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a b s t r a c t 

A combined experimental and kinetic modeling study is carried out to explore the influences of acetylene 

and ethylene addition on the species formation from toluene pyrolysis. Experiments are conducted sepa- 

rately with four different ar gon-diluted binary toluene/C 2 mixtures in a single pulse shock tube at a nom- 

inal pressure of 20 bar over a temperature range of 1150 −1650 K. All the experimental mixtures contain 

about 100 ppm toluene and different amounts of C 2 fuels (50, 216, 459 ppm acetylene and 516 ppm ethy- 

lene). Species concentrations as a function of the temperature are probed from the post-shock gas mix- 

tures and analyzed through the gas chromatography/gas chromatography-mass spectrometry techniques. 

A kinetic model is developed, which successfully predicts the absolute species concentration measure- 

ments as well as the changes brought by the varied fuel compositions. With the neat fuel decomposition 

profiles as a reference, both fuel components exhibit increased reactivity in the pyrolysis of all studied 

binary mixtures, indicating the existence of obvious synergistic effects. In particular, such effects become 

more remarkable when increasing the initial acetylene concentration. This essentially results from the 

addition-elimination reaction of a toluene fuel radical and a C 2 fuel molecule leading to a C 9 molecule 

and a hydrogen atom. Indene is identified as the predominant C 9 product in all studied cases, and its 

peak concentrations sharply increase with the initial acetylene contents in toluene-acetylene pyrolysis. 

On the other hand, indane, produced from the addition-elimination reaction between benzyl and ethy- 

lene, is only detected at trace levels in toluene/ethylene pyrolysis. This indicates a relatively weaker inter- 

action between benzyl and ethylene, compared to that of benzyl and acetylene. Apart from the increased 

concentrations of hydrogen atoms and C 9 aromatics, interactions between toluene and C 2 fuels also di- 

rectly result in a reduced level of C 7 radicals in the reaction system. Overall, PAH species can be divided 

into two groups according to the way their peak concentrations varying with the initial fuel composi- 

tions. For those largely depending on benzyl reactions, such as bibenzyl, biphenylmethane, fluorene and 

phenanthrene, the peak concentrations decrease with the added C 2 fuels. In contrast, increasing trends 

are observed in the peak concentrations of the PAHs which rely on indenyl as a precursor, including 

naphthalene, methyl-indene, benzofulvene and acenaphthalene. 

© 2020 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Being found as the most predominant aromatic in gaso- 

ine, toluene serves as an essential component of the ternary 

 n -heptane/iso-octane/toluene) surrogate fuel mixtures that are 

idely formulated and utilized in the last decade [1] . Given such 

mportance, a wealth of studies were carried out to establish 
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he kinetic mechanism responsible for toluene consumption under 

ombustion relevant conditions. Available experimental data cover 

lobal parameters such as ignition delay time [2 , 3] , laminar burn- 

ng velocity [4] and detailed species compositions in jet-stirred re- 

ctor oxidation [5-7] , premixed flames [8 , 9] and flow-reactor [7] or 

hock tube [10-12] pyrolysis. The decomposition of toluene pro- 

uces various resonantly stabilized radicals such as benzyl, fulve- 

allenyl, cyclopentadienyl and propargyl. Reactions of these radi- 

als among themselves [13-16] or with other abundant combustion 

adicals/molecules [17-19] are identified as important pathways 

eading to polycyclic aromatic hydrocarbon (PAH) compounds. Ac- 
urate kinetic characterization of relevant channels need to be 
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Table 1 

Compositions of the gas mixtures used for experiments. 

Composition Gas mixture 

Toluene (C 7 H 8 ) Ethylene (C 2 H 4 ) Acetylene (C 2 H 2 ) 

TE 106 ppm 516 ppm –

TA_50 107 ppm – 50 ppm 

TA_216 106 ppm – 216 ppm 

TA_459 105 ppm – 459 ppm 

Fig. 1. A measured endwall pressure history and the definition of the reaction time. 
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ncluded in developing predictive combustion kinetic models of 

AH formation, and such models are fundamental in numerical de- 

igns towards new clean combustion strategies. 

Simple C 2 hydrocarbons, acetylene (C 2 H 2 ) and ethylene (C 2 H 4 ) 

re usually abundant intermediates in practical combustion sys- 

ems. The decomposition of C 2 species and the build-up of 

arger hydrocarbons under pyrolytic conditions is a classical topic 

nd has been long-studied in the combustion kinetics commu- 

ity [20-31] . The interactions between C 2 and aromatic radicals, 

or instance, the well-known Hydrogen-Abstraction-C 2 H 2 -Addition 

HACA) routes [32 , 33] , play a vital role of PAH formation and

rowth. More specifically, the interaction between C 2 H 2 and ben- 

yl is deemed as an important source of indene, and the rate co- 

fficients of relevant reactions have been derived through theoreti- 

al calculations [18 , 34] . Toluene pyrolysis, especially with the pres- 

nce of C 2 H 2 , can provide ideal environments to inspect these re- 

ction channels. The pyrolysis of toluene-C 2 H 2 was studied in a 

ew previous works through experimental and kinetic modeling 

pproaches. Shukla et al. [35] compared the PAH products from 

eat toluene and toluene/C 2 H 2 pyrolysis in a low-pressure flow 

eactor by using in-situ direct sampling mass spectrometry tech- 

ique. They suggested relevant PAH formation schemes based on 

he products mass spectra, though no quantitative measurements 

ere obtained [35] . Later, a kinetic model was proposed by Mat- 

ugi and Miyoshi [36] to interpret two- and three-ring PAH for- 

ation from the pyrolysis of toluene and toluene-C 2 H 2 mixtures, 

nd the model could satisfactorily predict the qualitative experi- 

ental observations in [35] . Very recently, Li et al. [37] investi- 

ated the co-pyrolysis of toluene and C 2 H 2 in a flow reactor at 

tmospheric pressure over 1057–1340 K. Mole fractions of crucial 

pecies concentrations were measured via a photoionization mass 

pectrometer. Through comparisons with the cases of neat toluene 

nd neat C 2 H 2 pyrolysis, Li et al. [37] pointed out that in toluene

nd C 2 H 2 co-pyrolysis, the decomposition of both fuels is greatly 

timulated. Such phenomena were explained with a circulating re- 

ction sequence converting toluene + C 2 H 2 to indene and H 2 [37] . 

he work by Li et al. [37] focused on the synergistic effects of fuel

ecomposition, so only limited PAH speciation measurements were 

eported. However, the interactions between toluene and C 2 H 2 can 

irectly or indirectly alter the PAH formation scheme. This sub- 

ect merits further investigations, in particular, at elevated pres- 

ures that are more relevant to practical conditions. Furthermore, 

y varying the initial fuel composition, i.e. the proportion between 

oluene and C 2 H 2 , the reliability of kinetic parameters for impor- 

ant channels can be examined under reaction environments con- 

aining different chemical compositions. Though C 2 H 4 is also a cru- 

ial combustion intermediate, how it reacts with aromatic radi- 

als received relatively less attention. Our recent work [38] showed 

hat C 2 H 4 and C 2 H 2 have different influences on the formation of 

AHs, specifically, naphthalene and acenaphthalene, from pheny- 

acetylene pyrolysis. Definitely, valuable insights can be acquired 

y exploring the interactions between C 2 H 4 and radicals produced 

rom toluene pyrolysis and by comparing the different effects of 

 2 H 2 and C 2 H 4 . 

To this end, two major goals are concerned in the current study: 

) compare the effects of adding C 2 H 2 and C 2 H 4 to toluene pyroly-

is, regarding the fuel decomposition reactivity and the directly or 

ndirectly affected speciation behaviors; ii) track and account for 

he variation trends of crucial PAH concentrations when adding 

ifferent amounts of C 2 H 2 to toluene pyrolysis. Shock tube py- 

olysis experiments are carried out with different toluene/C 2 H 2 

C 2 H 4 ) mixtures having the same amount of toluene but vary- 

ng C 2 contents. Species concentrations that evolve with the post- 

hock temperature are obtained via the gas chromatography/gas 

hromatography–mass spectrometry (GC/GC–MS) technique. A ki- 

etic model is developed by incorporating the reactions between 
130 
 2 H x and toluene related species. Through a combination of exper- 

mental measurements and modeling analyses, the addition effects 

f C 2 fuels on toluene consumption, as well as the further impacts 

n PAH speciation will be illustrated. 

. Shock tube pyrolysis experiments 

The experimental work is carried out with the single-pulse 

hock tube facility at ICARE, Orléans, France. Detailed descriptions 

bout the shock tube apparatus and the coupled gas chromatogra- 

hy/gas chromatography–mass spectrometry (GC/GC–MS) diagnos- 

ic technique can be found in our previous publications [12 , 38 , 39] .

riefly, the driven (78 mm in inner diameter and 6.0 m in length) 

nd driver sections are separated by a double diaphragm. To oper- 

te the shock tube in a single-pulse fashion, a dump tank, with a 

olume five times bigger than the driven section, is placed near the 

iaphragm on the driven section side. The driven section is heated 

p at 90 °C to prevent the condensation or absorption of fuels and 

eaction products on the shock tube inner surface. Four argon di- 

uted binary fuel mixtures are used in the current experiments, in- 

luding one toluene-ethylene mixture and three toluene-acetylene 

ixtures with different acetylene contents. The detailed composi- 

ions of the experimental mixtures are listed in Table 1 . 

Four pressure sensors (CHIMIE METAL A25L05B) are mounted 

long the sidewall of the driven section at intervals of 150 mm, 

ith the last one being 82 mm away from the endwall. The time 

hen the shock wave passes individual sensors is recorded to de- 

ive the incident shock velocity. The post-shock conditions ( p 5 and 

 5 ) is subsequently determined by solving conservation equations 

ogether with the ideal gas law and variable heat capacity ratio. 

he uncertainty of the calculated T 5 is estimated to be ±30 K, 

ainly due to the uncertainty in the determination of the actual 

ositions of the pressure sensor sensitive surfaces. Such spatial 

ncertainties are estimated to be 2 mm, equal to the sensor di- 

meter. A PCB Piezotronics pressure sensor shielded by a layer of 

oom-temperature vulcanizing (RTV) silicone is placed on the end- 

all. One of the recorded endwall pressure histories is shown in 

ig. 1 , and the corresponding reaction time is defined as the inter- 

al between the arrival of the shock wave and the time when the 
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Fig. 2. GC signals for C 9 species detected in the toluene/C 2 pyrolysis experiments. 

The molecules in gray are possible candidates according to the mass spectra. 
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ressure drops to 80% p 5 . The reaction time is at a nominal value

f 4.0 ms with the current experimental configuration [12] . An air- 

ctuated valve, supplied by the High Pressure Equipment Company 

HiP), is mounted in the center of the endwall to sample the post- 

hock reaction mixtures. The operation of the sampling valve is 

riggered by the endwall pressure signal with a delay of 4.0 ms 

see Fig. 1 ), equal to the nominal reaction time. The opening and 

losing of the valve takes hundreds of milliseconds, withdrawing a 

ample of a relatively big quantity (equivalent to about 20 ml at 

 bar), to ensure sufficient sensitivity for trace PAH measurements. 

ue to the big sample volume, the average shock velocity, instead 

f the extrapolated value at the endwall, is used for the subse- 

uent determination of T 5 and p 5 . In this way, the real conditions 

ncountered by the samples can be better represented. For most 

xperiments, the shock velocity attenuation is within 2.5%, so the 

ifference between the T 5 s calculated based on the averaged and 

he extrapolated (local at the endwall) shock velocities is below 

0 K, within the uncertainty specified above. 

The sampled gas is transferred to the analytical system through 

ilcoTek tubes, which are heated at 250 °C to avoid condensation. 

he first GC (Agilent 7890) is equipped with a flame ionization 

etector (FID) connected to a DB-17-ms column for the measure- 

ents of heavy species. A thermal conductivity detector (TCD) is 

oupled to a Molsieve 5A column to monitor the absence of air. 

n external valve box which can regulate the temperature up to 

20 °C is used for this GC to minimize the loss of heavy com- 

ounds due to condensation. An FID coupled to an HP Plot Q col- 

mn is installed in the second GC (Thermo Trace GC Ultra), used 

or the measurements of small hydrocarbons, and a DSQ 

TM (dual 

tage quadrupole) mass spectrometer is also connected to help the 

pecies identification. The connections in the analytical system and 

he operation parameters have been optimized in this work, bring- 

ng benefits from different aspects, including increased sensitivity 

f trace PAH species and better separation of PAH species that have 

imilar retention time. For instance, the C 14 H 10 isomers, phenan- 

hrene and anthracene, which appear at 11.41 and 11.50 min, re- 

pectively, can be better separated and quantified now. PAH species 

p to four rings, with the peak concentration above 10 −2 ppm level 

an be detected in the current experiments. 

The identification of PAH species mainly depends on their re- 

ention time known through injections of standards. For species 

ithout available standards, the mass spectrometer provides 

olecular weights information, from which it is possible to in- 

er the element composition, and it also suggests possible iso- 

eric candidates. The addition of C 2 fuels introduces new species, 

uch as a series of C 9 species that were negligible in our previ- 

us work on neat toluene pyrolysis [12] . Figure 2 shows the GC 

ignals for the C 9 species. Indene and indane are identified ac- 

ording to their retention time. For other small peaks, their for- 

ulas are known from mass spectrometry, but their structures 

annot be unambiguously identified, because some possible iso- 

ers have similar fragmentation patterns and standard mass spec- 

ra for some candidates are not available in the library. As pre- 

ented in Fig. 2 , these C 9 H 8 species in toluene/acetylene pyroly- 

is are assigned as ethynyl-toluene and propynyl-benzene isomers, 

nd the C 9 H 10 compounds in toluene/ethylene pyrolysis are taken 

s vinyl-toluene and propenyl-benzene isomers. In the later dis- 

ussion, summed concentrations of C 9 H 8 (excluding indene) and 

 9 H 10 (excluding indane) are provided to compare with modeling 

esults. 

The quantification of species concentrations relies on calibra- 

ions for the FID response, and the procedures of the calibra- 

ion experiments are detailed in [12 , 40] . Small hydrocarbons, ex- 

ept diacetylene (C 4 H 2 ) and triacetylene (C 6 H 2 ) are calibrated us- 

ng standard mixtures with known compositions. The calibration 

f C 4 H 2 and C 6 H 2 is achieved in acetylene (C 2 H 2 ) high temper-
131 
ture pyrolysis experiments based on the carbon atom conserva- 

ion. Major PAH species up to three rings, including indene, indane, 

aphthalene, acenaphthalene, bibenzyl, biphenylmethane, fluorene, 

henanthrene and anthracene, are calibrated in gas phase through 

he following procedures: i) known amounts of specific PAH com- 

ounds are dissolved in methanol to prepare the calibration solu- 

ions; ii) a small quantity (1–5 μl) of the solution is injected into 

 glass vessel (with a volume of 500 ml) using a GC syringe; the 

olution vaporizes immediately in the glass vessel, which is previ- 

usly vacuumed and heated up at 150 °C; iii) the vessel is then 

lled with argon to a pressure of around 900 Torr, and the re- 

ulting gas mixture containing PAH standards stands for around 

0–15 min to guarantee good homogeneity; iv) the gas mixture 

s injected into the GC system at least three times to check for 

onsistency and the peak areas for the corresponding PAH stan- 

ard are normalized by the injection pressure; v) the procedure 

s repeated at several standards mole fractions which cover the 

eeded range for experiments, and the corresponding calibration 

actors are derived. Four-ring PAHs (pyrene and fluoranthene) can- 

ot be steadily vaporized with the above approach. Therefore, their 

alibration factors are determined through an extrapolation from 

hose of the two- and three- ring PAHs, namely, naphthalene and 

henanthrene. The uncertainty in the concentration measurements 

s expected to be within 5% for directly calibrated small species, 

nd 10% −15% for PAH species calibrated in gas phase, while the 

rror in measured concentrations of four-ring PAH species may in- 

rease to 50%. Measurements presented in our previous publica- 

ions [12 , 38 , 39] have proven the reliability and the good repeata-

ility of the experimental set-up. 

For the chemicals used in the experiments, toluene (with a 

urity of 99.8%) and PAH standards are purchased from Sigma- 

ldrich, and the gases, including acetylene ( > 99.5%), ethylene 

 > 99.5%), argon ( > 99.9999%) and helium ( > 99.995%), are supplied

y Air Liquide. A 450B Matheson gas purifier with a 454 cartridge 

s connected to the acetylene bottle to remove possible acetone 

races, and acetone is found below the detection limit of the GC 

ystem in all experiments. The experimental mixtures are prepared 

n a 136 L electropolished stainless steel cylinder which is pre- 

iously evacuated to pressures below 10 −5 mbar with a turbo- 

olecular pump. To prepare an experimental mixture with a re- 

uired composition, the fuel components are introduced into the 
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ylinder and the partial pressures are measured with a 0–10 Torr 

KS Baratron pressure transducer (model 122BA). Argon is then 

dded to a pressures of around 10 bar, monitored by a 0–

0,0 0 0 Torr MKS Baratron pressure transducer (model 627D). Be- 

ore the experiments, the gas mixture rests overnight to homoge- 

ize and the actual composition is analyzed with the GC, as listed 

n Table 1 . The driven section is vacuumed with a turbomolecu- 

ar pump till the pressure is below 10 −5 torr before being filled 

ith the experimental mixture. The carbon balance as a function 

f T 5 in each experimental set is presented in Fig. S1. The carbon 

alance keeps above 95% as T 5 is less than 1400 K, while deteri- 

rating to 70 −80% at higher temperatures. This is mainly due to 

he formation of heavy PAH species beyond our detection capa- 

ilities and soot particles. Besides, the carbon recovery improves 

hen reducing the toluene contents in the experimental mixture, 

uggesting the important effects of aromatic species on the soot- 

ng tendency. The inner surface of the shock tube is cleaned every 

ay to remove the carbon deposit. Each of the four experimental 

ets includes around 20 experiments, for which the nominal p 5 is 

0 bar and T 5 ranges from 1100 K to 1650 K. The experimental 

esults are provided in the Supplementary Material , including the 

ost-shock conditions T 5 and p 5 , the species concentrations as well 

s the endwall pressure histories up to 10 ms of individual experi- 

ents. 

. Kinetic modeling 

Continuous efforts are made, based on our recent works to- 

ards constructing a predictive kinetic model for PAH formation 

rom the pyrolysis of aromatic fuels. Previously, reaction sequences 

escribing PAH speciation from toluene decomposition was devel- 

ped and validated against the detailed measurements of toluene 

yrolysis [12] . Later, benzyl related pathways were further tested 

ith the experiments of C 8 −C 10 alkylbenzene pyrolysis [39] , where 

he PAH formation is also controlled by benzyl chemistry. The 

 2 sub-mechanism was updated in the discussion on the interac- 

ions between phenylacetylene and acetylene/ethylene [38] . In this 

ork, particular attention is paid to the reactions between C 2 and 

oluene fuel radicals. Reactions updated in the current work are 

isted in Table S1 in the Supplementary Material together with the 

dopted rate coefficients. 

The reaction system of benzyl (C 7 H 7 ) + acetylene (C 2 H 2 ) was

tudied in previous theoretical works [17 , 18] , since it is a potential

ndene source under combustion-relevant conditions. Vereecken 

nd Peeters [18] performed RRKM/ME calculations based on a 

ensity functional potential energy surface (PES). The formation 

f indene (C 9 H 8 ) + H was identified as the predominant chan- 

el and a rate coefficient at its high-pressure limit was reported 

18] . Later, Mebel et al. [17] revisited the PES of C 7 H 7 + C 2 H 2 

eactions at G3(MP2, CC) level of theory and derived pressure- 

ependent rate coefficients of involved reactions over the tem- 

erature range of 50 0 −250 0 K. Only the formation of two pairs

f bimolecular products, indene (C 9 H 8 ) + H and 3-phenylpropyne 

C 6 H 5 CH 2 C 

≡CH) + H, has kinetic significance under the currently 

oncerned high-pressure conditions. Besides, C 6 H 5 CH 2 C 

≡CH can 

lso convert to C 9 H 8 through H-assisted isomerization. The re- 

ctions between phenyl (C 6 H 5 ) and C 3 H 4 (allene and propyne) 

lso result in the formation of C 6 H 5 CH 2 C 

≡CH, and these reac-

ions were theoretically explored in the same work by Mebel et al. 

17] . All mentioned relevant reactions with their theoretically- 

etermined rate coefficients [17] are incorporated in the current 

odel. Reactions between benzyl (C 7 H 7 ) and ethylene (C 2 H 4 ) have 

ot been addressed through theoretical approaches in literature to 

he best of our knowledge. Herein, we consider that they pro- 

eed in a similar manner with C 7 H 7 + C 2 H 2 reactions, lead- 

ng to the formation of the cyclic species indane (C H ) and 
9 10 

132 
he single-chain aromatic 3-phenyl-1-propene (C 6 H 5 CH 2 CH 

= CH 2 ). 

he rate coefficient of C 7 H 7 + C 2 H 2 = C 9 H 8 + H from [18] is as-

igned to the C 9 H 10 formation channel, and the rate coefficient of 

 7 H 7 + C 2 H 4 = C 6 H 5 CH 2 CH 

= CH 2 + H is determined through an anal-

gy to the reaction CH 3 + C 2 H 4 = C 3 H 6 + H. In particular, the re-

ction rate constant of the C 7 H 7 + C 2 H 2 reaction in [18] (used for

he C 7 H 7 + C 2 H 4 reaction in the current model) is about 9–10 times

ower in the temperature range 1200–1550 K compared to the one 

alculated by Mebel et al. [17] at 10 atm. The choice of a lower 

eaction rate constant for the C 7 H 7 + C 2 H 4 reaction is backed up 

y experimental evidences as discussed later in Section 4.2 . Nev- 

rtheless, future theoretical works are highly demanded to map 

ut the reactions on the C 7 H 7 + C 2 H 4 surface and to derive accu-

ate kinetic parameters. Regarding the consumption of C 9 H 10 , be- 

ides the H 2 elimination forming indene (C 9 H 8 ), ring-opening pro- 

esses leading to o-vinyl-toluene (CH 3 C 6 H 4 CH 

= CH 2 ) and 3-phenyl- 

-propene (C 6 H 5 CH 2 CH 

= CH 2 ) are also taken into account. Rate co- 

fficients for these ring-opening reactions are evaluated through 

nalogies to the isomerization of cyclopentene to 1,3-pentadiene 

CH 3 CH 

= CHCH 

= CH 2 ) and 1,4-pentadiene (CH 2 = CHCH 2 CH 

= CH 2 ) 

41] , respectively. Methyl-phenyl (CH 3 C 6 H 4 ) is considered as a mi- 

or fuel radical of toluene, in comparison to its resonantly stabi- 

ized counterpart C 7 H 7 . The detection of C 9 species with the struc- 

ure of CH 3 C 6 H 4 C 2 H x in the current experiments, however, sug- 

ests the participation of CH 3 C 6 H 4 in relevant formation reactions. 

ddition-elimination reactions between CH 3 C 6 H 4 and C 2 H x form- 

ng CH 3 C 6 H 4 C 2 H x + H are considered in the current model, and the

ate coefficients of the analogous phenyl + C 2 H x reactions are used 

n corresponding cases. The consumption of CH 3 C 6 H 4 C 2 H x is con- 

idered to proceed through a similar scheme to that of toluene. 

he current model includes reactions between indenyl (C 9 H 7 ) and 

cetylene producing ethynyl-indene (C 9 H 7 C 2 H) and methyl naph- 

halene radical (C 10 H 7 CH 2 ), for which the rate coefficient originate 

rom a recent kinetic model for indene pyrolysis [42] . 

As mentioned in the experimental section, the C 14 H 10 isomers, 

henanthrene (PC 14 H 10 ) and anthracene (AC 14 H 10 ), can be well 

uantified in the current experiments. PC 14 H 10 was found as a ma- 

or three-ring PAH species, and AC 14 H 10 was also measured of non- 

egligible amounts. The formation of three-ring PAHs from benzyl 

ecombination was theoretically explored by Sinha and Raj [16] , 

nd PC 14 H 10 was identified as the major product. Relevant stepwise 

somerization and ring-closure reactions were already included in 

ur kinetic model [12] . These pathways help in improving the 

odel prediction for PC 14 H 10 concentrations, however, cannot form 

ufficient AC 14 H 10 to match the experimental measurements. The 

somerization between PC 14 H 10 and AC 14 H 10 , with the rate coeffi- 

ients reported by Colket and Seery [43] , is also included in the 

odel, but this reaction results in a net production of PC 14 H 10 

ver the investigated temperature range. Discussion on the forma- 

ion of AC 14 H 10 is relatively limited in literature, compared to that 

f PC 14 H 10 . In the latest CRECK model [44] describing PAH for- 

ation, two lumped reactions, C 7 H 7 + CH 3 C 6 H 4 = C 14 H 10 + 2H + H 2 

nd CH 3 C 6 H 4 + CH 3 C 6 H 4 = C 14 H 10 + 2H + H 2 , are included in the

echanism to interpret the formation of the lumped C 14 H 10 

pecies. As shown in Scheme 1 , the recombination steps result 

n two different C 14 H 14 molecules, 2-methyldiphenylmethane and 

,2 ′ -dimethylbiphenyl, separately. Similar to the case of benzyl 

elf-recombination, the subsequent dehydrogenation and isomer- 

zation processes may lead to both AC 14 H 10 and PC 14 H 10 . In the

urrent model, AC 14 H 10 and PC 14 H 10 are assigned as the prod- 

cts of the lumped reactions starting from CH 3 C 6 H 4 + C 7 H 7 and

H 3 C 6 H 4 + CH 3 C 6 H 4 , respectively. Such an assumption is based on

he structural features of the corresponding C 14 H 14 molecules, as 

an be noted from Scheme 1 . 

Since the kinetic model development in our works [12 , 38 , 39] 

s based on the latest version of CRECK model [44] , the 
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Scheme 1. Potential pathways starting from toluene fuel radicals leading to C 14 H 10 

isomers. 
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Fig. 3. Measured (symbols) and simulated (lines) fuel concentrations as a function 

of the post-shock temperature T 5 in toluene/acetylene (ethylene) pyrolysis. The dark 

dashed lines are simulated fuel decomposition profiles of (a) neat toluene (106 ppm 

in argon), (b) neat acetylene (50, 216 and 459 ppm in argon) and (c) neat ethylene 

(518 ppm in argon). The inset of (a) shows toluene concentrations over the temper- 

ature range of 130 0 −140 0 K. 
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hermochemical data used in our model are mostly from the 

RECK model [44] . For species that are missing from the CRECK 

odel [44] , such as indane (C 9 H 10 ), indanyl (C 9 H 9 ) and anthracene

AC 14 H 10 ), corresponding thermochemical parameters come from 

he database of Burcat [45] . The kinetic model, including the reac- 

ion mechanism and the specie thermochemical data, is provided 

n the Supplementary Material . Simulations in the present work 

ere performed with the homogenous reactor model of the soft- 

are COSILAB [46] using two different methods: a nominal reac- 

ion time of 4.0 ms and a constant pressure of 20 bar are used 

n the first method. The constant pressure assumption in simulat- 

ng the speciation sampled from single-pulse shock tube experi- 

ents was well justified in previous publications [47 , 48] . The other 

ethod is to employ the measured pressure profiles up to 10.0 ms 

o simulate each shock operation and then gather the final species 

oncentrations that no longer vary with the time. This takes ac- 

ount of the reactions that may occur in the quenching period 

41 , 49 , 50] , particularly those involving resonantly stabilized radi- 

als such as benzyl. Simulated results for specific species with the 

wo different modes will be compared in the following discussion. 

. Results and discussion 

Predictive performances of the kinetic model are examined 

ith species concentration measurements, in particular, for im- 

ortant aromatic intermediates and products. For comparison pur- 

ose, the kinetic model proposed in the recent work [37] is also 

sed to simulate the speciation measurements obtained in the cur- 

ent work. Experimental and modeling species concentration pro- 

les for individual species in all four investigated sets are shown in 

igs. S2–S5 in the Supplementary Material . The current model can 

etter capture the fuel decomposition reactivity, and more impor- 

antly, the speciation of the aromatic products that is targeted in 

his work. Overall, the major PAH species, with the peak concentra- 

ions above 1 ppm, include indene, naphthalene, acenaphthalene, 

ibenzyl, fluorene and phenanthrene, and the relative abundance 

f these PAHs are altered by the fuel composition. The speciation 

f most PAH species occurs in the temperature regime of 1400–

600 K, though for specific species such as indene, this window 

hifts to lower temperatures when adding C 2 fuels. In the following 

iscussion, experimental observations and analyses with the vali- 

ated kinetic model are combined to reveal the influences of the 

 2 H 4 and C 2 H 2 addition on the speciation from toluene pyrolysis. 

ttention is paid to compare the effects brought by the separate 

ddition of C 2 H 2 and C 2 H 4 , and to illustrate the variation trends

f specific species concentrations when different amounts of C 2 H 2 

re present in the fuel mixtures. 

.1. Fuel decomposition and mono-aromatic ring intermediates 

Figure 3 displays the fuel concentrations as a function of the 

ost-shock temperature T 5 in separate cases of toluene/C 2 H 2 

or C 2 H 4 ) pyrolysis. The kinetic model satisfactorily predicts the 

easured fuel conversion profiles in individual studied cases. To 
133 
etter illustrate the mutual effects between the binary fuel com- 

onents, simulated fuel decomposition profiles of neat toluene, 

eat C 2 H 2 and neat C 2 H 4 are also shown in Fig. 3 as a reference.

iven the almost identical contents of toluene in separate cases 

nd an estimated uncertainty of ±30 K in the calculated T 5 , the 

ffects of added C 2 fuels on toluene decomposition reactivity 

re not noticeable on the largely overlapped toluene concentra- 

ion profiles. Thus, toluene concentrations over 130 0 −140 0 K, 

here the consumption of toluene just begins, are zoomed in 

nd shown in the inset of Fig. 3 (a). Experimental and modeling 

esults consistently suggest that the increased C 2 H 2 contents in 

he binary mixtures promote toluene decomposition. The C 2 H 4 

ddition also enhances toluene decomposition reactivity, but to a 

esser extent than C 2 H 2 . According to the rate-of-production (ROP) 

nalyses for toluene consumption, in all studied cases, toluene 

ecomposition is initiated via the loss of the benzylic hydro- 

en (C 7 H 8 ( + M) = C 7 H 7 + H( + M)), while at higher temperatures,

oluene is consumed mainly through the hydrogen abstraction by 

 atom forming benzyl (C 7 H 7 ) (C 7 H 8 + H = C 7 H 7 + H 2 ). Simulated

 atom concentrations as a function of T 5 in individual cases are 

hown in Fig. 4 (a). Among all the cases of toluene/C 2 pyrolysis, 

he toluene decomposition reactivity follows the same order of the 

 atom concentrations below 1450 K. The slight decrease and the 

ubsequent rise at elevated temperatures in C 2 H 2 concentrations 

see Fig. 3 (b)) come from an overall effect of the reactions between 
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Fig. 4. Simulated H atom and benzyl radical (C 7 H 7 ) concentrations in the pyrolysis of neat toluene (106 ppm in argon) and toluene/acetylene (ethylene) binary mixtures. 

Fig. 5. Measured (symbols) and simulated (lines) concentration profiles of (a) ethy- 

lene in toluene/acetylene pyrolysis and (b) acetylene in toluene/ethylene pyroly- 

sis. Simulated concentrations in neat toluene (106 ppm in argon) and neat acety- 

lene/ethylene pyrolysis are also shown as a reference. 
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(the gray solid line) is shown as a reference. 

t

t

c  

d

t

m

t

t

t

n

c  

l

a

l

c

t  

H

c  

c

c

C

p

r

c

w

c

C

a

 2 H 2 and toluene related radicals, the C 2 H 2 thermal decompo- 

ition and the C 2 H 2 formation from toluene consumption. Such 

henomena can be well reproduced by the current kinetic model 

n all three cases of binary toluene/C 2 H 2 mixtures pyrolysis. 

oreover, compared to the case of neat C 2 H 2 pyrolysis at identical 

nitial concentrations, C 2 H 2 starts to decompose at lower tempera- 

ures in the binary mixture pyrolysis, and such effects are more ob- 

ious when raising the initial C 2 H 2 contents. The synergistic effects 

etween toluene and C 2 H 2 is also presented in the recent study 

y Li et al. [37] , and the authors attributed the enhanced fuel de-

omposition reactivity to the reaction C 7 H 7 + C 2 H 2 = C 9 H 8 + H. This

rocess consumes C 2 H 2 at relatively low temperatures, and pro- 

uces H atoms which can facilitate the hydrogen abstractions from 

oth toluene and C 2 H 2 . The presence of toluene also promotes the 

ecomposition of C 2 H 4 , but to a smaller extent in comparison to 

hat of C 2 H 2 . The synergistic effects observed in toluene/C 2 H 4 py- 

olysis arise from a similar mechanism, mainly through reactions 

etween benzyl and C 2 H 4 . Detailed discussion on the interaction 

etween the binary fuel components and the directly affected 

peciation behaviors will be presented in Section 4.2 . 

C 2 H 2 and C 2 H 4 have distinct decomposition reactivity, and in 

eality, they also exhibit different speciation behaviors as inter- 

ediates in the currently studied cases. Concentration profiles of 

 2 H 4 in toluene/C 2 H 2 pyrolysis and C 2 H 2 in toluene/C 2 H 4 pyrol- 

sis are presented in Fig. 5 . The simulated concentration distri- 

utions in neat toluene, acetylene and ethylene pyrolysis are also 

hown for comparison. It is seen that the pyrolysis of C 2 H 2 does 

ot contribute to the formation of C 2 H 4 , and instead, the addi- 

ion of C 2 H 2 reduces the C 2 H 4 production from toluene consump- 

ion (see Fig. 5 (a)). As will be detailed later, the added C H al-
2 2 

134 
ers the consumption pathway of toluene and its radicals. One of 

he consequences is that the formation of C 2 H 5 , the major pre- 

ursor of C 2 H 4 , is inhibited. C 2 H 5 mainly comes from the dehy-

rogenation of C 2 H 6 following the CH 3 recombination, and CH 3 in 

he reaction system originates from the CH 3 side chain of toluene 

olecule. Differently, in toluene/C 2 H 4 pyrolysis, all C 2 H 4 is essen- 

ially converted to C 2 H 2 (see Fig. 5 (b)). This observation indicates 

hat the toluene-C 2 H 2 chemistry also plays an important role in 

oluene/C 2 H 4 pyrolysis. 

Benzene (C 6 H 6 ) is one of the major products of toluene/C 2 bi- 

ary mixtures pyrolysis, and the experimental and modeling C 6 H 6 

oncentrations, as a function of T 5 , are shown in Fig. 6 . Simu-

ated C 6 H 6 speciation profile in neat toluene (106 ppm in argon) is 

lso provided as a reference. The addition of both C 2 H 2 and C 2 H 4 

owers the C 6 H 6 formation temperature. This is because the in- 

reased H atom concentrations (see Fig. 4 (a)) facilitate C 6 H 6 forma- 

ion through the ipso-substitution reaction C 7 H 8 + H = C 6 H 6 + CH 3 .

owever, the two C 2 fuels have opposite effects on the peak con- 

entrations of C 6 H 6 : the added C 2 H 2 slightly reduces C 6 H 6 peak

oncentrations, and such effects are more pronounced when in- 

reasing the initial C 2 H 2 concentration. Differently, the presence of 

 2 H 4 results in an increment in C 6 H 6 peak concentrations, in com- 

arison to neat toluene pyrolysis. The current model can correctly 

eproduce the early C 6 H 6 formation brought by added C 2 , and ac- 

urately capture the variation trend of C 6 H 6 peak concentrations 

hen altering the initial fuel compositions. 

To better understand the different influences on C 6 H 6 peak con- 

entrations of C 2 H 2 and C 2 H 4 addition, sensitivity analyses for 

 6 H 6 are performed at 1500 K, where the C 6 H 6 concentrations 

re approaching their maxima. The analyzed sensitivity spectra are 
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Fig. 7. Sensitivity analyses for C 6 H 6 at T 5 = 1500 K in toluene/C 2 binary mixtures 

pyrolysis. 
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resented in Fig. 7 . In all studied cases of toluene/C 2 pyrolysis, 

he predominant C 6 H 6 formation reaction, H + C 7 H 8 = CH 3 + C 6 H 6 ,

as the highest positive sensitivity coefficient promoting C 6 H 6 

roduction, while its competing channel, the hydrogen abstrac- 

ion reaction, H + C 7 H 8 = H 2 + C 7 H 7 , has remarkable inhibit-

ng effects. Apart from the reactions directly producing C 6 H 6 , 

eactions that generate H atoms also have positive coefficients 

n the sensitivity spectra. As mentioned above, the reaction 

 7 H 7 + C 2 H 2 = C 9 H 8 + H is an important source of H atoms, which

mproves the fuel decomposition reactivity in toluene/C 2 H 2 pyrol- 

sis. However, this reaction is not among the most sensitive re- 

ctions for C 6 H 6 formation. The reason lies in the fact that at el-

vated temperatures such as the analyzed 1500 K, H atoms are 

redominantly contributed by the C 7 H 7 decomposition through 

 7 H 7 → C 7 H 6 → C 7 H 5 , instead of the addition-elimination reaction 

 7 H 7 + C 2 H 2 = C 9 H 8 + H. However, the level of C 7 H 7 is significantly

educed (see Fig. 4 (b)) due to its recombination reaction with C 2 H 2 

orming indene + H. The propargyl (C 3 H 3 ) formation from C 7 H 5 de-

omposition (C 7 H 5 = C 3 H 3 + C 4 H 2 ) is also impeded, and therefore

he sensitivity of the C 3 H 3 self-recombination forming C 6 H 6 de- 

reases when increasing the C 2 H 2 contents in the fuel mixtures. 

oncerning the toluene/C 2 H 4 pyrolysis, a remarkable amount of H 

toms is produced at elevated temperatures (see Fig. 4 (a)) from 

 2 H 4 consumption. Besides, the inhibition on C 7 H 7 decomposi- 

ion is not as pronounced as in the cases of toluene/C 2 H 2 py- 

olysis, because of the lower reactivity of the benzyl + C 2 H 4 reac- 

ion, as will be discussed in Section 4.2 . Furthermore, the styrene 

C 6 H 5 C 2 H 3 ) decomposition reaction, C 6 H 5 C 2 H 3 = C 6 H 6 + H 2 CC, ap-

ears as an alternative C 6 H 6 producing channel in toluene/C 2 H 4 

yrolysis. These multiple factors explain the increased C 6 H 6 peak 

oncentration in toluene/C 2 H 4 pyrolysis. 

Figure 8 displays the experimental and modeling concentra- 

ion profiles of C 8 mono-aromatic hydrocarbon (MAH) species, in- 

luding ethylbenzene (C 6 H 5 C 2 H 5 ), styrene (C 6 H 5 C 2 H 3 ) and pheny-

acetylene (C 6 H 5 C 2 H), in the pyrolysis of toluene/C 2 binary mix- 

ures. For all three C 8 MAHs, the current kinetic model can well 

apture the variation trends of their peak concentrations when 

ltering the initial fuel compositions. The added C 2 H 2 and C 2 H 4 

educes the formation of C 6 H 5 C 2 H 5 , and C 2 H 2 exhibits more

ronounced effects if the same amount of C 2 H 2 and C 2 H 4 are 

dded. Such inhibiting effects arise from the fact that a part 

f C H reacts with the added C H or C H , so that the car-
7 7 2 2 2 4 

135 
on flux into C 6 H 5 C 2 H 5 through C 7 H 7 + CH 3 recombination is de-

reased. C 2 H 2 and C 2 H 4 have opposite effects on the forma- 

ion of C 6 H 5 C 2 H 3 . A clear decreasing trend is noted in the peak

 6 H 5 C 2 H 3 concentrations when increasing the initial C 2 H 2 con- 

ents, while the C 6 H 5 C 2 H 3 production from toluene pyrolysis is 

oubled by the addition of C 2 H 4 . Such differences can be ex- 

lained by the varied dominant C 6 H 5 C 2 H 3 formation pathways: 

n neat toluene and toluene/C 2 H 2 mixture pyrolysis, C 6 H 5 C 2 H 3 

s mainly produced from the consumption of C 6 H 5 C 2 H 5 , while 

he reaction C 6 H 5 + C 2 H 4 = C 6 H 5 C 2 H 3 + H governs the C 6 H 5 C 2 H 3 

ormation when C 2 H 4 is introduced. The speciation temperature 

indows for the above-mentioned C 6 H 5 C 2 H 5 and C 6 H 5 C 2 H 3 are

ot significantly changed by the addition of C 2 hydrocarbons. 

owever, the formation of C 6 H 5 C 2 H shifts towards lower tem- 

eratures when C 2 H 2 or C 2 H 4 is present in the fuel mixtures. 

eanwhile, the peak concentrations increase, particularly when 

 2 H 2 is added to toluene pyrolysis. The formation of C 6 H 5 C 2 H

elies on the reactions between phenyl (C 6 H 5 ) and C 2 H 2 , and

 6 H 5 mainly comes from toluene unimolecular decomposition 

C 7 H 8 ( + M) = C 6 H 5 + CH 3 ( + M)). In neat toluene pyrolysis, the pro-

uction of C 6 H 5 C 2 H is limited by the level of C 2 H 2 , which is

argely produced only at elevated temperatures above 1450 K. This 

xplains how C 2 H 2 , either already existing in fuel mixtures or 

roduced from C 2 H 4 decomposition, enhances the production of 

 6 H 5 C 2 H at relatively low temperatures. 

.2. Intermediates and products from toluene radicals-C 2 interactions 

As already mentioned above, the synergistic effects on fuel 

ecomposition reactivity in toluene/C binary mixture pyrolysis 
2 
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Fig. 9. Experimental (symbols) and modeling (solid lines) concentrations of C 9 H 8 

species as a function of the post-shock temperature T 5 in toluene/acetylene pyrol- 

ysis. The upper right insets plot the measured (dark open square) and simulated 

(gray cross) peak concentrations of separate species against the initial C 2 H 2 con- 

tents; linear regressions (the dashed lines) of the data points are shown as a vi- 

sual guide. Simulated concentration profiles in neat toluene pyrolysis (the gray solid 

lines) are shown as a reference. 
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erive from the interactions between toluene radicals and the 

 2 fuels. A direct proof is offered by the observation of abun- 

ant C 9 species. In toluene/C 2 H 2 pyrolysis experiments, indene is 

dentified as the dominant C 9 H 8 species, and minor amounts of 

ther C 9 H 8 isomers, propynyl-benzene (C 6 H 5 C 3 H 3 ) and ethynyl- 

oluene (CH 3 C 6 H 4 C 2 H) species, are also detected (see Fig. 2 ).

igure 9 presents the experimental and modeling concentra- 

ion profiles for indene and the sum of other C 9 H 8 isomers in 

oluene/C 2 H 2 pyrolysis, and the variation trends of the peak con- 

entrations against the initial C 2 H 2 concentrations are also shown. 

y adopting the rate coefficient reported by Mebel et al. [17] , the 

urrent kinetic model can precisely predict indene concentrations 

ver the entire temperature range in all three toluene/C 2 H 2 exper- 

mental sets with different initial C 2 H 2 concentrations. The minor 

 9 H 8 species have a similar speciation temperature window to that 

f indene, and they form via the addition of C 7 H 7 or CH 3 C 6 H 4 to

he triple bond of C 2 H 2 . For both indene and other minor C 9 H 8 iso-

ers, their peak concentrations almost linearly increase with the 

uantity of C 2 H 2 added to toluene pyrolysis, and such a trend can 

e well predicted by the kinetic model. Indene speciation profile in 

eat toluene (106 ppm in argon) pyrolysis is shown as a reference: 

t starts to form slightly above 1400 K, and reaches a peak con- 

entration below 1 ppm at around 1500 K. The presence of C 2 H 2 

owers the onset temperature to about 1200 K, and remarkably fa- 

ilitates indene production: Even by adding only 50 ppm C 2 H 2 , the 

eak concentration of indene reaches over 2 ppm. This suggests 

he role of the reaction C 7 H 7 + C 2 H 2 = C 9 H 8 + H as an efficient path-

ay producing indene. 

The indene concentration profile in toluene/C 2 H 4 pyrolysis is 

hown in Fig. 10 , which also displays the concentration profiles 

f C 9 H 10 species, including indane and other isomers, namely, 

ropenyl-benzene (C 6 H 5 C 3 H 5 ) and vinyl-toluene (CH 3 C 6 H 4 C 2 H 3 )

pecies (see Fig. 2 ). C 2 H 4 in the fuel mixture can also lower the
ig. 10. Experimental (symbols) and modeling (solid lines) concentrations of C 9 species a

ated concentration profiles in neat toluene pyrolysis (the gray solid lines) are shown as a

136 
ndene speciation temperature and enhance the indene produc- 

ion, but to a lesser extent in comparison to C 2 H 2 if the same

mounts of C 2 H 2 and C 2 H 4 are concerned. With over 500 ppm 

 2 H 4 added to toluene pyrolysis, the resulting peak indene con- 

entration is about 4 ppm, falling between those in TA_50 and 

A_216 pyrolysis (see Fig. 9 ). Indane is expected to be abundant in 

oluene/C 2 H 4 pyrolysis, as its production from the interaction be- 

ween C 7 H 7 and C 2 H 4 through C 7 H 7 + C 2 H 4 = C 9 H 10 + H is thought

o be efficient. However, only a trace quantity (10 −1 ppm level) 

f indane is measured in toluene/C 2 H 4 pyrolysis. The limited pro- 

uction and the quick consumption of indane together account for 

he low concentrations of indane observed in toluene/C 2 H 4 pyrol- 

sis. More specifically, the indane formation from C 7 H 7 + C 2 H 4 pro- 

eeds at a slower rate than the C 7 H 7 + C 2 H 2 reaction producing

ndene; and indane rapidly decomposes to indene or isomerizes 

hrough ring-opening processes under the investigated conditions. 

t relatively low temperatures, the decomposition of indane gov- 

rns the indene formation; while at elevated temperatures, the ef- 

cient indene formation channel, C 7 H 7 + C 2 H 2 = C 9 H 8 + H, becomes

ominant, as considerable C 2 H 2 is formed from C 2 H 4 decomposi- 

ion. As mentioned in the modeling section, the rate coefficient of 

he reaction C 7 H 7 + C 2 H 4 = indane + H is assessed through an anal-

gy to the reaction C 7 H 7 + C 2 H 2 = indene + H reported in [18] . This

ractice potentially introduces uncertainties in the indane specia- 

ion kinetics, though the current model satisfactorily captures the 

easurements of C 9 species in toluene/C 2 H 4 pyrolysis. Future the- 

retical works on the C 7 H 7 + C 2 H 4 reaction system and how in-

ane further dehydrogenates to form indene are highly necessary. 

ompared to indene and indane, the monocyclic C 9 H 10 isomers 

see Fig. 10 (c)) have significant contents in toluene/C 2 H 4 pyroly- 

is. Allylbenzene (C 6 H 5 C 3 H 5 –1), 1-propenyl-benzene (C 6 H 5 C 3 H 5 –2) 

nd lumped o-, m- and p- vinyl toluene isomers (CH 3 C 6 H 4 C 2 H 3 )

re included in the current kinetic model. Simulated concentra- 

ion profiles of individual above-mentioned C 9 H 10 isomers are pre- 

ented in Fig. S6 in the Supplementary Material . According to the 

odel predictions, both C 6 H 5 C 3 H 5 –1 and CH 3 C 6 H 5 C 2 H 3 both have

eak concentrations of about 1 ppm; the former peaks at around 

400 K while the later reaches its maximum at around 1500 K. 

he consumption of these C 9 H 10 isomers partly contributes the 

ormation of indene through dehydrogenation and ring-closure 

teps. 

It has been discussed in our previous work [12] that the ben- 

yl (C 7 H 7 ) chemistry controls the speciation, particularly for PAH 

pecies, in toluene pyrolysis. To explore the influences of the added 

 2 fuels on C 7 H 7 consumption, ROP analyses of C 7 H 7 are per- 

ormed at 1400 K, where abundant C 7 H 7 exists in the toluene/C 2 

yrolysis reaction systems (see Fig. 4 (b)). According to the results 

n Fig. 11 , the fate of C 7 H 7 is very sensitive to the initial fuel com-

osition. C 7 H 7 either decomposes, or reacts with other species, in- 

luding the C 2 fuels, CH 3 and C 7 H 7 itself. The contributions of re- 

ctions involving C 2 fuels increase notably with the initial C 2 con- 

entrations. Thus, other competing pathways are inhibited, among 
s a function of the post-shock temperature T 5 in toluene/ethylene pyrolysis. Simu- 

 reference. 
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Fig. 11. ROP-analyzed percentage contributions to benzyl consumption in the py- 

rolysis of toluene/C 2 binary mixtures at 1400 K. 

Fig. 12. Bibenzyl (C 6 H 5 C 2 H 4 C 6 H 5 ) concentrations as a function of the post-shock 

temperature T 5 in (a) toluene/C 2 H 2 pyrolysis and (b) toluene/C 2 H 4 pyrolysis. Sym- 

bols: measurements; solid lines: simulations with a constant pressure of 20 bar 

within a reaction time of 4.0 ms; dotted lines: simulations with measured pressure 

histories up to 10 ms. The upper left inset in the left panel plot the measured (dark 

open square) and simulated (constant pressure assumption: gray cross; with mea- 

sured pressure histories: red cross) peak C 6 H 5 C 2 H 4 C 6 H 5 concentrations against the 

initial C 2 H 2 contents; the linear regressions (the dashed lines) of the data points 

are shown as a visual guide. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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hich the C 7 H 7 + CH 3 recombination the C 7 H 7 self-recombination 

ead to ethylbenzene (C 6 H 5 C 2 H 5 ) and bibenzyl (C 6 H 5 C 2 H 4 C 6 H 5 ),

espectively. 

As discussed above, when adding C 2 fuels to toluene py- 

olysis, the decrease in C 6 H 5 C 2 H 5 peak concentrations is due 

o the reduced C 6 H 5 C 2 H 5 formation through C 7 H 7 + CH 3 . The

roduction of C 6 H 5 C 2 H 4 C 6 H 5 , which comes almost exclusively 

rom C 7 H 7 self-recombination, is influenced to a greater extent. 

 6 H 5 C 2 H 4 C 6 H 5 was measured to be the most abundant PAH

pecies in neat toluene pyrolysis [12] , however, only 10 −1 ppm 

evel of C 6 H 5 C 2 H 4 C 6 H 5 is detected in TA_459 pyrolysis. Figure 12

xhibits the experimental C 6 H 5 C 2 H 4 C 6 H 5 concentrations that 

volve with the temperature in toluene/C 2 pyrolysis. A sharp de- 

line shows in peak concentrations of C 6 H 5 C 2 H 4 C 6 H 5 when raising

he initial C 2 H 2 contents, and by adding over 500 ppm C 2 H 4 , the

 6 H 5 C 2 H 4 C 6 H 5 peak concentration falls between those in TA_50 

nd TA_216 pyrolysis. Simulations with two different approaches 

re presented: using the constant pressure of 20 bar within the 

ominal reaction time of 4.0 ms and using the measured pressure 

istories up to 10.0 ms. The resulting C 6 H 5 C 2 H 4 C 6 H 5 concentra-

ions differ significantly, and only with the second method can the 

 6 H 5 C 2 H 4 C 6 H 5 concentrations be satisfactorily predicted. 

It was addressed in our previous works [12 , 38 , 39] that reac-

ions involving the resonantly stabilized benzyl radical can carry 

n during the post-shock quenching. So the simulated results are 
137 
emarkably impacted by the adopted methods. Time-dependent 

oncentrations of selected species in TA_459 and TE pyrolysis at 

 5 around 1420 K are shown in Fig. 13 , and those in TA_50 and

A_216 pyrolysis are provided in Fig. S7 in the Supplementary Ma- 

erial . It is seen that C 7 H 7 survives the shock-heated period, still 

aving relatively high concentrations (a few ppm) by the end of 

he reaction duration of 4.0 ms, and its consumption continues 

uring the quenching period. This gives rise to that the majority 

f C 6 H 5 C 2 H 4 C 6 H 5 is actually formed during the post-shock cooling. 

thylbenzene (C 6 H 5 C 2 H 5 ) is also partly formed during the quench- 

ng, via the C 7 H 7 + CH 3 recombination, as mentioned above. Reac- 

ions involving CH 3 may also lead to species formation during the 

uenching period, as pointed out by Manion et al. [49] . 1-methyl- 

ndene (C 9 H 7 CH 3 ) is another species whose formation spans over 

he post-shock quenching, since it mainly forms through the re- 

ombination between CH 3 and the resonantly-stabilized indenyl 

C 9 H 7 ) radical. Nevertheless, for most species, the formation is 

ompleted before the arrival of the rarefaction waves, and their 

oncentrations no longer change with the time afterwards. There- 

ore, the measured concentrations can be well reproduced by sim- 

lations over a reaction time of 4.0 ms based on the constant pres- 

ure assumption. Simulations for all species concentration profiles 

sing the two different approaches are presented and compared in 

igs. S2 −S5 in the Supplementary Material . 

.3. Influences of C 2 addition on the speciation of two to four ring 

AH species 

One major purpose of this work is to illustrate the impacts 

f C 2 fuels on PAH speciation in toluene pyrolysis. Apart from 

he above discussed indene and bibenzyl, which are directly influ- 

nced by the C 2 addition, concentrations of numerous two- to four- 

ing PAH species are measured in each experimental set. Figure 14 

resents the concentration profiles of C 10 PAH species, includ- 

ng naphthalene (C 10 H 8 ), benzofulvene (C 9 H 6 CH 2 ) and 1-methyl- 

ndene (C 9 H 7 CH 3 ). Overall, the presence of C 2 fuels enhances the 

ormation of the C 10 PAHs, and the model can satisfactorily capture 

uch trends though it “under-estimates” C 9 H 7 CH 3 concentrations. 

his is because a large portion of C 9 H 7 CH 3 is formed during the 

eaction quenching, as mentioned above. By using the measured 

ressure profiles, predicted C 9 H 7 CH 3 concentrations are largely en- 

anced (see Figs. S2–S5). C 10 H 8 is one of the dominant PAH species 

roduced from toluene pyrolysis. By taking the simulated C 10 H 8 

oncentration profile in neat toluene pyrolysis as a reference, ex- 

ra C 2 H 2 and C 2 H 4 both facilitate C 10 H 8 formation, and the ef- 

ects of C 2 H 2 are more evident if the same amounts of C 2 H 2 and

 2 H 4 are concerned. Reaction pathways leading to C 10 H 8 forma- 

ion are mapped out based on ROP analyses at 1500 K in indi- 

idual cases, as presented in Scheme 2 . The formation of C 10 H 8 

s dominated by the C 9 H 7 CH 2 dehydrogenation/isomerization and 

he C 7 H 5 + C 3 H 3 recombination. Besides, the decomposition of ben- 

obicyclo[2,2,2]octatriene (BICYCLO) [51] also has a non-negligible 

ontribution. The relative importance of the mentioned channels 

aries with the initial fuel compositions. When gradually adding 

 2 H 2 , C 10 H 8 originating from C 9 H 7 CH 2 takes a higher propor-

ion, while the channels through C 7 H 5 + C 3 H 3 recombination and 

ICYCLO decomposition become less important. This is a con- 

equence of the fact that C 7 H 7 dissociation is inhibited by the 

 7 H 7 + C 2 H 2 reaction forming indene, as detailed in Section 4.2 .

ndene concentrations increase significantly, resulting in more 

 9 H 7 CH 3 formation through indenyl (C 9 H 7 ) + CH 3 recombination 

see Fig. 14 (c)). On the other hand, the production of C 7 H 5 , o-

 6 H 4 and C 3 H 3 is reduced so that C 10 H 8 formation pathways in-

olving these species become less important. The increase in the 

 9 H 7 CH 3 pathway prevails the decrease in the C 7 H 5 + C 3 H 3 and the

ICYCLO channels, so a slight increase appears in the peak C H 
10 8 
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Fig. 13. Simulated species concentrations as a function of time with the measured pressure profiles in (a) TA_459 pyrolysis at T 5 = 1416 K; (b) TE pyrolysis at T 5 = 1427 K. 

The dashed vertical lines indicate the start of quenching. 

Fig. 14. Experimental (symbols) and modeling (solid lines) concentrations of C 10 

PAH species as a function of the post-shock temperature T 5 . The left panel: 

toluene/C 2 H 2 pyrolysis; the upper left insets plot the measured (dark open square) 

and simulated (gray cross) peak concentrations of separate species against the ini- 

tial C 2 H 2 contents; linear regressions (the dashed lines) of the data points are 

shown as a visual guide. The right panel: toluene/C 2 H 4 pyrolysis. The simulated 

species concentration profiles in neat toluene pyrolysis (the gray solid lines) are 

shown as a reference. 
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Scheme 2. The reaction pathways leading to naphthalene formation at T 5 of 1500 K 

in the pyrolysis of toluene/C 2 binary mixtures. The percentage numbers (TA_50: 

normal; TA_216: italic; TA_459: underlined; TE: in parenthesis) represent the con- 

tributions to naphthalene formation by corresponding reactions. 
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oncentration when C 2 H 2 is added (see Fig. 14 (a)). It is noteworthy 

hat when increasing the amount of C 2 H 2 , C 9 H 7 CH 3 peak concen-

rations increase more steeply than those of C 10 H 8 and C 9 H 6 CH 2 .

his is because C 9 H 7 CH 3 exclusively results from C 9 H 7 + CH 3 re-

ombination. The C 9 H 6 CH 2 formed through C 9 H 7 CH 3 dehydrogena- 

ion increases remarkably with the C 2 H 2 addition accordingly, but 

he other C 9 H 6 CH 2 formation pathway through C 7 H 7 + C 3 H 3 re-

ombination is reduced. This causes a relatively slight growth in 

 9 H 6 CH 2 peak concentrations when C 2 H 2 is added (see Fig. 14 (b)).

n the case of toluene/C 2 H 4 pyrolysis, since the C 7 H 7 + C 2 H 4 inter-

ction is relatively less efficient in producing indene, the increase 
138 
n C 10 H 8 formation, which mainly arises from the enhanced C 9 H 7 

oncentration, is less pronounced. 

Concentration profiles of major C 12 −C 13 PAH species, including 

cenaphthalene (C 12 H 8 ), fluorene (C 13 H 10 ) and biphenylmethane 

C 6 H 5 CH 2 C 6 H 5 ), are shown in Fig. 15 . A more obvious increasing

rend shows in C 12 H 8 peak concentrations than that in C 10 H 8 

eak concentrations when raising the C 2 contents in the fuel 

ixtures. The formation scheme of C 12 H 8 , based on the ROP- 

nalyzed results at 1500 K, is shown in Scheme 3 . Three sources 

re responsible for C 12 H 8 production from toluene/C 2 pyrolysis. 

he C 9 H 7 + C 3 H 3 recombination and the subsequent dehydro- 

enation and ring-rearrangement processes are the governing 

athway, followed by the stepwise C 2 H 2 addition through phenyl 

C 6 H 5 ) → phenylacetylene (C 6 H 5 C 2 H) → naphthyl (C 10 H 7 ) (or 

enzofulvenyl (C 9 H 6 CH) [34] ) → acenaphthalene (C 12 H 8 ). Besides, 

 minor fraction (below 10%) of C 12 H 8 is contributed by the 

somerization of biphenyl radical (C 12 H 9 ) through the interme- 

iate cyclopenta[a]indene (BENZO) [51 , 52] . The relative impor- 

ance of the major pathways leading to C 12 H 8 is not obviously 

hanged by the varied initial fuel compositions. The two major 
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Fig. 15. Experimental (symbols) and modeling (solid lines) concentrations of 

C 12 −C 13 PAH species as a function of the post-shock temperature T 5 . The left panel: 

toluene/C 2 H 2 pyrolysis; the upper left insets plot the measured (dark open square) 

and simulated (gray cross) peak concentrations of separate species against the ini- 

tial C 2 H 2 contents; linear regressions (the dashed lines) of the data points are 

shown as a visual guide. The right panel: toluene/C 2 H 4 pyrolysis. The simulated 

species concentration profiles in neat toluene pyrolysis (the gray solid lines) are 

shown as a reference. 

Scheme 3. The reaction pathways leading to acenaphthalene formation at T 5 of 

1500 K in the pyrolysis of toluene/C 2 binary mixtures. The percentage numbers 

(TA_50: normal; TA_216: italic; TA_459: underlined; TE: in parenthesis) represent 

the contributions to acenaphthalene formation by corresponding reactions. 
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 12 H 8 formation pathways, through C 9 H 7 + C 3 H 3 and C 10 H 7 (or

 9 H 6 CH) + C 2 H 2 , rely on the production of important precursors, 

 9 H 7 and C 6 H 5 C 2 H, and thus the Hydrogen-Abstraction-C 2 H 2 - 

ddition (HACA) steps starting from C 7 H 7 and C 6 H 5 , respectively. 

onsequently, both pathways are intensified when increasing the 

 2 H 2 contents in the reaction system. Though the formation of 

 3 H 3 is reduced due to the inhibited C 7 H 7 decomposition, as 

entioned above, the level of C 9 H 7 is more a limiting factor that 

nfluences the efficiency of the C 9 H 7 + C 3 H 3 recombination leading 

o C 12 H 8 formation. Once again, an addition of about 500 ppm 

 2 H 4 results in a C 12 H 8 peak concentration falling between those 

n TA_50 and TA_216, i.e. , the cases with 50 ppm and 216 ppm of

 2 H 2 addition. 

Obvious decreasing trends are present in the peak concen- 

rations of the C 13 PAH species (see the insets of Fig. 15 (b) 

nd (c)). Compared to the case of neat toluene pyrolysis, the 

resence of C 2 H 2 or C 2 H 4 impedes the formation of biphenyl- 

ethane (C 6 H 5 CH 2 C 6 H 5 ), owing to that the predominant path- 

ay through the C 7 H 7 + C 6 H 5 recombination is inhibited by the 

owered C 7 H 7 level, as addressed above. Meanwhile, the concen- 

rations of C 6 H 5 also decrease, as can be noted from the sim- 

lated C 6 H 5 profiles in Fig. S8 in the Supplementary Material . 

 6 H 5 is mainly produced from toluene unimolecular decomposi- 

ion (C 7 H 8 ( + M) = C 6 H 5 + CH 3 ( + M)) below the temperature where

oluene is depleted. An increasing portion of C 6 H 5 reacts with 

 2 H 2 (or C 2 H 4 ) available in the reaction systems when enhanc- 

ng the initial C 2 fuel contents. Therefore, less C 6 H 5 can partici- 

ate in the recombination reaction with C 7 H 7 . The reduced con- 

entrations of both precursors, C 7 H 7 and C 6 H 5 , together result in a 

harp decrease in C 6 H 5 CH 2 C 6 H 5 peak concentrations. Nevertheless, 

he peak concentrations of fluorene (C 13 H 10 ), which mostly comes 

rom C 6 H 5 CH 2 C 6 H 5 consumption, decrease at a relatively slower 

ate when introducing C 2 fuels to toluene pyrolysis. This is mainly 

ecause H atom concentrations are enhanced by the added C 2 fu- 

ls, which facilitates the C 6 H 5 CH 2 C 6 H 5 consumption through hy- 

rogen abstraction reactions. The resulting radical 2-benzylphenyl 

C 13 H 11 ) subsequently decomposes, leading to C 13 H 10 formation. 

Figure 16 displays the concentration profiles as well as the peak 

oncentration variation trends of three C 14 H 10 isomers, namely, 

henanthrene (PC 14 H 10 ), anthracene (AC 14 H 10 ) and 9-methylene- 

uorene (C 13 H 8 CH 2 ). Peak concentrations of all three isomers 

ecrease with the increased C 2 contents in a similar manner. Reac- 

ion pathways leading to the C 14 H 10 isomers formation at 1450 K 

re presented in Scheme 4 . The inhibited formation of all three 

 14 H 10 isomers can be explained by the reduced C 7 radicals in 

he reaction system, since their formation largely depends on re- 

ombination reactions of C 7 radicals. PC 14 H 10 , the most dominant 

 14 H 10 isomer, mainly comes from the C 7 H 5 self-recombination 

nd AC 14 H 10 isomerization at the analyzed temperature. Other 

eaction channels also contribute to PC 14 H 10 formation: the dehy- 

rogenation of hydro-methylene-fluorene radical (C 13 H 9 CH 2 ) that 

s mainly produced from C 7 H 7 + C 7 H 5 recombination, H-assisted 

somerization of C 13 H 8 CH 2 and the C 6 H 5 C 2 H + C 6 H 5 addition-

limination reactions. As discussed in our previous work [38] , the 

 6 H 5 C 2 H + C 6 H 5 reactions are important sources of C 14 PAH species

ncluding PC 14 H 10 and C 13 H 8 CH 2 . A total of about 10% PC 14 H 10 

riginates from the C 6 H 5 C 2 H + C 6 H 5 reactions at 1450 K, and

his proportion slightly increases with the initial C 2 H 2 contents, 

ainly because of the increased C 6 H 5 C 2 H formation, as discussed 

n Section 4.1 . A similar trend is also seen in the C 13 H 8 CH 2 

ormation, to which the reaction C 6 H 5 C 2 H + C 6 H 5 = C 13 H 8 CH 2 + H

akes an increasing contribution when enhancing the initial C 2 H 2 

ontents, though C 13 H 8 CH 2 predominantly comes from C 13 H 9 CH 2 

ehydrogenation. The current kinetic model, which satisfacto- 

ily reproduces the measurements of AC 14 H 10 , attributes the 

C 14 H 10 formation to the CH 3 C 6 H 4 + C 7 H 7 recombination. The ratio 
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Fig. 16. Experimental (symbols) and modeling (solid lines) concentrations of C 14 H 10 

PAH isomers as a function of the post-shock temperature T 5 . The left panel: 

toluene/C 2 H 2 pyrolysis; the upper left insets plot the measured (dark open square) 

and simulated (gray cross) peak concentrations of separate species against the ini- 

tial C 2 H 2 contents; linear regressions (the dashed lines) of the data points are 

shown as a visual guide. The right panel: toluene/C 2 H 4 pyrolysis. The simulated 

species concentration profiles in neat toluene pyrolysis (the gray solid lines) are 

shown as a reference. 
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Scheme 4. The reaction pathways leading to the formation of C 14 H 10 isomers at T 5 
of 1450 K in the pyrolysis of toluene/C 2 binary mixtures. The percentage numbers 

(TA_50: normal; TA_216: italic; TA_459: underlined; TE: in parenthesis) represent 

the contributions to C 14 H 10 PAH formation by corresponding reactions. 

Fig. 17. Experimental (symbols) and modeling (solid lines) concentrations of C 16 H 10 

PAH isomers as a function of the post-shock temperature T 5 . The left panel: 

toluene/C 2 H 2 pyrolysis; the upper left insets plot the measured (dark open square) 

and simulated (gray cross) peak concentrations of separate species against the ini- 

tial C 2 H 2 contents; linear regressions (the dashed lines) of the data points are 

shown as a visual guide. The right panel: toluene/C 2 H 4 pyrolysis. The simulated 

species concentration profiles in neat toluene pyrolysis (the gray solid lines) are 

shown as a reference. 
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etween PC 14 H 10 and AC 14 H 10 peak concentrations increase when 

nhancing the initial C 2 H 2 concentration in the fuel mixtures (2.5 

n TA_05 → 2.8 in TA_216 → 3.2 in TA). This is because when 

he level of C 7 radicals is lowered by the added C 2 fuels, the 

ormation of both PC 14 H 10 and AC 14 H 10 through C 7 recombination 

s limited, but the PC 14 H 10 production is supplied by an alternative 

 6 H 5 C 2 H + C 6 H 5 source, while the formation of AC 14 H 10 depends

olely on the C 7 H 7 + CH 3 C 6 H 4 recombination. 

Trace amounts (below 0.1 ppm) of C 16 H 10 isomers, fluoran- 

hene (FC 16 H 10 ) and pyrene (PC 16 H 10 ) are probed from the pyrol-

sis of toluene/C 2 binary mixtures, and their concentration evo- 

utions with the post-shock temperature T 5 are shown in Fig. 17 . 

n all studied cases, FC 16 H 10 is more abundant than PC 16 H 10 , and

or both C 16 H 10 isomers, the measured peak concentrations slightly 

ecrease with the added C 2 fuels. The current model can predict 

he measurements within experimental uncertainties, but shows 

imitations in capturing the variation trend of FC 16 H 10 peak con- 

entrations in the toluene/C 2 H 2 pyrolysis experiments. According 

o the results of ROP analyses, the formation of both C 16 H 10 iso- 

ers largely depends on C 10 + C 6 recombination reactions. Besides, 

he HACA route through phenanthrene radical (PC 14 H 9 ) + C 2 H 2 

eads to C 16 H 10 , while the C 9 H 7 + C 7 H 7 recombination and the

ubsequent dehydrogenation and isomerization contributes to the 

C 16 H 10 formation. The mechanism starting from the recombina- 

ion of the resonantly stabilized radicals C 7 H 7 and C 9 H 7 was pro- 

osed by Sinha and Raj [19] to account for the formation of four- 

ing PAHs including both PC 16 H 10 and FC 16 H 10 . It is found that such

rocesses mainly lead to FC 16 H 10 under the currently investigated 

onditions. 
140 
To reveal the potential reason for the contradictory varia- 

ion trends in the measured and simulated FC 16 H 10 peak con- 

entrations, sensitivity analyses for FC 16 H 10 are performed in 

oluene/C 2 H 2 pyrolysis at 1550 K. The results are presented in 

ig. 18: when raising the initial C 2 H 2 contents, reactions along the 

 9 H 7 + C 7 H 7 pathway [19] (highlighted in red) play an increasingly 

mportant role regarding the FC 16 H 10 formation. This is owing 

o the remarkably enhanced C 9 H 7 concentrations when C 2 H 2 is 

dded, as previously discussed. On the other hand, C 6 H 5 con- 

entrations are reduced, and as a result, the alternative FC H 
16 10 
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Fig. 18. Sensitivity analyses for fluoranthene (FC 16 H 10 ) in the pyrolysis of 

toluene/C 2 H 2 mixtures at T 5 = 1550 K. (For interpretation of the references to color 

in this figure, the reader is referred to the web version of this article.) 
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ormation pathways through C 10 + C 6 recombination becomes less 

mportant. The inaccurate prediction for the measured variation 

rend of FC 16 H 10 peak concentrations may come from the inap- 

ropriate relative importance of the C 9 + C 7 and C 10 + C 6 channels 

n the kinetic model, as they are influenced in opposite manners 

hen increasing the initial C 2 H 2 contents. In order to better char- 

cterize FC 16 H 10 formation in different chemical environments, 

ore accurate kinetic description for the mentioned reactions 

re highly desired, in particular, for the C 10 + C 6 channels that are 

xpressed as lumped reactions in the kinetic model. Larger PAHs, 

uch as benzo[a]anthracene and chrysene, are also detected at 

race levels in the current experiments, but no reliable concen- 

ration profiles can be obtained due to the potential condensation 

n the injection system and lines and the unknown calibration 

actors. Future kinetic studies on the formation of these heavier 

AH compounds are warranted. 

. Conclusions 

In this work, a systematic experimental and kinetic modeling 

ork is carried out to highlight the interactions between toluene 
141 
nd C 2 hydrocarbons (C 2 H 2 and C 2 H 4 ) under high-pressure pyrol- 

sis conditions. Shock tube experiments are conducted with highly 

rgon diluted binary toluene/C 2 H 2 (or C 2 H 4 ) mixtures at a nominal 

ressure of 20 bar over 1150 −1650 K. Given the more pronounced 

ffects of C 2 H 2 , three toluene/C 2 H 2 mixtures with different C 2 H 2 

oncentrations and one toluene/C 2 H 4 mixture are used in the ex- 

eriments. Chemical compositions of the post-shock mixtures are 

ampled and analyzed through GC/GC–MS technique with high 

ensitivity. A kinetic model is developed by incorporating interac- 

ions between toluene radicals and C 2 fuels. The model can well 

redict concentration measurements for species ranging from fuels 

o trace (0.1 ppm level) PAHs in individual studied cases. Moreover, 

t can successfully capture the variation trends of most species 

mong the different experimental sets. High-fidelity data sets, 

oined by modeling analyses, are employed to reveal the altered re- 

ction schemes when varying the initial fuel compositions. Strong 

nteractions are noted between benzyl and C 2 fuels, especially 

 2 H 2 , and more specifically, through the C 7 H 7 + C 2 H x = C 9 H 6 + x + H

eactions. Direct effects from such interactions cover three aspects: 

) synergistically improved decomposition reactivity is observed for 

oth fuel components, owing to the abundant H atoms generated 

rom the C 7 H 7 + C 2 H x reactions; ii) C 9 aromatics are largely pro-

uced in the binary mixture pyrolysis. Indene (C 9 H 8 ) is identified 

s the predominant C 9 species, and its peak concentrations steeply 

ncrease with the initial C 2 H 2 contents. Other C 9 species, such as 

ropynyl (or propenyl) -benzene and ethynyl (or vinyl) -toluene, 

re also observed, indicating that the other toluene fuel radical, 

H 3 C 6 H 4 , also reacts with the C 2 fuels; iii) the formation of biben-

yl through benzyl recombination is obviously hindered, since a 

arge portion of benzyl reacts with the extra C 2 in the reaction 

ystem. More importantly, we illustrate the effects of the added 

 2 fuels on the formation of two- to four-ring PAH species. When 

nhancing the initial C 2 H 2 concentrations, for the PAHs originat- 

ng from reactions involving indenyl, such as naphthalene, methyl- 

ndene and acenaphthalene, the peak concentrations clearly in- 

rease. Differently, peak concentrations of some other PAH species, 

uch as biphenylmethane, fluorene and phenanthrene, show de- 

lining trends, because their formation is governed by reactions of 

 7 radicals. For most PAH species, an addition of about 500 ppm 

 2 H 4 brings an equivalent effect to that of adding C 2 H 2 at a spe-

ific amount between 50 and 216 ppm. 
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