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 The relevance of the work is due to the need to conserve resources and 

involve man-made waste from the coal and aluminum industries in the 

production of carbonaceous materials for metallurgy. The aim of the 

study was to obtain agglomerated coke from the coal fines of the 

Ekibastuz basin and the spent anode residue of aluminum production 

with an assessment of its mechanical, structural and chemical properties. 

The study employed briquetting, coking at 1150 °C in a reducing 

atmosphere, chemical analysis, strength testing, and FTIR spectroscopy. 

It was found that the optimal composition of the charge (50% coal, 20% 

anode cinder and 30% coal pitch) provides compressive strength up to 

3.2 MPa, impact resistance of up to 8 drops without fracture. FTIR 

analysis showed the formation of a predominantly aromatic carbon 

structure with a high degree of carbonization. The practical significance 

of the work lies in the possibility of using the obtained coke in sintering 

production, and the theoretical one is to expand the understanding of 

the structural transformations of carbon-containing compositions during 

coking. 

 

INTRODUCTION  

Currently, ferrous metallurgy is showing rapid development due to the high demand for 

cast iron and steel in various sectors of the economy. The main task of the industry is to provide 

the domestic and foreign markets with metal products of the required range, quality and volume, 

using the best available technologies in the implementation of the State Industrial Policy and 

sustainable provision of raw materials resources (Sun W. et al., 2020; He K. et al., 2020; Holappa 

L. 2021). 

Coke is the main fuel for ferrous metallurgy. Prospects for the development of the coke 

industry and forecasts of coke production are directly related to the expansion of metallurgical 

production focused on domestic and foreign markets. The increase in the demand for coke is due 

to an increase in production rates, as well as an increase in the price of raw materials, which, in 

turn, leads to an increase in the price of coke on the world market (Babich A. et al., 2019; 

Persistence Market Research. Metallurgical Coke Market Size & Growth Analysis, 2031. Persist. 

Mark. Res. 2023).   
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The problem of resource conservation is highly relevant, as it is necessary to develop and 

implement technologies that ensure the production of products with minimal consumption of 

energy and material resources, rational use of mineral raw materials, and the search for 

alternative carbon reducing agents. Such reducing agents should meet the technological 

requirements of metal and alloy production while reducing production costs through the use 

of secondary carbon resources. In this regard, research in this area is of particular importance 

and requires efficient approaches to the utilization of secondary carbon resources (Kuatbay, Y. 

et al., 2024; Aubakirov, A. et al., 2020; Holappa, L., 2023). In Kazakhstan, the accumulation of 

industrial waste remains an important environmental and technological issue related to the 

sustainable use of mineral resources. According to national environmental statistics, the total 

volume of accumulated industrial waste in the country exceeds 29 billion tons, while 

approximately 0.8 billion tons of new waste are generated annually. The largest share is 

associated with mining and mineral-processing activities (about 65%), whereas manufacturing 

industries account for roughly 12%, and the remaining portion is formed by energy production 

and other industrial sectors. Coal mining and beneficiation processes generate significant 

amounts of coal fines, slurry materials, and carbon-containing residues, which can be 

considered secondary raw materials for producing carbon products. The thermochemical 

processing of such technogenic materials, including agglomeration followed by coking, 

provides opportunities for obtaining carbon materials suitable for metallurgical applications 

such as sintering fuel (Bureau of National Statistics of the Republic of Kazakhstan, 2023; 

UNECE, 2022; Aubakirov et al., 2023).  

Thus, the processing of coal industry waste into coke will not only reduce the 

environmental burden, but also provide an additional source of valuable products for the 

metallurgical industry of Kazakhstan.  

In this regard, the development of advanced thermal processing technologies for coal 

treatment is of great practical importance for producing environmentally friendly, energy-

efficient coke and reducing agents for industrial use (Nurgaliyev, N., et al., 2024). The need for 

further improvement of these methods determined the implementation of a complex of research, 

experimental and experimental-industrial work on the development of scientific foundations and 

the development of new technological solutions in the field of heat treatment of coal, ensuring 

the receipt of high-quality products for technological and energy purposes. 

The paper presents the results of theoretical and experimental studies aimed at 

determining the optimal technological parameters for producing metallurgical coke for sintering 

production from man-made waste, such as coal fines from coal waste from Bogatyr Coal LLP 

(Ekibastuz, Kazakhstan) and waste from the anode production of the electrolysis plant of 

Kazakhstan Electrolysis Plant JSC. 

In the course of research and analysis of Ekibastuz coal, we found that about 17% of the 

main volume of coal produced is coal fines with a particle size of 0−3 mm, which is a by-product 

of crushing coal is significantly cheaper, since in conventional use such fine material requires 

additional preparation (briquetting/granulating), which reduces its market price. In our process, 

a fine grain of Ekibastuz coal (0−3 mm) is used "as is" without additional crushing, which further 

reduces energy costs and operating costs and facilitates dosing and granulation. Previous studies 

demonstrated that the addition of coal fines to the ore, coke charge is possible through the use of 

ignition additives in order to improve its agglomeration (Nonaka H., et al. 2023; Guo Z. et al. 

2023). 

Adding spent anode residue to Ekibastuz coal during coke production leads to a significant 

increase in the amount of carbon in the final product.  Spent anode residue is a carbon-rich by-

product of aluminium electrolysis and contains up to 95–98% carbon, mainly in graphitized form 

(Li, B., et al. 2021; Bhardwaj S. et al. 2025). 
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In the case of mixing with ekibastuz coal, which itself has a high ash content and relatively 

low carbon content (about 70−75% carbon in the form of dry ash-free basis), the addition of spent 

anode residue allows you to significantly improve the quality composition of the charge. For 

example, with the introduction of a 10% spent anode residue, the carbon content of the mixture 

can increase by about 2−4% in absolute terms, depending on the initial Ash of coal and the ratio 

of other components. With a further increase in the composition of spent anode residue, carbon 

growth can reach 6−10%, but at the same time, due to non-carbon waste components (oxides, 

fluorides, salts), there may be negative technological effects such as bond destruction, 

deterioration of mechanical properties and ash growth (Kai, Y. et al. 2020; Biao, K. 2022).  

Purposes of adding anode residue: 

1) to increase the carbon content of the charge. It is important in metallurgical processes 

(reduction of oxides, reduction processes) to obtain coke with a high fixed carbon content, which 

improves its reactivity. 

2) to disposal of man-made waste. Spent anode residue is a byproduct of the aluminum 

industry, and its reuse can reduce the environmental burden and save resources. 

3) to reduce the need for expensive primary carbon materials. Partial replacement of 

expensive primary carbon materials with spent anode residue reduces the cost of coke. 

4) to improve heat resistance and electrical conductivity. Partially graphitized carbon 

improves the conductive and heat-resistant properties of coke, which can be useful in special 

sintering options, especially in the presence of current-conducting or induction systems.  

Previous studies by the authors have already demonstrated the possibility of producing 

carbon materials from coal fines and spent anode residue using briquetting and subsequent heat 

treatment, with evaluation of the physicomechanical properties of the resulting coke products 

(Tolymbekova et al., 2025). These results showed that technogenic carbon-containing materials 

can partially replace traditional carbon raw materials in metallurgical processes. The present 

work continues this research direction and focuses on the structural and chemical characteristics 

of coke obtained from real charge compositions containing coal fines, spent anode residue, and 

coal pitch. 

The purpose of this work is to obtain coke from man-made waste that meets the 

requirements for use in the sintering process with an assessment of its mechanical and structural-

chemical properties. As part of this study, the main attention is paid to the structural and chemical 

characteristics of the coke obtained using IR-Fourier spectroscopy methods and the mechanical 

properties of the obtained samples. 

The scientific novelty of this work lies in the FTIR analysis of coke obtained from real 

technogenic waste compositions containing coal fines, spent anode residue, and coal pitch. 

In recent years, FTIR spectroscopy has been widely used to study the structure of carbon-

containing materials, including coal, semi-coke, and coke, in order to detect chemical changes 

occurring in the heat treatment process. Studies have shown that this method is effective in 

identifying functional groups, assessing the degree of aromaticity, residual content of binders, as 

well as in studying the transformation of hydrocarbon structures during coking. In particular, 

FTIR analysis was used to determine the amount of carbonyl, hydroxyl and aromatic fragments 

in coal of different degrees of enrichment and to identify microstructural differences between the 

primary and heat-treated material. This made it possible to establish a correlation between the 

chemical composition and quality of the resulting coke (Mishra, S. 2023; Wang 2023; Yang L. 

2025). 

 

MATERIALS AND METHODS 

Laboratory experiments on coke production were carried out in the laboratory of the 

Department of Metallurgy of the NJSC Toraighyrov University (Tolymbekova et al., 2025).  
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Table 1 and Table 2 show, respectively, the content of the components and their chemical 

composition. 

 

Table 1. The composition of the components in the charge, % 
 

Samples 

The composition of the components  

in the charge, % 

Ekibastuz coal Spent anode residue Coal pitch 

1 50 10 40 

2 50 20 30 

3 50 30 20 

4 50 40 10 

Note – compiled by the authors based on their own research 

 

Table 2. Chemical composition of charge materials 
 

Indicator Ekibastuz Coal 
Spent anode  

residue 
Coal pitch 

Carbon (C), % 70–75 98 92–93 

Hydrogen (H), % 5.2 – 4.3–4.7 

Oxygen (O), % 9.2 – 0.8–1.0 

Nitrogen (N), % 1.6 – 1.7–1.8 

Sulfur (S), % 0.4–1.0 (avr. 0.7) 2.0 0.3–0.5 

Humidity (Wr), % 3.8–7.0 (avr. 5.4) – – 

Ash (Ad), % 37–41 (avr. 39) 0.3–0.4 0.2–0.3 

Volatile substances (Vdaf), % 24–40 (avr. 32) – – 

Qir, kcal/kg 3800–4200 (avr. 4000) – – 

Melting point of ash, °C 1490–1500 – – 

SiO₂, % 56.9–67.3 (avr. 62.1) – – 

Al₂O₃, % 24.4–31.6 (avr. 28.0) – – 

Fe₂O₃, % 4.4–7.26 (avr. 5.83) – – 

CaO, % 0.68–3.29 (avr. 1.98) – – 

MgO, % 0.19–1.26 (avr. 0.72) – – 

TiO₂, % 1.09–1.65 (avr. 1.37) – – 

SO₃, % 0.55–2.31 (avr. 1.43) – – 

Density, g / cm3 – 1.56  1.2–1.3 

Softening temperature, °C – – 110–125 

Note – compiled by the authors based on their own research 

 

The charge with a fraction of 0−3 mm was weighed on Techprom electronic scales, mixed 

with heating up to 150 °C in a laboratory mixer LS-AB-10, the duration of heating was determined 

by the physico-chemical properties of the binder and the mixing intensity. Heat transfer to the 

mixed volume provided heating of the mixture particles, melting of coal pitch particles and 

coating of coal particles and spent anode residue. The consistency of the mass was controlled 

according to technological features: the absence of fineness, a viscous, but not liquid structure, 

the formation of a lump of a specific shape when compressed. The mixing time was 10 minutes, 

and the coal pitch softened and bound the charge into a homogeneous mass. Coal pitch is 

characterized by a relatively high coking value and good binding properties, the resulting coke 
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binds the carbon graphite product into a single monolith, at the same time the mass subjected to 

molding acquires the necessary elasticity. The resulting mass was pressed in a hydraulic press. 

The resulting coal briquettes are shown in Figure 1. 

 

 
 

Figure 1. Coal briquettes 

Note – compiled by the authors based on their own research 

 

The strength of the briquettes was tested in accordance with GOST 24707–81, “Solid Fuel. 

Method for Determining the Drop Strength of Briquettes,” and according to the laboratory 

procedures used at Toraighyrov University. 

Equipment: 

- Hydraulic Laboratory Press PGL−25 to determine the strength limit during compression 

(maximum force of 25 MPa); 

- Impact test apparatus with a fall height of 2 m (Fall method); 

- Techprom analytical scale (error ± 0.01 g). 

- Digital Mitutoyo caliper (accuracy ± 0.02 mm) to control the geometry of the samples. 

Briquettes had a diameter of 50 mm and a height of 50 mm. Before testing, the samples 

were conditioned for 24 h at a temperature (20 ± 2) °C and humidity no more than 60%. 

Further, briquette samples were subjected to the determination of compressive strength. 

The compressive strength was calculated by the formula σ (1): 

                                                        𝜎 =
𝑃

𝑆
  ,                                                                                (1) 

where: P is load at sample failure, N; 

  S  is cross-sectional area, m². 

For a cylindrical briquette, the cross-sectional area was calculated as follows: 𝑆 = 𝜋 ⋅
𝑑2

4
. 

The test results are presented in the table. 

Also, samples of coal briquettes were subjected to the determination of impact strength. 

The impact strength was assessed by lowering the samples from a height of 2 m onto a steel plate. 

Impact resistance was expressed as the number of drops sustained before failure. 

The resulting briquettes were then placed in a coking container with a split tube with a 

rubber nipple valve for the release of gases (Figure 2). 
 

 

Figure 2. Laboratory coking vessel 

Note – compiled by the authors based on their own research 
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The coking vessel was made of heat-resistant steel and is designed to operate at high 

temperatures in a reducing atmosphere without access to oxygen. The prepared charge batch is 

placed inside, the top cover is tightly fixed with bolted connections, ensuring the tightness of the 

volume. The lid has a fitting to which a curved metal tube is attached – an outlet line for gases 

and vapors formed during the coking process. At its end, a rubber nipple valve is installed, which 

allows volatile products to escape, but prevents air from entering the vessel. 

When heated in an electric muffle furnace to the required temperature, the process of 

thermal decomposition of the organic components of the mixture occurs, which releases gaseous 

and liquid products in the container. Volatile products are discharged through the exhaust tube, 

and a solid carbon residue remains in the volume – coke. 

This design simulates the industrial coking process on a reduced scale, ensures the stability 

of the heating mode, prevents the entry of oxygen and ensures the safe release of pyrolysis gases. 

The coking vessel was placed in a SNOL electric muffle furnace and heated according to a 

programmed schedule up to 1150 °C. After reaching the required temperature and subsequent 

cooling, the vessel was removed from the furnace. 

The resulting coke has a porous structure, has sufficient strength, the average size is 3-5 

mm, which meets the requirements of coke for sintering production. 

Coke samples with different percentages of the resulting components were studied in 

detail using FTIR spectroscopy.  

The FTIR method was used to analyze functional groups in the resulting coke structure. 

The main purpose of this analysis is to determine the degree of destruction of organic compounds 

and binder residues during the coking process. 

Infrared spectroscopy (IR) is an analytical method that uses light from the infrared part of 

the spectrum to analyze a sample. Peaks in the IR spectrum represent the selective absorption of 

a part of the radiation that coincides in frequency with the oscillations of atoms in the molecule, 

that is, it corresponds to the oscillation frequencies of chemical bonds in the sample. Spectra can 

be recorded in transmittance or absorbance mode; in transmittance, absorption bands appear as 

minima, while in absorbance they appear as peaks (Al-Amin, K., Rahman, M., & others, 2024; 

Shimadzu Corporation, 2020) 

The Shimadzu IRTracer-100 Fourier transform infrared spectrometer is designed to 

measure the optical spectra of full internal reflection, conduction, absorption, diffusion and 

mirror reflection in the infrared (IR) range; determination of the concentration of various organic 

and inorganic substances in solid, liquid and gaseous states (Figure 3). 

 

 
 

Figure 3. Shimadzu irtracer-100 Fourier spectrometer 

Note – compiled by the authors based on (Shimadzu Corporation, 2020) 
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The principle of action of spectrophotometers is based on determining the stroke difference 

between the interference rays when moving mirrors in a two-beam interferometer. At the heart 

of the spectrophotometer is the Michelson interferometer (LibreTexts, 2023) 

 

RESULTS AND DISCUSSION 

This section presents and analyzes the results of experimental studies on the production 

and characterization of coke samples. 

The chemical composition of the resulting coke is presented in Table 3. 

 

Table 3. Chemical composition of coke 
 

Carbon (C), % 
Sulfur (S), 

% 

Ash composition 

(Ash), % 

Volatile substances, 

% 

Humidity 

(Wr), % 

85 0.9–1.1 19.0 1.5–2.5 ≤ 1 

Note – compiled by the authors based on their own research 

 

The resulting coke is characterized by high carbon content (85%) and low humidity (<1%), 

which confirms its suitability as a fuel. Despite the increased content of ash (19%) and sulfur (0.9–

1.1%), this composition is suitable for use in sintering production. The increased ash and sulfur 

content is associated with the use of high-ash Ekibastuz coal and spent anode residue as waste 

from electrolysis production of aluminum (spent anode residue) containing sulfur compounds. 

 

Table 4. Strength of compression briquettes  
 

№ 

sample 

Charge composition  

(coal : spent anode residue : coal pitch,%) 

Average 

diameter, mm 

Destructive 

load, N 

Strength σ, 

MPa 

1 50 : 10 : 40 50 5200 2.8 

2 50 : 20 : 30 50 5700 3.2 

3 50 : 30 : 20 50 5100 2.9 

4 50 : 40 : 10 50 4710 2.4 

Note – compiled by the authors based on their own research 

 

As the coal pitch content decreased, increasing the proportion of spent anode residue to 

20% improved the strength of the briquettes due to the formation of a stable contact network and 

enhanced carbonization. However, a further increase in the spent anode residue content, 

accompanied by a decrease in coal pitch, reduced the strength because of insufficient binder 

content. 

 

Table 5. Results of impact tests  
 

№ 

sample 

Composition of 

the charge 

Number of falls before 

breaking 
Fracture character 

1 50 : 10 : 40 6 Cracks on the sides, broken edges 

2 50 : 20 : 30 8 Small traces without destruction 

3 50 : 30 : 20 7 Small cracks, without separation 

4 50 : 40 : 10 5 
Separation of the edge, division into 

fragments 

Note – compiled by the authors based on their own research 
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Briquettes containing 20% spent anode residue showed the highest impact resistance and 

a stable structure. 

The results indicate that the optimal charge composition is 50% coal, 20% spent anode 

residue, and 30% coal pitch. This ratio provides sufficient plasticity, uniform particle bonding, 

and relatively low porosity. 

The compressive strength reached 3.2 MPa, which meets the requirements for 

metallurgical briquettes intended for further coking. 

Thus, increasing the proportion of spent anode residue to 20% was found to improve the 

strength of the briquettes by 15–20%. 

Coal-tar pitch supplied by Kazakhstan Electrolysis Plant JSC proved to be an effective 

binder due to its high coke yield and suitable softening temperature. 

The FTIR spectra of the coke samples prepared according to the compositions listed in 

Table 1 are presented below. 

 

 
 

Figure 4. 1st sample  

Note – compiled by the authors based on their own research 

 

FTIR analysis of the coke spectrum of Sample 1 (Figure 4) made it possible to identify the 

following main functional groups: 

1. Aromatic compounds (C=C, ~1600 cm⁻¹): a pronounced absorption band was observed 

in the region of 1580–1620 cm⁻¹, indicating the presence of aromatic carbon structures. These 

signals are characteristic of graphite-like structures and confirm the high degree of aromatization 

of the product. 

2. Hydroxyl groups (O–H, 3200–3600 cm⁻¹): a broad band in the region of 3200–3600 cm⁻¹ 

indicates the presence of hydroxyl or phenolic groups. The intensity of this band suggests the 

presence of residual moisture or oxygen-containing compounds after coking. 

3. Carbonyl compounds (C=O, 1700–1750 cm⁻¹): the absorption peak in this region 

indicates the presence of carbonyl fragments, such as ketones or carboxylic acids, which may 

result from incomplete thermal decomposition of oxygen-containing compounds. 

4. Aliphatic C–H bonds (2800–3000 cm⁻¹): weak peaks corresponding to C–H stretching 

vibrations in aliphatic fragments indicate a low content of volatile hydrocarbons, confirming a 

high degree of carbonization. 

5. Ether and phenolic groups (C–O, 1050–1150 cm⁻¹): the presence of a signal 

corresponding to C–O vibrations indicates the presence of oxygen-containing fragments, 

including phenols and esters. 



 

- 113 - 

 

 
 
Vol. 1, Issue 2, June 2026.  

6. Mineral components (500–900 cm⁻¹): peaks in this region are characteristic of bending 

vibrations associated with metal oxides, including TiO₂, Fe₂O₃, and Al₂O₃, originating from ash 

components. 

Sample 1 demonstrates a high degree of aromatization and a low content of volatile 

substances. The moderate amount of oxygen-containing functional groups indicates a sufficient 

level of coking. However, due to the relatively low proportion of spent anode residue, the degree 

of carbonization is lower than that of the other samples. Therefore, this composition can be 

considered acceptable, but not optimal for metallurgical applications. In addition, the increased 

content of ash components requires further control when the material is used in metallurgical 

processes. 

 

 
 

Figure 5. 2nd sample  

Note – compiled by the authors based on their own research 

 

FTIR analysis of the coke spectrum of Sample 2 revealed the following spectral features: 

1. Aromatic compounds (C=C, ~1600 cm⁻¹): an intense peak in this region indicates the 

presence of aromatic carbon structures, confirming a high degree of aromatization. 

2. Hydroxyl groups (O–H, 3200–3600 cm⁻¹): a broad high-intensity band indicates the 

presence of hydroxyl or phenolic groups, which may be associated with residual moisture or 

incomplete decomposition of oxygen-containing compounds. 

3. Carbonyl compounds (C=O, 1700–1750 cm⁻¹): compared with Sample 1, a more 

pronounced band in this region indicates the presence of carbonyl compounds, such as quinones 

or residual acids, which may be associated with the oxidation of residual organic fragments. 

4. Aliphatic C–H bonds (2800–3000 cm⁻¹): very weak peaks confirm a high degree of 

carbonization and the decomposition of volatile compounds during heat treatment. 

5. Ether and phenolic groups (C–O, 1050–1150 cm⁻¹): peaks in this range are more intense 

than those observed in Sample 1, which may indicate a higher proportion of residual resinous 

substances due to the increased content of spent anode residue. 

6. Mineral components (500–900 cm⁻¹): more pronounced peaks indicate the presence of 

metal oxides, including Fe₂O₃ and TiO₂. 

Sample 2 demonstrates a high degree of aromatization and carbonization while retaining 

a moderate amount of functional groups that contribute to structural integrity. Although oxygen-

containing compounds and ash components may adversely affect coke quality, the balance 

between graphitization and structural bonding makes this sample promising for further 

application. 
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Figure 6. 3rd sample 

Note – compiled by the authors based on their own research  

 

FTIR analysis of the coke spectrum of Sample 3 revealed the following main functional 

groups: 

1. Aromatic compounds (C=C, ~1600 cm⁻¹): an intense absorption band was observed in 

the range of 1580–1620 cm⁻¹, indicating the presence of aromatic structures characteristic of 

graphitized carbon. This confirms a high degree of aromatic structure formation. 

2. Hydroxyl groups (O–H, 3200–3600 cm⁻¹): a broad absorption band in this region indi-

cates the presence of hydroxyl or phenolic groups. This may be associated with residual moisture 

and the partial decomposition of oxygen-containing compounds during the coking process. 

3. Carbonyl compounds (C=O, 1700–1750 cm⁻¹): the presence of carbonyl groups, such as 

ketones or carboxylic acids, is confirmed by an intense peak in this region, which may indicate 

residual organic fragments and oxidative transformations. 

4. Aliphatic C–H bonds (2800–3000 cm⁻¹): weak bands corresponding to C–H stretching 

vibrations indicate a small amount of aliphatic fragments, confirming an advanced stage of 

carbonization. 

5. Ether and phenolic groups (C–O, 1050–1150 cm⁻¹): the presence of a C–O signal 

indicates residual oxygen-containing compounds. 

6. Mineral components (500–900 cm⁻¹): peaks in this range are associated with spent anode 

residue and ash compounds characteristic of Ekibastuz coal, including Fe₂O₃, TiO₂, CaO, and 

Al₂O₃. 
 

                  

Figure 7. 4th sample  

Note – compiled by the authors based on their own research 
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Sample 3 is characterized by a pronounced aromatic structure, good thermal stability, and 

a relatively high degree of carbonization. However, the reduced coal pitch content may limit the 

structural stability of the coke compared with Sample 2. 

FTIR analysis of the coke spectrum of Sample 4 revealed the following characteristic 

features: 

1.  Aromatic compounds (C=C, ~1600 cm⁻¹): the intense absorption band indicates the 

presence of aromatic carbon structures, including graphite-like structures, confirming a high 

degree of carbonization. 

2.  Hydroxyl groups (O–H, 3200–3600 cm⁻¹): a broad absorption band in this region 

indicates the presence of hydroxyl and/or phenolic groups, as well as residual moisture 

associated with the spent anode residue. 

3.  Carbonyl compounds (C=O, 1700–1750 cm⁻¹): a distinct peak in this region indicates the 

presence of carbonyl compounds, possibly quinones or oxidation products. 

4.  Aliphatic C–H bonds (2800–3000 cm⁻¹): weakly defined peaks indicate the partial 

preservation of aliphatic structures, possibly originating from coal pitch. 

5.  Ether and phenolic groups (C–O, 1050–1150 cm⁻¹): the intensity of the bands in this range 

confirms the presence of oxygen-containing functional groups, such as esters and phenols. 

6.  Mineral components (500–900 cm⁻¹): the spectrum shows distinct peaks characteristic of 

metal oxides, including Fe₂O₃, TiO₂, and Al₂O₃, which indicates a relatively high content of ash 

impurities. 

Sample 4 is characterized by a high degree of aromatization, as well as an increased amount 

of oxygen-containing groups. This may affect the reactivity of coke and deteriorate its mechanical 

properties, thereby reducing its technological suitability for sintering production. 

Comparative analysis based on FTIR spectroscopy showed that all samples contained the 

main functional groups characteristic of carbon-containing and oxygen-containing compounds: 

aromatic C=C bonds (~1600 cm⁻¹), alkyl C–H bonds (~2850–2950 cm⁻¹), hydroxyl O–H groups 

(~3200–3600 cm⁻¹), carbonyl C=O groups (~1700 cm⁻¹), as well as ether and phenolic C–O and C–

O–C groups (~1000–1300 cm⁻¹). The intensity of the bands associated with aliphatic groups 

generally decreased as the proportion of spent anode residue increased and the coal pitch content 

decreased, whereas the intensity of oxygen-containing groups varied depending on the ash 

content and residue composition. 

This indicates a high degree of carbonization and the formation of graphite-like structures 

in coke with an increased proportion of spent anode residue in the charge, especially in Sample 

4. In addition, samples with a lower coal pitch content showed a decrease in the functional groups 

involved in the formation of bonds between carbon fragments, which may reduce the mechanical 

strength of the resulting coke. 

Samples 2 and 3, containing 50% Ekibastuz coal, 20–30% spent anode residue, and 20–30% 

coal pitch, showed an optimal balance between the high degree of carbonization required for the 

formation of a strong carbon structure and the preservation of a sufficient amount of oxygen-

containing functional groups. Therefore, these samples can be considered promising 

compositions for metallurgical applications. 

Despite its maximum degree of carbonization, Sample 4, containing 40% spent anode resi-

due and 10% coal pitch, showed signs of excessive destruction of binding functional groups. This 

may lead to a decrease in coke strength during handling, transportation, and use in sintering 

production. 

Thus, Samples 2 and 3 can be considered the most promising compositions. However, 

Sample 2 demonstrated the best balance between carbonization and mechanical strength. Based 

on the results obtained, these samples can be recommended for further investigation regarding 

their application in sintering production. 
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Comparison with industrial sintering coke 

A comparative analysis of the obtained coke and typical industrial sintering coke was 

carried out to assess the suitability of the developed material for sintering production (Table 6). 

The obtained coke demonstrates physicochemical characteristics generally comparable to 

those of industrial sintering coke. The carbon and sulfur contents fall within the typical ranges 

reported for industrial applications, whereas the ash content remains relatively high due to the use 

of high-ash Ekibastuz coal. Nevertheless, the obtained mechanical strength and degree of 

carbonization indicate the potential suitability of the produced coke for use in sintering production. 

 

Table 6. Comparison of the obtained coke properties with typical  

industrial sintering coke characteristics 
 

Parameter Obtained coke Industrial sintering coke* 

Carbon content, % 85 80–90 

Ash content, % 19 10–18 

Sulfur content, % 0.9–1.1 0.5–1.2 

Compressive strength, MPa 3.2 comparable range 

Note – compiled by the authors based on Babich and Senk (2019), Wang et al. (2023), and own 

experimental data 

*Typical values according to published data for industrial sintering coke. 

 

CONCLUSION 

The study demonstrated the feasibility of producing sintering coke from technogenic waste 

generated by the coal and aluminum industries without relying on scarce primary carbon 

resources. The use of Ekibastuz Basin coal fines with a particle size of 0–3 mm without additional 

crushing made it possible to reduce energy consumption and improve the resource efficiency of 

the process. The introduction of high-carbon spent anode residue with a carbon content of 98% 

increased the carbon content of the charge and promoted carbonization during coking. 

The optimal charge composition was 50% coal, 20% spent anode residue, and 30% coal 

pitch. For this composition, the compressive strength of the briquettes reached 3.2 MPa, and 

the impact resistance was up to 8 drop cycles without failure, which meets the requirements 

for carbon materials intended for sintering production. With a simultaneous decrease in coal 

pitch content, increasing the proportion of spent anode residue above 30% led to a deterioration 

in mechanical properties due to insufficient binder content and disruption of structural 

bonding. 

Chemical analysis of the obtained coke showed a carbon content of 85%, an ash content of 

about 19%, and a sulfur content of 0.9–1.1%, which are acceptable for use in the sintering process, 

taking into account the initial ash content of Ekibastuz coal. FTIR spectroscopy revealed the 

predominance of aromatic carbon structures and a decrease in the intensity of aliphatic and 

oxygen-containing functional groups with an increase in the proportion of spent anode residue, 

indicating a high degree of carbonization and the formation of graphite-like structures in the 

material. 

Thus, the results obtained confirm the feasibility of involving spent anode residue and coal 

fines in the technology for producing sintering coke. The proposed approach provides a 

simultaneous solution to the tasks of resource conservation, technogenic waste utilization, and 

production of a carbon material with the required mechanical, structural, and chemical 

characteristics for use in metallurgical production. 
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