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h i g h l i g h t s

� Combustion and pyrolysis of brown coal was studied using reactive force field.
� During combustion, the yield of gaseous products were more in fuel lean conditions.
� Potential energy of the system decreases with increase in temperature.
� Effect of temperature was more pronounced as compared to density during pyrolysis process.
� Both combustion and pyrolysis process followed exothermic and endothermic path.
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a b s t r a c t

Brown coal is a soft sedimentary organic rock which is complex in nature and is the main source of
energy production. In this work, we have studied the combustion and pyrolysis of brown coal using reac-
tive molecular dynamic (MD) simulation. To make the large scale (above 1000 of atoms) reactive system
practical, ReaxFF MD system was used which is 100 times faster than the methods of quantum mechanics
(QM). To examine the pyrolysis/combustion process and initiation mechanism of brown coal, a fuel lean
(/ = 2), fuel rich (/ = 0.5) and stoichiometric (/ = 1) conditions were used in this work. The temperature
used was high as per experimental reported condition so as to enable chemical reaction within a compu-
tationally affordable time. It was observed that the combustion of brown coal was initialized by thermal
degradation subsequently forming small fragments. As the brown coal molecule oxidizes or thermally
decomposes, hydrogen is abstracted and reacts with oxygen to form large amount of H2O molecules.
Furthermore, the combustion of coal was also studied in the same conditions namely fuel rich, fuel lean
and stoichiometric. Potential energy gradually decreases at high temperature while it was the reverse in
pyrolysis. It was found that the effects of densities are lesser as compared to temperature. Some
important intermediate like formaldehyde (HCHO) generated during the simulation reaction agreed well
with the experimental data reported in literature.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Coals are generally complex in structure. Its contain mainly car-
bon and large number of oxygen, phenol, carboxyl, carbonyl, ether
and hydroxyl groups as well as gaseous products like CO2, CO, SO2,
N2, and H2O [1,2]. During the oxidation and pyrolysis processes
large numbers of hydrocarbons, alternative fuels and bio-chemicals
are produced. For electricity production, coal combustion fuels are
used as a primary source [3]. Rapid loss of moisture and devolatil-
ization occurs during the coal combustion process. High pressure
pyrolysis of hydrocarbon decreases the volatile mater and increase
the H/C and O/C ratio which is beneficial for the spontaneous

heating of coal at low temperature. Pyrolysis temperature is one
of the key parameter to describe the physical and chemical proper-
ties of the char atomic structure. From the chemical analysis of char,
it is observed that atomic ratio of H/C and O/C significantly
decreases with increasing pyrolysis temperature [4–13]. At low
temperature, coal oxidation is an important source of spontaneous
combustion of coal contributing to greenhouse gases emission. The
reaction mechanism explains the details of the consumption of
oxygen and formation of the gas and solid phase oxidation
products. The solid oxidation products like aliphatic and aromatic
compounds and gaseous products such as CO, CO2 and H2O are
formed during the reaction [14–18]. Experimental measurements
examining pyrolysis has provided the analytical structural informa-
tion of brown coal [19,20]. Variation of temperature range and the
residence time in the thermal decomposition of n-dodecane gave
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major intermediate such as hydrogen, ethylene and also gave the
kinetic parameters for the formation of benzene. Therefore, the
chemical kinetics and the thermodynamics models are the two
important major factors which describe the detailed analysis of
the pyrolysis and combustion reaction mechanism of C12H26 which
contains 1282 species and 5030 elementary reactions [21].
Although the char models were effective for the studies of the pyro-
lysis reaction, but the description of the structural model of char is
complicated and time consuming due to its complexity in structure.
Therefore the inorganic complexes have been described with the
help of both experimental as well as small scale modelling for
low rank coal and char containing inorganic complex [22–24].

Subsequently, kinetic chemical models were developed, but its
validation with experimental results was found to be very expensive
and time consuming. Therefore, simulation methods are preferred to
examine the details reaction mechanism of the pyrolysis and com-
bustion process. The molecular dynamic (MD) simulation provides
a fundamental reaction mechanism using a representative structure
of brown coal. Reactive force field is then used to describe the
detailed fundamental understanding of the formation, transition
and dissociation of the chemical bond during the reactive MD simu-
lation which is accurately close to quantum mechanics (QM) [25].

For large scale systems (i.e. above 1000 atoms) reactive chemical
system, ReaxFF [26] has developed different types of reactive force
field in order to describe the bond order, bond distance, bond disso-
ciation energy of the atomic structure. This allows us to describe
complex reactions of hydrocarbons [27,28]. Several ReaxFF models
have been developed for different materials and applications
[26,29–32]. The ReaxFF reactive force field has earlier analyzed
kinetics and initial reaction mechanism for different hydrocarbon,
fuel, oxidation, combustion and pyrolysis of coal [25,33–36]. Fur-
ther, the time scale of reactive dynamics simulations is 100 times
faster than the commonly used quantum mechanics (QM). Thus, a
reactive simulation used at a temperature range much larger than
normal experimental/industrial conditions help us to enable chem-
ical reactions within a computational affordable time [35–37].

Recently, for hydrocarbon combustions, researchers have
expanded the force field for sulfur and nitrogen containing hydro-
carbon. ReaxFF have been found to correctly simulate pyrolysis and
combustion of coal molecules and hydrocarbon containing sulfur
and nitrogen functionality [32]. Castro-Marcano et al. [38,39] used
ReaxFF for Illinois No. 6 coal to analyze the pyrolysis simulations
on a large-scale molecular model based on experimental data to
investigate the effect of sulfur content on the pyrolyzed coal struc-
ture. Recently the ReaxFF MD simulations gave a detailed behavior
of the thermal decomposition of algaenan of biopolymer. It further
elucidated the mechanism observed in the pyrolysis experiments
of algae [40]. In this present work, ReaxFF was used to perform
the initiation mechanism of spontaneous combustion and pyroly-
sis of brown coal. Till date we did not find studies on the initiation
process for brown coal. Further in order to benchmark our predic-
tions, we also compared the results on the products formed in
intermediate stages.

2. Computational details

2.1. ReaxFF force field

ReaxFF [26] is based on the covalent formalism [41] and the
bond order principle which relates the bond energy to bond
lengths, valence angles and torsion angle [42]. It was developed
to efficiently simulate molecular dynamics of large scale chemical
systems containing more than thousand atoms. Generally, the Rea-
xFF is the boundary between quantum mechanics (QM) and classi-
cal mechanics models based on the semi-empirical interaction

potential. The total potential energy of the system is described
by Eq. (1) [26] which is associated with different partial energy
contributions:

Esystem ¼ Ebond þ Eover þ Eunder þ Eval þ Epen þ Etors þ Econj

þ EvdWaals þ ECoulomb ð1Þ

where Esystem is the potential energy of the system which describes
the interaction between the particles of the systems. The interaction
potential can be divided into non-reactive and reactive potentials.
The non-reactive potential simulates transition state and barrier
energy in a reaction; whereas reactive potential has a ability to sim-
ulate reaction between particles by bond formation and dissociation
between the particles accurately. The reactive potential is more
expensive then the non-reactive potential. Ebond represents the bond
energy due to the interatomic distance between a pair of atoms. It
calculates the bond order between the interatomic distances, which
is given by Eq. (2) [26],
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where BO0ij is the bond order between a pair of atoms which is
obtained directly from the interatomic distances. If a pair of atoms
like carbon–hydrogen or hydrogen–hydrogen is observed then only
sigma bond is considered; whereas for carbon–carbon, where bond
order of three results in one sigma and two p bonds.
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Eover and Eunder represents over- and under-coordinated energy,
respectively. After the correction of the original bond order, a
degree of over coordination may remain in the molecules. Therefore
to handle this error an over coordination has been used and is given
by,

Eover ¼ pover � Di �
1

1þ expðk6 � DiÞ

� �
ð4Þ

where D0i ¼
Pnbond

j¼1 BO0ij � Vali is the degree of deviation for the sum
of the corrected bond orders around an atomic center.

Eunder ¼ �punder �
1� expðk7 � DiÞ

1þ expð�k8 � DiÞ
� f 6ðBOij;p;DjÞ ð5Þ

where f 6ðBOij;p;DjÞ ¼ 1
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Other terms, including Eval is the valence angle energy for

valence angle i–j–k, where i, j, k are location for three atoms. If
one of the two bonds in the angle break, the valence angle energy
disappears smoothly. The energy contribution from valence angle
term goes to zero as the bond orders in the valence angle goes to
zero. The valence angle energy term is given by [26],

Eval ¼ f 7ðBOijÞ � f 7ðBOjkÞ
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