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Introduction: The high-temperature graphitization of anthracite is a key process for producing artificial graphite with properties comparable to natural graphite. However, the kinetics and structural evolution of carbon materials under rapid heating conditions remain insufficiently studied.Methods: This study investigates the structural transformations of anthracite during staged heat treatment using Raman and electron paramagnetic resonance (EPR) spectroscopy. The experiments were conducted in an electrothermal fluidized bed system, providing heating rates up to 1000 K/min and holding times of several tens of minutes.Results: The combined analysis of Raman and EPR data revealed that graphitization occurs in three distinct temperature intervals. At 2,100°C, the product resembles natural graphite but retains a higher density of structural defects. At elevated temperatures of 2,700°C and 3,000°C, turbostratic graphite with fewer defects was obtained.Discussion: Rapid heating and short annealing time facilitate the transformation of the two-dimensional carbon matrix into a more ordered three-dimensional structure while promoting the removal of ash-forming elements. Process optimization in terms of temperature and residence time is crucial for improving the structural integrity and performance of artificial graphite materials.Keywords: anthracite, graphite, structural transformations, Raman and EPR spectroscopy, coal
1 INTRODUCTION
The demand for graphite is constantly growing due to its increased use in traditional industries such as nuclear power and metallurgy, and its new applications in energy conservation technologies and graphene production. This leads to the expansion in using and improving traditional graphite production technologies (Engels et al., 2022; Rui et al., 2021) and the search for new, more effective, and cheaper ones (Tang et al., 2017; Kamal et al., 2020; Jara et al., 2019; Zhang et al., 2023; Chen et al., 2023). On the other hand, the global coal industry remains extensive and powerful, although the demand for its products in the energy sector is steadily declining (Salieiev, 2024; Ma et al., 2021; Bondarenko et al., 2023; Kelamanov et al., 2023). As a result, there is a natural drive to explore new uses for fossil coal, one of which could be its conversion into graphite. In particular, recent efforts have focused on developing new technologies for refining natural graphite (Sybir et al., 2023) and producing high-quality artificial graphite from coal, which would meet the requirements for manufacturing lithium-ion batteries (Surovtseva et al., 2022; Shi et al., 2021) or graphene products (Singh et al., 2023a; Singh and Dastgheib, 2024a). At the same time, there is an ongoing search for more efficient and energy-saving methods to transform coal into graphite (Yadav et al., 2024).
The main research directions on using coal as precursors for obtaining artificial graphite are related to determining the influence of the main technological parameters of the processes and characteristics of the initial coal types. The results of numerous research studies, in particular (Nyathi et al., 2013; Krasnovyd et al., 2023; Qiu et al., 2019; Bazaluk et al., 2024), indicate that an increased degree of carbon precursor’s metamorphism contributes to the graphitization process’s intensification and provides a more ordered graphite-like structure. In view of this, anthracite, a coal with a high degree of metamorphism, was chosen for the research.
The choice of the temperature range for the study of anthracite graphitization is based on the results of numerous previous researches, in which most experiments were conducted in the range of 1,500°C–3000°C. In particular, a three-stage mechanism of anthracite graphitization was proposed in publications (Wang et al., 2021; Sybir et al., 2020; Qiu et al., 2020; Qiu et al., 2021) based on experimental and theoretical data.
The first stage (up to 1,500°C) includes removing moisture and volatile components, cracking formation, polymerization and condensation reactions, thermal decomposition of carbonates, and desulfurization. The second stage (1,500°C–2200°C) involves structural ordering, reduction of the interlayer distance, transition of oxides to the liquid phase and their evaporation, accompanied by chemical transformations and formation of eutectic mixtures. The third stage (2200°C–3000°C) is characterized by recrystallization, elimination of lattice defects, and formation and decomposition of carbides.
Separate research conducted in the temperature range of 1,200°C–2000 °C allowed us to identify two generalized areas of structural changes and changes in the physical properties of anthracite (Sybir et al., 2020): up to 1,600°C–a gradual increase in the degree of structure ordering and a decrease in electrical resistance; above 1,600°C–sharp changes in crystal structure, electrical resistance, and microhardness.
Thus, the choice of the temperature range of 1,500°C–3000°C in this research is reasonable in view of the current scientific context and allows for a full analysis of the key stages of anthracite graphitization.
The restriction of the upper-temperature limit is connected with the possibility of local overheating of the carbon material and its partial evaporation. The study results confirmed the decisive influence of the temperature factor on graphitization. The influence of temperature significantly increases when reaching 2400°C–2500°C, so research in this area could be carried out in 100°C increments (González et al., 2004). Still, many researches aimed at determining the principle mechanisms of graphitization of anthracites were carried out in 300°C increments (Qiu et al., 2021). At the same time, the heating rate of the material during the experiment was no more than 10° per minute, and the holding time was from 1 to 4 h. Thus, the effect of the holding time was somewhat reduced, especially at high temperatures. Special attention was paid to the effect of ash elements on the graphitization process as catalysts. Research conducted on semi-anthracite from the Villablino zone in north-western Spain showed that the catalytic effect of ash elements can significantly increase the graphitization rate (González et al., 2004). Such results were obtained when comparing the heat treatment results of the initial semi-anthracite and semi-anthracite after chemical demineralization (Pappano and Schobert, 2009; González et al., 2002). This is linked with carbide formation and anthracite’s disordered carbon. When the temperature rises, the carbide can decompose.
In recent works (Zhifei et al., 2023), attention was devoted to researching the graphitization of anthracite, considering the content of inertinite and vitrinite in coal. Research has shown that inertinite has advantages since it has a higher structural order than vitrinite. However, vitrinite’s graphitization rate is higher than inertinite’s, and at 3000°C, the d002 values of both macerals tend to coincide.
The technology of graphitization at a temperature of 2400°C–3000 °C in Kastner or Acheson furnaces is known (Lieleka et al., 2014). These are batch furnaces where heating occurs due to the passage of electric current through the furnace working space and the release of Joule heat. The support is the carbon billets (Kastner furnace) or a granulated coke bed (Acheson furnace). The process cycle time in the Acheson furnace is 36–120 h, depending on the furnace capacity, and in the Kastner furnace, 10–30 h, respectively. Specific electricity consumption reaches 3000–3500 kWh/t for the Kastner furnace and 4,500–6,500 kWh/t for the Acheson furnace.
An alternative to traditional processes of high-temperature processing of carbon materials is the use of furnaces with an electrothermal fluidized bed (EBF) (Fedorov et al., 2017; Fedorov et al., 2022; Hubynskyi et al., 2024) (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic of the furnace for heat treatment of carbon materials in an electrothermal fluidized bed: 1 – central electrode; 2 – side electrode; 3 – feedstock hopper with feeder; 4 – off-gas channel; 5 – thermal insulation; 6 – water-cooled body; 7 – fluidized bed of carbon material; 8 – gas distribution device; 9 – channel for removing graphitized material; 10 – argon supply channel; 11 – water-cooled refrigerator for graphitized material; 12 – screw conveyor for graphitized material.
The technology of processing carbonaceous materials in an electrothermal fluidized bed involves the formation of a fluidized bed of particles with a size of 0.2–1 mm by supplying inert gas (argon or nitrogen). The bubble mode of the layer is formed in the gap between the central 1 and side 2 graphite electrodes at a fluidization number of 2–5. The fluidized bed is heated by passing an electric current in the radial direction through the particle layer. This allows achieving high temperatures and possibly fine-tuning the heat treatment modes. The treatment process is carried out in a continuous mode with constant loading of raw materials from hopper 3 and unloading of the graphitized product through channel 9, refrigerator 11, and screw conveyor 12. The results of comparative studies of energy consumption and greenhouse gas emissions in the production of artificial graphite have shown the prospects of using high-temperature technology based on electrothermal fluidized bed instead of traditional processes based on Acheson or Kastner furnaces, which can reduce energy consumption by ∼25% and reduce CO2 emissions by 40%–50% compared to (Qiu et al., 2021; González et al., 2004).
The novelty of this study of anthracite graphitization lies in the choice of technological parameters of heat treatment, which are inherent in processes in an electrothermal fluidized bed (Hubynskyi et al., 2024) and significantly affect the course of graphitization processes, in particular, the heating rate and holding time when reaching a given temperature. In the experiments, much more intensive heat treatment modes were implemented than in traditional technologies: the heating rate reached 100–1000 K/min, and the holding time was only a few tens of minutes. The study aimed to determine the effect of these heat treatment parameters (heating rate and holding time at high temperature) on forming an anode-quality graphite structure. Anthracite from the Donetsk coal basin was chosen as a precursor because of the prospect of the unconventional use of fossil coal, the mining infrastructure for which remains strong.
Raman spectroscopy, widely recognized for its effectiveness in analyzing structural changes in carbonaceous systems (Orlando et al., 2021; Das and Agrawal, 2011; Potgieter-Vermaak et al., 2011; Zhao et al., 2024; Xu et al., 2020a), was therefore considered an appropriate tool for characterizing the graphitization behavior of anthracite in this study.
2 EXPERIMENTAL TECHNIQUE
Anthracite with the content of the ash-forming component Ad = 17.96%, with the elemental composition of Mg – 0.6%, Al – 3.2%, Si – 5.3%, Fe – 1.3%, and Ca – 0.4% was chosen as the object of the research. The grain-size class of anthracite powder used in the experiments was 100–250 µm. The measurements were made using samples in their initial state and warmed thoroughly in stages at temperatures of 1,500, 1800, 2100, 2400, 2700, and 3000°C with a holding time of 10–20 min. The heating rate typical for the electrothermal fluidized bed technology was achieved in a specially designed chamber furnace (Hubynskyi et al., 2024; Sybir et al., 2022). Graphitization, a technological mode of processing raw materials with one influence factor, is more straightforward and practical than graphitization, the solid-phase transition of non-graphitic carbon into graphite during heat treatment under high pressure. In addition, the technology of anthracite graphitization using an electrothermal fluidized bed is promising in an ecological sense and less energy-consuming.
Raman spectra were recorded on a spectrometer, which was an MDR-23 monochromator (LOMO) with a CCD camera iDus 420 photodetector (Andor (UK)). To excite the Raman spectra, the authors used radiation from a CNI Model with a PSU-H-FDA solid-state laser with a wavelength of 457 nm, and a low radiation power (the power density did not exceed 103 W/cm2) was used to prevent any thermal transformations in the researched samples. The spectral separative power, determined from the width of the silicon phonon band of the monocrystalline silicon wafer, was 3 cm-1. The position of the Si phonon peak at 520.5 cm-1 was used as a reference standard to determine the frequencies of the Raman bands in the researched samples. EPR studies were conducted on a Bruker ELEXSYS-E580 spectrometer in the X range (∼9.8 GHz), equipped with a highly sensitive ER 4122SHQE resonator. The EPR spectra were normalized to the mass of the samples and the resonator Q-factor with the sample, which allows a direct comparison of signal intensities from different samples. All measurements were performed at room temperature.
3 RESULTS AND DISCUSSION
The Raman spectrum of coals is conventionally divided into two spectral ranges. The first of these, most often used for characterizing coals and their derivatives, lies in the 800–1800 cm-1 region, where first-order Raman bands manifest (He et al., 2017; Yin et al., 2019; Xu et al., 2020b; Li et al., 2024). In the second range, 2000–4,000 cm-1, mainly second-order Raman lines appear (Reich and Thomsen, 2004; Kawashima and Katagiri, 1995; Rantitsch et al., 2016). In the first spectral range, the Raman spectrum in coals visually reveals two bands at ∼1,450 and ∼1,600 cm-1. However, a detailed analysis of the band shapes showed that the spectrum is more complex and requires more lines to describe it. Different authors use 3 to 11 lines for description (for details see (Xu et al., 2020b; Li et al., 2024; Reich and Thomsen, 2004; Kawashima and Katagiri, 1995; Rantitsch et al., 2016; Li et al., 2006)). We will use five components (Morga et al., 2014) in further analysis: G, D, D′, D3, and D4. The G-band (1,580–1,600 cm−1) is ascribed to a doubly degenerate oscillating mode of the E2g-symmetry in the Brillouin zone center, which is the result of symmetric stretching oscillations of any pair of carbon atoms that have sp2-hybridization. The D band (∼1,350 cm−1) is observed only in the Raman spectra of ordered carbonaceous materials with defects; the selection rules in defect-free structures forbid it. Indeed, the D band is absent in the Raman spectra of high-quality crystalline graphite, but the G band is always present. Therefore, the ratio of the G and D bands amplitudes (ID/IG) is often used to determine the degree of defectiveness of material and the size of crystalline regions in matrices, along with an analysis of changes in bandwidths. The D3 band (∼1,540 cm−1) is observed in highly disordered materials and attributed to amorphous carbon structures. The other lines, D′ at ∼1,620 cm-1 and D4 at ∼1,200 cm-1 are usually of lower intensity and are assigned to amorphous carbon and olefin, respectively. It should be noted that although both D and D′ bands belong to the amorphous carbon phase, they have different excitation mechanisms.
The second-order Raman spectrum proves helpful in studying the ordering of graphene planes and the formation of a graphite-like structure (Pimenta et al., 2007). The single-layer graphene is known to be characterized by a symmetric, intense band (2D) with a frequency of ∼2687 cm-1 (Ferrari et al., 2006). For double-layer graphene, the number of options for 2D Raman band excitation increases to four. For five- or more-layer carbon films, the shape of the 2D Raman band becomes similar to the 2D band of graphite (Ferrari et al., 2006) and consists of two components (2D0 and 2D1) with frequencies ∼2687 and 2727 cm-1. At the same time, the shape of the 2D Raman band is symmetrical for turbostratic graphite, for which the parallelism of the layers is preserved, but the order in the stacking sequence of layers is broken (Kumar et al., 2013; Barros et al., 2005). The band at ∼2145 cm–1 attributed to carbyne (Danno et al., 2000) appears in this spectral range for some carbon-based materials. The Raman bands have been identified based on careful studies of different coal samples and comparisons with other carbon-based materials, particularly graphene and graphene oxide (Singh et al., 2023b; Singh and Dastgheib, 2024b).
Figure 2a shows the first-order Raman spectra of the initial and heat-treated anthracite samples, normalized on the G band peak intensity. Figure 2B presents the evolution of the ID/IG ratio, which demonstrates three temperature ranges of the anthracite transformation during shock heating, where ID and IG are amplitudes of the experimental Raman peaks, close to the spectral position of D and G bands of carbon-based materials, respectively.
[image: Figure 2]FIGURE 2 | (a) The G-bands Raman spectra of anthracite samples normalized to the peak intensity: 1 – initial; and annealed at different temperatures: 2–1,500°С; 3–1800°С; 4–2100°С; 5–2400°С; 6–2700°С; 7–3000°С. The exposure time is 10 min. (b) Evolution of the ratio of amplitude intensities for experimental bands D and G (∼1,450 and ∼1,600 cm-1, respectively).
The first temperature range is from room temperature to 1,500°С (Figure 2A, curves 1, 2). Samples processed at these temperatures are characterized by Raman spectra with the most significant spectral distance between G and D bands (266 cm-1) and the largest half-width. The spectra also contain D′, D3, and D4 bands, indicating the presence of amorphous carbon and olefin in the samples (see decomposition of the spectrum into components in Figure 3).
[image: Figure 3]FIGURE 3 | Raman spectrum of the initial coal sample and its decomposition into separate components corresponding to different oscillating modes.
The second temperature range is from 1,500 to 2100°С. For samples processed at these temperatures, the Raman spectra are characterized by an increase in the half-width of the G bands and a decrease in the half-width of the D bands, while the spectral distance between the maxima of these bands decreases to 222 cm-1. The latter is caused by a high-frequency shift of the D band and a low-frequency shift of the G band. The low-frequency change of the G band is apparently due to an increase in the average size of carbon nanocrystals. At the same time, the increase in the G band half-width requires additional study and explanation. Annealing at high temperatures, as a rule, leads to the ordering of atoms in the lattice and a decrease in the number of defects, increasing the crystalline perfection and reducing phonon bands’ half-widths. Therefore, the reason for the increase in the half-widths of the G bands at temperatures of 1800 and 2100°С should be a process that prevents the ordering of carbon atoms, for example, the melting of SiO2 and/or Al2O3 in coal and their subsequent transformation into volatile and liquid components. The above results of the elemental analysis for the initial sample allow us to assume this explanation for the increase in the G band half-width.
With an increase in the heating temperatures of the samples above 2200°С (the third temperature range), the half-widths of both G and D bands decrease significantly, indicating an increase in the crystalline perfection of the samples. This is accompanied by a decrease in the spectral distance between the bands (to 215 cm-1), which is caused by a reduction in the contribution of the D′ band to Raman spectra. The intensities of the D and D′ bands also decrease, indicating a decrease in the number of defects in coal thermally treated at these temperatures. The contribution of olefin (D4) and amorphous carbon phase (D3) to Raman spectra is practically absent. Such parameters of the Raman spectra allow us to assume that graphite is predominantly formed at temperatures of 2700 and 3000°С.
A comparison of the changes caused in the Raman scattering spectra for different exposure times at the same heating temperature shows that the orderliness of the substance increases with increasing time, and its defectiveness decreases (Figure 4).
[image: Figure 4]FIGURE 4 | Dependence of the D-band Raman spectra of anthracite normalized on intensity on the holding time during the annealing process. (A – 10 min, B – 20 min) at temperatures: (a) – 1,500°С; (b) – 1800°С; (c) – 2100°С; (d) – 2400°С; (e) – 2700°С; (f) – 3000°С.
Second-order Raman spectra were analyzed to obtain additional information about the graphitization processes of coal. (Figure 5). It showed that for coal, both original and processed at 1,500°C, the 2D bands are not visible (Figure 5, curves 1, 2), which indicates their low crystalline perfection and high content of amorphous carbon phase in the samples. The 2D band exhibits the most pronounced two-component character for the samples from the second temperature range (Figure 5, curves 3, 4); this is especially noticeable for the sample annealed at T = 2100oС. This indicates that at these temperatures, coal begins to form graphite, corresponding to natural ones in terms of quality indicators.
[image: Figure 5]FIGURE 5 | The G-bands Raman spectra of coal samples normalized to the peak intensity in the area of the second order of oscillating modes: 1 – original; and annealed at different temperatures: 2–1,500°С; 3–1800°С; 4–2100°С; 5–2400°С; 6–2700°С; 7–3000°С (the holding time is 10 min).
At temperatures of coal sample processing of 2400°C and higher, their 2D Raman bands are symmetrized with a slight asymmetry on the low-frequency wings. This indicates the formation of turbostratic graphite, which differs from natural graphite’s structural properties, particularly in the sequence of carbon layer stacking.
The analysis of Raman spectra of the second-order Raman confirms the division into temperature ranges in the anthracite graphitization process when using high-temperature technology based on an electrothermal fluidized bed.
Figure 6 shows the initial coal’s electron paramagnetic resonance (EPR) spectra and samples annealed for 10 min at the indicated temperatures. It is visible that EPR signals are recorded on the initial sample and samples that are annealed at the minimum and maximum temperatures.
[image: Figure 6]FIGURE 6 | Q-normalized EPR spectra of the initial and annealed samples for 10 min at temperatures of 1,500°С, 1800°С, 2100°С, 2400°С, 2700°С, and 3000°С.
Usually, EPR signals registered in coal are conventionally divided into several groups (Pilawa et al., 2002; Zhou et al., 2019): signals observed at g∼2.0025–2.0029, 2.0035–2.0042, g∼2.0024–2.0031 and g∼2.0010–2.0020. They are attributed to simple aromatic radicals, oxygen-containing free radicals, such as simple ethers and quinones, aliphatic-aromatic hybrid radicals, and oxygen-containing radicals, respectively. To identify the EPR signals in the coal studied, the computer modeling of the experimental EPR spectra with their decomposition into components was done. Figure 7 shows the EPR spectra of the initial and annealed at 3000°C samples with their decomposition into components.
[image: Figure 7]FIGURE 7 | EPR spectra of the initial (a) and annealed at 3,000°С (b) samples with their decomposition into components.
Visually, the EPR spectrum of the initial sample consists of two components–broad and narrow overlapping lines. However, the analysis of its form showed that it cannot be described by two components of the regular shape (Lorentz or Gaussian). It can be characterized by three Lorentz with the same g ∼ 2.0027 widths of 0.65, 5.3, and 13.5 mT, respectively. According to (Pilawa et al., 2002; Zhou et al., 2019), they can be attributed to simple aromatic and/or aliphatic-aromatic hybrid radicals. Three EPR signals most likely indicate the simultaneous existence of three different paramagnetic centers–radicals in the initial coal. The EPR spectra in this research are observed only at extreme temperatures. At the same time, the radicals registered during the experiment have close g-factor values, so it has not yet been possible to identify the defects unambiguously. Work in this direction will be continued.
According to the Raman results, coal annealing leads to the restructuring of the internal structure of the coal, which is accompanied by the healing of radicals. At the same time, no signals are observed in the EPR spectrum. For the sample annealed at 3000°C, a new EPR spectrum appears, which can be described by two Lorentzian components. Their g-factors (2.0035 and 2.0042, respectively) can be classified as oxygen-containing free radicals such as ethers and quinones (Zhou et al., 2019). On the other hand, a narrow signal with g = 2.0035 was observed in nanostructured graphite (Kausteklis et al., 2011). Since high-temperature treatment of coal promotes the escape of oxygen and the above-described Raman studies showed the formation of a graphite-like structure, most likely, the observed EPR signals should be attributed to the intrinsic defects of the graphite-like matrix, such as dangling bonds.
4 CONCLUSION
Structural studies of coals heated at high temperatures using the fluidized bed technology have shown the possibility of forming a graphite-like structure. The quality of the final product was found to depend on the annealing temperature. At a heating temperature of 1,500°C–2100°C, a graphite-like structure is formed, similar to natural graphite, but with many defects, which can increase the resistance of the final product.
Increasing the annealing temperature to 2700°C–3000°C leads to a decrease in the defectiveness of the material and the formation of a turbostratic graphite structure. Increasing the heat treatment time helps improve the structure of the final product. Thus, the possibility of using the fluidized bed technology to obtain graphite is demonstrated. Optimization of process parameters, such as annealing time and temperature, is a promising way to improve the quality of artificial graphites.
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