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ABSTRACT 

The rapid growth in the volume of agricultural biowaste and by-products from the mining and metallurgical 

industries is creating critical environmental and resource challenges, while at the same time increasing the need 

for sustainable and highly efficient materials for electrochemical energy storage systems. The article describes the 

development and pilot testing of an integrated technology for processing biomass and metallurgical waste into 

silicon-carbon composite materials intended for use in lithium-ion battery anodes. The proposed approach 

involves carbonisation of agricultural residues with the formation of a conductive porous carbon matrix, extraction 

of silicon from metallurgical slags, and subsequent synthesis of silicon-carbon composites. The structural, 

morphological, and physicochemical characteristics of the materials, determined by X-ray diffraction, scanning 

and transmission electron microscopy, specific surface area analysis (BET) and thermogravimetric analysis, 

confirmed the formation of a highly developed porous structure with a uniform distribution of silicon particles in 

the carbon matrix. Electrochemical tests have shown that the composites obtained have high reversible capacity, 

improved Coulombic efficiency and high stability during long-term cycling, significantly exceeding the 

characteristics of traditional graphite anodes. Particular attention was paid to process scaling issues: it was shown 

that the transition from laboratory synthesis to pilot production does not lead to degradation of the structural and 

electrochemical properties of the materials. The results of the work demonstrate the high potential of using 

secondary biomass and metallurgical resources as sustainable and cost-effective precursors for creating a new 

generation of anode materials, contributing to a reduction in environmental impact and the development of green 

energy technologies. 
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INTRODUCTION  

The continuous growth in the volume of biogenic and mining and metallurgical waste poses a serious challenge 

to environmental safety and sustainable resource use. Significant flows of agro-industrial biomass and technogenic 

metallurgical waste remain underutilised within linear economic models, leading to waste accumulation, 
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ecosystem degradation and an increase in the carbon footprint. In this regard, waste recycling and valorisation are 

seen as key tools for implementing the principles of the circular economy and reducing dependence on primary 

raw materials. It has been shown that the reuse of metallurgical waste and secondary materials can significantly 

reduce CO₂ emissions and the consumption of natural raw materials (Xu et al. 2023; Kristoffersen et al. 2024). 

Modern technologies for processing silicon-containing waste are mainly based on pyrometallurgical and 

hydrometallurgical processes aimed at extracting silicon, silicon dioxide and associated components. Despite the 

development of energy-efficient solutions, including environmentally friendly processes for recycling silicon 

production by-products, most existing approaches remain energy-intensive, technologically complex and limited 

in scalability, which reduces their industrial and economic appeal (Nuraly et al. 2024). Against this backdrop, 

silicon-carbon (Si/C) composites are considered promising next-generation anode materials for lithium-ion 

batteries due to the significantly higher theoretical specific capacity of silicon compared to traditional graphite. A 

number of studies demonstrate that Si/C composites obtained from secondary silicon-containing sources are 

capable of providing a specific capacity of over 2000 mA·h·g⁻¹ with satisfactory cycle stability (Qian et al. 2023; 

Mutushev et al. 2025). However, structural degradation associated with volumetric changes in silicon, as well as 

the complexity of scaling synthesis processes, remain key limitations to the practical application of such materials 

(Liu et al. 2012; Obrovac and Chevrier, 2014; Zhang et al. 2021). In recent years, there has been growing interest 

in the integrated use of biogenic and metallurgical waste for the synthesis of functional Si/C composites. Plant-

based biomass (rice husks, sunflower husks, wood residues) is characterised by a high carbon content and the 

ability to form porous matrices after carbonisation, which has been confirmed by both foreign and domestic studies 

(Romanenko & Simonov 2007; Azat et al. 2023; Suleimenova et al. 2023; Mutushev et al. 2023; Nuraly et al. 

2024). At the same time, the high resource value of ash and metallurgical waste containing significant amounts 

of SiO₂ for the production of silicon-containing functional materials has been demonstrated (Yao et al. 2015; 

Tauanov et al. 2022; Suleimenova et al. 2023; Seisenova et al. 2025). The combination of porous biocarbon 

matrices with nanostructured silicon improves the electrochemical characteristics of composites by stabilising the 

structure and effectively redistributing mechanical stresses during cycling (Liu et al. 2012; Obrovac & Chevrier 

2014; Zhang et al. 2021). Despite the progress achieved, issues related to the complex processing of heterogeneous 

streams of bio- and metallurgical waste, control of impurity composition, ensuring reproducibility of the structure 

during scaling, and assessment of the environmental efficiency of technological routes remain insufficiently 

studied. In this regard, the aim of this work is to develop and scale up an environmentally safe and resource-saving 

technology for processing bio- and mining-metallurgical waste for the synthesis of highly efficient silicon-carbon 

composites suitable for use in electrochemical energy storage systems. 

 

MATERIALS AND METHODS 

Raw materials and preparation of materials 

Two types of waste were used for the synthesis of silicon-carbon (Si/C) composites: biogenic and metallurgical. 

Biological raw materials included rice husks, corn stalks, wood sawdust, and sunflower husks, which are 

characterised by high carbon content (40–50%) and the ability to form a developed porous structure after 

carbonisation (Romanenko & Simonov 2007; Azat et al. 2023; Suleimenova et al. 2023; Mutushev et al. 2023; 

Nuraly et al. 2024). Metallurgical waste consisted of sludge and slag from ferroalloy production, as well as ash 

from thermal power plants with a SiO₂ content of 30–70% (Yao et al. 2015; Suleimenova et al. 2023; Seisenova 

et al. 2025). Biological waste was pre-dried at 105 °C to a constant mass and ground to a particle size of <1 mm. 

Metallurgical waste was washed with distilled water, dried, ground in a planetary mill and treated with 2–3 M 

HCl solution to remove impurities (Fe, Al, Ca; Qian et al. 2023; Seisenova et al. 2025). 

 

Synthesis of Si/C composites  

The synthesis of composites comprised three main stages:  

(1) Carbonisation of bio-waste was carried out at 700–800 °C in a CO₂ atmosphere with the formation of a 

porous carbon matrix (Mutushev et al. 2023; Nuraly et al. 2024; Mutushev et al. 2025).   

(2) Silicon was extracted by magnesio-thermal reduction of silicon dioxide with Mg powder at 700 °C, followed 

by acid removal of MgO (Yao et al. 2015; Seisenova et al. 2025). 

(3) Compositing consisted of mixing a carbon matrix and nanosilicon in mass ratios of 70:30–50:50, followed by 

heat treatment at 900 °C; if necessary, an additional amorphous carbon coating was formed by pyrolysis of organic 

precursors (Qian et al. 2023; Kim et al. 2023). 
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Fig. 1. Obtaining silicon from biowaste. 

The hydrocarbon was fed at a certain rate through the gas supply system, with the carried-over hydrocarbon 

vapours being introduced into the reactor together with the carrier gas. The optimal mass ratios of the components 

and process conditions were established experimentally by selecting compositions with the best physicochemical 

characteristics. 

Characterisation methods 

The phase composition of the samples was analysed by X-ray diffraction (XRD) using a DW-XRD-2700 A 

diffractometer. The morphology and elemental composition were investigated by scanning electron microscopy 

with energy dispersive analysis (SEM/EDX, Quanta 200i 3D, FEI, USA). The specific surface area and porous 

structure were determined by nitrogen adsorption according to the Brunauer–Emmett–Teller (BET) method. All 

synthesis parameters (temperature, duration, mass ratios) were optimised experimentally, taking into account the 

physicochemical characteristics of the obtained materials. 
 

RESULTS  

Structural and textural characterisation (XRD, SEM/TEM, BET)   

Structural and textural characterisation (XRD, SEM/TEM, BET) revealed that the obtained Si/C composites are 

a hybrid of crystalline and amorphous phases formed during silicon carbonisation and extraction. The diffraction 

patterns show distinct peaks at 2θ = 28.4°, 47.3° and 56.1°, corresponding to crystalline silicon, against a 

background of a broad diffuse halo of the amorphous carbon matrix (Fig. 2).  
 

 
Fig. 2. X-ray phase analysis. 

The relative intensity of the crystalline peaks varied depending on the composition of the raw material and the 

carbonisation conditions, which allows the phase composition to be controlled (Fig. 3). SEM revealed a porous 

architecture of composites with silicon nanoparticles 50–150 nm in diameter, uniformly distributed in a carbon 

matrix, with separate moderate agglomerates. TEM confirmed the presence of nanoscale silicon inclusions, 

encapsulated in an amorphous carbon shell 5–10 nm thick, which acts as a mechanical buffer during lithiation. 
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Partially ordered graphite domains formed during high-temperature carbonisation increase the conductivity of the 

composite. Nitrogen adsorption-desorption showed a high specific surface area of 280–350 m² g-1 and a total pore 

volume of 0.45–0.52 cm³ g-1. Mesopores with a diameter of 2–20 nm provide a balance between high lithium 

capacity and structural stability, promoting electrolyte penetration.  

 
Fig. 3. Micrographs of silicon particles obtained under various conditions. 

 

Thermal stability and composition (TGA) 

Thermogravimetric analysis (TGA) studies showed high thermal stability of the synthesized Si/C composites, 

which is critical for their application in high-temperature processes and large-scale production. Mass loss occurred 

in two main stages: lower temperature range (< 200 °C): removal of physically adsorbed moisture and volatile 

impurities, including residual solvents and low-molecular-weight organic compounds. A slight mass loss (up to 

2–3%) was observed at this stage, confirming the low free moisture content and high chemical purity of the carbon 

matrix. Medium temperature range (400–650 °C): decomposition and combustion of remaining organic 

components, including partially carbonised biological fragments. The mass loss at this stage is 15–20%, reflecting 

the stability of the amorphous carbon matrix and the resistance of nanosilicon to oxidation. The absence of 

significant mass loss up to 800 °C indicates high thermal stability of the composites, making them suitable for 

subsequent high-temperature processing stages, including carbonisation, compositing and industrial scaling. In 

addition, stable mass at temperatures above 700 °C indicates low volatile impurity content and high structural 

strength of the carbon matrix, which is critical for long-term operational reliability in electrochemical storage 

systems. Additionally, a smooth degradation of the mass is observed in the second stage, indicating controlled 

decomposition of the organic phase and the potential formation of a porous structure that promotes high specific 

surface area and efficient diffusion of lithium ions in the electrodes.  
 

Electrochemical characteristics of Si/C composites 

The electrochemical properties of the synthesized composites were evaluated using the galvanostatic charge-

discharge cycling method. At a current density of 0.1 C, the samples demonstrated a high initial specific capacity 

of up to 1650 mA·h/g, which significantly exceeds the performance of commercial graphite anodes (~372 mA·h/g 

under identical conditions). After 200 cycles, more than 85% of the initial capacity was retained, confirming high 

cycle stability. During the first cycles, a moderate irreversible capacity loss was observed, associated with the 

formation of a solid electrolyte interface (SEI) on the surface of the composite. By the third cycle, the Coulombic 

efficiency reached ~98% and stabilized at 99–99.5%, indicating high reversibility of lithium insertion and 

extraction processes. This framework structure effectively compensates for the volumetric expansion of silicon, 

preventing the destruction of nanoparticles. Testing at elevated currents showed that at 1C, the specific capacity 

was 950–1050 mA·h/g, and at 5C, it was 450–520 mA·h/g. These indicators exceed those of most traditionally 

synthesized silicon-carbon materials and demonstrate the favorable kinetic properties of the porous structure, 

which ensures efficient transfer of electrons and lithium ions. 
 

The effect of process scaling on structure and electrochemical properties 

Electrochemical impedance spectroscopy (EIS) showed a significant decrease in charge transfer resistance to Rct 

≈ 30–40 Ω compared to samples without carbon coating (Rct ≈ 100 Ω). This is due to the uniform distribution of 

silicon nanoparticles in the conductive carbon matrix and the presence of partially graphitized domains, which 

improve electronic conductivity and interphase charge transfer. The scalability of the proposed technology was 
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evaluated during the transition from laboratory batches (10–50 g) to pilot batches (1–2 kg). Structural analysis 

showed that as the batch size increases, there is a tendency for silicon nanoparticles to aggregate and a decrease 

in specific surface area by approximately 10–15%. The use of intensive mechanical mixing and structural 

stabilizers minimized aggregation and maintained phase homogeneity. Electrochemical testing of pilot samples 

showed: specific capacity of 1500–1550 mA·h/g, cyclic stability retention of 82–84% after 200 cycles. 

Optimization of technological parameters, including stepwise heating and controlled cooling, made it possible to 

suppress particle aggregation, improve phase contact, and simultaneously reduce the energy consumption of the 

process. The Kruskal–Wallis test was used to assess the statistical significance of the differences between samples, 

followed by pairwise comparisons using the Dwass–Steel–Critchlow–Fligner (DSCF) test. The values of χ², 

degrees of freedom (df), significance level (p), and effect size (ε²) are presented for each sample. Differences were 

considered statistically significant at p < 0.01.  
 

Table 1. Specific surface area of Si/C composites and statistical analysis (Kruskal–Wallis + DSCF, p <0,01) 

Sample Specific surface area (m² g-1; Me [Q1–Q3]) χ² df p ε² 

1 256.6 [248.3–275.1] 3 3 <0.01 0.938 

2 352.1 [347.5–363.1] 3 3 <0.01 0.938 

3 10.5 [9.66–11.9] 3 3 <0.01 0.938 

4 187.3 [169.2–199.5] 3 3 <0.01 0.938 

Note: Me — median; Q1–Q3 — interquartile range; χ² — the value of the Kruskal–Wallis criterion; df — number of degrees of freedom; p — level of 

significance; ε² —measure of effect. 

 

Statistical analysis 

Statistical analysis, Table 1 shows the median values of specific surface area (Me) and interquartile range (Q1–

Q3) for the four samples studied. The analysis showed statistically significant differences in specific surface area 

among all samples, with sample 2 exhibiting the highest median value and sample 3 the lowest, which is fully 

consistent with the observed structural and electrochemical trends. The results show that sample 2 has the largest 

specific surface area (352.1 m² g-1) and corresponds to its most porous structure. Sample 3 has the smallest specific 

surface area (10.5 m² g-1), which is consistent with the observed particle aggregation. All differences between 

samples are statistically significant (p <0.01), and high ε² values (0.938) indicate a pronounced effect of 

composition and structure on the porosity of composites. Thus, the table confirms the correlation between the 

structural characteristics of composites and their electrochemical properties, which is important for optimizing 

the synthesis and functionality of materials for battery systems. 
 

Comparison with literature data, advantages, limitations, and sustainability aspects 

Analysis of the literature shows that most silicon-carbon anode materials obtained from plant waste (in particular, 

rice husks), are characterized by a specific capacity in the range of 1200–1400 mA·h g-1 and a significant decrease 

in capacity—up to 40%—after 200 charge–discharge cycles. Unlike these systems, the composites developed in 

this work demonstrate a significantly higher specific capacity, reaching 1650 mA·h g-1, while retaining 

approximately 85% of their initial capacity after prolonged cycling. The improvement in electrochemical 

performance is due to a combination of factors, including optimized composite morphology, narrow size 

distribution of silicon nanoparticles, and the presence of a continuous carbon shell that acts as both a conductive 

network and a mechanical buffer. This architecture effectively reduces the mechanical stresses arising during 

silicon lithiation and delithiation and suppresses structural degradation. A number of previously published works 

have noted a significant deterioration in electrochemical properties when moving from laboratory to large-scale 

synthesis, mainly due to the aggregation of silicon particles. In this work, this problem was minimized by using 

structural stabilizers and an optimized temperature regime, which made it possible to maintain phase homogeneity 

and reproducibility of properties during scaling. This demonstrates the high technological competitiveness of the 

proposed approach. The key advantages of the developed technology include the use of bio- and metallurgical 

waste as cheap and widely available raw materials, the combination of high specific capacity with good cyclic 

stability, and the proven scalability of the process. At the same time, certain limitations remain, including the need 

for strict control of the impurity composition of metallurgical waste, relatively high energy costs for the high-

temperature carbonization stage, and the sensitivity of the material structure to synthesis parameters. From a 

sustainable development perspective, the proposed technology enables simultaneous waste utilization and 

reduction of the carbon footprint of battery material production. Preliminary estimates show that the use of 
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secondary silicon sources can reduce CO₂ emissions by up to 25% compared to traditional synthesis routes. 

Economic analysis indicates a 30–40% reduction in the cost of the resulting composites compared to commercial 

analogues, making the technology promising for industrial implementation. 
 

DISCUSSION 

The article presents a developed and experimentally verified technology for processing biogenic and mining and 

metallurgical waste to obtain silicon-carbon composites intended for use in electrochemical energy storage 

systems. Structural and morphological studies confirmed the formation of nanodispersed silicon particles 

uniformly distributed in a conductive carbon matrix. The predominance of a mesoporous structure ensures 

efficient mass transfer and helps compensate for volume changes in silicon during cycling. Electrochemical tests 

have shown that the synthesized composites significantly outperform traditional graphite anodes, demonstrating 

a specific capacity of up to 1650 mA·h·g⁻¹, retention of more than 85% of capacity after 200 cycles, and high 

Coulombic efficiency of ≈ 99%. An important result is the confirmed reproducibility of properties when 

transitioning from laboratory to pilot-scale synthesis. Optimization of carbonization and silicon reduction 

conditions has made it possible to reduce nanoparticle aggregation and maintain high electrochemical 

characteristics, confirming the technological feasibility of the method. The proposed approach combines 

environmental and technological efficiency, enabling the conversion of agricultural and industrial waste into 

functional anode materials for next-generation lithium-ion batteries. The use of low-cost raw materials reduces 

production costs by 30–40%, reduces the carbon footprint by recycling waste, and reduces waste accumulation. 

A significant advantage is the ability to integrate the developed materials into existing battery production lines 

without significant equipment modifications. Despite the results obtained, the work opens up prospects for further 

research. In particular, it seems advisable to study the combined processing of various types of biogenic and 

metallurgical waste for targeted control of the phase composition and texture of composites. Promising areas 

include the development of pilot plants with a capacity of 10–50 kg·day⁻¹, the introduction of heteroatomic doping 

(N, P, and S) to improve electrical conductivity and stability, and a complete life cycle analysis and technical and 

economic assessment to justify industrial implementation. Overall, the results confirm the possibility of creating 

highly efficient and environmentally sustainable silicon-carbon composites based on bio- and metallurgical waste. 

The technological route has significant potential for the development of low-carbon energy systems and is 

consistent with the principles of a circular and resource-efficient economy. Thus, the proposed approach 

demonstrates high scientific and practical significance and represents a promising platform for the creation of 

next-generation functional anode materials based on the processing of bio- and metallurgical waste. 

 

CONCLUSION 

An environmentally friendly technology has been developed for producing Si/C composites from biogenic and 

mining and metallurgical waste for energy storage systems. 

It has been established that the resulting composites have a hierarchical mesoporous structure and a stable carbon 

shell that effectively compensates for volume changes in silicon. 

Si/C composites have been shown to exhibit high electrochemical performance: specific capacity up to 1650 

mA·h·g⁻¹, cycling stability, and high coulombic efficiency. Improved charge transfer is provided by a developed 

conductive carbon network. 

The reproducibility and scalability of the technology have been confirmed, as well as its economic and 

environmental efficiency due to reduced costs and carbon footprint. 
 

Funding source 

This research has been/was/is funded by the Committee of Science of the Ministry of Science and Higher 

Education of the Republic of Kazakhstan (grant No. BR28713383). 

 

REFERENCES 

Azat, S, Mutushev, A, Yeszhanova, G, Tuleibayeva, A, Zhumakhan, K, Nuraly, A 2023, Development of a highly 

effective premix based on local plant raw materials to stimulate growth and development of growing 

calves. Engineered Science, 26: 994, DOI:  http://dx.doi.org/10.30919/es994. 

 

http://dx.doi.org/10.30919/es994


Nuraly et al.                                                                                                                                                                                                       621 

 

Kim, S, Lee, J, Park, Y 2023, Jackfruit-like Si–C composites for high energy density lithium-ion batteries. arXiv. 

2305.10545. 

Kristoffersen, E, Ringdalen, E 2022, Life-cycle assessment of silicon production routes. Metallurgical and 

Materials Transactions B, 53: 1245-1256. 

Kristoffersen, E, Tranell, G, Ringdalen, E 2024, Environmental benefits of bio-carbon in metallurgical silicon 

production. Journal of Sustainable Metallurgy, 10:215-229, https://doi.org/10.1007/s40831-024-00941-

z 

Liu, N, Wu, H, McDowell, MT, Yao, Y, Wang, C, Cui, Y 2012, A yolk–shell design for stabilized and scalable 

silicon anodes. Nano Letters, 12: 3315–3321. 

Kapizov, O, Azat, S, Askaruly, K, Zhantikeyev, U, Tauanov, Z, Bergeneva, N & Satayeva, A 2020, Perspectives 

of the Silicon Dioxide Production from Rice Husk in Kazakhstan. Eurasian Chemico-Technological 

Journal, 22(4): 285-293, DOI: https://doi.org/10.18321/ectj993. 

Konysbayeva A, Yessimsiitova Z, Toktar M, Mutushev A, Zhakypbek Y, Tursbekov S, Tursbekova G, Kozhayev 

Zh, Kozhamzharova A, Mombekov S, Raheem S 2025, Result of reclamation of man-made dumps from 

phosphorite deposits in the semidesert zone of Kazakhstan. PLoS ONE, 20(2): e0317500, DOI: 

https://doi.org/10.1371/journal.pone.0317500. 

Mutushev, A, Kaya, A, Tulepov, M, Kudyarova, ZH, Baiseitov, D, Mukhanov, D 2025, Design and development 

of carbon–silicon-based air purification filters with antibacterial properties. Processes  13: 662, DOI: 

https://doi.org/10.3390/pr13030662. 

Mutushev A, Nuraly A, Kaya A et al. 2025, Development and application of microcapsules based on rice husk 

and metallurgical sludge to improve soil fertility. Scientific Reports, 15: 78, 

https://doi.org/10.1038/s41598-024-73329-4.  

Mutushev, A, Kaya, A, Tulepov, M, Kudyarova, Z, Baiseitov, D, Mukhanov, D 2025, Design and development 

of carbon–silicon-based air purification filters with antibacterial properties. Processes. 13: 662, 

https://doi.org/10.3390/pr13030662. 

Mutushev, A, Nuraly, A, Kaya, A, Tulepov, M, Kudyarova, Z, Baiseitov, D, Mukhanov, D 2025, Development 

and application of microcapsules based on rice husk and metallurgical sludge to improve soil fertility. 

Scientific Reports, 15: 78.  

Mutushev, A, Kaya, A, Tulepov, M, Kudyarova, Z, Baiseitov, D, Mukhanov, D 2025, Design and development 

of carbon–silicon based air purification filters with antibacterial properties. Processes 13: 662.  

Nuraly, AM, Aknazarov, SH, Apaydin-Varol, E et al. 2020, Comparative analysis of hemosorbents obtained at 

different modes. RevistaMat´eria, 25 (4)  https://doi.org/10.1590/s1517-707620200004.1193   

v.n.RevistaMateria V.25 No.4. – Brazilia10.1590/s1517-707620200004.1193. 

Nuraly, A, Mutushev, A, Tuleibayeva, A, Gonzalez-Leal, JM 2024, Experimental research on optimizing carbon 

materials for filtration applications in medicine. Carbon Trends. 15: 100338, https://doi.org/10.1016/ 

j.cartre.2024.100338.  

Obrovac, MN, Chevrier, VL 2014, Alloy negative electrodes for Li-ion batteries. Chemical Reviews, 114: 11444–

11502. 

Qian, Y, Zhou, Z, Luo, Z et al. 2023, Polypyrrole-coated Si/C composites derived from industrial silicon waste 

for stable lithium-ion battery anodes. Nanomaterials. 13: 2142, https://doi.org/10.3390/nano13142142 

Romanenko, A & Simonov, P 2007, Carbon materials and their physicochemical properties. In: Industrial 

Catalysis in Lectures. Moscow, pp. 7-111. 

Suleimenova, M, Zharylkan, S, Mekenova, M, Mutushev, A, Azat, S, Tolepova, A et al. 2023, Fusion-assisted 

hydrothermal synthesis of technogenic-waste-derived zeolites and nanocomposites: synthesis, 

characterization, and mercury(II) adsorption. International Journal of Molecular Sciences, 24: 11317, 

https://doi.org/10.3390/ijms241411317.  

Seisenova, A, Nuraly, A, Baiseitov, D, Kapizov, O, Oryngaliyeva, S, Alimkulova, Z et al. 2025, Comprehensive 

assessment of ash and slag waste for the synthesis of silicon-based functional materials. Processes. 

13:2722. https://doi.org/10.3390/pr13092722. 

Tauanov, Z, Satayeva, A, Baimenov, A 2022, Technogenic waste-derived silicon materials for advanced 

applications. Journal of Environmental Chemical Engineering, 10: 107945. 

 

https://doi.org/10.1007/s40831-024-00941-z
https://doi.org/10.1007/s40831-024-00941-z
https://doi.org/10.1371/journal.pone.0317500
https://doi.org/10.3390/pr13030662
https://doi.org/10.1038/s41598-024-73329-4
https://doi.org/10.3390/pr13030662
https://doi.org/10.1590/s1517-707620200004.1193
https://doi.org/10.1016/%20j.cartre.2024.100338
https://doi.org/10.1016/%20j.cartre.2024.100338
https://doi.org/10.3390/nano13142142
https://doi.org/10.3390/ijms241411317
https://doi.org/10.3390/pr13092722


622                                                                                                                                                              Recycling of bio- and metallurgical… 
 

 

Tulepov M, Kudyarova Z, Myshyrova Z, Sassykova L, Yessengeldi M, Umbetkaliev, K, Mutushev A, Baiseitov 

D, Ruimao H, Mukhanov D 2025, Carbonized rice husk canal filters for air purification. Processes  13: 

2164, DOI: https://doi.org/10.3390/pr13072164.  

Tulepov, M, Kudyarova, Z, Myshyrova, Z, Sassykova, LR, Yessengeldi, M, Umbetkaliev, K, Mutushev, A, 

Baiseitov, D, Ruimao, H, Mukhanov, D 2025, Carbonised rice husk canal filters for air purification. 

Processes  13: 2164, https://doi.org/10.3390/pr13072164.  

Seisenova, A, Nuraly, A, Baiseitov, D, Kapizov, O, Oryngaliyeva, S, Alimkulova, Z, Mutushev, A 2025, 

Comprehensive assessment of ash and slag waste for the synthesis of silicon-based functional materials. 

Processes  13: 2722, https://doi.org/10.3390/pr13092722.  

Suleimenova, M, Zharylkan, S, Mekenova, M, Mutushev, A, Azat, S, Tolepova, A, Baimenov, A, Satayeva, A, 

Tauanov, Z 2023, Fusion-assisted hydrothermal synthesis of technogenic-waste-derived zeolites and 

nanocomposites: synthesis. characterisation. and mercury (II) adsorption. International Journal of 

Molecular Sciences, 24: 11317.  

Xu, J, Chen, W, Li, J et al. 2023, Potential of steel scrap utilization in reducing carbon emissions and iron ore 

consumption in China. Engineering. 23: 1-10. 

Yao, ZT, Ji, XS, Sarker, PK, Tang, JH, Ge, LQ, Xia, MS et al. 2015, A comprehensive review on the applications 

of coal fly ash. Earth-Science Reviews, 141: 105-121, https://doi.org/10.1016/j.earscirev.2014.11.016 

Yessimsiitova, Z, Toktar, M, Mutushev, A, Kydyrkhanova, A, Yussayeva, D 2024, Development of a composite 

material based on a processed product of agricultural crop. Caspian Journal of Environmental Sciences, 

22(4): 931-937, DOI: https://doi.org/10.22124/cjes.2024.8140. 

Zhang, R, Chen, Z, Wang, X 2021, Silicon–carbon composites for lithium-ion batteries: mechanisms, challenges, 

and perspectives. Energy & Environmental Science, 14: 3682-3700. 

 

 

 

 

 

 

 

 

 
 

 

 

Bibliographic information of this paper for citing: 
 

Nuraly, A, Seisenova, A, Kapizov, O, Oryngaliyeva, S, Mukhanov, D, Seisenov, Y, Aitzhan, M, Yessimsiitova, Z 2026, 
Recycling of bio- and metallurgical waste to obtain silicon-carbon energy storage materials. Caspian Journal of Environmental 

Sciences, 24: 615-622. 

Copyright © 2026 

 

 

 

 

 

 

 

 

 

https://doi.org/10.3390/pr13072164
https://doi.org/10.3390/pr13072164
https://doi.org/10.3390/pr13092722
https://doi.org/10.1016/j.earscirev.2014.11.016
https://doi.org/10.22124/cjes.2024.8140

