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ABSTRACT: The production of aromatic hydrocarbons from the
waste tire pyrolysis attracts more and more attention because of its
tremendous potential. Based on styrene-butadiene rubber (SBR),
which is the main rubber in the waste passenger car tires, this work
studies the temperature influence on primary pyrolysis product
distribution by experimental techniques (Py-GC/MS, TG−MS),
and then, the formation mechanism of monocyclic aromatic
hydrocarbons (MAHs) observed in the experiment was analyzed
by first-principles calculations. The experimental results show that
the MAHs during the pyrolysis mainly include styrene, toluene, and
xylene, and subsequent calculations showed that these compounds
were formed through a series of primary and secondary reactions. The formation pathways of these typical MAHs were studied via
the reaction energy barrier analysis, respectively. It shows that the MAHs were not only derived from the benzene ring in the SBR
chain but also generated from short-chain alkenes through the Diels−Alder reaction. The obtained pyrolysis reaction mechanism
provides theoretical guidance for the regulation of the pyrolysis product distribution of MAHs.

1. INTRODUCTION
The recycling and treatment of waste passenger car tires are of
great significance1 to deal with environmental problems caused
by the disposal of waste tires. Pyrolysis is considered to be an
effective way for the utilization of waste passenger car tires.2,3

The waste tires were puts into a high-temperature pyrolysis
reaction kettle in the absence of oxygen, and the gas, char, oil,
and steel components were obtained under controlled
conditions.4,5 In view of the complex composition andmolecular
structure in tires, many chemical reactions are involved in the
pyrolysis process, and the corresponding reaction mechanisms
are also very complicated.6 Nevertheless, in-depth analysis of the
product formation mechanism is still the theoretical basis for
realizing the efficient cascade utilization of waste tire pyrolysis
product.

The waste tire pyrolysis oil (WTPO) is the main product of
tire pyrolysis, and the composition of the oil mainly includes
aliphatic, aromatic, and impurities (sulfur or nitrogen com-
pounds, polycyclic aromatic hydrocarbons).7 Aromatic hydro-
carbons (MAHs) are important high-value components in
WTPO,8 which are mainly generated from the pyrolysis of
styrene butadiene rubber (SBR)9 in passenger car tires.10

Compared with the gas and char components, the study of the
formation mechanism of the oil component is more challenging
due to various reaction pathways. Although the reaction
mechanism involved in the formation of MAHs in the oil is

extremely complicated, researchers are still studying the
molecular mechanism of the pyrolysis process by various
methods. Experimentally, it is possible to determine the type and
distribution of products at different pyrolysis temperatures
through the method of temperature programming combined
with synchronous detection and then to infer the formation
mechanism of some pyrolysis products.11 In addition, the
formation mechanism of different components can also be
studied by real-time tracking of essential elements (such as S and
N) during the pyrolysis.12 However, the complex molecular
structure and composition of the waste tire system bring an
enormous amount of work to the experimental study of the
reaction mechanism.

Apart from the direct experimental characterization, an
efficient way to understand the pyrolysis reaction mechanisms
entails an in-depth analysis of experimental kinetics and
thermodynamics data by the combination of the model-free
and -fitting methods. For example, the third-order reaction
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model was found to efficiently describe the entire pyrolysis of
waste tires as a single process according to the master-plots
method.13 The devolatilization stages including the correspond-
ing sub-stages of waste rubber and polyurethane tires were best
described by the reaction mechanism models.14 Notably, the
artificial neural network-based data analysis was adopted for the
operation optimization.15,16 The theoretical models combined
with experimental data can facilitate a better understanding and
optimization of the pyrolysis of waste tires.17,18 However,
sufficient experimental data are also required for building best-fit
functions. In addition, the lack of key intermediate product data
may also bring difficulties to the analysis of the reaction path.

Computer simulation has always played an indispensable role
in the fields of materials and chemical engineering, especially for
complex systems or processes that are difficult to carry out in
experiment.19,20 The calculation work related to the pyrolysis
process and reaction mechanism of the waste tire system has
reported in recent years, and most of the work is reactive force
field (ReaxFF) molecular dynamics (MD) simulation.21−24 The
ReaxFF MD can efficiently study the product distribution of the
pyrolysis process under different reaction conditions and
provide theoretical guidance on the experiment.21 However,
due to the lack of a set of dedicated ReaxFF parameters for the
waste tire system, it is difficult to use this method to effectively
study the reaction pathway of specific products. In terms of
reaction mechanism research, the density functional theory
(DFT) method can accurately calculate the activation energy of
the chemical reaction in the pyrolysis process and analyze the
reaction kinetics in combination with the corresponding
model.25 Moreover, ab-initio (or first-principles) MD (AIMD)
is formulated in which the potential energy surface is generated
“on the fly” from the instantaneous ground state of the electrons
within DFT. This method can study the dynamic reaction
process within a short, sub-nanosecond physical timescale.
However, there is a lack of systematic first-principles calculations
work on the formation mechanism of key products in the
pyrolysis process of SBR or other polymers in waste tires.

In-depth study of the formation mechanism will provide
theoretical guidance for the modulation of pyrolysis products.
Therefore, this work focuses on the formation mechanism of
MAHs in the pyrolysis of SBR. The SBR is derived from two
monomers, styrene and butadiene. Therefore, we choose styrene
and alkenes as starting reactants for the formation of MAHs,
which are also the primary pyrolysis products observed in the
experiments.26 Generally, hydrogenation, methylation and
dissociation of styrene are the main pathways to generate
subsequent pyrolysis products, while the conversion from
alkenes to MAHs can be via the Diels−Alder reaction pathway.
The SBR was pyrolyzed by Py-GC/MS to obtain the
distribution of pyrolysis products at different temperatures.
On the basis of experiment results, the reaction pathways for the
formation of MAHs were calculated using DFT, and the energy
barriers and reaction energies of these pathways were compared
to determine the difficulty and feasibility of the reaction.

2. METHODS
2.1. Experimental Details. 2.1.1. Materials. The SBR was

randomly sampled from Qingdao ECOSTAR Co., Ltd in
Qingdao of Shandong province. The sample was first cleaned
with deionized water and then was air-dried in the oven at 423 K
for 4 h to eliminate the moisture remaining in the sample. After
then, the rubber sample was ground and sieved through a 16-
mesh screen to gather 1 mm particles, and finally, sample

particles were sealed and stored in a dry environment for
subsequent experiments.

2.1.2. Experimental Method. TG-MS experiments were
performed in a nitrogen atmosphere within the TGA analyzer
(TG 209 Libra, NETZSCH, Germany) coupling with mass
spectrum analyzer (QMS 403 Aeölos Quadro, NETZSCH,
Germany). 15.0 mg of sample particles was put into the Al2O3
crucible and heated from room temperature to the desired
temperature (738 and 758 K) with the heating rate of 10 K/min.
Nitrogen gas (40 mL min−1) was used as the carried gas to
provide an inert atmosphere during the pyrolytic procedure, and
swept gaseous released from the sample pyrolysis in TG into the
MS through a capillary tube heated to about 533 K. The main
products were recorded by MS analyzer. Each experiment was
repeated three times to ensure reproducibility of the result.

Py−GC/MS experiments were carried on in the nitrogen
atmosphere within self-designed pyrolytic instrument (see
Figure S1) coupling with the detection system composed of
GC (gas chromatography, Shimadzu GC-2030, Japan) with a
capillary column (25 m × 0.25 mm, 3 μm film thickness) and
aforementioned MS (scanning range from 1 to 300). The GC
method had been presented in Table S1 in the Supporting
Information. The 50 mL min−1 carrier gas (N2) was first
introduced into the system for 2 h to eliminate O2 resided in the
pipeline; subsequently, it was adjusted to 40 mL min−1.
Moreover, 10.0 g of rubber particles was placed in the fixed
bed preheated to the desired temperature (575, 625, 675, 725,
775, and 825 K); then, the pyrolytic products pass through the
cooling device and the sampler, successively. It is noted that the
sample maintained at a constant temperature of 453 K
comprised a six-way and an eight-way valve. The former has
two mode-sampling and injection, and the latter contains eight
quantification rings, meaning that eight samples can be taken
during the pyrolytic experiment. The cracking oil was collected
from the cooling device and used for subsequent tests, and the
gases in the quantitative loop were analyzed by the GC−MS
system. All the experiments were repeated three times to ensure
the repeatability of the results.

2.2. Simulation Details. All DFT simulations were carried
out for the formationmechanism of aromatic compounds during
pyrolysis of SBR within the framework of the generalized
gradient approximation with the Perdew−Burke−Ernzerh27 of
the functional in the VASP code.28,29 Due to the magnetic
properties of radical species, the spin-polarized effect was
considered in our calculations. The cutoff energy of plane-wave
basis expansion was set to 400 eV. Electronic convergence was
set to 10−4 eV, and geometries were converged to less than 0.05
eV/Å. The effect of vdW interaction was significant for the
reaction mechanism in our precious study.30−35 Therefore, the
DFT-D3 method of Grimme et al.36,37 was utilized to calculate
all the energetics and structures of the intermediates and
transition states (TSs). The PAWwas carried out to describe the
interaction between the core-electron and valence electron. The
structure optimization was calculated using the conjugate-
gradient algorithm. To avoid interactions between system
images, a (15 Å × 15 Å × 15 Å) unit cell was constructed with 1
× 1 × 1 Monkhorst−Pack k-point mesh sampling.38 The TSs
were searched using the method called a constrained
optimization scheme.39−41 The geometries of TSs were
converged to less than 0.05 eV/Å. The TSs were confirmed by
two rules: (i) all forces on atoms vanish; (ii) the total energy is a
maximum along the reaction coordinate but a minimum with
respect to the rest of the degrees of freedom. Vibrational
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Figure 1.Chromatogram of pyrolytic products of SBR at 775 K (about 10.0 g of 1mm samples were cracked with a gas flow rate of 40mLmin−1 in a N2
atmosphere).

Figure 2. Pyrolysis mechanism and reaction energy barrier of chain segments with the benzene ring (a) and alkene (b).
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frequency analyses42 were performed to confirm the integrity of
TSs.

The AIMD simulation was carried out in a canonical (NVT)
ensemble. The temperature of the systems was controlled using
a Nose−Hoover thermostat at 2000 K. The time steps are 0.5 fs
and total steps are 2000 steps.

3. RESULTS AND DISCUSSION
3.1. Analysis of Pyrolysis Product Distribution. The

distribution of pyrolysis products was the basis for the analysis of
subsequent reaction pathways and formation mechanisms.
Therefore, the Py-GC/MS experiments for SBRwere performed
to analyze the distribution of products at different temperatures
(Figure S2), we selected the result of 775 K which was favorable
for MAH generation from the pyrolysis experiment (see Figure
S3), and the results are shown in Figure 1. The main
components of gaseous were composed of alkanes (C2H6,
C3H8, and C4H10) and alkenes (C2H4, C3H6, C4H8, and C4H6).
The most of the alkenes were from scission of β bond and side
chains attached to aromatic hydrocarbon.43,44 Notably, under
the high temperature, these alkenes were unstable and would
transform to the corresponding saturated hydrocarbon by
combining with the dissociative H.5 Compared to the gaseous,
the liquid components were more complex, which comprised
single ring aromatics and a small amount of alkenes. Figure 1
indicated that the main aromatic components were toluene
(10#), xylene (12&14#), styrene (11#) and α-methylstyrene
(17#), and 2,5-dimethylstyrene (23#). Furthermore, these
aromatics were generated from Diels−Alder reactions among
alkenes or secondary reactions of aromatic hydrocarbons.45−47

The detailed reaction mechanisms of alkanes, alkenes, and
aromatics would be discussed later.

3.2. Primary Pyrolysis Mechanism of SBR. The SBR was
formed by the polymerization of styrene and butadiene
monomers. Various compounds were obtained during the
pyrolysis of SBR such as aliphatic, aromatic, and others.

However, prior to studies on the cracking mechanism of SBR,
several pyrolytic experiments were performed to fully under-
stand the influence of reside residence time on pyrolyzates. As
shown in Figure S4, the residence time can only change the
content of the products, but not its composition. It also indicates
that residence time has no influence on the formation
mechanism of pyrolyzates. To study the formation mechanisms
of MAHs in the pyrolysis processes, the primary pyrolysis
mechanism of the SBR chain was examined byDFT calculations.
Limited by the computing power, two kinds of short-chain
segments derived from the SBR chain were considered in the
calculation, one has a benzene ring and the other is alkene
(Figure 2).

3.2.1. Pyrolysis of SBR. The pyrolysis of SBR was the initial
step of the pyrolysis process, which provided the possibility for
the subsequent formation of aromatic compounds and aliphatic
long chains. Therefore, we first studied the C−C bond breaking
mechanism by DFT calculations. The bond energy of the single
bond was much lower than that of the double bond. As for the
first kind of segment (Figure 2a), four possible reaction
pathways were C1−C2, C2−C3, C3−C4, and C5−C6 bond
breaking, respectively. The bond breaking through these
pathways provided reasonable reaction sites for the subsequent
products (aromatic compounds and long aliphatic chains). The
reaction energy barriers for different pathways were also
calculated, it showed that the C−C bond breaking in the
chain segment with benzene ring was a thermodynamically
endothermic process. Moreover, the reaction energies of the
four possible pathways were between 3 and 4 eV. The reaction
energy barriers of C2−C3 (Ea = 3.72 eV) and C3−C4 bond
breaking (Ea = 3.95 eV) were significantly lower than those of
C1−C2 (Ea = 4.56 eV) and C4−C5 bond breaking (Ea = 5.07 eV).
Besides, the reaction energies of C2−C3 (ΔE = 3.15 eV) and
C3−C4 bond breaking (ΔE = 3.81 eV) were also lower than
those of C1−C2 (ΔE = 4.55 eV) and C4−C5 (ΔE = 4.75 eV).
Through the four reactions pathways described above, the chain

Figure 3.Hydrogenation process and reaction energy barrier of (a) styrene and α-methylstyrene; (b) vinyl (pathway 1), propylene (pathway 2), and
butadiene (pathway 3).
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segment with the benzene ring was cleaved into an aromatic
compound with free radicals and an aromatic straight-chain
compound with free radicals. The C2−C3 bond was relatively
easy to break, and the corresponding styrene and butadiene
would be preferentially generated and exist in large quantities.
Our previous work by ReaxFF MD simulation also found that
the single bond connected with a double bond or benzene was
easy to break.22

The other short-chain segment derived from the SBR chain
was the alkene-like segment. This kind of segment was also
unstable at high temperatures and would be further hydro-
genated to short-chain structures, such as ethylene, propylene,
and 1,3-butadiene et al.47 We adopted C9H12 as the alkene-like
segment model to simulate the breaking of the alkene chain.
Three possible reaction pathways are C5−C6, C6−C7, and C2−
C3 bond breaking (Figure 2b), respectively. The C−C bond
breaking in C9H12 was an endothermic reaction process with
high reaction energy barrier. Among these three pathways, the
reaction energies were quite close, and the lowest reaction
energy barrier was 5.35 eV in pathway 3, which was slightly lower
than those of pathway 1 and pathway 2. Therefore, pathway 3 is
more likely to occur and results in the product of 1,3-butadiene.
However, three pathways have similar reaction energies and are
all likely to occur to form corresponding pyrolysis products.

3.2.2. Hydrogenation of Pyrolysis Intermediates. The free
radicals of short chain alkenes and side chains attached to the
aromatic hydrocarbon were unstable and preferred to react with
dissociative H+ generated from the pyrolysis process. The DFT
calculation was applied to study the reaction mechanism
between the H+ and unsaturated hydrocarbons.

According to the pyrolysis mechanism of the chain segment
with the benzene ring, the optimal bond-breaking routes were
pathway 2 and pathway 3 in Figure 2a, which form α-
methylstyrene and styrene intermediates, respectively. As
shown in Figure 3a, pathway 1 was the hydrogenation of the
styrene intermediate, where the reaction energy was −2.49 eV
and the activation energy barrier was 2.37 eV. The energy barrier
for the hydrogenation of α-methylstyrene (pathway 2) was 2.66
eV and the reaction energy was −1.65 eV. Both pathways were
thermodynamically exothermic reactions, in which the energy
barrier for the hydrogenation of the styrene intermediate was
lower than that of the α-methylstyrene intermediate because the
energy barrier for the hydrogenation of unsaturated double
bonds was lower than that for unsaturated single bonds.

After the aliphatic long chain was cracked, six kinds of alkene
intermediates would be formed, which would also be further

hydrogenated to obtain alkene products.48 We simulated the
hydrogenation of shorter-chain product intermediates (ethyl-
ene, propylene, and 1,3-butadiene), and the reaction pathways
and energy barriers are shown in Figure 3b. The hydrogenation
reaction energy barriers of forming butadienyl (pathway 2) and
ethylene (pathway 3) were 2.30 and 2.32 eV, and the reaction
energies were −2.63 and −2.65 eV. The lowest reaction energy
barrier occurred in the propylene hydrogenation reaction
(Pathway 1), and the reaction energy barrier and reaction
energy were 2.23 and −2.71 eV, respectively. These three
pathways were all exothermic in thermodynamics, the hydro-
genation reaction energy barriers of ethylene, propylene, and
butadienyl intermediates were quite close, so all three pathways
could occur in the reaction process.

3.3. Conversion of Aromatic Products from Rubber
Pyrolysis. In addition to styrene and α-methylstyrene, other
aromatic products, such as cumene and phenylethane, would be
detected during the SBR pyrolysis process. Therefore, we
simulated the subsequent reactions starting from α-methylstyr-
ene or styrene, which were the main products of SBR pyrolysis.

3.3.1. Hydrogenation of α-Methylstyrene. The hydro-
genation of α-methylstyrene was first studied by DFT
calculations. As shown in Figure S5, by comparing the reaction
energy barrier, it was found that the first step of hydrogenation
occurs at the C1 site (Ead1

= 2.38 eV), and the second step occurs
at the C2 site. The calculated energy barriers for α-methylstyrene
to generate isopropylbenzene through two-step hydrogenation
reactions were 2.38 and 2.87 eV, respectively. This result
indicated that the second hydrogenation step had a higher
reaction energy barrier, so it was the decisive step in this reaction
path. In addition, the reaction energy of this step was −1.42 eV,
which was an exothermic reaction. Finally, we concluded the
hydrogenation reaction mechanism of α-methylstyrene through
the comparison of energy barrier. Because of the conjugate
structure formed by the double bond and the benzene ring, the
first step of hydrogenation would occur at the C1 position near
the benzene ring to break the conjugate structure, followed by
the second step of hydrogenation at the C2 position.

3.3.2. Hydrogenation, Decomposition, and Methylation of
Styrene. For the subsequent reaction starting from the styrene,
as shown in Figure 4a, we considered three possible reactions
pathways. The styrene could be hydrogenated, decomposed,
and methylated to obtain ethylbenzene, benzene, and β-
methylstyrene, respectively. For the hydrogenation reaction
(pathway 1), the calculated reaction potential energy is shown in
Figure 4b. The second hydrogenation step has a higher reaction

Figure 4. Hydrogenation, decomposition, and methylation of styrene. (a) Mechanism; (b) energy barrier.
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energy barrier (Ead2
= 2.82 eV) than the first hydrogenation step

(Ead1
= 2.32 eV), which was the rate-determining step in this

reaction path. The reaction energy of this path was −1.42 eV,
which was an exothermic process. Consistent with the reaction
results of the formation of isopropylbenzene from α-
methylstyrene, the first step of hydrogenation was also carried
out on C1 (Ead1

= 2.32 eV), which further confirmed the
hypothesis that the C near the benzene ring was easier to be
hydrogenated.

For the reaction in which styrene was decomposed to obtain a
benzene ring (pathway2), there were mainly two possible
decomposition mechanisms: (1) first hydrogenation and then
breaking the C−C bond; (2) first breaking the C−C bond and
then hydrogenation. We compared the energy barrier results of
these two mechanisms, which showed that the energy barrier of
C−C bond breaking is higher than the first step hydrogenation,
and then, the hydrogenation was more likely to occur (Ead1

= 2.46
eV). The styrene was difficult to be destroyed due to the
conjugated large π structure. If a hydrogen radical was
introduced to attack the styrene first, the large π bond could
be easily broken. Further analysis of the potential energy
diagram showed that the reaction energy of the decomposition
was 2.35 eV, which was an endothermic reaction. The energy
barrier of the reverse reaction was lower than that of the forward
reaction and the reverse reaction was exothermic. Therefore, the
reaction tended to occur in the reverse direction, that is, styrene
was formed from the reaction between benzene and ethylene.

Large amounts of methyl radicals provided a favorable
environment for methylation reactions. The methyl radicals
and hydrogen radicals were also among the main products
during the pyrolysis process by reaction MD.49 For the
methylation reaction (pathway 3), we also simulated two
possible reaction mechanisms: (1) addition of methyl first and
then dehydrogenation; (2) dehydrogenation first and then
addition of methyl. The reaction energy barrier of the first step in
mechanism 1 was 0.27 eV, which was much lower than that of
the first step in mechanism 2, indicating that the reaction
pathway of adding methyl first was more feasible. This was
because the introduction of methyl radicals led to the opening of
double bonds and then free radicals were formed at the C2

position to combine with CH3, so the free radicals at C1 position
formed a double bond structure with C2 after the removal of an
H from C2.

3.4. Synthesis of Aromatic Compounds from Aliphatic
Chain Products. Apart from the formation of aromatics, a
series of alkenes were generated in the pyrolysis processes of
SBR. Short-chain alkenes among them would be further formed
into the cycloalkenes through the Diels−Alder reactions, and
then, cycloalkenes were formed into aromatics through
dehydrogenation. To explore these reaction processes, the
SBR sample was pyrolyzed at 557, 625, 675, 725, 775, and 825 K,
respectively. The normalized peak-area of the GC profile can
represent the relative content of the product components.50

Moreover, the pyrolytic residual from low temperature was
further pyrolyzed at a higher temperature to eliminate influence
from previous pyrolysis, and these results are displayed in Figure
5.

Figure 5. Contents of product components at different temperatures: (a) <C5; (b) C6−C7; and (c) C8−C9 (10.0 g of 1 mm sample was cracked
under a N2 atmosphere with 40 mL min−1 flow rate).
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Figure 5a−c indicted that the content of short-chain alkenes
(<5) presents a decline trend from 575 to 650 K and reaches its
maximum at 725 K and then declines in the period between 725
and 775 K. However, the increment of cyclohexene, 4-
methylcyclohexene, benzene, toluene, and styrene appear a
secondary peak and peak shoulders at the same temperature
range. Combined with previous experimental studies and
previous reports,44 it can be inferred that the decreasing
amounts of alkenes at 575−650 and 725−750 K are mainly
transformed into benzene, toluene, and styrene through Diels−
Alder reactions. Therefore, DFT was used to calculate the
possible reaction pathways to explore the complex alkene
conversion processes. The detailed processes are as follows.

3.4.1. Synthesis of Cycloalkene by Addition of Alkene.
Three reactions to synthesize cycloalkenes from short-chain
alkenes were calculated by DFT. As shown in Figure 6,

cyclohexene, 4-methylcyclohexene, and 4-vinylcyclohexene
were synthesized in three reactions, respectively. The highest
reaction energy barrier of 2.50 eV for reaction 2 occurred in the
first reaction step, which was lower than that of reaction 1 and
reaction 3. Among the three reactions, only reaction 3 is
endothermic. The highest energy barrier of 2.93 eV occurred in

reaction 1. In these reactions, the trans-1,3-butadiene always
transformed to the cis configuration first and then connected
with the C at one end of the double bond of the alkene to form a
long-chain intermediate. After that, the intermediate bonded to
the other end of the double bond C to form the cycloalkene.
This phenomenon also consisted with the published work that
the trans conformation of 1,3-butadiene reacted with alkene was
more difficult than the cis conformation in the Diels−Alder
reaction.51,52 Among these three reactions, reaction 2 had the
lowest reaction energy barrier, the highest exothermic heat, and
the best reactivity. Therefore, the content of 4-methylcyclohex-
ene was the highest in the cycloalkene product of alkene
synthesis.

3.4.2. Dehydrogenation of Cyclic Alkenes to Synthesize
Aromatic Hydrocarbons. The cycloalkene product obtained by
alkene addition needs to go through four steps of dehydrogen-
ation to obtain the aromatic product, so the DFT calculations
were carried out for the cycloalkene dehydrogenation reaction.
For the cyclohexene, 4-methylcyclohexene, and 4-vinylcyclo-
hexene (Figure 6), we calculated the energy barriers of each step
of the dehydrogenation reaction, respectively.

As shown in Figure 7 and Table S2, for cyclohexene
dehydrogenation (reaction 1), the first dehydrogenation site
always occurred at the C closest to the double bond. The second
dehydrogenation formed a double bond and thus a stable
conjugated structure was obtained. Finally, a benzene ring is
formed after these four steps, and the highest energy barrier was
3.41 eV occurred in the first step. For 4-methylcyclohexene
dehydrogenation (reaction 2), there were four possible sites for
the first dehydrogenation step. The simulation result showed
that the optimal dehydrogenation site for the first step is C1 with
an energy barrier of 4.15 eV. Using the same method, the
optimal dehydrogenation sites for the rest three steps are C2, C4,
and C3 in order, with energy barriers of 2.13, 3.43, and 1.28 eV,
respectively. For the dehydrogenation of 4-vinylcyclohexene
(reaction 3), the optimal dehydrogenation sites for the four
steps are C2, C1, C4, and C3 in order, and the highest energy
barrier was 3.36 eV. According to the energy barrier analysis, the
most likely reaction among the three routes was reaction 3, and
the final product is styrene.

Besides, we also calculated the reaction route of benzene ring
methylation to toluene. The methylation reaction of benzene
had a very low energy barrier (Ead1

= 0.21 eV, Ead2
= 1.19 eV) and a

Figure 6. Reaction energy barrier diagram of three alkene synthesis of
cycloalkene.

Figure 7. (a) Transition, initial, and final state structure of aromatics synthesized by cyclic alkene dehydrogenation; (b) reaction energy barrier
diagram of cyclic alkenes dehydrogenation to aromatic hydrocarbons.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04994
ACS Omega 2022, 7, 42890−42900

42896

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04994/suppl_file/ao2c04994_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04994?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04994?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04994?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04994?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04994?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04994?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04994?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04994?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


large exotherm (ΔE = −1.87 eV), it means that the benzylation
reaction is easy to carry out to form toluene, and toluene was also
the final product of reaction 2. Therefore, we judged that the
content of styrene and toluene are both higher than that of
benzene in the aromatic products formed from aliphatic chains.
This conclusion was also consistent with the experimental
results (Figure 1).

3.4.3. Toluene Methylation Reaction. In addition to toluene,
products such as xylene and trimethylbenzene were monitored
in the pyrolysis experiment of SBR, and we also concerned about
the formation of xylene and trimethylbenzene. FromFigure 5b,c,
we can see that the increment of toluene decreases rapidly at
765−785K, while the increment of xylene and trimethylbenzene
have a peak shoulder in the corresponding temperature range.
Comprehensive analysis showed that toluene was converted into
xylene and trimethylbenzene through methylation at this
temperature, and xylene was also converted into trimethylben-
zene when it was generated. The reaction pathway was simulated
theoretically by means of DFT and AIMD.

First, we carried out a theoretical simulation of the
methylation reaction of toluene, which included four reaction
pathways and five different products. As shown in Figure 8a. The
first methylation reaction of toluene yields three different xylene
products (o-xylene, m-xylene, and p-xylene). The o-xylene was
further methylated to synthesize 1,2,3-trimethylbenzene, while
the m-xylene was methylated to form 1,2,3-trimethylbenzene
and 1,2,5-trimethylbenzene via two different reaction pathways.
It can be seen from Figure 8b that the four pathways were all
exothermic reactions. The highest energy barrier of two-step
methylation of pathway 3 was 1.19 eV, which was lower than that
of other pathways. Moreover, the reaction energies of the two-
step methylation of pathway 3 were −1.86 and −1.87 eV,
respectively. Therefore, toluene was easily transformed into m-
xylene through the first step of methylation and then into
mesitylene. For the toluene methylation reaction, the reaction
mechanism is consistent with the previousmethylation reactions
in Section 3.3.2, that is, the C site was first attacked by themethyl
radical followed by the dehydrogenation reaction.

Figure 8. (a) Reaction pathway and reaction rate of methylation reaction of toluene; (b) energy barrier diagram of the toluene methylation reaction.

Figure 9. AIMD simulation results of toluene methylation reaction to form (a) 1,3-dimethylbenzene and (b) 1,2-dimethylbenzene.
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To have a deep understanding of toluene methylation, we also
calculated the reaction kinetics of toluene methylation and
obtained the reaction rate of each step. As shown in Figure 8a,
the reaction rate of toluene in the first step was on the order of
the sixth power of ten, and the reaction rate of trimethylbenzene
formation in the second step was on the order of the fourth
power of ten. According to the energy barrier and kinetic
analysis, the methylation reaction rate of toluene in the first step
was higher than that in the second step, which results in high
content of xylene in the final products. Among them, pathway 3
has the fastest reaction rate, it indicated that the content of
mesitylenes would be higher than that of 1,2,3-trimethylben-
zene. Li et al. also discussed that methyl benzenes and
mesitylenes had a high proportion in aromatic hydrocarbons.44

AIMD simulations were able to present an intuitive dynamic
process of toluene methylation reaction. As shown in Figure 9,
AIMD simulations were performed for the first step methylation
reactions in pathway 1 and pathway 3 (Figure 8). The
methylation reaction of toluene is achieved by three steps.
First, the free methyl radical in the environment approached C
on the benzene ring; second, the H in the toluene gradually falls
off; and third, the H freely combines with the free methyl group
to form methane. The AIMD results verify that this simulation
pathway is reasonable.

4. CONCLUSIONS
To understand the formation mechanism of aromatic hydro-
carbons is important for WTPO upgrading into an alternative
fuel, which is the main strategy for the application of this oil up
until now. Starting from the SBR chain, this work uses
experimental methods to explore the product distribution at
different temperatures and studies the formation mechanism of
important MAHs by DFT and AIMD calculations. The
theoretical calculations are in good agreement with experimental
results. The important conclusions are as follows:

1 The styrene, toluene, and xylene are the main MAHs
produced by the pyrolysis of SBR in the experiment. This
result was also confirmed in the following theoretical
calculations due to the different bond breaking sites and
secondary reactions.

2 Aromatic products in rubber pyrolysis are obtained not
only directly from SBR pyrolysis but also from short-chain
alkenes through the Diels−Alder reaction to synthesize
cyclic alkenes, followed by dehydrogenation. In the case
of cyclic olefin dehydrogenation, it always occurs
preferentially on the C adjacent to the double bond,
followed by further dehydrogenation to form the double
bond, and thus, the main dehydrogenation product is
toluene.

3 The aromatic products are possibly further converted into
other aromatic products through methylation and hydro-
genation reactions. For the mechanism of the methylation
reaction, we conclude from the energy barrier analysis
obtained by DFT and AIMD calculations that the C atom
is always attacked by the methyl radical first, and then, the
H atom is gradually dissociated. The hydrogenation
reaction always hydrogenates the C at the α position first
and then the β position.
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