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The main component of PM (particulate matter) formed in the combustion field is soot, and its formation mechanism is hydrocarbon fuel 
pyrolysis, polymerization and partial oxidation. In this experimental research work, formation of PAHs(polycyclic aromatic hydrocarbons) 
and PM in a benzene-oxygen-nitrogen mixture were studied using a flow reactor. The effects of temperature and oxygen on PAHs and 
PM formations were investigated by independent control of temperature and oxygen concentration. In order to investigate the growth 
processes of PAHs, mass concentration fractions (relative mass fraction to initial benzene) of naphthalene, biphenyl, phenanthrene, 
anthracene, and pyrene were measured.As the result, it was found that mass concentration of biphenyl formed from benzene-N2mixture 
pyrolysis without oxygen was higher than naphthalene. Under the pyrolysis with oxygen, the mass concentration of naphthalene was 
higher than biphenyl. Mass concentrations of PAHs had two peaks at 1,190 K and 1,250 K in 2.3 vol% oxygen mixture but had only one 
peak of 1,190 K in no oxygen mixture. Large fraction of PAHs but small fractions of PM wereformed from benzene-N2 mixture pyrolysis 
without oxygen and PM concentration increased with addition of oxygen.There was PM formation valley at around 1,280 K. above 1,310 
K, greater PM concentrations were measured. The conversion ratio from benzene to PM was over 20%, however this showed no statistical 
difference in the presence or absence of oxygen. 

The compositions of carbonaceous PM (particulate matter)formed in the combustion field are soot and PAHs (polycyclic aromatic 
hydrocarbons) that are adhered on solid soot. These substances are formed through various pyrolysis, polymerization, and partial 
oxidation processes of fuel. Fuel pyrolysis forms lower hydrocarbon radicals with less number of carbon atoms than the fuel. These 
radicals grow up to first aromatic ring hydrocarbons by polymerization. The first aromatic ring grows up to PAH. Higher ring 
aromatics such as coronene aggregate with each other to produce more higher/heavier PAH. After then, it becomes soot. Therefore, 
PAH is considered as a precursor of soot. Then behavior of hydrocarbon radicals and PAHs in a flame has been investigated to find 
out the detail growth mechanism of PAH to soot. There had been a huge number of reference literatures, for example, Sanchez 
at al. investigate the PAH formation from acetylene, Mendiara, et al. investigated acetylene pyrolysis, and Ruiz, et al. investigated 
temperature effect on soot formation [1-3].

Introduction

PAH formation and its aggregation processes proposed by Frenklach and Wang are well known schemes of the PAH behavior 
as the precursor of soot nuclei. It was considered that soot nuclei are physically aggregated and become soot particle[4,5]. Laser 
induced fluorescence (LIF) method is one of the powerful tools for non-intrusive measurement of PAH in a flame as introduced 
in the literatures [6-13]. According to these previous investigations, number of carbon atoms in PAH molecule inside a flame 
was estimated by LIF spectrum analysis [13]. Moreover, quantitative measurement of PAH concentrations in a diffusion flame 
was carried out using a gas chromatography (GC) system [14]. As for size and concentration measurements of soot particles, a 
laser induced incandescence (LII) diagnostics was carried out, and soot growth behavior in a flame was discussed by using LII 
results[14-16]. These discussions are useful to explain the physical growth process from heavier PAH to soot particle. However 
starting process of PAH formation is still unclear because it involves many kind of chemical reactions such as pyrolysis and 
polymerization. 
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A chemical process of PAH formation was proposed by Frenklach and Wang [17]. The hydrogen abstraction acetylene addition 
(HACA: H-abstraction C2H2-addition) reaction mechanism was proposed as the main formation route from chain hydrocarbon 
to aromatic hydrocarbon [18-19]. This mechanism is well known as a reaction route of soot precursor formation. The HACA 
reaction progresses until aromatic hydrocarbon being formed. After then, formed aromatic hydrocarbon grows up to PAH by 
additional HACA reactions. For the growth of aromatic hydrocarbon to PAH, naphthalene formation process through acetylene 
addition is known [18-20]. As for the route from benzene to PAH, Frenklach and Wang suggested two possible routes. One is 
the naphthalene route mentioned above and the other is the biphenyl route based on high temperature pyrolysis of benzene 
[4,21].Shukla, et al. investigated PAH formation in hydrocarbon pyrolysis and suggested that biphenyl formation process has an 
important role in PAH growth[22-26]. They proposedphenyl addition cyclization (PAC) mechanism.Tranter, et al. indicated that 
the reaction between phenyl radicals forms not only biphenyl but also o-benzyne and benzene. Comandini, et al.proposed that the 
reaction of o-benzyne and benzene produces naphthalene and acetylene[27,28]. Furthermore, phenanthrene formation process 
through methyl addition cyclization (MAC) wasproposed by B. Shukla, et al.[29]. 

Several research reports have suggested that the high temperature chemistry of benzene has significant impact on the formation of 
heavier PAH and soot [16,30]. Kern, et al.investigated pyrolysis of toluene, benzene, butadiene, and acetylene using a shock tube 
and indicated that large amount of acetylene and diacetylene are formed under the condition higher than 2,000 K [31]. Knorre, 
et al. investigated soot formation in benzene-acetylene mixture using a shock tube and indicated that soot yields at temperature 
higher than 2,000 K in benzene-acetylene mixture of 1:1 ratio[32]. Hou, et al. and Shukla, et al. investigated pyrolysis of benzene 
using a flow reactor and suggested that biphenyl is a dominant product in the formation process of heavy PAH under temperature 
conditions lower than 1,300 K[23,33]. From the results of benzene pyrolysis using shock tube, Sivaramakrishnan, et al. and Bohm, 
et al.suggested that the dominant products in the formation process of PAH are different between high and low temperature 
conditions[34,35]. High temperature oxidation of benzene has been investigated in many literatures, whereas low temperature 
pyrolysis and oxidation of benzene has been slightly investigated[36-38]. 

In soot formation studies on near-sooting premixed flame of benzene-oxygen mixture, existences of C6H6O and C5H6 in large 
mole fractions are confirmed. Itsuggested that O-atom attack might be the main route of benzene consumption [39].Frenklach, et 
al.investigated soot formation in benzene-oxygen mixture using a shock tube and indicated that soot formation is suppressed by 
the existence of oxygen [40]. In the soot formation studies of laminar diffusion flame using propane, hexane, and benzene, it was 
suggested that temperature has influence on growth process from PAH to soot. It was suggested that oxygen has influence on the 
formation amount of soot [14,41].

Wang, et al., Frenklach, et al. and Leusden, et al. reported that oxygen suppresses soot formation from toluene and acetylene[40,42,43]. 
They indicated thatoxygen suppresses or promotes the formation of soot, but it depends on experimental conditions. Soot formation 
by oxygen is also promoted under lower pressure and lower temperature conditions [40]. It is considered that dominant products 
in the formation process of soot is changed by a level of oxygen concentration and is also changed by high and low temperature 
conditions. Then to clarify the formation process of soot, it is necessary to investigate the critical temperature at which soot 
suppression process changes to soot promotion process. As for the transition from PAHs to soot, Kobayasi, et al. investigated the 
transition temperature using LIH and LII methods [14,44]. Kobayasi, et al. pointed out that the transition took place at around 
1,300 K temperature and a few percent of oxygenconditions in a diffusion flame. However, there are no detail researches under the 
temperature condition lower than 1,300 K. Also the oxygen effect on PM formation under low temperature conditions is not clear.

As for soot formation process from benzene-air mixture, it is considered that benzene has two functions for soot formation. First 
function is the source of reaction species. Hydrocarbon radicals and acetylene are formed by benzene pyrolysis, and PAH is formed 
by the progress of HACA mechanism. The second is that benzene becomes a nucleus molecule of PAHby itself. It is considered that 
these functions of benzene have diffluent characteristics of influence on PAH and soot formation. 

In order to investigate the effects of temperature and oxygen on PAH formation in a flame, it is necessary to separate these two 
effects. For separation of these effects, temperature and oxygen have to be controlled separately in a flame. However, independent 
control of temperature and oxygen concentration in the flame is usually difficult. On the other hand, when a flow reactor is used 
for soot formation study, it can control the temperature independently from oxygen concentration. 

Purpose of study was to clarify the temperature and oxygen effect on benzene pyrolysis, especially in low temperature condition. 
In this experimental research, formation processes of PAHs and PM in a benzene-oxygen mixture were studied using a flow 
reactor[45,46]. Effects of temperature and oxygen on PAHs and PM formation were investigated by independent control of 
temperature and oxygen concentration. To analyze the growth process of the first aromatic ring to PAHs, mass concentration of 
naphthalene, biphenyl, phenanthrene, anthracene, and pyrene were measured. To separate soot from PAHs, various temperature 
heating treatments were performed on the PM captured by filter. Further relationship between PAHs and soot was discussed under 
various oxygen concentration and temperature conditions.

Experimental setup
Flow reactor experiment methodology

Experimental setup for benzene pyrolysis and oxidation is shown in Figure1. This setup consists of a fuel supply system and a flow 
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reactor with heating furnace. Liquid benzene was regulated by a micro tube pump, and was supplied to a heated evaporation tank. 
N2 and air mixed with vaporized benzene in the tank. Here benzene flow rate was 0.14 g/min and total flow rate of the mixture was 
2.2 L/min as the standard experimental condition. It corresponded 1.9 vol% of benzene mixture. Oxygen concentration was varied 
by changing the ratio of N2 and air.

A quartz tube of 26 mm inner diameter and 2,720 mm length was used as a flow reactor. Heating zone length of the furnace located 
in the middle part of the reactor was 600 mm. Pyrolysis and oxidation was progressed in this heating zone. Points A and B were 
the sampling points of the mixture before reaction. Points C and D were for the mixture after reaction. When a flow reactor with 
small inner diameter was used, a plug flow was easily maintained but PAH and PM might adhere to the wall surface. Therefore, in 
this study, a flow reactor with large inner diameter was used to suppress the adhesion of PAH and PM. A flow reactor with large 
inner diameter had another problem that a reverse flow to the upstream was induced under a low velocity condition. The reverse 
flow to the upstream had influence on the reaction of the mixture. Therefore, in the flow reactor of this study, partition plates with 
a hole of 8.5 mm were set near the sampling points. As a result, the flow velocity locally increased at the partition plate, and it could 
prevent the reverse flow of the mixture to the upstream. Temperature of mixture in the reactor was measured by thermocouple. 
Several thermocouples were inserted through the quartz tube joints. 

Figure 1: Schematic diagram of experimental setup

Temperature distribution

Figure 2: Temperature distributions in the flow reactor

The mixture temperature along the center line of the flow reactor was measured. Typical temperature distributions in the reactor 
are shown in Figure 2. The temperature of mixture was kept at around 400 K before the heating zone. This temperature level was 
chosen to prevent the wall condensation of benzene vapor. The test mixture was heated up to regulated temperature in the heating 
zone. After passing the heating zone, it was naturally cooled down. It was further cooled down to the room temperature at point 
D. The regulated furnace temperatures Tf are 1,073 K, 1,273 K, and 1,338 K. Since the maximum temperature of the mixture in the 
heating zone corresponded with the regulated furnace temperature, hereafter, this furnace temperature was used as a representative 
temperature of the mixture in the heating zone. Endothermic and exothermic reactions in a fuel-oxygen mixture might result a 
change of the mixture temperature. However, even though oxidation of fuel-oxygen mixture was taken place, the temperature 
change in the heating zone due to the exothermic reactions was less than 10 K in the experimental conditions of this paper.
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Flowrate L/min
(20 °C, 1 atm)

Furnace Temp.
K

Flow Velocity
in furnace m/s

Residence time
in furnace sec

2.2

1073 0.25 2.4

1173 0.28 2.2

1273 0.30 2

1338 0.32 1.9

Table 1:  Longest residence time in the flow reactor

Gas composition and PM fraction analysis
For gas composition and PM analysis, the mixture gas was sampled at points A, B, C, and D along the reactor. Figure 3 shows 
the schematic diagram of gaseous compositions and PM sampling, and analyzing methods of PAH and PM. A sampling probe 
was inserted, and the mixture in the reactor was introduced into the sampling bag by a suction pump. PAHs in the mixture were 
analyzed by Gas Chromatography (detector: TCD and FID). The column of GC-TCD was a Packed Column (length: 2 m, inner 
diameter: 3.2 mm). Injection volume was 100 μL, and splitless injection was adopted. The column of GC-FID for benzene was a 
Capillary Column (length: 60 m, inner diameter: 0.25 mm) and volume of splitless injection was 300 μL. O2 and CO2 in the mixture 
were measured by O2 analyzer (magnetic wind type) and CO2 analyzer (NDIR), respectively. In this study, mass concentrations of 
PAH and PM were normalized by initial benzene concentration.

As for the PM sampling, the same sampling probe was used. PM was captured by a quartz fiber filter. The sampled mass of PM 
was directly measured by an electronic microbalance as the first step. Its mass was called “Wet PM”. Since “Wet PM” contained 
fuel benzene (boiling point: 80.1 °C) and moisture (oxygen exist condition), these were removed by an oven under 120 °C and 150 
minutes drying. Benzene and moisture removed PM was measured as the next step, and its mass was called “Dry 120 oC PM”. After 
then, “Dry 120 °C PM” was re-dried up under 240 °C and 60 minutes to remove low boiling-point volatile compositions. The PM 
mass after the second dry-up was re-measured, and it was called “Dry 240 °C PM”. 

Figure 3: Schematic diagram of gas sampling and analyzing method of gaseous compo-
sitions and PM

Composition fractions of “Dry 240 °C PM” and dry soot in “Dry 120 °C PM” are shown in Figure 4. Using a combustion 
type PM analyzer (HORIBA MEXA-1370PM), soot composition in “Dry 240 °C PM” was analyzed. Then the composition of 
“Dry 120 °C PM” was separated into low SOF, high SOF and dry soot. Low SOF fraction meant the compositions that were 
remained after 120 °C heating treatment but removed by 240 °C heating treatment. High SOF fraction meant the compositions 

Laboratory scale flow reactor has many advantages for reaction analysis, but quantitative analysis of reactive species depends on 
the residence time in the reactor. Mándity, et al. pointed out the importance of long residence time and the necessity of fine turning 
of it for complete reaction [47]. Al Mesfer et al. reported the residence time influence on reaction degree in a flow reactor [48]. 
Mitroo, et al. proposed the method that can estimate the final reaction state by using short residence time result [49]. 

Since pyrolysis and oxidation reactions of benzene were progressed in the heating zone, it was considered that the residence time 
in the heating zone had substantial influence on the progress of these reactions. Especially shot residence time experiment under 
low temperature condition has a possibility to give us the risky data of reaction completeness. In this study, then, long residence 
time was preferable for pyrolysis investigation, especially, under low temperature conditions. Conditions of flow rate, flow speed, 
and residence time in the heating zone are summarized in Table 1. It shows the longest residence time condition of this study. 
In the flow reactor, the residence time in the heating zone was varied by the change of furnace temperature under the condition 
of constant flow rate. For example, at the flow rate of 2.2 L/min, the residence time could be reduced from 2.4 to 1.9 seconds by 
increasing the furnace temperature. Shorter residence time than this table was easily attained by increasing the flow rates but more 
longer one was hard because of less stability of the experimental setup for benzene feeding and reactor flow.

Residence time
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                             (a) Benzene pyrolysis PM                                                   (b) Benzene-oxygen pyrolysis PM
                                                                    Figure 4: Composition fractions of “Dry 120 °C PM”

Overall reaction behavior in the flow reactor

Flow Reactor and Residence Time

Overall reaction behavior along the reactor is shown in Figure 5. The test conditions were a benzene concentration of 
Cb-IN = 1.9 vol%, an oxygen concentration of CO2-IN = 2.3 vol%, and a furnace temperature of Tf = 1,273 K. The residence time in the 
heating zone was 2.0 seconds. Upper part of the figure shows concentrations of benzene, oxygen, and carbon dioxide. The middle 
part shows the formation mass concentrations of PAHs, and the lower part shows the temperature along the reactor.

Figure 5: Outline of pyrolysis and oxidation in the flow reactor (Tf =1,273K, CO2 = 2.3 vol%)

According the PM analyzer, dry soot meant the soot composition that was stable under 980 °C non oxygen heating. As shown 
Figure 4(a), “Dry 120 °C PM” formed by pure benzene pyrolysis contained much of low SOF and less of high SOF. It meant 
that “Dry 240 °C PM” formed from benzene pyrolysis was almost dry soot. On the other hand, as shown in Figure 4(b), 
“Dry 240 °C PM” formed by benzene pyrolysis under oxygen exist condition contained much of high SOF. It was caused by the 
partial oxidation effect of the oxygen.

that were not removed by 240 °C heating treatment. Through a pre-examination of the treatment procedure, it was confirmed 
that three-ring aromatics and other lower aromatics (low boiling point and high volatility) were completely removed by 240 °C 
and 60 minutes treatment. Then these species were considered as low SOF in “Dry 120 °C PM”. Most of four-ring aromatics like 
pyrene (404 °C) were remained in 120 °C treatment but some of them were also remained after 240 °C and 60 minutes treatment. 
In this heating treatment, since the heating temperature was lower than the boiling temperatures of heavier PAHs, some of them 
were remained after the long time heating. Then PAHs having higher boiling points than pyrene were considered as high SOF in 
“Dry 240 °C PM”.
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The benzene concentration decreased in the heating zone. With benzene concentration decrease, oxygen also decreased in the 
heating zone. Carbon dioxide did not exist in the upstream of the heating zone, whereas, it appeared at point C. This is due to the 
final oxidation reaction of benzene. PAHs were detected at point C. Since PAHs were not detected at point B, it was considered that 
PAHs are formed between points B and C. In other words, PAHs were formed in the heating zone.

There were no differences of gas concentrations and PAHs between points C and D. All the reactions including PAH formation 
might be stopped/quenched by the low temperature effect in the process from point C to D, or, all reactions might be ceased by 
achieving to the near final equilibrium state. 

Residence time and reaction progress
Residence time effect on the final benzene concentration measured at point D is shown in Figure 6. The furnace temperature was 
1,073 K. Here, the final benzene concentration measured at point D (Cb-D) was normalized by the supplied benzene concentration 
(Cb-IN). No concentration change was observed in the benzene mixture under zero O2 concentration (benzene-N2 mixture). No 
benzene pyrolysis was induced in low temperature conditions such as 1,073 K. On the other hand, the final concentration of 
benzene decreased under a certain concentration of O2. The final benzene concentration decreased with the residence time 
increase until 1.9 seconds. When the residence time increased beyond 1.9 seconds and more, additional decrease of the benzene 
concentration was slight.

When the residence time was sufficiently long, the mixture become the new equilibrium state after pyrolysis and oxidation. When 
the residence time was shorter than 1.9 seconds, the benzene reduction might be stopped in the midway of the reactions by the 
cooling effect during the process from point C to D. Furnace temperature increase resulted shorter residence time as shown in 
Table 1. However reaction speed promotion by temperature increase was generally expected to cancel the effect of residence 
time shorting effect. Then the residence time conditions used here was considered to be enough to give us the reliable results for 
discussion.

The condition of 10.1 vol% O2 is the special case. Visible flame was observed in the heating zone because of high oxygen condition 
near stoichiometry (oxygen based equivalence ratio: ϕ = 1.4). Further, temperature control in this condition became impossible 
for strong exothermic reaction. Since visible flame was established, strong oxidation becomes the dominant parameter of benzene 
reaction, but it was out of this research work. The conditions of 7.8 vol% and 5.1 vol% O2 also had the possibility of an invisible 
flame existing in the heating zone. However, under these conditions, there was almost no temperature change due to exothermic 
reactions in the heating zone, and the temperature could be controlled. Therefore, there is no influence of unexpected temperature 
raise on the products.

Figure 6: Residence time and reaction progress (Tf = 1,073K)

Pyrolysis of benzene

Results and Discussion

There were many aromatic hydrocarbons detected by GC-FID. Figure 7 shows the raw examples of GC-FID chart obtained by the 
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mixture sampled at point D. It shows the pure pyrolysis results of benzene with enough residence time (longer than 1.9 seconds). 
Upper chart shows the pyrolysis result of 1,173 K temperature furnace and the lower one is the result of 1,253 K. Naphthalene, 
biphenyl, phenanthrene, anthracene, pyrene, and other PAH substances were clearly detected. There were two clear differences 
between these two charts. One is number of peaks corresponding to the high concentration PAHs. High concentration peaks 
detected in 1,253 K pyrolysis were larger in number than in 1,173 K pyrolysis. The other was heavier PAHs corresponding to longer 
retention time than pyrene were detected in 1,253 K pyrolysis. Using these GC-FID results, temperature effect of typical two-, 
three-, and four-ring aromatics were discussed.

Figure 7: GC-FID charts for pure pyrolysis of benzene. Upper chart: 1,173 K and CO2 = 0.0 vol%, Lower chart: 
1,253 K and CO2 = 0.0 vol%

Mass concentration of naphthalene, biphenyl, phenanthrene, anthracene, and pyrene detected at point D were summarized 
in Figure 8. It shows the pure pyrolysis with zero O2 concentration. Concentration of each PAH was normalized by supplied 
mass concentration of benzene and expressed by logarithmic scale. Here, main discussions of the result are concentrated into 
three typical temperature zones indicated by three color zones of (A), (B), and (C). The temperature ranges of these zones are 
(A): 1,190±20 K, (B): 1,250±20 K, and (C): 1,310±20 K.

The mass concentration of benzene decreased monotonously with an increase of temperature. It showed that benzene pyrolysis was 
induced in higher temperature conditions than 1,073 K (Figure 6). Then zone (A) is considered as the critical light-off temperature 
zone of benzene pyrolysis. In all temperature conditions of the experiment, the mass concentration of biphenyl formed by benzene 
pyrolysis was higher than the other PAHs shown here. Maximum mass conversion ratio from benzene to biphenyl was 4% of 
benzene and it was one order higher than other PAHs. From the results of the mass concentrations of phenanthrene and pyrene, 
it was concluded that the PAH mass concentration decreased with an increase of aromatic ring number. However, phenanthrene 
(three-ring PAH) showed higher concentration than naphthalene (two-ring PAH). 

The mass concentration of biphenyl was higher than naphthalene. It highest value was 4% (zone (B)) of initial benzene and was not 
negligible order of remained benzene of 50%. According to the GC-FID chart, there were many PAHs detected. For example, many 
other two-ring PAH species which showed almost same concentration levels but were not defined, were detected. Concentration 
of total two-ring aromatic species was estimated to be one order higher level than that of biphenyl, especially at high temperature 
condition (Figure7). In three-ring PAHs, the mass concentration of phenanthrene was higher than anthracene. Biphenyl is formed 
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by bonding reaction of phenyl radicals (PAC process) and grows up to phenanthrene by acetylene addition. Pyrene behavior shown 
in the figure was similar with anthracene. It meant that three-ring and four-ring PAHs contributed almost same way in the PM 
formation process.

(A): 1,190±20 K, (B): 1,250±20 K, and (C): 1,310±20 K
Figure 8: PAH mass concentration ratios (CO2 = 0.0 vol%)

The mass concentrations of biphenyl and phenanthrene significantly increased in zone (B) and had clear peaks. The mass 
concentrations of naphthalene, anthracene, and pyrene showed different manner with biphenyl and phenanthrene. They had clear 
peaks in zones (A) and (B). However their peak values were less than 1% of the initial benzene. At lower temperatures, the aromatic-
ring-rupture of the fuel benzene does not occur and could remain intact. Therefore, phenyl radicals are considered to be the main 
source of ring growth reaction under such conditions [23,33-35]. At moderately high temperatures (zone (C)), the rupture of the 
aromatic ring occurs, leading to a lower concentration of benzene and phenyl radical (not shown here), and a decrease in PAH 
formation. At higher temperatures (over zone(C)) the concentration of the aromatic-ring-rupture products C2H2 and C4H2 is likely 
to be substantial, and it might be increased the formation of PAH [31,32]. 

PAH behavior obtained in Figure 8 was well corresponded with the two- and three-ring PAH formation process proposed by 
Frenklach and Wang [4,21]. Figure 9 shows their proposed schemes. Figure 9(a) shows the general HACA process of PAH 
formation beyond first ring-aromatics. Figure 9(b) is its growth initiated by aromatic condensation/combination relevant with 
high temperature pyrolysis of benzene. It is explained previously as the PAC process. Biphenyl and phenanthrene behavior in 
zone (B) meant that the process (b) is the dominant process of the benzene pure pyrolysis with no oxygen condition. It was also 
confirmed by the result that naphthalene concentration as the intermittent species in (a) process was lower than biphenyl.

(a) H-abstraction-C2H2-adition reaction pathway of PAH growth
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(b) PAH growth initiated by aromatics “condensation” (High temperature pyrolysis of benzene)
Figure 9: Growth process of aromatics beyond the first ring [4]

Mass concentrations of “Wet PM”, “Dry 120 °C PM”, and “Dry 240 °C PM” detected at point D are shown in Figure 10 to discuss 
the relationship with PAHs. It shows that more than 0.1 % of “Dry 120 °C PM” and “Dry 240 °C PM” were detected when the 
furnace temperature was higher than zone (A) temperature. The temperature of zone (A) is a critical light-off temperature of not 
only benzene pyrolysis but also PM formation.

(A): 1,190±20 K, (B): 1,250±20 K, and (C): 1,310±20 K
Figure 10: PM mass concentration ratio (CO2 = 0.0 vol%)

The mass concentration of “Wet PM” increased with the temperature and once took a peak in zone (B). “Dry 120 °C PM” behavior 
indicated similar tendency as “Wet PM”. It took a peak in zone (B). The absolute mass of PM was reduced by the dry-up treatment. 
The reduction ratio from “Wet PM” to “Dry 120 °C PM” was observed clearly under low temperature conditions and mass 
concentration of “Dry 120 °C PM” is one order less than “Wet PM”. It meant that much of fuel benzene was contained in “Wet 
PM” at lower temperature conditions than zone (B). In high temperature condition indicated by zone (C), there were no obvious 
difference between “Wet PM” and “Dry 120 °C PM”. Further concentration of “Dry 120 °C PM” in zone (C) was higher than the 
peak concentration in zone (B). 

“Dry 240 °C PM” showed similar temperature dependence as “Dry 120 °C PM”. The difference of “Dry 120 °C PM” and “Dry 
240 °C PM” meant the fraction of low SOF as explained in Figure 4. When the furnace temperature increased to zone (C), this 
difference became small. Therefore, it was considered that the “Dry 120 °C PM” formed in high temperature condition contained 
only a few low boiling-point volatile compositions (low SOF). 

Clear low concentration valleys reported by Kashiwa, et al. existed in a temperature zone (around 1,280 K) between zones (B) and 
(C) [46]. It suggested that PM formation mechanisms in zones (B) and (C) are different. In zone (B), both of PAHs in Figure 8 and 
PM in Figure 10 show the peaks and relevant PM formation mechanism form lighter PAHs to PM is strongly indicated. However 
in zone (C), concentrations of lighter PAHs are not so high but high concentration of PM appears. Its fraction was around 20% of 
initial benzene.
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Figure 11 shows GC-FID charts that indicate the pyrolysis and partial oxidation results of benzene with 2.3 vol% oxygen. Upper 
chart shows the pyrolysis result of 1,173 K temperature furnace and the lower one is the result of 1,253 K. When these charts were 
compared with Figure 8, it was found that larger number of peaks corresponding to the high concentration PAHs are detected in 
the charts than the pure pyrolysis charts shown in Figure 8. It meant that additional PAH species are produced by partial oxidation 
of benzene. Peaks corresponding heavier PAH than pyrene also increased. It suggested the increase of high SOF composition 
shown in Figure 4(b). In other words, PAHs formed by pure pyrolysis of benzene might be changed by oxygen relevant reactions 
[45,46]. 

Figure 11: GC-FID charts for pure pyrolysis of benzene. Upper chart: 1,173 K and CO2 = 2.3 vol%, Lower 
chart: 1,253 K and CO2 = 2.3 vol%

Benzene decrease and PAHs concentration changes corresponding to various furnace temperatures are shown in Figure 12. For the 
convenience of comparison, the same temperature zone definitions as Figure 8 and 10 are used. Benzene was consumed under 2.3 
vol% O2 condition even though the temperature is lower than the temperature of zone (A). The light-off temperature of benzene 
reaction shifted to low temperature side due to the oxidation effect [46]. 

All the PAHs measured here showed two peaks in zones (A) and (B). However in zone (C), concentrations of PAHs showed 
extremely low levels. Further superior peak of biphenyl existed in zone (B) of pure pyrolysis did not appear under pyrolysis and 
oxidation of benzene. In 2.3 vol% O2 condition, naphthalene concentration was almost same level as biphenyl. It meant that main 
two-ring PAH was changed from biphenyl (0 vol% O2) to naphthalene (2.3 vol% O2). Naphthalene and phenanthrene are expected 
to be formed through acetylene addition process on benzene and biphenyl [19]. PAH behavior in Figure 12 suggested that the 
biphenyl route shown in Figure 9(b) is not the dominant route of the PAH formation, or suggested that biphenyl-to-phenanthrene 
conversion by acetylene addition is promoted. Clear low concentration valley between zones (A) and (B) existed. Even though 
the PAH formation route shown in Figure 9(a) (HACA mechanism) is the dominant route of PAH formation, PAH formation 
mechanism coupling with oxygen reaction have to be separate into zone (A) mechanism and zone (B) mechanism, but we need 
more detailed analysis to estimate the different sub-mechanisms in zones (A) and (B).

Figure 13 shows the PM mass concentrations of benzene pyrolysis with 2.3 vol% of oxygen. In zone (A), the mass concentration of 
“Wet PM” was higher than the zero O2 condition. Further the mass concentration of “Dry 120 °C PM” and “Dry 240 °C PM” were 

Pyrolysis of benzene under 2.3 vol% oxygen condition
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one order higher than zero O2 condition in zone (A). Under oxygen exist condition, the formation reaction of naphthalene and 
phenanthrene became active and these mass concentrations increased. It was considered that the increase of “Dry 120 °C PM” and 
“Dry 240 ˚C PM” mass concentrations were due to growth of heavier PAHs and their transition to PM. 

(A): 1,190±20 K, (B): 1,250±20 K, and (C): 1,310±20 K
Figure 12: PAH mass concentration ratios (CO2 = 2.3 vol%) 

(A): 1,190±20 K, (B): 1,250±20 K, and (C): 1,310±20 K
Figure 13: PM mass concentration ratio (CO2 = 2.3 vol %)

At high temperature conditions indicated by zone (C), all the detected PAHs concentrations were lower than those of no oxygen 
condition. In other words, PAHs oxidation effect appeared. However, PM concentrations with and without oxygen showed no 
obvious difference in zone (C). PAHs oxidation was more easily took place than the PM oxidation but it did not have decisive role 
for final PM yielded from the mixture. In both of with and without oxygen conditions, yielded PM took the local minimum in a 
temperature zone (around 1,280 K) between zones (B) and (C) (Figure 10 and 13). It suggests the critical temperature that divided 
solid PM formation processes did not depend on oxygen in the mixture.

Pyrolysis of benzene

PAH and PM formation behavior showed strong temperature dependence. The experimental results of this report clearly 
showed three different mechanisms corresponding to the typical temperature zones [46]. These temperature zones were zone 
(A): 1,190±20 K, zone (B): 1,250±20 K, and zone (C): 1,310±20 K.

Discussions
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Zone (A) (1,190±20 K): It is the low temperature zone and PM was slightly formed. PAH concentrations were also low except 
biphenyl when pure pyrolysis was taken place. However when benzene pyrolysis was coupled with 2.3 vol % of oxygen reaction, 
PAHs had concentration peaks. Light-off of pure pyrolysis took place in this temperature zone but light-off of benzene pyrolysis 
with 2.3 vol% oxygen took place in the lower temperature zone than zone (A). It suggested that low temperature oxygen reaction 
was more important than pure pyrolysis of benzene itself. 

Zone (B) (1,250±20 K): Pure pyrolysis of benzene formed much of biphenyl than naphthalene. It suggest that biphenyl formation 
route by phenyl radical combination is the dominant route of PAH formation. In benzene pyrolysis coupling with 2.3 vol% oxygen, 
biphenyl formation was not superior to naphthalene formation. In this case, additional HACA mechanism was considered to be 
the dominant route of PAH growth. All the PAHs measured here had the concentration peaks in zone (B) and these had the strong 
relationship with PM peak in this zone.

Valley between zone (B) and (C) (around 1,280 K): All of PAHs and PM showed low concentration levels. It suggested the PM 
formation mechanism taken place under higher temperature condition (zone (C) and over zone (C) condition) than this valley was 
substantially different from low temperature mechanism in zones (A) and (B). Even though the PAH formation routes in zone (B) 
were different in with/without oxygen, this difference had no effect on the final PM formation. Relevant to the final PM formation, 
existence of this valley had more definitive affect than the difference of PAH formation routes discussed in zones (A) and (B).

Zone (C) (1,310±20 K): PAH concentrations in pure benzene pyrolysis took the local minimum in this zone and then increased. 
In the case of benzene pyrolysis with 2.3 vol% oxygen, PAH concentrations were low and decreased more with an increase of 
temperature. PM concentration in this zone was high and around 20% of initial benzene was converted to PM. PAH concentration 
behaviors in pure pyrolysis and pyrolysis with 2.3% oxygen were different but final PM formation behavior was not affected by 
these differences. It was concluded that oxygen reaction influenced to the PAH behavior but the final PM formation (solid nuclei 
formation) was only affected by temperature. When the temperature increases beyond zone (C) temperature, PM concentration 
might increase gradually until all the high SOF being converted to PM.

Critical temperature of soot yield have been studied by several researchers. Yan, et al. reported that soot yield from acetylene 
started at around 1,100 K, and Matsukawa reported 1,350 K as the critical temperature of soot yield from ethylene [50,51]. These 
critical temperatures corresponded the temperatures of zones (A) and (C). N. E. Sánchez, et al. reported PAH peak at 1220 K in 
acetylene pyrolysis [52]. It corresponded the PAH peaks in zone (B). K. Alexandrino, et al., Y. Zhai, et al. and C. Saggese, et al. 
investigated the C3H4 and other lower hydrocarbon peaks at around 1,100 K in soot formation process [53-55]. Above literatures 
indirectly suggested that the soot formation mechanism in low temperature conditions such as zones (A) and (B) was different 
from zone (C). Further zone (A) might be controlled by behavior of acetylene and other lower hydrocarbons, and zone (B) might 
correspond to PAH formation. However there is no direct information for benzene pyrolysis.

In this experimental work, pure benzene pyrolysis was only compared with benzene pyrolysis under 2.3 vol% oxygen. We need 
more detailed experiment of different oxygen concentration conditions. PAH behavior between zone (A) and (B) might be cleared 
up by future experiments of different oxygen conditions. Also PM oxidation behavior under high temperature and high oxygen 
conditions, that is important in practical flame, might be explained by these future works.

Conclusion
PAHs and PM formation from benzene under various temperatures and with/without O2 concentrations were analyzed by using 
flow reactor. The results are summarized as follows:

(1) PM formations in pure pyrolysis and oxygen exist condition (2.3 vol% O2) were not so different. Slight fraction of PM was 
yielded even though low temperature condition. It had strong relationship with PAHs concentrations. However over 20% mass 
fraction of initial benzene was converted to PM at high temperature condition did not depend on PAHs concentrations.

(2) PAH and PM formation behavior showed strong temperature dependence. It suggested three different mechanisms 
corresponding to the typical temperature zones. These temperature zones were zone (A): 1,190±20 K, zone (B): 1,250±20 K, and 
zone (C): 1,310±20 K.

(3) As for the temperature dependence, many PAHs except biphenyl showed peaks in both zone (A) and zone (B). 

(4) In pure pyrolysis condition with no oxygen, biphenyl concentration was higher than naphthalene. However in oxygen exists 
condition, biphenyl and naphthalene concentrations were almost same levels. This dominant PAH change was obvious in zone (B).

(5) Under oxygen exist condition, PAHs were low in zone (C). It was considered that PAH oxidation was more easily took place 
than PM oxidation.

(6) Valley temperature (around 1,280 K) that separated zone (C) from zone (B) had substantial meanings of temperature effect on 
PM formation. Benzene to PM conversion ratio at the valley temperature was lower than 5%.



J Nanosci Nanotech Applic                              13  

                                                                               Volume 2 | Issue 2
 
ScholArena | www.scholarena.com

                    

 1. NE Sanchez, A Millera, R Bilbao, MU Alzueta (2012) Polycyclic aromatic hydrocarbons (PAH), soot and light gases formed in the pyrolysis of acetylene at 
different temperatures: Effect of fuel concentration, J Anal Appl Pyrolysis 103: 126-33

3. MP Ruiz, RG de Villoria, A Millera, MU Alzueta, R. Bilbao (2007) Influence of the temperature on the properties of the soot formed from C2H2 pyrolysis, J 
Chem Eng 127: 1-9.

2. T Mendiara, MP Domene, A Millera, R. Bilbao, MU Alzueta (2005) An experimental study of the soot formed in the pyrolysis of acetylene. J Anal Appl Pyrolysis 
74 : 486-93

4. M Frenklach, H Wang (1991) Aromatics growth beyond the first ring and the nucleation of soot particles, 202nd ACS National Meeting, New York, American 
Chem Soc Division of Fuel Chemistry 36: 1509-17.

References

5. DB Kittelson (1998) Engines and Nanoparticles: A Review. J Aero Sci 29: 575-88.
6. R.L Vander Wall and D L Dietrich (1995) Laser-Induced Incandescence Applied to Droplet Combustion, Appl. Optics, 34: 1103-07.
7. T Aizawa, H Kosaka (2005) Laser Spectroscopy of Early Soot Formation Process in a Transient Spray Flame (Imaging and Spectral Measurements of Laser-
induced Emission at Two Different Excitation Wavelength). Japan Soc Mech Eng 71: 208-14.
8. Z Chi, BM Cullum, DL Stokes, J Mobley, GH Miller, et al. (2001) Laser-induced fluorescence studies of polycyclic aromatic hydrocarbons (PAH) vapors at high 
temperatures. Spectrochim. Acta 57: 1377-84.
9. F Ossler, T Metz, M Alden (2001) Picosecond Laser-Induced Fluorescence from Gas-Phase Polycyclic Aromatic Hydrocarbons at Elevated Temperature, II. 
Flame-Seeding Measurements. Appl Phys 72: 479-89.
10. WR Ware, PT Cunningham (1965) Lifetime and Quenching of Anthracence Fluorescence in the Vapor Phase. J Chem Phys 43: 3826-31.
11. K Hayashida, K Amagai, M Arai (1999) OH Measurement in Propane Diffusion Flame by a Laser Induced Fluorescence Using a KrF Excimer Laser. Trans Japan 
Soc Mech Eng 65: 1793-99.
12. K Sato, K Hayashida, K Amagai, M Arai (2004) Laser Measurement of Polycyclic Aromatic Hydrocarbons (PAHs) in a Flame (1st Report, Separation of Laser-
Induced Fluorescence and Incandescence by Time-Resolved Measurement). Trans Japan Soc Mech Eng 70: 1051-57.
13. K  Hayashida, K Amagai, M Arai (2005) Spectroscopic Estimation for Molecular Size of PAH in Various Diffusion Flames. Proc ExHFT-6.
14. Y Kobayashi, T Furuhata, K Amagai, M Arai (2008) Soot precursor measurements in benzene and hexane diffusion flames. Combust Flame 154: 346-55. 
15. LA Melton (1984) Soot Diagnostics Based on Laser Heating. Appl Optics 23: 2201-07. 
16. S Will, S Schraml, A Leipertz (1995) Two-Dimensional Soot-Particle Sizing by Time-Resolved Laser-Induced Incandescence. Optics Letters 20: 2342-44.
17. M Frenklach, H Wang (1991) Detailed modeling of soot particle nucleation and growth. Proc Combust Inst 23: 1559-66.
18. M Frenklach, DW Clary, WC Gardiner, SE Stein (1984) Detailed kinetic modeling of soot formation in shock-tube pyrolysis of acetylene. Proc Combust Inst 
20: 887-901.
19. M Frenklach (2002) Reaction mechanism of soot formation in flames, Phys Chem phys chem 4: 2028-37.
20. M Frenklach, DW Clary, WC Gardiner, SE Stein (1986) Effect of fuel structure on pathways to soot. Proc Combust Inst 21: 1067-76.
21. M Frenklach, H Wang (1994) Detailed Mechanism and Modeling of Soot Particle Formation, H. Bockhorn (Ed): Soot Formation in Combustion, Springer-
Verlag: 165-92.
22. B Shukla, A Susa, A Miyoshi, M Koshi (2008) Role of Phenyl Radicals in the Growth of Polycyclic Aromatic Hydrocarbons. J Phys Chem A 112: 2362-9.
23. B Shukla, M Koshi (2010) A highly efficient growth mechanism of polycyclic aromatic hydrocarbons, Phys Chem phys chem 12: 2427-37
24 B Shukla, A Susa, A Miyoshi, M Koshi (2007) In Situ Direct Sampling Mass Spectrometric Study on Formation of Polycyclic Aromatic Hydrocarbons in Toluene 
Pyrolysis. J Phys Chem 111: 8308-24.
25 B Shukla, K Tsuchiya, M Koshi (2011) Novel Products from C6H5 + C6H6/C6H5 Reactions. J Phys Chem 115: 5284-93
26. B Shukla, M Koshi (2011) Comparative study on the growth mechanisms of PAHs, Combustion and Flame 158: 369-75.
27. RS Tranter, SJ Klippenstein, L B Harding, B R Giri, X Yang, et al. (2010) Experimental and Theoretical Investigation of the Self-Reaction of Phenyl Radicals. J 
Phys Chem 114: 8240-61.
28. A Comandini, K Brezinsky (2011) Theoretical Study of the Formation of Naphthalene from the Radical/π-Bond Addition between Single-Ring Aromatic 
Hydrocarbons. J Phys Chem 115: 5547-59.
29. B Shukla, A Miyoshi, M Koshi (2010) Role of Methyl Radicals in the Growth of PAHs. J A Soc Mass Spectrom 21: 534-44.
30. H Richter, TG Benish, OA Mazyar, WH Green, JB Howard (2000) Formation of polycyclic aromatic hydrocarbons and their radicals in a nearly sooting 
premixed benzene flame. Proc Combust Inst 28: 2609-8.
31. RD Kern, HJ Singh, MA Esslinger, PW Winkeler (1982) Product profiles observed during the pyrolysis of toluene, benzene, butadiene, and acetylene. Proc 
Combust Inst 19: 1351-8.
32. VG Knorre, D Tanke, TH Thienel, H Gg Wanger (1996) Soot formation in the pyrolysis of benzene/acetylene and acetylene/hydrogen mixtures at high carbon 
concentrations. Proc Combust Inst 26: 2303-10.
33. KC Hou, HB Palmer (1965) The Kinetics of Thermal Decomposition of Benzene in a Flow System. J Phys Chem 69: 863-8.
34. R Sivaramakrishnan, K Brezinsky, H Vasudevan, RS Tranter (2006) A Shock-Tube Study of the High-Pressure Thermal Decomposition of Benzene. Combust 
Sci Technol 178: 285-305.
35. H Bohm, H Jander, D Tanke (1998) PAH growth and soot formation in the pyrolysis of acetylene and benzene at high temperatures and pressures: modeling 
and experiment. Proc Combust Inst 27: 1605-12.
36. C Venkat, K Brezinsky, I Glassman (1982) High temperature oxidation of aromatic hydrocarbons. Proc Combust Inst 19: 143-52.
37. KH Homann, H Gg. Wangner (1967) Some new aspects of the mechanism of carbon formation in premixed flames. Proc Combust Inst 11: 371-9.

https://www.sciencedirect.com/science/article/pii/S0165237012002197
https://www.sciencedirect.com/science/article/pii/S1385894706003809
https://www.sciencedirect.com/science/article/pii/S0165237004001263
https://web.anl.gov/PCS/acsfuel/preprint archive/Files/36_4_NEW YORK_08-91_1509.pdf
https://www.sciencedirect.com/science/article/pii/S0021850297100374
https://www.ncbi.nlm.nih.gov/pubmed/21037639
https://www.researchgate.net/publication/242512407_Laser_Spectroscopy_of_Soot_Formation_Process_in_a_Disel_Spray_Flame_via_Excitation-Emission_Matrix_Technique
https://www.ncbi.nlm.nih.gov/pubmed/11446693
https://link.springer.com/article/10.1007/s003400100520
https://aip.scitation.org/doi/10.1063/1.1696570
https://www.jstage.jst.go.jp/article/kikaib1979/65/633/65_633_1793/_article
https://www.jstage.jst.go.jp/article/kikaib1979/70/692/70_692_1051/_article
https://ci.nii.ac.jp/naid/10020503157/
https://www.sciencedirect.com/science/article/pii/S0010218008000989
https://www.osapublishing.org/ao/abstract.cfm?uri=ao-23-13-2201
https://www.osapublishing.org/ol/abstract.cfm?uri=ol-20-22-2342
https://www.sciencedirect.com/science/article/pii/S0082078406804261
https://www.sciencedirect.com/science/article/pii/S0082078485805786
https://pubs.rsc.org/en/content/articlelanding/2002/cp/b110045a#!divAbstract
https://www.sciencedirect.com/science/article/pii/S0082078488803370
https://link.springer.com/chapter/10.1007/978-3-642-85167-4_10
https://pubs.acs.org/doi/abs/10.1021/jp7098398
https://pubs.rsc.org/en/content/articlelanding/2010/cp/b919644g#!divAbstract
https://pubs.acs.org/doi/abs/10.1021/jp071813d
https://www.ncbi.nlm.nih.gov/pubmed/21545158
https://www.researchgate.net/publication/251554583_Comparative_study_on_the_growth_mechanisms_of_PAHs
https://pubs.acs.org/doi/abs/10.1021/jp1031064
https://pubs.acs.org/doi/abs/10.1021/jp200201c
https://www.sciencedirect.com/science/article/pii/S1044030510000036
https://www.sciencedirect.com/science/article/pii/S0082078400806797
https://www.sciencedirect.com/science/article/pii/S0082078482803111
https://www.sciencedirect.com/science/article/pii/S0082078496800580
https://pubs.acs.org/doi/abs/10.1021/j100887a027
https://www.tandfonline.com/doi/abs/10.1080/00102200500292340
https://www.sciencedirect.com/science/article/pii/S0082078498805705
https://www.sciencedirect.com/science/article/pii/S0082078482801860
https://www.sciencedirect.com/science/article/pii/S0082078467801619


J Nanosci Nanotech Applic 14

                                                                               Volume 2 | Issue 2
 
ScholArena | www.scholarena.com

                    

38. A Keller, R Kovacs, KH Homann (2000) Large molecules, ions, radicals and small soot particles in fuel-rich hydrocarbon flames. Phys Chem Chem. Phys 2: 
1667-75.
39. JD Bittner, JB Howard (1981) Composition profiles and reaction mechanisms in a near-sooting premixed benzene/oxygen/argon flame. Proc Combust Inst 18: 
1105-16.
40. M Frenklach, MK Ramachandra, RA Matula (1984) Soot formation in shock-tube oxidation of hydrocarbons, Proc Combust Inst 20: 871-8.
41. Y Zama, K Shimizu, M Tsukui, T Furuhata, M Arai (2013) Relationship between O2 Concentration and Soot Formation in Propane Laminar Diffusion Flame. 
J Japan Soc Mech Eng 79: 1147-54.
42. TS Wang, RA Matula, RC Farmer (1981) Combustion kinetics of soot formation from toluene Proc Combust Inst 18: 1149-58.
43. C Pels Leusden, N Peters (2000) Experimental and numerical analysis of the influence of oxygen on soot formation in laminar counter flow flames of acetylene. 
Proc Combust Inst 28: 2619-25.
44. T Furuhata, Y Kobayashi, K Hayashida, M Arai (2011) Behavior of PAHs and PM in a diffusion flame of paraffin fuels. Fuel 91: 16-25.
45. K Kashiwa, T Kitahara, Y Kobayashi, M Arai (2017) Flow Reactor Study on Benzene Pyrolysis and Oxidation. ASPACC Paper 11: 73.
46. K Kashiwa, T Kitahara, M Arai, Y Kobayashi (2018) Benzene pyrolysis and PM formation study using flow reactor. Fuel 230: 185-193.
47 IM Mándity, SB Ötvös, F Fülöp (2015) Strategic Application of Residence-Time Control in Continuous-Flow Reactors, Chemistry Open 4: 212-23.
48. MK Al Mesfer, M Danish (2016) Experimental Study of the Influence of Process Conditions on Tubular Reactor Performance. J Eng Appl Sci. 3: 17-25.
49. D Mitroo1, Y Sun, DP Combest, P Kumar, BJ Williams (2018) Assessing the degree of plug flow in oxidation flow reactors (OFRs): a study on a potential aerosol 
mass (PAM) reactor, Atmos Meas Tech 11: 1741-56.
50. B Yan, Y Chen, T Li, Y Cheng (2017) Detail kinetice modeling of acetylene decomposition/soot formation during quenching of coal pyrolysis in thermal plasma. 
Energy 121: 10-20.
51. Y Matsukawa, K Ono, K Dewa, A Watanabe, Y Saito, et al. (2016) Reaction pathway for nasent soot in ethylene pyrolysis, Combust Flame 167: 248-58.
52. NE Sánchez, Á Millera, R Bilvao, MU Alzueta (2013) Polycyclic aromatic hydrocarbons (PAH), soot and light gases formed in the pyrolysis of acetylene at 
different temperatures: Effect of fuel concentration. J Anal Appl Pyrolysis 103: 126-33.
53. K Alexandrino, C Baena, Á Millera, R Bilbao, MU Alzueta (2018) 2-methylfuran pyrolysis: Gas-phase modelling and soot formation, Combust Flame 188: 
376-87.
54. Y Zhai, B Feng, W Yuan, C Ao, L Zhang (2018) Experimental and modeling studies of small typical methyl esters pyrolysis: Methyl butanoate and methyl 
crotonate. Combust Flame 191: 160-74.
55. C Saggese, A Frassoldati, A Cuoci, T Faravelli, E Ranzi (2013) A wide range kinetic modeling study of pyrolysis and oxidation of benzene. Combust Flame 160: 
1168-90.

https://pubs.rsc.org/en/content/articlelanding/2000/cp/a908190i/unauth#!divAbstract
https://www.sciencedirect.com/science/article/pii/S0082078481801154
https://www.sciencedirect.com/science/article/pii/S0082078485805762
https://www.sciencedirect.com/science/article/pii/S0082078481801191
https://www.sciencedirect.com/science/article/pii/S0082078400806803
https://www.sciencedirect.com/science/article/pii/S001623611100411X
https://www.sciencedirect.com/science/article/pii/S001623611830632X
https://www.ncbi.nlm.nih.gov/pubmed/26246983
https://www.mu.edu.sa/sites/default/files/content/2017/01/Second_article_17_25.pdf
https://www.atmos-meas-tech.net/11/1741/2018/
https://www.sciencedirect.com/science/article/pii/S0360544216319442
https://www.sciencedirect.com/science/article/pii/S001021801600064X
https://www.sciencedirect.com/science/article/pii/S0165237012002197
https://www.sciencedirect.com/science/article/pii/S0010218017304145
https://www.sciencedirect.com/science/article/pii/S0010218018300026
https://www.sciencedirect.com/science/article/pii/S0010218013000631

