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A B S T R A C T   

The current investigation aims to reveal the pyrolysis characteristics and particle microstructure evolution of 
bituminous coal under the high-temperature thermal shock. In the experimental temperatures, the purification of 
carbon matrix in the coal char is a successive process linear on temperature. In contrast, the graphitization 
process of carbon structure existed a transition temperature (1600 ℃). Specifically, the range of 1000–1500 ℃ is 
critical for the transformation of amorphous carbon to disordered graphite, but the growth of graphite micro
crystals was minimally affected. While the range of 1600–1900 ℃ is critical for the formation of the graphite-like 
carbon structure. It is characterized by the release of defective structures such as oxygen-containing functional 
groups, and a significant increase in crystal size. Although beneficial for the subsequent study of carbon mate
rials, the ordered graphite transformation led to the deactivation of char. The pyrolysis behavior study under 
thermal shock insight into the thermal behavior of coal char in high-temperature furnaces, as well as a new idea 
for the clean utilization of coal resources.   

1. Introduction 

Currently, coal is still an essential industrial raw material and energy 
source, and is widely employed in processes such as combustion, gasi
fication, metallurgy coking, and carbon materials manufacturing. Under 
the requirement of carbon neutrality policy, the efficient conversion and 
clean utilization of raw coal still have certain urgency and necessity [1]. 
Within the gasifier or furnace, the thermal behavior of coal in the high- 
temperature area significantly impacts equipment operations, in addi
tion to directly affecting char utilization efficiency and industrial energy 
consumption, as the high-temperature results in the formation of molten 
slag and reduction of carbon activity [2]. Given the scarcity of high- 
quality coal resources, and increased environmental and economic 
pressures, enhancing the reaction performance of coal char to ensure 
complete conversion becomes necessary, as it is related to the industrial 
coal consumption and residual carbon formation in the slag. However, 
the carbon structure of coal char in the furnace is the basic factor in 
determining the reaction performance [3,4]. 

As coal particle is introduced into a high-temperature area of in
dustrial furnaces, the particles undergo rapid pyrolysis and carboniza
tion due to the impact of flame and high-temperature thermal shock, 

leading to the formation of a distinct structure in coal char [5,6]. The 
char structure and composition presented a different property from that 
of raw coal, which leads to a loss of reactivity [7,8]. This phenomenon is 
called “thermal annealing” or “thermal deactivation” in industry [9]. 
The high-temperature areas (>1000 ℃) of these industrial furnaces 
encompass the flame zone of the boiler, the combustion and carbon
ization chambers of the coke oven, and the combustion area of the 
entrained flow gasifier, etc. The carbon property in the coal char dem
onstrates a reduced disorder at high temperatures and the increased 
graphitization degree significantly influences the release of pyrolysis 
products and the gasification or combustion reactivity, leading to the 
formation of residual carbon in slag and overall coal conversion [10,11]. 
Yu et al. [12] found that the coal char gasification reactivity index was 
linearly and negatively correlated with the Raman structural parameter 
characterizing the degree of graphitization, and the difference in 
graphitization between different coals decreased as the temperature 
increased. While, Xu et al. [13] found that the elevated degree of 
graphitization in coal char leads to the formation of a large number of 
polycyclic aromatic hydrocarbons (PAHs) with reduced aliphatic side 
chains, concurrently enhancing gas-phase products yield. Despite 
numerous studies exploring the impact of pyrolysis conditions on coal 
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char reactivity, understanding the coal char aromatization process and 
its influencing factors under high-temperature conditions, particularly 
in the flame area (1000–1900 ℃), remains incomplete [14,15]. The 
investigation of carbon structure evolution in coal char under high- 
temperature conditions can help utilize its special properties, 
enhancing coal char utilization and economic benefits. 

Temperature is the pivotal factor influencing the transformation of 
the carbon structure, particularly in high-temperature [16,17]. When 
coal particles are injected into the high-temperature flame area, rapid 
carbonization and impurity element elimination occur, alongside the 
speedy formation of aromatic compounds [18]. However, insufficient 
investigation focuses on the pyrolysis characteristics and carbon crystal 
structure alterations in coal char during this temperature stage. Some 
studies suggest an increase in crystal size at this stage [19,20], while 
other work proposes that it represents a stage of aromatization [21,22]. 
Meanwhile, due to the non-homogeneity, several significant questions 
remain unsolved during the high-temperature pyrolysis stage, such as 
the formation of carbon skeleton and the conditions affecting carbon
ization during this stage [2,23]. Consequently, a thorough exploration of 
coal char composition and structural variation during the high- 
temperature stage is essential, the relationship between carbon struc
ture and pyrolysis temperature needs to be established to rationally 
regulate the properties of coal char such as strength and reactivity. 

In addition, the utilization of coal char has garnered significant 
attention in the production of carbon materials due to its lower H/C 
ratio in recent years and has become a hotspot in current research 
[24,25]. The presence of aromatic layers and aliphatic chains in coal 
naturally makes it a desirable raw material for the manufacturing of 
various coal-based carbon materials. Generally, the coal-to-graphite 
process is divided into two distinct stages: carbonization (<2000 ℃) 
and graphitization (>2000 ℃) [2]. The carbonization process involves 
the removal of heteroatoms and the formation of an aromatic carbon 
skeleton in the graphitized carbonaceous material, whereas the graph
itization process mainly involves the further condensation of the aro
matic carbon layer and its structural rearrangement to form a tricycle 
graphite structure [26,27]. Pyrolysis is the key initial step in the ther
mochemical transformation process, but the previous studies mainly 
focused on the growth of microcrystalline structure and the evolution of 
structural defects in the graphitization stage, and limited studies can 
explain in detail the transformation of microscopic amorphous carbon 
and composition variation of the raw materials in the carbonization 
stage [25]. The study focused on the evolution of carbon structure in this 
temperature range can also facilitate to optimization of the temperature 
control strategy in the preparation of coal-based carbon materials in the 
future. 

In this study, the product release pattern and char structure evolu
tion process during pyrolysis of bituminous coal under thermal shock at 
1000–1900 ℃ were investigated. Pyrolysis of coal samples at different 
temperatures was realized with a modified flash Joule heating equip
ment, and the gas components of the collected samples were analyzed 
using gas chromatography. The impact of thermal shock on the surface 
structure of coal char was examined through scanning electron micro
scopy (SEM). Besides, a comprehensive and meticulous study of the 
carbon structure evolution in the coal char and the growth process of 
graphite microcrystals within the temperature range was conducted by 
multiple characterization methods, including XRD, Raman spectros
copy, and TEM. The critical temperature range for microcrystal growth 
was obtained. The results are important for regulating the degree of 
graphitization and enhancing the reactivity of coal char in the furnace. 

2. Material and methodology 

2.1. Materials 

The experimental raw material used in this study was Yili bituminous 
coal (Xinjiang, China). After drying, the samples were crushed and 

screened, and the particles with a size of 0.8–1.25 mm were selected as 
pyrolysis feedstock for pyrolysis in this experiment. In industrial boilers 
and coke ovens, the size requirement for coal particles is typically in the 
millimeter range, aimed at minimizing the generation of fine ash dust 
and ensuring combustion stability [28,29]. While, for the entrained flow 
gasifier, to maintain a high gasification conversion, the particle size 
requirement is less than 100 μm[30]. In this experiment, a novel 
approach was used to heat coal particles by directly passing through a 
high electric current, which could rapidly generate the Joule heat within 
the particle for uniform heating, and eliminate variations in the pyrol
ysis product distribution resulting from differences in heat transfer 
associated with particle size changes. 

The proximate and ultimate analyses were performed on a 5E- 
MACIII (Kaiyuan company, China) and a Vario MACRO element 
analyzer (Elementar, Germany), and the results are shown in Table 1. 

The ash sample was obtained after the raw coal was completely 
combusted at 815 ◦C. The chemical composition was analyzed by 
Advant’X IntellipowerTM 3600 X-ray fluorescence (XRF, Thermo Fisher 
Scientific, America). The composition is shown in Table 2. Additionally, 
the ash melting temperatures (AFTs) were determined by the 5E-AF4000 
ash melting point tester (Kaiyuan, China), and the results are presented 
in Table 2. The deformation temperature (DT) is 1310 ℃, while the flow 
temperature (FT) is 1334 ◦C, proving the low flowability of coal ash. The 
high content of acid oxides in the coal ash determined its higher melting 
point. 

2.2. Pyrolysis experimental method 

The pyrolytic carbonization experiments of bituminous coal were 
carried out under N2 atmosphere in a modified flash Joule heating 
equipment and the schematic diagram is shown in Fig. 1(a). Before the 
experiment, about 1.0 g of raw coal particles were placed within a 
graphite crucible, and the crucible was fixed in a copper injection mold. 
Cooling water was circulated inside the mold to prevent excessive heat. 
During the experiment, a specific voltage was applied at both ends of the 
copper injection mold to generate sufficient Joule heat within the 
graphite crucible. A direct current (DC) of about 500A flowed through 
the graphite crucible and coal particles were rapidly heated to the 
experimental temperature within seconds. The voltage was then 
adjusted to maintain the samples at the experimental temperature for 
about 15 s with a deviation of 3 s. Subsequently, the samples were 
analyzed after cooling to room temperature. Each set of experiments was 
repeated three times, and the particle temperature was determined by 
the corrected infrared thermometer above the equipment. The pyrolysis 
gas was collected into a gas bag and the composition was determined 
using a portable gas chromatograph (Agilent 990 Micro GC, USA). 

2.3. Analytical method 

Crystal structure information in the samples was obtained by PAN
alyticalX’pert Powder X-ray powder diffractometer (XRD) with Cu Kα 
radiation (ThermoFisher Scientific, America). Further, detailed carbon 
peak information was obtained by PeakFit software fitting. According to 
the XRD results, the (002) peak of the sample can be divided into two 
Gaussian peaks at about 22.4◦ (γ peak) and 25.5◦ ((002) peak), and the 
area of the (100) peak was also obtained by Gaussian fitting. The in
tegral areas of the (002) and γ peaks obtained by fitting represent the 
relative contents of aromatic carbon atoms (Car) and aliphatic carbon 
atoms (Cal), respectively. After that, the carbon structural parameters, 
including the aromaticity (fa), interlayer spacing (d002), stacking height 
(Lc), crystallite lateral size (La), and stacked layers (n), were obtained 
based on the following formulas [2,31]. 

fa = Car/(Car + Cal) = A002/(A002 + Aγ) (1)  

d002 = λ/(2sinθ002) (2) 
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La = 1.84λ/(β100cosθ100) (3)  

Lc = 0.89λ/(β002cosθ002) (4)  

where λ is the X-ray wavelength, λ = 0.15406 nm; β and θ are the full 
width at half-maximum (FWHM) and diffraction angle, respectively. 

For the carbon structure and composition structural analysis of char, 
the laser wavelength used for Raman spectroscopy (ThermoFisher Sci
entific, America) was 432 nm. The Raman spectra were further decon
voluted into D and G peaks to obtain the hidden carbon structure 
information by Origin software. The average lateral size (La) of the 
microcrystals was calculated by the Eq. (5) [32]: 

La =
C0 + C1λL

ID1/IG
(5)  

where C0 and C1 are the structural parameters, C0 = -12.6 nm and C1 =

0.033 nm [16]; λL is the laser wavelength; ID1 and IG are the peak areas. 
The sample microstructure was characterized by the transmission 

electron microscope (TEM, Talos F200X, America), and the resulting 
images were processed using Gatan DigitalMicrograph software, 
following established methods in the literature [2,33]. The method 
facilitated the analysis of the structural information of graphite layers in 

the pyrolysis char, including layer spacing. Additionally, the surface 
morphology was examined using a scanning electron microscope (SEM, 
Hitachi SU1510, Japan). The specific surface area and pore volume were 
determined by nitrogen adsorption/desorption isotherm experiments by 
the specific surface area analyzer (Qantachrom Corp, USA) at 77 K, and 
further calculated according to the Barret- Joyner-Helena method (BJH) 
[34]. 

3. Results and discussion 

3.1. Pyrolysis product 

Temperature plays a crucial role in influencing the release and dis
tribution of pyrolysis products [13,35]. Previous studies have demon
strated that rapid pyrolysis of high-rank coal at temperatures exceeding 
1000 ℃ results in the predominant formation of gas and coal char, 
accompanied by a minimal tar content (<2%) [36,37]. As the temper
ature rises (>800 ℃), the yield of tar consistently declines [36], and 
given the specific high-temperature pyrolysis conditions, this study fo
cuses on the examination of the coal char characteristics and pyrolysis 
gas composition. 

The composition of pyrolysis gas products resulting from the thermal 
shock of coal at various high temperatures is presented in Fig. 2. The 
primary constituents of the pyrolysis gas include H2, CO, and CO2, with 
minor quantities of CH4 and ethylene. Notably, in contrast to the gas 
product composition obtained through the conventional pyrolysis pro
cess [38], the pyrolysis gas produced by rapid thermal shock exhibited a 
significantly higher proportion of syngas (CO + H2), reaching 90 %. 
Methane primarily arose from the demethylation reaction occurring in 
the aromatic side chains, while, higher temperatures will lead to the 
complete fragmentation of carbon-hydrogen bonds present in aliphatic 
compounds or side chains. Consequently, the pyrolysis gas exhibited a 
low concentration of methane and ethylene, while displaying a high 
hydrogen content. With an increase in the pyrolysis temperature, espe
cially above 1500 ℃, the gas composition experienced a substantial rise 
in CO content, accompanied by a significant decrease in CO2. CO2 
mainly comes from the cleavage of –COOH, which is entirely broken at 
lower temperatures (<900 ℃). In contrast, carbonyl and heterocyclooxy 
functional groups serve as the primary sources of CO in pyrolysis gases, 
requiring higher activation energies to break compared to the carboxyl 
group. Consequently, higher pyrolysis temperatures are necessary for 
the complete breakdown of these functional groups, resulting in an 
elevated CO content and decreased CO2 content in the gas-phase prod
ucts at higher temperatures. Meanwhile, higher pyrolysis temperatures 
enhance the reaction rate of coal char, and the char is more likely to 
gasify with CO2, which consumes a portion of the CO2 generated. Be
sides, carbothermal reactions with minerals at higher temperatures also 

Table 1 
Proximate and ultimate analyses(wt.%) of bituminous coal used in this study.  

Proximate analysis (d, wt. %) Ultimate analysis (daf, wt. %) 

Components V FC A C H S N O 

Yili coal  31.95  57.78  10.27  75.64  3.97  1.45  1.24  17.71 

* The oxygen content was obtained by difference. 

Table 2 
Chemical compositions (wt.%) and ash fusion temperature of coal ash.   

Component content(wt.%) 

SiO2 CaO Al2O3 Fe2O3 K2O TiO2 MgO Na2O Others 

Yili-Ash 45.40 14.76 17.25 12.75  0.88  0.92  3.03  0.72  4.29  

DT (℃) ST (℃) HT (℃) FT (℃) 

Yili-Ash 1286 1291 1295 1308  

Fig. 1. Schematic diagram of the flash Joule heating process, (a) set-up picture; 
(b) top view schematic. 
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contribute to CO production [39]. Further, by raising the reaction 
temperature, the concentration of syngas can be increased to over 95 %. 

Fig. 3 shows the composition and elemental content results of py
rolysis char at various temperatures. In Fig. 3(a), a notable decrease in 
volatile content and an increase in fixed carbon content were observed 
during pyrolysis carbonization of coal at 1000 ℃ thermal shock, as 
compared to the raw coal composition results in Table 1. As the tem
perature increased, the precipitation of volatiles was further promoted. 
Between 1000–1600 ℃, the volatile content continued to decrease while 
reaching higher temperatures (>1700 ℃) resulting in basically com
plete release. Simultaneously, the reduction in volatile content also led 
to an increase in relative ash content. However, a noteworthy point is 
the decline in fixed carbon content above 1400 ℃, mainly manifested as 
a decrease in the oxygen content, which can be attributed to the 
occurrence of condensation reactions and the formation of graphite 
microcrystals during high-temperature carbonization. Moreover, in this 
study, the ash tracer method was employed to estimate the release of 
volatiles (RV) and quantify the impact of reaction temperature on the 
extent of pyrolysis [37]. The calculation is shown in Eq. (6): 

RV =
V0 −

A0
A V

V0
× 100% (6)  

where V0 and A0 are the volatiles and ash content of raw coal respec
tively; V and A are the corresponding components in char. 

The results of volatile release (RV) are shown in Fig. 3(a). At 1000 ℃, 
RV remained below 80 %, indicating incomplete release of volatiles in 
the raw coal during the thermal shock process. Nevertheless, tempera
ture significantly influences the promotion of volatile release. As the 
temperature rises from 1200 to 1700 ℃, the volatile fraction release rate 
exhibited a linear increase, reaching over 98.8 %. 

The elements (C, H, O, N, S) composition results of residual char 
measured on the dry ash-free (daf) basis are shown in Fig. 3(b). As the 
temperature rose, the carbon (C) element monotonically increased, 
while the content of hydrogen (H), oxygen (O), and nitrogen (N) pro
gressively decreased. The enrichment of carbon content primarily 
occurred within the temperature range of 1000–1200 ℃ and above 
1500 ℃, with minimal changes observed between 1200–1500 ℃. A 
comparison of the remaining elements showed that the increase in the 
relative content of carbon within the range of 1000–1200 ℃ can be 
attributed to the release of hydrogen (H), sulfur (S), and nitrogen (N). 
Conversely, at temperatures between 1200–1500 ℃, the carbonaceous 
matter exhibited negligible amounts of hydrogen, sulfur, and nitrogen, 
primarily comprising carbon and oxygen. At higher temperatures 
(>1500 ℃), an increased breakdown of oxygen-containing functional 
groups occurred, leading to a reduction in oxygen content and an in
crease in carbon content in the carbonaceous matter, hence, CO content 
in the gas rose during this stage. At 1900 ℃, the carbon content of the 
residual char reaches 98.10 %. 

Therefore, 1200 ℃ represents the pivotal temperature for carbon 
element purification, with the carbon content reaching 92.56 %. Further 
carbon enrichment requires a temperature over 1600 ℃. However, the 
operating temperature must be carefully evaluated considering the ca
pacity and energy consumption of industrial carbonization equipment. 
Additionally, excessively high temperature is bound to decrease the 
reactivity of coal char. For gasification or metallurgical coke, the 
optimal temperature should not exceed 1200 ℃. 

3.2. Char morphology and porosity 

The evolution of particle surface morphology can be regarded as a 

Fig. 2. Distribution of pyrolysis gas composition under different temperatures.  

Fig. 3. Composition (a) and major elements content (b) of pyrolytic char at different temperatures.  
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reflection of the degree of carbonization of the pyrolytic coal char, and 
the morphology results at different temperatures are shown in Fig. 4. 
The surface of raw coal exhibited a rough and irregular texture, with 
distinct contour lines and a dense structure. When subjected to the high- 
temperature thermal shock, the particle surface gradually smoothened, 
showing clear carbon and ash distribution. Nonetheless, the overall 
morphology and structure remained relatively intact at temperatures 
below 1400 ℃. Above 1400 ℃, the char particle surface shows the 
grooves and striated texture, accompanied by a layered fiber-like dis
tribution, possibly associated with the relatively thorough pyrolysis and 
graphitization transition within this temperature range [40,41]. 
Furthermore, the high-temperature thermal shock and release of vola
tiles induced the formation of numerous irregular pores and cracks on 
the particle surface. The mineral components were exposed on the char 
surface, which further melted and adhered to the particle surface with 
increasing temperature. 

The detailed char structure data of the samples can be further ob
tained through the variation of surface area (Stotal), pore volume (Vtotal), 
and pore size (davg), and the results are shown in Fig. 5. The original coal 
had a large average pore diameter, along with a small pore volume and 
surface area, indicating the dominance of mesopores and macropores in 
the pore structure. Conversely, the pores in the pyrolysis coal char were 
significantly developed after thermal shock, resulting in a decuple in
crease in the surface area and pore volume compared to the raw. 
Meanwhile, the average pore size decreased, indicating the exposure of 
micropores due to the release of volatile compounds during high- 
temperature pyrolysis. As the temperature increased, the average pore 
size generally trended upwards, showing that higher temperatures were 
conducive to the release of volatile matter and pore expansion. How
ever, the pore volume and surface area displayed a trend of rapid in
crease followed by a gradual decrease with increasing temperature. The 
turning point coincided with the ash flow temperature (AFT = 1308 ℃). 
Above 1200 ℃, a rapid decline in pore volume and surface area was 
observed, along with a slight decrease in the average pore size. This 
phenomenon is attributed to the physical and chemical condensation of 
the remaining char structure and ash melting, which causes the blockage 
and disappearance of micropores [42,43]. 

In addition, the relative reduction in pore volume was smaller than 
the decrease in the surface area with the further increased temperature, 
and the pore volume slightly increased at higher temperatures (>1700 
℃). This indicated that higher temperature thermal shock caused pore 
expansion in coal char, elevating the total pore volume, as the micro
pores provide the main surface area. The destruction of micropores 
implies a reduction in the number of reactive active sites, which is 

detrimental to the reaction. 

3.3. Carbon structure evolution 

3.3.1. XRD analysis 
The XRD patterns presented in Fig. 6 show the carbon structural 

evolution after thermal shock at different temperatures. Raw coal 
exhibited an amorphous property and did not display distinct diffraction 
peaks characteristic of graphite crystals in XRD analysis. Only faint 
graphite diffraction peaks at approximately 24.1◦ and 43.3◦ were 
observed, showing the presence of a minimal amount of microcrystalline 
structure within the raw material. Additionally, the crystalline peaks 
observed in the XRD spectra of the raw coal included the intrinsic 
mineral components, such as quartz. 

After pyrolysis at 1000 ℃, two weak and broad graphite diffraction 
peaks were observed at 2θ of 24.9◦ and 43.0◦, corresponding to the 
(002) and (100) crystal planes of the graphite microcrystal [44]. 
However, the intensity of the peaks remained low until reaching a 
temperature of 1300 ℃, indicating minimal growth and content of 
graphite microcrystals at this stage. Notably, during this stage, the 
(002) peak underwent a significant rightward shift, providing evidence 
for the transition from amorphous carbon to disordered graphitic car
bon. Based on the aforementioned results, during this stage of pyrolysis, 
the primary process involved the release of volatiles. Although the 

Fig. 4. Surface microstructure variation of char particles at different temperatures.  

Fig. 5. Variation of pore parameters of coal char at different pyrolysis 
temperatures. 
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carbon structure underwent deepening graphitization, there was mini
mal growth or formation of graphite crystals. During the temperature 
range of 1400–1600 ℃, the (002) peak shows a broad peak, showing the 
formation of nanoscale graphite crystallite. Upon further increase in 
pyrolysis temperature (>1700 ℃), the intensity and sharpness of the 
graphite peaks increased, accompanied by a rightward shift in the po
sition of the (002) peak, indicating the growth of graphite structure; the 
peak shape tended to become more symmetric, which is the result of the 
decomposition of functional groups and the ordering of the carbon 
structure. The phenomena is similar to the previous study [21,26,45]. At 
higher pyrolysis temperatures (1900 ℃), the coal char exhibits height
ened intensity of characteristic graphite-like peaks, including those 
corresponding to the (100) crystal planes of planar graphite. 

Besides, during the pyrolysis process, volatiles precipitated and the 
relative content of ash increased. Previous studies have shown that the 
mineral compositions in raw coal are anhydrite and quartz [46]. As 
depicted in Fig. 4, the mineral components were exposed and melted on 
the surface, leading to the formation of slag pellets. With the increased 
temperature, characteristic peaks of the intrinsic mineral phases became 
evident in the XRD patterns. At 1000 ℃, the main crystalline phase was 
similar to the original coal minerals, primarily consisting of quartz, but 
with the appearance of CaO and oldhamite (CaS) crystals produced by 
the decomposition and carbothermal reactions of anhydrite. Subse
quently, as the temperature surpassed 1400 ℃, exceeding the ash flow 
temperature (1308 ℃), the molten minerals reacted with CaO to form 
eutectics. At 1900 ℃, quartz underwent a carbothermal reaction with 
the carbon in the coal coke, resulting in the formation of SiC crystals and 
CO, which has a thermodynamically spontaneous reaction above 1789 K 
[39]. 

The assessment of the structure information of graphite microcrys
tals is based on the intensity of the (002) peak, whereas the conden
sation degree of aromatic structures is evaluated through the intensity of 
the (100) peak. Influenced by the presence of aliphatic hydrocarbon 
chains and various functional groups, the asymmetric broad peak at 
approximately 25.7◦ is considered to be the result of the overlapping of 
the (002) peak and the γ peak. Similarly, the peak at around 44◦ is the 

(100) crystallographic peak. The corresponding parameters such as 
peak positions, diffraction intensities, and half peak widths can be ob
tained from the peak splitting fits of Fig. 6 (b) and (c), as shown in 
Table 3. Also, the structural parameters (La, Lc, d002, fa) versus pyrolysis 
temperature are listed in Fig. 7. 

As shown in Fig. 7, the interlayer spacing d002 gradually decreased 
with the increasing thermal shock temperatures, potentially due to the 
detachment of side chains and the aromatization of carbonaceous mat
ter, leading to the formation of larger graphite structures. A further 
decrease in layer spacing occurred primarily at temperatures exceeding 
1600 ℃, indicating the continued coalescence of aromatic ring lamellae 
under higher temperature thermal shock and the microcrystalline 
structure demonstrated a tendency towards ordered graphitization. 
Besides, the scales (La, Lc) of the microcrystals increased with temper
ature, yet the increase within the range of 1200–1600 ℃ is not sub
stantial. It means that the size of graphite microcrystals experienced 
limited growth during this stage. However, La and Lc exhibited rapid 
growth beyond 1600 ℃, coinciding with the interval where interlayer 
spacing decreased. The observation suggests a critical transition in 
graphite microcrystals near 1600 ℃, and the carbonaceous matter in 
coal char was obviously transformed to ordered graphite. Notably, the 
lateral size (La) of graphite microcrystals exhibited a higher growth rate 
compared to the stacking height (Lc) below 1600 ℃. This phenomenon 

Fig. 6. (a) XRD patterns of coal char at different temperatures; (b) and (c), the split-peak fitting process.  

Table 3 
Carbon structural parameters of pyrolysis char under different temperatures 
after peak-fitting of XRD patterns.  

T /℃ 2θ(0 0 2)/◦ β(0 0 2)/◦ A(0 0 2)/% 2θ(1 0 0)/◦ β(1 0 0)/◦

25  24.10  4.84  37.71  43.26  10.87 
1000  24.91  4.35  51.66  42.95  2.27 
1200  25.49  4.16  52.62  42.93  1.95 
1300  25.50  4.08  53.59  42.83  1.90 
1400  25.55  4.02  55.66  42.99  1.80 
1500  25.62  3.92  56.88  42.99  1.77 
1600  25.64  3.85  58.00  43.26  1.74 
1700  25.65  3.57  63.95  43.02  1.58 
1900  25.90  3.26  74.64  43.03  1.43  
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can be attributed to the inhibitory effect caused by the presence of side 
chains and heteroatom components in coal char, which impede the 
vertical stacking of graphite microcrystals. The formation of new aro
matic structures between graphite microcrystals through aromatization 
contributed to an increase in the size of graphite microcrystals but did 
not favor the formation of a three-dimensional graphite structure. 
However, at higher temperatures (>1600 ℃), the growth rate of La was 
lower than that of Lc. It can be attributed to the transformation of 
aliphatic groups and the elimination of heteroatoms situated between 
graphite layers, facilitating the stacking of graphite layers. 

In addition, the degree of graphitization of the samples below 2000 
℃ was assessed using aromaticity (fa), which quantifies the relative 
content of aliphatic carbon atoms, including aliphatic hydrocarbon 
branched chains, alicyclic hydrocarbons, and carbon-containing func
tional groups [2,33]. As the temperature increased, fa rose from an 
initial value of 38.3 % and reached 77.6 % at 1900 ℃. indicating an 
enhanced level of pyrolysis and the growth of graphite microcrystals. 
Additionally, at lower temperatures (<1600 ℃), the increment rate of fa 
was slower and a proportion of aliphatic carbon atoms persisted. Com
bined with the oxygen content results in Fig. 3(b), it can be surmised that 
the smaller variation of fa is related to the presence of carbonyl and 
heterocyclooxy functional groups. The presence of attached aliphatic 
carbon and heteroatoms in graphite structure also hindered the stacking 
and growth of aromatic sheets [21]. The result aligned with the rela
tionship between the variation of La and Lc. Moreover, fa demonstrates a 
notable increase above 1600 ℃, providing evidence of intensified py
rolysis of coal char and an increased level of graphitization. 

3.3.2. Raman spectroscopy analysis 
Raman reflects the vibrational modes of the carbon molecules, and 

the pyrolysis char results are shown in Fig. 8. Typical Raman vibration 
peaks of raw coal were observed at 1350 cm− 1 (representing the sp3 

bond or sp2 bond of hybridization defects) and 1580 cm− 1 (representing 
the sp2 bond). Similar peak shapes and intensities were observed at 
various positions, which proved the uniformity of the carbon structure 
on the surface of the original coal particles. After the thermal shock, the 
intensity of the D peak increased while the G peak decreased on the 
surface of the coal char. It can be attributed to the structural disruption 
of coal particles, resulting in the formation of a fragmented structure on 
the surface and an increase in defective carbon structures. Additionally, 
the 2D peak emerged at 2660 cm− 1 after thermal shock, which is a 
characteristic peak associated with ordered graphite [44,47]. Especially 
at temperatures above 1600 ℃, the intensity of the peak increased 
significantly, proving the trend of transition from disordered carbon to 
ordered graphite. While, in this study, the peak position displayed 
asymmetry and a slight shift towards lower frequencies, attributed to the 
interaction between different layers present in multilayer graphite. 

Raman intensity is influenced by a variety of factors, including the 
light absorptivity and Raman scattering ability of coal [2]. It is difficult 

to infer the differences in the carbon structure from the variations in 
peak intensities. Hence, the D and G peaks of Raman spectra were fitted 
with Lorentzian and Gaussian functions, respectively, and the split-peak 
fitting results are shown in Fig. 9. Parameters such as peak position, 
bands, Raman shift, and vibration modes used in this study are shown in 
Table 4. 

The evolution of the carbon structure throughout the entire tem
perature stage followed a similar pattern to the composition variation. 
Below 1600 ℃, the percentage of the G peak area exhibited a slight 

Fig. 7. Relationships between the structural parameters from XRD results and temperatures.  

Fig. 8. Raman spectra of the raw and the pyrolysis coal particles at different 
temperatures. 
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increase. D1 remained nearly unchanged during 1200–1600 ℃, but a 
slight increase compared to the raw coal, demonstrating an increase in 
disordered graphite lattice, which is attributed to the transformation of 
amorphous carbon (Table 4). D3 continued to decrease, and D4 slightly 
decreased. The results suggest that the primary thermochemical changes 
occurring in the coal at this stage involved the transformation of 
aliphatic compounds and aromatic side-chain structures, as well as the 
release of olefinic and ionic impurities from the interlayers of graphite in 
a gaseous state. During 1200–1600 ℃, the total disordered graphite 
carbon content was unaffected, suggesting that the decrease in reactivity 
during this stage was insignificant [21,33]. At temperatures above 1600 
℃, the percentage of the G peak displayed a substantial increase, while 
the D1, D3, and D4 peaks experienced decreases. Combined with Table 4, 
this pattern indicated a reduction in the content of amorphous carbon 
(D3) within this temperature range, accompanied by the gradual 
ordering of the disordered graphite lattice, hence, graphite microcrys
talline further grows. The increased ordering of the carbon structure 
reduces the reactivity, which is detrimental to the reaction [16,17]. 
Throughout the entire temperature interval, the proportion of D2 peaks 
exhibited an overall increasing trend, indicating that the thermal shock 
caused damage to the surface of the graphite lattice. 

The relationship between carbonaceous structural parameters and 
temperature is shown in Fig. 10. Generally, the variation of (ID3 + ID4)/IG 
is attributed to variations in the amorphous carbon, disordered graphite 
lattice, and ionic impurities, reflecting alterations in cross-linking den
sity and the number of substituent groups [47,48]. It was used as a 
criterion for assessing the level of carbonization in the coal char in this 
study. The ratio of ID1/IG reflects changes in the average size of graphite 

microcrystals. and the average crystallite lateral size (La) of carbon 
microcrystals can be further calculated based on Eq. (5). 

Within the experimental temperature range, (ID3 + ID4)/IG consis
tently decreased as the temperature increased, indicating the occurrence 
of cross-linking and polycondensation reactions, as well as the trans
formation of the amorphous carbon structure and an increase in the 
degree of carbonization. Furthermore, a nearly linear relationship be
tween (ID3 + ID4)/IG and the temperature was observed in the range of 
1000–1900 ℃, proving the purification of the carbon matrix increased 
linearly. The fitting equation, with an R2 of 0.95, is presented in Fig. 10. 
Additionally, the transformation process of graphite microcrystals can 
be analyzed by La. The results show that the growth of graphite micro
crystals was not obvious within the temperature range of 1000–1600 ℃, 
and La gradually increased from 1.66 to 2.03 nm. However, at higher 
temperatures (>1600 ℃), the size of graphite microcrystals exhibited 
rapid growth, and this phenomenon was consistent with the result ob
tained from XRD analysis. 

3.3.3. Local structural evolution 
The micromorphology and nanostructures of coal particles at various 

temperatures are shown in Fig. 11, and more results are listed in Fig. S2 
in the Supplementary materials. As shown in Fig. 11(II) of (a)~(d), 
under thermal shock at 1000 ℃, the coal char exhibited abundant edge 
defect structures and amorphous carbon. As the temperature increased, 
the length of basic structural units increased slightly, and the stacking 
layer and the edge contour became more obvious. At 1900 ℃, a lamellar 
structure similar to the graphite layer could be observed. 

The microcrystalline structures in the carbonaceous matter are 
shown in Fig. 11(I) of (a)~(d). At a lower temperature (1000 ℃), the 
carbon structure in coal char primarily manifested as amorphous, with a 
small amount of disordered graphitic microcrystalline structure exhib
iting random orientation. As the temperature increased, graphite mi
crocrystals continued to grow and amalgamate, forming a series of 
aromatic flakes with parallel stripes. However, at the experimental 
temperature, a substantial number of aromatic flake stacks displayed 
randomness and disordered distribution. Within the temperature range 
of 1000–1900 ℃, the layer spacing of graphite microcrystals slightly 
decreased with increasing temperature (Fig. 11(III)), the number of 
stacked layers decreased, and the degree of order exhibited an 
increasing trend. Higher temperatures (1900 ℃) showed semi-ring 
structural features, and some basic structural units appear, which 
consist of some graphite crystallites oriented in a wavy pattern, and the 
layer spacing decreases. Notably, the structure of graphite microcrystals 
underwent no significant transformation in the temperature range of 
1200–1600 ℃. Instead, the temperature elevation primarily led to the 

Fig. 9. The band area proportion in carbon structure at different temperatures.  

Table 4 
First-order Raman bands, Raman shift, and vibration modes used in this study 
[47,48].  

Band Raman shift/ 
cm− 1 

Vibration mode 

G ~1580 Ideal graphite lattice (E2g symmetry) 
D1 ~1350 Disordered graphitic lattice (graphene layer edges, A1g 

symmetry) 
D2 ~1620 Disordered graphitic lattice (surface graphene layers, 

E2g-symmetry) 
D3 ~1500 Amorphous carbon 
D4 ~1200 Disordered graphitic lattice (A1g symmetry), polyenes, 

ionic impurities  

Fig. 10. Relationships between the structural parameters from Raman spec
trum results and temperature. 
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generation of more randomly distributed graphite microcrystals [10]. 
The result indicated that, within this temperature interval, the growth 
and ordering of graphite microcrystals were minimally affected, and 
primarily involved the transformation of disordered carbon and the 
removal of aliphatic compounds. 

3.4. Pyrolysis process and mechanism 

The schematic of the high-temperature pyrolytic process and mech
anism of bituminous coal under thermal shock is shown in Fig. 12. In the 
temperature range of 1000–1900 ℃, the pyrolytic process can be sum
marized as the elimination of heteroatoms and the formation of an ar
omatic carbon skeleton. It can be further divided into two stages. During 

1000–1500 ℃, aliphatic transforms into aromatic, and depolymeriza
tion and aromatization lead to the amorphous carbon being converted 
into a disordered layered graphite structure. As the pyrolysis tempera
ture increased, micropores and cracks emerged, releasing a significant 
amount of small molecule gaseous products. The formation of gas-phase 
products is attributed to a free radical reaction process, and the elevated 
pyrolysis temperature intensified the breakage of weak bridging bonds 
in char, leading to an increased degree of aromatization of aliphatic 
compounds [49]. It also enhanced the carbonaceous purity and the 
concentration of CO and hydrogen in the gas. Notably, even with an 
increased pyrolysis temperature in this range, the graphite microcrystals 
maintained a disordered layer structure and exhibited random orienta
tion on the nanoscale, making it challenging to order. This stage is 

Fig. 11. HRTEM (I) and TEM (II) micrographs and the corresponding nanostructures graphs (III) of char samples at different temperatures, (a), at 1000 ℃; (b), at 
1200 ℃; (c), at 1600 ℃; (d), at 1900 ℃. 

Fig. 12. Schematic of high-temperature pyrolysis process and mechanism.  
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conducive to the removal of heteroatoms in the carbonaceous matter, 
and the carbon content in the coal char can exceed 90 %, with relatively 
little impact on the reactivity due to the presence of randomly arranged 
graphite microcrystals instead of ordering. 

In the higher temperature stage (1600–1900 ℃), the disordered 
graphitized carbon showed an ordered arrangement. Graphite micro
crystals grow along the edges, and part of microcrystalline structures are 
reoriented and connected to form local graphite-like nanostructures. In 
this stage, the surface structure of coal char had significant variation, 
gradually forming a flake texture, even though it does not have regular 
graphite layers like true graphite. Simultaneously, strong bonds (ethers 
or aldehydes) were broken, leading to a slight increase in gas-phase 
products, primarily in the form of elevated CO content. The degree of 
aromatization in the coal char significantly increased, the size of the 
microcrystals rapidly increased, and it was significantly influenced by 
temperature. This stage is favorable for the preparation of precursors of 
carbon materials from coal char but is unfavorable for the preparation of 
metallurgical char or power coal char. 

4. Conclusions 

This study investigated the pyrolysis characteristics and the evolu
tion of microstructures of bituminous coal particles, under thermal 
shock conditions ranging from 1000 to 1900 ℃. A modified flash Joule 
heating equipment was used to realize this process. In the experimental 
temperature range, the purification of the coal char is a successive 
process linear on temperature. While the carbon structure evolution 
could be divided into two distinct stages. Specifically, below 1600 ℃, 
the transformation of amorphous carbon into disordered graphite is 
primary. During this stage, heteroatoms and side chains are released as 
gas products, and depolymerization and aromatization lead to the for
mation of small-sized aromatic structures. Nevertheless, no significant 
alterations were presented in terms of particle morphology and graphite 
microcrystalline size. The temperature range of 1600–1900 ℃ is a 
critical interval for the formation of graphite-like structure, heteroatoms 
(O) are further eliminated, and the gas (CO) product yield increases. 
Further condensation facilitated the growth and coalescence of graphite 
microcrystals, evidenced by the increased crystal size and ordering in 
orientation. While this stage facilitates subsequent investigations on 
carbon materials, but leads to reduced char reactivity. 
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