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Abstract

:

The paper presents the characteristics of products annealing at the temperatures of 2400 and 3000 °C of unburned carbon from coal fly ash in terms of its possible use as a starting material in the graphitization process. An amorphous substance (organic substance) with an admixture of some minerals has been found in samples subjected to graphitization. However, the graphite phase is dominant in products subjected to graphitization. Studies have also shown a diverse grain morphology in individual samples. The presence of plate-shaped and tube-shaped grains was found. As the graphitization temperature of the starting material increases (2400 and 3000 °C), the specific surface area in the graphitization products decreases. The total pore volume in the samples after the graphitization process was significantly lower than the pore volume of active carbons produced from other unburned carbon. Average pore diameter is similar to the pore diameter in active carbons. The reflectance value of the matrix for the sample graphitized at 3000 °C is characteristic for graphite. Unburned carbon from Polish fly ash can be used as the starting material for graphitization.
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1. Introduction


Graphite is a crystalline, polymorphic form of the element carbon C. It is formed as the end product of the transformation of organic matter rich in carbon. Fully ordered, pure graphite is considered to be the final product of the graphitization process.



Natural graphitization appears to be a continuous process. The transformation of carbonaceous matter includes both structural transformations and changes in its composition. In the graphitization process, leading ultimately to graphite formation, transitional phases characterised by different degrees of graphitization can be distinguished: semigraphite, meta anthracite and anthracite.



These phases are distinguished on the basis of the content of C and H elements and the degree of ordering of the internal structure. One of the methods to determine the degree of ordering of the internal structure is the study of optical properties [1]. Until recently, graphite and diamond were the only known allotropic varieties of carbon. However, it turned out that there are two other allotropic forms of carbon: fullerenes and carbon nanotubes (CNTs) [2,3].



Natural graphite is one of the 27 raw materials identified by the EU as critical raw materials of strategic importance for the development of modern, highly advanced technologies [4]. Therefore, the search for alternative sources of critical raw materials, including graphite, is one of the priority actions of the European Union.



Graphite has many unique physical and chemical properties. One of these properties is its high characteristic electrical conductivity, which makes it widely used in electrical and electronic equipment. Graphite is a refractory material with high thermal conductivity and resistance, highly lubricant, chemically inert and corrosion resistant and easily soluble in iron. These special properties enable its diverse applications [5,6,7,8].



Welding rods, casting linings, brake linings, lubricants, refractories, high-temperature seals, brushes in electric motors, and rods in nuclear reactors are produced from graphite or graphite additives. It is used in electrical products and as a filler in rubber products, desulphurising agent, anode material in batteries, and conductive coating as well as in bearings, crucibles, electrodes, steel production, and even in the manufacture of cluster bombs and paints. In the era of automotive development, especially hybrid and electric drives, the use of graphite in batteries is of particular importance [6,8,9,10,11,12,13,14,15,16]. Graphite is also expected to find applications in conductive inks, ultra-thin lighting systems, selectively permeable membranes, and other applications [16].



Natural graphite results from the alteration of sedimentary rocks containing:




	-

	
concentrated organic matter: coal seams, bitumen, etc,




	-

	
dispersed organic matter: claystones, mudstones, bituminous shales, etc.









Graphite ores are classified as “amorphous” (microcrystalline) and ”crystalline” (“flake” or “lump or chip”) based on ore crystallinity, grain size and morphology [6,7,17]. These forms vary in physical properties, appearance, chemical composition, and impurities. This is due to the type of starting material from which the natural graphite was formed (oil, coal, or other carbon deposits) and the course of the natural graphite formation process [6,17].



In simplified terms, it can be stated that there are three different processes leading to the formation of economic graphite deposits [1]:




	-

	
epigenetic graphite deposits, formed from the precipitation of solid carbon from carbon-saturated C-O-H fluids,




	-

	
syngenetic graphite deposits formed by metamorphism of carbon,




	-

	
carbon matter in sediments,




	-

	
contact metamorphism of coal deposits.









Some researchers furthermore point to the occurrence of graphite ores in skarns and high-temperature hydrothermal formations [18,19]. Thus, graphite ores occur in metamorphic rocks such as gneisses, metamorphic schists, quartzites, and marbles [6], as well as transformed coal seams [7]. The degree of metamorphism determines the crystallinity of graphite, allowing its classification into the three forms of occurrence mentioned above. Amorphous graphite (the lowest ore quality) is formed in low metamorphism, while higher metamorphism gives rise to crystalline vein graphites (lumps or chips) and flake crystalline graphites [20].



The genesis of graphite ores indicates that they usually contain silicate and carbonate minerals, varying in type and quantity depending on the deposit, which is why extracting graphite from the ores requires appropriate enrichment. The enrichment process is preceded by the crushing of the ore, followed by a stage of hydrometallurgical or pyrometallurgical purification. Some of these methods generate significant environmental pollution. A common method of ore purification is flotation [8].



In 2019, natural graphite resources were estimated to be approximately 547 million tonnes worldwide, of which 300 million tonnes are located in China [8,21,22,23].



Synthetic graphite is produced by heating structureless carbon at temperatures above 2500 °C. This heat treatment orders the internal structure of the carbon towards a layered graphite structure. The production of synthetic graphite requires a starting material—a carbon source. This usually comes from the oil or coal industry. However, research is ongoing into the use of other carbon sources for the graphitization process, using as precursors coal combustion by-products, various wood species, human hair, mushrooms, apple waste, coffee husks, rice hulls, banana peels, cherry stones, and potato starch, etc. [24,25].



Depending on the raw material used and the heat treatment process, the characteristics of synthetic graphite vary.



Synthetic graphite-based materials can be divided into “primary” and “secondary” types. Primary synthetic graphite is produced in powder form by high-temperature processes under strictly controlled conditions to obtain a product with characteristic, predictable properties. Therefore, it has well-defined properties and a high quality, suitable for specific applications. Secondary graphite is a by-product of electrode manufacture for the steel or aluminium industry [18,25]. Such graphite represents a raw material that varies greatly in terms of purity, density, and crystallite size.



The production process of graphite materials consists, similarly to the processing of natural graphite, of three main steps: pre-treatment of starting materials, graphitization, and refinement of graphite particles [25].



Graphite materials are very valuable products with many industrial applications [17,26]. Global demand for mobile energy storage systems such as lithium-ion batteries is expected to increase due to the production of electric vehicles, thus affecting the graphite market both in terms of production and price [27]. In addition to the petroleum coke currently used for the production of synthetic graphite, efforts are being made to search for new precursors of graphite materials that are easily graphitised [27]. As raw materials for the preparation of graphite, most researchers use a high-quality carbon such as anthracite. Work is also being carried out to use low-carbon coal such as lignite as a raw material for the production of porous graphite materials [28].



Studies have also been carried out to analyse the suitability of unburned carbon (UC) from the power plant ash for graphite production [27,29,30]. Graphite-like materials with very stable electrical properties have been obtained from them by high-temperature processing, allowing them to be used, for example, in lithium-ion batteries [27,29,31].



The disposal of fly ash causes a number of economic and environmental problems around the world since its reuse in concrete and cement production (the main use of fly ash) is limited by the proportion of unburned carbon [32,33,34,35]. The separation and further use of this carbonaceous material, as a precursor for products such as graphite, would help to compensate for the above-mentioned problems. Unburned carbon from fly ash can indicate an inefficient fuel combustion process [36], at the same time it can be a source of activated carbon [37,38,39].



The various methods that are used for unburned carbon recovery from carbon fly ash. Methods such as wet separation methods—froth flotation, oil agglomeration, and density separation (Sink-Float technique)—and dry separation methods—separation by size classification, electrostatic separation, incipient fluidization, and tribo-electrostatic separation, described above deserve particular attention [40]. Separating unburned carbon (UC) from coal fly ash (CFA) via froth flotation is described by Wu et al. [41]. Recovery of unburned carbon from CFA using magnetic separation and flotation methods has been described by Valeev at al. [42]. The mentioned methods are characterized by different efficiency of UC recovery. The study uses the separation in the rising water stream with additional purification by magnetic separation method [43].



The aim of the work was to characterize the products of annealing at the temperatures of 2400 and 3000 °C of unburned carbon from coal fly ash in terms of its possible use as a starting material in the graphitization process. Carboniferous coal from the Upper Silesian Coal Basin (Poland) was burned in the power plant.




2. Materials and Methods


The unburned carbon recovery studies were conducted using a fly ash sample collected from the Siersza power plant deslagging system. This material was obtained in the combustion of hard coal in the pulverized coal boilers (300 and 250 MW).



Loss on ignition (LOI) was determined according to the procedure described in [44] at a temperature of 900 °C. The average content of unburned carbon in the ash, measured by roasting losses, was 15.8% and the yield of carbon recovery form fly ash was 73.4%. The carbonizate with 85% LOI content was obtained as a result of the separation of narrow ash grades in a rising stream of water and additional purification using the magnetic separation method. The research methodology for separation in the rising water stream [43] is presented in Figure 1. The water flow intensity was within a range of 1–3 dm3/min.



The material was obtained in the following way: a sample of Carbonizate 85 was dried, and the roasting losses were determined. Carbonizate 85 sample was the starting material for graphitization.



Carbonizate 85_2400 was obtained by heating a sample of carbon material (Carbonizate 85) in a graphite crucible placed in an induction graphitizing furnace in a reducing atmosphere. The annealing temperature was about 2400 °C. Uniform temperature increased from 20 to 2400 °C within 5 h. The cooling time of the crucible from the temperature of 2400 to 120 °C was about 145 h.



Carbonizate 85_3000 was obtained by heating a sample of carbon material (Carbonizate 85_2400) in a graphite crucible placed in an induction graphitizing furnace in a reducing atmosphere. The annealing temperature was about 3000 °C. Uniform temperature increased from 20 to 3000 °C within 7 h. The cooling time of the crucible from the temperature of 3000 to 120 °C was about 192 h.



Phase identification, the morphology of the grains included in them, the specific surface, parameters characterizing the pore size and the reflectance were determined.



For comparative purposes, the results obtained from graphitized samples (Carbonizate 85, Carbonizate 85_2400 and Carbonizate 85_3000) were compared to the results obtained for natural (GN sample) and artificial (GS sample) graphite. Natural crystalline graphite was obtained from JAK Sp. z o.o. (Poland, Warsaw), while artificial graphite was obtained from SGL Graphite Solutions Polska sp.z o.o.



Identification of mineral components in the samples was carried out by means of X-ray diffraction, using an AERIS 1 diffractometer from PANalytical, in the following conditions: CuKα radiation, 2theta angle range 7–70°, step size 0.02°, measurement time 1 s. The HighScore plus programme with database was used for identification.



The structural and morphological characterization of the selected samples was performed using a scanning electron microscope (SEM). The SEM analysis was carried out using a Hitachi SU3500 scanning microscope with variable pressure (SEM) operating.



As part of the reflectance tests, the random reflectance Rr [45] was measured. The random reflectance value depends on the arrangement of the grains in the briquette and can take values closer to the true maximum or minimum reflectance. Under polarized light, each anisotropic component exhibits some apparent maximum Rmax’ and minimum Rmin’ value of light reflection capability during full rotation of the microscope stage. At each measuring point, random values of Rmax’ and Rmin’ reflectance were recorded. In individual samples from 50 to 150, such measurements were made. Based on these results, the values of mean maximum, Rsmax, and minimum, Rsmin, reflectance were determined, and then, using the Kilby method [46], the true values were determined: maximum Rmax and minimum Rmin reflectance. The magnitude of reflective anisotropy was expressed by means of bireflectance Rbi = Rmax − Rmin.



For microscopic examination, a Zeiss reflected light microscope with a microphotometer was used. An immersion liquid with a refractive index no = 1.5176 was used at a temperature of 23 °C with a wavelength of λ = 546 nm.



Microscopic examinations were supplemented by observations in transmitted light using the Zeiss Axioskop microscope.



The porous structure characterization was performed with the application of the Autosorb iQ gas sorption analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The determination of the specific surface area was based on the nitrogen sorption isotherm at 77 K and the multipoint Brunauer-Emmett-Teller (BET) method. The pore size distribution was examined using nitrogen sorption data at 77 K and the Density Functional Theory (DFT) method. The total pore volume was determined as the volume adsorbed at the relative pressure of 0.99. The micropore area and volume was also determined with the use of carbon dioxide sorption data at 273 K and Monte Carlo (MC) method 9 [47,48].




3. Results and Discussion


3.1. Phase Identification by X-ray Diffraction (XRD)


As a result of X-ray diffraction tests, a significant amount of amorphous substance was found in the Carbonizate 85 sample, an organic substance, which was unburnt fuel. The presence of the amorphous substance is manifested by a significant increase in the background on the diffractogram in the range from low 2 theta angles to about 30° (Figure 2). The diffractogram also shows characteristic reflections which came from several minerals. These are typical admixtures in hard coal seams, which originate from the Upper Silesian Coal Basin. These minerals were quartz-SiO2, kaolinite-Al2SiO5(OH)4, and calcite-CaCO3.



Diffraction patterns of the Carbonizate 85_2400 and Carbonizate 85_3000 samples are very close to each other and their convergence with the diffractograms of artificial and natural graphite is visible. They contain charismatic reflections derived from graphite, demonstrating the presence and dominance of this phase in the samples tested (Figure 2).




3.2. Grain Morphology of Graphitization Products


Particles of the samples tested were observed under a scanning microscope at various magnifications. The tests have shown different grain morphology in individual samples (Figure 3). The presence of plate-shaped and tube-shaped grains was found. Plate forms are characteristic of GS, GN (Figure 3a–d), and they were present in the sample Carbonizate 85_3000 (Figure 3i,j). Grains in the form of tubes were found only in the sample Carbonizate 85_2400 (Figure 3g,h).



The tests have revealed that the size of the natural graphite plates is about 100 µm, and that of artificial graphite about 150 µm, and their thickness is on the order of several micrometers. In the Carbonizate 85_3000 sample, the plates are much smaller in size compared to natural and artificial graphite and reach a size of up to 20 µm, while the thickness is comparable to natural and artificial graphite.



A clearly ordered texture of the tubes is visible, manifested in parallel arrangement in the direction of elongation. Geometric parameters were measured for the tubes present in the Carbonizate 85_2400 sample, on the basis of which their elongation was calculated, which ranged from 0.89 to 0.93.



Observations of grain morphology in individual samples revealed significant porosity in the samples of Carbonizate 85 and Carbonizate 85_2400 compared to natural and artificial graphite. It was practically difficult to see the presence of pores in natural and artificial graphite. Meanwhile, the average diameter of pores in the grains of product samples after graphitization is varied. Their size in the Carbonizate 85 sample is 9.89 μm, while in the Carbonizate 85_2400 sample it is 12.22 µm. In turn, the average wall thickness of the pores for both compared samples is very similar and amounts to 4.21 and 4.43 µm, respectively. The average diameter of the tubes in the Carbonizate 85_2400 sample is maximum 8.55 µm, and the average tube wall thickness 1.04 µm (maximum 3 μm).




3.3. Reflectance of Graphitization Products


Natural graphite (GN) has an average random reflectance of Rr = 6.80% with a standard deviation of 2.98% (Table 1). The mean values of the maximum and minimum reflectance are Rsmax = 8.16% and Rsmin = 5.06%, respectively. Graphite in the analysed sample was in the form of very fine grains, which, in addition to strong reflective anisotropy, affects relatively large values of the standard deviation of the mean maximum and minimum reflectance values. The real values of maximum and minimum reflectance determined by the Kilby method are Rmax = 13.5% and Rmin = 0.70%, respectively. The magnitude of reflective anisotropy expressed by means of bireflectance Rbi is 12.8%.



The artificial graphite (GS) sample has a random reflectance of Rr = 7.18%, with a standard deviation of 2.70%. The average maximum and minimum reflectance values are Rsmax = 9.67% and Rsmin = 2.29%, respectively. The true maximum and minimum reflectance values are Rmax = 13.1% and Rmin = 0.70%, respectively. The bireflectance Rbi value is 12.4%. Artificial graphite grains are larger than natural graphite grains.



Grains with morphology indicative of temperature effects were found in the sample of Carbonizate 85. Part of the grains—the first ingredient for which reflectance was measured—is probably the remains of vitrinite. These grains are porous and have a smooth surface with a light grey colour. The tests have shown that this component has a random reflectance of Rr = 5.70%, with a standard deviation of 0.70%.



A large value of the standard deviation may indicate thermal changes in vitrinite structure. The average maximum and minimum reflectance values are Rsmax = 6.07% and Rsmin = 5.21%, respectively. This component is optically anisotropic. The values of the true maximum and minimum reflectance are Rmax = 7.30% and Rmin = 3.85%, respectively. Bireflectance adopts the value of Rbi = 3.45%.



The second component probably has a lower hardness than the other components of the sample. Therefore, it was not possible to obtain a microscopic preparation of a quality that allows correct measurement of the reflectance of this component (which is one of the difficulties in obtaining a polished surface). Based on microscopic observations, it can be concluded that this component is probably mesophase or even a graphite grain. However, the measured reflectance values are not characteristic of graphite. The average matrix reflectance is Rr = 3.67%, with a standard deviation of 1.02%. The average maximum and minimum reflectance values are Rsmax = 4.20% and Rsmin = 3.04%, respectively. The values of the true maximum and minimum reflectance are Rmax = 6.25% and Rmin = 1.75%, respectively. Bireflectance takes the value of Rbi = 4.50%. The data presented in Table 1 show that the value of the true maximum reflectance of the vitrinite residue is greater than the values of matrix reflectance. Laboratory experiments on the impact of temperature on the vitrinite structure show that the matrix of coke obtained from the vitrinite concentrate is characterized by higher maximum reflectance and optical anisotropy than vitrinite [49,50].



In the sample Carbonizate 85_2400, some of the grains—the first component for which reflectance was measured—are probably the remains of the vitrine. Studies have shown that this component has a random reflectance of Rr = 5.36%, with a standard deviation of 0.67%.



The average maximum and minimum reflectance values are Rsmax = 5.83% and Rsmin = 4.61%, respectively. This component is optically anisotropic. The values of the true maximum and minimum reflectance are Rmax = 7.30% and Rmin = 2.90%, respectively. Double reflection takes the value of Rbi = 4.40%.



The second component, similarly to the Carbonizate 85 sample, probably has a lower hardness than the rest of the sample components. Microscopic observations show that this component is probably mesophase or even a graphite grain. However, the measured reflectance values are not characteristic of graphite. The average matrix reflectance is Rr = 4.31%, with a standard deviation of 1.09%. The average maximum and minimum reflectance values are Rsmax = 4.95% and Rsmin = 3.62%, respectively. The values of the true maximum and minimum reflectance are Rmax = 7.05% and Rmin = 1.90%, respectively. Bireflectance takes the value of Rbi = 5.15%. The data presented in Table 1 show that the value of the true maximum reflectance of the vitrinite residue is similar to that of the matrix.



Based on the results presented, it can be stated that the value of true maximum reflectance Rmax > 9% determined for the tested samples of natural and artificial graphite is characteristic for graphite [1].



The beginning of initial graphitization, based on measurements of the maximum actual value of the light reflection coefficient, is determined by the Rmax value in the range from 6 to 6.5%. The semigraphite stage is achieved at Rmax in the range from 6.5% to 9% [1,51,52]. In the case of samples Carbonizate 85 and Carbonizate 85_2400, the determined Rmax values of the base mass may indicate the stage of initial graphitization [1].



The Carbonizate 85_3000 sample has a random reflectance of Rr = 11.88%, with a standard deviation of 2.17%. The average maximum and minimum reflectance values are Rsmax = 12.20% and Rsmin = 9.47%, respectively. The true values of maximum and minimum reflectance determined by the Kilby method are Rmax = 16.60% and Rmin = 4.90%, respectively. The bireflactance Rbi value is 11.70%. The value of maximum reflectance determined for sample Carbonizate 85_3000 is characteristic for graphite. The Carbonizate 85_3000 sample, however, was characterized by very high fragmentation, and reflectance measurements were only possible on larger, relatively homogeneous grains.



The highest values of reflectance were probably recorded on graphite grains. However, no surfaces with extreme bireflectance were observed. Grains with a shape similar to regular hexagons were often visible (Figure 4a). Most likely, these were cross-sections that were also planes (001) of graphite. Planes (001) are optically isotropic, yet anisotropy was observed on the measured surfaces. These measurements were probably carried out on planes inclined to the base of the pinacoid, sometimes forming packets (Figure 4b), hence the measured values of maximum and minimum reflectance.



In the case of the Carbonizate 85_3000 sample, the determined Rmax value of the matrix was 16.6%, which indicates the presence of graphite structures [1].




3.4. Textural Characteristics of Graphitization Products


The textural characteristics of the tested samples are given in Table 2, which clearly shows that the specific surface area of the initial sample (Carbonizate 85) is high and that it is close to 250 m2/g. However, it is much lower than the value characterizing active carbons, which may show values of this parameter in the range of 500–3000 m2/g [53,54]. In a one-step process for the production of active carbon from unburned carbon from various fly ashes, a material with a specific surface area of 157–1273 m2/g was obtained [55]. Pedersen et al. [56] report that the specific surface area of unburned carbon from coal fly ashes ranges from 45–400 m2 /g. It can therefore be concluded that the obtained value for the sample Carbonizate 85 is rather typical for this type of material.



As the temperature of graphitization increases, the specific surface area decreases to 44.13 and 23.52 m2/g for the samples of Carbonizate 85_2400 and Carbonizate 85_3000, respectively. This indicates a poorly developed porous structure responsible for the sorption capacity of materials. At the same time, attention should be drawn to the results of specific surface studies of natural (GN) and artificial (GS) graphite, which are higher (66.12 and 66.01 m2/g, respectively) compared to materials obtained as a result of graphitization.



The results of the total pore volume in the tested samples after graphitization are similar to each other and are in the range from 0.131–0.143 cm3/g. A similar value was found for natural graphite (GN) −0.137 cm3/g, although artificial graphite (GS) had a lower total pore volume of 0.095 cm3/g. The tested samples show a much lower pore volume compared to active carbons produced from unburned carbon from various fly ashes. The latter showed a pore volume in the range from 0.153–0.647 cm3/g [55].



The average pore diameter in the initial sample was 2.26 nm, and as the temperature of graphitization increased, the value of this parameter increased to 11.87 nm in the sample Carbonizate 85_2400 and 24.30 nm in the sample Carbonizate 85_3000. The value of this parameter for the initial sample is similar to the value of active carbons produced from unburned coal from various fly ashes, which have an average pore diameter in the range of 2.56–4.12 nm [55].



At the same time, attention should also be drawn to results of tests on the average pore diameter of natural (GN) and artificial (GS) graphite, which are lower (8.28 and 5.74 m2/g, respectively) compared to materials obtained as a result of graphitization.



Determined by the carbon dioxide isotherm method, the volume of micropores and the area in the range of 0.4–1.5 nm for the initial sample Carbonizate 85 were 0.149 cm3/g and 467.00 m2/g, respectively. In the case of graphitization of the starting material at 2400 °C, both these textural parameters reached values of 0.021 cm3/g and 54.62 m2/g, respectively. The above clearly indicates a seven-fold decrease in volume and an over eight-fold decrease in the area of micropores. At 3000 °C, the volume and area of the micropores further decreased and amounted to 0.011 cm3/g and 29.65 m2/g, respectively. This indicates a decrease by several times compared to the original sample (13- and 16-fold, respectively). It should be noted, however, that both the volume and the pore area of products after graphitization are higher compared to natural (GN) and artificial (GS) graphite.





4. Conclusions


As a result of the tests, an amorphous substance (organic substance) with an admixture of quartz, kaolinite and calcite was found in the sample subjected to graphitization. The graphite phase dominates in products subjected to graphitization at 2400 °C and 3000 °C.



The tests have shown different grains’ morphology in individual samples after graphitization at different temperatures: plate-shaped (3000 °C) and tube-shaped (2400 °C).



The grains’ morphology in the original sample and after graphitization at 2400 °C revealed their porosity. The average macropores diameter for these samples was 9.89 μm and 12.22 μm, respectively. The average wall thickness between the pores was comparable, and it was about 4 μm. The average diameter of the tubes in the sample after graphitization at 2400 °C was maximum 8.55 µm, and the average tube wall thickness 1.04 µm (maximum 3 µm).



The values of the true maximum reflectance Rmax of the starting material (6.25–7.30%) and its graphitization products at 2400 °C (7.05–7.30%) indicate the stage of initial graphitization, while the determined Rmax value of the matrix for the sample graphitized in at 3000 °C is characteristic for graphite (16.60%).



The textural parameters indicate that with the increase of the graphitization temperature of the starting material, the specific surface area in the graphitization products decreases from 248.72 m2/g to 23.52 m2/g (temperature 3000 °C), indicating a poorly developed porous structure responsible for the sorption capacity of materials.



The total pore volume, determined by the means of BET method, in samples after graphitization, regardless of temperature, was characterized by similar values (0.131–0.143 cm3/g). They were significantly lower than the pore volume of active carbon produced from unburned carbon from various coal fly ash (0.153–0.647 cm3/g).



As the temperature of graphitization increases, the average mesopores’ diameter increases (11.87 nm at 2400 °C and 24.30 nm at 3000 °C) compared to the original sample (2.56 nm), whose average pore diameter is similar to the pore diameter in active carbons (2.56–4.12 nm).



Micropore volume and area values in the diameter range from 0.4–1.5 nm, with increasing graphitization temperature decreasing several times both at 2400 °C and 3000 °C compared to the values specified for the original sample.



The results of these studies indicate the possibility of using unburned carbon from Polish power plant coal fly ash as a raw material in the graphitization process. It seems advisable to conduct further research on the quality of the products of this process.



Research is underway on the use of the obtained UC carbonation products for the production of graphite products such as carbon electrodes, composite sliding pads for traction machines, and brush materials. The possibilities of using these products in the production of modern batteries for electric vehicles are also analyzed.
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Figure 1. The research methodology for separation in the rising water stream (1—Feeder; 2—Separator; 3—Sediment (bottom product); 4—Overflow (top product); 5—Pump; 6—three-part valve). 
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Figure 2. X-ray diffraction patterns of the tested samples. 
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Figure 3. The morphology of particles in SEM images: (a,b)—plate form of graphite in sample GN; (c,d)—plate form of graphite in sample GS; (e,f)—unburned carbon before graphitization in sample Carbonizate 85; (g,h)—tubes form unburned carbon after graphitization in sample Carbonizate 85_2400; (i,j)—plate form similar to hexagonal shape after graphitization in sample Carbonizate 85_3000; the arrow points to the morphological form being described. 
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Figure 4. Microscopic images of unburned carbon after graphitization in temperature 3000 °C: (a) in the centre, a regular graphite hexagon, transmitted light, parallel polarizers, magn. 400×; (b) graphite packages, reflected light, parallel polarizers, magn. 400×; the arrow points to the morphological form being described. 






Figure 4. Microscopic images of unburned carbon after graphitization in temperature 3000 °C: (a) in the centre, a regular graphite hexagon, transmitted light, parallel polarizers, magn. 400×; (b) graphite packages, reflected light, parallel polarizers, magn. 400×; the arrow points to the morphological form being described.



[image: Minerals 11 01027 g004]







[image: Table] 





Table 1. Results of reflectance measurements.
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Sample

	
Rr

	
sr

	
Rsmax

	
ssmax

	
Rsmin

	
ssmin

	
Rmax

	
Rmin

	
Rbi




	
(%)






	
GN

	
6.80

	
2.98

	
8.16

	
5.51

	
5.06

	
3.30

	
13.50

	
0.70

	
12.80




	
GS

	
7.18

	
2.70

	
9.67

	
1.27

	
2.29

	
1.45

	
13.10

	
0.70

	
12.40




	
Carbonizate 85–vitrinite

	
5.70

	
0.70

	
6.07

	
0.57

	
5.21

	
0.67

	
7.30

	
3.85

	
3.45




	
Carbonizate 85–matrix

	
3.67

	
1.02

	
4.20

	
1.08

	
3.04

	
0.66

	
6.25

	
1.75

	
4.5




	
Carbonizate 85_2400–vitrinite

	
5.36

	
0.67

	
5.83

	
0.6

	
4.61

	
0.81

	
7.30

	
2.90

	
4.40




	
Carbonizate 85_2400–matrix

	
4.31

	
1.09

	
4.95

	
1.00

	
3.62

	
0.94

	
7.05

	
1.90

	
5.15




	
Carbonizate 85_3000

	
11.88

	
2.17

	
12.20

	
2.20

	
9.47

	
2.30

	
16.60

	
4.90

	
11.70








Explanations: Rr: random reflectance, sr: standard deviation of random reflectance Rr, Rsmax: mean maximum reflectance, ssmax: standard deviation of average maximum reflectance, Rsmin: average minimum reflectance, ssmin: standard deviation of average minimum reflectance, Rmax: true maximum reflectance, Rmax: true minimum reflectance, Rbi: bireflectance (Rbi = Rmax − Rmin).
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Table 2. Parameters of porous structure of samples determined on the basis of nitrogen sorption isotherm at 77 K and carbon dioxide sorption isotherm at 273 K (MC: Monte Carlo).
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	Sample Name
	Specific Surface Area—Multipoint BET (m2/g)
	Total Pore Volume (cm3/g)
	Average Pore Diameter (nm)
	MC Area (m2/g)
	MC Volume (cm3/g)
	MC Mode (nm)





	GN
	66.12
	0.137
	8.28
	83.87
	0.032
	0.69



	GS
	66.01
	0.095
	5.74
	88.27
	0.033
	0.72



	Carbonizate 85
	248.72
	0.140
	2.26
	467.00
	0.149
	0.42



	Carbonizate 85_2400
	44.13
	0.131
	11.87
	54.62
	0.021
	0.82



	Carbonizate 85_3000
	23.52
	0.143
	24.30
	29.65
	0.011
	0.69
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