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AbstractWith the help of ReaxFF-MD simulations, the non-isothermal pyrolysis behavior of lignite, especially the
effect of heating rate on pyrolysis products, has been investigated in detail. The results demonstrate that increasing the
heating rate is very helpful for the production of tar at lower heating rates. By contrast, at relatively high heating rates,
further increasing the heating rate has less effect on the distribution of pyrolysis products. Moreover, the evolution ten-
dencies of char and tar at lower heating rates are different from those at the relatively higher heating rates, which exist
as remarkable turning points in the high temperature region. This is probably because the reaction time is longer at
lower heating rates, and the possibilities of condensation and further decomposition of tar are much greater at high
temperatures. Additionally, the relationship between system energy and reaction mechanism was revealed. The results
indicate that with the same reaction mechanism, the system energies of non-isothermal pyrolysis are approximately
equal and hardly affected by the heating rate. Finally, taking 2 K/ps as an example, the secondary reaction mechanism
of tar was further analyzed, and some possible secondary reaction pathways were proposed.
Keywords: Lignite, Pyrolysis, ReaxFF-MD, Heating Rate, Secondary Reaction

INTRODUCTION

Lignite accounts for approximately 13% of total coal reserves,
and has huge potential in the field of energy utilization in China
[1]. However, due to its high moisture content, low energy density
and easy spontaneous combustion, the wide application of lignite
is restricted [2,3]. Therefore, enormous attention on upgrading lig-
nite is essential. Pyrolysis as a prospective upgrading approach can
effectively overcome the defects of lignite, and the pyrolysis prod-
ucts (char, tar, and pyrolysis gas) are all important energy materi-
als with high added value [4]. Furthermore, pyrolysis is considered
as the basis and key of many thermal conversion processes (e.g.,
gasification, liquefaction and combustion), which has a great influ-
ence on the subsequent reaction processes [5,6].

Recently, lignite pyrolysis has attracted more and more interests
of researchers. Extensive experiments have been conducted on the
pyrolysis characteristics of lignite.

Niu et al. [7] investigated the pyrolysis mechanism of Xuandian
lignite by in-situ FTIR, and analyzed the evolution trends and kinetic
characteristics of main functional groups. Ye et al. [8] explored the
effects of heating rate and particle size on the oxygen evolution
during lignite pyrolysis. They found that high heating rate and small
particle size were favorable for the migration of oxygen to tar or
char. Yu et al. [9] studied the influence of volatiles reaction on the
pyrolysis products. The results indicated that the volatiles reaction
led to an increase in the yield of gas and coke, along with the re-
duction of tar yield. Lin et al. [10] investigated the structural trans-
formation of lignite during pyrolysis using various experimental

methods, and analyzed the influence of heat treatment on the main
functional groups, microstructure and microcrystalline structure.
However, experimental studies are not sufficient to explain the
detailed reaction mechanism of lignite pyrolysis. This is because
the pyrolysis process is very complicated, and involving numerous
coupled chemical reaction paths [11]. Furthermore, it is still chal-
lenging to detect free radicals accurately, as they are produced in a
short time under high temperature [12]. Molecular simulation is a
useful approach to study the reaction mechanism of the pyrolysis
process, which has the ability to supplement the shortage of exper-
imental research [13].

As a promising computational approach, ReaxFF-MD simula-
tion that combines molecular dynamics (MD) with reactive force
field (ReaxFF) has been successfully applied to study the reaction
mechanism of macromolecular complex systems [14]. Zheng et al.
[15] simulated the pyrolysis dynamic characteristic of tar using
ReaxFF-MD method. They found that the evolution trend of -O-
(CH2)n- was closely associated with low-temperature cross-linking
reactions and the increase of Car-Car played a critical role on recombi-
nation reactions at high temperature. By ReaxFF-MD simulation,
Liang et al. [16] shed light on the transformation mechanism of sul-
fur during the hydropyrolysis process of lignite. The results indi-
cated that the existence of H2 was favorable for the conversation of
thiophene and thioether to thiophenol/thiol, and the removal of S
in the form of gas. Liu et al. [17] studied the isothermal pyrolysis
behavior of polycarbonate using ReaxFF-MD simulation. They
revealed the reaction pathways of typical pyrolysis products, and
found random chain scission was dominant in pyrolysis of poly-
carbonate. Chen et al. [18] adopted ReaxFF-MD to investigate the
initial spontaneous combustion mechanisms of lignite. They found
that spontaneous combustion of lignite began with the hydrogen
abstraction reaction of phenolic hydroxyl groups, and the removal
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of hydroxyl groups can effectively inhibit the spontaneous combus-
tion of lignite. To our best knowledge, a large number of researches
by ReaxFF-MD simulations were performed under isothermal con-
ditions. Only a few studies were carried out using non-isothermal
method [19,20], and they mainly focused on the chemical reac-
tion in each stage of non-isothermal pyrolysis process. However,
the effect of heating rate on pyrolysis behavior is obviously differ-
ent at lower and higher heating rates, which needs to be further
explored.

In this paper, the influence of heating rate on non-isothermal
pyrolysis process was studied via ReaxFF-MD simulations. First,
the effect of heating rate on the distribution of pyrolysis products,
especially tar, was explored. Then, the evolution characteristics of
pyrolysis products were studied by various heating rates. Addition-
ally, the relationship between reaction system energy and pyrolysis
mechanism was revealed. Finally, a low heating rate (2 K/ps) was
selected to investigate the secondary reaction of tar in detail. Our
work may aid in further understanding non-isothermal pyrolysis
process of lignite, and it is also beneficial to high-efficiency clean
utilization of lignite.

COMPUTATIONAL METHODS

1. ReaxFF Reactive Force Field
ReaxFF is an empirical reactive force field that has the ability to

describe the detailed process of the formation and breakage of
bonds in chemical reactions [21]. Bond order, which is the central
concept of ReaxFF, can be calculated by interatomic distances.
Unlike traditional force fields, the atomic connectivity in ReaxFF is

determined by the bond-order formalism. The larger the bond
order is, the more stable the chemical bond is. Since the parame-
ters of ReaxFF are derived from substantial quantum mechanics
(QM) based training sets and experimental data, the calculation
accuracy is approximate to that of QM [22]. Energy contributions
to ReaxFF consist of the terms of bonded interactions and non-
bonded interactions. The energy of bonded interactions can be
obtained by the complex functions of bond order, and the non-
bonded interactions (van der Waals and Coulomb) are calculated
by Morse and Coulomb potentials [23]. Eq. (1) presents the com-
putational method of the total energy in the ReaxFF reactive force
field:

Esytem=Ebond+Eover+Eunder+Eval+Epen+Etors+Econj+EvdWaals+Ecoulomb (1)

in which Esytem represents the total energy of the system, Eover and
Eunder denote the energy contribution of the over- and under-coor-
dinated atom, respectively. Other energy terms containing Eval, Epen,
Etors, Econj, EvdWaals, and ECoulomb correspond to the valence angle energy,
penalty energy, torsion angle energy, conjugation effects to molec-
ular energy, van der Waals interactions and Coulomb interactions,
respectively. More detailed description regarding ReaxFF can be
found from the previous works of van Duin [24,25].
2. Simulation System

The Huolinhe lignite model (C201H195O32N3S1) [26] used in this
work was proposed previously by our group, and the rationality of
the model was verified by the sequence of bond-cleavage. As illus-
trated in Fig. 1, the molecular model contains typical structural
characteristics of lignite with abundant oxygen-containing func-
tional groups and a great number of aliphatic structures [27]. The

Fig. 1. Molecular structure model of Huolinhe lignite [26].
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model was optimized by the calculations of molecular mechanics
and molecular dynamics using Dreiding force field in Materials
Studio. Zheng et al. [28] found that the molecular model was suit-
able for the study of pyrolysis when the number of atoms was
greater than 2338. Considering the computational expense, the
atomic number of macromolecular structure of lignite was set as
4320, consisting of ten optimized unimolecular models. Then, the
macromolecular structure model was placed into a 81.0×81.0×
81.0 Å3 periodic box with a density of 0.1 g/cm3. The lower initial
density can effectively prevent stacking of significant structures,
such as oxygen-containing functional groups and aromatic struc-
tures [29].
3. Simulation Details

ReaxFF-MD simulations began with the energy minimization
at a lower temperature 50 K for 20 ps under NVT (constant atoms
number, volume, and temperature) ensemble, and then the mac-
romolecular model was compressed at 300 K and 10 MPa using
NPT (constant atoms number, pressure, and temperature) ensem-
ble. The density of the compressed system was 0.966 g/cm3, which
was approximate to the actual density of lignite. Then, a no-reac-
tion MD simulation was performed at 300 K to relax the system.
To prevent reaction occurrence, the parameters of C-O and O-H
bonds were turned off during the relaxation simulation. Finally, a
series of non-isothermal NVT-MD simulations from 300 to 3,000K
were carried out at the heating rates of 2, 10, 20, 50 and 100 K/ps,
respectively, and the final temperature was needed for 10 ps. To
ensure the reproducibility of the simulation results, each simulation
procedure was carried out three times, and the results were the mean
values of three tests. The simulation temperatures in this work were
intentionally set to higher than the experimental conditions to ensure
the reaction completed in an acceptable time scale (hundreds of
picoseconds). In fact, higher temperatures have been widely used
in previous ReaxFF-MD simulation studies [30,31], and the results
were all consistent with the experimental values. The reaction tem-
perature was regulated by Berendsen thermostat with a 100 fs damp-
ing constant, and a time step of 0.25 fs was adopted to update
atom motions [11]. To analyze the product distribution, a bond-
order cutoff of 0.3 was utilized to identify the molecular species.
All ReaxFF-MD simulations were carried out using “reaxc” pack-
age of LAMMPS with the latest C/H/O/N/S/B force field parame-
ters [32].

RESULTS AND DISCUSSION

1. Distribution Characteristics of Pyrolysis Products
To explore the influence of heating rate on the distribution char-

acteristics of pyrolysis products, a series of non-isothermal pyroly-
sis simulations were implemented at temperatures from 300 to
3,000 K with the heating rates of 2, 10, 20, 50, and 100 K/ps, respec-
tively, and the temperature was maintained at 3,000 K for 10 ps.
On the basis of previous studies [33,34], pyrolysis products can be
divided roughly into five types: inorganic gas, organic gas, light tar,
heavy tar, and char. H2O, H2, CO, CO2 and some inorganic small
molecules are considered to be inorganic gas. Molecules with 1-4
carbon atoms are regarded as organic gas. Molecules containing 5-
13 carbon atoms and 14-40 carbon atoms are regarded as light tar

and heavy tar, respectively. Compounds with more than 40 car-
bon atoms are defined as char.

Fig. 2 shows the distribution of pyrolysis products at 3,000 K with
five heating rates. The snapshots of final pyrolysis product config-
urations obtained by VMD are in Fig. 3. As displayed in Fig. 2,
with increasing the heating rate from 2 to 100 K/ps, the yield of tar
increased from 28.79% to 76.27%, along with a great reduction of
char [29]. It is worthwhile mentioning that the yield of tar did not
increase linearly with increasing heating rate. To quantitatively
analyze the influence of heating rate on tar, Fig. 4 shows the aver-
age change of tar yield for heating rate increasing 1 K/ps in four
heating intervals. As seen clearly, the tar yield increased by 3.86%
for every 1 K/ps increment with the heating rate increasing from 2
to 10 K/ps. Nevertheless, when increasing heating rate from 50 to
100 K/ps, the increase of tar was only 0.095% for every 1 K/ps in-
crement. It can be concluded that increasing the heating rate is
more conducive to the formation of tar at lower heating rates. At
relatively high heating rates, further increasing the heating rate had
less effect on the tar production. This was mainly because the reac-
tion time was longer at lower heating rates, and the possibility of
condensation and further decomposition of tar was much greater
at high temperature. Increasing the heating rate can effectively
inhibit the secondary reaction of tar, leading to a notable increase
of tar yield. However, at relatively high heating rates, the possibil-
ity of secondary reaction of tar was greatly reduced due to the
shorter reaction time. The inhibitory effect of further increasing
the heating rate on the secondary reaction of tar was obviously
weakened. Therefore, further increasing the heating rate displayed
much less influence on the distribution of pyrolysis products at
higher heating rates.

In addition, it can be clearly seen that the yield of pyrolysis gas
continued to decline with the increase of heating rate, approach-
ing the minimum value of 12.16% at 100 K/ps. Notably, organic gas
production was much more than that of inorganic gas at five heat-
ing rates. This means that organic gas was dominant in the pyroly-
sis gas of Huolinhe lignite. According to the analysis of pyrolysis
products, C2H4 was the most important organic gas, which was

Fig. 2. Distribution of pyrolysis products at 3,000 K with five heat-
ing rates [29].
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mainly related to the existence of abundant methylene (Cal-Cal) in
Huolinhe lignite. CO2 and H2O were dominant in the inorganic
gas, which was due to the large amount of carboxyl and hydroxyl
groups in lignite. The simulation results were in good agreement
with previous studies [36].
2. Evolution Characteristics of Pyrolysis Products

Fig. 5 shows the evolution trends of char, pyrolysis gas and tar

at five heating rates. As displayed in Fig. 5(a), the char production
showed two different kinds of evolution trends in the whole simu-
lation temperature range. At relatively higher heating rates (20 K/
ps), the yield of char decreased monotonically with the increase of
temperature. Nevertheless, at lower heating rates (2 and 10 K/ps),
the char production decreased first and then increased with in-
creasing temperature. Moreover, the temperatures of the turning
point were both in the high temperature region. It can be specu-
lated that the increase of char production at high temperatures
was probably associated with the secondary reaction of volatiles.
The average molecular weight can reflect the size of aromatic struc-
ture of char at some extent. The analysis of the change trend of
average molecular weight was beneficial to investigate the second-
ary reaction, especially condensation reaction. To make it clear,
Fig. 6 shows the average molecular weight of char as a function of
temperature at different heating rates. It can be seen clearly that at
the heating rates of 2K/ps and 10K/ps, the average molecular weight
of char showed the similar variation tendencies with char yield,
which decreased first and then increased, and approached the mini-
mum values at 2,400 K and 2,800 K, respectively. In the initial stage
of pyrolysis, the reduction of the average molecular weight of char
can be regarded as a sign of the dissociation of the weaker bridge
bonds and the decomposition of macromolecular network struc-
tures. With the further increase of temperature, the secondary reac-
tion was dominant at high temperature. The condensation reaction
between tar and char fragments resulted in the increase of aromatic
structure size. Moreover, the lower the heating rate, the more suffi-

Fig. 3. Snapshots of final pyrolysis product configurations obtained by VMD: (a) Configuration at 2 K/ps, (b) configuration at 10 K/ps, (c)
configuration at 20 K/ps, (d) configuration at 50 K/ps, (e) configuration at 100 K/ps.

Fig. 4. Average change of tar yield for heating rate increasing 1 K/ps
in four heating intervals.
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cient the secondary reaction, and the larger the average molecular
weight of char. However, at higher heating rates (20, 50 and 100 K/
ps), the average molecular weight of char kept decreasing with in-
creasing temperature. This was mainly because the reaction time
was shortened at high heating rates, and the secondary reaction was
difficult to complete in a short time. Therefore, at higher heating

rates, the pyrolysis process was still dominated by the decomposi-
tion reaction, and the average molecular weight of char decreased
continuously at high temperatures.

The variation trends of pyrolysis gas yield with temperature at
various heating rates are presented in Fig. 5(b). Remarkably, the
pyrolysis gas production and heating rate displayed an opposite
variation rule at 1,800-3,000K. The higher the heating rate, the lower
the production. At lower temperatures, the primary decomposi-
tion reaction was dominant. The thermal decomposition of coal at
higher heating rate was less sufficient than that at lower heating rate,
which led to producing less pyrolysis gas. However, at high tem-
perature, the secondary reaction was greatly suppressed because of
the shorter reaction time at high heating rate. The possibilities of
further decomposition of tar decreased obviously, resulting in the
apparent decline of pyrolysis gas production. The simulation results
were consistent with the studies by Tian et al. [37], who found that
the pyrolysis gas production of bituminous decreased significantly
with the increase of heating rate. It should be noticed that no mat-
ter what the heating rate was, an obvious increase of pyrolysis gas
yield with temperature can be found in the whole simulation tem-
perature range. This may be because the energy of the reaction sys-
tem increased gradually with increasing temperature, leading to the
breakage of stronger chemical bonds and the formation of more
small molecules gases. Moreover, at low heating rate, the second-
ary reaction of tar at high temperature also led to an increase in

Fig. 5. Evolution trends of pyrolysis products at different heating rates: (a) char, (b) pyrolysis gas, (c) tar.

Fig. 6. Evolution trends of the average molecular weight of char at
different heating rates.
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the yield of pyrolysis gas.
Tar is an important target product of lignite pyrolysis, which

can be further processed into liquid fuel, benzene compounds,
phenols and so on. Fig. 5(c) displays the evolution trends of tar yield
with temperature at five heating rates. It can be seen clearly that at
lower heating rates (2 and 10 K/ps), the yield of tar increased first
and then decreased, and the transition temperatures were 2,400 K
and 2,800 K, respectively. Moreover, at high temperatures, the de-
creasing trend of tar yield at 2 K/ps was more obvious than that at
10 K/ps. According to above studies of char and pyrolysis gas, the
reduction of tar yield was accompanied by the increase of the
weight percentage of char and pyrolysis gas at high temperature.
This phenomenon suggests not only that tar can decompose into
pyrolysis gas, but also generate char by condensation reaction at
high temperature. Furthermore, the lower the heating rate, the more
sufficient the secondary reaction. The simulation results were con-
sistent with the previous literature [38], which found that the in-
teraction between volatiles and char played an essential role in the
distribution of pyrolysis products. Nevertheless, at higher heating
rates, the tar yield increased monotonically with an increase in tem-
perature. There was no decrease tendency of tar yield at high tem-

Fig. 7. Evolution trends of potential energy of non-isothermal pyrol-
ysis at different heating rates [29].

Fig. 8. Evolution trends of weight percentage and molecule number of pyrolysis products in secondary reaction process: (a) char, (b) pyroly-
sis gas, (c) tar.

peratures. This was mainly because the reaction time was shortened
and the secondary reaction of tar was greatly inhibited at high heat-
ing rates.
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3. Analysis of System Energy
NVT ensemble was utilized to simulate the non-isothermal pyrol-

ysis process, and the kinetic energy of the system was considered
to be nearly unchanged during the reaction process. Therefore, the
evolution tendency of total system energy was almost in accord
with that of potential energy. Fig. 7 shows the variation curves of
potential energy with temperature at five heating rates. In the tem-
perature range of 300-2,400 K, the potential energy of the reaction
system was much similar at five heating rates [29]. As mentioned,
the pyrolysis process was dominated by the primary thermal de-
composition reaction of coal at lower temperature (2,400 K). This
means that with the same reaction mechanism, the energy of the
system was almost not affected by the heating rate in the non-iso-
thermal pyrolysis process. When further increasing the tempera-
ture from 2,400 to 3,000 K, the potential energy of the system at
2 K/ps was obviously higher than that at the other four heating
rates. According to Hong et al. [39], secondary reactions need more
energy compared to primary decomposition reaction. It can be con-

cluded that at the heating rate of 2 K/ps, the secondary reaction
was dominant when the temperature was above 2,400 K. Above
2,800 K, the potential energy of the system at 10 K/ps was greater
than that at the heating rates of 20, 50 and 100 K/ps. This indi-
cates that at the heating rate of 10 K/ps, the reaction mechanism
also changed to secondary reaction above 2,800 K. Because of the
shorter reaction time at higher heating rate (20, 50 and 100 K/ps),
the secondary reaction at high temperature was seriously weak-
ened. Therefore, the decomposition reaction was still predominant
at high temperature. Notably, the potential energy of the system at
the heating rates of 20, 50 and 100 K/ps was approximately equal
in the whole temperature range. So it can be concluded that the
energy of the system was closely related to the pyrolysis reaction
mechanism. With the same reaction mechanism, the energy of the
system was approximately equal, which was almost not affected by
the heating rate.
4. Mechanism of the Secondary Reaction

In the secondary reaction process, further decomposition of tar

Fig. 9. Possible reaction pathways of tar fragment C14OH15.
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and the condensation reactions between tar and tar, tar and char,
char and char were probably taking place [40]. Therefore, the sec-
ondary reaction had a critical impact on pyrolysis products in the
non-isothermal pyrolysis process. Taking the heating rate of 2 K/ps
as an example, the secondary reaction stage of non-isothermal pyrol-
ysis process was analyzed in detail. According to the above study,
2,400-3,000K was the secondary reaction stage at 2K/ps. Fig. 8 dis-
plays the evolution tendency of the weight percentage and molecu-
lar number of char, pyrolysis gas and tar in the temperature range
of 2,400-3,000 K. As shown in Fig. 8(a), the molecule number of
char increased slightly, but the obvious increase of char yield (25.79%)
was found at the secondary reaction stage. It is widely known that
the condensation reaction between tar and tar may lead to the
increase of both the weight percentage and molecular number of
char. The condensation reaction between tar and char probably

resulted in an increase in the weight percentage of char, but the
molecular number hardly changed. The condensation reaction be-
tween char and char gave rise to the reduction of both the yield
and molecular number of char. Based on the variation trends of
the yield and molecular number of char, it can be speculated that
three kinds of condensation reactions may exist simultaneously in
the secondary reaction process. Because of the great increase of
char yield, the condensation reactions between tar and tar, char
and tar were dominant.

As shown in Fig. 8(b) and 8(c), tar and pyrolysis gas demon-
strated the opposite variation tendency in both the yield and molec-
ular number. With increasing temperature, the yield and molecular
number of pyrolysis gas increased significantly, while those of tar
decreased continuously. Therefore, it can be concluded that in the
secondary reaction stage, some tar fragments were converted into

Fig. 10. Possible reaction pathways of char fragment C54H49O5N.
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char by condensation reactions, and some tar fragments were de-
composed into pyrolysis gas. Meanwhile, the formation of a small
part of pyrolysis gas was relevant to the condensation of aromatic
structures. According to the variation of the yield of pyrolysis prod-
ucts, it can be known that about 67% tar was converted to char by
condensation reaction, while around 33% tar was transformed
into pyrolysis gas by thermal decomposition. Thus, it can be con-
cluded that condensation reaction played a dominant role in the
secondary reaction process.

With the aid of simulation trajectory and product analysis, some
possible reaction paths of condensation and decomposition in the
secondary reaction process can be obtained. As displayed in Fig. 9,
the tar fragment C14OH15 first underwent dehydroxylation reac-
tion, the breakage of Car-O bond (marked as bond 1) gave rise to
the production of new tar fragment C14H14· and hydroxyl radical
OH·. Hydroxyl radical OH· combined with hydrogen radical H· to
form H2O. Then, condensation reaction took place between active
tar fragments C14H14· and C28O3H23·, resulting in the formation of
char C42O3H37.

Fig. 10 shows the possible decomposition reaction pathways of
C54H49O5N. It can be seen clearly that the Cal-Cal bonds (marked as
bond 2, 3 and 4 ) broke down to form heavy tar fragments C14H13O·,
C26H31O4N· and small molecular free radical C4H5·. Subsequently,
C4H5· reacted with hydrogen radical H· to form organic gas C4H6.
With increasing temperature, the cleavage of Car-O bond contributed
to the further decomposition of heavy tar fragments C26H31O4N·,
which produced light tar fragment C11H9O· and heavy tar fragment
C15H22O3N·. In the process of pyrolysis reaction, heavy tar and
light tar can be either the intermediate products or final products.
There was a competitive relationship between the formation and
further decomposition of tar, which largely depended on the reac-
tion temperature.

CONCLUSIONS

ReaxFF-MD simulations were used to study the effect of heat-
ing rate on pyrolysis behavior for lignite. The results show that com-
pared to the relatively high heating rates, further increasing the
heating rate has a much greater impact on the distribution of pyrol-
ysis products, and is more conducive to the formation of tar at
lower heating rates. Moreover, the variation tendencies of char and
tar at lower heating rates are different from those at the relatively
higher heating rates, which is mainly caused by different reaction
mechanisms. At lower heating rates, the pyrolysis process involves
not only the primary decomposition reaction of coal but also the
secondary reaction of tar. The decomposition reaction was always
predominant in the whole reaction process at the relatively high
heating rates. Furthermore, when the reaction mechanism of non-
isothermal pyrolysis process was the same, the system energy was
approximately equal and was hardly affected by the heating rate.
The mechanism of the secondary reaction of tar was analyzed in
detail at 2 K/ps, and the results suggested that condensation reac-
tion was dominant in the secondary reaction process. Because lig-
nite contains a large number of oxygen-containing functional groups,
future work will focus on the migration mechanism of organic
oxygen during pyrolysis process.
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