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Abstract. Currently, a promising area is the development of technologies for sintering or briquetting of converter sludge. Recycling of this sludge into
production will allow solving a number of important tasks for modern metallurgy in the utilization of man-made waste, saving raw materials and
reducing the cost of steel. The efficiency of utilizing useful components in the composition of briquettes is significantly higher than in any other state
(in a fine or polydisperse fraction, in sorted form). In this paper, we consider the development and justification of an integrated approach to thermo-
chemical sintering of converter sludge based on conditioning of iron-containing sludge by non-thermal adsorption dehydration and thermochemical
sintering with simultaneous reduction of iron from oxides. Adsorption dehydration to a moisture content of 2 — 3 % is provided by a short-term contact
of iron-containing slimes with a porous energy carrier, brown coal semi-coke, which is separated by pneumoseparation and sent for energy techno-
logical use, and the iron-containing product mixed with coals is subjected to thermo-oxidative coking. Coking is carried out in an annular furnace with
a rotating hearth, where, when temperatures reach 1050 — 1100 °C, a large and durable lump material is formed with 55 — 60 % of the iron-containing
product with almost complete reduction. Thermodynamic modeling of converter sludge sintering with coals was carried out. A tool for performing
computational experiments using methods of thermodynamic modeling of the studied object was the Terra software package designed to calculate
the thermodynamic properties and composition of the phases of equilibrium state of arbitrary systems with chemical and phase transformations.
The results of thermodynamic modeling were fully confirmed by the experimental studies. The obtained material is an analog of ferrocox containing
35 -39 % of iron and 45 — 49 % of carbon, while the zinc oxide content does not exceed 0.017 %.
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AHHomayus. B nactosiiee BpeMs NEPCIEKTHBHBIM HATIPABICHUEM SIBISICTCSI Pa3paboTKa TEXHOJIOTHH OKYCKOBAaHHs MM OpHUKETHPOBAHUS KOHBEP-
TEPHBIX NUIAMOB. PEIMKIMHT 3THX IIJJAMOB B MPOMU3BOJCTBO ITO3BOJIUT PEIINTH sl BAXKHEHIINX Ul COBPEMEHHOM METaJUTypIruyl 3a1ad yTHIH-
3alMU TEXHOTEHHBIX OTXO/I0B, SKOHOMHUH ChIPbS M CHIDKEHMSI C€0eCTOMMOCTH cTaau. DPPEKTUBHOCTh UCIIOIB30BAHUS MOJIE3HBIX KOMIIOHEHTOB
B COCTaBe OPHUKETOB 3HAYMTEIIFHO BBINIE, YEM B KAKOM-THOO JIPyroM COCTOSIHUM (B MEJIKOHM WM MOJIHIUCHEPCHON (ppaKiHu, B COPTHPOBAHHOM
Bujzie). B HacTosiiel pabore paccMarpuBaloTCsl pa3BUTHE U 00OCHOBAaHUE KOMIUIEKCHOTO MOX0/Ia TEPMOXMMHYECKOTO OKYCKOBAaHHUSI KOHBEPTEP-
HOTO IIUIaMa, OCHOBAaHHOTO HA KOHIWIIMOHMPOBAHHH JKEJIE30COACPIKAIIMX [IUIAMOB HETEPMUYECKUM aJICOPOLIMOHHBIM 00€3BOKMBAHUEM U TEPMO-
XMMHYECKUM OKYCKOBAaHHEM C OTHOBPEMEHHBIM BOCCTAHOBJICHUEM Kelle3a U3 OKCUIO0B. AZCOPOLIMOHHOE 00€3BOKMUBAHKE 10 COACPIKAHMS BIIATH
2 —3 % obecrieunBaeTCs KPaTKOBPEMEHHBIM KOHTAKTOM JKEJIC30COJCPIKAIINX IJJAMOB C HOPUCTBIM YHEPrOHOCHTEIIEM — OYpOYTOIBHBIM ITOJTY-
KOKCOM, KOTOPBIH OT/EJIAETCS THEBMOCETAPAlMOHHBIM CIIOCOOOM U HATIPABIISIETCS ISl SHEPrOTEXHOJIOTHYECKOTO HCIIOIb30BaHMS, a KENe30Coziep-
KAl MPOAYKT B CMECH C YIIISIMH — HAa TEPMOOKHCIIMTEIEHOE KOKCOoBaHME. KoKkcoBaHMe OCYIIECTBISETCS B KOJIBLIECBOM MEYH C BPAIarOLIHMCS
ozioM, Tie npu foctmwkennu temneparyp 1050 — 1100 °C npoucxoant GopMHpoBaHKE KPYITHOTO M MPOYHOTO KyCKOBOTO Marepuaia ¢ 55 — 60 %
JKEJIe30COEPIKALLETO IPOAYKTA C IPAKTUYECKH MOJIHBIM BOCCTaHOBIEHHEM. [IpoBeieHO TepMOIMHAMUYECKOE MOJIEIMPOBAHUE IPOLIECCa CIIEKaHUs
KOHBEPTEPHOTO LIJIaMa ¢ yIIsIMU. VIHCTPYMEHTOM IPH BBINOJIHEHUH BBIYUCIUTEIBHBIX SKCIIEPUMEHTOB C UCIIOJIb30BAHHEM METOI0B TEPMOJINHA-
MHYECKOTO MOJICTTMPOBAHUS 00OBEKTA MCCIICJOBAHMS SBISIICS MIPOrPaMMHBIN KoMImieke «Teppa», mpeqHa3sHAYCHHBIH IS pacyeTa TePMOJMHAMHU-
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YEeCKUX CBOMCTB M cocTaBa (pa3 paBHOBECHOTO COCTOSIHHUSI POU3BOJIBHBIX CHCTEM C XHMHYECKMMH U (Da30BBIMHU MPEBpAICHUAMU. Pe3ybrarhl
TEPMOIMHAMUYCCKOTO MOJICIHPOBAHHS MOTHOCTHIO TMOATBEPIIIIN SKCIICPUMEHTAIBHBIC HCCIenoBaHus. [[0MyueHHBII MaTepral MpeCTaBIsieT
co0oii aHasor gpeppokokca, coxepxarnii 35 — 39 % xenesa u 45 — 49 % yriuepona, mpu TOM coJiepkaHue oKkcuaa IMHKa He npesbimaet 0,017 %.

Karuesvle cn108a: xoHBEpTEPHBIN 1IIIaM, TEPMOXUMHUUYECKOE OKYyCKOBaHUE, TEPMOJMHAMHUECKOE MOJEINPOBaHNE, MHCTPYMEHTAallbHAs CUCTEMA,

(heppokoke

Jns yumuposanus: Iporononos E.B., Peidenko U.A., benenenxuii E.A. Tepmonuaamiaeckoe MOJEIMPOBAHNE TIPOIIECCOB OKYCKOBaHUS KOHBEP-
TepHOTO 1uTama. Mzeecmus 6y306. Yepnas memannypeus. 2024;67(6):725-730. https://doi.org/10.17073/0368-0797-2024-6-725-730

- INTRODUCTION

In modern practices, the oxygen-converter process
plays a dominant role in global steelmaking [1 —4].
The development and refinement of converter unit
designs, coupled with accumulated knowledge on the use
of combined melt blowing, have significantly enhanced
the versatility of the converter process. This includes
smelting technologies involving liquid-phase reduction
of industrial waste and the use of multipurpose additives
or briquettes [5 — 8].

Studies [9 — 12] indicate that steel production in oxy-
gen converters generates approximately 12 — 25 kg of fine
dust per ton of steel, which is a valuable iron-containing
industrial by-product. For example, converter sludge
from EVRAZ United West Siberian Metallurgical Plant
JSC (EVRAZ ZSMK) contains up to 57 — 63 % Fe,0O,
and 46.8 % total Fe [13]. Recycling this sludge back into
production addresses critical metallurgical challenges,
including waste utilization, raw material conservation,
and steel production cost reduction [14 — 15]. However,
despite the clear potential of converter sludge recycling,
its direct introduction into the charge of oxygen conver-
ters or blast furnaces in fine-dispersed form is infeasible.

Iron-containing materials for the blast furnace or con-
verter are typically introduced in lump form. Therefore,
industrial waste (e.g., mill scale, dust, and dewatered
sludge) is traditionally utilized, for instance, by adding it
to charge [13]. However, introducing fine-particle mate-
rials into the charge in significant quantities is generally
accompanied by a decrease in process productivity and
a deterioration in the strength characteristics of the final
sinter [14].

For this reason, the development of technologies for
sintering or briquetting converter sludge remains a promi-
sing direction. Briquetting has several advantages: it
enables the conversion of industrial waste with diverse
chemical compositions and properties into standard pro-
ducts with controlled fraction sizes and technological
characteristics. This increases the density of the compo-
site material, prevents caking and blockages of fine
waste in hoppers and dosing equipment, and reduces dust
during transportation and use [14]. Moreover, the effi-
ciency of utilizing valuable components in briquettes is
significantly higher than in fine or polydisperse fractions,
sorted forms, or other states.
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Thus, briquetting converter sludge for subsequent
recycling has distinct advantages over its use in sinter
mix. However, the sludge must first undergo dehydration.
Currently, various sludge dehydration methods exist, but
they are typically bulky, complex, and energy-intensive,
involving preliminary mechanical moisture removal
(to below 20 — 25 %) through thickening or filtration, fol-
lowed by thermal drying [14].

This paper proposes a new integrated approach
to the thermochemical sintering of converter sludge, based
on conditioning iron-containing sludge through non-ther-
mal adsorption dehydration and thermochemical sintering
with simultaneous reduction of iron from oxides.

Adsorption dehydration to a moisture content
of 2—-3 % is achieved by short-term contact between
iron-containing sludge and a porous energy carrier —
brown coal semi-coke (BCSC). After dehydration,
BCSC is separated by pneumoseparation and directed
for energy-technological use, while the iron-containing
product, mixed with coal (grades GZh or Zh), under-
goes thermo-oxidative coking in an annular furnace with
a rotating hearth. At temperatures of 1050 — 1100 °C,
a large, durable lump material is formed containing
55 — 60 % iron with almost complete reduction.

Brown coal semi-coke is a relatively new product for
metallurgy, but numerous laboratory and industrial stu-
dies have demonstrated its effectiveness in pig iron and
steel production, thermal energy generation, and recyc-
ling of high-moisture waste. In this case, BCSC is a low-
ash, low-sulfur product with high energy potential and
increased reactivity and adsorption capacity, making
it suitable for preliminary dehydration of converter
sludge [15; 16]. After preliminary dehydration, the pro-
posed technological scheme suggests a thermochemical
sintering method in a mixture with sinterable coals in an
annular furnace with a rotating hearth.

[ RESEARCH METHODS

To address optimization tasks, thermodynamic mode-
ling of the converter sludge sintering process with coals
was conducted. The Terra software package, developed
at Bauman Moscow State Technical University, was
selected as the tool for computational experiments using
thermodynamic modeling methods for the studied sys-
tem. This software is designed to calculate the thermo-
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dynamic properties and phase composition of equilib-
rium states in arbitrary systems with chemical and phase
transformations [17; 18]. The program demonstrates
consistently good convergence when modeling processes
in elementary systems, including the direct reduction
of metals in complex multicomponent heterogeneous sys-
tems [19; 20].

Computational experiments were conducted for two
types of mixtures:

— 50 % Kuznetsk enrichment plant concentrate (coal
grades Zh and GZh) and 50 % converter sludge;

— 50 % concentrate of grade Zh coal from the Mezhe-
gey deposit and 50 % converter sludge.

The composition of the converter sludge is as follows
(wt. %): Fe,0, 64.05; FeO 1.82; MgO 4.59; CaO 16.68,;
Si0, 5.75; K,00.19; V,0,0.07; Cr,0,0.10; C0.63;
S0.24; ZnO 1.11; CuO 0.06; PbO 0.11; MnO 1.08;
AlL O, 1.93; Na,0 0.88; P,0,0.32; TiO, 0.21; W 1.35.
The table below presents the characteristics of the coal
concentrates, where W’ is moisture content; 4%is ash con-
tent; %/ is volatile matter yield; S¢ is sulfur content [14].

[ RESULTS AND DISCUSSION

The results of the thermodynamic modeling (Fig. 1)
were nearly identical for the tested conditions and
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XapakTepuCTHKA YIoJbHbIX KOHIIEHTPATOB

Concentrate W, % A%, % Ve, % S %
GZh + Zh 10.5 7.8 38.0 0.56
Zh 8.6 8.1 38.2 0.67

demonstrated that the reduction of iron begins at a tem-
perature of approximately 873 K. At temperatures above
1073 K, the chemical composition of the briquettes sta-
bilizes. The iron content reaches a maximum of approxi-
mately 39 %, and the carbon content is 45 %. Addi-
tionally, the semi-product contains, (wt. %): CaO 6.9,
MgO 4.3, MgAl,0O, 1.0. The briquette mass amounts
to 0.6 kg per kg of the initial mixture.

The zinc and lead content drops to nearly zero at tem-
peratures above 1073 K, as compounds of these elements
presumably transition to the gas phase. Copper content
remains at approximately 0.04 %. Other elements (tita-
nium, chromium, vanadium, sodium, potassium) are
present in the system in trace amounts as oxides (less
than 0.1 %).

This information is fully supported by experimental
studies, where the mixtures were heated in an annular
furnace to a temperature of 1003 K and then in a Tam-
man furnace for 30 min at the final process temperature

0,7
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Fig. 1. Results of thermodynamic modeling of converter sludge sintering with coal

Puc. 1. PCSyJ'[bTaTBI TCPMOANHAMUYCCKOTO MOJICIIUPOBAaHUS TIPOIECCa CIICKaHU KOHBEPTCPHOI'O JlaMa € YIJieM

727



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(6):725-730.
Ilpomononos E.B,, Pvibenko U.A., beaeneykuii E.A. TepMmoariHaMHU4YeCcKoe MOZeIMPOBaHNE MTPOLECCOB OKYCKOBAHUS KOHBEPTEPHOTO LJlaMa

of 1373 K. The data indicate that the briquetted material
resembles ferrocoke (Fig. 2), containing 35 — 39 wt. % Fe
and 45 -49 wt. % C, while the zinc oxide content
does not exceed 0.017 wt. %.

Further studies using the Terra software investigated
the parameters of the semi-product at various ratios
of converter sludge to coal in the composite charge
within a temperature range of 873 — 1273 K. The results
(Fig. 3) indicate that the carbon content in the product
stabilizes at temperatures above 1073 K, reaching 50,
45 and 27 % for converter sludge proportions of 40, 50
and 60 % in the charge, respectively. The iron content
is 26.5 % for a sludge proportion of 40 % in the charge
and remains nearly constant at approximately 39 — 40 %
for sludge proportions of 50 and 60 % at temperatures
above 1073 K. Similar trends are observed for the yield
of ferrocoke-type briquettes as a function of tempera-
ture at different ratios of charge components. The yield
of the semi-product at the final reduction temperatures
is 0.6 kg per kg of charge for a sludge proportion of up
to 40 %. For sludge proportions of 50 and 60 %, the pro-
duct yield shows only slight variation, ranging between
0.67 and 0.69 kg per kg of charge.

Thus, the optimal ratio of converter sludge to charge
for achieving the desired yield and composition
of the semi-product should be 1:1. Increasing the propor-
tion of sludge in the charge results in only minor changes
to the amount of reduced iron and product yield; howe-
ver, it leads to a decrease in carbon content in the semi-
product.

Fig. 2. Experimental samples of ferrocox briquettes

Puc. 2. OnbiTHBIE 00pa3iibl OPUKETOB THIA (PEePPOKOKCA
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The practical application of the resulting briquettes
lies in their use as additives to the charge in the converter
process, serving as an iron-containing material, an addi-
tional heat carrier, and a reducing agent.

- CONCLUSIONS

The issues of thermochemical sintering of converter
sludge with simultaneous iron reduction from oxides
were analyzed. Thermodynamic and physical modeling
of the processes of sludge sintering with various coals
allowed us to consider the resulting material as an effec-

Carbon content, %

Iron content, %

Product composition, kg/kg of mixture

0.5 1 1 1 1 1

673 773 873 973 1073 1173 1273

Temperature, K
Fig. 3. Results of the study of converter sludge sintering

with coal using the Terra software package:
1—40%; 2 -50%; 3—60 %

Puc. 3. Pe3ynbrarhl HCCIIEI0BaHUS IPOLIECCa CIICKAHHsI KOHBEPTEPHOTO
[IIaMa ¢ yIjieM C UCIIOIb30BaHUEM IporpaMMHOro komriekca « Teppay:
1—40 %; 2—50 %; 3—60 %
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tive heat carrier and reducing agent for converter smelt-
ing. The rational composition of the initial charge for
composite briquettes of the ferrocox type was determined.
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