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Abstract: As an emerging environmentally friendly fuel, biodiesel has excellent fuel properties
comparable to those of petrochemical diesel. Oleic acid methyl ester, as the main component of
biodiesel, has the characteristics of high cetane number and low emission rate of harmful gases.
However, the comprehensive chemical conversion pathway of oleic acid methyl ester is not clear.
In this paper, the reactive force field molecular dynamics simulation (ReaxFF-MD) method is used
to construct a model of oleic acid methyl ester pyrolysis and combustion system. Further, the
chemical conversion kinetics process at high temperatures (2500 K–3500 K) was studied, and a
chemical reaction network was drawn. The research results show that the density of the system has
almost no effect on the decomposition activation energy of oleic acid methyl ester, and the activation
energies of its pyrolysis and combustion processes are 190.02 kJ/mol and 144.89 kJ/mol, respectively.
Ethylene, water and carbon dioxide are the dominant and most accumulated products. From the
specific reaction mechanism, the main pyrolysis path of oleic acid methyl ester is the breakage of
the C-C bond to produce small molecule intermediates, and subsequent transformation of the ester
group radical into carbon oxides. The combustion path is the evolution of long-chain alkanes into
short-carbon-chain gaseous products, and these species are further burned to form stable CO2 and
H2O. This study further discusses the microscopic combustion kinetics of biodiesel, providing a
reference for the construction of biodiesel combustion models. Based on this theoretical study, the
understanding of free radicals, intermediates, and products in the pyrolysis and combustion of
biomass can be deepened.

Keywords: methyl oleate; ReaxFF-MD; biodiesel; high temperature chemical conversion

1. Introduction

Biodiesel is mainly produced through catalytic hydrogenation of waste vegetable oil
and the transesterification reaction between alcohol and vegetable oil. Among them, fatty
acid methyl esters, as a common component, can be used as an alternative to traditional
fossil fuels [1,2]. Although biodiesels with different components have different physical
properties, their combustion characteristics are not inferior to those of traditional diesel,
and their carbon emissions are lower [3–6]. Biodiesel usually includes a mixture of various
long-chain saturated and unsaturated fatty acid alkyl esters [7,8]. The main fatty acid
methyl esters include methyl oleate (C19H36O2), methyl linoleate (C19H34O2), methyl
linolenate (C19H32O2), methyl palmitate (C17H34O2), and methyl stearate (C19H38O2) [9,10].
Compared with traditional fossil fuels, biodiesel has a wide range of raw material sources,
is renewable, has a high fuel calorific value, and has no toxic gas emissions, making it a
strong competitor among traditionally available fuel products [11].

As the most important component of biodiesel, methyl oleate has a high cetane num-
ber (CN) and low harmful gas emission characteristics [12–14]. Niu et al. [15] studied the
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thermal degradation performance of methyl oleate through different degradation and con-
version methods and calculated the apparent activation energy. Campbell et al. [16] studied
the ignition kinetics mechanism of methyl oleate and measured the shock tube ignition
delay time of pure methyl oleate. Soloiu et al. [17] determined the cetane number and
apparent heat release rate of methyl oleate and found that the apparent heat release rate of
methyl oleate is already similar to that of biodiesel. The above studies confirm the potential
of methyl oleate as biodiesel. Wang et al. [18] selected methyl oleate as a model compound
of biodiesel and analyzed the thermal transformation behavior under the action of copper
slag, which provided a reference for the study of the reaction characteristics of biodiesel
alternative fuels. Naik et al. [19] proposed a new reaction mechanism for biodiesel based
on the combustion experiments of methyl oleate and methyl stearate. The research shows
that methyl oleate has excellent combustion reactivity and advantages as an alternative fuel.
However, the existing experimental methods are difficult to fully and comprehensively
reveal the C19H36O2 reaction mechanism, and its microscopic reaction network needs to be
studied. Therefore, a more detailed exploration of the kinetic mechanism is required.

The Reaction force field Molecular Dynamics (ReaxFF-MD) method, developed by Van
Duin et al., describes the formation and transformation of substances based on the atomic
level, and is a molecular simulation method for describing chemical reaction processes [20].
Compared with the traditional density functional theory (DFT) method, ReaxFF-MD has
the advantages of fast calculation speed and large calculation system while ensuring the
accuracy of the calculation [21]. In addition, it is widely used to study the pyrolysis or
combustion processes of various substances [22,23]. Liu et al. [24] used ReaxFF-MD to study
the isothermal pyrolysis process of polycarbonate, reproduced the experimental pyrolysis
products, and verified the reliability of the reaction force field. Zheng et al. [25] simulated
the pyrolysis process of palm kernel oil and obtained two different pyrolysis paths of its
main component triglycerides at high temperatures. Zhang et al. [26] took RP-3 as the
model compound to study the pyrolysis, dehydrogenation and coking processes during
its combustion process, and proposed the “core-shell structure” model of coke formation.
Goncalves et al. [27] obtained detailed reaction kinetic parameters of the pyrolysis and
combustion processes of jet fuel through the ReaxFF force field. The results show that
this method can accurately evaluate the species conversion behavior of the combustion
system. Wang et al. [28] used molecular dynamics to study the weak oxidation mechanism
of methyl in the process of diesel alternative fuel and obtained the complex reaction
details. Sun et al. [29] used the ReaxFF-MD method to study the pyrolysis and combustion
process of methyl palmitate, obtained its pyrolysis and combustion activation energy,
and proposed the reaction mechanism of methyl palmitate. Sui et al. [8] described the
mechanism of the effect of double bonds on the formation of long-chain intermediates
by analyzing the initial reaction path of methyl linoleate. Li [30] obtained the reaction
network of ethyl butyrate under high temperature conditions through the ReaxFF-MD
method. Li [31] conducted experiments and employed ReaxFF-MD methods to explore the
flame propagation characteristics and reaction mechanism of stearic acid under different
conditions. The above research results prove that the ReaxFF-MD method is suitable for
exploring the high-temperature transformation process of methyl oleate.

In this paper, the pyrolysis and combustion processes of methyl oleate under different
system densities and temperatures are simulated based on the reactive force field molecular
dynamics simulation method. By analyzing the high-temperature conversion mechanism
and chemical reaction network, the quantitative distribution rules of its main products are
obtained, and the chemical conversion process is qualitatively studied. Temperature is the
main factor affecting the chemical reactivity and product distribution of methyl oleate, and
the activation energy of the combustion reaction is lower than that of the pyrolysis reaction.
These results will further enhance our understanding of the mechanism underlying the
pyrolysis and combustion process of biodiesel.
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2. Models and Methods

In order to investigate the influence of factors such as density, temperature and O2
content on the reaction process, the pyrolysis and combustion models of C19H36O2 are firstly
constructed, and the constructed reaction models are shown in Figure 1. The pyrolysis
model includes 30 amorphous C19H36O2 molecules, and the combustion model includes
810 oxygen molecules in addition to 30 methyl oleate molecules. All models have periodic
boundary conditions, as shown in Figure 1.
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Figure 1. Molecular models of C19H36O2 and C19H36O2/O2.

It is essential to select an appropriate reactive force field for ReaxFF-MD simulations.
In this paper, the C/H/O force field parameters developed by Chenoweth [32] are used
to simulate the pyrolysis and combustion processes of C19H36O2, and all calculations are
performed in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software [33].

To investigate the reaction mechanisms, the models are first minimized to eliminate
atomic overlap, followed by low-temperature relaxation at 300 K for 200 ps using the
constant volume–temperature (NVT) ensemble to achieve a stable configuration. During
the relaxation process, a time step of 0.1 fs, a Berendsen temperature control method, and
a temperature damping constant of 0.1 ps are selected. Subsequently, the NVT ensemble
is selected to simulate the pyrolysis and combustion processes of the studied system for
200 ps with a time step of 0.1 fs.

During the simulation, the first step is to conduct a heating and isothermal simulation
of methyl oleate, with a heating rate of 20 K/ps, followed by a 100-ps isothermal period at
3000 K to determine the impact of system density. Subsequently, the isothermal combustion
process of methyl oleate in an oxygen atmosphere was studied, and the specific details
are shown in Table 1. Finally, according to the trajectory file and product file generated
from the simulation for post-processing, the reaction pathway is analyzed using the Reac-
NetGenerator software [34], and visualization analysis is performed through the OVITO
software [35].

Table 1. Simulation details.

System Process T (K) Duration (ps) Density (g/cm3)

30 C19H36O2 Pyrolysis 300–3000 + 3000 135 + 100

0.47
0.67
0.87
1.07

30 C19H36O2 + 810 O2 Combustion

2000

200 0.87
2500
3000
3500
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3. Results and Discussion
3.1. Influence of Density on the Reaction Rrocess

In molecular dynamics simulations, the initial decomposition pathways of methyl
oleate mainly include the decomposition of ester groups and C-C bond cleavage, and the
different numbers of these molecular species can be used to evaluate the decomposition
mechanism of methyl oleate. Figure 2 shows the curves of the number of methyl oleate
decomposed at different system densities during pyrolysis. Under the system densities of
0.47 g/cm3, 0.67 g/cm3, 0.87 g/cm3, and 1.07 g/cm3, methyl oleate begins to decompose
during the heating process. However, from the heating curves, the initial pyrolysis time
and temperature of methyl oleate show only small differences. At a heating rate of 20 K/ps,
the initial decomposition temperatures are 1578.60 K, 1621.00 K, 1584.40 K, and 1600.00 K,
respectively, and the corresponding initial pyrolysis times are 63.93 ps, 66.05 ps, 64.22 ps,
and 65.00 ps. From the statistical results, taking the conventional density as a reference,
the maximum deviation rate of pyrolysis temperature under different system densities at
this temperature rise is only 2.31%, indicating that the system density has little influence
on the pyrolysis of methyl oleate under these conditions. From the pyrolysis curves,
it can be observed that when the temperature rises above 1500 K, the pyrolysis curves
become steeper, and all methyl oleate molecules are consumed within 117.87 ps, with the
decomposition temperature at approximately 2657.40 K, and the decomposition rates of
different decomposition curves are similar.
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However, for the combustion process, oxygen effectively promotes the intensity of
the forward combustion reaction, and the slope of the number evolution curve of methyl
oleate is steeper. Under different system densities, when oxygen participates in the reaction,
the initial decomposition times of methyl oleate are 62.24 ps, 56.99 ps, 40.09 ps, and
52.72 ps, and the initial decomposition temperatures are 1544.81 K, 1533.20 K, 1101.80 K, and
1354.20 K, respectively, with the decomposition time being advanced and the decomposition
temperature being lowered, as shown in Figure 3. Under the system densities of 0.47 g/cm3,
0.67 g/cm3, 0.87 g/cm3, and 1.07 g/cm3, the times for the initial consumption of methyl
oleate are 103.66 ps, 93.51 ps, 97.80 ps, and 98.82 ps, respectively.

By comparing the pyrolysis and combustion processes, it can be observed that the
decomposition temperature in the combustion process is lower than that in the pyrolysis
process. From the curves of the number of methyl oleate, the slopes of the number evolution
curves at different system densities are similar, and the distribution of the four curves does
not show significant differences. Comprehensive analysis of the pyrolysis and combustion
processes at different system densities reveals that for the pyrolysis process, the time range
from the start of decomposition to the complete decomposition of the first stage of methyl
oleate is within 60 ps to 120 ps, while for the combustion process, it is within 60 ps to
100 ps. The results indicate that for the initial decomposition reaction, the increase in system
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density hardly changes the decomposition activation energy. That is, the system density
has little influence on the evolution of the initial decomposition quantity of the reactants,
which is similar to the influence characteristics of CL-20 [36].
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3.2. Based on the ReaxFF-MD Method for Calculating Ea

Figure 4 shows the time evolution and quantity change of C19H36O2 pyrolysis and
combustion processes at different temperatures. The decomposition rate of C19H36O2
accelerates with increasing temperature. As shown in Figure 4a,b, during the pyrolysis
process, the initial decomposition times of C19H36O2 at 2000 K, 2500 K, 3000 K, and 3500 K
are 3.66 ps, 1.55 ps, 0.44 ps and 0.25 ps, respectively. C19H36O2 is completely decomposed
at all temperatures, and the total decomposition times are 179.98 ps, 39.25 ps, 4.58 ps
and 2.37 ps, respectively. At 3500 K, both the initial decomposition time and the total
consumption time are shorter than those at 2000 K.
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In addition, the initial decomposition time and the total consumption time of C19H36O2
in the combustion process are both earlier than those in the pyrolysis process. Especially
at 2000 K and 2500 K, the time required for complete decomposition of C19H36O2 in the
combustion process is 56.8% and 65.2% shorter than that in the pyrolysis process, respec-
tively. Compared with the above two temperature conditions, the complete decomposition
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efficiency at 3000 K and 3500 K is lower. That is, the presence of O2 shortens the initial
decomposition time of C19H36O2 and accelerates the decomposition rate. However, when
the temperature rises to 3000 K, the main factor affecting the decomposition of C19H36O2 is
temperature, and O2 is a secondary factor.

To study the reaction kinetics characteristics of C19H36O2, the reaction rate constant k
of C19H36O2 is obtained, which is based on the curve of time–number change of C19H36O2.
Then, based on the Arrhenius equation, the activation energies, Ea, for the pyrolysis and
combustion reactions are calculated. The first-order exponential decay equation is shown
in Equation (1).

ln N0 − ln Nt = k(t − t0) (1)

where N0 is the number of C19H36O2 at the initial moment, taking N0 = 30, t0 is the time
when decomposition begins, and Nt is the number of C19H36O2 at time t.

The calculated k1 and k2 of C19H36O2 in the pyrolysis and combustion processes were
then used to calculate Ea through the Arrhenius equation, as shown in Equation (2).

k = A exp(−Ea/RT) (2)

where T is the temperature, R is the gas constant, and A is the pre-exponential factor.
Figure 5 shows the fitting relationship between the reaction rate and temperature of

C19H36O2. Compared with the low-vapor-pressure ignition delay experiment of methyl
oleate, in which the measured activation energy for the combustion of methyl oleate is
152.36 kJ/mol [37], the activation energies, Ea, for the pyrolysis and combustion processes of
C19H36O2 obtained by fitting in this study are 190.02 kJ/mol and 144.89 kJ/mol, respectively,
with an error result of 5.2%. This proves the rationality of the model constructed in this
paper and the accuracy of the simulation results.
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3.3. Influence of Temperature on Products

The main pyrolysis products at different temperatures are shown in Figure 6. It can
be seen that the main pyrolysis products of C19H36O2 include C2H4, H2, CO2 and CH4,
etc. Among them, C2H4 is the most dominant product at all four temperatures, and its
amount increases rapidly in a short period of time. At 3000 K and 3500 K, the number of
C2H4 shows a trend of increasing first and then decreasing, while at 2000 K and 2500 K, its
number keeps increasing. All in all, the quantity change law of ethylene is characterized
by a rapid increase in the early stage, and a decrease in the growth rate when the reaction
proceeds to the later stage. The final accumulated quantities of ethylene molecules are
70, 96, 63 and 35, respectively. With the increase in temperature, the reaction activity
of ethylene molecules is enhanced, and thus it will further react with other species and
be consumed.



Energies 2024, 17, 3536 7 of 14

Energies 2024, 17, x FOR PEER REVIEW 7 of 14 
 

 

increases rapidly in a short period of time. At 3000 K and 3500 K, the number of C2H4 
shows a trend of increasing first and then decreasing, while at 2000 K and 2500 K, its num-
ber keeps increasing. All in all, the quantity change law of ethylene is characterized by a 
rapid increase in the early stage, and a decrease in the growth rate when the reaction pro-
ceeds to the later stage. The final accumulated quantities of ethylene molecules are 70, 96, 
63 and 35, respectively. With the increase in temperature, the reaction activity of ethylene 
molecules is enhanced, and thus it will further react with other species and be consumed. 

 
Figure 6. Main pyrolysis products at different temperatures: (a) 2000 K, (b) 2500 K, (c) 3000 K and 
(d) 3500 K. 

CH4 and C3H6 are the main small molecule intermediate products. The number of 
CH4 increases gradually with the increase in temperature, from 16 at 2000 K to 60 at 3500 
K, presenting an almost four-fold increase. The number of C3H6 remains below 20 at all 
temperatures, indicating that the generated C3H6 will further decompose to form other 
products. 

As shown in Figure 7a,b, no H2O, H2 and CO products are generated at 2000 K, but 
as the temperature increases, these products begin to appear and continuously increase. 
Among them, the change in the number of H2 is the most obvious, and the numbers are 8, 
37 and 47 at 2500 K, 3000 K and 3500 K, respectively. When the simulation proceeds to a 
certain extent, its number shows a dynamic constant state, that is, the generation and con-
sumption of hydrogen in the middle stage of the reaction should be dynamic. As can be 
seen from Figure 7c,d, at 3500 K, at the end of the simulation, the number of CO2 is far less 
than that of CO, and when the number of CO increases, the number of CO2 decreases, 
indicating that more free radical reaction generates CO with a greater probability in the 
reaction process. It can be seen from Figure 7c,d that at the end of the simulation at 3500K, 
the amount of CO is much less than that of CO2. As the reaction time elapses and the 
amount of CO2 increases, the amount of CO decreases, indicating that not only carbon 
atoms are oxidized to form CO2 in this process, but also CO is oxidized. 

There are many free radicals, intermediate products and stable products generated 
during the combustion process of C19H36O2. Figure 7 shows the main combustion products 
at different temperatures. The main combustion products of C19H36O2 at different temper-
atures include CH2O, H2O, CO2 and C2H4, etc. 

As a typical intermediate product, the characteristic of the number curve of C2H4 is 
to increase first and then decrease, and the higher the temperature, the more obvious the 
peak characteristics, and the earlier it reaches the peak value. When the temperature is 
higher than 3000 K, ethylene is rapidly consumed and the number decreases rapidly to 0. 

Figure 6. Main pyrolysis products at different temperatures: (a) 2000 K, (b) 2500 K, (c) 3000 K and
(d) 3500 K.

CH4 and C3H6 are the main small molecule intermediate products. The number
of CH4 increases gradually with the increase in temperature, from 16 at 2000 K to 60 at
3500 K, presenting an almost four-fold increase. The number of C3H6 remains below
20 at all temperatures, indicating that the generated C3H6 will further decompose to form
other products.

As shown in Figure 7a,b, no H2O, H2 and CO products are generated at 2000 K, but
as the temperature increases, these products begin to appear and continuously increase.
Among them, the change in the number of H2 is the most obvious, and the numbers are
8, 37 and 47 at 2500 K, 3000 K and 3500 K, respectively. When the simulation proceeds to
a certain extent, its number shows a dynamic constant state, that is, the generation and
consumption of hydrogen in the middle stage of the reaction should be dynamic. As can
be seen from Figure 7c,d, at 3500 K, at the end of the simulation, the number of CO2 is far
less than that of CO, and when the number of CO increases, the number of CO2 decreases,
indicating that more free radical reaction generates CO with a greater probability in the
reaction process. It can be seen from Figure 7c,d that at the end of the simulation at 3500 K,
the amount of CO is much less than that of CO2. As the reaction time elapses and the
amount of CO2 increases, the amount of CO decreases, indicating that not only carbon
atoms are oxidized to form CO2 in this process, but also CO is oxidized.

There are many free radicals, intermediate products and stable products generated
during the combustion process of C19H36O2. Figure 7 shows the main combustion prod-
ucts at different temperatures. The main combustion products of C19H36O2 at different
temperatures include CH2O, H2O, CO2 and C2H4, etc.

As a typical intermediate product, the characteristic of the number curve of C2H4 is to
increase first and then decrease, and the higher the temperature, the more obvious the peak
characteristics, and the earlier it reaches the peak value. When the temperature is higher
than 3000 K, ethylene is rapidly consumed and the number decreases rapidly to 0. The
increase in temperature accelerates the decomposition of C2H4, making it fully react in a
short period of time.

For CH2O, its quantity change law is similar to that of C2H4, but shows some differ-
ences at different temperatures. At 2000 K and 2500 K, there are two stages. The first stage is
the growth stage, and the number of CH2O keeps increasing; the second stage is the stable
stage, and the number of CH2O fluctuates within a small range. The maximum number
of CH2O at 2000 K is 75. However, as the temperature increases, CH2O is decomposed or
participates in the reaction in large quantities, and its number gradually decreases, and it is
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completely consumed at 154.5 ps at 3500 K. The higher the temperature, the smaller the
number of CH2O in the growth and stable stages, and the high temperature promotes the
decomposition process.
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Figure 8 shows the distribution of C2H4 at different temperatures in the pyrolysis and
combustion processes. It can be seen from Figure 8a,b that in the pyrolysis process, there is
a residual of C2H4 at the end of the simulation at all temperatures, and except at 2000 K,
the residual amount of C2H4 decreases gradually with the increase in temperature. While
in the combustion process, due to the participation of O2, the reaction is more violent, and
the consumption rate of C2H4 greatly increases, so there is less ethylene remaining. At
3000 K and 3500 K, C2H4 is completely consumed at 137.69 ps and 51.26 ps, respectively.
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Figure 9 shows the distribution curve of H2 in the pyrolysis and combustion processes
at different temperatures. At lower temperatures, there is less production of H2 during
pyrolysis, which may be due to the short simulation time and insufficient time for the H2
generation reaction to occur. With the increase in temperature, the number of H2 shows an
increasing trend, with 3, 8, 37 and 47 at 2000 K, 2500 K, 3000 K and 3500 K, respectively.
In the combustion process, H2 is generated at all temperatures, but the quantity is much
lower than that in the pyrolysis process, and it is completely consumed before 150 ps. In
the combustion process, due to the presence of O2, the generated H2 reacts with O2 to form
stable products H2O.
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The number distribution of the main combustion products of C19H36O2 at different
temperatures is shown in Figure 10. The number of H2O is the largest among all the
products, and the generation rate gradually increases with the increase in temperature. At
3500 K, the number of H2O increases rapidly within 50 ps, remains stable at 150 ps, and
fluctuates around 480. It can be seen from Figure 10b that the higher the temperature, the
faster the generation rate of CH2O, but the accumulated amount is lower, indicating that
CH2O is consumed in large quantities at high temperatures.
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Figure 10. Distribution of major oxidation products of C19H36O2 combustion: (a) H2O, (b) CH2O,
(c) CO2 and (d) CO.

As the most important carbon oxide, the molecular quantity change laws of CO2 and
CO are similar, and the higher the temperature, the more they are generated. The level of
CO2 is relatively stable at 2000 K, but gradually increases with the increase in temperature.
In Figure 10d, the higher the temperature, the earlier the generation time of CO and the
greater the number. At 3500 K, the level of CO decreases in the later stage of the reaction,
which because the consumption rate of CO is greater than the generation rate at too high a
temperature, resulting in a large consumption of CO.

3.4. Main Product Reaction Pathways

To further investigate the specific consumption mechanism of methyl oleate, statistics
are made on the main production and consumption pathways of the main intermediate and
final products. The reaction path diagrams of the main species such as C2H4, CH4, H2O, CO,
and CO2 are drawn, as shown in Figure 11. From the main paths and proportions, it is found
that C2H4 is most likely to interact with free ·H, regardless of its formation or consumption,
and this path accounted for more than 60%. Under high temperature conditions, the
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intermediate radicals decomposed from methyl oleate are extremely unstable, and bond-
forming reactions occurred under the collision of free ·H, generating ethylene and other
species. In this process, due to the relatively high bond energy of C=C, the collision to form
double bonds became the main formation pathway of ethylene.
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As the main intermediate product, the main consumption mode of formaldehyde
is dehydroxylation reaction (·CH2O2→CH2O + OH), which accounts for approximately
39.7%. The consumption process is mainly a redox reaction with oxygen-containing radicals,
and more than half of the consumption pathways are this reaction.

The generation of carbon oxides involves the redox reaction between the C=O bond
group and oxygen-containing free radicals. The main generation path of CO is the ·CH2O
radical produced by the decomposition of methyl oleate during the combustion process.
These free radical groups lose hydrogen atoms to generate the reducing gas CO. In addition
to the similar path to the generation of CO, the formation of CO2 also includes the stepwise
decomposition of methyl oleate (C19H36O2 → C17H31COOH + CH4 → CO2 + H2O, where
the alkane or acid substances produced by the decomposition of methyl oleate react with
O2 to produce CO2), and the interaction between free hydroxyl groups and ·CH2O radicals.
In general, the generation path of CO2 is relatively more, and it may be generated from
carboxyl radicals, hydroxyl radicals, and aldehyde radicals.

There are two main pathways for the generation of the final product H2O. One is the
reduction reaction of unstable peroxides, that is, the interaction between ·OH + ·H2O2, and
the other is the typical formation reaction of water, that is, the bond formation between
free hydrogen and free ·OH. The proportions of these two pathways in this process are
relatively high, accounting for 59.7% of all generation reactions.

3.5. C19H36O2 Reaction Mechanism

Based on the ReacNetGenerator script [34], the reaction network of the pyrolysis and
combustion processes of methyl oleate is analyzed and plotted, as shown in Figure 12.
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It can be seen from Figure 12a that the initial pyrolysis path of methyl oleate starts
with the cleavage of the C-C bond. Due to the position of the ester group, methyl oleate
may have two main pyrolysis methods: (1) The C-C bond at the ester group position is
broken, and the first bond-breaking of methyl oleate produces ·C18H33O2 and ·CH3. These
two intermediate groups are unstable and will further react with other ·H to produce
unstable intermediate products including methane, acids, alcohols, etc. (2) The C-C bond of
R-CH2CH3 at the other end is broken, first producing alkanes and another ester substance.
Further, the substance containing the ester group continues to decompose or is consumed
by reacting with ·H. This consumption pathway involves the multi-step interaction of
various oxygen-containing groups, and the reaction network gradually becomes more
complex, causing the long-chain macromolecular products to gradually transform into
hydrocarbons and carbon oxides.

For the combustion process, the addition of O2 makes the whole reaction network
more complex, although the bond-breaking process in the initial stage is similar, as shown
in Figure 12b. The high-temperature combustion process will produce a large number
of unstable intermediates, and the decomposition reaction proceeds more quickly and
completely. Moreover, oxygen further enhances the reactivity of methyl oleate. As a result,
the intermediate species in the combustion process are mainly short carbon chain alkanes
and carboxylic acid substances. The results show that methyl oleate first breaks bonds to
produce oleic acid and methane, and oleic acid further breaks bonds to generate gaseous
species (C0–5). Subsequently, O2 takes hydrogen from the hydrocarbon groups to generate
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stable compounds H2O, and the remaining carbon combines with oxygen to evolve into
CO2 and CO. In addition, the reaction of methanol and formaldehyde with ·OH to generate
water is also observed, which is one of the main production pathways of H2O in the
combustion process.

4. Conclusions

In this paper, the ReaxFF method is used to study the pyrolysis and combustion
processes of methyl oleate. Taking density, temperature, and heating rate as the main
considerations, the reaction mechanisms of the pyrolysis and combustion processes are
explored. The main conclusions are as follows:

(1) The initial pyrolysis path of methyl oleate is the breaking of the C-C bond, generating
large molecular intermediates and methane. Subsequently, long-chain species con-
tinue to decompose into small molecule gaseous substances, and finally evolve to
produce species such as methane and ethylene. In contrast, the intermediate products
generated during combustion are mainly short carbon chain gases, which further
combust to generate stable CO2 and H2O.

(2) During the pyrolysis and combustion processes, ethylene, water, and carbon dioxide
are the main products with the highest cumulative amounts. As the reaction process
progresses, the amount of ethylene first increases rapidly, and then rapidly decreases,
while the amounts of water and carbon dioxide keep increasing.

(3) The pyrolysis and combustion processes are simulated at temperatures of 2000 K,
2500 K, 3000 K, and 3500 K. The results show that the chemical reactivity of methyl
oleate is stronger in the combustion process. The activation energy of the pyrolysis
process is 190.02 kJ/mol, and the combustion activation energy is 144.89 kJ/mol.

(4) This study is dedicated to the development of methyl oleate. Through in-depth re-
search, a kinetic model for the high-temperature conversion of methyl oleate has been
initially established, which will enhance our understanding of the thermochemical
conversion of biodiesel fuels.
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