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Abstract The pyrolysis and combustion mechanisms of benzene under different chemical 

environment and temperatures were investigated by reactive force field based molecular dynamics 

(ReaxFF MD) simulation using two systems, pure benzene and a mixture of benzene and oxygen 

gas. The chemical behaviors of this system were investigated under ultrahigh temperature that can 

be induced by high-energy density laser and compared to those at high temperature. According to 

some experimental data, we assume that ultrahigh temperature can be used to mimic laser 

irradiation. The conclusions of this simulation are as follows. First, the ReaxFF MD simulations 

showed that the decomposition rates of benzene were significantly accelerated by laser irradiation 

or in the presence of oxygen. Second, additional initiation pathways were opened up by these two 

factors. The primary initiation pathway involves only the hydrogen atom loss in the pyrolysis of 

benzene at 3,000 K, and the initiation pathways become much more complicated after laser 

irradiation or the involvement of oxygen. Third, the ReaxFF MD simulations formed reasonable 

carbon black (CB) texture of various sizes in the pyrolysis of benzene, and we also focused on the 

evolution of the texture of CB. The calculation results of the final gaseous products, hydrocarbons, 

and the formation of CB are in a good agreement with the literature. This study provides a better 

understanding of the initiation mechanisms of the pyrolysis and combustion of benzene under 

extreme conditions. 

Keywords: pyrolysis and combustion, benzene, carbon black generation, ReaxFF, 

molecular dynamics simulation 

 

1 Introduction 

Combustion and pyrolysis are both ubiquitous and the most significant current 

interest in power source applications, storage, and engineering science. Therefore, 

significant efforts have been directed to investigate the evolution, reaction mechanism, 

and kinetics of the pyrolysis and combustion of hydrocarbons, alternative fuels, 

biofuels, etc. 
1–14

. Carbon black (CB) is one of the most common products of the 
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combustion and pyrolysis of hydrocarbons. The past four decades have witnessed the 

rapid development of the study on CB due to its widespread application and distinct 

properties. The world production of CB is ∼10 Mt per year 
15

. CB can be used as 

antistatic plastics, electrically conductive agents in plastics 
16, 17

 and is extensively 

used as a catalyst support in the proton exchange membrane fuel cells 
18–20

 due to its 

excellent electrical conductivity. It also can be used as reinforcing compounds in 

rubbers 
21, 22

 as a valuable elastomer filler, because of its low thermal expansion 

coefficient and excellent heat-, chemical-, and weather resistance 
23

. It is also a good 

candidate for the thermal interface pastes, because of its excellent thermal 

conductivity 
24, 25

. 

In general, different manufacturing processes of CB share common procedures, i. 

e., liquid or gaseous hydrocarbons are decomposed at elevated temperatures under 

oxygen deficient atmosphere, i. e., pyrolysis or partial combustion 
26

. Nowadays, CB 

is mainly produced by the furnace back process, where hydrocarbons are partially 

combusted and immediately quenched with water 
27, 28

. The reaction conditions 

including rates of heating, heat treatment temperature, soak time, and ambient gases 

affect the pyrolysis process and the products 
29

. For instance, significant differences 

have been observed in the chemical composition of diesel engine and exhaust soots, 

because of their differences in the quenching and post quenching environment of soot 

30
. The sorts of feedstock can also be of crucial importance for the generation of CB. 

Therefore, in recent years, significant attention has been focused on the oxidation 

mechanism of ordinary hydrocarbons including alkenes, alkynes, aromatics, and so on. 
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For instance, the pyrolysis and combustion of n-dodecane was studied by Li, et al. 
12

; 

the mechanism and kinetics for the initial steps of pyrolysis and combustion of 

1,6-dicyclopropane-2,4-hexyne was investigated by Liu et al. 
13

 using reactive 

molecular dynamic methods; Li et al. 
31

 studied the oxidation of toluene at high 

temperatures, and the simulations by Qian et al. 
14

 showed the formation of fullerene 

during the combustion of benzene. 

Benzene is an aromatic hydrocarbon, a natural constituent of crude oil and is one 

of the most elementary petrochemicals. Nevertheless, its presence in some industrial 

materials such as gasoline is limited in most countries, because of its severe 

environmental and health effects. Moreover, most nonindustrial applications have 

been limited by benzene's carcinogenicity 
32

. The combustion of benzene produces 

harmful volatile organic compounds (VOCs), namely, the products of benzene 

combustion in incomplete hydrocarbon oxidation or pyrolysis include the polycyclic 

aromatic hydrocarbons and eventually the soot or graphitized CB. To decrease the 

VOCs formation, a detailed understanding of the reaction pathways of benzene under 

high temperature conditions is essential. The combustion of benzene at flame 

temperature or catalytic combustion of benzene has attracted significant attention 

33–38
.  

The pyrolysis of benzene can also occur under the laser irradiation, during which 

some useful nanomaterials can be obtained. For example, carbon nanoparticles were 

produced by the irradiation of NIR femtosecond (fs) laser pulses to a benzene/water 

bilayer
39

. C60 and C70 structures were obtained during the pyrolysis of 
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benzene-based chemical compound induced by the laser irradiation, where the C/O 

ratio affects the ratio of production of C60 and C70 
40

. The increase in the C/O ratio 

increased the productions of C60 and C70, in particularly of C60.  

Although significant studies have been performed on the mechanisms and 

kinetics of the pyrolysis and combustion of benzene at lower temperatures such as 

<2,500 K
33–38

, the exact nature of the chemical process of the pyrolysis and 

combustion of benzene at ultrahigh temperatures such as under the loading of 

high-energy density laser is barely reported. The differences between low temperature 

and high temperature cases and the type and growth of naonmaterials observed during 

the pyrolysis at high temperatures have not been studied. All these questions are still 

not fully understood. However, because of ultrahigh temperature and very short 

reaction time, the pyrolysis and combustion of hydrocarbon (e. g., benzene) by 

experiment alone is very challenging. Therefore, the reactive molecular dynamics 

simulation becomes a feasible method to deal with the issue. 

In this study, the initiation mechanisms and chemical evolution of the pyrolysis 

and combustion of benzene were investigated by the ReaxFF based reactive molecular 

dynamics simulations (RMD). A previous study on the combustion of benzene using 

ReaxFF MD
14

, where the H atoms were removed during the combustion as soon as 

they combined into H2 gas, showed the formation of some compounds such as 

fullerene, and our results are in agreement with this study. Yet this study did not focus 

on the initial decomposition of benzene and the chemical evolutions on the existence 

of H atoms, which is one of our objectives. The combustion of other hydrocarbon 

Page 4 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

such as n-dodecane
12 

is also reported. Their study focused on the reaction pathway for 

the decomposition of benzene and did not mention the carbon black formation. In this 

study, the pyrolysis and combustion behaviors under ultrahigh temperature (7,000 K) 

which can be induced by high-energy density laser irradiation were compared to those 

produced under normal high-temperature loading (3,000 K). Laser-heated materials 

such as carbon-based compound can be turned into plasma, and the temperatures can 

reach to 10 thousands of K 
41, 42

. Ultrahigh temperature was used to mimic a 

circumstance under laser irradiation. First, from the ReaxFF MD simulations, the 

initiation mechanisms of the pyrolysis of benzene were found to be dependent on 

temperature and chemical environment. Second, the ReaxFF MD simulations led to a 

reasonable CB texture of various sizes formed in the pyrolysis of benzene, focusing 

on the CB texture evolution. Third, O2 was added to provide a benzene/O2 ratio of 2/3 

to investigate the effect of added oxygen. The dissociation rates of benzene in the pure 

benzene system and benzene in the presence of O2 system were also analyzed and 

compared. 

The simulation results were compared to the previous experimental literature 

observations
1, 33–38, and 43

. To some extent, an agreement between the simulation and 

experimental data was achieved.  

2 Methodologies 

2.1 Models 

Both the pyrolysis of benzene and formation of carbon black have been modeled 

in a condensed-phase environment at a density corresponding to the density of liquid 
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benzene at room temperature, i. e., 0.879 g/cm
3
. A cell of benzene composed of 100 

benzene molecules (1,200 atoms) was used to study the pyrolysis of pure benzene. 

Another cell composed of 100 benzene molecules and 150 O2 molecules (1500 atoms) 

was used to study the partial combustion of benzene. The scale effect on the 

simulation result was investigated. For instance, a calculation was performed on a cell 

of benzene using a system of 3,600 atoms for 1,000 ps, and the result in our 

simulation time was found to be similar to that of a smaller system of 1,200 atoms.  

2.2 Calculations  

A newly developed molecular reactive force field ReaxFF was used to simulate 

the pyrolysis and combustion of benzene. The validity of ReaxFF to benzene and O2 

was confirmed by the previous studies 
13, 14, 31, 44–46

. After the relaxation, the two cells 

were subjected to different high-temperature simulations under canonical particle 

number, volume, and temperature (NVT) conditions with the multiple Nosé−Hoover 

thermostat method 
47

. A total of four simulations were performed. The information on 

the temperatures and time of the NVT-MD molecular dynamic simulations is listed in 

Table 1. The value of 3,000 K was used to simulate the initial or subsequent 

high-temperature pyrolysis or combustion; 7,000 K temperature was used to simulate 

the ultrahigh temperature effect induced by laser irradiation. In Cases 1 and 2, the 

temperature of 7,000 K was only present for 20 ps and after that the temperature was 

decreased to 3,000 K. 

Table 1 The information of the temperatures and time of NVT simulations 

NO. of Starting temperature The cell Continuous To simulate 
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CASE and time/ K temperature/K 

1 

7,000 (for 20 ps) 

Benzene 3000 (for 6 ns) laser induced pyrolysis 

2 Benzene + O2 3000 (for 2 ns) laser induced combustion 

3 

3,000 (for 20 ps) 

Benzene 

3000 (for 2 ns) 

pyrolysis 

4 Benzene + O2  combustion 

The ReaxFF is a DFT based reactive force field. The cleavage and formation of 

chemical bonds can be accurately described during reactions 
48

. In this study, the 

LAMMPS software package was used 
49, 50

 to perform all the simulations.  

2.3 Dynamic Trajectory Analyses 

For each simulation, a time step of 0.1 fs was assigned, and the dynamic 

trajectories including atomic positions and velocities were recorded every 1 ps and 

analyzed by a FORTIAN scripts based on the ideas of Strachan et al. 
51

 to provide 

information on the chemical reactions. The bond-order cut off values for each pair of 

elements in ReaxFF can be checked elsewhere 
13, 14, 31

.  

3 Results and Discussion  

3.1 Initial steps of the decomposition for oxidation of benzene 

In this study, the results of the initial products and the products produced on a 

longer time scale are presented. The initial products are produced from the earliest 

decomposition of benzene molecules. The initial products generated very early and 

are commonly very unstable. They react in a very short time. The products produced 

on a longer time scale are the results of the evolutions of the initial products. These 

products are more stable than the initial products and their amounts either kept 
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increasing or were stable during a reasonably long time. 

Table 2 The initial products and the moments they generated of four NVT 

simulations 

Case 1 Case 2 Case 3 Case 4 

Products Time, ps Products Time, ps Products Time, ps Products Time, ps 

C6H5 1.00 C6H5 1.00 C6H5 25.00 C6H6O2 1.00 

H 1.00 H 1.00 H 25.00 C6H5 7.00 

C2H2 2.00 C6H6O2 1.00   H 7.00 

C4H4 2.00 C2H2 2.00   C2H2 12.00 

  C4H4 2.00     

  C3H4O2 2.00     

  C3H 2.00     

  HO2 2.00     

  C6H7 2.00     

  O 2.00     

The detailed reaction mechanisms extracted from the dynamic trajectories are 

presented here. The initial products of the four cases are shown in Table 2. For Case 1, 

C6H5, and H were observed within 1 ps; C2H2 and C4H4 were observed within 2 ps. 

Therefore, the pyrolysis pathway of benzene observed in the ReaxFF NVT-MD 

simulation at T = 7,000 K can be represented by Scheme 1 (Table 3), including the 

hydrogen atom loss and cycloreversion. Case 2 have the same products as C6H5, H, 

C4H4, and C2H2 on the same steps of reaction as that of Case 1. Besides, the formation 

of C6H6O2 was observed in 1 ps. C3H4O2, C3H, HO2, C6H7, and O were observed 

within 2 ps. Mechanisms of the initial pyrolysis and combustion was complicated by 

adding oxygen. Therefore, the pathway of benzene and O2 system observed in the 

ReaxFF NVT-MD simulation at T = 7,000 K can be shown by Scheme 2 including 

hydrogen atom loss and cycloreversion and from the middle of the ring after adding 

O2. For case 3, the initial products include C6H5 and H, which are much simpler. 

Lower temperature and pure chemical components lead to a simple mechanism of the 
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initial pyrolysis simply involving hydrogen atom loss, as shown in Scheme 3. The 

products of Case 4 include C6H6O2, C6H5, H, and C2H2. The addition of oxygen 

affects the mechanisms of the initial pyrolysis by adhering to the molecule of benzene. 

Therefore, the pathway of Case 4 can be shown by Scheme 4, including hydrogen 

atom loss and cycloreversion of the ring into three parts evenly.  

Table 3 Initial reaction observed in the pyrolysis or combustion. Times observed 

corresponding to the frequency of the mechanism observed.. 

 

From the initial products of these cases, at higher temperatures, the mechanism is 

more complicated. In Case 3, at low temperature and pure chemical component, only 

one pathway involving the hydrogen atom loss exists for the decomposition of 

benzene. In Case 1, of the same chemical component, at a much higher temperature, 

decomposition follows an alternative pathway, i. e., cycloreversion. The comparison 

of Cases 2 and 4 also support this statement. 
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Another conclusion is that the mechanism of the initial pyrolysis becomes more 

complicated by adding oxygen. Cases 1 (two pyrolysis pathways) and 2 (three 

pyrolysis pathways) are both at 7,000 K; however, the initial steps of Case 2 are more 

complicated, because of the presence of oxygen. The comparison of Cases 3 (one 

pyrolysis pathway) and 4 (two pyrolysis pathways) also support this statement. 

Benzene decomposition pathways at lower temperatures in previous studies 
1, 

33–38
 are mainly hydrogen atom loss, forming less atoms rings such as five-membered 

carbon rings
43

 and then the decomposition of the rings, as well as a certain branching 

ratio of benzene cycloreversion. However, the cycloreversions need much longer 

induction time and proceed in many steps in longer time. At higher temperatures, the 

cycloreversions become more important and less atoms rings are fewer. The 

cycloreversions of benzene at higher temperature need much shorter induction time 

and proceed in fewer steps, i. e., benzene breaks into three C2H2 in 1 ps, which in our 

time resolution for one step.  

C6H6 -> C6H5 + H reaction needs to overcome the energy barrier of a single bond, 

a C–H bond with bond dissociation energy (BDE) of 448.4 kJ/mole 
52

. C6H6 -> C4H4 

+ C2H2 reaction needs to overcome the energy barrier of a sp2-sp2 C–C bond in 

benzene with a bond length of 140 pm. The BDE can be calculated by the method of 

Andreas, 
53 

and was found to be 614.5 kJ/mole. The later needs higher energy to break 

than the former. Therefore, at lower temperature C6H6 -> C6H5 + H reaction 

dominates unimolecular decomposition pathway of benzene. The competing channel 

to C4H4 + C2H2 becomes more dominating as the temperature increases. 
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3.2 Temperature and chemical environment effect on the 

decomposition rates of benzene 

0 10 20 30 400 800 1200 1600 2000

0

20

40

60

80

100

A
m
o
u
n
ts
 o
f 
B
e
n
z
e
n
e
s

time, ps

 Case 1_Benzene 7000K

 Case 2_Benzene+O2 7000K

 Case 3_Benzene 3000K

 Case 4_Benzene+O2 3000K

 

Figure 1 Decay evolutions of benzene in four simulations. 

Decay evolutions of benzene in the four cases are shown in Figure 1. The 

decompositions of benzene in Cases 1 and 2 basically completed in 30 ps, whereas 

those in Cases 3 and 4 completed in 2,000 ps. The decomposition rates under 7,000 K 

were obviously much higher than those under 3,000 K. The decomposition rates of 

Cases 1 and 2 were essentially the same, and the decomposition rates of Case 4 are 

more than that of Case 3, indicating that the oxygen gas accelerated the reaction of 

benzene at lower temperature. For a much higher temperature, the acceleration of 

oxygen was not obvious because of an originally very high reactivity.  

Both Cases 3 and 4 shows obvious induction time for the decomposition of C6H6. 

The induction time of Case 4 (15 ps) is shorter than that of Case 3 (350 ps), which 

Page 11 of 27 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

should be the result of the enhancement of the reaction activity because of the 

presence of O2.  

The induction time arise from the overcoming of the reaction barrier for the 

benzene decomposition. The internal energy initially evenly distributed amongst the 

various degrees of freedom needs to be redistributed so that there is enough energy in 

the mode that reflects decomposition so that the barrier can be overcome (e.g., a C-H 

stretch mode for the C6H6 -> C6H5 + H reaction). The induction times in Cases 1 and 

2 are much shorter, because much higher temperatures are applied to these systems. 

3.3 Evolutions of further chemical reactions and the effect of O2 on 

the pyrolysis/combustion of benzene 

The evolutions of main chemical products in the early stages of the 

decomposition under aforementioned temperatures and chemical atmosphere were 

analyzed and shown in Figures 2–5.  
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Figure 2 The evolution of products in the decomposition of benzene during the NVT-MD simulation at 

T = 3,000 K after 20 ps stimulation at T = 7,000 K. The initial number of C6H6 molecules is 100. At 

least 50 hydrocarbons (from C1 to C38) were observed, and some of which are in small ratios and not 

listed in the figures to avoid crowded lines. 

Figure 2 (neat benzene, 7,000 K for 20 ps and then 3,000 K for 6 ns) shows that 

C2H2 (blue line), C2H4 (pink line), CH4 (green line), and H2 (red line) are created 

rapidly at the beginning of early 20 ps simulation. At ∼50 ps, the rapid increase in the 

H2 stops, and a sharp decrease is observed. For other three products, C2H2, C2H4, and 

CH4, a plateau followed after a slight decrease. 
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Figure 3 Products evolution of benzene in O2 atmosphere during the NVT-MD simulation at T = 3,000 

K after 20 ps stimulation at T = 7,000 K. The initial number of C6H6 molecules is 100. At least 10 

hydrocarbons (from C1 to C7) were observed, and some of which are in small ratios and not listed in 

the figures to avoid crowded lines. 

Figure 3 (benzene in O2 atmosphere, 7,000 K for 20 ps and then 3,000 K for 2.3 

ns) shows that CO (pink line), H2O (dark cyan line), C2H2 (red line), C2H4 (yellow 

line), and H2 (dark red line) are created rapidly at the beginning of early 20 ps 

simulation. At ∼100 ps, the rapid increase in H2 stops, and a sharp decrease is 

observed. For other four products, CO, H2O, C2H2, and C2H4, a plateau is observed 

after a slight increase. The comparison of Figures 3 and 4 shows that under the same 

temperature histories, both C2H2 and C2H4 are the main products. The presence of O2 

induces the main products of CO and H2O and also decreases the average size of 

products.  
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Figure 4 The evolution of products in the decomposition of benzene during the NVT-MD simulation at 

T = 3,000 K. The initial number of C6H6 molecules is 100. At least 25 hydrocarbons (from C1 to C17) 

were observed, and some of which are in small ratios and not listed in the figures to avoid crowded 

lines. 

 

Figure 4 (neat benzene, 3,000 K for 2 ns) shows that the decomposition starts at 

∼350 ps and then gradually decreases. C2H2 (blue line) is the first and major product, 

generated in ∼350 ps and reached its largest amount in ∼1,000 ps. After that the 

amount of C2H2 was kept constant. C2H4 (pink line) and C2H3 (dark cyan line) are 

created at ∼500 ps and increased gradually to high amounts.  
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Figure 5 The evolution of products in the decomposition of benzene in the presence of O2 atmosphere 

during the NVT-MD simulation at T = 3,000 K. The initial number of C6H6 molecules is 100. At least 

20 hydrocarbons (from C1 to C15) were observed, and some of which were in small ratios and not 

listed in the figures to avoid crowded lines.  

Figure 5 shows the decomposition of benzene in the presence of O2 atmosphere 

at 3,000 K for 2 ns, indicating that the decomposition of benzene and O2 started very 

early and then gradually decreased. The levels of O2 and benzene decreased to very 

low at ∼500 and 1,500 ps, respectively. CO (pink line), H2O (dark cyan line), CO2 

(yellow line), C2H2 (dark pink line, the lower one) are formed rapidly at the beginning 

of the simulation. After ∼500 ps, plateaus followed after the increase. The products of 

Case 4 are very similar to those of Case 2. The presence of O2 also induces the 

formation CO and H2O as the main products and also decreased the average size of 

the products, indicating that the effect of the chemical atmosphere is very significant, 

probably larger than the effect of the temperature. 

In summary, the analysis of the initial decomposition reactions and the products 
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of benzene shows the dependence on temperature and chemical atmosphere: (1) 

higher temperatures (7,000 K simulating laser ablation) resulted in much higher 

decomposition rate. In both Cases 1 and 2, benzenes decomposed in 20 ps, and further 

reactions quickly reached to equilibrium. (2) The presence of O2 significantly affects 

the final products.  

In the experimental study of the benzene oxidation by Chai et al.
43

, acetylene 

was a major hydrocarbon intermediate, and their result is consistent with our result of 

all the four cases. For the oxidation of benzene at low pressure (45 mbar) by 

Detilleux
54

, fifteen chemical species were detected in benzene flames, including final 

gaseous products (O2, CO2, H2O, CO, and H2) and ten hydrocarbons (ranging from C1 

to C6). Yang et al. 
55

 studied the oxidation of the premixed benzene/oxygen/argon 

flame with tunable synchrotron photoionization and found that the hydrocarbons 

include CH3, C2H, C2H3, C2H5, C3H, C3H3, C3H5, C4H, C4H3, C4H5, C4H7, C5H3, C5H5, 

C5H7, C6H5, C6H5O, C7H7, and C9H7 in the flame. CO, CO2, H2, and H2O were also 

observed in the final gaseous products. Moreover, the isomers of some PAHs were 

also identified. Most of these free radicals were obtained in our simulations. Some 

PAHs or CB were also identified in our results. In summary, our calculation results of 

the final gaseous products and hydrocarbons, the formation of CB are in a good 

agreement with the literature.  

3.4 CB texture evolution during the pyrolysis or combustion 

The formation of CB was observed during the pyrolysis or combustion of 

benzene and benzene in the presence of O2. The CB texture evolutions in Cases 1–4 
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are shown in Figures 6–9. The CB texture evolutions during the pyrolysis of pure 

benzene and benzene in the presence of O2 after laser irradiation at 7,000 K are shown 

in Figures 6 and 7, respectively, indicating that in both the cases, benzene gradually 

decomposed, and then the carbon atoms gathered together to form CB. The 

differences between the two cases are the size of CB and the time required for its 

formation. The CB formed in the pure benzene is larger than that formed in benzene 

in the presence of O2. Moreover, the generation of the former needs shorter time. 

After careful investigation, the CBs were found to mainly consist of six-membered 

ring systems. The carbonaceous enrichment occurs after the carbon atoms escape 

from the benzene molecules. Nucleus appears when the unstable network becomes 

aromatic. Moreover, the carbon atoms adjust their positions and approximate forms 

the six-membered ring systems. During this process, the CB structures of the 

graphite-like lamellar are built and fly over in the simulation box, absorbing more 

escaped carbon atoms and a few hydrogen atoms, resulting in further growth.  

Fig. 7 (7,000K in the presence of O2) shows that at 500 ps a polycyclic aromatic 

hydrocarbon forms (lower right), which then reacts later. It is a critical step in 

mechanism for rapid growth of aromatic structures. In absence of O2, the polycyclic 

aromatic hydrocarbon formed will eventually grow into graphitized CB, similar to 

that shown in Fig. 6 (7,000 K in the absence of O2). In the presence of O2, O2 attacks 

the polycyclic aromatic hydrocarbons once it forms, and therefore formation of big 

graphitized CB is more difficult. 
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Figure 6 Snapshots of benzene during the NVT-MD simulation at T = 3,000 K after 20 ps stimulation at 

T=7,000 K 
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Figure 7 Snapshots of the decomposition of benzene in O2 atmosphere during the NVT-MD simulation 

at T=3, 000 K after 20 ps stimulation at T=7,000 K 

The CB texture evolutions during the pyrolysis of the pure benzene and benzene 

in the presence of O2 at 3,000 K are shown in Figures 8 and 9, respectively. The 

pictures also show that in both the cases, the benzene molecules gradually 

decomposed, and then the carbon atoms gathered together to form CB. The reaction at 

3,000 K is much slower than that at 7,000 K, and the formation of CB needs more 

time.  

The difference between Cases 3 and 4 are also the size of the CB and the time 
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required for its formation. The size of the CB formed in the pure benzene is larger 

than that formed in benzene in the presence of O2 as well as at 3,000 K. Moreover, the 

generation of the former needs shorter time.  

 

Figure 8 Snapshots of benzene during the NVT-MD simulation at T = 3,000 K 
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Figure 9 Snapshots of the decomposition of benzene in the presence of O2 atmosphere during the 

NVT-MD simulation at T = 3,000 K  

The CB growth histories can be represented by the maximal molecular weight 

(MW) of CBs. The evolution of MW of the CBs is shown in Figure 10. Under laser 

irradiation, the MWs of the CBs formed are ∼3,443 (black line: 1,803 ps) and 1,018 

(red line: 1,689 ps) corresponding to neat benzene and a mixture of benzene and O2. 

In the neat benzene and the mixture, the largest CB were observed at 1803 ps and 

1689 ps. However, as early as 101 ps, big CB with a MW of 2,839 was generated in 

the neat benzene. Higher C/O ratio leads to earlier large CB formation under laser 
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irradiation. The largest CBs are much bigger at higher C/O ratio.  
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Figure 10 Evolution of maximal MW of CBs  

Under a high temperature of 3,000 K, the CBs with MWs of ∼1740 (black line 

1992 ps) and 856 (red line 1,557 ps) were formed corresponding to the neat benzene 

and a mixture of benzene and O2. In the neat benzene and mixture, the largest CB was 

observed at 1,992 ps and 1,557 ps, respectively. However, as early as 1,269 ps, big 

CB with a MW of 1,051 was generated in the neat benzene. Higher C/O ratios led to 

earlier large CBs formation under high temperatures. The CBs were much bigger at 

higher C/O ratios.  

The summary of the analysis of two points is summarized. First, for a same 

system, laser irradiation is helpful to produce more or larger CBs in a shorter time, 

because the laser irradiation results in much higher temperature for complete 
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decomposition of benzene to generate a significant amount of dissociative carbon 

atoms, supplying sufficient material for the formation of CBs. Moreover, based on 

this, the laser irradiation of hydrocarbon fuel is considered as a feasible approach to 

produce some useful nanomaterials such as diamond, fullerene, graphite and nanotube, 

and all of which are substantially CBs. Second, no matter under laser irradiation or 

high temperature, higher C/O ratio is beneficial for the generation of more and larger 

CBs. Higher C/O ratio indicates fewer O2, and the presence of O2 will combine more 

dissociative carbon atoms to form CO2 and CO, inhibiting the formation of CBs. As a 

result higher C/O ratio is beneficial for the generation of more and larger CBs. 

In all these simulations, the formation of carbon cages or tubes was not observed, 

probably because of shorter simulating time. When the CB structure of the 

graphite-like lamellar is built, cages or tubes might be created if the lamellar wraps 

itself in a long run of simulation. This problem needs to be addressed in the near 

future.  

4. Conclusions 

In this study, we investigated the pyrolysis behaviors of benzene in the presence 

or absence of oxygen, by laser irradiation or simply by high temperature. The 

pyrolysis and combustion mechanisms of benzene under different chemical 

environment and temperatures were investigated by ReaxFF MD. Two systems were 

studied, pure benzene and a mixture of benzene and oxygen gas. The chemical 

behaviors induced by high-energy density laser compared to those at high temperature 

were investigated. Ultrahigh temperature was used to mimic laser irradiation. First, 
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the ReaxFF MD simulations showed that the decomposition rates of benzene were 

significantly accelerated by laser irradiation or in the presence of oxygen. Second, the 

initiation pathways were also increased by these two factors. The primary initiation 

pathway only involved a hydrogen atom loss in benzene pyrolysis at 3000K, and it 

became more complicated after the laser irradiation or in the presence of oxygen 

including hydrogen atom loss, cycloreversion of the ring and from the middle of the 

ring after reacting with an O2 molecule. Third, the ReaxFF MD simulations formed 

reasonable carbon black (CB) texture of various sizes in the pyrolysis of benzene, and 

we also focused on the evolution of the texture of CB. The decay evolution under the 

aforementioned temperatures shows that both the temperature and C/O ratio mainly 

affected the decomposition rate of benzene. The formation of CB is very common in 

the partial combustion of benzene. More CBs were created in the presence of less 

amount of oxygen.  

The calculation results of the final gaseous products, hydrocarbons, and the 

formation of CB are in a good agreement with the literature. This study provides a 

better understanding of the initiation mechanisms of the pyrolysis and combustion of 

benzene under extreme conditions and also obtains a direct observation of the 

generation of CBs at aromatic level.  
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