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Аннотация. В настоящее время перспективным направлением является разработка технологий окускования или брикетирования конвер-

терных шламов. Рециклинг этих шламов в производство позволит решить ряд важнейших для современной металлургии задач утили-
зации техногенных отходов, экономии сырья и снижения себестоимости стали. Эффективность использования полезных компонентов 
в составе брикетов значительно выше, чем в каком-либо другом состоянии (в мелкой или полидисперсной фракции, в сортированном 
виде). В настоящей работе рассматриваются развитие и обоснование комплексного подхода термохимического окускования конвертер-
ного шлама, основанного на кондиционировании железосодержащих шламов нетермическим адсорбционным обезвоживанием и термо-
химическим окускованием с одновременным восстановлением железа из оксидов. Адсорбционное обезвоживание до содержания влаги 
2 – 3 % обеспечивается кратковременным контактом железосодержащих шламов с пористым энергоносителем – буроугольным полу-
коксом, который отделяется пневмосепарационным способом и направляется для энерготехнологического использования, а железосодер-
жащий продукт в смеси с углями – на термоокислительное коксование. Коксование осуществляется в кольцевой печи с вращающимся 
подом, где при достижении температур 1050 – 1100 °С происходит формирование крупного и прочного кускового материала с 55 – 60 % 
железосодержащего продукта с практически полным восстановлением. Проведено термодинамическое моделирование процесса спекания 
конвертерного шлама с углями. Инструментом при выполнении вычислительных экспериментов с использованием методов термодина-
мического моделирования объекта исследования являлся программный комплекс «Терра», предназначенный для расчета термодинами-
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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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 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 % Fe2O3 
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 
du ring 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.

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, du rable 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, ma king 
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-

ческих свойств и состава фаз равновесного состояния произвольных систем с химическими и фазовыми превращениями. Результаты 
термодинамического моделирования полностью подтвердили экспериментальные исследования. Полученный материал представляет 
собой аналог феррококса, содержащий 35 – 39 % железа и 45 – 49 % углерода, при этом содержание оксида цинка не превышает 0,017 %. 

Ключевые слова: конвертерный шлам, термохимическое окускование, термодинамическое моделирование, инструментальная система, 
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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. %): Fe2O3 64.05; FeO 1.82; MgO 4.59; CaO 16.68; 
SiO2 5.75; K2O 0.19; V2O5 0.07; Cr2O3 0.10; C 0.63; 
S 0.24; ZnO 1.11; CuO 0.06; PbO 0.11; MnO 1.08; 
Al2O3 1.93; Na2O 0.88; P2O5 0.32; TiO2 0.21; W 1.35. 
The table below presents the characteristics of the coal 
concentrates, where W r is moisture content; Аd is ash con-
tent; V daf is volatile matter yield; S 

d is sulfur content [14].

 Results and discussion

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

demons trated 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, MgAl2O4 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 

Characteristics of coal concentrates

Характеристика угольных концентратов

Concentrate W r, % Аd, % V daf, % S d, %
GZh + Zh 10.5 7.8 38.0 0.56

Zh 8.6 8.1 38.2 0.67

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

Рис. 1. Результаты термодинамического моделирования процесса спекания конвертерного шлама с углем
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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.

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-

Fig. 3. Results of the study of converter sludge sintering  
with coal using the Terra software package:

1 – 40 %; 2 – 50 %; 3 – 60 %

Рис. 3. Результаты исследования процесса спекания конвертерного 
шлама с углем с использованием программного комплекса «Терра»:

1 – 40 %; 2 – 50 %; 3 – 60 %

Fig. 2. Experimental samples of ferrocox briquettes

Рис. 2. Опытные образцы брикетов типа феррококса
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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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