
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 6
:4

5:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Detailed mechan
aChengdu Institute of Biology, Chinese Acad
bSchool of Life Science and Engineering,

610041, China

Cite this: RSC Adv., 2024, 14, 5863

Received 28th November 2023
Accepted 11th February 2024

DOI: 10.1039/d3ra08122b

rsc.li/rsc-advances

© 2024 The Author(s). Published by
ism study of volatile organic
compound decomposition and oxidation removal
based on a ReaxFF MD method

Shuo Wang,a Xiaoqing Wu*b and Xiaozhen Chen *a

Volatile organic compounds (VOCs) are typical air pollutants as well as gaseous wastes that contain energy.

Utilization and disposition of VOCs is currently an important research hotspot in the field of atmospheric

environment. In this paper, the thermal cracking and oxidation reaction processes of typical VOCs

components were modelled and analyzed by combining molecular dynamics and detailed reaction

mechanisms, focusing on the effects of temperature, oxygen and other conditions on the conversion of

VOCs. The results of molecular dynamics studies show that improving temperature and reaction time

benefit the decomposition of VOCs. High temperatures under an inert atmosphere can sufficiently crack

the VOCs themselves, but other by-products are generated, which in turn cause secondary pollution.

The activation energies derived by ReaxFF-MD calculation are 328 kJ mol−1, 147 kJ mol−1 and

121 kJ mol−1 for toluene, styrene and benzaldehyde respectively, which is consistent with experimental

results. Under the oxygen atmosphere, the conversion rate of VOCs is greatly increased and the reaction

temperature is significantly reduced. Meanwhile, the oxidation reaction fully converts VOCs into non-

polluting products such as CO2 and H2O. Detailed kinetic studies show that initial oxidation of toluene

molecules raised by hydrogen abstraction reaction is the dominant step during toluene oxidation, which

significantly improved the decomposition efficiency of toluene.
1. Introduction

Volatile organic compounds (VOCs) are primarily present in the
gas phase in the environment due to their relatively high vola-
tility.1 Common VOCs are benzene, toluene, xylene, styrene,
trichloroethylene, trichloromethane, and others. Many VOCs
have known toxicities, for example, trichloroethylene and
perchloroethylene have been associated with birth defects.2 It is
known that indoor VOCs can raise the risk of respiratory
problems.3–5 Besides, VOCs are important precursors to urban
haze and photochemical smog, and originate mainly from
processes such as coal chemical, petrochemical, fuel paint
manufacturing, and solvent manufacturing and use.6

The development of efficient, energy-saving and green VOCs
degradation technology is of great signicance. Industrial VOCs
treatment processes include absorption, adsorption, oxidation,
low-temperature plasma decomposition, biological method and
so on.7,8 Among them, combustion/oxidation method and
adsorption method are most economical treatment methods.9

In practice, the combustion oxidation method is subdivided
into direct combustion and thermal combustion. Direct
combustion refers to the combustion of VOCs exhaust gas, air
emy of Sciences, Chengdu 610041, China

Southwest Jiaotong University, Chengdu

the Royal Society of Chemistry
and auxiliary fuel directly in the furnace chamber, and this
method is suitable for exhaust gas with high VOCs concentra-
tion. Thermal combustion is to use the heat released during fuel
combustion to preheat the VOCs exhaust gas, reducing the use
of auxiliary fuels, in order to achieve better VOCs exhaust gas
purication performance. This method has a higher utilization
efficiency of fuel combustion heat, better economic benet.
Therefore it's widely used in the industry.10,11

Regenerative Thermal Oxidation (RTO) technology, also
known as thermal storage incinerator, is a typical thermal
decomposition technology for VOCs treatment.12,13 The tech-
nology mainly uses the high temperature generated by auxiliary
combustion ($760 °C), oxidizing the toxic and harmful organic
substances in the system to generate carbon dioxide and water,
while using heat storage materials to recover the excess heat
generated by the combustion process.11 In this way, the purpose
of energy saving and environmental protection could be ach-
ieved. In industrial waste gas treatment, this technology is oen
used to deal with high concentration of organic waste gas.

The composition of VOCs is very complex, containing
aliphatic hydrocarbons, aromatic hydrocarbons, halogenated
hydrocarbons, and oxygenated components.6 Monocyclic
aromatic hydrocarbons are the main components of VOCs in
the ue gas of coal-red power stations, accounting for 50–90%
of the total VOCs content.14–17 Xie et al.18 studied the VOCs
unorganized emissions from typical devices in petrochemical
RSC Adv., 2024, 14, 5863–5874 | 5863
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industry and found aromatic hydrocarbons were main
compounds. Meanwhile, monoaromatics hydrocarbons are also
largely produced during frying process.19 The thermal decom-
position of aromatic compounds is the key problem for the
VOCs treatment technology. The effect of reaction temperature,
excess air coefficient, residence time is crucial for the control of
the RTO reactor. During the thermal decomposition or oxida-
tion of VOCs, the understanding of detailed reaction mecha-
nism is crucial for the efficient conversion of VOCs compounds.
However, the use of detailed kinetic mechanisms to model
thermal cracking and partial oxidation is still insufficient. Most
kinetic models focus on the combustion of conventional fuels.

In recent years, the molecular dynamics (MD) method based
on the reaction force eld has been widely applied, and ReaxFF
MD has been more widely used in the thermochemical
conversion process of hydrocarbon fuels. Cheng et al.20 used
ReaxFF MD to study the oxidation of toluene at high tempera-
tures and found that the initiation consumption of toluene is
mainly through three ways, which is in good agreement with
available chemical kinetic models. Similarly, Xin et al.21 studied
the thermal decomposition of 11 typical hydrocarbons by
ReaxFF MD and found the initial pyrolysis reactions of these
hydrocarbons can be divided into two types: homolytic cleavage
of C–H bond and C–C bond. ReaxFF MD has been proved to be
an excellent method for the study of molecular reaction mech-
anisms. However, ReaxFF MD approach has not been suffi-
ciently investigated in terms of the conversion mechanism of
VOCs.

In this paper, the thermal decomposition and oxidation
mechanism of aromatic hydrocarbon components in the
thermal combustion process of VOCs is investigated, and the
cracking and oxidation reaction paths of different aromatic
hydrocarbon components are simulated and analyzed by
ReaxFFMD approach, so as to obtain the key reaction paths that
affect the conversion, and further to obtain the key reaction
parameters controlling the decomposition and oxidation of
VOCs. This work provides theoretical support for the efficient
conversion of VOCs.
Fig. 1 The molecular configuration of three VOCs compounds.

5864 | RSC Adv., 2024, 14, 5863–5874
2. Research method
2.1 VOCs model compounds

Monocyclic aromatic hydrocarbons are the main components of
VOCs in the ue gas of coal-red power stations, accounting for
50–90% of the total VOCs content.17 Shi et al.22 conducted
a typical VOCs monitoring of a 300 MW coal-red unit, and
showed that VOCs in the ue gas were mainly dominated by
benzene, toluene and benzaldehyde, with concentrations below
20 mg m−3. In the biomass pyrolysis gasication process, the tar
is also dominated by typical aromatic hydrocarbons, including
phenol, benzene, toluene, naphthalene, etc., with concentra-
tions ranging from 10 mg Nm−5 to 10 000 mg Nm−3. Therefore,
typical aromatic hydrocarbons, i.e., toluene, benzaldehyde and
styrene, are selected as model compounds of VOCs in this paper
to study their cracking and oxidative cracking transformation
mechanisms at high temperatures. It provides a theoretical
basis for the efficient removal of VOCs by high temperature
combustion. The detailed molecular congurations of three
VOCs compounds are summarized as follows (Fig. 1).

2.2 Modeling details

Molecular dynamic simulations based on the reactive force eld
(ReaxFF) have been successfully used to simulate the complex
reactions of hydrocarbons, such as coal, biomass and some
gaseous fuels.23 ReaxFF generates results consistent with
quantum-mechanical calculations and experiments for
numerous hydrocarbon reactions with far less computational
load, indicating the potential for simulation of large reactive
systems.24 Using ReaxFF, we could obtain bond cleavage, bond
formation, changes of species, and further elementary reactions
in the complex thermal reactions.25

In this section, the molecular dynamic modeling based on
ReaxFFmethod was used to study the thermal decomposition of
VOCs model compounds. A three-dimensional periodic box
lled with 100 VOCs molecules (toluene, benzaldehyde and
styrene) were built on the Material Studio soware, with the box
size of 40 Å × 40 Å × 40 Å. The molecular systems for three
VOCs compounds are shown in Fig. 2 as follows.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The calculation molecular systems for decomposition of three VOCs compounds.

Fig. 3 The molecular systems for mixture of three VOCs compounds and oxygen.
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Further, oxidation treatment of VOCs, which uses oxygen to
combust VOCs compound into harmless products, such as CO2

and water, was studied. The mixture of VOCs compounds with
oxygen molecules were constructed in Material Studio soware.
The equivalence ratio (ER) is controlled as 1 for three cases. The
molecular systems for mixture of three VOCs compounds and
oxygen are summarized in Fig. 3 as follows.

A set of non-isothermal simulations were performed using
NVT ensemble in the temperature range of 500–3000 K, 500–
3500 K and 500–4000 K. In the heating process, the heating time
is controlled to 25 picosecond (ps) and then the systems were
kept the temperature at 3000 K, 3500 K and 4000 K for 100 ps.
The temperature of thermal decomposition reactions in
molecular simulations is signicantly higher than in experi-
mental results. The main reason for the higher temperature in
ReaxFF MD simulations is to allow the chemical reactions to
occur in an extremely short time period.26 ReaxFF MD simula-
tions typically operate on a time scale of picoseconds, which is
signicantly shorter than the time scale of experiments, which
operate on a scale of seconds. To compensate for this differ-
ence, ReaxFF MD simulations require elevated temperatures to
accelerate the reaction rate, resulting in chemical reactions
occurring in an extremely short time. This is currently
a common approach to reactive force eld calculations.27

The rst combustion reactive force eld was developed by
Chenoweth et al.,28 which was called CHO-2008. This force eld
© 2024 The Author(s). Published by the Royal Society of Chemistry
was then used extensively to study the decomposition or
combustion of different hydrocarbon fuels, including toluene,20 1-
heptane,29 coal30 and lignin.31 However, CHO-2008 was not good
for describing the reaction of C1 compounds.32 Ashraf et al.33

recently developed a new force eld (CHO-2016), which overcomes
the shortcomings of CHO-2008. In the current work, the CHO-2016
force eld was used for all of the simulations. The force eld has
also shown good capability to describe the decomposition and the
combustion of single component fuels.34

In the ReaxFF simulations, some other details are summa-
rized as follows: the bond order cutoff and non-bonded cutoff
were 0.3 and 10.0 Å, respectively; the time step was set to 0.25 fs
to capture the reaction details.
3. Results and discussion
3.1 The thermal decomposition of VOCs compounds

Firstly, the thermal cracking process of model compounds of
VOCs was investigated. The starting temperature of thermal
cracking was 500 K, and the target temperatures were 3000 K,
3500 K and 4000 K. The cracking efficiencies of toluene, styrene
and benzaldehyde at different temperatures and the generation
of products are shown in the following Fig. 4–6.

As shown in Fig. 4, both temperature and reaction time show
signicant inuence on toluene decomposition. The conversion
ratio of toluene reached 80% at 3000 K with residence time of
RSC Adv., 2024, 14, 5863–5874 | 5865
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Fig. 4 The thermal decomposition of toluene at different temperatures.
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125 ps. When improving temperature, the toluene conversion
ratio reached 100% at 75 ps (3500 K) and 39 ps (4000 K). With
respect of gaseous products, H2 and C2H2 are two main prod-
ucts. At high temperatures, the hydrogen atoms on the methyl
and aromatic rings dissociate to form hydrogen radicals, which
can combine with each other to form hydrogen, while the
hydrogen radicals can further react with hydrocarbons in
a bimolecular reaction to form hydrogen. As shown in Fig. 4,
when temperature improving from 3000 K to 4000 K, the H2

molecules increased from 29 to 231, which indicated that
higher temperature beneted the yield of H2. The effect of
temperature on the formation of acetylene differs from that of
hydrogen, mainly in the effect of the rate of formation. Acety-
lene (C2H2) is the product during aromatic ring breakage. At
high temperatures (4000 K), acetylene is generated rapidly with
the cleavage of toluene, reaching a maximum yield at 45 ps (45),
which slowly decreases with further increases in temperature.
For the nal yields, the nal yields at different temperatures did
not differ much, being 12 (3000 K), 7 (3500 K) and 25 (4000 K).
Benzene is the main aromatic hydrocarbon cracking product
and it can be seen that at lower temperatures (3000 K), the
benzene yield is increasing with increasing reaction time. While
at higher temperatures (3500 K and 4000 K), the benzene
production is increasing and then decreasing with the increase
of reaction time. The molecular yields of benzene at each
temperature were 7, 11 and 7. The cracking of toluene has other
products of lower concentration in addition to the higher
concentration products mentioned above, including small
molecule hydrocarbons such as ethylene, methane and other
large molecule hydrocarbons such as naphthalene, which have
lower yields and will not be further analyzed here.

As shown in Fig. 5, the cracking trend of styrene with
different temperatures is similar to that of toluene, the higher
5866 | RSC Adv., 2024, 14, 5863–5874
the temperature, the faster the cracking rate and the higher the
conversion rate. The conversion ratio of toluene reached 90% at
3000 K with residence time of 125 ps. When improving
temperature, the toluene conversion ratio reached 100% at 70
ps (3500 K) and 30 ps (4000 K). It is clear that the thermal
cracking process of styrene is more reactive than that of toluene.
When temperature improving from 3000 K to 4000 K, the H2

molecules increased from 32 to 218. At higher temperatures, the
acetylene yield increases and then decreases with reaction time.
The peak acetylene product occurs at 79 ps (3500 K) and 36 ps
(4000 K). Benzene production has a peak in the range of 3000–
4000 K. The peak point decreases from 80 ps (3000 K) to 28 ps
(4000 K) with increasing temperature.

Fig. 6 shows the results of the cleavage of benzaldehyde,
which is a typical oxygenated component. In terms of the
cleavage process of benzaldehyde itself, its cleavage reactivity is
signicantly stronger than that of toluene and styrene. The
complete cleavage times of benzaldehyde at different tempera-
tures are 83 ps, 43 ps and 33 ps, respectively. Even at 3000 K, it
takes only 83 ps for benzaldehyde to reach complete cleavage.
CO is an important gaseous product in the benzaldehyde
cleavage, which originates from the shedding of carbonyl
groups. At different temperatures, the nal CO yield was close to
100%, which indicated that most of the carbonyl groups were
converted to CO. The hydrogen production pattern is similar to
that of toluene and styrene, but the yield is signicantly lower.
The maximum hydrogen yield is 149 at 4000 K. In contrast,
benzene yields are signicantly higher than toluene and
styrene. The peak yields of benzene at different temperatures
are 29 (3000 K), 28 (3500 K) and 28 (4000 K), respectively. This
suggests that the shedding of carbonyl group promotes the
production of benzene.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The thermal decomposition of styrene at different temperatures.
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Next, based on the thermal decomposition of three VOCs
model compounds, the global kinetic parameters were
evaluated.

To calculated the global Arrhenius parameters of the single
component, the rst-order kinetics were considered in this
work. As pointed out in the above section, the consumption rate
of the VOCs compounds largely depends on the reaction
temperature and residence time. The speed of the VOCs
Fig. 6 The thermal decomposition of benzaldehyde at different temper

© 2024 The Author(s). Published by the Royal Society of Chemistry
molecules decomposition provides an indicator for the
obtaining the Arrhenius parameters. The reaction rate constant
at different temperatures could be determined by the following
rst order rate low equation:

ln(N0) − ln(Nt) = kt (1)

In which, N0 refers to the initial molecule number, Nt refers to
the real molecule number at any time t. At each reaction
atures.

RSC Adv., 2024, 14, 5863–5874 | 5867
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Fig. 7 The reaction rate fitting curves for three VOCs compounds.

Table 1 Arrhenius parameters from ReaxFF simulations and
experiments

Molecule

Ea (kJ mol−1)

ReferenceReaxFF-MD Experimental

Toluene 328 303, 373 Baulch,35

Pamidimukkala36

Styrene 147 142, 171 Bruinsma37

Benzaldehyde 121 125, 141 Bruinsma37
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temperature, eqn (1) was calculated at corresponding time step.
By using eqn (1), the reaction rate k at different temperatures
could be obtained. Next, the reaction rate constants at different
temperatures were used to calculate the Arrhenius parameters
for three VOCs compounds. The activation energy (Ea) could be
calculated by e linear tting using the Arrhenius equation as
follows:

k = A exp(−Ea/RT) (2)

In which, k refers to rate constant; A refers to e pre-exponential
factor; Ea refers to activation energy (kJ mol−1); R refers to 8.31,
namely gas constant. T represents the reaction temperature (K).

The tting curves for three VOCs components are shown in
Fig. 7 as follows.

As shown in Fig. 7, the he tted curves for the kinetics of the
cracking of the three VOCs components were all approximately
straight lines. Further the reaction kinetic parameters can be
calculated by eqn (2) as shown in Table 1 below.

As shown in Table 1, the activation energies derived by
ReaxFF-MD calculation are 328 kJ mol−1, 147 kJ mol−1 and
5868 | RSC Adv., 2024, 14, 5863–5874
121 kJ mol−1 for toluene, styrene and benzaldehyde respec-
tively. At the same time, the experimental results derived from
publications were also used to validate the reliability of theo-
retical calculations. There is a good agreement between the
experimental results and the activation energy results from the
reaction force eld calculations. This indicates that the ReaxFF-
MD method can be well used for the simulation and analysis of
the molecular decomposition kinetics of VOCs. By comparing
the activation energies of three VOCs compounds, it can be
indicated that the activation energy of toluene is highest, which
means toluene will decomposition at higher temperature than
other two compounds. Benzaldehyde has the lowest activation
energy (121 kJ mol−1), which means it will decompose at lower
temperature. This conclusion is consistent with the thermal
decomposition results described above.
3.2 The oxidative decomposition of VOCs compounds

Although high temperatures can promote the cracking of VOCs,
even conversion rates of up to 100% can be achieved. However,
the cracking process also produces large amounts of other
hydrocarbons and even large molecules of PAHs-like
substances, which in turn produce other additional pollution.
Therefore, in addition to using high temperatures to break
down the VOCs components themselves, it is also necessary to
avoid generating other secondary pollutants. Oxidation treat-
ment uses oxygen to combust VOCs compounds, in which VOCs
compounds could be fully converted into harmless products,
such as CO2 and water with proper design. Next, the oxidation
decomposition of VOCs compounds was studied.

For each case, three kinds of oxidation temperature were
used to investigate the oxidative degradation of VOCs
compounds. The results are shown in Fig. 8 and 9 as follows.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The oxidation of toluene at different temperatures.
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As shown in Fig. 8, the rate of toluene decomposition is
greatly improved under oxygen atmosphere. At 3000 K, toluene
is almost consumed at initial 5 ps, which is much quicker than
thermal decomposition (conversion efficiency of 80% at 3000 K
with residence time of 120 ps). Therefore, much lower reaction
temperature could be adopted. At 2500 K, the conversion
Fig. 9 The oxidation of styrene at different temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
efficiency of toluene was about 95% with reaction time of 100
ps. When temperature is controlled at 2000 K, toluene conver-
sion is largely weakened and the conversion ratio was about
28% with reaction time of 100 ps. The products during oxida-
tion are also different with thermal decomposition. As shown in
Fig. 8, three main kinds of oxidation products are summarized,
RSC Adv., 2024, 14, 5863–5874 | 5869
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Fig. 10 The oxidation of benzaldehyde at different temperatures.
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namely CO, CO2 and H2O. The yield of CO rstly increases with
reaction time and then declines. The yields of CO2 and H2O
increases with reaction time at all temperature ranges. The
carbon atoms are mainly oxidized to produce CO and CO2. The
yield of CO2 is much higher than CO, which indicated that
toluene could be fully converted into harmless products during
oxidative treatment. Improving temperature and reaction time
benets the decomposition of toluene to produce CO2 and H2O,
which are clean products.

The conversion tendency of styrene under oxidative atmo-
sphere is similar with toluene, as shown in Fig. 9. At 3000 K,
styrene is almost consumed at initial 8 ps. When temperature
reduces to 2500 K and 2000 K, the conversion efficiency reduces
to 97% and 61% respectively. Therefore, oxidative atmosphere
largely enhanced the decomposition efficiency of styrene. The
yields of CO2 and H2O increase with reaction time at all
temperature ranges. The yield of CO rstly increases with
reaction time and then decreases. Similarly, the yield of CO2 is
much higher than CO. By comparing toluene and styrene, it
seems that the reactivity of styrene is higher than toluene.

As shown in Fig. 10, at 3000 K, benzaldehyde is almost
consumed at initial 5 ps. With temperature reduced to 2500 K,
benzaldehyde could also be almost consumed at initial 45 ps.
When temperature was controlled at 2000 K, the conversion
ratio reduced to about 87% at 100 ps, which was much higher
than toluene and styrene. It indicated that the reactivity of
benzaldehyde is much higher than toluene and styrene, which
was mainly attributed to the aldehyde functional group. The
yields of CO, CO2 and H2O are similar to the oxidation of
toluene and styrene.
5870 | RSC Adv., 2024, 14, 5863–5874
Based on the thermal decomposition and oxidation of VOCs
compounds, it can be indicated that oxygen promote the
decomposition and conversion of VOCs. The reaction temper-
ature is reduced and harmless products, mainly CO2 and H2O
are produced. Therefore, using oxygen or air to improving the
decomposition of VOCs is a promising approach for VOCs
treatment.

Next, the detailed mechanism for the role of oxygen on the
decomposition of VOCs compounds are analyzed. In terms of
electronic structure, the oxygen molecule is a triplet state
structure with unpaired active electrons. Therefore, during the
reaction with VOCs molecules, oxygen molecules present the
characteristics of free radicals with strong oxidizing properties,
which can promote the cleavage and conversion of VOCs
molecules. By analyzing the intermediates and radicals during
oxidation of VOCs compounds, the main radicals and inter-
mediates were analyzed and the results are shown below.

As shown in Fig. 11, during the oxidation of VOCs
compounds, the hydroperoxyl radicals (HO2) are the main
intermediates in the oxidation process. The possible initial
oxidation of VOCs molecules raised by hydrogen abstraction
reaction could be summarized in Fig. 12 as follows.

The generation of hydroperoxyl radicals starts at the initial
stage of the reaction (several picosecond) and is synchronised
with the decomposition reaction of the VOCs. This suggests that
oxygen molecules are able to react directly with VOCs molecules
in a bimolecular reaction, seizing their hydrogen atoms, form-
ing hydroperoxyl radicals, and contributing to the rapid
cracking and conversion of VOCs molecules at lower tempera-
tures. Cheng et al.20 found the initiation consumption of
toluene is mainly through three ways, namely (1) the hydrogen
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The key radicals produced during VOCs oxidation.

Fig. 12 The initial oxidation of VOCs molecules raised by hydrogen
abstraction reaction.
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abstraction reactions by oxygen molecules or other small radi-
cals to form the benzyl radical, (2) the cleavage of the C–H bond
to form benzyl and hydrogen radicals, and (3) the cleavage of
the C–C bond to form phenyl and methyl radicals. These basic
reaction mechanisms are in good agreement with available
chemical kinetic models.
3.3 The detailed kinetic decomposition of VOCs compounds

Next, the decomposition of VOCs compounds was studied by
detailed kinetic mechanism. There are quite many detailed
kinetic mechanisms that have been developed for the
© 2024 The Author(s). Published by the Royal Society of Chemistry
decomposition and oxidation of hydrocarbons.38,39 The detailed
mechanism established by Richter et al.40,41 contains 296
components and 6663 elementary reactions, which can be
described from the smallest radical H atoms to the largest
carbon black particles with particle diameters up to 0.7 nm. The
mechanism was used for study the decomposition and oxida-
tion of VOCs compounds.

CHEMKIN is a powerful soware package for solving
complex chemical reaction problems, commonly used in the
simulation of combustion processes, catalytic processes,
chemical vapor deposition, plasma and other chemical reac-
tions.42 CHEMKIN is based on three core soware packages,
namely, gas-phase dynamics, surface dynamics, and transfer
processes, and provides models and post-processing proce-
dures for 21 common chemical reactions. In this section,
toluene was used to study the detailed decomposition and
oxidation mechanism for VOCs treatment. The decomposition
and oxidation results at different temperatures are summarized
as follows (Fig. 13).

It can be indicated that toluene decomposed very slow when
temperature was lower than 1100 K under inert atmosphere and
when temperature increased to 1200 K, toluene was quickly
consumed. When treated by oxidation, the decomposition
temperature could be as low as 900 K, with nearly 100%
conversion efficiency. Active oxygen largely improves the
toluene conversion efficiency. Based on the kinetic calculation,
the absolute rate of production for toluene and the reaction
paths are built, as shown in Fig. 14 as follows.

It can be indicated the initial oxidation of toluene molecules
raised by hydrogen abstraction reaction is the dominant step
during toluene oxidation, which signicantly improves the
decomposition efficiency of toluene. Detailed reaction kinetics
studies are consistent with the conclusion of molecular
dynamics mechanism studies.

As mentioned above, the addition of oxygen reduces the
reaction temperature and promotes the pyrolysis reaction of
VOCs. In addition, the addition of oxygen introduced a large
number of active free radicals, O, OH, HO2 and other free
radicals further promoted the further oxidation of pyrolysis
RSC Adv., 2024, 14, 5863–5874 | 5871
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Fig. 13 Thermal decomposition and oxidation of toluene at different temperatures.

Fig. 14 The rate of production for toluene.

Fig. 15 The oxidation of VOCs compounds into CO2 and H2O.
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intermediates, and nally generated CO2 and H2O. The detailed
reactions could be summarized as follows (Fig. 15).
4. Conclusion

VOCs are typical air pollutants as well as gaseous wastes that
contain energy. Fully Utilizing and treating VOCs is currently an
important research hotspot in the eld of atmospheric envi-
ronment. For efficient and low-cost treatment of VOCs, in this
paper, the thermal cracking and oxidation reaction processes of
typical VOCs components were modelled and analyzed by
combining molecular dynamics and detailed reaction mecha-
nisms, focusing on the effects of temperature, oxygen and other
conditions on the conversion of VOCs. The main conclusions
could be summarized as follows:

(1) The results of molecular dynamics studies show that
improving temperature and reaction time benet the decom-
position of VOCs. High temperatures under inert atmosphere
can sufficiently crack the VOCs themselves, but other by-
products are generated, which in turn cause secondary
pollution.

(2) The activation energies derived by ReaxFF-MD calculation
are 328 kJ mol−1, 147 kJ mol−1 and 121 kJ mol−1 for toluene,
5872 | RSC Adv., 2024, 14, 5863–5874
styrene and benzaldehyde respectively, which is consistent with
experimental results.

(3) Oxidative treatment is signicantly more efficient than
high temperature thermal cracking. Under the oxygen atmo-
sphere, the conversion rate of VOCs is greatly increased and the
reaction temperature is signicantly reduced. Meanwhile, the
oxidation reaction fully converts VOCs into non-polluting
products such as CO2 and H2O.

(4) Detailed kinetic studies show that initial oxidation of
toluene molecules raised by hydrogen abstraction reaction is
the dominant step during toluene oxidation, which signicantly
improved the decomposition efficiency of toluene.
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