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ABSTRACT: In this study, ReaxFF-MD was used to construct a large-molecule model of coke containing 3000 atoms, and the sp2
bond content of the model was controlled by changing the heating and cooling rates. The increase of the sp2 bond content led to a
significant difference in the reactivity of coke. The presence of the sp2 bond caused the carbon atoms inside the coke to change into a
circular structure, making it more difficult for the gaseous atoms to adsorb on the surface of the coke. It significantly reduced the
gasification reaction rate of coke in the CO2 and H2O atmospheres. In the tensile simulation experiment, it was found that the
stretching process of coke was mainly divided into three stages: an elastic stretching stage, a plastic stretching stage, and a model
fracture stage. During the stretching process, the carbon ring structure would undergo a C−C bond fracture while generating carbon
chains to resist stress. The results indicated that the presence of sp2 bonds can effectively reduce the phenomenon of excessive local
stress on coke to improve its tensile resistance. The method developed in this paper may provide further ideas and platforms for the
research on coke performance.

1. INTRODUCTION
As a reactive substance with both reducibility and high strength,
coke remains one of the most important raw materials in the
metallurgical production industry worldwide.1−4 Coke provides
both heat for the ironmaking process and structural support for
the melting zone of the blast furnace. The physical strength of
coke is one of the important factors for the stable operation of
blast furnaces.5−8 Zhang et al. found that high reactivity of the
coke matrix and small pore size of coke can effectively avoid the
erosion of coke by gasification.9 Pang et al. also found the
influence of the pore structure and microstructure on the
mechanical properties of coke through orthogonal gasification
experiments.10 In blast furnace reactions, coke generally
undergoes physical collisions and dissolution reactions.11−14

These situations will lead to a decrease in the strength of coke,
thereby affecting its load support function in the ironmaking
process. For the ironmaking industry, a deep understanding of
the factors that affect coke strength is of great significance for its
effective utilization.

The current experimental results indicated that the reaction
performance and mechanical properties of coke mainly depend
on its internal structure.15−18 In experimental research, X-ray
diffraction (XRD) or scanning electronic microscopy methods
are often used to observe the internal pore size distribution and
microstructure.19−23 Lu et al.24 confirmed that graphitized
carbon indicates the main presence of carbon atoms in coke
through X-ray photoelectron spectroscopy, which has a certain
impact on the thermal properties of coke. Moreover, Sato et al.
analyzed and estimated the tensile stress of coke cracking in coke
ovens, and the results showed that coke can withstand tensile
stress up to 10−20 MPa.25 The above results provide a data
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reference for the simulation results. However, the content of sp2
bondsmay also be a key factor affecting the performance of coke.
Zi-Zhao et al. used experimental methods such as XRD to
characterize the carbon structure and found that as the
graphitization degree increased, the strength of coke residue
significantly decreased.26 It indicates that the sp2 bond content
has a significant impact on the structure of coke in the
experiments.
At present, the main methods for studying the performance

and internal structure of coke are to simulate coke behavior by
experiment. However, these methods cannot provide the
microstructure evolution process of coke to explain its reaction
mechanism. In order to gain a deeper understanding of the
structural changes of carbon-containing materials during the
reaction process, simulation methods using reactive force field
(ReaxFF) and molecular dynamics (MD) have been widely
used.27−31 These methods have been proven to be effective in
studying the microstructural changes of carbon-containing
materials under high-temperature conditions. Tian et al. used
ReaxFF-MD to build a large cokemolecular structure containing
more than 60,000 atoms.32 This study found that the stacking
structure and some chemical bonds such as sp2 bonds played a
key role in resisting external forces when the coke model was
stressed. The role of the sp2 bond was only qualitatively analyzed
in this study, and no relevant exploration was conducted on the
impact of its content. This study focused on the influence of
different sp2 bond contents on the structure of coke to gain a
deeper understanding of the process of the microstructure
changes.
This study investigated the effect of the sp2 bond content on

the reaction performance and mechanical properties of the coke
configuration through ReaxFF-MD simulation. By constructing
three different types of coke models with different sp2 bond
contents and conducting gasification reaction simulation and
tensile simulation on the models, the influence of sp2 bonds on
the performance of coke and the mechanism of changes in the
internal microstructure of coke are explored. This study can
provide new ideas and methods for future research on the
performance of coke.

2. SIMULATION METHODS
2.1. Construction of CokeModels at Different Degrees

of Graphitization. A coke model (molecular formula
C2863H105O6N18S8) was constructed in subsequent MD
simulations to perform molecular dynamics simulations of the
coke stretching process. This model has the same atomic ratio as

the molecular model of Pingyao coke used in Tian’s article,32

which has been proven to simulate the reaction behavior of coke
effectively. Previous studies have investigated the effects of
density and time step on the structure and reaction performance
of amorphous coke models.26,27,33

The entire generation process of the coke model was carried
out in the following four steps: (1) at the initial stage, the atoms
were randomly generated inside the box by using the LAMMPS
software package,34 and the size of the box was determined by
the model density and the total number of atoms. Li et al. have
applied the force field parameters used in this study to the
amorphous carbonmodel, while the density is 1.4 g/cm3 and the
time step is 0.2 fs.27 We decided to set the time step and density
in this study simulation to be consistent with Li’s article after
repeating some simulations and validation experiments. (2) The
model was operated in the NVT ensemble at 300 K (room
temperature) for 10 ps to eliminate floating bonds and minimize
the total energy. (3) The third step was the heating stage, where
the model was heated from 300 K to 4000 K/5000 K/6000 K in
10 ps and was operated in theNVT ensemble at this temperature
for 500 ps. (4) The final step was the cooling step. After repeated
simulations, different cooling times have an impact on the sp2
bond content of the cokemodel. In order to control the sp2 bond
content at a specific level, the cooling time was set to 10 and 20
ps. Themodel was cooled from the heating temperature to room
temperature 300 Kwithin different times (10 and 20 ps) and was
operated in the NVT ensemble at 300 K for 500 ps.
In order to change the sp2 bond content of the coke model,

many related simulation attempts have been made to determine
that the factors affecting the sp2 bond content of the generated
coke model are the final temperature of heating, the heating rate,
and the cooling rate. By changing these three factors, the sp2
bond content of the generated coke model can be effectively
controlled. The specific simulation attempt data can be found in
the Supporting Information.
2.2. Simulations of the Coke Dissolution Reaction and

Mechanical Properties. The coke dissolution reaction
process under different CO2 and H2O atmospheres was
investigated using the coke model constructed above, and the
specific reaction model is shown in Figure 1a. The composition
ratio of the atmosphere was changed to three situations: 1000
CO2 molecules, 500 CO2 molecules with 500H2O molecules,
and 1000H2O molecules. Periodic boundaries were set in the x
and y directions of the model, which was to enable the gas
molecules to fully react with the coke model. Nonperiodic
boundaries were set in the Z direction, allowing the gas

Figure 1. Simulation model: (a) coke reaction with different sp2 bond contents; and (b) stretching model of the coke model, and the stretching
direction is the y-direction.
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molecules to penetrate and react downward from the upper part
of the coke model. The ReaxFF parameter was originally used in
Plimpton’s study,34 and it has been validated for its feasibility in
computing reaction paths, kinetics, transition states, and process
energies.28,35,36 Moreover, this set of ReaxFF parameters was
consistent with Li’s research, which has been proved to better
simulate the relevant gasification reaction of the carbon-
containing models.27,37,38 In the process of the reaction,
simulations of the coke model and gas molecules were
performed in the NPT ensemble for 20 ps, which served to
eliminate the unstable dangling bonds in the model and
minimize the energy of the model. After that, the whole system
was heated to 3500 K and was performed in the NVT ensemble
for 1000 ps at 3500 K, allowing the cokemodel to fully react with
gas molecules. Finally, the temperature of the whole system was
reduced to 300 K.
To investigate the effect of the sp2 bond content on the

mechanical properties of coke, tensile experiments were
conducted on both the unreacted model and the model after
the solution loss reaction. They were conducted in the NPT
ensemble, with a time step set to 0.1 fs in the simulation. Before
stretching began, the system was relaxed at 300 K for 20 ps to

achieve equilibrium. Then, under the NPT ensemble, the model
was relaxed at the target temperature for 20 ps. The relaxed coke
model underwent uniaxial tension at a strain rate of 10−5/ps
along the y-axis direction, as shown in Figure 1b. The maximum
strain was controlled at 80%, and at this stage, the structure of
the coke model was completely fractured. The strain rate was
determined based on research and tests.30,39−41 The stresses of
all atoms were summed to get the total structural stress, and a
stress−strain curve was plotted. For the convenience of
statistical analysis, a Python program was conducted to
distinguish and statistically analyze the lengths of different
chemical bonds between atoms by using the function block of
OVITO software to detect the bond length between atoms.42

This study focused on the changes in the cokemodels’ structures
during the stretching process and the mechanical properties of
the coke model after different reaction conditions.

3. RESULTS AND DISCUSSION
3.1. Construction of Coke Models with Different sp2

Bond Contents. Before starting the simulation, the conclusion
that the use of amorphous carbon models can effectively reduce
the reaction performance and mechanical properties of coke has

Figure 2. Front view of three types of coke models: (a) coke A; (b) coke B; and (c) coke C and (d) their responding pair distribution functions.
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been drawn from the relevant research of Tian et al.32 In
addition, a similar method has been adopted in this study to
construct three coke models consisting of 3000 atoms at
different temperatures. However, the sp2 bond content in the
coke model constructed in this way is not fixed, which has a
certain impact on the performance of the coke models. To
change the content of sp2 bonds, three coke models were
constructed with different sp2 bond contents by changing the
heating and cooling rates during themodel construction process.
The specific simulation attempt process is shown in the
Supporting Information. As shown in (Figure 2a−c), there are
section screenshots of three models with different sp2 bond
contents. With the increase of sp2 bonds, the number of cyclic
structures in the three models significantly increases and the
structures tend to generate six-membered carbon rings. This is
because the six-membered carbon ring has more stable reactivity
and higher resistance to stress compared to other rings. As
shown in (Figure 2d), the graph statistics of pair distribution
functions were analyzed on the structure of three models. The
result indicated that the bond growth within the three models
was concentrated between 1.42 and 1.55, and there were
differences in peak values, which is similar to the research results
of Li’s paper, verifying the rationality of the internal sp2 bond
content in the model.27 The main parameters of the three
models are listed in Table 1. The sp2 bond contents of the three
models were controlled between 40 and 70, with a quantity
difference of about 10%.

As shown in Figure 3, the constructed coke model was sliced
and some stacked fragments were extracted for comparison.
Comparison in terms of structure showed that both models were
folded structures composed of multiple carbon rings. This
structure has been proven in previous studies to resist external
forces by changing the bending angle of the folded layer.32

However, the coke model size in this study is smaller than that in
Tian’s study, and the structural changes during the reaction
process are more significant. In this study, our focus is on
studying the effect of the sp2 bond content on the performance
of the model, providing a platform for us to use the model to
study the reaction and mechanical properties of coke materials.
3.2. Effect of Different sp2 Bond Contents on the

Reactivity of Coke. To investigate the differences in reaction
performance among different models, solution loss reaction
simulations were conducted for three models. As shown in
Figure 4, the number of carbon atoms in the gasification reaction
of three coke models after the reaction in the CO2 atmosphere,
H2O atmosphere, and mixture atmosphere was statistically
analyzed. Compared to the other two models, Coke A has a
higher number of carbon atoms in the gasification reaction
under three atmospheres, which proved that the lower sp2 bond
content in coke caused a more intense reaction with the
oxidation atmosphere. Meanwhile, the results indicated that the

reactivity of Coke A is more active compared to that of other
models with higher sp2 bond contents, and its structure was
more easily corroded under the same atmospheric conditions.
To investigate the differences in reactivity among the three

coke models under CO2 and H2O atmospheres, the reacted
models under a CO2 atmosphere were analyzed first. The carbon
atoms in a CO2 atmosphere were defined as Cg atoms, and
carbon atoms on coke were defined as C atoms. As shown in
Figure 5a, from the changes in the reaction curve, the entire
process was divided into two stages: stage one is the adsorption
process of the CO2 gas molecules, and stage two is the reaction
equilibrium stage. The points of stage transitions are different
depending on the structural differences of each model, while
they are concentrated in the time of 300−500ps. The red line in
the picture is only used to distinguish the areas between the two
stages. The specific analysis of stage transition points can be
found in the Supporting Information. As shown in Figure 5b, it
was observed that activated carbon atoms exist in the internal
structure of all three types of coke. This type of carbon atom is
more likely to undergo gasification with CO2 and H2O, while
they mainly exist in a chain-like structure and become the main
reaction site for the CO2 adsorption reaction.29 During the
reaction process, free CgO molecules in the atmosphere would
adsorb onto the carbon atoms of the coke, forming suspended
CO groups. Subsequently, the C−O bond in the group would
break, and Cg atoms would be adsorbed on the surface of the
coke while releasing the O atoms. This reaction often occurred
on the carbon chain portion or bond-unsaturated carbon atoms
in the coke model, while it was difficult for the cyclic carbon
structure to undergo such adsorption reactions. Li et al. have also
investigated the CO2 adsorption process of defective gra-
phene.37 In the reaction process, the chain structure generated
by defective graphene will capture the CO2 gas molecules in the
atmosphere and make them adsorbed on the vacancy of the
graphene, which is similar to the CO2 adsorption process in
stage I. Zhang et al. used DFT to study the adsorption process
and reaction process of CO2 on the surface of defective

Table 1. Atomic Percentages of Coke A, Coke B, and Coke C

Coke A Coke B Coke C

carbon atoms 2863 2863 2863
carbon atom ratio 95.4% 95.4% 95.4%
constructed temperature 4000 K 5000 K 6000 K
sp bond contents 15.8% 21.3% 18.7%
sp2 bond contents 44.8% 57.6% 66.2%
sp3 bond contents 9.2% 2.6% 1.6%
other bond contents 30.2% 18.5% 13.5%

Figure 3. Comparison of the appearance of this study’s coke model (a)
and Tian’s model (b) and comparison of the internal stack structure in
this study (c) and in Tian’s study (d)32 (Adapted with permission from
[Tian, Y.; Li, G.-Y.; Zhang, H.; Wang, J.-P.; Ding, Z.-Z.; Guo, R.;
Cheng, H.; Liang, Y.-H., Molecular basis for coke strength: Stacking-
fault structure of wrinkled carbon layers. Carbon 2020, 162, 56−65.].
Copyright [2020] [Elsevier].).
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graphene, which showed that it is difficult for two CO2
molecules to adsorb on the same single vacancy.43 The CO2
adsorption process of a single carbon chain observed in this
study is similar to Zhang’s research results. Due to the low sp2

bond content in Coke A, the number of unsaturated carbon
atoms in its structure was significantly higher, allowing for the
adsorption of more Cg atoms and gasification reactions during
the reaction process. This is also the main reason the number of
gasified carbon atoms in Coke A in stage I is significantly higher
than those in the other two models.

For stage two of the curve, it was found that the number of
carbon atoms in the gasification reaction of the three models
remained almost the same and steadily increased. As shown in
Figure 5c, it was found that the main reason for this
phenomenon was that the adsorbed Cg atoms would generate
new C−C bonds with the C atoms on the coke during the
reaction process, forming stable ring structures such as five-
membered carbon rings and six-membered carbon rings.
Compared to the carbon chain structure, the carbon atoms on
this circular structure were more stable, and the possibility of

Figure 4. Statistics of the number of gasified carbon atoms under three atmospheres: (a) CO2 atmosphere; (b) H2O atmosphere; and (c) mixture
atmosphere.

Figure 5.Number of gasified carbon atoms of three types of coke under a CO2 atmosphere (a) and the relevant mechanism of the gasification process:
(b) adsorption process of CO gas and (c) formation process of circular structures.

Figure 6.Number of gas molecules in three models under a H2O atmosphere: (a) number of gasified carbon atoms; (b)H2molecular number; and (c)
number of H2O molecules.
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gasification reactions occurring during the reaction process was
lower. After a period of time in the first stage, a similar circular
structure was formed on the surface and structure of Coke A,
resulting in a decrease in the rate of increase in the number of
gasified carbon atoms, which was manifested as the rate of
increase in the three curves being basically the same in the
second stage.
As shown in Figure 6, statistics were conducted on the

number of gasified carbon atoms, H2 generation, and H2O
molecules in the gasification reaction of three models under a
H2O atmosphere. From the trend of the curve in the figure, the
entire reaction process can be divided into three stages: the first
stage is the reaction preparation stage. At this stage, the
gasification reaction rate, H2 generation rate, and H2O
molecular consumption rate of the three models are almost
equal, and the curves are basically consistent. The reason was
that during this stage, the main reaction occurred during the
pyrolysis of H2O molecules at high temperatures, as shown in
Figure 7a. Under high-temperature conditions, the H−O bond
in H2O molecules would break and detach from the free-state H
atom and −OH group. Subsequently, the H atom would
combine with H2O molecules nearby to generate H2 molecules
and another −OH group. The first stage was mainly related to
the number of H2O molecules in the atmosphere; therefore, the
curve trends of the three models were basically the same. The
second stage is the adsorption reaction stage. At this stage, the
gasification reaction rate, H2 generation rate, and H2O
consumption rate of the Coke A curve are significantly higher

than those of the other two models. The reason is that the main
reaction occurring in this process was the free-state −OH
adsorption reaction. As shown in Figure 7b, when −OH groups
appeared near the surface of coke, activated carbon atoms with
unsaturated carbon chains or bonds undergo adsorption
reactions, generating C−O bonds to adsorb the free −OH
groups on the surface of coke. Subsequently, the O−H bond
would break, making the O atom adsorbed on the surface of the
coke while detaching from the free H atom. This reaction usually
occurs on carbon atoms with unsaturated carbon chains or
bonds, and Coke A has the lowest sp2 bond content, making the
gasification reaction rate of this model the fastest, corresponding
to a significantly higher number of gasified carbon atoms in
Coke A in the second stage curve.
The third stage is the reaction equilibrium stage. During this

stage, the curves of the three models gradually tend to be
horizontal. Correspondingly, the number of carbon atoms in the
gasification reaction of the three models gradually tended to be
the same, and the rates of H2 generation and H2O molecular
consumption tended to be horizontal. The reason is that when a
certain number of O atoms were adsorbed on coke, a desorption
reaction of CO occurs. The points of stage transitions are
different depending on the structural differences of each model,
while they are concentrated in the time period of 100−200 and
700−800 ps. The red lines in the picture are only used to
distinguish the areas between the two stages. The specific
analysis of stage transition points can be found in the Supporting
Information. As shown in Figure 7c, as the reaction proceeded,

Figure 7. Reaction mechanism of three stages under a H2O atmosphere: (a) H2 generation mechanism; (b) −OH group adsorption mechanism; and
(c) CO desorption mechanism.
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the number of atoms adsorbed on the active site of coke reached
saturation, leading to the gradual reduction of the generation
rate of H2, accompanied by the reduction of the consumption
rate of H2O molecules. The C atoms adsorbed with O atoms on
the surface of coke would undergo C−C bond fracture. At the
same time, CO gas would be desorbed and escape from the
surface of coke. After the desorption reaction, the active site on
the coke surface was vacant again, and the second stage of the
adsorption reaction process continued. As the reaction
progressed, the reaction rates of the two reactions gradually
reached equilibrium, showing a trend toward a horizontal level
in the third stage of the curve in Figure 6.
In addition, to investigate the effect of sp2 bond content on the

permeation rate of gas molecules, statistics were conducted on
the number of gas atoms that gas molecules penetrate into the
interior of coke. As shown in Figure 8, a statistical analysis was
performed on the number of gas atoms penetrating three types
of coke in the z-axis direction. The result shows that the
adsorption sites of gas molecules in the H2O atmosphere are
deeper than those in the CO2 atmosphere, indicating that H2O
molecules were more likely to enter the interior of coke for
gasification reactions. Compared to the other two types of coke,
the number of gas molecules inside coke C is smaller and the
distribution area is concentrated on the surface of the coke. This
indicates that an increase in the sp2 bond content can effectively
prevent gas molecules from adsorbing onto the internal
structure of the coke and conducting gasification reactions.
The reason is that there are more carbon ring structures inside
coke C and the ring structure is more stable compared to the
carbon chain structure, which reduces the possibility of
gasification reactions occurring internally.
3.3. Effect of Different sp2 Bond Contents on the

Tensile Properties of Coke. The sp2 bond not only affects the
reactivity of coke but also affects its mechanical properties. This
study conducted tensile simulation experiments on the
unreacted and reacted models of three types of coke. The
direction of stretching is in the y-direction, and the maximum
strain is 80%. As shown in Figure 9, the entire stretching process
can be divided into three stages. In order to help readers
understand the stages better, the stretching curve of Coke A was
chosen as the sample curve. Stage one is the elastic stretching
process. During this stretching stage, although the coke model
undergoes deformation, the stretching deformation is elastic.
The stretching stress increases linearly with the increase of
strain, and the stress−strain curve shows a straight line with a
constant slope. At this point, if the tension is removed, then the

coke model can still restore its shape before stretching. The
second stage is the plastic stretching stage. The tensile
deformation at this stage has become plastic deformation, and
the coke has undergone irreversible deformation during the
stretching process. The stress−strain curve will still rise and
reach the maximum tensile stress value, but the slope of the
curve will significantly decrease compared with elastic
deformation. At this point, if the pulling force is removed,
then the coke cannot return to its original shape. The third stage
is the model fracture stage. During this stage of stretching, the
coke structure has already broken under the action of tension
and the carbon chains connected between each part gradually
break. Therefore, even if strain occurs, the stress inside the coke
will not increase, manifested as a stepped decrease in the stress
curve.
As shown in Figure 10, it was found that the tensile

performance of the unreacted model is significantly better
than that of the reacted model. The maximum tensile stress of
the three types of coke is greater than that of the model after the
CO2/H2O/mixture atmosphere reaction, indicating that the gas
reaction process affects the structure of the coke, leading to a
decrease in its tensile resistance. In addition, under the same
reaction conditions, the tensile strength of coke C is significantly
higher than that of the other two coke models. This proves that
with the increase of the sp2 bond content, the tensile resistance
of coke has been significantly improved and the stability of coke
structure has been significantly improved.

Figure 8. Statistics on the number of gas molecules inside the coke in the different atmospheres: (a) CO2 atmosphere; (b) H2O atmosphere; and (c)
mixture atmosphere.

Figure 9. Three stages of the stretching process of model coke A.
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To further investigate the mechanism of the influence of the
sp2 bond on tensile properties, an observation was made on

some fragments during the stretching process. In Tian’s previous
research, it was pointed out that the chemical bond in the coke

Figure 10. Stress−strain curves of three types of coke models under different conditions: (a) unreacted; (b) CO2 atmosphere; (c) H2O atmosphere;
and (d) mixture atmosphere.

Figure 11. Change mechanism of carbon ring structure during the stretching process: (a−c) six-membered carbon ring change to the carbon chain;
(d−f) eight-membered carbon ring change to the carbon chain.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04411
ACS Omega 2023, 8, 37043−37053

37050

https://pubs.acs.org/doi/10.1021/acsomega.3c04411?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04411?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04411?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04411?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04411?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04411?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04411?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04411?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


model can be used to suppress the stack layer translation
phenomenon, thus helping to offset the effect of external forces
to a certain extent.32 As shown in Figure 11a−c, in addition to
the initial carbon chain acting as a resistance to tensile stress, the
six-membered carbon ring connected by the sp2 bond can also
inhibit the fracture of the coke model during the stretching
process. During the stretching process, the C−C bond in the six-
membered carbon ring broke up, and the structure of the six-
membered carbon ring transformed into two short carbon chain
structures, which were gradually straightened under tensile
stress and eventually fractured. During this process, the fracture
behavior of the sp2 bond effectively alleviated the effect of partial
strain and evenly distributed the effect of stress, which
significantly improved the tensile resistance of coke. In addition,
as shown in Figure 11d−f, the C−C bond of the eight-
membered carbon ring also broke during stretching, forming a
long carbon chain structure with a large number of carbon
atoms. However, due to its inferior stability compared to that of
the six-membered ring composed of sp2 bonds, the eight-
membered carbon ring had a weaker resistance to tensile stress
compared to the six-membered carbon ring.
As shown in Figure 12, a statistical analysis was performed on

the stress exerted during the fracture process of the carbon ring
mentioned above, and it was plotted into a cloud graph. During
the entire stretching process, the atomic forces around the
carbon ring were relatively uniform, and there was basically no
stress concentration effect. Before the fracture of the carbon ring,
a certain carbon atom in the stretching direction on the carbon
ring was subjected to a concentrated force, and in the
subsequent process, the C−C bond between the atom and
adjacent atoms broke. The fracture was accompanied by the
disappearance of stress concentration. With the formation of the
chain structure, the stress on the carbon chain was evenly
distributed to each carbon atom, reducing the concentrated
stress on the chemical bond. This effectively improved the
maximum stress value at which the carbon chain structure
undergoes fracture, thereby significantly enhancing the tensile
resistance of the coke model.

4. CONCLUSIONS
In this study, the focus is on the effect of the sp2 bond content in
coke on the reaction performance and mechanical properties of

coke. It has shown that with the decrease of the sp2 bond
content, the reaction performance of coke is significantly
reduced. The gasification reaction rate of coke with a higher sp2

bond content is slower in the dissolution loss reaction. The
reason is that compared to other carbon chains inside coke, the
six-membered carbon ring structure composed of sp2 bonds is
more stable and the C−C bond is less prone to fracture, making
it difficult for −OH groups and CO2 gas to adsorb on the surface
of coke, effectively reducing the gasification reaction rate of
coke.
As observed from the tensile simulation experiments, the

stretching process of coke was mainly divided into three stages:
elastic stretching, plastic stretching, and model fracture. During
the stretching process, accompanied by the fracture of the sp2

bond, the carbon ring structure transforms into multiple short
carbon chain structures or a single long carbon chain structure.
This phenomenon can effectively reduce the concentration of
internal stress in coke, improve the stability of the coke structure
during the stretching process, and improve the tensile resistance
of coke significantly. The method developed in this article may
provide further ideas and platforms for the research on coke
performance.
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Figure 12. Stress distribution during the structural change of carbon rings: (a−c) six-member carbon ring change to the carbon chain; (d−f) eight-
member carbon ring change to the carbon chain.
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