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ABSTRACT 

Fuel-rich oxidation of three typical gasoline surrogate components, toluene, iso-octane, and n-

heptane, was investigated in an atmospheric-pressure flow reactor at mean gas temperatures from 1050 

to 1350 K, equivalence ratio of 9.0, and residence times of 0.45 and 1.2 s. Not only polycyclic aromatic 

hydrocarbons (PAHs) up to 3 ring structure but also small intermediate products from C1 to C5 were 

quantified by a gas chromatograph mass spectrometry coupled with photon ionization and gas 

chromatograph with flame ionization detector, respectively. The kinetic model recently developed by 

Lawrence Livermore National Laboratory was revised to reflect the results of many recent 

investigations. Basically, the updated model could satisfactorily reproduce the experimental mole 

fractions of many species. The experimental and simulated results showed that PAH mole fractions 

produced were in the order of toluene, iso-octane, and n-heptane. The kinetic analysis using the model 

was carried out to explore PAH formation pathways, especially focusing on naphthalene, 

acenaphthylene, and phenanthrene. Through rate of production analysis, it was found that the main 

formation pathways of many PAHs were affected by the fuels. Although resonantly stabilized radicals, 

such as benzyl and fulvenallenyl radicals, played a crucial role in the formation pathways of many 

PAHs in every fuel, they were produced through hydrogen elimination of toluene in toluene fuel, while 

they were formed from small intermediate products in iso-octane and n-heptane fuels. Sensitivity 

analysis revealed the difference and similarity of the reactions with large positive coefficients 
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according to the fuels studied here. The molecular growth reactions of aromatic species were 

influential in PAH production in every fuel, whereas the ring formation reactions from small species 

and the reactions involving toluene had large positive sensitivity coefficients in iso-octane/n-heptane 

and toluene fuels, respectively. 

 

Key Words: Polycyclic aromatic hydrocarbon (PAH); flow reactor; toluene; n-heptane; iso-octane; 

fuel-rich oxidation 
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1. INTRODUCTION 

 Soot particles emitted from internal combustion engines are serious issues for environment and 

human health [1], thereby stringent regulations have been proposed around the world to restrict soot 

emissions from automotive transport sector. Among gasoline engines, the importance of gasoline 

direct-injection (GDI) engines are increasing owing to higher fuel economy compared with 

conventional port fuel injection (PFI) engines. However, GDI engines are suffering from more soot 

emissions than PFI engines, particularly during the cold start phase and stratified operation [2 ]. 

Polycyclic aromatic hydrocarbons (PAHs) are known as precursors of soot particles and have an 

essential role in soot formation processes [3]. Thus, to suppress the soot production in GDI engines, a 

fundamental understanding of PAH formation processes in gasoline fuels is required. 

 Practical gasoline fuels are complex mixtures of a variety of hydrocarbons. In addition to 

hydrocarbons, market gasoline fuels often contains ethanol, but its effect is not considered, however 

the effect of methanol was considered in a previous study [4]. Hydrocarbons contained in gasoline 

fuel can be categorized according to their molecular structure, such as normal, branched, and cyclic 

alkanes, linear alkenes, and aromatics [5]. Thus, surrogate fuels consisting of a limited number of pure 

components have been employed to capture similar physical and chemical properties and combustion 

characteristics of complex real fuels. As gasoline surrogate fuels, binary mixtures of n-heptane and 

iso-octane denoted as primary reference fuels (PRFs), and ternary mixtures of toluene, n-heptane, and 
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iso-octane known as toluene primary reference fuels (TPRFs) have been widely formulated [6 ]. 

Toluene, n-heptane, and iso-octane represent aromatics, linear alkanes, and branched alkanes, 

respectively. In addition to fundamental studies on the laminar burning velocity [7] and ignition delay 

time [8] using TPRFs, experimental investigations of soot and PAH formation by TPRFs have been 

performed using flames [9,10,11,12,13], jet-stirred reactor (JSR) [14,15], and flow reactor [14], to 

deeply understand the combustion characteristics of gasoline fuels. Park et al. [10], Hua et al. [11] and 

Liang et al. [12] qualitatively measured the PAH formation of gasoline surrogates using laser-induced 

fluorescence technique, as well as laser-induced incandescence for measuring soot volume fraction. 

Shao et al. [14,15] studied the pyrolysis of gasoline surrogates using JSR coupled with gas 

chromatography (GC) with a flame ionization detector (FID) and found that TPRFs produced more 

PAHs than PFRs because toluene was included in TPRFs. Shao et al. [14] analyzed the PAH mole 

fractions formed in pyrolysis of gasoline surrogates in a flow reactor coupled with synchrotron vacuum 

ultraviolet photoionization molecular beam mass spectrometry and showed that production of small 

PAHs, such as benzene and naphthalene, were slightly higher in TPRF with research octane number 

(RON) of 70 than that with RON of 97.5, while the latter fuel produced slightly higher phenanthrene 

and pyrene. Despite many efforts so far, there are still limited studies to quantitatively evaluate PAH 

formation in fuel-rich oxidation of TPRFs. Therefore, to enhance the understanding of PAH formation 

mechanism in gasoline and to underline the effect of hydrocarbons with different molecular structures 
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on PAH formation chemistry, fuel-rich oxidation of TPRF components, such as toluene, iso-octane, 

and n-heptane, should be investigated. 

 The objective of this study is to examine fuel-rich oxidation of gasoline surrogate components, 

toluene, iso-octane, and n-heptane, using a flow reactor at atmospheric pressure, mean gas 

temperatures from 1050 to 1350 K, equivalence ratio of 9.0, and residence times of 0.45 and 1.2 s. In 

addition to PAHs from monocyclic to tricyclic structures, small intermediate species from C1 to C5 

produced during fuel oxidation were quantified. Small intermediate species, such as acetylene, allene, 

their derivative radicals, and others, are important because they are building blocks in PAH growth 

reactions [16,17,18]. The mole fractions of PAHs were evaluated by a GC mass spectrometry (GC-

MS) coupled with photon ionization, while small intermediate species were quantified using GC-FID. 

A chemical kinetic model which was recently developed by Lawrence Livermore National Laboratory 

(LLNL) was updated according to various studies and employed to reproduce the experimental results 

obtained in a flow reactor. Computed and measured concentration profiles of species were compared 

to evaluate the modeling performance. Kinetic analysis using the model was carried out to clarify the 

fuel-specific reaction pathways of various PAHs.  

 

2. EXPERIMENTAL AND ANALYTICAL METHODS 

2.1. Reactor system 
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 The overall experimental apparatus in this study is depicted in Fig. 1. This apparatus consists of 

several units, such as a feedstock supply/control unit, flow reactor, and sample system for analysis. 

Because the same feedstock supply/control unit and flow reactor as previously reported [19] are used, 

a brief explanation is given here.  

Liquid fuels, such as toluene (>99.8%, FUJIFILM Wako Pure Chemical Corporation), iso-octane 

(>99.0%, Tokyo Chemical Industry Co., Ltd.), and n-heptane (>99.0%, FUJIFILM Wako Pure 

Chemical Corporation), were supplied to a vaporizer via fuel reservoir and mass flow controller (MFC). 

In a vaporizer, liquid fuels were mixed with oxygen (>99.999%, Taiyo Nippon Sanso Corporation) 

and nitrogen (>99.99995%, Taiyo Nippon Sanso Corporation) whose flow rates were adjusted by 

individual mass flow controllers, and then the mixtures were introduced into a reactor. The temperature 

of feeding lines from an outlet of vaporizer to a reactor inlet was kept at 473 K to avoid condensation 

of the vaporized fuels. The mole fraction of oxygen at a reactor inlet was fixed at 0.600 vol.% under 

a standard condition. The concentrations of toluene, iso-octane, and n-heptane at a reactor inlet were 

0.600, 0.432, and 0.491 vol.% so that equivalence ratio was 9.0. Nitrogen was used as balance gas and 

Fig. 1 Depiction of experimental apparatus in this study. 
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its concentration at a reactor inlet accounted for more than 98.8 vol.%.  

 The reactor consists of a quartz tube of 10 mm inner diameter and 1050 mm length, which was placed 

in a three heating-zone furnace, where the temperature of each zone of a furnace was separately 

controlled by R-type thermocouples, enabling the uniform temperature profile. The detailed 

information on reactor features used in this study can be found in our previous paper [19]. The 

temperature was varied from 1050 to 1350 K and the residence time, which was adjusted by a total 

gaseous flow rate, was 0.45 and 1.2 s. The measurements at a temperature lower than 1000 K were 

not performed because PAH production was the focus in this study and expected to be small at a low 

temperature. Formation of carbonaceous deposits could be found on the inner wall of the reactor tube 

after experiments. To avoid any effect of the deposits on the measurements, oxygen diluted with 

nitrogen was fed to the reactor to burn the deposits before conducting the experiments. The carbon 

balance was evaluated in our previous paper [19], showing that it deteriorated at elevated temperatures. 

This may be attributed to the formation of large molecular weight species, such as carbonaceous 

deposits stated above. 

 

2.2. Sampling system 

 GC-FID (Shimadzu GC-2014) was employed for quantifying C1–C5 hydrocarbons included in 

sampled gas. Since the sampling system using GC-FID was described in detail previously [19], a short 
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description is provided here. Quantified species were methane, acetylene, ethylene, allene 

(propadiene), propyne (methylacetylene), propylene (propene), vinylacetylene, 1,3-butadiene, and 

cyclopentadiene. Pure He (>99.99995 %) was used as carrier gas for the GC-FID. TC-BOND 

Alumina/KCl with an inner diameter of 0.25 mm, length of 30 m, and film thickness of 4 μm was 

employed as a capillary column for separation of gaseous species. Gaseous species from C1–C4 were 

directly calibrated by means of commercially available standard gases diluted with nitrogen. On the 

other hand, the mole fraction of cyclopentadiene was indirectly evaluated using the calibration results 

of other gases because signal intensities of hydrocarbons are nearly proportional to carbon numbers 

included in the species in an FID system. Detailed information, such as operation procedure of GC, is 

available in our previous paper [19]. The lower detection limit of species in GC-FID system was 

approximately 0.1 ppm. Uncertainty analysis was conducted previously [19], showing that total 

uncertainty correlated with present GC-FID was estimated to be less than 15% for all analyzed small 

intermediate species. Experimental data of small species in toluene fuel at residence time of 1.2 s were 

obtained in our previous study [19], while other data were newly measured in this study.  

 Photon ionization GC-MS (PI GC-MS, JEOL JMS-Q1050GC) was newly developed in order to 

quantify PAHs included in sampled gas. Mass spectrometry coupled with photon ionization is a 

powerful tool and has widely been applied to combustion investigations to provide advances in 

combustion chemistry [20,21,22]. Although electron ionization is another technique frequently used 
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in combustion studies [23 ,24 ], it involves fragmentation of gaseous species, which often leads to 

difficulties in identifying chemical species. One of advantages related to photon ionization method is 

soft ionization of species, which is able to minimize fragmentation of PAHs. A deuterium lamp which 

was embedded in a mass detection unit was employed to generate vacuum ultraviolet light with fixed 

energy of 10.3 eV which is sufficient to ionize PAHs. A capillary silica tube with inert treatment was 

used as a resistance tube in our PI GC-MS so that the pressure in a mass spectrometer is kept at a 

suitable level for analysis. Note that silica tube does not have separation function of species. In general, 

the signal intensity with specific mass-to-charge ratio (m/z), 𝑆𝑆𝑚𝑚/𝑧𝑧, can be expressed as follows [21]. 

𝑆𝑆𝑚𝑚/𝑧𝑧 ∝ 𝑋𝑋𝑚𝑚/𝑧𝑧 × 𝜎𝜎𝑚𝑚/𝑧𝑧 × 𝐷𝐷𝑚𝑚/𝑧𝑧 × 𝜙𝜙 × 𝜆𝜆      (1) 

where 𝑋𝑋𝑚𝑚/𝑧𝑧 represents the mole fraction of the species at specific m/z, 𝜎𝜎𝑚𝑚/𝑧𝑧 is photoionization cross 

section, 𝐷𝐷𝑚𝑚/𝑧𝑧 is a mass discrimination factor, 𝜙𝜙 signifies photon flux, and 𝜆𝜆 is a sampling function. 

In our study, because the temperature and pressure in a mass detection unit can be assumed to be 

nearly constant, it is reasonable to consider that 𝜙𝜙 and 𝜆𝜆 are independent of experimental conditions. 

Hence, from equation (1), the following equation can be derived when m/z = 78 which corresponds to 

benzene is used as a reference material. 

𝑋𝑋𝑚𝑚/𝑧𝑧 = 𝑋𝑋𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 × 𝑆𝑆𝑚𝑚/𝑧𝑧

𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
× 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝜎𝜎𝑚𝑚/𝑧𝑧
× 𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝐷𝐷𝑚𝑚/𝑧𝑧
      (2) 

The rationality whether the signal intensity at m/z = 78 can be treated as that of benzene is worth 

discussing. Figure S1 in the supplementary material shows that experimentally quantified benzene 
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mole fractions were in remarkable agreement between PI GC-MS and GC-FID, where GC-FID was 

regarded as a benchmark because GC-FID is a reliable equipment for quantification of hydrocarbons 

[19]. This result strongly indicates that it is reasonable to treat the signal intensity at m/z = 78 in PI 

GC-MS as that of benzene. Equation (2) can be further transformed for quantification of the target m/z 

as follows. 

𝑋𝑋𝑚𝑚/𝑧𝑧 = 𝑆𝑆𝑚𝑚/𝑧𝑧

𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
× 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝜎𝜎𝑚𝑚/𝑧𝑧
× 𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝐷𝐷𝑚𝑚/𝑧𝑧
       (3) 

where 𝑋𝑋𝑚𝑚/𝑧𝑧  is the mole fraction of target m/z, 𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑋𝑋𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵⁄   is the gradient of benzene 

calibration curve, 𝑆𝑆𝑚𝑚/𝑧𝑧 is the signal intensity of target m/z, 𝜎𝜎𝑚𝑚/𝑧𝑧 is the photoionization cross section 

of target m/z, 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the photoionization cross section of benzene, 𝐷𝐷𝑚𝑚/𝑧𝑧 is the mass discrimination 

factor of target m/z, and 𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the mass discrimination factor of benzene. The gradient of benzene 

calibration curve, 𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, was calculated using gaseous benzene with known concentration diluted by 

N2. Note that standard calibration materials were not used for PAHs larger than m/z = 78. The signal 

intensity of target m/z, 𝑆𝑆𝑚𝑚/𝑧𝑧, was monitored during analysis and was determined by subtracting the 

background signal intensity from the measured one at target m/z. Although the signal intensity of 

specific m/z, 𝑆𝑆𝑚𝑚/𝑧𝑧, was the sum of that of all isomers, the photoionization cross section and mass 

discrimination factor of specific m/z were basically determined based on the value of the structure with 

the largest production. For instance, at m/z = 152, acenaphthylene, 1-ethynyl naphthalene, and 2-

ethynyl naphthalene are candidates as isomers. However, because the production of acenaphthylene is 
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expected to be the largest based on our experience and results stated later, the photoionization cross 

section and mass discrimination factor at m/z = 152 was determined based on acenaphthylene. The 

lists of the photoionization cross section and mass discrimination factor reflecting several preceding 

papers [25,26,27,28] are available in Tables S1 and S2 in the supplementary material, respectively. If 

light energy for ionization is tunable, it is possible to record mass-specific photoionization efficiency 

(PIE) curves which help with isomer identification [20,29]. However, the technique to identify isomers 

using PIE curves is limited to small species containing less than 7 heavy atoms [20]. Hence, the use 

of a fixed energy light with 10.3 eV in this study is not a major barrier for PAH measurement, and we 

believe that the signal intensity of specific m/z, 𝑆𝑆𝑚𝑚/𝑧𝑧, obtained here is beneficial for advancing the 

PAH chemistry. In this study, not only the m/z corresponding to major PAHs, such as 128 for 

naphthalene and 178 for phenanthrene/anthracene, but also that corresponding to minor PAHs, such 

as oxygenated PAHs (OPAHs), were analyzed, such as m/z = 108 and 158. During analysis, the 

temperatures of GC oven, interface between GC and mass spectrometer, and mass spectrometer were 

kept at 523 K, 483 K and 453 K, respectively. The resolution of mass (m/Δm) was higher than 2000 

according to the specification of the apparatus. m/z investigated here was from 78 to 180 which 

corresponded to monocyclic to tricyclic structures. The lower detection limit of PI GC-MS in this 

study was approximately ~0.1 ppm. The uncertainties of obtained mole fractions using photon 

ionization method were precisely described elsewhere [20,21,29]. When the uncertainty analysis is 
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conducted in this study based on the discussions of previous papers, the accuracy of the directly 

calibrated species, benzene in this study, is expected to be less than ±20 %, while the uncertainty for 

the mole fractions of larger species than benzene can be as large as a factor of 2–4 because the 

photoionization cross sections and mass discrimination factors were estimated. Note that in the present 

conditions, the concentrations of iso-octane and n-heptane in sampled gas were lower than the 

detection limit in both GC-FID and PI GC-MS, meaning that almost all of iso-octane and n-heptane 

were converted. 

 

3. NUMERICAL APPROACH 

 A detailed kinetic model developed by LLNL [4] was employed as a base one. This model contains 

detailed PAH growth reactions up to five rings and consists of 1328 species and 8006 elementary 

reactions [4]. The LLNL model was originally developed for describing the aromatic combustion 

mechanism and has been updated to incorporate molecular growth chemistry revealed by theoretical 

and experimental studies [30]. This model has been validated against flames involving aromatics and 

C3 species [20,31], pyrolysis of gasoline surrogates in JSR [15], and fuel-rich oxidation of ethylene, 

toluene, n-decane, and toluene/methanol in a flow reactor [4,19,32]. Although the previous model 

could basically reproduce the experimental data of many PAHs well, there were some discrepancies 

between the simulated and experimental results in several PAHs, such as naphthalene and 
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acenaphthylene in [4] and biphenyl and fluorene in [32]. Furthermore, the reaction mechanism of 

several OPAHs like naphthol and naphthoquinone was insufficiently developed in the previous model. 

We added multiple PAH formation reactions into the base model for improving the model prediction, 

and the main revisions on the model are stated in detail later. The updated model includes 1394 species 

and 8297 reactions. To compare experimental results with calculated data, one-dimensional 

simulations were performed using the Plug Flow Reactor (PFR) module in OpenSMOKE++ Suite 

[33,34]. The rationality using the PFR module was already discussed in our previous paper [19]. The 

temperature profiles determined in our previous study [19] were used as input data for the simulations. 

When comparing the measured and predicted results of PAHs in this investigation, the following point 

should be noted; because the measured mole fractions of PAHs larger than benzene were determined 

based on the signal intensity at m/z which was the sum of the signal intensities of potential isomers, 

calculated mole fractions were determined by the sum of those of species with the same m/z included 

in the kinetic model. For example, considering species at m/z = 152, the present model includes three 

isomers, acenaphthylene (A2R5), 1-ethynyl naphthalene (A2C2H-1), and 2-ethynyl naphthalene 

(A2C2HV). Thus, the calculated mole fraction at m/z = 152 was the sum of acenaphthylene, 1-ethynyl 

naphthalene, and 2-ethynyl naphthalene. Table S3 in the supplementary material shows the summary 

of structures and nomenclatures of isomers at similar m/z which were contained in the model and used 

for the simulations.  
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3.1. Revisions of the kinetic model 

 The newly added and/or modified reactions are stated in the following sections according to aromatic 

size.  

 

3.1.1. C7 aromatic species 

 Reactions involving toluene (C6H5CH3), benzyl radical (C6H5CH2), and vinyl-cyclopentadienyl 

radical (VCP-C7H7) were modified and/or added. Benzyl radical formation from propargyl radical and 

vinylacetylene (C3H3 + C4H4 = C6H5CH2) was added according to the study by Jones et al. [35]. The 

rate parameters of toluene formation from 1,3-butadiene and propargyl radical (C4H6 + C3H3 = 

C6H5CH3 + H) was referred to C3H3 + C4H4 = C6H5CH2 according to JetSurf2.0 model [36]. The 

decomposition reaction of OC6H4C2H3
 to produce vinyl-cyclopentadienyl radical and CO 

(OC6H4C2H3 => VCP-C7H7 + CO) was added and its rate constants were taken from C6H5O = C5H5 + 

CO included in the base model. Furthermore, the reaction block involving VCP-C7H7 leading to 

fulvenallene (C7H6) and indene (IND) was added by referring to several papers [18,37,38]. 

 

3.1.2. C10 aromatic species 

 Formation reactions of naphthalene (NAPH), 1-naphthyl radical (NAPH-), and 2-naphthyl radical 



 16 

(NAPHV) from benzyne (C-C6H4) and vinylacetylene were added based on the recent study by 

Monluc et al. [39]. The rate constants of hydrogen elimination reactions of naphthalene to produce 1-

naphthyl and 2-naphthyl radicals were revised according to the same article [39]. The reaction between 

benzyl and propargyl radicals to produce dialin (C10H10) was added by referring to C3MechV3.3 [40]. 

 

3.1.3. C12 aromatic species 

 Methyl addition to benzo-fulvenallenyl radical (C9H6-C2H) to produce acenaphthylene (A2R5) and 

1-ethynyl naphthalene (A2C2H-1) was described based on Jin’s study [41]. Jin et al. [42] and Hamadi 

et al. [43 ] recently pointed out the importance of the combination between indenyl (C9H7) and 

propargyl radicals toward acenaphthylene production where ring expansion and hydrogen elimination 

take place. Though the above reaction underwent multi-step scheme in their studies [42,43], the 

detailed theoretical investigations of this reaction system have not yet been performed to our 

knowledge. Hence, we described as a global reaction (C9H7 + C3H3 => A2R5 + H2) whose rate 

parameters were taken from the reaction to form 1-(propa-1,2-dien-1-yl)-1H-indene (C9H6VCCVC) 

from propargyl and indenyl radicals included in the base model. Because Jin et al. indicated that 

hydrogen-abstraction phenylacetylene-addition could lead to efficient formation of peri-condensed 

aromatic hydrocarbons [44], we explored whether the reaction pathway from phenylacetylene and 1-

naphthyl radical to acenaphthylene and phenyl radical affected acenaphthylene production. However, 
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the above reaction scheme was not included in the present model because we found that its effect on 

acenaphthylene production was very minor. Biphenyl (C12H10) formation reaction from fulvenallenyl 

(C7H5) and cyclopentadienyl (C5H5) radicals was added as suggested by Jin’s study [42], and its rate 

parameters were taken from the recombination of propargyl radicals to produce benzene and fulvene 

included in the base model. 

 

3.1.4. C13 aromatic species 

 Fluorene, fluorenyl radical (RFLUORENE), phenalene, and cyclopenta-naphthalene (A2CYC5 and 

A2CYC5-L) were C13 aromatic species. The combination of indene/indenyl radical and 

cyclopentadienyl radical/cyclopentadiene (C5H6) leading to the production of fluorene and 1H-

cyclopenta(a)naphthalene (A2CYC5) via isomerization and methyl radical removal was described in 

a multiple-step manner as shown by Jin et al. [42]. The reaction between benzo-fulvenallenyl radical 

and acetylene to form fluorenyl radical (C9H6-C2H + C2H2 = RFLUORENE) was added in analogy 

with the reaction of fulvenallenyl radical with acetylene to form indenyl radical, and its rate parameters 

were referred to the study by Matsugi and Miyoshi [45]. The reaction block involving methyl-biphenyl 

(ME-C12H9) and methyl-biphenylyl radical (C12H9CH2) leading to fluorene production was described 

based on the recent theoretical studies [46,47]. Because the recent experimental study suggested the 

importance of the reactions between C6 + C7 species for fluorene production [48], we added several 
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reactions, such as fulvenallenyl radical with benzene/phenyl radical to form fluorene and fulvenallenyl 

radical + benzyne leading to fluorenyl radical. The rate constants of methyl-naphthyl radical (A2CH2) 

+ C2H2 reactions to produce phenalene, 1H-cyclopenta(a)naphthalene (A2CYC5), and 1H-

cyclopenta(b)naphthalene (A2CYC5-L) were modified based on Galimova’s study [46]. The reactions 

between 1- and 2-naphthyl radicals and allene/propyne to produce C13 species were added based on 

the recent studies [49,50]. Unimolecular H-elimination reaction of diphenylmethane was added due 

to the analogy with the reaction of toluene to form benzyl radical + H.  

 

3.1.5. C14 aromatic species 

In addition to diphenylacetylene formation from the combination of phenylacetylene (C6H5C2H) and 

phenyl radical (C6H5) which is already incorporated in the base model, the production reaction of 9-

methylene-fluorene (CH2FLUORENE) was added (C6H5C2H + C6H5 = CH2FLUORENE + H), taking 

the rate constants of this reaction from Jin’s study [51]. Their study [51] also showed the pathway 

from 1,2-diphenylvinyl radical (C14H11) to phenanthrene plus H (C14H11 = PHNTHRN + H) and this 

pathway was added to the present model. C9H6-C5H5 radical produced through the combination of 

indenyl and cyclopentadienyl radicals underwent hydrogen elimination to produce benzofulvalene 

(C9H6-C5H4) whose rate parameters were referred to H-elimination of fulvalenyl radical to produce 

fulvalene shown in [52 ]. Benzofulvalene further underwent H-assisted isomerization to produce 
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phenanthrene and anthracene according to the study by Krasnoukhov et al. [53]. 

 

3.1.6. Oxygenated aromatic species 

 The reaction block involving benzofuran and dibenzofuran formation was refined based on our 

previous investigation [32]. The reaction mechanism involving 1,2-naphthoquinone (O-OA2O), 1,4-

naphthoquinone (P-OA2O), and naphthol (NAPHOH) was updated in this study. The reactions of 2-

naphthyl radical with O2 and naphthoxy radical (NAPHO) with O to produce 1,2-naphthoquinone 

were added in analogy with those of phenyl and phenoxy radicals as shown in Morozov’s study [54]. 

Similarly, the reactions from 1-naphthyl and naphthoxy radicals with O2 and O, respectively, to form 

1,4-naphthoquinone were referred to the reactions involving phenyl and phenoxy radicals [55]. Also, 

naphthoxy radical reacted with O2 to produce 1,2-naphthoquinone and 1,4-naphthoquinone, taking the 

rate constants of these reactions from benzoquinone formation from phenoxy radical + O2 included in 

the base model. The rate parameters of decomposition of 1,2-naphthoquinone and 1,4-naphthoquinone 

to produce indenone (C9H6O) and CO were adopted from O-C6H4O2 = C5H4O + CO in the base model. 

The reaction mechanism involving naphthalene and O to form naphthol was newly added based on 

the reaction scheme of benzene + O leading to phenol which is described in the base model. 

 

4. RESULTS AND DISCUSSIONS 
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5. Experimental and simulated results of small intermediate species as a function of gas temperature 

 In this section, the experimental and simulated results of small intermediate products produced during 

oxidation of fuels at a residence time of 1.2 s are provided in Fig. 2. The results at a residence time of 

0.45 s are given in Fig. S2 in the supplementary material. Note that measured and calculated data of 

several species, e.g., allene in toluene and n-heptane fuels and 1,3-butadiene in toluene fuel, were 

multiplied so that concentration profiles can be visible. Although Figs. 2 and S2 show similar tendency, 

the shape of species profiles in Fig. 2 shifts approximately 50 K to the low temperature side compared 

Fig. 2 Concentration profiles of small intermediate species in fuel-rich oxidation of toluene, iso-

octane, and n-heptane as a function of temperature. Equivalence ratio and residence time were 9.0 

and 1.2 s, respectively. Symbols are experimental data; lines are simulated profiles. 
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with that in Fig. S2, suggesting that the effect of residence time is not so large in the range of this 

study. Figures 2 and S2 show that the current model could satisfactorily capture the experimental 

tendency. As for C1 and C3 species, iso-octane produced the largest amount, followed by n-heptane 

and toluene, while the largest concentrations of C2 species were acquired in n-heptane, followed by 

iso-octane and toluene. Although 1,3-butadiene production in toluene fuel was much lower than that 

in iso-octane and n-heptane, production of vinylacetylene and cyclopentadiene was similar between 

fuels. Since acetylene, allene, propyne, vinylacetylene, and cyclopentadiene, including derivative 

radicals from these species, are important for PAH growth [16,18,37,38,39,45], the main reaction 

pathways of these products were analyzed using the model. Regarding acetylene, decomposition of 

cyclopentadienone (C5H4O => 2C2H2 + CO) produced from HCO elimination of C6H5OO was 

dominant in toluene fuel at 1300 K. It is noted that in Fig. 2 the simulated acetylene concentration 

increases rapidly with increasing temperature and then decreases, while the measured values increase 

more slowly. This disagreement could be due to an assumption in the cyclopentadienone 

decomposition reaction above that two C2H2 are formed from a rapid decomposition of CYC4H4 

(cyclobutadiene). This assumption was made because cyclobutadiene is expected to be short-lived 

[56] and a cyclobutadiene kinetic submodel is not available (to the author’s knowledge) to simulate 

its consumption. Future development and inclusion of a cyclobutadiene submechanism may be needed 

to improve the acetylene agreement. In iso-octane and n-heptane fuels at 1300K, sequential H-
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elimination of ethylene (C2H4 + H = C2H3 + H2 and C2H3 (+M) = C2H2 + H (+M)) was dominant for 

acetylene formation. In addition, H-assisted propyne decomposition (C3H4-P + H = C2H2 + CH3) was 

important in iso-octane fuel. As for allene, although H-elimination of C3H5-A (C3H5-A = C3H4-A + H) 

was dominant in toluene and n-heptane fuel at 1300 K, C3H5-A was produced from C5H6 + H = C3H5-

A + C2H2 and sequential H-elimination of propylene (C3H6) in toluene and n-heptane, respectively. 

On the other hand, the decomposition of IC4H7 (IC4H7 = C3H4-A + CH3) which was primarily formed 

by hydrogen abstraction reaction of isobutene (IC4H8) was main production pathway of allene in iso-

octane fuel. Propyne was mainly produced from isomerization of allene (C3H4-A = C3H4-P and C3H4-

A + H = C3H4-P + H) and CH3 + C2H2 = C3H4-P + H in every fuel at 1300 K. As main production 

pathways of vinylacetylene, H-elimination of C4H5-N (C4H5-N = C4H4 + H) produced through CO 

removal of cyclopentadienone (C5H4O + H = C4H5-N + CO) was predominant in toluene fuel at 1300 

K. Figure 2 shows that the simulated vinylacetylene concentration was overestimated by a factor of 7 

although the current mechanism could qualitatively capture the experimental tendency. This may be 

because the reaction chemistry of vinylacetylene formation from toluene is still not understood 

comprehensively, and further refinement of the mechanism is required for good quantitative agreement. 

On the other hand, H-elimination of C4H5-N and C4H5-I (C4H5-N = C4H4 + H and C4H5-I = C4H4 + H) 

was important for vinylacetylene production in iso-octane and n-heptane fuels at 1300 K. In addition, 

C2H3 + C2H2 = C4H4 + H was also important for vinylacetylene production in n-heptane. In our model, 
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cyclopentadiene (C5H6) was mainly formed through H + C5H5 produced from CO elimination of 

C6H5O in case of toluene at 1300 K, while dehydrogenation of cyclopentene (CYC5H8 = C5H6 + H2) 

and cyclization of CVCCVCCJ (CVCCVCCJ = C5H6 + H) produced from hydrogen removal of 1,3-

pentene were dominant pathway for cyclopentadiene formation in iso-octane and n-heptane. In this 

way, the production and reaction pathways of small intermediate species which can become building 

blocks for PAH depend on the fuels.  

 

5.1. Experimental and simulated results of PAHs as a function of gas temperature 

Figures 3 and 4 present experimental and calculated results of PAHs at a residence time of 1.2 s as a 

function of temperature. Major PAHs corresponding to m/z = 78, 92, 104, 116, 128, 152, 154, 166, and 

178 are adopted in Fig. 3 and the rest is shown in Fig. 4. The results at a residence time of 0.45 s are 

provided in Figs. S3 and S4 in the supplementary material. Note that the structures and nomenclature 

of PAH isomers considered for each m/z in the chemical kinetic model are summarized in Table S3 in 

the supplementary material. Measured and calculated data of several species, e.g., m/z = 166 in Fig. 3 

and m/z = 180 in Fig. 4 in iso-octane and n-heptane fuels, were multiplied. Similarly to small 

intermediate products in Figs. 2 and S2, the shapes of profiles of most PAHs shift to the low 

temperature side at residence time of 1.2 s (Figs. 3 and 4) compared to those at 0.45 s (Figs. S3 and 

S4). In Fig. 3, PAH concentrations in toluene were overall the largest among the fuels studied here, 
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followed by iso-octane and n-heptane. Note that in the experiments, production of several PAHs, such 

as m/z = 104 and 116, was larger in iso-octane than that in toluene at 1050 K. This may be due to the 

difference of the fuel reactivity: the conversion of toluene at 1050 K was several percent, while almost 

100% of iso-octane was reacted at the same temperature. In the experimental results in Fig. 3, peaks 

in PAH concentration for m/z larger than 104 were observed in every fuel over the temperature range 

studied, however, the peak temperature presenting the maximum PAH concentration depended on the 

fuels: it was the lowest and highest in toluene and n-heptane, respectively, while it was located between 

Fig. 3 Concentration profiles of PAHs corresponding to m/z = 78, 92, 104, 116, 128, 152, 154, 166, 

and 178 in fuel-rich oxidation of toluene, iso-octane, and n-heptane as a function of temperature. 

Equivalence ratio and residence time were 9.0 and 1.2 s, respectively. Symbols are experimental 

data; lines are simulated profiles. See Table S3 for structures associated with these m/z values. 
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toluene and n-heptane in case of iso-octane. The simulation could satisfactorily capture the 

experimental results in every fuel within a factor of 4, although there were slight deviations between 

them in the peak concentration temperature.  

The experimental tendency of Fig. 4 was generally similar with that of Fig. 3. Note that measured 

concentrations of several PAHs in iso-octane and n-heptane fuels are not shown in Fig. 4 because they 

were lower than the detection limit. The mole fractions of minor PAHs in Fig. 4 were much lower than 

those of major PAHs in Fig. 3. Minor PAHs here include OPAHs, such as m/z = 94, 108, 144, 158, and 

others, and production of OPAHs was much lower than that of PAHs as observed in previous studies 

[24,32]. Thus, the difference of concentration between Figs. 3 and 4 seems reasonable.  
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Fig. 4 Concentration profiles of PAHs corresponding to m/z = 94, 108, 118, 132, 144, 158, 168, 

and 180 in fuel-rich oxidation of toluene, iso-octane, and n-heptane as a function of temperature. 

Equivalence ratio and residence time were 9.0 and 1.2 s, respectively. Symbols are experimental 

data; lines are simulated profiles. See Table S3 for structures associated with these m/z values. Note 

that m/z = 94, 108, 144, 158 and others include OPAHs. 
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5.2. Analysis on reactions pathways of PAHs 

5.2.1. Major PAHs (m/z = 78, 92, 104, 116, 128, 152, 154, 166, and 178) 

 Because the calculated results were generally in good agreement with the experimental data, the 

present model can be regarded as a reliable one, and the kinetic analysis was carried out using the 

model. In this section, the detailed analyzed results of naphthalene, acenaphthylene, and phenanthrene, 

are presented as a representative of PAHs, and those of other aromatics/PAHs are described briefly.  

The major aromatic/PAH formation pathways are now described starting with the lowest m/z value 

of 78 (benzene as shown in Table S3). In toluene fuel at 1250 K, the main benzene formation pathways 

are ipso-replacement reaction of toluene by H to form benzene (C6H5CH3 + H = C6H6 + CH3) and H 

elimination of 2,4-cyclohexadienyl radical (CYC6H7 = C6H6 + H) which is produced from ring-

expansion of 2,4-cyclopentadienylmethyl radical (C5H5CH2) formed by CO loss of the cresoxy radical 

(OC6H4CH3). In iso-octane and n-heptane fuels, H elimination of 2,4-cyclohexadienyl radical is 

dominant for benzene formation at 1250 K, however, 2,4-cyclohexadienyl radical is formed through 

isomerization of cyclopentadienylmethyl radical (C5H5CH2) produced from recombination of 

propargyl radicals via fulvene.  

 The species corresponding to toluene in our model is m/z = 92 as shown in Table S3. Thus, the main 

consumption and production pathways of toluene were examined in toluene and iso-octane/n-heptane 

fuels, respectively. Toluene is primarily consumed by hydrogen abstraction reactions in case of toluene 
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fuel, while C4H6 + C3H3 = C6H5CH3 + H is dominant for toluene production in iso-octane and n-

heptane fuels at 1150 K. 

 The formation pathways of species at m/z = 104, namely styrene, were analyzed. In toluene fuel at 

1150 K, main formation pathway of styrene is the dissociation reaction of stilbene radical (C14H13 = 

C6H5C2H3 + C6H5) which is produced from the recombination of benzyl radicals to form bibenzyl 

(C14H14), followed by hydrogen abstraction. On the other hand, styrene is mainly produced through 

H-assisted isomerization of 5-allylidenecyclopenta-1,3-diene (C5H4VCCVC) produced from the 

combination of cyclopentadienyl and propargyl radicals via C5H5C3H3 formation in iso-octane and n-

heptane fuels. 

 Because there are several potential isomers corresponding to m/z = 116 as shown in Table S3, 

comparison of the simulated mole fractions of different isomers is shown in Fig. S5 in the 

supplementary material. Figure S5 shows that most of mole fractions at m/z = 116 is accounted by 

indene and contribution of other isomers is limited in every fuel studied here. Hence, we investigated 

the main formation pathways of indene at 1200 K, showing that indene was primarily produced from 

HACA (hydrogen abstraction carbon addition) pathway (C6H5CH2 + C2H2 = IND + H) in every fuel. 

Benzyl radical is formed by H-abstraction reactions of toluene in toluene fuel, while C3H3 + C4H4 = 

C6H5CH2 also contributes in iso-octane and n-heptane fuels in addition to H-abstraction reactions.  
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 Similarly for m/z = 128, there are several possible isomers displayed in Table S3. Among these 

isomers, naphthalene is the dominant species according to simulations as shown in Fig. 5, thereby the 

reaction pathways of naphthalene were analyzed in detail. The top 6 reaction pathways toward 

naphthalene at 1300 K were identified based on rate of production (ROP) analysis: H-assisted 

isomerization of 1-methyleneindene (CH2IND + H = NAPH + H, pathway #1), combination of 

fulvenallenyl and propargyl radicals (C7H5 + C3H3 => NAPH, pathway #2), ring enlargement of 

methylindene radicals (C9H6CH3 = NAPH + H and C9H6CH3-2 = NAPH + H, pathway #3), H-

elimination of dialin radical (C10H9 => H + NAPH, pathway #4) etc. Figure 6 (a) and (b) show the 

reaction network and relative contribution of each pathway, respectively. Note that contribution of 

pathway #4 was sum of C10H9 => H + NAPH and C10H10 = H2 + NAPH. The dominant formation 

pathway of naphthalene depends on the fuels. In toluene, pathway #4 is dominant, followed by 

pathway #1. The importance of pathway #4 for naphthalene production was also highlighted in another 
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study when toluene was used as fuel [40]. In case of iso-octane, contribution of pathway #1 is the 

largest, followed by pathways #4, #3, and #2. n-Heptane fuel shows similar reaction pathways with  

iso-octane, but the contribution ranks in the order of pathway #1, #2, #3, and #4. The tendency that 

Fig. 6 (a) main reaction pathways for naphthalene formation at 1300 K. (b) relative contribution 

of each pathway in toluene, iso-octane, and n-heptane fuels. 
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naphthalene formation is governed by pathways #1, #2, and #3 in normal and branched alkanes was 

seen in previous studies fuelled by PRFs and n-decane [15,32]. In every fuel, contribution of pathways 

#5 and #6 is limited. Although pathways #1 and #2 contribute considerably to naphthalene production 

in every fuel and fulvenallenyl radical (C7H5) plays an important role in both pathways, C7H5 is 

primarily produced through sequential hydrogen elimination of benzyl radical in toluene fuel, while it 

is mainly generated by the reaction between diacetylene (C4H2) and propargyl radical in iso-octane 

and n-heptane fuels. The top 10 reactions contributing to naphthalene production used for calculating 

the relative contribution in Fig. 6 (b) are given in Fig. S8 in the supplementary material. The largest 

ROP reaction in toluene fuel is approximately one order of magnitude greater than that in iso-octane 

which is several times bigger than that in ne-heptane. Sensitivity analysis toward naphthalene 

formation was conducted and top 10 reactions with highest positive coefficient are presented in Fig. 

7. The reactions with positive sensitivity indicate that an increase in the reaction rate enlarges 

naphthalene production. In toluene fuel, dialin (C10H10) formation reaction (C3H3 + C6H5CH2 => 

C10H10) as well as H-elimination reactions of 1-methylindene (C9H7CH3 = C9H6CH3 + H) and indene 

(IND + H = C9H7 + H2) which appear in pathways #4 and #3 in Fig. 6 (a), respectively, show large 

positive coefficient. In addition, the reactions involving 2-methylcyclopenta-2,4-dien-1-one (C5H3O-

CH3) as well as the reactions involving C5H5 radical (C2H2 + C3H3 = C5H5 and C6H5 + O2= C6H5O + 

O where C6H5O results in C5H5 formation via CO removal) show large positive coefficients because 
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these reactions lead to the formation of C3H3 which is a significant species for naphthalene formation 

as shown in Fig. 6 (a). Also, the sensitivity of the reactions involving toluene (H + C6H5CH3 = H2 + 

C6H5CH2 and OH + C6H5CH3 = H2O + C6H4CH3) cannot be ignored, which is in line with previous 

study [4,32]. In case of iso-octane, the molecular growth reactions (C3H3 + C6H5CH2 => C10H10) and 

H-elimination of 1-methylindene (C9H7CH3 = C9H6CH3 + H) which are similar reactions seen in 
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toluene fuel have large positive coefficients. At the same time, the reactions involving C2–C4 species, 

many of which are correlated with C3H3 formation, as well as the aromatic formation reactions from 

small hydrocarbons (forward direction of C3H3 + C4H4 = C6H5CH2 and C3H3 + C4H6 = H + C6H5CH3) 

show high sensitivity. In n-heptane, similarly to iso-octane, the reactions involving C2–C4 species, 

such as H + C2H4 = H2 + C2H3, H + C3H4-P = H2 + C3H3, and C2H + C2H2 = H + C4H2, have large 

positive coefficients. The molecular growth reactions, such as C3H3 + C7H5 = CH2IND and C3H3 + 

C7H5 => NAPH, and ring formation reaction, such as C7H5 = C3H3 + C4H2, which can be found in 

pathways #1 and #2 in Fig. 6 (a), are present as large sensitivity reactions, while the sensitivity of 

reactions seen in toluene and iso-octane (C3H3 + C6H5CH2 => C10H10 and C9H7CH3 = C9H6CH3 + H) 

is relatively low.  

  The isomers at m/z = 152 contained in our model are acenaphthylene, 1-ethynyl naphthalene, and 

2-ethynyl naphthalene. Among these species, acenaphthylene accounted for large portion of 
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concentrations in every fuel as given in Fig. 8, hence, the reaction pathways of acenaphthylene were 

investigated in detail. Top 4 contributable reaction pathways toward acenaphthylene (A2R5) at 1300 

K are depicted in Fig. 9 (a): combination of indenyl and propargyl radicals (C9H7 + C3H3 => A2R5 + 

2H, pathway #7), HACA reaction of 1-naphthyl radical (NAPH + C2H2 => A2R5 + H, pathway #8), 

Fig. 9 (a) main reaction pathways for acenaphthylene formation at 1300 K. (b) relative contribution 

of each pathway in toluene, iso-octane, and n-heptane fuels. 
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ring closure of vinyl naphthyl radical (A2C2H2 = A2R5 + H, pathway #9), and sequential H-elimination 

to form acenaphthene (RDIHYDROA2R5 = A2R5 + H, pathway #10). Contribution of these pathways 

in each fuel are depicted in Fig. 9 (b). Differently from naphthalene, acenaphthylene production is 

independent on the fuels: pathway #7 dominates, followed by pathway #8, and contribution of other 

pathways are limited. On the other hand, according to the reactions with large ROP toward 
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Fig. 10 Sensitivity analysis toward acenaphthylene formation in (a) toluene, (b) iso-octane, and (c) 
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acenaphthylene production shown in Fig. S9 in the supplementary material, the ranking of ROP is 

toluene, iso-octane, and n-heptane, which is similar tendency to naphthalene. The results of sensitivity 

analysis for acenaphthylene are presented in Fig. 10. It is intriguing to note that several molecular 

growth reactions, such as C3H3 + C9H7 => A2R5+ 2H and C2H2 + C6H5CH2 = H + IND, which appear 

in pathway #7 in Fig. 9 (a), are commonly found as large sensitivity reactions in every fuel. Compared 

to these reactions, HACA pathway, C2H2 + NAPH- => H + A2R5, is less influential. Although the 

reactions correlated to C2H2 and C3H3 production show large coefficients, the elemental reactions 

differ depending on the fuels: toluene fuel shows aromatic ring contraction and cleavage, such as O2 

+ C6H4CH3 = HCO + C5H3O-CH3, O2 + C6H5 = HCO + C5H4O, and C5H4O => CO + 2C2H2, while 

iso-octane and n-heptane fuels show H-abstraction reactions, such as H + C3H4-P = H2+ C3H3, H + 

C2H4 = H2 + C2H3, and H + C3H4-A = H2 + C3H3. As well as naphthalene, it was found that the ring 

formation reaction from small intermediate species, C3H3 + C4H4 = C6H5CH2, is influential in iso-

octane and n-heptane fuels.  

 There are several potential isomers corresponding to m/z = 154 as presented in Table S3, and 

comparison of the simulated concentrations of different isomers is shown in Fig. S6 in the 

supplementary material, showing that biphenyl is dominant species in every fuel. According to ROP 

analysis, the main formation pathway of biphenyl at 1250 K is C7H5 + C5H5 => C12H10 in every fuel. 

In addition to this, C6H5CH3 + C6H5 = C12H10 + CH3 is important in toluene fuel.  
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 Although a number of isomers at m/z = 166 are included in our model as shown in Table S3, the 

calculated results in Fig. S7 shows that fluorene is predominant species in every fuel. Thus, this study 

explores the main formation pathways of fluorene at 1300 K. In toluene fuel, ring-closure reactions 

involving diphenylmethane radical (C6H5CHC6H5 => FLUORENE + H) and methyl-biphenylyl 

radical (C12H9CH2 = FLUORENE + H) primarily contribute to fluorene production. In addition to 

these reactions, C7H5 + C6H6 = FLUORENE + H and hydrogenation of fluorenyl radical are important 

in iso-octane and n-heptane fuels. Fluorenyl radical is produced from CO elimination of oxygenated 

phenanthrene radical (PHNTHRNOJ => RFLUORENE + CO) and benzo-fulvenallenyl radical + 

acetylene (C9H6-C2H + C2H2 = RFLUORENE) in iso-octane and n-heptane, respectively. Although 

phenalene formation reaction from methyl-naphthyl radical (A2CH2) is suggested to be important in 

production of PAH at m/z = 166 in α-methyl-naphthalene pyrolysis [41], this pathway is not important 

in the present mechanism. 

Chemical species at m/z = 178 contains several isomers as shown in Table S3. Among these species, 

phenanthrene accounts for a considerable portion of the simulated mole fractions at m/z = 178 in Fig. 

11. Although diphenylacetylene accounts for unignorable amounts at m/z = 178, it is adequate to 

examine the main reaction pathway of phenanthrene based on ROP analysis because it becomes a 

precursor of phenanthrene as will be explained later. Fig. 12 (a) illustrates the main formation pathway 

of phenanthrene at 1300 K: H-assisted isomerization of diphenylacetylene and H-loss of stilbene 
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radical (H + C6H5C2C6H5 = H + PHNTHRN and C14H11 = H + PHNTHRN, pathway #11), H-assisted 

isomerization of 9-methylenefluorene (H + CH2FLUORENE => H + PHNTHRN, pathway #12), 

HACA pathway from biphenyl (C2H2 + C12H9 => H + PHNTHRN, pathway #13), ring enlargement of 

methyl-benzoindenyl radical (RMEA2CYC5 => H + PHNTHRN, pathway #14), combination of 

benzo-fulvenallenyl and propargyl radicals (C3H3 + C9H6-C2H => PHNTHRN, pathway #15), and 

recombination of fulvenallenyl radicals (2C7H5 => PHNTHRN, pathway #16). Although pathway #11 

is the most important toward phenanthrene production in every fuel as shown in Fig. 12 (b), 

contribution of other pathways depends on the fuels. Pathway #12 is second contributable pathway for 

phenanthrene formation in toluene fuel, whereas pathways #13 and #14 are contributable to some 

degree in iso-octane fuel. In case of n-heptane, pathway #15 contributes to phenanthrene production 

subsequently to pathway #11, followed by pathways #13 and #14. Although a previous study 

emphasized the importance of benzo-fulvenallenyl radical in PAH formation [41], its contribution to 
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PAHs up to three ring structure that were measured in this study was limited. Because there are limited 

studies on the reaction chemistry of benzo-fulvenallenyl radical at present, further investigations 

Fig. 12 (a) main reaction pathways for phenanthrene formation at 1300 K. (b) relative contribution 

of each pathway in toluene, iso-octane, and n-heptane fuels. 
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should be carried out in the future to refine the reaction mechanism involving benzo-fulvenallenyl 

radical. On the other hand, as suggested by the previous paper [41], benzo-fulvenallenyl radical may 

play a crucial role in the formation of larger PAHs than those measured in this study. The integrated 

ROP of phenanthrene shown in Fig. S10 in the supplementary material indicates that the order of 

phenanthrene ROP is toluene, iso-octane, and n-heptane, which is similar tendency to naphthalene and 

acenaphthylene. The sensitivity analysis toward phenanthrene production is shown in Fig. 13. In every 

fuel, the reactions appearing in pathway #11 in Fig. 12 (a), such as C14H11 = C6H5 + C6H5C2H and H 

+ C6H5C2C6H5 = H + PHNTHRN, have large positive coefficients. This result is consistent with that 

of Fig. 12 (b) where pathway #11 is dominant for phenanthrene in every fuel. In n-heptane, note that 

the reactions related to pathway #15 important only in n-heptane, such as C9H6-C2H = C4H2 + C7H5 

and C7H5 = C3H3 + C4H2, show large sensitivity. As well as naphthalene and acenaphthylene, in iso-

octane and n-heptane, there are several reactions with large sensitivity which involve small species, 

such as H + C3H4-P = H2 + C3H3, H + C2H4 = H2 + C2H3, and others, while the reactions involving 

toluene, such as O2 + C6H5CH3 = HO2 + C6H5CH2 and H + C6H5CH3 = CH3 + C6H6, are influential in 

toluene fuel. To summarize the sensitivity analysis of naphthalene, acenaphthylene, and phenanthrene, 

the molecular growth reactions with high sensitivity are relatively common in every fuel once aromatic 

species which becomes origin of PAH growth reactions are formed. In iso-octane and n-heptane, the 
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ring formation reactions from small species are found as high sensitivity reactions because aromatic 

ring is absent in their molecular structure, while the reactions involving toluene are influential in 

toluene fuel because toluene reactivity is much lower than iso-octane and n-heptane. It was also 

common between the fuels that the reactions leading to C2H2 and C3H3 which are important in the 

reactions of molecular growth and ring formation have large positive coefficients, but the reaction 
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pathways depend on the fuels: they can be produced through ring contraction and cleavage in toluene 

fuel, while they are formed by the reactions involving small species in iso-octane and n-heptane.  

 

5.2.2. Minor PAHs (m/z = 108, 118, 158, and 168) 

 For the kinetic analysis of minor PAHs, only several m/z were selected for discussion because of 

relatively good agreement between the experimental and simulated results. We adopted the signal at 

m/z = 108, 118, 158, and 168, and these signals include OPAHs in addition to PAHs. It is important to 

examine whether PAHs or OPAHs are the predominant species. Furthermore, because there are limited 

studies on the reaction pathways of OPAHs, it is important to reveal them by kinetic analysis.  

Starting with m/z = 108, calculated mole fractions of several species are given in Fig. S11 in the 

supplementary material, showing that cresol is the dominant species in toluene and iso-octane fuels. 

Note that the experimental data for m/z = 108 in n-heptane is lower than the detection limit, thereby 

simulated result in n-heptane is not plotted in Fig. S11. Because the calculation showed that the 

maximum concentration at m/z = 108 in n-heptane was below 0.06 ppm, which is lower than the 

detection limit in the present analysis equipment, the experimental results seem reasonable. In both 

fuels, cresol is directly produced from toluene (C6H5CH3 + O = HOC6H4CH3) at 1100 K according to 

ROP analysis.  

 At m/z = 118, Fig. S12 shows that simulated concentrations of allylbenzene (C6H5C3H5-1) are 
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dominant over those of benzofuran in every fuel. C6H5CH2 + C2H3 = C6H5C3H5-1 is a predominant 

reaction toward allylbenzene formation in toluene fuel at 1100 K. In iso-octane fuel, C6H5 + C3H5-A 

= C6H5C3H5-1 and C6H5 + C3H6 = C6H5C3H5-1 + H are important, while C6H5CH2 + C2H3 = 

C6H5C3H5-1 and C6H5 + C3H5-A = C6H5C3H5-1 are dominant in n-heptane.  

 The signal attributed to m/z = 158 was detected only in toluene fuel, and comparison of the simulated 

mole fractions of several species is presented in Fig. S13 where 1,4-naphthoquinone (P-OA2O) is 

dominant. 1,4-naphthoquinone is primarily produced through NAPH- + O2 = P-OA2O + H.  

 Species corresponding to m/z = 168 includes PAHs (C6H5CH2C6H5, ME-C12H9, ALLYLNAPH-1, 

and ALLYLNAPH-2) and OPAH (DBZFUR) as shown in Table S3. According to the calculation, the 

dominant species depends on the temperature in toluene fuel, while dibenzofuran (DBZFUR) is the 

main product in iso-octane and n-heptane fuels. In toluene at around 1150 K, diphenylmethane 

(C6H5CH2C6H5) and methylbiphenyl (ME-C12H9) are dominant over dibenzofuran. The main 

formation reaction of diphenylmethane is combination of phenyl and benzyl radicals (C6H5CH2 + C6H5 

= C6H5CH2C6H5) and methylbiphenyl is dominantly produced via reactions involving monoaromatic 

species (C6H5CH3 + C6H4CH3 = ME-C12H9 + CH3 and C6H5CH3 + C6H5 = ME-C12H9 + H). When a 

temperature increases, the dominant species changes to dibenzofuran instead of aforementioned 

species in toluene fuel. The main production pathway of dibenzofuran in toluene fuel at 1250 K 

involves cyclization of C12H9O (C12H9O = RDHYDRODBZFUR1) which is produced through oxygen 
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addition to biphenyl radical, subsequently undergoing dehydrogenation (RDHYDRODBZFUR1 = 

DBZFUR + H). The main formation pathway of dibenzofuran in iso-octane and n-heptane is similar 

to that in toluene. The tendency that the primary production pathway of OPAH is independent on the 

fuels is consistent with previous study [32]. 

 

6. CONCLUSIONS 

 The fuel-rich oxidation of gasoline surrogate components like toluene, iso-octane, and n-heptane was 

studied using an atmospheric-pressure flow reactor at temperatures from 1050 to 1350 K, residence 

times of 0.45 and 1.2 s, and equivalence ratio of 9.0. In addition to PAHs from one to three ring 

structure, small intermediate species of C1–C5 produced during oxidation of the fuels were quantified. 

The kinetic model which was originally developed by LLNL was refined in terms of PAH growth 

reactions. In general, the revised model could satisfactorily capture the experimental results of small 

intermediate products as well as many PAHs. The experimental and simulated results showed that the 

mole fractions of small intermediate species were affected by the fuels, while production of PAHs was 

in the order of toluene, iso-octane, and n-heptane. To investigate the PAH formation pathways of three 

fuels, the kinetic analysis using the updated model was conducted. We investigated the formation 

pathways of major and minor PAHs, particularly focusing on naphthalene, acenaphthylene, and 

phenanthrene. According to ROP analysis, the main production pathways of naphthalene and 
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phenanthrene were affected by the fuels, while they were nearly independent on them for the 

production of acenaphthylene. Although the resonantly stabilized radicals, such as benzyl and 

fulvenallenyl radicals, served an important role in PAH growth reactions in every fuel, their main 

formation pathways depended on the fuels. Sensitivity analysis showed that there were common 

reactions with large sensitivity among every fuel, such as the molecular growth reactions and reactions 

leading to production of small species which behaved as key building blocks in PAH growth. In 

addition, the reactions to form aromatic rings from small species showed large sensitivity coefficients 

in iso-octane and n-heptane, while those involving toluene had relatively large coefficients in toluene. 

These results obtained in this study that the main formation pathways of PAHs and the influential 

reactions toward PAH production were affected by the fuels could be helpful in understanding the 

reaction chemistry of PAHs in the fuel rich oxidation of gasoline surrogate components. 
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