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Formation mechanism of methane during coal evolution:
A density functional theory study

Lina Zhanga, Lixia Lingb, Senpeng Zhaob, Riguang Zhanga, Baojun Wanga∗

a. Key Laboratory of Coal Science and Technology (Taiyuan University of Technology),
Ministry of Education and Shanxi Province, Taiyuan 030024, Shanxi, China;

b. Research Institute of Special Chemicals, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China

[ Manuscript received April 10, 2014; revised May 22, 2014 ]

Abstract
The formation mechanism of methane (CH4) during coal evolution has been investigated by density functional theory (DFT) of quantum
chemistry. Thermogenic gas, which is generated during the thermal evolution of medium rank coal, is the main source of coalbed methane
(CBM). Ethylbenzene (A) and 6,7-dimethyl-5,6,7,8-tetrahydro-1-hydroxynaphthalene (B) have been used as model compounds to study the
pyrolysis mechanism of highly volatile bituminous coal (R), according to the similarity of bond orders and bond lengths. All possible paths are
designed for each model. It can be concluded that the activation energies for H-assisted paths are lower than others in the process of methane
formation; an H radical attacking on β-C to yield CH4 is the dominant path for the formation of CH4 from highly volatile bituminous coal. In
addition, the calculated results also reveal that the positions on which H radical attacks and to which intramolecular H migrates have effects on
methyl cleavage.
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1. Introduction

CBM, which mainly consists of methane, is a major factor
contributing to coal and gas outburst in mining [1,2]. The ge-
netic type of CBM is divided into three categories: secondary
biogenic gas, mixed genetic gas and thermogenic gas [3,4], in
which the thermogenic gas is the main coalbed gas in China
[5]. Most thermogenic gas is generated during the evolution
of medium rank coal [6], in addition, the activity of highly
volatile bituminous coal is very high [7].

Coal has made a breakthrough process to chemicals tech-
nology in China [8]. Thermal maturation of coal pyrolysis
is the main process to form thermogenic gas which has been
widely studied, and many researchers have attempted to de-
velop methods to quantify the kinetic behavior of coal pyrol-
ysis in the laboratory. Accordingly, the pyrolytic reactions of
coal have received extensive attention, and excellent reports
of the work performed in this area have been presented in the
literatures. Thermogravimetric analysis is an important and

useful technique to analyze the change in coal samples during
pyrolysis, which helps to provide information to obtain the re-
lationship among species with increasing temperature [9−11].
It has been shown in the laboratory that a lower rank coal loses
more weight at a lower pyrolysis temperature in comparison
with a higher rank one. This is because lower rank coals con-
tain fewer polyaromatic structures and they are richer in H. At
the same time, coal pyrolysis is divided into three zones. The
first represents some bond breaking reactions and the release
of some light species (∼490 ◦C); the second is the primary py-
rolysis phase (490−640 ◦C), leading to the evolutions of tar,
gas and char by further bond breaking; and the third is the
secondary pyrolysis phase (∼640 ◦C), mainly resulting in CO
and H2 generation. Although the achievements are obvious,
there is no progress in the formation mechanism of methane
during the coal evolution. Besides, the cleavage of side chains
and groups in the whole pyrolysis process [10,12] and the sec-
ondary decomposition of some gases and liquids [13] always
occur to produce H radicals. Thus, there are a large number of
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H radicals during the coal evolution [14,15], which continu-
ally combine with other radicals. The existence of H radicals
has important influence on coal pyrolysis. However, the ki-
netics of reactions as well as the effect of the H radical is not
clear.

With the development of quantum chemistry, investiga-
tions on the reaction mechanism at a molecular level are
widely conducted [16]. However, coal is a highly hetero-
geneous and complex material, making it difficult to gener-
ate meaningful representative structures. Up to now, a large
number of coal related model compounds, which can partly
reflect the local chemical properties of coal, have been inves-
tigated by density functional theory (DFT) method. To date,
pyrolysis of toluene [17], ethylbenzene [18], benzoic acid,
benzaldehyde [19], anisole [20], quinoline, isoquinoline [21],
benzenethiol [22] and thiophene [23] have been studied. All
results show that DFT is useful to describe the local chemical
properties of coal using a local microstructure model. Liu et
al. [24] have examined the pyrolysis of a brown coal model
with a carboxylic group, and the formation mechanisms of
CO2 and H2O have been demonstrated. Methane is mainly
generated during the evolution of highly volatile bituminous
coal, thereby the model of highly volatile bituminous coal is
chosen to probe CH4 formation.

In this work, the pyrolysis mechanism of highly volatile
bituminous coal is studied to investigate CH4 formation dur-
ing coal evolution process in DFT. The processes of C–C bond
cleavage as well as the formation and recombination of free
radicals for CH4 formation have been considered. All pos-
sible reaction paths have been studied in order to obtain the
optimal path by analyzing activation energies. Also, the effect
of H radicals on CH4 formation has been evaluated.

2. Computational details

2.1. Computational method

All calculations were carried out in the framework of
DFT using the Dmol3 program package in Materials Studio
5.5 [25,26]. All structures were geometrically optimized at
the level of the generalized gradient approximation (GGA)
with Perdew-Wang exchange-correlation functional (PW91)
[27,28]. The atoms were treated with an all-electron basis
set. The valence electron functions were expanded into a set
of numerical atomic orbital by a double-numerical basis with
polarization functions (DNP) [29]. Total self-consistent field
(SCF) tolerance criteria, integration accuracy criteria and or-
bital cutoff quality criteria were set at medium. Multipolar ex-
pansion was set at octupole. In order to use the same orbitals
for alpha and beta spins in calculations, spin unrestricted was
chosen and the appropriate multiplicity was selected to per-
form a calculation on a specific spin state.

All reactants, products and possible intermediates in re-
action paths were optimized and their single point energies
(SPE) were determined at the same time. We chose the Com-
plete LST/QST approach to search for transition states of re-
actions [30], thus getting accurate activation barriers of reac-

tions. The vibration analyses about the molecular structure
of the species involved in the pyrolysis mechanism were car-
ried out to validate the transition state, and transition state
confirmation calculations were carried out on every transition
state to confirm that transition states led to the desired reac-
tants and products.

Bond dissociation energy (BDE) is an important thermo-
dynamics parameter to characterize the molecular thermal sta-
bility. In order to evaluate the reliability of the selected calcu-
lation method and parameters, bond dissociation energies of
C–C bonds contained in ethylbenzene and methylcyclohex-
ane were calculated. For cracking reaction: R-X→R·+X·, the
corresponding equation is as follows:

BDE(R-X)= fH (R)+ fH (X)– fH (R-X) [31]

The results are listed in Table 1. We can see that calcu-
lated results are in good agreement with the experimental data
[32]. Moreover, the value of BDE for ethylbenzene in the lit-
erature is 325.1 kJ·mol−1 [33], which is very close to our re-
sults. Thus we can be sure of the reliability for the calculation
method and parameters.

Table 1. Comparison of calculated and experimental BDE values
of ethylbenzene and methylcyclohexane

Species

Ecal (kJ·mol−1) 415.1 323.2 371.1

Eexp (kJ·mol−1) 419.2±4.2 319.7±7.1 377.0±7.5

2.2. Model analysis

The size influence of aromatic ring on the cleavage of
C–C bond from alkyl side chain is negligible when the con-
jugated chemical environment of breaking bond does not be
changed [34]. In addition, the division of model is feasible
as Wang et al. [7] divide lignite into left and right to ex-
amine the thermochemical properties of different rank coals.
Based on the theoretical background, it is reasonable to divide
highly volatile bituminous coal (R) [35] into different partial
models. R and a portion of partial models are shown in Fig-
ure 1. The investigation on methane formation mechanism
mainly focus on the cleavage of side chains, so partial models
which do not change the chemical environment of breaking
bond can be used to conduct further study. The concept of
bond order is a basic chemistry qualitative notion. It is of-
ten associated with bond strength, a measure of which is the
bond dissociation energy [36]. Furthermore, the forecast of
reaction mechanism depending on bond order has been stud-
ied [37]. In order to select reliable partial models, bond orders
and bond lengths of R, A, B and C are investigated. The infor-
mation on main breaking positions in four models is shown in
Table 2. It shows that bond orders and bond lengths of A and
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Figure 1. Models of highly volatile bituminous coal (R), ethylbenzene (A), 6,7-dimethyl-5,6,7,8-tetrahydro-1-hydroxynaphthalene (B) and 1,2-
dimethylcyclohexane (C)

Figure 2. Formation mechanism of CH4 for model A
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B are similar to those of R. However, C has a large difference,
because the conjugated chemical environment connecting
with cyclohexane in model C has disappeared. Thus, the in-
creased number of benzene ring in models A and B does not
affect the results for C–C bond cleavage, while, the reduced
number of benzene ring in models A and B can affect the

results. As a result, the highly volatile bituminous coal (R)
can be modeled as ethylbenzene (A) and 6,7-dimethyl-5,6,7,8-
tetrahydro-1-hydroxynaphthalene (B) to probe the formation
mechanism of methane from highly volatile bituminous coal
in this work. In this way the calculation efficiency could be
significantly improved.

Table 2. Main bond orders and bond lengths of R, A, B and C

Bond order Bond length (Å)
Bond

R A B C R A B C
C1−C2 0.977 0.972 1.513 1.515
C2−C3 1.003 1.002 1.525 1.526
C2−H8 0.965 0.969 1.102 1.102
C2−H9 0.965 0.965 1.102 1.103

C3−H10 0.983 0.983 1.097 1.098
C3−H11 0.977 0.978 1.099 1.099
C3−H12 0.977 0.977 1.098 1.099
C4−C5 0.980 0.979 0.979 1.533 1.533 1.535
C4−C6 0.959 0.960 0.956 1.541 1.544 1.551
C6−C7 0.996 0.995 0.992 1.528 1.528 1.529

C5−H13 0.975 0.975 0.976 1.098 1.097 1.097
C5−H14 0.976 0.979 0.978 1.098 1.097 1.098
C5−H15 0.971 0.970 0.969 1.098 1.098 1.098
C7−H16 0.981 0.981 0.980 1.098 1.098 1.099
C7−H17 0.970 0.970 0.974 1.099 1.099 1.098
C7−H18 0.980 0.980 0.981 1.099 1.099 1.098

3. Results and discussion

3.1. Model A

3.1.1. Reaction paths and structural parameters in model A

Three kinds of reactions for model A leading to the for-
mation of CH4 are analyzed in this part: an H radical attacks
(Paths 1 and 2); the intramolecular H migration (Path 3 to Path
5) and intramolecular methyl migration (Path 6) followed by
H-assisted steps, leading to CH4 generation. The six different
paths for the formation of CH4 in model A are shown in Fig-
ure 2.

The reactants, intermediates, transition state structures
and products for six paths are shown in Figure 3. The imag-
inary frequencies corresponding to transition states are listed
in Table 3. In Path 1, an H radical initially attacks β-C, lead-
ing to the formation of IM1 via TS1 with an imaginary fre-
quency of −1147.46 cm−1. The C–H bond at β-C is bro-
ken and the bond length changes from 1.099 Å to 2.666 Å, as
shown in Figure 3. Then the C–C bond is broken to yield CH4

with the assistance of the generated H2 via TS2, whose imag-
inary frequency is −1177.40 cm−1. In this step, the length
of C–C bond elongates to 3.772 Å from 1.484 Å. In Path 2,
the α-C is attacked by an H radical followed by the cleavage
of C–C bond and the formation of a methyl via TS3, which
has the imaginary frequency of −942.73 cm−1. The C–C
bond changes from 1.526 Å to 3.593 Å in this step. Then, the
methyl reacts with an H radical, which is a spontaneous ele-
mentary reaction without any activation barrier. Both Paths 3

and 4 both involve the migration of H at α-C. Path 3 is the
migration of H to a β-C, resulting in CH4 formation via TS4
with an imaginary frequency of −317.79 cm−1. In this step,
C–C bond elongates to 3.663 Å from 1.526 Å. In Path 4, the H
migrates to benzene ring, leading to the formation of IM2 via
TS5 with an imaginary frequency of −1073.06 cm−1, which
is consistent with our previous work [21]. The imaginary fre-
quency of H at α-C migrating to benzene ring during the py-
rolysis of quinoline and isoquinoline is −1056.13 cm−1. In
addition, the imaginary frequency of this step for toluene is
−1020.00 cm−1 [17]. Then, CH4 is yielded with the assis-
tance of an H radical via TS6, with an imaginary frequency of
−1318.63 cm−1. In Path 5, the H migrates to a β-C, leading
to the formation of CH4 via TS7, whose imaginary frequency
is −1606.68 cm−1. In Path 6, we first investigate the migra-
tion of methyl to benzene ring, leading to the formation of
IM3 via TS8 with an imaginary frequency of −211.18 cm−1,
after which CH4 is yielded with the assistance of an H radical
via TS9 with an imaginary frequency of −621.71 cm−1.

Table 3. Imaginary frequency of each transition state of model A

Transition states Imaginary frequency (cm−1)
TS1 −1147.46
TS2 −1177.40
TS3 −942.73
TS4 −317.79
TS5 −1073.06
TS6 −1318.63
TS7 −1606.68
TS8 −211.18
TS9 −621.71
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Figure 3. Optimized geometries of all reactants, intermediates, transition states and products during model A pyrolysis
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3.1.2. Kinetic analysis of all paths in model A

In order to study the influence of temperature on methane
generation, it is necessary to select an appropriate tempera-
ture to represent the low and high temperature, respectively.
The low environment temperature for coal is 298.15 K [38],
it is considered as low temperature for this study. The poten-
tial of methane conversion from coal is the highest at 875 K
[39], and other hydrocarbons have completely released at this
temperature [40,41]. As a result, 875 K is taken as high tem-
perature. Furthermore, 298.15 K and 875 K were often used
to represent the low and high temperature in the study of coal
pyrolysis [17,23]. In summary, we investigate the kinetic anal-
ysis of reaction paths at 298.15 K and 875 K. According to the
transition state theory, activation enthalpy rHm

�=, activation
entropy rSm

�=, activation energy Ea and the rate constant k

can be obtained from Equations (1)−(4), respectively.

rHm
�= = Eelec(TS)+H0

m(TS)−Eelec(R)−H0
m(R) (1)

rS
�=
m = S0

m(TS)−S0
m(R) (2)

Ea = rH
�=
m +nRT (3)

k =
kbT

h

(
p0

RT

)1−n

exp

[
rS
�=
m

R

]
exp

[
−

rH
�=
m

RT

]
(4)

where, T is the reaction temperature, n is the number of reac-
tants, kb, h,p0 and R are Boltzman constant, Planck constant,
standard atmospheric pressure and universal gas constant, re-
spectively. rH

�=
m, rS

�=
m , Ea and the rate constant lnk of ev-

ery elementary reaction at 298.15 K and 875 K are listed in
Table 4.

Table 4. Activation enthalpy, activation entropy, activation energy and rate constant of six paths for model A

rH
�=
m (kJ·mol−1) rS �=m (J·mol−1·K−1) Ea (kJ·mol−1) lnk (s−1)

Elementary reactions
298.15 K 875 K 298.15 K 875 K 298.15 K 875 K 298.15 K 875 K

Path 1 step 1 15.8 12.8 −29.1 −35.2 20.7 27.4 15.9 21.9
step 2 124.9 115.0 −44.4 −63.9 129.8 129.5 −30.0 4.4

Path 2 step 3 176.8 170.5 −34.3 −46.9 181.8 185.0 −49.7 −1.2
Path 3 step 4 384.0 389.0 23.3 33.6 386.5 396.2 −122.7 −18.9
Path 4 step 5 341.0 344.4 11.1 18.5 343.5 351.6 −106.8 −14.6

step 6 143.2 138.7 −40.3 −48.9 148.1 153.3 −36.8 3.0
Path 5 step 7 408.7 416.4 22.5 38.3 411.2 423.7 −132.7 −22.1
Path 6 step 8 384.6 392.0 39.4 55.5 387.1 399.3 −121.0 −16.7

step 9 87.7 83.5 −34.1 −42.1 92.6 98.0 −13.7 11.4

As shown in Table 4, changes for activation energy can
be ignored with the increase of temperature. Indeed, the acti-
vation energy is almost constant within a certain temperature
range [42]. Raising the temperature will certainly increase the
rate constants [43], which changes largely. Thus, the impact
of temperature on methane generation is based on the com-
parison of rate constants. As a result, it can be concluded
that the increase of reaction temperature favors the accelera-
tion of CH4 formation in model A. In addition, the activation
energies for H-assisted paths are lower than others in the pro-
cess of CH4 formation, which is in agreement with the study
of toluene pyrolysis [34]. Additionally, the theory of cation-
radical pericyclic reactions also illustrates that the participa-
tion of cation radicals can lower the activation energy of re-
actions [44]. Step 2, the rate limiting step of Path 1, has an
activation energy of 129.8 kJ·mol−1, which is the lowest ac-
tivation energy of all paths. It can be concluded that Path 1
is the dominant path yielding CH4 in model A. In Path 2, H
radical attacks α-C, which needs to overcome the activation
energy of 181.8 kJ·mol−1. Comparing Path 1 with Path 2, it
can be suggested that H radical attacking on β-C are much
easier than those on α-C. Path 3 is the migration of H at α-C
to β-C with an activation energy of 386.5 kJ·mol−1. While in
Path 4, the migration of H at α-C to benzene ring needs an
activation energy of 343.5 kJ·mol−1. It is close to the direct

cleavage of H at α-C, which is 385.8 kJ·mol−1 [33]. When
β-C is attacked by an H radical after the migration, the activa-
tion energy is 148.1 kJ·mol−1, which is higher than the path
in which an H radical attacks β-C without the migration of H
(129.8 kJ·mol−1). A comparison of Paths 3 and 4 shows the
migration of H at α-C to benzene ring is easier than that to β-
C. In Path 5, the migration of intermolecular H at benzene ring
to β-C has an activation energy of 411.2 kJ·mol−1. Moreover,
the activation energies of direct cleavage for H at benzene ring
in the literature are 463.7 kJ·mol−1 for toluene [45] and 487.1
kJ·mol−1 for ethylbenzene [33]. Compared with Path 3, the
migration of H at α-C to β-C is easier than that of H at ben-
zene ring to β-C for reactions of intramolecular H migration
to yield CH4. In Path 6, the energy barrier of 387.1 kJ·mol−1

is needed for the migration of methyl to benzene ring firstly,
and then H radical attacks methyl with an activation energy
of 92.6 kJ·mol−1. The activation energy for the cleavage of
methyl is 325.1 kJ·mol−1 [33], which is lower than that for
the migration of methyl (387.1 kJ·mol−1). Therefore, Path 6
is not likely to occur in natural systems. Furthermore, the re-
action order of model A can be obtained by analyzing the ac-
tivation energy of each step, the order is Path 1>Path 2>Path
4>Path 3≈Path 6>Path 5.

The kinetic analysis of model A indicates that the increase
of reaction temperature favors the acceleration of CH4
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formation; H radical attacking on β-C is the dominant path
leading to the formation of CH4; H radical attacking on β-C
is much easier than those on α-C; the migration of H at α-C
to benzene ring is easier than that to β-C; and the migration
of H at α-C to β-C is easier than that at benzene ring to β-C.

3.2. Model B

3.2.1. Reaction paths and structural parameters in model B

All possible paths of CH4 formation in model B are ana-
lyzed in this part. All paths rely on the assistance of a coalbed
H radical or intermolecular H molecule migration. Seven
different paths in model B are studied, as shown in Figure 4.

The reactants, products and transition state structures are
shown in Figure 5. The imaginary frequencies corresponding
to transition states are listed in Table 5. Paths 1 and 2 are
both H-assisted CH4 formation. In Path 1, an H radical at-
tacks a methyl connecting to an aromatic ring via TS1 with an
imaginary frequency of −995.09 cm−1. In this path, a C–C
bond is broken, and the bond length changes from 1.528 Å to
3.735 Å, as shown in Figure 5. Similarly, in Path 2, an H rad-
ical attacks a methyl leading to the formation of CH4 via TS2
with the imaginary frequency of −1154.41 cm−1, and the C–
C bond cleaves with the bond length changing from 1.532 Å to
3.409 Å. Although reactions for Paths 1 and 2 are very simi-
lar, the imaginary frequency difference exists in TS1 and TS2.
This phenomenon is due to the influence of an –OH group.
In addition, functional groups have effects on charge transfer,
which have been reported in the literature [46]. The effects
of different substituents on structural isomers and bonding
have also been studied [47]. Paths 3 and 4 are both combi-

nations of H with a methyl at the same position of aromatic
ring. The corresponding imaginary frequencies of TS3 and
TS4, the transition states of Paths 3 and 4, are −119.28 and
−639.77 cm−1, respectively. In Path 3, the length of C–C
bond elongates to 3.738 Å from 1.528 Å, and in Path 4, the
corresponding C–C bond length elongates to 3.695 Å from
1.533 Å. Paths 5,6 and 7 all involve methyl reacting with a
neighboring H atom, which migrates to methyl via TS5, TS6
and TS7, respectively, leading to the formation of CH4. In
Path 5, the imaginary frequency of TS5 is −1343.85 cm−1

and the C–C bond length changes from 1.533 Å to 4.007 Å. In
Paths 6 and 7, the imaginary frequencies are −1728.33 cm−1

of TS6, and −1965.75 cm−1 of TS7. In addition, the C–C
bond changes from 1.528 Å to 3.982 Å and 3.762 Å, respec-
tively.

Table 5. Imaginary frequency of each transition state of model B

Transition states Imaginary frequency (cm−1)

TS1 −995.09

TS2 −1154.41

TS3 −119.28

TS4 −639.77

TS5 −1343.85

TS6 −1728.33

TS7 −1965.75

3.2.2. Kinetic analysis of all paths in model B

The activation enthalpy rH
�=
m , activation entropy rS

�=
m,

activation energy Ea and the rate constant lnk of every ele-
mentary reaction at 298.15 K and 875 K are listed in Table 6.
Paths 5–7 are all elementary reactions.

Table 6. The activation enthalpy, activation entropy, activation energy and rate constant of seven paths for model B

Elementary rH �=
m (kJ·mol−1) rS �=m (J·mol−1·K−1) Ea (kJ·mol−1) lnk (s−1)

reactions 298.15 K 875 K 298.15 K 875 K 298.15 K 875 K 298.15 K 875 K
Path 1 140.5 139.4 −41.2 −43.0 145.5 154.0 −35.9 3.6
Path 2 140.3 137.2 −26.1 −32.1 145.3 151.7 −34.0 5.2
Path 3 387.4 391.1 30.4 38.4 389.9 398.3 −123.2 −18.6
Path 4 373.1 376.6 24.2 31.2 375.6 383.8 −118.2 −17.5
Path 5 428.0 434.9 61.0 75.4 430.5 442.2 −135.9 −20.2
Path 6 425.5 429.4 21.4 29.8 428.0 436.7 −139.6 −24.9
Path 7 531.1 537.4 41.4 54.6 533.6 544.7 −179.8 −36.8

The calculated results in Table 6 show that activation en-
ergies for Paths 1 and 2 (145.5 and 145.3 kJ·mol−1, respec-
tively) are lower than others. However, the activation en-
ergy needed by direct cleavage of methyl for toluene is 417.3
kJ·mol−1 [45]. This is ascribed to the assistance of an H rad-
ical, which can significantly decrease the activation energy
needed. The activation energies of Paths 3 and 4 are 389.9
and 375.6 kJ·mol−1, respectively. They both use a combi-
nation of H with a methyl at the same position of aromatic
ring. For the combination of methyl with neighboring H
atoms, the activation energies of Paths 5–7 are 430.5, 428.0
and 533.6 kJ·mol−1, respectively. Comparing activation en-

ergies of Paths 1 with 2, Paths 3 with 4 and Paths 5 with 6,
it can be concluded that there is little difference in activation
energy between reactions in a similar chemical environment.
The same results are obtained for heteronuclear single quan-
tum coherence spectra of CN oligosaccharides for different
lengths, which demonstrate that the resonance overlap is a re-
sult of the very similar chemical environment for these atoms
[48]. It is evident that Path 7, with the highest activation en-
ergy, is the least favorable path. Similarly, the rate constants
at different temperatures also show that the increase of reac-
tion temperature favors the acceleration of CH4 formation in
model B. Meanwhile, the activation energy of each path in-
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dicates that the reaction order for model B is Path 1≈Path
2>Path 3≈Path 4>Path 5≈Path 6>Path 7.

Kinetic analysis of model B indicates that the increase
of reaction temperature favors the acceleration of CH4 for-
mation; an H radical attacking on an aromatic methyl is the
dominant path leading to CH4 generation; a similar chemical
environment is consistent with little difference of activation
energy.

3.3. Models A and B

Comparing model A with model B, it can be deduced that
the path in which an H radical attacking on β-C has the lowest

activation energy is the dominant path to yield CH4 for highly
volatile bituminous coal. It is in excellent agreement with the
literature, which illustrates that reactions of demethylation as
well as the release of groups which cross link ring structures
and/or secondary cracking of long chain hydrocarbons within
the molecular network of the coal are the major contributor
to CH4 potential in coal [49]. In addition, the activation en-
ergy of rate limiting step for H radical attacking on β-CH3

in model A is 129.8 kJ·mol−1, while the corresponding ac-
tivation energy of H radical attacking on α-CH3 in model B
is 145.5 kJ·mol−1. Therefore, β-CH3 is more easily attacked
than α-CH3 by H radical.

Figure 4. Formation mechanism of CH4 for model B
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Figure 5. Optimized geometries of all reactants, intermediates, transition states and products during model B pyrolysis
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4. Conclusions

By dividing the model of highly volatile bituminous
coal (R) into ethylbenzene (A) and 6,7-dimethyl-5,6,7,8-
tetrahydro-1-hydroxynaphthalene (B), it is feasible to analyze
the formation mechanism of methane in coal. Increasing re-
action temperature favors the acceleration of CH4 formation.
The calculated results illustrate that H radicals play an impor-
tant role in the process of CH4 formation because activation
energies for H-assisted paths are lower than others. Compar-
ing activation energies, it can be concluded that the path in
which an H radical attacking on β-C is the dominant path to
yield CH4 for highly volatile bituminous coal. The longer the
alkyl side chain is, the easier the C–C bond breaks with the
assistance of H radical. A similar chemical environment leads
to little difference of activation energy. β-CH3 is more easily
attacked than α-CH3 by H radical. Information on intramolec-
ular H migration is also compared, that is, the migration of H
at α-C to benzene ring is easier than that to β-C; the migration
of H at α-C to β-C is easier than that of H at benzene ring to
β-C.
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