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Abstract
Barkinite is termed as a maceral in the Chinese bituminous coal, but it has not been recognized by International Committee for 
Coal and Organic Petrology, which is related to the unclear chemical structure of barkinite. The abnormal thermal behaviors 
of barkinite/bark coal were reported in our previous works, but the reason is not fully understood. For discussing these issues, 
the chemical structural model of barkinite with a molecular formula of  C128H166N2O11 was constructed by elemental analysis, 
13C nuclear magnetic resonance spectroscopy, and Fourier transform infrared spectroscopy. Besides, a heat up simulation 
of barkinite model was also performed by ReaxFF. The results showed that the chemical structural model of barkinite has 
long aliphatic chains and many hydroxyl and ether functional groups, which act as side chains and bridges. Naphthalene is 
main aromatic unit. When barkinite model system was heated from 300 to 2850 K, the change trends of pyrolysis products 
were described from four pyrolysis stages. The most noticeable changes of tar yields occurred in the simulated temperature 
range of 2100–2600 K, which caused the abnormal thermal behaviors of barkinite. According to the reaction pathways, the 
formation of tar products is related to the cleavage of aliphatic chains and the recombination of small molecular free radicals.
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Introduction

Barkinite, termed as a maceral in Chinese bituminous coal 
maceral classification, was described to derive from the cor-
tex tissue of stem and root of plants, in which the cell wall 
and filling material apparently have become impregnated 
with suberin substances [1]. It has some obvious optical 
characteristics, as pointed out by Sun et al. [2] and Zhong 
et al. [3], which are different with those of suberinite and 
cutinite. In the classification of liptinite-ICCP system 1994 
[4], barkinite was cited when introducing suberinite mac-
eral. However, barkinite has not been recognized as a mac-
eral by ICCP. Hower et al. [5] also pointed out that it was 
more appropriate to use the term “component” instead of 
“maceral” for barkinite. One of reasons is that the chemical 
structural characteristics of barkinite are unclear when com-
pared with others liptinite macerals, especially suberinite 

and cutinite. Barkinite was found in the Late Permian coals 
in the Southern China, for examples, in Leping coalfield, 
Changguang coalfield, and Shuicheng coalfield.

Several advanced characterization techniques have been 
widely used to study the composition and structure of 
coal [6–13]. Various analytical methods were used to dis-
cuss the chemical structural information of barkinite, for 
instance, Fourier transform infrared spectroscopy (FTIR), 
Carbon–13 nuclear magnetic resonance (13C–NMR), High-
resolution transmission electron microscopy (HRTEM), 
and Atomic force microscopy (AFM) [14–17]. The most 
interesting data on the chemical structure of barkinite were 
obtained in our working group. Combined with the previ-
ous studies [15–17], the characteristics of aliphatic groups 
and aromatic groups of barkinite have been described qual-
itatively. But the chemical structural model of barkinite 
is still in vague, which limited the understanding on bar-
kinite. Furthermore, when the content of barkinite is close 
to 30%, the abnormal thermal behaviors of the coal rich 
in barkinite were presented: an extensive thermal decom-
position and extra-high fluidity [18–20]. Considering the 
special thermal behaviors and properties, some effective 
utilization ways for bark coal/barkinite were suggested by 
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our working group, including low-temperature carboni-
zation, co-coking, direct liquefaction, co-processing, and 
hydrogen production [21]. For more effective use of bark 
coal/barkinite, the reason for thermal behaviors and prop-
erties was discussed depending on the chemical structure 
of barkinite [22]. But the abnormal thermal behaviors of 
barkinite still cannot be clearly explained by experimental 
techniques because of the heterogeneity of barkinite and 
the complexity of the pyrolysis process, which limited the 
further utilization of bark coal/barkinite [23]. Meanwhile, 
the change trends of pyrolysis products of barkinite when 
heating are also unclear. Fortunately, the strategy of com-
puter molecular simulation technology combined with 
coal/maceral models provides a new solution to this issue.

Recently, molecular dynamics combined with ReaxFF reac-
tion force field (ReaxFF-MD) provides a promising method for 
exploring complex chemical reactions and multiple reaction 
pathways in large-scale systems. The calculation accuracy of 
ReaxFF − MD method is close to Density Functional Theory 
(DFT) method but with much reduced computational costs 
[24–29]. Especially, ReaxFF-MD method has been success-
fully used to simulate and explore the reaction process of coal 
[25–32]. For describing the pyrolysis process of coal, Salmon 
et al. first used the ReaxFF reaction force field to perform reac-
tive dynamics simulations on a macro-model of Morwell Brown 
coal and found that these reactive MD simulations successfully 
reproduced the thermal decomposition process observed in vari-
ous experimental studies, including defunctionalization, depo-
lymerization, and rearrangement of residual structures [25]. 
Zheng et al. [27] investigated the entire stage of coal pyrolysis 
by performing ReaxFF-MD simulation on a large-scale model of 
Liulin bituminous coal.27 The results showed that the Liulin coal 
pyrolysis process can be divided into four stages: the activation 
stage, the primary pyrolysis stage, the secondary pyrolysis stage, 
and the recombination dominated stage. For examining struc-
tural modifications and reactions associated with coal pyrolysis, 
Castro–Marcano et al. [29] employed the ReaxFF reactive force 
field to perform pyrolysis simulations on a large-scale molecular 
model of Illinois no. 6 coal. The results showed that Illinois coal 
pyrolysis was mainly initiated by the release of hydroxyl groups, 
the dehydrogenation of hydroaromatic structures, and the cleav-
age of heteroatom-containing cross-links. Meanwhile, the main 
pyrolysis products were in agreement with experimental data. 
Also based on reaction molecular dynamics simulations, Hong 
et al. [30, 31] and Xu et al. [32] simulated the pyrolysis pro-
cess for various coals. These studies showed that ReaxFF-MD 
method is reliable for simulating coal pyrolysis process. There-
fore, ReaxFF-MD method has great potential in exploring the 
abnormal thermal behaviors of barkinite.

Considering the special chemical structure and thermal 
behaviors of barkinite [15–21], it is difficult to observe 
in situ the change of barkinite when heating. So the aims 
of this work were: (1) to build a chemical structural model 

of barkinite, (2) to simulate the change process of barkinite 
heated, and (3) to make an explanation on the abnormal ther-
mal properties of barkinite, especially at 430–450 °C.

Sample and methods

Sample and preparation

Bark coal sample was selected from the  B3 coal seam in the 
Mingshan coal mine, Jiangxi province, in Southern China. Bar-
kinite was separated by density gradient centrifugation (DGC) 
method combining with hand picking. The detailed procedure 
for barkinite separation was described in the work of Guo et al. 
[33]. The purity of barkinite separated is above 95 vol. %.

Analytical methods

Ultimate and proximate analyses, FTIR, and 13C NMR data 
were utilized to characterize the structure and composition 
of coal. The ultimate and proximate analyses of barkinite 
were obtained from the works of Wang et al. [21]. The 
detailed information of FTIR and 13C NMR data was intro-
duced in the paper of Wang et al. [15].

Proximate analysis and ultimate analysis were per-
formed according to the methods of GB/T 212–2008, GB/T 
476–2008, GB/T 214–2007, and GB/T 215–2003.

13C NMR spectrum was obtained on a Varian Unity Inova 
300 M NMR spectrometer with a double resonance probe 
by using cross-polarization and magic-angle-spinning (CP/
MAS) techniques. The 13C frequency was set to 75.5 MHz, 
and the spin rate was 12 kHz. The contact time was 0.005 s, 
and the recycle delay was 4 s.

FTIR measurement was carried out on a Nicolet model 
6700 Fourier transform-infrared spectrometer. Barkinite 
sample of 1–3 mg was ground with 300 mg KBr for 2 min 
and then, pressed into a pellet in an evacuated die under a 
pressure of 10 MPa for 2 min. FTIR spectrum was recorded 
with 300 scans at a resolution of 2  cm−1 in the wavenumber 
range of 4000–400  cm−1.

Model construction method

In this study, the chemical structural model of barkinite was 
constructed using the model construction method proposed 
by Xiang et al. [34]. First, a initial two-dimensional (2D) 
structural model of barkinite was drawn using ChemSketch 
software based on elemental composition, FTIR, and 13C 
NMR analysis data. Then, the element composition, aroma-
ticity, and 13C NMR spectrum of the 2D structural model 
of barkinite calculated by the ACD predictor were com-
pared with experimental results to verify the rationality 
of the model. Until the calculated results of the model are 
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consistent with the experimental results, the final 2D struc-
tural model of barkinite is determined.

Next, 2D structural model was optimized by geometry 
optimization and annealing dynamics simulation to obtain 
the optimal three-dimensional (3D) structural model of bar-
kinite. All simulations are completed by using Forcite mod-
ule of Materials studio. Geometry optimization was first per-
formed on the 2D structural model of barkinite by using the 
Dreiding force field with the smart minimizer method. The 
convergence tolerance of energy and force was 0.001 kcal 
 mol−1 and 0.5 kcal  mol−1 Å−1, respectively. The maximum 
number of iteration steps is 5000, and the QEq method was 
chosen to balance atomic charges. Subsequently, in the NVT 
ensemble, the annealing dynamics simulations were per-
formed with a time step of 1 fs to overcome the molecular 
structure energy barrier. The initial and final temperatures 
were both set to 300 K, while the mid-cycle temperatures 
was set to 700 K. The heating and cooling rates were both 
set at 40 K  time−1. The total number of cycles is 15. The 
Nosé–Hoover–Langevin (NHL) thermostat method was 
applied for controlling the temperature. The total number of 
steps was set as 300,000 to search the lowest-energy confor-
mation. Geometry optimization is adopted again to optimize 
the model after each cycle. The van der Waals interactions 
and electrostatic interactions in all simulations were calcu-
lated by the Atom-based method.

ReaxFF force field and simulation details

ReaxFF is a reactive force field based on the bond order 
principle, which relates the bond energy to bond lengths, 
valence angles and torsion angle [35–37]. ReaxFF combines 
the advantages of quantum mechanics and classical molecu-
lar dynamics, allowing to simulate the reaction process of 
complex systems with thousands of atoms. The ReaxFF-MD 
simulation was performed by the ReaxFF program devel-
oped by van Duin et al. [38]. More detailed description of 
the ReaxFF force field can be found elsewhere [38]. The 
H/C/O/N/S/B force field parameters were adopted in this 
study [37, 39]. A Berendsen thermostat with a damping con-
stant of 0.1 ps was used to keep the temperature in equilib-
rium in all ReaxFF-MD simulations.

Before simulating the pyrolysis of barkinite, a macro-
molecular model system was constructed. The 2D barkinite 
structural model was optimized by Forcite module with the 
Dreiding force field in the Materials Studio software. Five 
optimized structural models were randomly assembled into 

a 50 × 50 × 50 Å periodic cell at a low density of 0.1267 g 
 cm−3. The lower initial density of the periodic cell was help-
ful to prevent overlapping of aromatic layers in the final 
structure. This initial model system was further optimized 
through the energy minimization method. The model system 
was equilibrated at 300 K for 10 ps using NVT ensemble. 
For complying with the actual density of barkinite, the den-
sity of barkinite model system was adjusted to 1.20 g  cm−3 
using NPT ensemble. The system was relaxed at 300 K using 
NVT ensemble to avoid any reaction. To discuss the prod-
uct distributions and reaction mechanism of barkinite upon 
heating, a heat up simulation was performed on the model 
system from 300 to 2850 K at rates of 5 K  ps−1 using the 
“Velocity Verlet + Berendsen” method with a time step of 
0.25 fs. It is worth mentioning that the higher temperature 
(300–2850 K) used in the ReaxFF MD simulation is higher 
than that employed in the laboratory experiment to allow 
the reactions to occur within picoseconds. Despite time and 
temperature between the simulations and experiments are 
different, good qualitative agreement on product distribu-
tion and chemical reaction mechanism was obtained in the 
literatures [25, 27, 29].

Results and discussion

Barkinite model construction

Various experimental techniques, such as solid-state 13C 
NMR, FTIR, and ultimate analysis, can be effectively 
applied to explore the chemical structural characteristics of 
coal. The ultimate analysis data listed in Table 1 were used 
to determine the initial molecular formula of the barkinite 
model. The sulfur content with a value of 0.11% is low in 
Table 1, so sulfur was not considered in the model. Thus, 
nitrogen was chosen as the reference standard. The initial 
molecular formula of the barkinite model can be expressed 
as  (C61H62NO5.5)n. It is worth emphasizing that the bar-
kinite does not exhibit a definite molecular mass in this 
study. Therefore, the average molecular size (or molecular 
mass) of barkinite should be assumed to construct a reason-
able structural model with complex structure. In view of 
the limitation of the ACD/NMR predictor on the number of 
carbon atoms, three molecular formulas with different sizes 
for barkinite structural model are available for selection, 
that is, the corresponding parameters n are assigned to 1, 2, 
and 3, respectively. When the parameter n was equal to 1, 

Table 1  Proximate and ultimate 
analysis of barkinite [21]

Sample Proximate analysis/mass%, daf Ultimate analysis/mass%, daf

Mad Ad Vdaf Cdaf Hdaf Ndaf St,daf Odaf
*

Barkinite 0.71 0.97 62.16 81.59 6.91 1.57 0.11 9.82
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the molecular formula of the smallest size  (C61H62NO5.5) is 
obtained. However, because its size is too small to reflect the 
complex structure of barkinite,  C61H62NO5.5 was excluded 
in this study. If parameter n equal to 3,  (C61H62NO5.5)3 is the 
molecular formula of the largest size. The larger the molecu-
lar size, the greater the computational cost for ReaxFF-MD 
simulations. So this will cause expensive computational cost 
for the subsequent ReaxFF-MD simulation. Therefore, it is 
considered appropriately that the initial molecular formula 
is  (C61H62NO5.5)2 in this study. Additionally, the molecular 
size of the barkinite model also showed the same order of 
magnitude as those macerals reported previously [41–44].

Mad, moisture on an air-dried basis;  Ad, ash on a dry 
basis;  Vdaf, volatile matter on a dry and ash-free basis;  St, 
total sulfur; mass%, daf, mass percentage of various ele-
ments on a dry and ash-free basis.

* By difference.
13C NMR data were used to provide information on the 

carbon skeleton structure [45–49]. To quantify the relative 
proportion of different types of carbons in the skeleton struc-
tures of barkinite, the 13C NMR spectrum was fitted with the 
Origin 7.5 software based on the chemical shift of specific 
bonds [50–53]. The 13C NMR peak fitting curve of barkinite 
is shown in Fig. 1. The 13C NMR structure parameters of 
barkinite are calculated based on the integrated relative areas 
of each sub-peak in the 13C NMR fitting results, as shown 
in Table 2. From Table 2, the fraction of aliphatic carbons 
(fal) is 53.13%, which indicates that aliphatic structures are 
the main structures in the structural model of barkinite. The 
fraction of methylene carbons (fHal) is 18.87%, which means 
that methylene is the largest proportion in the aliphatic car-
bons. Average methylene chain length (Cn) was calculated to 
estimate the aliphatic chain length. The Cn value of barkinite 
is 2.47 (equal to fHal/fCar), which indicates that the aliphatic 
chain in the barkinite is longer. The mole fraction of aro-
matic bridgehead carbons (XBP) is an important parameter 

for estimating the aromatic cluster size. The XBP value of 
barkinite is 0.18 (equal to faB/fa), which is close to 0.20 of 
naphthalene. This indicates that the aromatic unit in the 
barkinite is mainly in the form of naphthalene. Some 13C 
NMR structural parameters were used to determine the dif-
ferent types of carbon skeleton structures in the model. For 
instance, the number of carboxyl groups is approximately 
equal to 1 by multiplying the fraction of carboxyl (faC) by 
the total number of carbon atoms. Similarly, the numbers of 
aromatic carbons and aliphatic carbons are approximately 
equal to 55 and 65, respectively.

Figure 2 shows the FTIR spectrum of the barkinite. As 
shown in Fig. 2, the FTIR spectrum was divided into four 
bands: 700–900  cm−1, 1000–1800  cm−1, 2800–3000  cm−1 
and 3000–3600   cm−1. Among them, the bands at 
1000–1800  cm−1 and 2800–3000  cm−1 bands were assigned 
to oxygen functional groups and alkyl functional groups, 
respectively. To obtain the semi-quantitative information 
on oxygen functional groups and alkyl functional groups of 
barkinite, the FTIR spectrum in the 1000–1800  cm−1 and 
2800–3000  cm−1 bands was fitted with Origin 7.5 software. 
Fitting results are present in the Support information (Fig. 
S1 and S2, Table S1 and S2). The distribution ratios of dif-
ferent groups in the oxygen functional groups and alkyl 
functional groups of barkinite were obtained by FTIR fit-
ting results. As shown in Fig. 3, oxygen functional groups 
in the barkinite are mainly hydroxyl groups (or/and ethers), 
followed by carbonyl and carboxyl groups, the ratio of which 
is approximately 8:1:1. Methylene groups are the major 
alkyl functional groups, followed by methyl and methine 
groups, and the ratio of the three is close to 6:2:1. Pyrrole 

0 50 100 150 200 250

– 10000

0

10000

20000

30000

40000

50000

60000

70000

80000
 Experimental curve

 Fitting curve
Barkinite

In
te

n
si

ty
/a

.u
.

ppm

Fig. 1  13C NMR fitting curve of barkinite

Table 2  13C NMR structural parameters of barkinite.

Structure fragments Symbol Chemical shift/ppm Relative area/%

Aliphatic methyl fMal 14–16 1.77
Aromatic methyl fAal 16–22 4.99
Methylene fHal 22–36 18.87
Methine and Qua-

ternary
fDal 36–50 9.34

Oxy-aliphatic fOal 50–95 10.67
Total aliphatic fal 0–95 53.13
Aromatic proto-

nated
fHar 95–129 22.74

Aromatic non-
protonated

fNar 129–160 22.48

Aromatic bridge-
head

far
B 129–138 8.22

Aromatic branched fCar 138–148 7.62
Oxy–aromatic fOar 148–165 6.64
Total aromatic far 95–165 45.22
Carboxyl faC 165–180 1.12
Carbonyl faO 180–220 0.55
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and pyridine are the two major nitrogen forms in coal and 
maceral [48, 54, 55]. Thus, two nitrogen atoms in this study 
were assigned to pyridine and pyrrole, respectively.

Based on the above structural information, the initial 
barkinite model was assembled with various molecular 
fragments. For adjusting the barkinite model, the 13C NMR 
spectrum, element composition, and aromaticity were calcu-
lated by ACD/C NMR Predictor. The ACD/C NMR predic-
tor software package was developed by Advanced Chem-
istry Development Corporation for calculating 13C NMR 
chemical shifts of organic structures [56, 57]. The chemical 
shifts of the model structures were calculated by searching 
the ACD/CNMR software database for similar substructure 
fragments with corresponding experimental shift values and 
then evaluating their chemical shift values [56]. Meanwhile, 
this process takes into account intramolecular interactions. 
The 13C NMR spectra of the model structures were obtained 

by setting an adequate linewidth for each peak and summa-
tion. After several adjustments on the position of various 
structural units, the 2D structural model of barkinite was 
considered reasonable until the calculated results match the 
experimental results. The calculated spectrum is basically 
consistent with the experimental spectrum, as shown in 
Fig. 4. The model structure parameters and the experimen-
tal structure parameters of barkinite are listed in Table 3. 
From Table 3, the element composition and aromaticity of 
barkinite model are basically consistent with the experimen-
tal values. Here, there is a slight and unavoidable difference 
between the final and initial molecular formula of the model 
 (C128H166N2O11and  C122H124N2O11), which is caused by the 
model adjustment. For obtaining the lowest-energy confor-
mation, the final 2D structural model of barkinite was opti-
mized by geometry optimization and annealing dynamics 
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simulation. The final structural model of barkinite is shown 
in Fig. 5. From Fig. 5a, the structural model of barkinite has 
long aliphatic chains and many hydroxyl and ether func-
tional groups, which serves as bridge bonds and side chains 
in the model. The aromatic structure is mainly composed of 
naphthalene. The 3D structural model of barkinite shows a 
good spatial configuration, as shown in Fig. 5b.

Analysis of heat up simulation of barkinite model

To explain the abnormal thermal behaviors of barkinite, a 
heat up simulation was finally determined and performed 
from 300 to 2850 K at a heating rate of 5 K  ps−1 by repeat-
ing the simulation several times. Meanwhile, the rationality 
of the barkinite model was further verified by comparing 
simulated result and experimental thermogravimetric (TG) 
curves, as shown in Fig. 6. In the TG experiment, the bar-
kinite sample was heated from 25 to 900 °C at a heating rate 
of 10 °C  min−1. From Fig. 6, the simulation temperature 
(1350–2850 K) is much higher than the temperature (25–900 
℃) of TG, because the simulated time scale (on the order of 
picoseconds) is greatly shorter than the real time in experi-
ments (on the order of seconds) [58, 59]. In other words, 
increasing the simulation temperature can significantly 

increase the reaction rate and has no significant effect on 
the reaction type in the ReaxFF simulation [60]. Therefore, 
ReaxFF-MD simulation often shortens the reaction time by 
increasing the reaction temperature. Here, the change trend 

Table 3  Model and experimental structure parameters of barkinite

Sample Molecular 
formula

Molecular mass Ultimate analysis Aromaticity

Model Experiment Model Experiment

Barkinite C128H166N2O11 1906 C(80.55%)H(8.77%)
N(1.47%)O(9.22%)

C(81.59%)H(6.91%)
N(1.57%)

O(9.82%)S(0.11%)

0.45 0.45

CH3 CH3

CH3

CH3

CH3

CH3

CH3

CH3

H3C

H3C

O

O

HO
HO

N
H

OH

OH

OH

O

O

O O

N

(a) (b)

Fig. 5  2D a and 3D b chemical structural model of barkinite. (Gray atom: carbon; White atom: hydrogen; Red atom: oxygen; Blue atom: nitro-
gen)
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of char yield accompanies with temperature obtained from 
ReaxFF-MD simulation roughly agrees with the trend in the 
experimental result, which indicates that the pyrolysis simu-
lation of the barkinite model can qualitatively predict the 
changes of pyrolysis products in the laboratory experiment. 
This provides strong evidence for the applicability of the 
proposed barkinite model. The simulated temperature ranges 
of 1350–2850 K at a heating rate of 5 K  ps−1 roughly cor-
respond to the experimental temperature range of 25–900 °C 
at a heating rate of 10 °C  min−1.

Based on the number of carbon atoms, the products 
obtained from the pyrolysis simulation can be classified as 
gas, tar, and char [26, 61, 62].  C40+ compounds with more 
than 40 carbon atoms are considered as char.  C5–C40 com-
pounds with 5–40 carbon atoms are considered as tar.  C0–C4 
compounds with less than 5 carbon atoms are considered as 
gas. Tar includes heavy tar  (C14–C40 compounds) and light 
tar  (C5–C13 compounds). The change trends of the mass per-
centage and molecule number of pyrolysis products with the 
temperature rising from 300 to 2850 K are shown in Figs. 7 
and  8, respectively. Based on the changing trend of pyroly-
sis products, at least four stages were described.

The first stage is from 300 to 1350 K (stage I), where the 
barkinite model system shows almost no mass loss, and the 
number of molecules is basically unchanged, which indi-
cates that almost no thermal decomposition reaction occurs. 
However, due to the rising temperature, the conformation 
and potential energy of the barkinite model were changed. 
Figure 9 shows the snapshots of the barkinite configuration 
at different temperatures (300 K and 1350 K) in the ReaxFF-
MD simulation. When the temperature rises to 1350 K, the 
barkinite molecules break through the barrier of structural 
potential energy by absorbing enough heat, thereby trigger-
ing chemical reactions.

As temperature rises from 1350 to 2100 K (stage II), 
the molecular structure of barkinite undergoes thermal 
decomposition, resulting in a small number of free radical 
structures and fragments, which include gas, tar, and char. 
The char yield decreases slowly with increasing tempera-
ture, while the tar yield increases slowly. The gas yield only 
increases slightly. The high temperature can provide enough 
energy to break the weak bond, such as ether bond, so that 
the maximum number of molecular fragments reached 24 in 
this stage, as shown in Fig. 8.

As temperature continues to increase from 2100 to 
2600 K (stage III), the char yield decreases rapidly, while 
the yields of tar and gas increases rapidly. The number of 
char fragments first decreases rapidly and then increases rap-
idly, and that of tar fragments and gas fragments increased 
rapidly, as shown in Fig. 8. This indicates that most of the 
reactions at this stage are possible related to the decomposi-
tion of char. Meanwhile, due to the complexity of the bar-
kinite structure and the uncertainty of pyrolysis, there may 
be multiple thermal decomposition modes of the barkinite at 
this stage. At 2600 K, the yields of char and tar achieved the 
minimum and the maximum values, respectively.

With the temperature increasing from 2600 to 2850 K 
(stage IV), the char yield remains essentially constant with 
increasing temperature, while the tar yield decreases slightly. 
Besides, the gas yield increases rapidly. The number of gas 
fragments increases at this stage, but the number of char 
fragments decreases, while that of tar fragments basically 
remain equilibrium state, which indicates that the thermal 
decomposition and recombination reactions of the molecules 
or radical fragments are the two main events at this stage [27, 
63]. The thermal decomposition reactions mainly occurred 
in which the old tar fragments were decomposed into new tar 
fragments and gas molecules. The recombination reactions 
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mainly occurred in which two or more old char fragments 
combine to form new larger char fragments.

Analysis of Abnormal Thermal Behaviors 
of Barkinite

Bark coal is named as being high barkinite content, and it 
also is a humic coal. As reported in the previous works of 
our working group[18–21] and other results[64–66], the bar-
kinite/bark coal has some abnormal thermal behavior. When 
barkinite was heated, the maximum rate of mass loss of bar-
kinite reached to 1.11% °C−1 at the heating rate of 10 °C/
min. For Gieseler thermoplastic property, the values of the 
maximum fluidity of bark coal were 30,000 dial divisions 

per minute (ddpm), even more than 180,000 (ddpm), which 
exceeded the limitation of experimental instrument used. 
The temperature of maximum fluidity is about 440 °C. Bar-
kinite has a good hydrocarbon generation potential [64, 65] 
and liquefaction behavior [20, 66]. The liquefaction conver-
sion ranges were 87–91%, and the oil yield were 58–60%.

These abnormal thermal behaviors of bark coal/barkinite 
were discussed from the chemical structural characteristics 
and barkinite content [16–22], which provide a good expla-
nation on their behaviors. However, the explanation on its 
abnormal thermal behaviors is still insufficient. In this work, 
the chemical structure model of barkinite was constructed 
and the pyrolysis process of barkinite at a heating rate of 
5 K  ps−1 was simulated, and these information are helpful 
to further explore the abnormal thermal behaviors of bark 
coal/barkinite.

According to Figs. 7 and 8, as the barkinite model system 
was heated from 300 to 2100 K, the yield and number of 
tar components increased gradually, and that of char com-
ponents decreased gradually. But when temperatures are at 
2100–2600 K, the char yield decreased rapidly, and the tar 
yield increased rapidly. Furthermore, at the temperature of 
2600 K, the maximum values of tar yield were obtained, 
while the value of char yield is the minimum. This is pos-
sible the reason why barkinite has intensive thermal decom-
position, and at about 450 °C, the maximum rate of thermal 
decomposition is arrived.

Bark coal has high Gieseler thermoplastic property, espe-
cially for bark coal with high barkinite content [18–20]. The 
higher barkinite content, the more abnormal the Gieseler 
thermoplastic property of bark coal. Even for barkinite con-
tent reach to 80%, no solidification temperature was obtained 

Fig. 9  Snapshots of initial and 
intermediate configurations in 
the ReaxFF-MD simulation: 
initial configuration at 300 K 
(a) and intermediate configura-
tion at 1350 K (b)
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[18]. As shown in Fig. 7, from 1350 to 2100 K, the tar con-
tent increased gradually and the content of char decreased 
gradually. When the temperature rises in the temperature 
range of 2100–2600 K, the content of tar increased rapidly, 
while the content of char decreased rapidly. In particular, the 
content of the heavy tar increases rapidly in the temperature 
range of 2100–2600 K, as pointed out in Fig. 10. Further-
more, the number of tar fragments also increased rapidly 
at this temperature range (Fig. 8). As pointed out by Ouchi 
et al. [64], low molecular mass products that play an impor-
tant role in thermoplasticity are derived from the coal chemi-
cal network, named by the γ–compound theory. Therefore, 
the large amount of tars produced in this temperature range, 
especially heavy tars, are possible related to the abnormal 
Gieseler thermoplastic behavior of bark coal.

For gaining further insight into the abnormal thermal 
behaviors of barkinite, the formation pathways of typical 
tar products (including light tar and heavy tar) in the tem-
perature range of 2100 to 2600 K are shown in Fig. 11. From 
Fig. 11a to d, the formation of pyrolysis tar products not only 
results from the decomposition of large molecules, but also 
from the recombination of small molecular free radicals. 
With the continuously increasing temperature, the previ-
ously formed radicals underwent new cleavage and recom-
bination processes, forming a wider variety of tar products. 
Finally, the tar yield reached its maximum value at 2600 K, 
as shown in Fig. 7. These reaction pathways indicated that 
the formation of pyrolysis tar products of barkinite model 
system is related to the cleavage of aliphatic chains (espe-
cially methylene chains) and the recombination of small 

Fig. 11  Formation pathways of 
typical tar products of barkinite 
between 2100 and 2600 K
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molecular free radical fragments, which cause the abnor-
mal thermal behaviors of the barkinite between 400 °C and 
500 °C.

Conclusions

The chemical structural model of barkinite was constructed, 
and the distribution of the pyrolysis products of barkinite 
in the temperature range of 300–2850 K was obtained by 
ReaxFF-MD simulation. The general conclusions obtained 
are as following:

The chemical structural model of barkinite has long 
aliphatic chains and many hydroxyl and ether functional 
groups, which act as side chains and bridges. The aromatic 
structure is mainly composed of naphthalene. The molecular 
formula of barkinite structural model is  C128H166N2O11. The 
13C NMR spectrum, elemental composition, aromaticity, and 
TG curve of barkinite model are basically consistent with 
the experimental results.

The simulated pyrolysis process of barkinite can be 
described from four stages. The stage I range from 300 to 
1350 K, where no obvious change was occurred. As the 
temperature continues to increases from 1350 to 2100 K 
(stage II), the char yield decreases slowly, while the tar yield 
increases slowly. The noticeable changes of char and tar 
yields were happened at the stage III (from 2100 to 2600 K). 
The char yield decreases rapidly, while the yields of tar and 
gas increase rapidly. At 2600 K, the minimum and the maxi-
mum yields of char and tar were reached, respectively. The 
last stage (stage IV) occurred in the temperature range from 
2600 to 2850 K. At this stage, the char yield is basically 
unchanged, while the tar yield decreases slightly.

The abnormal thermal behaviors of barkinite/bark coal 
were explained based on the pyrolysis simulation results 
of barkinite model. The intensive thermal decomposition 
and high Gieseler fluidity are possible related to the change 
characteristics of tar products in the temperature range of 
2100–2600 K, as shown in the pyrolysis simulation results 
of barkinite model. Besides, the formation of tar products of 
barkinite model system is related to the cleavage of aliphatic 
chains (especially methylene chains) and the recombination 
of small molecular radical compounds.
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