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Abstract. Selective solid-phase reduction of iron and phosphorus in oolite ores of the Lisakovsky and Ayat deposits was experimentally studied. Using
X-ray phase analysis, the phase composition of the initial ores and samples after reduction roasting was determined. Goethite, magnetite and quartz
were found in the ores of both deposits. Phosphorus in the ore of the Ayat deposit is in the form of aluminum phosphate and iron hydrophosphate,
and in the samples of the Lisakovsky ore — as a component of calcium hydrophosphate. Experiments on reduction roasting were carried out
in a resistance furnace at 1000 °C with holding time of 5 h. After roasting in CO atmosphere, a-Fe appears in the samples, while phosphorus remains
as a component of iron, calcium and aluminum phosphates. After roasting in a mixture with graphite, phosphorus is reduced by solid carbon from
iron and calcium phosphates and passes into metal, but remains as a component of aluminum phosphate. Studies using microroentgenospectral
analysis show that phosphorus content in the metal phase after reduction with solid carbon is 2.0 — 3.5 at. %. When CO is reduced in the atmosphere,
phosphorus in the metallic phase is practically not detected. At the same time, the amount of residual iron in the oxide phase after carbon monoxide
reduction significantly exceeds the amount of iron after reduction in a mixture with carbon. The experimental results confirm the possibility of selec-
tive reduction of iron by carbon oxide CO without phosphorus reduction.
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AHHomayus. TlpencTaBineHbl pe3ynbTaThl JKCIICPUMEHTAIBHBIX HCCICIOBAHMI IO CENCKTHBHOMY TBEpIO(pa3HOMY BOCCTAHOBJICHHIO JKeje3a
1 pochopa B 00JIUTOBEIX pynax JINCAaKOBCKOTo M ASITCKOTO MecTOpoxaAeHUH. C HCII0JIb30BaHHEM PEHTICHO(A30BOr0 aHaIN3a ONPEEIICH (ha30BbIi
COCTAaB MCXOAHBIX Py 1 06pa3IoB MOCIIE BOCCTAHOBUTENBHOTO 0OKHTa. B pyaax 0601x MeCTOpOXK ICHHIT 00HAPYKHBAIOTCS TETHT, MATHETUT 1 KBapIL.
Docdop B pyae AITCKOro MECTOPOXKICHUS HAXOAUTCS B BUIE Gocdara amoMuHus U ruapodocdara xenesa, a B o0pasnax JIncakoBckon pymsl —
B cocTaBe THApOodochaTa Kanbluss. IKCICPHMEHTHI IT0 BOCCTAHOBHTEIFHOMY OOKHTY MPOBOIMIINCH B MIEYH COMPOTUBICHUS [P TEMIIEpaType
1000 °C u Bpemenu BbLaepkku 5 4. [locne obxkura B armocdepe CO B oOpasmax MosBISIETCS 0-)Kene30, B TO BpeMsi kKak (ocdop ocraercs
B coctaBe (ocdaroB xenesa, kamplus U amomunus. [locne obxura B cMecu ¢ rpadpuroMm Gocdop BOCCTAaHABIMBACTCS TBEPABIM YITIEPOIOM
n3 hocdaroB xeye3a U KaNbUUS U IEPEXOMUT B METAILI, OJHAKO OCTaeTcs B cocTaBe (ocdara amoMuHus. VccieoBaHus ¢ UCHOIb30BAHHEM
MHKPOPEHTTEHOCIICKTPAIBFHOTO aHAIM3a MOKA3bIBAIOT, YTO colaepkaHue (Gocdopa B METAIHYCCKON (pa3ze MOCIEe BOCCTAHOBICHHS TBEPIBIM
yriaepoaoM cocrasiset 2,0 — 3,5 % (ar.). IIpu Boccranosienun B armocepe CO ¢docdopa B Merauinueckoil (ase npakTuyecku He oOHapy-
JKUBaeTCs. [IpU 3TOM KOIMYECTBO OCTATOYHOTO JKENe3a B OKCHAHOM (hase mocie BOCCTAHOBJICHHS YrapHBIM Ta30M 3HAYUTENBHO MPEBBIIIACT
KOJIMYECTBO jKeje3a MOCJIe BOCCTAHOBICHHS B CMECH C YIIEPOLOM. Pe3ylbTaThl 9KCIICPHMEHTOB MOATBEPIKIAI0T BO3MOXKHOCTb CEJICKTHBHOIO
BOCCTaHOBIICHHS JKele3a okenaoM yrnepoaa CO 6e3 BoccraHoBieHus docdopa.

Knatouesvle c108a: 00mnToBas XKeIe3Has py/a, BOCCTAHOBUTENBHBIN 00kurT, okeny yrepona CO, CeleKTHBHOE BOCCTAHOBICHNE, METAUTH3AIINSI, METal-
JMYecKoe xkele3o, hochop
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[ INTRODUCTION

In light of the increased production of ferrous metals
and the use of ores with low iron content, the integrated
utilization of mineral raw materials in ferrous metallurgy
has gained growing relevance [1 —3]. In recent years,
significant attention has been directed towards the chal-
lenges associated with the extraction [4 — 6] and process-
ing [7] of iron from oolitic iron ores characterized by high
phosphorus content. Additionally, considerable focus has
been placed on the enrichment [8] and dephosphoriza-
tion [9] of these ores. Extensive reserves of oolitic ores
are present in Asian countries [10; 11], Africa [12; 13],
Europe, and North America [13 — 15]. The Ayat and Lisa-
kovsky deposits, situated in Kazakhstan, are examples
of such deposits. Although these two large deposits share
similar iron contents, they exhibit variations in phospho-
rus, vanadium, and aluminum content.

The unconsolidated fraction of Ayat ores comprises
fragments of oolites, micrograins of quartz, and alumina,
while the cohesive portion consists of oolites bound
together by a clay-cement matrix [16]. The average
iron content for this deposit is 37.1 %. The ores exhibit
16.4 % Si0,, 6 % Al,0, and 0.37 % P. Lisakovsky ores
constitute a loose blend of brown iron ore oolites and
quartz sand grains, featuring an iron content ranging
from 30 to 40 % and a notably high phosphorus content
(up to 0.8 %) [17]. The beneficiation of such ores neces-
sitates the implementation of intricate and costly pro-
cessing flowcharts. Unfortunately, the current methods
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Fig. 1. Layout of crucibles with ore samples in working space
of the Tamman furnace:
1 — graphite heater; 2 — crucibles with samples;
3 — thermocouple; 4 — stand

Puc. 1. Cxema pacnosnoyXeHust TUIVIeH ¢ 00pa3iaMu py/ B pabouem
npocrpaHcTse neun TaMmaHa:
1 — rpacduTOBBII HarpeBarelb; 2 — TUIIIH C 00pa3namu;
3 — Tepmornapa; 4 — mojcTaBka
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do not effectively remove phosphorus, thereby impact-
ing the technological aspects of metallurgical processing.
Within the blast furnace, where roasting (in the shaft) and
melting (in the hearth) occur in a reducing atmosphere,
phosphorus undergoes complete reduction, transform-
ing into metal. The elimination of phosphorus from cast
iron, whether in ladles or steelmaking units, incurs addi-
tional expenditures in terms of materials, energy, and
time. Consequently, dephosphorization before or during
the iron production process emerges as a crucial step
when utilizing high-phosphorus oolitic ores.

In [18—20], investigations were conducted into
the feasibility of selectively reducing iron in the ores
from the Ayat deposit through solid-phase reduction.
According to the findings from these studies, selective
iron reduction can be accomplished through exposure
to carbon monoxide at a temperature of 1000 °C.

The objective of this study is to conduct a compara-
tive analysis of the solid-phase selective reduction pro-
cess of iron, without concurrent phosphorus reduction, in
oolitic ores sourced from the Ayat and Lisakovsky depo-
sits.

[ EXPERIMENTAL

The study utilized samples of oolitic iron ores obtained
from the Ayat and Lisakovsky deposits. The experiments
were conducted within a closed Tamman furnace featuring
a graphite heater, ensuring the establishment of a redu-
cing atmosphere in the furnace space. Employing the cal-
culation method outlined in [21], the equilibrium com-
position of the gas phase in the furnace’s working space
at a temperature of 1000 °C and a pressure of 0.1 MPa
was determined to be 34.58 % CO, 0.07 % CO, and
65.35 % N,.

Four corundum crucibles (Fig. 1) were positioned in
the working space of the furnace, each containing ore
samples ranging in size from 0.4 to 1.0 mm. The ore
samples in the upper crucibles interacted with CO oxide
in the gas phase, while those in the lower crucibles were
mixed with graphite powder and engaged with solid car-
bon. The furnace was gradually heated to a temperature
0f' 1000 °C over 60 min and maintained at this temperature
for a duration of 5 h. Temperature control was facilitated
using a tungsten rhenium thermocouple WRS5/WR20.
The selection of temperature and holding time was based
on insights gleaned from prior experiments [18 — 20].

Upon completion of the holding period, the crucibles
containing the samples were gradually cooled along with
the furnace until reaching room temperature. To elimi-
nate carbon residues, a mixture of samples with graphite
powder was dispersed, and representative samples were
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extracted for X-ray spectral and X-ray phase microanaly-
ses.

A subset of the samples was impregnated with epoxy
resin, followed by grinding and polishing. The resultant
polished sections were subjected to examination using
a JSM-6460LV electron microscope (JEOL), equipped
with an energy-dispersive analyzer (Oxford Instruments).
This analysis aimed to ascertain the elemental composi-
tion at specific points and across areas through X-ray spec-
tral microanalysis. X-ray phase analysis (XRF) of both
the original and metallized samples was conducted using
a Rigaku Ultima IV diffractometer. The resulting diffrac-
tion patterns were interpreted using the Match! 3 soft-
ware.

B ResuLts

Fig. 2 presents the XRF results of the original ore
samples, revealing the presence of goethite FeO(OH),
magnetite Fe,O, and quartz SiO, in both samples.

The Ayat deposit ore contains phosphorus in the form
of aluminum phosphate AIPO, and iron hydrogen phos-
phate FePO,-2H,0. In contrast, the Lisakovsky ore sam-
ples include phosphorus in the composition of calcium
hydrogen phosphate CaHPO,-2H,0.

Fig. 3 displays the XRF results after reduction roast-
ing. The diffraction pattern of samples reduced in a CO
oxide atmosphere (Fig. 3, @) exhibits a higher number
of peaks, indicating a greater variety of phases com-
pared to samples roasted in contact with graphite powder
(Fig. 3, b).

According to the XRF results, all samples con-
tain a-iron, magnetite Fe,O0,, quartz SiO, and berlinite
AIPO,. In samples subjected to CO atmosphere, phos-
phorus manifests itself in the composition of iron and
calcium phosphates, namely FeP,O. and FePO,, CaP,0
and Ca,(PO,), (Fig. 3, a). Conversely, samples in contact
with carbon do not contain iron or calcium phosphates.
The Lisakovsky ore exhibits the presence of calcium
oxide CaO (Fig. 3, b).
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Fig. 2. Diffractograms of samples of initial ores from Lisakovsky (=) and Ayat (s====) deposits
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Fig.3. Diffractogram of the ores from Lisakovsky (m=) and Ayat (=====) deposits after reduction roasting
in CO atmosphere (a) and in contact with solid carbon (b)
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Fig. 4. Distribution of metallic and non-metallic phases in the samples of ores of Lisakovsky (a, ¢) and Ayat (b, d)
deposits after reduction roasting in CO atmosphere (@, b) and in contact with carbon (¢, d)

Puc. 4. PacnipenienieHre METAIUTMYECKUX M HEMETAJUTHUECKUX (a3 B oOpasiax pyx Jlucakosckoro (a, ¢) u Astckoro (b, d) MECTOpOKACHUIA
rocJjie BOCCTaHOBUTEIbHOTO 0Oxkura B armocdepe CO (a, b) u B KOHTaKTE ¢ yriiepoaoM (¢, d)

Average content of elements according to results of the metallized samples analysis

CpenHee coep:kaHHe )IEMEHTOB 110 Pe3yJIbTATAM AHAIH32 METAJIN30BAHHBIX 00Pa3I0B

. . Content of elements, % (at.)
Points/Analyzed sites ;

(0) Mg | Al Si ¥ Ca | Mn | Fe
Spectrum 1, 3, 5 (Fig. 4, a) - - - - 0.1 - - 99.9
Spectrum 2, 4, 6 (Fig. 4, a) 63.0 | 04 | 10.0 | 53 1.6 | 0.1 03 | 193
Spectrum 1, 2, 3 (Fig. 4, b) - - - - 0.1 - — 99.9
Spectrum 4, 5, 6 (Fig. 4, b) 61.8 | 1.1 | 10.1 | 6.2 1.2 | 06 | 04 | 186
Spectrum 1, 2, 3 (Fig. 4, ¢) - - - - 3.5 — - 96.5
Spectrum 4, 5, 6 (Fig. 4, ¢) 635 | 22 | 153 | 11.5 ] 05 1.6 | 0.7 | 47
Spectrum 1, 2, 3, 4 (Fig. 4, d) - - - - 2.0 - - 98.0
Spectrum 5, 6, 7 (Fig. 4, d) 635 13 | 153 92 | 02 | 28 | 0.6 | 7.1

An examination of polished sections of roasted
ores revealed that, whether in contact with carbon or
in a CO atmosphere, the metallic phase of iron formed
both on the surface and within the ore particles (Fig. 4).
Notably, reduction with solid carbon resulted in the cre-
ation of more distinctly defined and dense metallic struc-
tures (Fig. 4, d).

The table provides the average results of X-ray spect-
ral microanalysis, indicating the elemental content at spe-
cific points and sites of analysis in the metallized ore
samples. As an illustration, based on the analysis results
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from sites /, 3 and 5 (Fig. 4, a), the average phosphorus
content is 0.1 %, while the iron content is 99.9 % (at.).

Post-roasting in contact with carbon, iron in samples
from both deposits undergoes nearly complete reduction,
with residual oxides containing only 5 — 7 % iron. Con-
versely, when reduced in a CO atmosphere, the iron con-
tent in the oxide phase remains around 20 %. Notably, in
iron reduced in a CO atmosphere, the phosphorus con-
tent in the metal does not exceed 0.1 %. In contrast, after
the reduction of iron with solid carbon, the phosphorus
content ranges between 2.5 — 3.0 %.
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- DISCUSSION

The XRF results indicate that the initial ores com-
prise phases of goethite, magnetite, hydrophosphates
of iron and calcium, quartz, and aluminum phos-
phate. In all metallized samples, goethite disappears,
the o-iron phase emerges, and the SiO, phase persists.
Phosphorus in samples after reduction in a CO atmo-
sphere is found in the form of CaP,0, or Ca,(PO,),,
FePO, or FeP,0, and AIPO,. In contrast, samples
reduced with carbon show phosphorus exclusively in
the AIPO, phase. Under these conditions, phosphorus
undergoes reduction from calcium and iron phosphates,
converting into metal. The obtained results are con-
firmed by the examination of the samples using an elec-
tron microscope after reduction roasting. In the Ayat and
Lisakovsky deposit samples, phosphorus is virtually not
reduced after reduction in a CO atmosphere; however, in
a mixture with solid carbon, phosphorus reduction occurs
and is detectable through X-ray spectral microanalysis in
the metal phase.

The increased phosphorus content in Lisakovsky ore
does not alter the previously identified patterns of its
recovery but rather reinforces the obtained findings.
Thus, carbon monoxide does not reduce phosphorus from
oolitic ore compounds, while phosphorus reduction is
achieved through the utilization of solid carbon.

The results obtained affirm the feasibility of selec-
tively reducing iron with carbon monoxide in oolitic ores
characterized by high phosphorus content from different
deposits.

[ ConcLusions

Lisakovsky and Ayat oolitic ores share a similarity in
iron content but exhibit variations in phosphorus content,
where phosphorus is present in the form of calcium, iron,
and aluminum phosphates. At a temperature of 1000 °C
and with a holding time of 5 h, carbon monoxide fails
to reduce phosphorus from iron and calcium hydrophos-
phates, as well as from aluminum phosphates. In con-
trast, under the same conditions, when in contact with
solid carbon, phosphorus undergoes complete reduc-
tion, transitioning into the metal phase from calcium and
iron hydrophosphates. However, reduction from alumi-
num phosphate does not occur.
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