by the techno-
logical parameters of strengthening [19]. Aluminum oxide,
during the firing of pellets, is a component of the binding
phases. With different basicity of silicate melts, Al,O; will
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be part of the ferrite phases or glass. In the composition of
silicate binders, Al,Os is an acidic oxide and plays the same
role as silica, leading to a decrease in the basicity of the
binder. AL,Os is part of the ore, ferrite, and silicate phases
during agglomeration. The proportion of aluminum in the
composition of various phases at the time of agglomerate
formation. The lower the oxidation potential of the gas
phase, the more iron oxide and Al>O; in the system in the
form of a hercynite solid solution FeAl,O; in the magnetite
component of the agglomerate. At a high oxidation potential
of the gas phase, aluminum remains predominantly in ferrite
and silicate phases. The formation of hercynite in a solid
solution of magnetite was studied in [18].

4. Conclusions

Magnesium oxide in granules and pellets obtained by oxi-
dative roasting at the stage of liquid-phase strengthening is a
source of FeO. Depending on the basicity of the pelletized
material, magnesium oxide, together with FeO, is consumed
for the construction of silicate phases at a basicity of
Ca0/Si0, = 0.3-0.7. It is part of the magnetite solid solution
(Fe, Mg) Fe;Os, which is formed at the contact of hematite
with a magnesium-containing silicate melt at a basicity of
pellets above 0.7. Magnesium oxide in pellets leads to the
dissociation of trivalent iron. Magnesium oxide and FeO de-
termine the direction of mineral formation in pellets. Since
MgO leads to dissociation of trivalent iron only in the melt,
and a small amount of iron dissolves in the pellet melt com-
pared to the agglomerate, the newly formed FeO is not enough
to change the mineral formation of the pellet binder with a
basicity higher than 0.7. Therefore, all divalent iron and mag-
nesium are spent constructing a magnetite solid solution.

During agglomeration, depending on the ratio of divalent
to trivalent iron in the melt, which is determined by the oxi-
dation potential of the gas phase, MgO is part of the ore
phase or silicates. The more FeO in the melt, the more MgO
in the lattice of the magnetite phase.

Thus, the processes of mineral formation in batches, by
hardened methods, both during the roasting of granules and
pellets, and during agglomeration, have shown that changing
the oxidation potential of the gas phase is an effective lever.
In this case, not only are the properties of ferrous sand, a
waste product of alumina production, improved, but also new
bonds and new types of iron ore raw materials are created in
the form of granules, pellets, and agglomerates suitable for
use as a charge in smelting ferrosilicon.
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Ca0-Fe203-Si0: kyileciHiH KYil AMarpaMMachl TYPFbICBIHAH TeMip
KeH/I MaTepHAJIaPbIHbIH KYPbUIbICHIHAAFbI MUHEPAJI TY3UIYiHIiH
epeKuIeJiKTepi
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Anparma. Ocbl J)XyYMbICTa Ta3 TPi3[i OTHIHABI MalanaHa OTBIPBII, TYHIPIIIKTEp MEH LIEKEMTACTapbl TOTHIFY apKbLIbI
KYHAIpy JKOHE arioMepammsUIblK KadaTTa KAaTTBl OTHIHIBI JKaFy apKbUIBI arfioMepanusuiay Ke3iHAe ajblHFaH TeMip KeHi
IIUKI3aTBIH OEpIKTEHAIPY 3epTTeyJepiHiH HOTIDKenepi Kenripinred. TyHiprmikTep, IIeKeMTacTap MeEH arjioMeparrapia
MUHEpaN TY3UIyAiH MeXaHU3MAEPIHIeri albIpMamIbUIbIKTap CYHWHIK (ha3aiblK OepiKTeHy caThICHIHAA OaiKaianbl >KoHEe Oy
TeMipaiH OepiKTeHAipeTiH OaJKbIMaHBIH TY3UIyiHIEri opTypii pejiMeH TyciHmipineni. Byn skarnaiiza ariiomepaTra joHE
TYHIPIIIKTEP MEH MICKeMTacTapaa TeMip 9pTYpJii BAICHTTI Kykae OoJsiambl, OYJI MPOLECTEPIIH SPEKIICIIKTEpiHe acep eTel.
Ty#ipmiik IeH IIeKeMTacTapIarbl TEMIp-CHIIMKATThl OajKpIMaga TEMIp YII BaJICHTTI Kyhae Oojambl JKOHE IIMKI3aT
KYpaMbIHJaFbl CHJIMKAT TY3yLIl KOMIIOHEHT OoJiblll TaObuIMaijabl. bapnbik 3eprrenreH Herizaunik aykbiMbiHAa (0.3-1.5)
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0aiIaHBICTRIPFBIIITAPBIH CHIUKATTH Kypambl CaO—SiO; cwi3biFbl OoibiHma opHanacaasl, 0yi1 CaO—Fe,03—Si0; xyiieciniy
KY# AMarpaMMachiH KOJIIaHy apKbUIbl aHBIKTAIa(bl. ATIOMepanus Ke3inae kpemauid 6ap 6ankbiMa FeO-HbIH apThIK Meiepi
JKaFaiiblHaa Ty31iei, OyJ1 arinoMepaTTarbl TeMip-CHIMKATThI 0aiIaHbICTBIPFBILITEIH MUHEPA TY3YILi NPOLECIH OaFbITTal/IbI.
ArIoMepanusHbIH CTaHIApTTH sKarmaimapeiaaa 1.0-1.5 Herizaumikreri cunukartel Oaitmansictap CaO-FeO—-SiO; xkyiiecinig
KYH AMarpaMMachIHIAFbl OJIMBHHAIK 6picTe TY3UIeHi XKoHE KYpaMIapbIHBIH KCH ayKbIMBIH KaMTUABL. TYHipIIiKTep MEH
[IeKeMTacTapbl KYHAIpYy MEH arjoMepanusuiay apKblibl OepiKTeHAIpINTreH MMKi3aTTapia MUHepald TY3UIyAiH JXKypyl ra3s
(ha3acBIHBIH TOTBHIFY IIOTCHIHAIBIH ©3TepPTy — TJIMHO3EM OHIIPICIHIH KAIIBIFBl OONBIT TAaOBUIATHIH TEMIpIi KYMHBIH
KAaCHETTEepiH KaKcapTyla FaHa eMeC, COHAai-aK »aHa OalaHBICTHIPFBIIITAD MEH jKaHa TYpJeri TeMip KEeHI NIMKi3aThl
yKacayabIH Ja THIMIII TeTirl eKeHiH KOPCEeTTI.
Hezizzi co30ep: memipni Kym, aznomepayusl, Jicenmexmey, memip Kenoi aznomepam, guiocmep.

Oco0eHHOCTH MUHEPAT000Pa30BaHUs B CTPYKTYPe KeJIe30PYIHbIX
MaTepHaJIOB ¢ MO3UIUHN TUATPAMMBI COCTOSIHHSI CHCTEMBI

Ca0O-Fe20:3-Si02
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AnHoTanus. B HacToseil pabore MpUBOIATCS PE3yNIbTaThl MCCIIENOBAHUS YIPOUYHEHUS JKEIEe30PYIHOTO CHIPBS, IOJTY-
YEeHHbIC IIPU OKHUCIUTEIBHOM OOXKHUI'€ OKAThIMIEH ¢ MCIIOIb30BaHUEM ra3000pa3HOrO TOIUIMBA M arjIOMEpalldil CO CKUTaHUEM
TBEPJIOTO TOILJIMBA B arJIOMEPAllMOHHOM ciioe. Pa3znuuust B MexaHH3Max MUHEPaIoo0pa3oBaHMs OKaTHIIIEH U arjgomMepaTa mpo-
SIBIISIFOTCSL HA CTAMU JKUIKO(A3HOTO YIPOYHEHUsI U 00YCIIOBIEHBI PA3IMYHON POJIBIO JKele3a B (POPMUPOBAHUH YIIPOUHSIOIIE-
ro pacmiaana. IIpu 3ToM B arjaomepaTe U OKATHIIIE JKEJIe30 HaXOAUTCS B Pa3HBIX BAJIEHTHBIX COCTOSHUSIX, YTO BIMSIET HA OCO-
OEHHOCTH TIPOIECCOB. B jKeNne30CHIMKaTHOM paciiiaBe OKaThIIIeH )Kene30 HaXOJUTCs B TPEXBAIEHTHOM COCTOSIHUM U HE SIBJISI-
eTCsl CHIIMKaTOOOpa3yIomM KOMIIOHEHTOM IUXThl. CHIIMKaTHBIE COCTaBBI CBA30K BO BCEM HCCIIECJOBAHHOM JIMaIla3oHE OC-
HosHocre# (0.3-1.5) pacnomaratorcs Brons uHuK coequHerns CaO—SiO2, KOTopoe onpeenseTcs: NPy UCTIONB30BaHUN JTHa-
rpammsbl coctosiaus cucteMbl CaO—Fe,03—Si0». Tlpu arnomeparyu KpeMHHNHCOAEpKaK paciuiaB GOpPMHUPYETCS B YCIOBHUIX
n30bITKa FeO, 9To HampaBisieT MpoIiecC MHUHEPATO00pa30BaHMS NPH CO3IAHUM JKENE30CIIINKATHOW CBA3KH arioMepara. B
CTaH/IAPTHBIX YCJIOBHSAX arjJoMEpalliy CHIMKATHBIE CBSI3KM ¢ OCHOBHOCTBHIO 1.0-1.5 ¢opMupyIOTCSI B OJTMBHHOBOM IIOJIE JHa-
rpammbl coctosiaust CaO—FeO—-SiO,, oxBaTbiBasi NIMPOKHIA Uania30H cOCTaBoB. [Iporiecchl MUHEPanooOpa3oBaHus B MIMXTaX,
YIPOYHEHHBIMHU CIIOCO0AMH, KaK MPU 00XKHUI'e OKATHILICH, TaK M MPU arJioMepalvy MOKa3allH, YTO U3MEHEHHNE OKUCIUTEIFHOTO
NOTEHIMaja Ta30Boi (a3bl SBISETCS JCHCTBEHHBIM PhIYaroM Ha MYTH HE TOJBKO YJYYIICHHUS CBOWCTB JKEJIE3UCTOro TecKa —
0TXOJIa INIMHO3EMHOT0 IPOU3BO/CTBA, HO M CO3/1aHUs, KaK HOBBIX CBA30K, TaK U HOBBIX BHJIOB JKEJIE30PY/THOTO CHIPbS.

Kniouesvle cnosa: sicenesucmoiii necox, aznomepayus, cnekanue, sHene3opyonblil aznomepam, Quiocsl.
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