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a b s t r a c t 

To explore the potential interactions between toluene/benzyl and the common C 3 combustion inter- 

mediates, toluene-propylene and toluene-propyne co-pyrolysis is studied in the current work by tak- 

ing neat toluene pyrolysis as a reference. Experiments are carried out at a nominal pressure of 20 bar 

over a temperature range of 1050 −1700 K, using a single-pulse shock tube facility coupled to the gas 

chromatography-mass spectrometry speciation diagnostic technique. Temperature-dependent mole frac- 

tion profiles are obtained for numerous species ranging from small-molecule products to three-ring poly- 

cyclic aromatic hydrocarbons (PAHs). A kinetic model, which has been under development in our serial 

works, is extended by including the interplays between toluene/benzyl and propylene/propyne chemistry. 

The updated model can satisfactorily predict the measurements, regarding the absolute mole fractions as 

well as the variation trends brought by different initial fuel compositions. Increased reactivity is observed 

in the conversion of toluene with the presence of propylene or propyne, while the consumption rates of 

the studied C 3 fuels are barely influenced by toluene. Benzene formation is facilitated by the C 3 + C 3 re- 

actions introduced by the C 3 fuels. The pyrolysis of propylene (or propyne) significantly enhances the 

level of C 1 −C 3 molecules/radicals that further react with aromatic species. For instance, the reactions of 

benzyl + propyne result in much higher mole fractions and lower speciation temperature windows of in- 

dene and naphthalene in toluene-propylene (or propyne) co-pyrolysis. The reactions with small hydrocar- 

bons result in reduced levels of benzyl and other C 7 radicals in the reaction system in toluene- propylene 

(or propyne) co-pyrolysis. Consequently, for the PAHs which are mainly formed through C 7 + C 7 reactions, 

such as bibenzyl and phenanthrene, the mole fractions are lowered by the addition of propylene (or 

propyne). Propyne has more obvious influences on the species pool of toluene pyrolysis than propylene, 

because the effective C 7 –C 3 interactions are mostly through the reactions between toluene/benzyl and 

propyne/propargyl in both cases of toluene-propylene and toluene-propyne co-pyrolysis. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1

c

c

c

p

f

p

n

r

o

o

o

l

s

z

t

p

l

p

d

e

h

0

(

. Introduction 

Towards a predictive kinetic model for the formation of poly- 

yclic aromatic hydrocarbons (PAHs) in the combustion of practi- 

al and surrogate fuels, a good characterization of toluene/benzyl 

hemistry is an indispensable building block. Toluene/benzyl is 

roduced as an active intermediate in the break-down of specific 

uel components such as alkylbenzenes, and also acts as a starting 

recursor of large PAHs up to soot. To highlight the reaction chan- 

els from fuel dissociation to the formation of PAHs, toluene py- 

olysis kinetics has been long pursued [1–12] under a wide range 
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f temperature/pressure conditions by means of experiments, the- 

retical calculations and detailed kinetic modeling. Benzyl is estab- 

ished as the most important product from the initial consumption 

teps of toluene. Owing to the resonance-stabilized nature, ben- 

yl has been experimentally observed of relatively high concentra- 

ions [ 8 , 11 ], compared to other essential aromatic radicals such as 

henyl. The fate of benzyl plays an fundamental role in control- 

ing the system reactivity and the speciation of various aromatic 

roducts. Given such importance, the reaction scheme of benzyl 

ecomposition has been extensively studied [13–18] and revisited 

ven nowadays [19] . Nevertheless, besides dissociation to smaller 

olecules, benzyl also reacts with other species present in the re- 

ction system, leading to mass growth. The radical-radical recom- 

ination reactions of benzyl and alkyl radicals, which are essen- 

ially the reverse processes of the benzylic C −C bond fission in 
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lkylbenzenes, lead to lengthening of the side chain on the aro- 

atic ring. Benzyl + acetylene is found as an important source of 

ndene formation, more efficient than the C 6 + C 3 channels, on the 

 9 H 9 reaction potential energy surface [ 20 , 21 ]. Indane is observed

n toluene-ethylene co-pyrolysis in our recent work [22] , indicating 

he occurrence of ring-closure via benzyl-ethylene interaction. Sim- 

lar to the first aromatic ring formation through allyl + propargyl re- 

ombination, benzyl + propargyl recombination is deemed as an im- 

ortant pathway leading to the second ring, i.e. naphthalene, after 

osing two H atoms [ 4 , 23 , 24 ]. The recombination of benzyl + phenyl

nd the subsequent dehydrogenation were included in kinetic 

odels [10–12] to account for the formation of fluorene. Besides, 

he reaction between benzyl and o-benzyne was also found as a 

ource of fluorene [25] . Sinha and coauthors studied the reactions 

tarting from benzyl self-recombination [26] and benzyl + indenyl 

ecombination [27] , and pointed out that such pathways can effi- 

iently lead to fused three- and four- ring aromatics under specific 

onditions. 

Interactions between toluene/benzyl and C 2 fuels (acetylene 

nd ethylene) are highlighted through investigating toluene-C 2 co- 

yrolysis in our previous work [22] . Enhanced fuel decomposition 

eactivity and changed PAH speciation behaviors were observed 

hen C 2 fuels were added to toluene pyrolysis. C 3 species are 

lso ubiquitous in combustion reaction systems. Particularly, the 

esonance-stabilized radicals allyl and propargyl are established as 

mportant benzene precursors. In our recent work [28] mole frac- 

ion profiles of various species up to four ring PAHs were probed 

rom propylene and propyne pyrolysis. Kinetic modeling analyses 

uggested that the build-up of PAHs in C 3 fuel pyrolysis largely de- 

ends on the reaction channels starting from benzene/phenyl [28] . 

t is worth exploring the potential interactions between toluene 

nd C 3 fuels, which is scarcely addressed in literature [24] , even 

hough specific C 3 species, such as propyne and propargyl, are 

resent among the species pool of toluene pyrolysis [ 11 , 12 ]. 

Therefore, in this work, we carry out shock tube pyrolysis 

xperiments using argon diluted mixtures containing 100 ppm 

oluene, with or without 500 ppm propylene/propyne at a nominal 

ressure of 20 bar over a temperature range of 1050–1700 K. Post- 

hock gas mixtures are sampled for chemical composition analyses, 

ielding temperature-dependent mole fraction profiles for species 

anging from small hydrocarbons to three-ring PAHs. Updates are 

ade to an ongoing PAH formation kinetic model that has been 

eveloped in our recent works [ 12 , 22 , 28–30 ], mainly by supple-

enting cross-linkage reactions of toluene/benzyl and C 3 species. 

he joint experimental and kinetic modeling efforts are made to 

eek for answers to two major questions: 1. How will propylene 

nd propyne influence the decomposition reactivity of toluene. 

ore specifically, whether the “synergistic effects” observed in 

he toluene-C 2 co-pyrolysis [ 22 , 31 ] are also valid in the case of

oluene and propylene (or propyne); 2. How will the added C 3 fu- 

ls influence the speciation behaviors, particularly for the aromatic 

pecies. Also, the responsible reaction processes will be identi- 

ed and the differences of propylene and propyne addition will be 

nraveled. 

. Shock tube experiments 

The pyrolysis experiments of neat toluene and 

oluene/propylene (or propyne) mixtures are carried out using 

he single-pulse shock tube facility at ICARE, CNRS, Orléans. 

he detailed descriptions about the shock tube and the coupled 

ampling GC/GC–MS speciation measuring system are well doc- 

mented in our previous publications [ 12 , 22 , 29 , 30 ]. In brief, the

riven section (78 mm in inner diameter and 6.0 m in length) of 

he shock tube is separated from the driver section by a double 

iaphragm section. To run the shock tube in a single-pulse fashion, 
2 
 dump tank, with a volume five times larger than the driven 

ection, is placed near the diaphragm on the driven section side. 

he driven section is heated up at 90 °C and pumped to below 

0 −5 mbar using a molecular turbo pump before every experiment. 

our pressure sensors (CHIMIE METAL A25L05B) are mounted on 

he side wall of the driven section at an interval of 150 mm, with 

he last one being 82 mm away from the end wall of the shock 

ube. The sensors record the time when the shock wave passes 

or the calculation of the incident shock velocity, which is further 

sed to determine the post-shock conditions T 5 and p 5 by solving 

he conservation equations together with the ideal gas law and 

ariable heat capacity ratio. The physical dimension of the shock 

etectors introduces uncertainties in the correlation between the 

ime when the pressure rise is observed and the corresponding 

ocation on the sensitive area of the sensors. The sensitive areas 

xtend around ± 1 mm with respect to the center of the sensor, 

hus the maximum error in the distance between two adjacent 

ensors is 2 mm. The presence of shock wave attenuation (below 

.5% for most experiments) can affect the correct estimate of the 

emperature since the withdrawn sample has an average composi- 

ion that spans a relatively large volume. Given all the mentioned 

actors, an uncertainty of ±30 K is estimated in the calculated T 5 . 

 PCB Piezotronics pressure sensor shielded by a layer of room- 

emperature vulcanizing (RTV) silicone is placed on the endwall to 

ecord the local pressure time . A typical endwall pressure profile 

s well as the corresponding definition of reaction time is shown 

n Fig. S1 in the Supplementary Material. The reaction time is 

pecified as the time between the arrival of the shock wave and 

he point when the pressure drops to 80% p 5 , and it has a nominal

alue of 4.0 ms with the current experimental configuration. An 

ir actuated valve is mounted at the center of the endwall, and its 

peration is triggered by the endwall pressure signal, with a delay 

et at 4.0 ms (equal to the nominal reaction time). The opening 

nd closing of the sampling valve last hundreds of milliseconds, 

xtracting a relatively large quantity of post-shock gas samples, so 

hat trace PAH species can be detected and measured. The samples 

re transferred through SilcoTek tubes, which are heated up at 

50 °C to minimize the loss of heavy species due to condensation. 

he chemical compositions of the samples are analyzed by two 

Cs placed in series. The first GC (Agilent 7890) is equipped with 

 flame ion detector (FID) connected to a DB-17-ms column for 

he measurements of PAH species; a thermal conductivity detector 

TCD) coupled to a Molsieve 5A column is used to monitor the 

bsence of air. The GC injection system is equipped with an exter- 

al valve box, which can regulate the temperature up to 320 °C, 

o avoid heavy species condensation during the sample storage 

nd injection. For the second GC (Thermo Trace GC Ultra), an FID 

s installed and connected to an HP Plot Q column to measure 

mall hydrocarbons, and a DSQ 

TM (dual stage quadrupole) mass 

pectrometer is also connected to help the species identification. 

The identification of PAH species predominantly relies on the 

etention time known from the prior injection of standards. The 

ass spectrometry provides additional information such as the 

ass numbers and suggests potential candidates. Figure 1 shows 

he GC signals in neat toluene pyrolysis, toluene-propylene and 

oluene-propyne co-pyrolysis at similar T 5 s around 1360 K. Not 

ll detected signal peaks can be unambiguously identified, espe- 

ially in the cases of binary fuels, where a variety of new aro- 

atic species are introduced, in comparison to neat toluene py- 

olysis. The small peaks appear before 5.5 min were also de- 

ected in toluene + acetylene/ethylene pyrolysis, and they are cor- 

esponding to vinyl-toluene (CH 3 C 6 H 5 C 2 H 3 ) and ethynyl-toluene 

CH 3 C 6 H 5 C 2 H) isomers. A collection of C 10 species, which mostly 

orrespond to the small peaks between indene and naphthalene 

see Fig. 1 ), are observed in the co-pyrolysis of toluene and propy- 

ene (or propyne). The dominant ones identified in this work 
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Table 1 

Compositions of the experimental gas mixtures calibrated by the GC. 

Toluene (C 7 H 8 ) Propylene (C 3 H 6 ) Propylene (C 3 H 4 -P) Impurities 

Neat Toluene 105 ppm – – –

Toluene + C 3 H 6 106 ppm 513 ppm – propane (C 3 H 8 ): 2 ppm 

Toluene + C 3 H 4 -P 108 ppm – 557 ppm 2-butene (2-C 4 H 8 ): 4.5 ppm iso-butane (i-C 4 H 10 ): 3.5 ppm 
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nclude methylindene isomers, dihydronaphthalene and benzoful- 

ene. It is observed that the addition of C 3 fuels, particularly 

ropyne, results in remarkable increases in the concentrations 

f indene, naphthalene and acenaphthalene. In contrast, the ma- 

or PAHs in neat toluene pyrolysis appearing at this tempera- 

ure (around 1360 K), such as bibenzyl and fluorene, have lower 

bundance. To point out, the peak at 8.45 min corresponds to 

iphenylmethane in neat toluene pyrolysis, but vinyl-naphthalene 

n toluene-C 3 co-pyrolysis. 

Calibration experiments are carried out for the accurate quan- 

ification of species mole fractions. FID response for C 1 –C 4 hydro- 

arbons (except diacetylene) and small aromatics including ben- 

ene, toluene, ethylbenzene, styrene and phenylacetylene are cal- 

brated using purchased or homemade gas mixtures with known 

ompositions. Diacetylene is calibrated through high-temperature 

yrolysis experiments of acetylene based on carbon atoms con- 

ervation. Specific procedures, as detailed in our previous work 

22] , are followed to calibrate PAH species: i) calibration solutions 

re prepared by dissolving known amounts of specific PAHs in 

ichloromethane; ii) a small quantity (a few microliters) of the so- 

ution is injected into a previously vacuumed glass vessel that is 

eated up at 150 °C, so the solution evaporates immediately; iii) 

he vessel is then filled with argon to a certain pressure around 1.2 

tm, and the resulting gas mixture stays for 10–15 min to homog- 

nize; iv) the calibration gas mixture is injected to the GC at least 

hree times to obtain consistent FID response factors for the PAHs; 

) the above procedures are repeated with gas mixtures contain- 

ng different PAH concentrations to derive the calibration factors. 

his method can be well applied to two-to-three ring PAH species, 

hile for four-ring and larger ones, the complete vaporization can- 

ot be guaranteed. Therefore, quantitative measurements for PAH 

pecies up to three rings, which have reliable calibration factors, 

re reported in the current work. The uncertainty in the quantita- 

ive measurements depend on the accuracy of the calibration. An 

ncertainty factor of 5%–10% is estimated for the small species di- 

ectly calibrated in the gas phase, and this factor increases to 15–

0% to the PAH species. 

Chemicals including toluene (99.8%), propyne (97%) and PAH 

tandards are purchased from Sigma-Aldrich. Other used gases, in- 

luding propylene (99.5%), the bath gas argon ( > 99.9999%) and 

he driven gas helium ( > 99.995%), are supplied by Air-Liquide. 

he experimental gas mixtures are prepared in a 136 L electropol- 

shed stainless steel cylinder. The cylinder is pumped to below 

0 −5 mbar using a turbo molecular pump before fuel components 

toluene and C 3 ) are introduced. The partial pressures of the fu- 

ls are measured using a MKS Baratron pressure transducer (model 

22BA) with the range of 0–10 Torr. The cylinder is subsequently 

lled with argon to a total pressure around 10 bar, monitored by 

 0–10,0 0 0 Torr MKS Baratron pressure transducer (model 627D). 

he gas mixture then stays overnight before experiments to en- 

ure good homogeneity. The exact compositions of the experimen- 

al mixtures are analyzed using the GC, and the results are listed in 

able 1 . The inner surface of the driven section of the shock tube 

s cleaned every day to remove carbon deposit. The three exper- 

mental data sets, consisting of the post-shock conditions T 5 , p 5 , 

he reaction time, the pressure time history and the species mole 

ractions in each shock operation, are provided in the Supplemen- 

al Material. 
3 
. Kinetic modeling 

A kinetic model has been under development in our serial 

orks [ 12 , 22 , 28–30 ], aimed at correctly predicting the PAH forma-

ion from the pyrolysis of practical/surrogate fuels and fuel com- 

onents. Updates are made in this work, mainly by extensively in- 

orporating two groups of reactions into the kinetic model: 1. the 

eaction between C 3 species with C 7 radicals potentially contribut- 

ng to the formation of the second aromatic ring; 2. the subsequent 

nteractions of C 3 with the naphthyl core, which potentially further 

acilitate the ring growth. 

The interactions between C 3 molecule/radicals and toluene fuel 

adicals, namely benzyl (C 7 H 7 ) and methylphenyl (CH 3 C 6 H 4 ), may 

esult in a variety of products, as summarized in Table 2 . Propargyl 

C 3 H 3 ) and benzyl (C 7 H 7 ) are abundant radicals in the studied 

oluene-C 3 co-pyrolysis systems, due to their resonance-stabilized 

ature. The C 7 H 7 + C 3 H 3 recombination reaction potential energy 

urface (PES) was computed at the CASPT2/cc-pVTZ//B3LYP/6–

11G(d,p) level of theory in a work by Matsugi and Miyoshi [24] . 

 multiple-step process leading to naphthalene was proposed: the 

adical recombination results in two C 10 H 10 monocyclic aromatic 

ydrocarbon (MAH) isomers, 3-butynylbenzene (C 6 H 5 CH 2 CH 2 C 

≡C, 

 6 H 5 CCC#C) and 2,3-butadienylbenzene (C 6 H 5 CH 2 CH = C = CH 2 ,

 6 H 5 CC 

∗C 

∗C); 1-methylene-indanyl (C 9 H 7 CH 2 ) radicals (includ- 

ng two isomers, see the structures in Table 2 ) are formed 

irectly through the C 7 H 7 + C 3 H 3 reaction or via the ring closure 

f C 6 H 5 CC 

∗C 

∗C; The consumption of C 9 H 7 CH 2 further leads to

aphthalene (C 10 H 8 ) and its isomer benzofulvene (C 9 H 6 CH 2 ). 

he mentioned reaction processes and the rate coefficients in 

hebyshev form reported in [24] are used in the current kinetic 

odel. Other C 7 + C 3 reaction systems have not been studied 

hrough theoretical approaches to the best of our knowledge, so 

he resulting products and the corresponding rate coefficients are 

ssessed through analogies to similar reactions. In such estima- 

ions, the similarity of C 7 H 7 with allyl (C 3 H 5 -A) and methyl ( ̇CH 3 )

re considered. The addition of C 7 H 7 to the triple bond of propyne 

C 3 H 4 -P) resemble the C 7 H 7 + C 2 H 2 reactions, which were theo- 

etically studied by Mebel et al. [21] . According to the computed 

esults in [21] and the experimental observations in our previous 

ork [22] , indene (C 9 H 8 ) and 3-phenylpropyne (C 6 H 5 CH 2 C 

≡CH)

re the main products of C 7 H 7 + C 2 H 2 reactions. In a similar man-

er, for C 7 H 7 + C 3 H 4 -P reactions, a MAH species, 2-butynylbenzene 

C 6 H 5 CH 2 C 

≡CCH 3 , C 6 H 5 CC 

∗CC) is formed through the side chain

engthening; and towards the formation of a cyclopenta-ring 

tructures, besides C 9 H 8 + ̇CH 3 , 2-methylindene (C 9 H 7 CH 3 –2) + H

nd 3-methylindene (C 9 H 7 CH 3 –3) + H are also potential products, 

epending on which site of C 3 H 4 -P the C 7 H 7 is added to. An alter-

ative channel leading to the formation of 1,2-dihydronaphthalene 

C 10 H 10 ) is also considered, through an analogy to the reaction 

 3 H 5 -A + C 3 H 4 -P = 1,3-cyclohexadiene(CYC 6 H 8 ) + H. 1-phenyl-3-

utene (C 6 H 5 CH 2 CH 2 CH = CH 2 , C 6 H 5 C 4 H 7 –1) and 1-phenyl-2-

utene (C 6 H 5 CH 2 CH = CHCH 3 , C 6 H 5 C 4 H 7 –2) are probable products

rom the radical recombination of C 7 H 7 + C 3 H 5 -A, and the rate 

oefficients are taken from the C 3 H 5 -A + ̇CH 3 reactions form- 

ng 1-butene (1-C 4 H 8 ) and 2-butene (2-C 4 H 8 ), respectively. 

he reactions between C 7 H 7 and C 3 H 6 produce C 4 substituted- 

enzene species including the C 6 H 5 CH 2 CH 2 ̇CHCH 3 (C 6 H 5 C 4 H 8 B),

 6 H 5 CH 2 CH 2 CH 2 ̇CH 2 (C 6 H 5 C 4 H 8 A), C 6 H 5 C 4 H 7 –1 and C 6 H 5 C 4 H 7 –2,
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Table 2 

A list of the reactions representing the interactions between toluene fuel radicals and the C 3 radicals/molecules. 

Reactants Involved aromatic species Reactions and the references for used rate coefficients 

benzyl (C 7 H 7 ) + propargyl (C 3 H 3 ) (C 6 H 5 CCC#C) 

(C 6 H 5 CC ∗C ∗C) 

(C 9 H 7 CH 2 ) 

(C 9 H 6 CH 2 ) 

(C 10 H 8 ) 

C 7 H 7 + C 3 H 3 = C 6 H 5 CCC#C / C 6 H 5 CC ∗C ∗C / C 9 H 7 CH 2 + H 

C 6 H 5 CC ∗C ∗C = C 9 H 7 CH 2 + H C 9 H 7 CH 2 = C 9 H 6 CH 2 + H 

C 9 H 7 CH 2 = C 10 H 8 + H C 9 H 6 CH 2 + H = C 10 H 8 + H [24] 

benzyl (C 7 H 7 ) + propyne 

(C 3 H 4 -P)/allene (C 3 H 4 -A) 

(C 9 H 7 CH 3 –2) 

(C 9 H 7 CH 3 –3) 

(C 9 H 8 ) 

(C 6 H 5 CC#CC) 

(C 6 H 5 CC ∗C ∗C) 

Reactions forming five-membered rings 

C 7 H 7 + C 3 H 4 -P = C 9 H 8 + ̇CH 3 / C 9 H 7 CH 3 –2 + H / 

C 9 H 7 CH 3 –3 + H: analogies to C 7 H 7 + C 2 H 2 = C 9 H 8 + H [21] . 

Reactions lengthening of the side chain 

C 7 H 7 + C 3 H 4 -P = C 6 H 5 CC#CC + H, 

C 7 H 7 + C 3 H 4 -A = C 6 H 5 CC ∗C ∗C + H: analogies to 

C 7 H 7 + C 2 H 2 = C 6 H 5 C 3 H 3 P_3 + H [21] . 

benzyl (C 7 H 7 ) + allyl (C 3 H 5 -A) (C 6 H 5 C 4 H 7 –1) 

(C 6 H 5 C 4 H 7 –2) 

C 7 H 7 + C 3 H 5 -A( + M) = C 6 H 5 C 4 H 7 –1( + M): analogies to 

CH 3 + C 3 H 5 -A = C 4 H 8 –1 from the core mechanism [35] 

C 6 H 5 C 4 H 7 –2 = C 7 H 7 + C 3 H 5 -A / C 4 H 8 –2 = CH 3 + C 3 H 5 -A 

from the core mechanism [35] 

benzyl (C 7 H 7 ) + propene (C 3 H 6 ) (C 6 H 5 C 4 H 8 A) 

(C 6 H 5 C 4 H 8 B) 

(C 6 H 5 C 4 H 7 –1) 

(C 6 H 5 C 4 H 7 –2) 

(C 6 H 5 C 2 H 4 ) 

(C 9 H 10 ) 

C 7 H 7 + C 3 H 6 = C 6 H 5 C 4 H 8 A / C 6 H 5 C 4 H 8 B / C 6 H 5 C 4 H 7 –1 + H 

/ C 6 H 5 C 4 H 7 –2 + H / C 6 H 5 C 2 H 4 + C 2 H 4 : analogies to 

CH 3 + C 3 H 6 = PC 4 H 9 / SC 4 H 9 / C 4 H 8 –1 + H / C 4 H 8 –2 + H / 

C 2 H 5 + C 2 H 4 from the core mechanism [35] 

C 7 H 7 + C 3 H 6 = C 9 H 10 + H: analogy to C 3 H 5 -A + C 3 H 6 

( + M) = CYC 5 H 8 + ̇CH 3 ( + M) [32] 

methyl phenyl (CH 3 C 6 H 4 ) + propargyl 

(C 3 H 3 ) 

(CH 3 C 9 H 7 ) 

(CH 3 C 6 H 4 C 3 H 3 P_3) 

(CH 3 C 6 H 4 C 3 H 3 A) 

(CH 3 C 6 H 4 C 3 H 2 ) 

CH 3 C 6 H 4 + C 3 H 3 = CH 3 C 9 H 7 / CH 3 C 6 H 4 C 3 H 3 P_3 / 

CH 3 C 6 H 4 C 3 H 3 A + H / CH 3 C 6 H 4 C 3 H 2 + H: analogies to 

C 6 H 5 + C 3 H 3 = C 9 H 8 / C 6 H 5 C 3 H 3 P_3 / C 6 H 5 C 3 H 3 A / 

C 6 H5C 3 H 2 [33] 

( continued on next page ) 

4 
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Table 2 ( continued ) 

Reactants Involved aromatic species Reactions and the references for used rate coefficients 

methyl phenyl (CH 3 C 6 H 4 ) + propyne 

(C 3 H 4 -P)/allene (C 3 H 4 -A) 

(CH 3 C 6 H 4 C 3 H 3 P_1) 

(CH 3 C 6 H 4 C 3 H 3 P_3) 

(CH 3 C 6 H 4 C 3 H 3 A) 

(CH 3 C 6 H 4 C 2 H) 

(CH 3 C 9 H 7 ) 

CH 3 C 6 H 4 + C 3 H 4 -P = CH 3 C 6 H 4 C 3 H 3 P_1 + H / 

CH 3 C 6 H 4 C 3 H 3 A + H / CH 3 C 6 H 4 C 2 H + ̇CH 3 / CH 3 C 9 H 7 + H: 

analogies to C 6 H 5 + C 3 H 4 -P = C 6 H 5 C 3 H 3 P_1 + H / 

C 6 H 5 C 3 H 3 A + H / C 6 H 5 C 2 H + ̇CH 3 / C 9 H 8 + H [21] 

CH 3 C 6 H 4 + C 3 H 4 -A = CH 3 C 6 H 4 C 3 H 3 P_3 + H 

CH 3 C 6 H 4 C 2 H + ̇CH 3 / CH 3 C 6 H 4 C 3 H 3 A + H / CH 3 C 9 H 7 + H: 

analogies to C 6 H 5 + C 3 H 4 -A = C 6 H 5 C 3 H 3 P_3 + H 

C 6 H 5 C 2 H + ̇CH 3 / C 6 H 5 C 3 H 3 A + H / C 9 H 8 + H [21] 

methyl phenyl (CH 3 C 6 H 4 ) + allyl 

(C 3 H 5 -A) 

(CH 3 C 6 H 4 C 3 H 5 –1) 

(RXYLENE) 

CH 3 C 6 H 4 + C 3 H 5 -A = CH 3 C 6 H 4 C 3 H 5 –1 / RXYLENE + C 2 H 3 : 

analogies to C 6 H 5 + C 3 H 5 -A = C 6 H 5 C 3 H 5 –1 / C 7 H 7 + C 2 H 3 

[34] 

methyl phenyl (CH 3 C 6 H 4 ) + propene 

(C 3 H 6 ) 

(CH 3 C 6 H 4 C 3 H 5 –1) 

(CH 3 C 6 H 4 C 3 H 5 –2) 

CH 3 C 6 H 4 + C 3 H 6 = CH 3 C 6 H 4 C 3 H 5 –1 + H / 

CH 3 C 6 H 4 C 3 H 5 –2 + H: analogies to 

C 6 H 5 + C 3 H 6 = C 6 H 5 C 3 H 5 –1 + H / C 6 H 5 C 3 H 5 –2 + H [21] 
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a

nd the rate coefficients are determined through analogies to the 

H 3 + C 3 H 6 reactions forming C 4 H 9 and C 4 H 8 isomers (see Table 2 ).

nother reaction, C 7 H 7 + C 3 H 6 = indane (C 9 H 10 ) + H, is also taken

nto account, which is analogous the five membered ring for- 

ation process of C 3 H 5 -A + C 3 H 6 = cyclopentene (CYC 5 H 8 ) + H

32] . Reactions between C 3 species and methylphenyl involve 

he radical site on the benzene ring, and thus the reactions and 

orresponding rate coefficients are assessed through analogies to 

he reactions between phenyl (C 6 H 5 ) and C 3 H 3–6 species based on 

he serial theoretical works by Mebel and coworkers [ 21 , 33 , 34 ].

nly o-methylphenyl related reactions are considered and shown 

n Table 2 for simplification purpose. 

As mentioned in the experimental section, naphthalene (C 10 H 8 ) 

s measured of significant concentrations in toluene-propyne co- 

yrolysis. In the current kinetic model, two types of naphthyl 

adicals, 1-naphthyl (C 10 H 7 –1) and 2-naphthyl (C 10 H 7 –2), which 

ead to different reaction pathways and consequent species, are 

eparately considered. Rate coefficients for hydrogen abstraction 

eactions by H atom from C 10 H 8 forming the two radicals are 

rom [36] , and those for the decomposition and isomerization 

f the C 10 H 7 radicals are from [37] . The interactions between 

aphthyl radicals and propyne/allene/propargyl are also consid- 

red. Raj et al. [38] mapped out a step-wise formation scheme 

f the C 13 H 10 isomers, phenalene (PC 13 H 10 ) and 1-methylene-1,2- 

ihydroacenaphthalene (C 12 H 8 CH 2 ), which is initiated by C 3 H 3 ad- 

ition to naphthalene and naphthyl radical. Both C 13 H 10 species 

nd relevant intermediates are also involved in the reaction sys- 

em of CH 3 + 1-acenaphthyl (C 12 H 7 ), which was studied in a recent

heoretical work by Porfiriev et al. [39] . All above-mentioned re- 

ctions and the corresponding rate coefficients are integrated in 

he current model. The current kinetic model also incorporates 

eactions between naphthyl radicals (C 10 H 7 –1 and C 10 H 7 –2) react 
5 
ith propyne/allene, as shown in Scheme 1 . The reactions between 

 10 H 7 –1 and C 3 H 4 -P/C 3 H 4 -A are studied in a recent work by Zhao

t al. [40] , and the reported theoretical rate coefficients are used in 

he current model. The relevant reactions involve the formation of 

 side chain or a fused ring on the naphthyl core, yielding a variety 

f products such as C 3 substituted naphthyl species, cyclopenta- 

ing-fused structures and phenalene (PC 13 H 10 ). Similar reaction 

athways are expected in the C 10 H 7 –2 + C 3 H 4 -P/C 3 H 4 -A system, ex-

ept that PC 13 H 10 cannot be formed (see Scheme 1 ). The ring ex- 

ansion by methylation can occur to the cyclopenta-ring fused 

pecies, C 10 H 7 CYC 5 and C 10 H 7 CYC5_2, eventually forming phenan- 

hrene (PC 14 H 10 ) and anthracene (AC 14 H 10 ), respectively. Such pro- 

esses are estimated through analogies to the reactions of indenyl 

C 9 H 7 ) + methyl (CH 3 ) leading to naphthalene [ 21 , 41 ]. 

For the newly introduced species, thermochemical proper- 

ies are computed using the program “THERM” [42] with the 

roup values updated by Burke et al. [43] recently. The reaction 

echanism and the species thermochemical data of the current 

inetic model are provided in the Supplemental Material. Simula- 

ions presented in the discussion section are conducted with the 

omogenous reactor model of the software COSILAB [44] using 

 constant pressure of 20 bar and a nominal reaction time of 

.0 ms. Such a simplification has been well justified in relevant 

ublications [ 45 , 46 ], and well applies to the current experimental 

onfigurations. Figure S2 shows the time-dependent fuel (C 3 fuels 

nd toluene) mole fractions under specific experimental condi- 

ions simulated via two methods: the above-mentioned simplified 

ractice and using the measured pressure profiles up to 10 ms 

ogether with the measured T 5 at zero point. It is seen that the 

nd-point mole fractions at 4 ms agree well with the plateau 

alues of the extended simulations, and actually the variations 

re smaller than the experimental errors. A concern may still 
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Scheme 1. Reactions between naphthyl radicals and propyne/allene that are considered in the kinetic model. 

Fig. 1. GC signals recorded in neat toluene, toluene + propylene (C 3 H 6 ) and toluene + propyne (C 3 H 4 -P) pyrolysis at T 5 around 1360 K. 

6 



W. Sun, A. Hamadi, S. Abid et al. Combustion and Flame 236 (2022) 111799 

Fig. 2. Measured (symbols) and simulated (solid lines) mole fractions for fuels in three experimental sets. Initial toluene mole fractions are all normalized to 100 ppm to 

facilitate comparison in (a) and mole fraction profiles of propylene and propyne in the pyrolysis of neat C 3 fuels [28] are given in (b) and (c). 
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Fig. 3. Integrated rate of production coefficients for toluene in neat toluene py- 

rolysis, toluene-propylene co-pyrolysis and toluene-propyne co-pyrolysis at T 5 of 

1400 K. 
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rise that specific radical-radical recombination reactions would 

ontinue after the arrival of rarefaction waves and impact the final 

bserved species mole fractions [ 22 , 28 , 30 ]. Therefore, simulations 

re performed using pressure profiles up to 10 ms, mainly to 

onitor the influences of the reactions during the post-shock 

uenching. Such effects are significant for a few species whose 

ormation depends on the recombination of resonance-stabilized 

adicals or methyl, such as bibenzyl and 1-methylindene. Relevant 

esults will be displayed and discussed in the following section. 

. Results and discussion 

In this section, the predictive performances of the kinetic model 

ill be tested using the current speciation measurements. The 

easured species pools in the three studied cases, which consist 

f different types and quantities of pyrolysis products, will be com- 

ared. Modeling analyses will help to identify the specific reactions 

hat are responsible for the observed differences. Discussion will 

e focused on the interactions between C 3 species and toluene as 

ell as relevant radicals, which potentially impact the fuel decom- 

osition reactivity and speciation behaviors. To point out, since the 

hree studied reaction systems contain different amounts of carbon 

toms, direct comparisons of the absolute species mole fractions 

equire more caution. 

.1. Fuel decomposition reactivity 

Figure 2 illustrates the experimental and simulated fuel mole 

ractions as a function of the post-shock temperature T 5 in all 

hree studied cases. The initial toluene mole fractions in the three 

ifferent experimental sets are normalized to 100 ppm to facili- 

ate comparisons. Besides, the conversion profiles of C 3 fuels in 

eat propylene and neat propyne pyrolysis reported in our recent 

ork [28] are also given as a reference. The current kinetic model 

an satisfactorily capture the temperature-dependent mole fraction 

easurements of individual fuels in all studied cases. Given an un- 

ertainty of ±30 K in T 5 s, different toluene decomposition reactiv- 

ty among the three cases cannot be definitively judged from the 

argely overlapping experimental profiles. The kinetic model, how- 

ver, predicts higher conversion rates of toluene in the cases of bi- 

ary fuel pyrolysis over the temperature range of 130 0–150 0 K. 

n contrast, the presence of toluene barely changes the conver- 

ion rates of propylene and propyne. As discussed in our previ- 

us work [28] , the decomposition of propylene follows a regu- 

ar smooth curve, while the decay of propyne exhibits a unique 
7 
wo-stage nature due to the isomerization to allene at relatively 

ow temperatures. As will be shown later, at the temperatures cor- 

esponding to the first stage of propyne decomposition, propyne 

ostly converts to allene so that radicals are only formed in a lim- 

ted amount. 

Rate-of-production (ROP) analyses are performed to investi- 

ate the reasons for the changed toluene decomposition reactiv- 

ty, and the major toluene consumption pathways at T 5 of 1400 K 

n the three cases are shown in Fig. 3 . In neat toluene pyroly- 

is at 1400 K, the C–H bond fission and the hydrogen abstraction 

y H, which both produce benzyl (C 7 H 7 ), dominate the consump- 

ion of toluene. In toluene-propylene (or propyne) co-pyrolysis 

t the same temperature, the importance of hydrogen abstrac- 

ion reactions is substantially enhanced. In particular, the hydro- 

en abstraction by ĊH 3 forming C 7 H 7 is found as the predomi- 

ant toluene decomposition channel. The reason lies in the fact 

hat the pyrolysis of propylene (or propyne) significantly increase 

he level of H and ĊH 3 . A large amount of ĊH 3 is formed through

he addition-elimination reaction C 3 H x + H = C 2 H x-2 + ̇CH 3 ( x = 4,

), which is an essential fuel consumption pathway in propy- 

ene and propyne pyrolysis [28] . It is remarkable that the reaction 

 7 H 8 ( + M) = H + C 7 H 7 ( + M) becomes a C 7 H 8 formation pathway

n toluene-propylene co-pyrolysis. This is because C H radicals 
7 7 
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Fig. 4. Simulated time-dependent mole fractions of toluene fuel radicals using mea- 

sured pressure profiles in neat toluene pyrolysis and toluene-C 3 fuel co-pyrolysis. 

The vertical dashed lines indicate the nominal reaction time of 4.0 ms. 
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roduced through hydrogen abstraction reactions recombine with 

 atoms that are abundant in this reaction system. Compared to 

he case of neat toluene pyrolysis, the production of the other type 

f toluene fuel radical, methyl-phenyl (CH 3 C 6 H 4 ), also increases 

hrough the intensified hydrogen abstraction channels in toluene- 

 3 co-pyrolysis. As for the C 3 fuels, the ROP-analyzed consumption 

chemes are very similar to those in neat propylene and propyne 

yrolysis [28] . Toluene chemistry has negligible impacts on propy- 

ene decomposition, and the reactions with benzyl contribute to 

ess than 3% of propyne consumption at T 5 of 1400 K. 

Figure 4 presents the simulated time-dependent mole fractions 

f C 7 H 7 and CH 3 C 6 H 4 using measured pressure profiles up to 

0 ms at T 5 s around 1380 K in all three studied cases. It is seen

hat C 7 H 7 is much more abundant than CH 3 C 6 H 4 , and it remains

n relatively high concentrations by the end of the defined reac- 

ion time, and the consumption of C 7 H 7 extends into the quench- 

ng period. In a different manner, the consumption of CH 3 C 6 H 4 al- 

ost completes by the end of the reaction time of 4 ms. In all

hown cases, the time-dependent CH 3 C 6 H 4 concentration profiles 

xhibit double peak behaviors. ROP analyses at the time points 

orresponding to both peaks show that the formation of CH 3 C 6 H 4 

ely on hydrogen abstractions from toluene by H and CH 3 , while 

he isomerization to C 7 H 7 is a consumption channel. The second 

eak of CH 3 C 6 H 4 concentrations is attributed to the changed pres- 

ure/temperature during the reaction time: the measured pressure 
8 
rofile always shows a small rise before the arrival of the quench- 

ng wave in our experiments. This results in an enhanced con- 

umption rate of toluene and thus a second increase in CH 3 C 6 H 4 

oncentrations. With relatively small concentrations, the reactions 

f CH 3 C 6 H 4 may not significantly impact the composition of the 

nal species pools. Compared to the case of neat toluene pyroly- 

is, C 7 H 7 is formed more rapidly at the initial stage of the reaction 

uration in toluene-C 3 co-pyrolysis, although it reaches lower peak 

ole fractions. This suggests that a large portion of C 7 H 7 reacts 

way with the species introduced by the addition of propylene (or 

ropyne), despite an enhanced formation via hydrogen abstraction 

eactions from toluene. 

ROP analyses are performed for both C 7 H 7 and CH 3 C 6 H 4 in each

tudied case with two different methods: I. using constant T 5 of 

380 K and p 5 of 20 bar over a nominal reaction time of 4 ms;

I. employing the measured pressure profiles up to 10 ms with the 

ero point temperatures set at the measured T 5 s around 1380 K 

1377 K, 1382 K and 1384 K in neat toluene, toluene + C 3 H 6 and

oluene + C 3 H 4 -P pyrolysis, respectively). The ROP coefficients are 

hen integrated over the reaction time, yielding the species pro- 

uction (consumption) amounts. The results for C 7 H 7 is shown 

n Fig. 5 and those for CH 3 C 6 H 4 are provided in Fig. S3 in the

upplementary Material. Different information can be probed from 

he analyzed results, such as the reactions occurring in the post- 

hock quenching and the influences brought by different fuel com- 

ositions. It is seen that the C 7 H 7 self-recombination leading to 

ibenzyl (C 6 H 5 C 2 H 4 C 6 H 5 ) mostly proceeds during the quenching 

eriods. This reaction is found as the predominant C 7 H 7 sink in 

eat toluene pyrolysis when the post-shock quenching is consid- 

red in the analysis. The dissociation into C 7 H 6 + H is the main

 7 H 7 consumption channel over the defined reaction time of 4 ms, 

hich however does not continue after the arrival of the rarefac- 

ion waves. In toluene-C 3 co-pyrolysis, the major C 7 H 7 consump- 

ion pathways shift to other reactions. The relative importance 

f C 7 H 7 + ̇CH 3 recombination increases remarkably, because of the 

ufficient ĊH 3 production from propylene (or propyne) decompo- 

ition, as discussed above. In toluene-propylene co-pyrolysis, the 

 7 H 7 + H recombination dominates the consumption of C 7 H 7 due 

o the high concentrations of H atoms, regardless of the analyzing 

ethods. The newly introduced reactions between C 7 H 7 and C 3 H 4 - 

 play an important role in C 7 H 7 consumption in toluene-propyne 

o-pyrolysis. Overall, the addition of propylene (or propyne) fa- 

ilitates C 7 H 7 consumption by enhancing radical levels or bring- 

ng about new reaction channels. This also accounts for the lower 

 7 H 7 concentrations (after 2 ms) in toluene-C 3 co-pyrolysis (see 

ig. 4 (a)). 

As for the consumption of CH 3 C 6 H 4 , the relative importance 

f different reactions is not obviously changed when different an- 

lyzing methods are used. In neat toluene pyrolysis, CH 3 C 6 H 4 is 

ainly consumed through the recombination with C 7 H 7 , while the 

eactions with allyl (C 3 H 5 -A) and C 3 H 4 -P become the most impor-

ant sinks for CH 3 C 6 H 4 in toluene-propylene and toluene-propyne 

o-pyrolysis, respectively. It is seen that the addition of propy- 

ene slightly increases the mole fractions of CH 3 C 6 H 4 in compari- 

on to neat toluene pyrolysis, whereas the addition of propyne has 

he opposite effects. Much more CH 3 C 6 H 4 radicals are produced 

hrough hydrogen abstraction reactions with the addition of C 3 fu- 

ls, in particular propylene. Nevertheless, in toluene-propyne co- 

yrolysis, the increased CH 3 C 6 H 4 production cannot compensate 

or the remarkable consumption via the reactions with C 3 H 4 -P. 

.2. Small species and mono-aromatic hydrocarbons (MAHs) 

Experimental and simulated mole fractions for small molecule 

ntermediates, including C 1 –C 6 non-aromatic hydrocarbons, are 

iven in Fig. 6 . Only a few small species are observed in neat 
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Fig. 5. Integrated ROP coefficients of benzyl (C 7 H 7 ) over a reaction time of 4 ms at a constant p 5 of 20 bar and T 5 of 1380 K, and over 10 ms by using measured pressure 

profiles at T 5 s around 1380 K in (a) neat toluene pyrolysis, (b) toluene-propylene co-pyrolysis and (c) toluene-propyne co-pyrolysis. 

Fig. 6. Measured (symbols) and simulated (solid lines) mole fractions for small species in neat toluene, toluene + C 3 H 6 and toluene + C 3 H 4 -P pyrolysis. 
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oluene pyrolysis, while the addition of propylene (or propyne) in- 

reases the diversity and abundance of small hydrocarbon inter- 

ediates. The kinetic model can well predict the absolute mole 

ractions as well as the relevant amounts among the three experi- 

ental sets. The types of small intermediates in toluene-propylene 

nd toluene-propyne co-pyrolysis are the same with those in neat 

ropylene and neat propyne pyrolysis [28] , respectively. The re- 

arkable mole fractions of methane (CH 4 ) and ethane (C 2 H 6 ) mea- 

ured in toluene-propylene co-pyrolysis experiments arise from the 

lentiful ĊH 3 production via H + C 3 H 6 = ĊH 3 + C 2 H 4 , which also ac-

ount for the abundance of ethylene (C 2 H 4 ). Since propyne (C 3 H 4 -

) is among the decomposition products of propylene, all small 

pecies detected in toluene-propyne co-pyrolysis are also seen in 

oluene-propylene co-pyrolysis. Butene isomers, 1-butene (C 4 H 8 –1) 

nd 2-butene (C 4 H 8 –2), and cyclopentadiene (CYC 5 H 6 ) are only ob- 

erved in toluene-propylene pyrolysis, because their formation re- 

ies on the reactions of propylene (C H ) and allyl (C H -A). C H –
3 6 3 5 4 8 

9 
is formed mainly via the C 3 H 5 -A + ̇CH 3 recombination and the re- 

erse reaction of C 4 H 8 –1 + H = C 3 H 6 + ̇CH 3 , and the latter chan-

el (C 3 H 6 + ̇CH 3 ) also leads to the formation of C 4 H 8 –2. CYC 5 H 6 

s produced mainly through the dehydrogenation of cyclopentene 

CYC 5 H 8 ), which comes from the isomerization of 3-pentadiene 

LC 5 H 8 ) following the reverse reaction of LC 5 H 8 + H = C 3 H 6 + C 2 H 3 .

ulvene has negligible amounts in neat toluene pyrolysis, while 

he addition of propylene (or propyne) significantly enhances ful- 

ene mole fractions through propargyl (C 3 H 3 ) self-recombination 

nd C 3 H 3 + C 3 H 5 -A recombination. 

Quantitative measurements for mono-ring aromatic hydrocar- 

on (MAH) products and the corresponding simulations are pre- 

ented in Fig. 7 . Similar to the case of the small hydrocarbons, 

he presence of propylene (or propyne) also increases the amounts 

f MAHs that are already observed in neat toluene pyrolysis and 

ntroduces new types of MAHs. The kinetic model exhibits a sat- 

sfactory performance in reproducing the measured MAHs mole 
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Fig. 7. Measured (symbols) and simulated (solid lines) mole fractions for MAHs in neat toluene, toluene + C 3 H 6 and toluene + C 3 H 4 -P pyrolysis. 

Fig. 8. (a) Simulated benzene mole fractions in the pyrolysis of neat fuel components (thin dashed lines): toluene (105 ppm in argon), propylene (513 ppm in argon), propyne 

(557 ppm in argon). The summed benzene mole fraction in neat toluene and neat C 3 fuel (dash dotted lines) are compared with the simulated benzene mole fractions in 

toluene-C 3 co-pyrolysis (solid lines). (b) Integrated ROP analyses for benzene in neat toluene pyrolysis, toluene-propylene and toluene-propyne co-pyrolysis at T 5 of 1500 K. 
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raction profiles. Benzene (C 6 H 6 ) is among the major products in 

ndividual cases, and the added C 3 fuels have two-fold effects on 

 6 H 6 speciation: enhancing the peak mole fractions and lowering 

he temperature window. In Fig. 8 (a), simulated C 6 H 6 mole frac- 

ions in neat toluene pyrolysis and neat C 3 fuel (either propylene 

r propyne) pyrolysis are summed up and compared with those in 

oluene-propylene (or propyne) co-pyrolysis. The C 6 H 6 mole frac- 

ions in toluene-propylene co-pyrolysis are slightly higher than the 

ummed C 6 H 6 mole fractions in the pyrolysis of neat fuel compo- 

ents, while the opposite is seen in the case of toluene + propyne. 

his suggests that there are interactions between toluene and 

ropylene (or propyne), which influence the final C 6 H 6 mole frac- 

ions. The rate-of-production analyses of benzene at T 5 of 1500 K 

n the three studied cases are shown in Fig. 8 (b). In neat toluene

yrolysis, C 6 H 6 is almost exclusively produced through the ipso- 
10 
ubstitution reaction H + C 7 H 8 = CH 3 + C 6 H 6 , while in toluene-

ropylene (propyne) co-pyrolysis, C 3 H 3 self-recombination reaction 

ecomes the dominant channel. In toluene-propylene co-pyrolysis, 

he C 6 H 6 formation through the H + C 7 H 8 channel also increases, 

ompared to that in neat toluene pyrolysis, which is attributed 

o the much higher production of H atoms. This may account 

or the synergistic effects of toluene and propylene in facilitating 

 6 H 6 formation. In toluene-propyne co-pyrolysis, C 6 H 6 formation 

argely relies on C 3 + C 3 reactions, while the presence of toluene 

esults in a portion of C 3 H 4 -P reacting with C 7 H 7 , as discussed

bove. Therefore, compared to neat propyne pyrolysis, the contri- 

ution of C 3 H 4 -P reactions to C 6 H 6 formation is reduced. Eventu- 

lly, less C 6 H 6 is produced in toluene-propyne co-pyrolysis than 

he summed C 6 H 6 production in neat toluene and neat propyne 

yrolysis (see Fig. 8 (a)). 
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Fig. 9. Measured (symbols) and simulated (solid lines) mole fractions of the first group of PAH species in neat toluene, toluene + C 3 H 6 and toluene + C 3 H 4 -P pyrolysis. For 

C 9 H 7 CH 3 –1 and C 9 H 7 CH 3 –2, whose mole fractions are significantly influenced by the reactions during the quenching period, simulated mole fractions using the measured 

pressure profiles up to 10 ms (dashed lines) are also presented. Measured PAH peak mole fractions in neat propylene and propyne pyrolysis come from [28] , with initial C 3 
fuel concentrations being normalized to the same with those in toluene-propylene (or propyne) pyrolysis. 
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Ethylbenzene (C 6 H 5 C 2 H 5 ) and xylene isomers (XYLENE) are 

ormed via C 7 H 7 + ̇CH 3 and CH 3 C 6 H 4 + ̇CH 3 recombination reac-

ions, respectively. In toluene-propylene co-pyrolysis, the forma- 

ion of both types of toluene fuel radicals, C 7 H 7 and CH 3 C 6 H 4 ,

s enhanced thanks to the intensified hydrogen abstraction re- 

ctions. Besides, the dominant propylene consumption channel 

hrough H + C 3 H 6 = CH 3 + C 2 H 4 results in a considerable amount of

H 3 . Hence, the mole fractions of the C 8 H 10 isomers (C 6 H 5 C 2 H 5 

nd XYLENE) are much higher than those in neat toluene and 

oluene + propyne pyrolysis. The production of both styrene 

C 6 H 5 C 2 H 3 ) and phenylacetylene (C 6 H 5 C 2 H) is enhanced by the

dded C 3 fuels, in comparison to that in neat toluene pyrolysis. 

ore specifically, the highest C 6 H 5 C 2 H 3 and C 6 H 5 C 2 H mole frac-

ions are observed in toluene-propylene and toluene-propyne co- 

yrolysis, respectively. The formation of C 6 H 5 C 2 H 3 and C 6 H 5 C 2 H

argely depends on the C 6 H 5 + C 2 H x ( x = 4, 2) reactions, and the

yrolysis of propylene (or propyne) enhances the concentrations 

f the precursors, C 6 H 5 and C 2 H x , in the reaction system, and

herefore facilitates the production of C 6 H 5 C 2 H 3 and C 6 H 5 C 2 H. Be-

ides, the decomposition of C 6 H 5 C 2 H 5 is also an important source 

f C 6 H 5 C 2 H 3 in toluene-propylene co-pyrolysis, because of the in- 

reased C 6 H 5 C 2 H 5 production. Larger (more than C 9 ) MAHs are 

ot observed in neat toluene pyrolysis, but are identified in the 

yrolysis of toluene-C 3 binary mixtures. Allylbenzene (C 6 H 5 C 3 H 5 –

), which comes from the C 6 H 5 + C 3 H 6 and C 6 H 5 + C 3 H 5 -A re-

ctions, is only seen in toluene-propylene pyrolysis. A bunch of 
11 
mall peaks with the formulas of C 9 H 8 and C 9 H 10 with retention 

ime of 5.3–5.4 min (see Fig. 1 ) are observed in both toluene + C 3 

nd toluene + C 2 [22] pyrolysis experiments. Mass spectra suggest 

hat they have ethynyl- or vinyl- toluene structures, though the 

-, m- or p- type isomers cannot be unambiguously specified. 

esides, some of these C 9 H 8 and C 9 H 10 species have close re- 

ention time so the signals are overlapped. Therefore, the total 

ole fraction measurements of all these small peaks are given in 

ig. 7 (g). The simulated ethynyl toluene (CH 3 C 6 H 4 C 2 H) and vinyl

oluene (CH 3 C 6 H 4 C 2 H 3 ) are summed up to compare with the ex-

erimental profile, and a good agreement is seen between the 

easured and modeling results. The detection of such species in- 

icates the interactions between CH 3 C 6 H 4 and C 2 species. Other 

 9 H 8 isomers, 1-phenylpropyne (C 6 H 5 C 3 H 3 P_1) and phenylallene 

C 6 H 5 C 3 H 3 A), are detected in both toluene-propylene and toluene- 

ropyne co-pyrolysis. Both species start to form at lower tempera- 

ures and have higher peak mole fractions in toluene-propyne py- 

olysis, since they mainly result from the C 6 H 5 + C 3 H 4 -P reactions. 

.3. Polycyclic aromatic hydrocarbon (PAH) species 

All PAH species observed in the current experiments can be di- 

ided into two groups, based on how their mole fractions change 

hen propylene (or propyne) is added, in comparison to those in 

eat toluene pyrolysis. The first group includes the PAHs that are 

ewly introduced or more abundant in toluene-C co-pyrolysis; the 
3 
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Fig. 10. Naphthalene (C 10 H 8 ) formation pathways in neat toluene and toluene-C 3 pyrolysis. The highlighted pathways are newly introduced by propylene (or propyne). The 

dashed arrows indicate that the corresponding pathways are multiple step processes. 
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Fig. 11. Integrated ROP coefficients for naphthalene formation over a reaction time 

of 4 ms in neat toluene pyrolysis, toluene-propylene and toluene-propyne co- 

pyrolysis at T 5 of 1400 K. 
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AHs with reduced mole fractions or not clearly influenced by the 

resence of propylene (or propyne) constitute the second group. 

The added C 3 fuels result in a wealth of new PAHs, as can be

een from Fig. 1 , and also enhance the concentrations of specific 

AHs that already exist in neat toluene pyrolysis. Measured and 

imulated mole fraction profiles of the first group of PAHs are pre- 

ented in Fig. 9 . To provide a more comprehensive comparison, 

eak mole fractions of the PAHs measured in neat propylene and 

ropyne pyrolysis [28] under similar conditions are also shown 

the initial propylene and propyne concentrations are normalized 

o the same with those in the current work). To point out, in 

he following discussion, we mainly address the effects brought by 

ropylene and propyne in comparison to the case of neat toluene 

yrolysis. With the addition of propylene (or propyne), indene 

C 9 H 8 ) peak mole fractions are brought up to over 5 ppm from 

ess than 1 ppm, and noteworthily, the speciation window shifts 

o much lower temperatures in toluene-propyne co-pyrolysis. Such 

bservations can be accurately reproduced by the kinetic model. 

ccording to the ROP analyzed results at different temperatures, 

he early C 9 H 8 formation originates from the reaction C 7 H 7 + C 3 H 4 -

 = C 9 H 8 + ̇CH 3 ; when raising the temperature, the C 7 H 7 + C 2 H 2 re-

ctions, directly forming C 9 H 8 or via non-PAH isomeric interme- 

iates (C 6 H 5 C 3 H 3 A and C 6 H 5 C 3 H 3 P_1), dominate the production

f C 9 H 8 . These reactions channels are facilitated by the abundant 

 2 H 2 formed from C 3 pyrolysis. In toluene-propylene co-pyrolysis, 

he dehydrogenation of indane (C 9 H 10 ) also has a minor con- 

ribution to C 9 H 8 formation. C 9 H 10 is only observed in toluene- 

ropylene co-pyrolysis with a peak mole fraction below 10 −7 , and 

elow our detection limit ( ∼10 −8 ) in the other two cases. The ma-

or formation channel through C 7 H 7 + C 2 H 4 = C 9 H 10 + H is less ef-

cient than the analogous reaction of C 7 H 7 + C 2 H 2 forming C 9 H 8 .

esides, the formed C 9 H 10 mostly undergoes dehydrogenation un- 

er the high-pressure pyrolysis conditions. 

As anticipated, the extra C 3 fuels, in particular propyne, en- 

ance the naphthalene (C H ) formation from toluene pyroly- 
10 8 

12 
is to a large extent, and lower the speciation temperature win- 

ow. Figure 10 displays a reaction scheme centering on the for- 

ation of C 10 H 8 from smaller precursors. Theis scheme is based 

n the ROP-analyzed results at T 5 of 1400 K in all three stud- 

ed cases, and the reaction pathways introduced by propylene 

or propyne) are highlighted. The more quantitative analyzed re- 

ults, i.e. the integrated ROP-coefficients of the major C 10 H 8 for- 

ation reactions, are presented in Fig. 11 . In neat toluene py- 

olysis, only a negligible amount of C 10 H 8 is formed at 1400 K, 

ainly through the naphthyl + H recombination and the fragmen- 

ation of benzobicyclo[2,2,2]octatriene (BICYCLO) formed from the 

 6 H 6 + o-benzyne (o-C 6 H 4 ) reaction. Other minor channels include 

he C 7 H 5 + C 3 H 3 recombination and the decomposition of C 9 H 7 CH 2 

roduced from the C H + C H reaction, directly or through 
7 7 3 3 
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Fig. 12. Simulated mole fraction profiles of C 13 H 10 isomers, which are potential 

products of C 10 H 7 + C 3 H 3 /C 3 H 4 reactions, in toluene-propyne co-pyrolysis. 
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enzofulvene (C 9 H 6 CH 2 ) as an intermediates. These minor chan- 

els are significantly intensified due to the increased C 3 H 3 level in 

oluene-C 3 co-pyrolysis. Moreover, some newly-introduced chan- 

els are found to play a role in C 10 H 8 formation, such as the

ehydrogenation/consumption of dihydronaphthalene (C 10 H 10 ) and 

-methylindene (C 9 H 7 CH 3 –1). Both C 10 H 8 precursors are already 

ormed through the C 7 H 7 + C 3 H 4 -P/C 3 H 4 -A reactions at relatively

ow temperatures below 1400 K, as evidenced by their observation 

n toluene-C 3 co-pyrolysis experiments (see Fig. 1 ). As can be noted 

rom Fig. 11 , the relevant importance of the major C 10 H 8 formation 

eactions is similar in toluene-propylene and toluene-propyne co- 

yrolysis, though the absolute C 10 H 8 production in the former case 

s much lower. This is because in both cases, these reactions need 

he participation of propyne and propargyl, which are more suffi- 

ient in toluene-propyne co-pyrolysis. The kinetic model can well 

apture the increasing trend in C 10 H 8 concentrations when propy- 

ene (or propyne) is added. The lowered speciation window is also 

redicted, but not as pronounced as measured during the experi- 

ents. The reaction channels of benzyl addition to propyne play an 

mportant role in C 10 H 8 formation at relatively low temperatures. 

owever, relevant reaction processes and rate coefficients are de- 

ermined through analogies since no theoretically determined ki- 

etic parameters are available. The model prediction performances 

or naphthalene in toluene-propylene (or propyne) co-pyrolysis can 

e optimized if the reaction kinetics of C 7 H 7 + C 3 H 4 -P can be re-

ned. 

The results for the ROP analyses of C 10 H 8 at a higher tem- 

erature of T 5 = 1500 K are given in Fig. S4. All mentioned re-

ction channels have greater contributions to naphthalene forma- 

ion, and in particular, the dehydrogenation of C 9 H 6 CH 3 –1 and the 

somerization of C 9 H 6 CH 2 have higher relative importance. This is 

ecause the indenyl (C 9 H 7 ) + ̇CH 3 channel becomes another major 

ource of C 9 H 7 CH 3 –1 besides the above-mentioned C 7 H 7 + C 3 H 4 -

 reactions. Therefore, the pathway via C 9 H 7 CH 3 –1 → C 9 H 6 CH 3 –

 → C 9 H 6 CH 2 → C 10 H 8 is strengthened. The increased indene 

C 9 H 8 ) formation gives rise to higher C 9 H 7 production in toluene- 

 3 co-pyrolysis, where ĊH 3 is also abundant. The reaction sequence 

tarting from C 9 H 7 methylation leading to naphthalene (C 10 H 8 ) has 

een established as a typical pathway converting a five-membered 

ing to a six-membered ring in PAH growth [41] . The molecu- 
13 
ar PAH intermediates, 1- and 2- methyl indene (C 9 H 7 CH 3 –1 and 

 9 H 7 CH 3 –2), which are involved in the reaction PES [41] , are sep-

rately quantified in the current experiments of toluene-C 3 co- 

yrolysis. The measured temperature-dependent mole fractions are 

rovided in Fig. 9 (f) and (g), which are however largely under- 

stimated by the kinetic model. This is because the formation of 

ethylindene isomers continues after the arrival of the rarefac- 

ion waves, so that the measurements cannot be characterized by 

he simulations based on the constant pressure assumption over 

 reaction time of 4 ms. To illustrate this point, the time depen- 

ent mole fractions for specific species simulated using the mea- 

ured pressure history in toluene-propyne pyrolysis at T 5 of 1425 K 

re provided in Fig. S5. The left column shows the mole frac- 

ion profiles of major radicals including ĊH 3 and the resonance- 

tabilized C 3 H 3 , C 7 H 7 and C 9 H 7 , and some species that directly

esult from the recombination of these radicals, such as ethyl- 

enzene (C 6 H 5 C 2 H 5 , formed through C 7 H 7 + ̇CH 3 ), 2,3-butadienyl-

enzene (C 6 H 5 CC 

∗C 

∗C, formed through C 7 H 7 + C 3 H 3 ), C 9 H 7 CH 3 –1

formed through C 9 H 7 + ̇CH 3 ) and bibenzyl (C 6 H 5 C 2 H 4 C 6 H 5 , formed

hrough C 7 H 7 + C 7 H 7 ). The formation of these species through radi-

al recombination carries on during the post-shock quenching. The 

AHs shown in the right column of Fig. S5 exhibit very differ- 

nt speciation behaviors: their formation completes by the defined 

eaction time of 4 ms, after which the mole fractions no longer 

hange. By considering the reactions that occur during the post- 

hock quenching, C 9 H 7 CH 3 –2 mole fractions can be well repro- 

uced, while the contents of C 9 H 7 CH 3 –1 are still under-estimated. 

nother methylindene isomer, C 9 H 7 CH 3 –3, is considered as a po- 

ential product of the C 7 H 7 + C 3 H 4 -P addition-elimination reac- 

ions, as mentioned in the modeling section. The model predicts 

hat C 9 H 7 CH 3 –3 has comparable abundance with C 9 H 7 CH 3 –1 and

 9 H 7 CH 3 –2, though it is not identified in the current experiments. 

he conversion from C 9 H 7 CH 3 –3 to C 9 H 7 CH 3 –1 is perhaps under-

stimated in the current model, leading to the aforementioned dis- 

repancies between the observations and simulations. Future the- 

retical works on the C 7 H 7 + C 3 H 4 -P reactions and the conversion

mong methylindene isomers are needed, which may benefit bet- 

er model predictions for the methylindene isomers. Since naph- 

halene becomes much more abundant in toluene-C 3 co-pyrolysis, 

he formation of PAHs with substituted naphthalene structures 

lso increases. The isomers 1-methyl-naphthalene (C 10 H 7 CH 3 –1) 

nd 2-methyl-naphthalene (C 10 H 7 CH 3 –2) are separately quantified 

n the current work. In all three studied cases, C 10 H 7 CH 3 –2 has

lightly higher peak mole fractions than C 10 H 7 CH 3 –1, and this fea- 

ure can be well reproduced by the kinetic model. For the C 2 

ubstituted naphthalene PAHs, such as vinyl- and ethynyl- naph- 

halene, not all possible isomers are detected in the experiments 

ue to the unarchived standard mass spectra or potential sig- 

al overlaps. For the identified ones (1-ethynylnaphthalene and 

-vinylnaphthalene), the kinetic model can satisfactorily predict 

he measurements and the right order of the peak mole fractions 

mong the three cases. 

The mole fractions of acenaphthalene (C 12 H 8 ) increase remark- 

bly when propylene (or propyne) is added. Besides, the on- 

et temperature of C 12 H 8 formation is brought down to about 

300 K in toluene-propyne co-pyrolysis. ROP analyzed results at 

 5 of 1500 K indicate that two major pathways account for the 

ormation of C 12 H 8 in neat toluene pyrolysis: the step-wise iso- 

erization via biphenylene (C 6 H 4 C 6 H 4 ) and cyclopenta[a]indene 

BENZO) as intermediates on a C 12 H 9 reaction PES [ 47 , 48 ] and

 reaction pathway starting from C 9 H 7 + C 3 H 3 recombination [49] , 

s discussed in our previous work [12] . The latter channel be- 

omes exclusively dominant (over 90%) in toluene-C 3 co-pyrolysis 

ue to the sufficient production of C 9 H 7 and C 3 H 3 . In all stud-

ed cases, the Hydrogen Abstraction-C 2 H 2 -Addition (HACA) route 

ia C 10 H 7 –1 + C 2 H 2 only has a limited contribution (a few
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Fig. 13. Measured (symbols) and simulated (solid lines) mole fractions of the second group of PAH species in neat toluene, toluene + C 3 H 6 and toluene + C 3 H 4 -P pyrolysis. 

For C 6 H 5 C 2 H 4 C 2 H 5 , whose mole fractions are significantly influenced by the reactions during the quenching period, simulated mole fractions using the measured pressure 

profiles up to 10 ms (dashed lines) are also presented. Measured PAH peak mole fractions in neat propylene and propyne pyrolysis come from [28] , with initial C 3 fuel 

concentrations being normalized to the same with those in toluene-propylene (or propyne) pyrolysis. 
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ercent) at T 5 of 1500 K, though its importance increases at ele- 

ated temperatures. 

Similar to the fact that the significant increase in C 12 H 8 for- 

ation arises from the increased indene (C 9 H 8 ) production and 

he abundant C 3 species in toluene-C 3 co-pyrolysis, it is antic- 

pated that the enhanced naphthalene (C 10 H 8 ) formation would 

esult in abundant C 13 PAHs through C 10 + C 3 reactions, particu- 

arly in toluene-propyne co-pyrolysis. The reactions between naph- 

hyl (C 10 H 7 –1 and C 10 H 7 –2) and C 3 species are considered in the

inetic model based on literature theoretical works [38–40] and 

nalogies to C 6 H 5 + C 3 H x reactions. A few C 13 H 10 species are iden-

ified in the current experiments (the small peaks with the re- 

ention time of 9.5 min, see Fig. 1 ), but the exact structures 

annot be specified due to their trace amounts and the ab- 

ence of standard mass spectra. Figure 12 displays the simu- 

ated mole fractions of C 13 H 10 isomers that potentially come from 

 10 + C 3 reactions (see Scheme 1 ): the 1-naphthyl-propyne isomers 

C 10 H 7 CCCH 3 and C 10 H 7 CCCH 3 –2) are predicted to be the ma-

or C 13 H 10 products; regarding the three-ring PAH isomers, only 

H-benz[e]indene (C 10 H 7 CYC5) and 1H-benz[f]indene (C 10 H 7 CYC5–

) have peak mole fractions around 10 −7 , while the amounts 

f phenalene (PC 13 H 10 ) and 1-methylacenaphthalene (C 12 H 7 CH 3 ) 

re negligible. Different from the abundant indenyl which is 

esonance-stabilized, naphthyl radicals have relatively low (at the 

evel of 10 −8 ) concentrations even in toluene-propyne co-pyrolysis. 

onsequently, C 10 H 7 + C 3 reactions are not efficient pathways 

eading to PAH growth as the recombination reactions of 

esonance-stabilized radicals, such as C 7 H 7 + C 3 H 3 and C 9 H 7 + C 3 H 3 

eading to C 10 H 8 and C 12 H 8 , respectively. The relevant C 13 H 10 PAHs

re therefore of limited abundance in toluene-propyne pyrolysis, 

n spite of the largely increased C 10 H 8 formation and the plentiful 

 3 H 3 . 

In all three cases, the formation of biphenyl (C 6 H 5 C 6 H 5 ) re-

ies on the reaction C 6 H 6 + C 6 H 5 = C 6 H 5 C 6 H 5 + H, and the hydrogen

bstraction from C 6 H 6 is an important source of C 6 H 5 . Thus, the

eak mole fractions of C 6 H 5 C 6 H 5 follow the same order with those

f C 6 H 6 among the three cases. Diphenylacetylene (C 6 H 5 CCC 6 H 5 ) 

ainly comes from the reactions between C 6 H 5 C 2 H and C 6 H 5 , so

he addition of propylene (or propyne) enhances the production of 

 6 H 5 CCC 6 H 5 by facilitating the production of both precursors. 

The PAHs included in the second group are all C 13 –C 14 species, 

or which the measured and simulated mole fraction profiles are 
14 
hown in Fig. 13 . Bibenzyl (C 6 H 5 C 2 H 4 C 6 H 5 ) is measured to be

he most abundant PAH in neat toluene pyrolysis, and as men- 

ioned above, a significant portion of C 6 H 5 C 2 H 4 C 6 H 5 is actu- 

lly produced via C 7 H 7 self-recombination during the post-shock 

uenching (see Fig. S5). The use of the measured pressure pro- 

les up to 10 ms is therefore necessary to simulate the mole frac- 

ions of C 6 H 5 C 2 H 4 C 6 H 5 . Despite an over-prediction for the abso-

ute mole fractions, the model can capture the observation that 

 6 H 5 C 2 H 4 C 6 H 5 mole fractions largely decline when propylene or 

ropyne is added to toluene pyrolysis. This derives from the fact 

hat the C 7 H 7 self-recombination is impeded by the competing 

eactions of C 7 H 7 with the abundant C 1 –C 3 species in toluene- 

 3 co-pyrolysis. Propyne brings about more obvious inhibiting ef- 

ects on C 6 H 5 C 2 H 4 C 6 H 5 formation than propylene, since the di- 

ect reactions with propyne are identified as important consump- 

ion channels of C 7 H 7 in toluene-propyne co-pyrolysis (see Fig. 5 ). 

iphenylmethane (C 6 H 5 CH 2 C 6 H 5 ) mole fractions cannot be accu- 

ately quantified in toluene-C 3 co-pyrolysis, because the GC signal 

eak of C 6 H 5 CH 2 C 6 H 5 overlaps with that of C 10 H 7 C 2 H 3 , and the

atter has much (about 10 times) higher mole fractions according 

o the model predictions. The kinetic model can well capture the 

ole fraction distribution of C 6 H 5 CH 2 C 6 H 5 in neat toluene pyrol- 

sis, and it predicts that C 6 H 5 CH 2 C 6 H 5 has lower mole fractions

n toluene-C 3 co-pyrolysis. The reason lies in that a reduced por- 

ion of C 7 H 7 participates the C 7 H 7 + C 6 H 5 recombination leading to 

 6 H 5 CH 2 C 6 H 5 . On the other hand, the other C 6 H 5 CH 2 C 6 H 5 precur-

or, C 6 H 5 , has higher abundance when the C 3 fuels are added, par-

icularly in toluene-propyne co-pyrolysis, where the C 6 H 5 CH 2 C 6 H 5 

eak mole fraction is therefore only slightly affected. Fluorene 

FC 13 H 10 ), which comes from C 6 H 5 CH 2 C 6 H 5 dehydrogenation reac- 

ions, is one of the major PAHs observed in neat toluene pyrol- 

sis. The peak mole fractions of FC 13 H 10 are lower in toluene-C 3 

o-pyrolysis, as a consequence of the reduced production of the 

recursor C 6 H 5 CH 2 C 6 H 5 . Nevertheless, in comparison to the above- 

entioned C 13 H 10 species formed via C 10 + C 3 reactions, FC 13 H 10 is 

till the most abundant C 13 H 10 isomer. 

Phenanthrene (PC 14 H 10 ) is observed of similar peak mole frac- 

ions in all three cases, only slightly less in toluene-propylene co- 

yrolysis, and such phenomena can be reproduced by the kinetic 

odel. The model predicts a similar trend for the peak mole frac- 

ions of anthracene (AC 14 H 10 ), the other three-aromatic-ring iso- 

er, among the three cases, though AC H is measured of higher 
14 10 
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Fig. 14. Formation pathways for PC 14 H 10 and AC 14 H 10 in the pyrolysis of neat toluene and toluene-propylene and toluene-propyne mixtures at T 5 of 1500 K. The percentage 

numbers (normal: neat toluene; italic: toluene + propylene; underlined: toluene + propyne) represent the contributions of corresponding reactions to the formation of C 14 H 10 

PAHs. The dashed lines represent multiple step reaction processes. 
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oncentrations in neat toluene pyrolysis. Reaction pathways lead- 

ng to the formation of PC 14 H 10 and AC 14 H 10 based on ROP analy-

is at T 5 of 1500 K are shown Fig. 14 . A general trend is that the

 7 + C 7 (C 7 H 7 + C 7 H 7 , C 7 H 5 + C 7 H 5 , C 7 H 7 + C 7 H 5 , C 6 H 4 CH 3 + C 6 H 4 CH 3 

nd C 7 H 7 + C 6 H 4 CH 3 ) reactions have decreased importance when 

ropylene (or propyne) is added to toluene pyrolysis. This is due 

o the fact that the C 7 radicals have lower concentrations after 

eacting with the C 3 and smaller species. 9-methylene-fluorene 

C 13 H 8 CH 2 ) is recognized as an important precursor of PC 14 H 10 .

hen propylene (or propyne) is added to neat toluene pyroly- 

is, the speciation of C 13 H 8 CH 2 shifts to higher temperature win- 

ows and the peak mole fractions decrease (see Fig. 13 (f)). Such 

eatures can be captured by the kinetic model. In neat toluene 

yrolysis, C 13 H 8 CH 2 is mainly formed through C 7 H 7 + C 7 H 5 = >

 13 H 8 CH 2 + 2H, analogous to the C 3 H 5 -A + C 3 H 3 reaction forming

ulvene. This channel is hindered in toluene-C 3 co-pyrolysis, re- 

ulting in reduced C 13 H 8 CH 2 mole fractions, though C 13 H 8 CH 2 is 

ormed via an alternative pathway, the addition-elimination reac- 

ion of C 6 H 5 C 2 H + C 6 H 5 . C 6 H 5 C 2 H starts to produce at relatively

igh temperatures and the production of C 6 H 5 C 2 H is enhanced 

hen C 3 , especially propyne, is introduced to the reaction sys- 

em of toluene pyrolysis (see Fig. 7 (b)). These factors rational- 

ze that the peak mole fractions of C 13 H 8 CH 2 appear at higher 

emperatures in toluene-C 3 co-pyrolysis, compared to that in neat 

oluene pyrolysis, and that C 13 H 8 CH 2 is more abundant in toluene- 

ropyne co-pyrolysis than in toluene-propylene co-pyrolysis. The 

eaction scheme for the formation of AC 14 H 10 is less understood 

han that of PC 14 H 10 . According to the current model, AC 14 H 10 is

ainly from the reaction between C 7 H 7 and CH 3 C 6 H 4 in all three

eaction systems. This channel is inhibited when C 3 fuel is added, 

hile the π-bonding process of naphthalene (C 10 H 8 ) + o-benzyne 

o-C 6 H 4 ) has an increasing contribution, owing to the higher abun- 
15 
ance of C 10 H 8 . The newly included channel through the dehydro- 

enation and ring-rearrangements of C 13 H 9 CH 3 -f (see Scheme 1 ) 

esults in a negligible amount of AC 14 H 10 , because of the limited 

evel of C 10 H 7 CYC-2 (see Fig. 12 ), the precursor of C 13 H 9 CH 3 -f. Sen-

itivity analysis for AC 14 H 10 at T 5 of 1500 K is performed and the 

esults are shown in Fig. S6. The lumped reaction C 7 H 7 + CH 3 C 6 H 4 

 > H 2 + 2H + AC 14 H 10 has the highest sensitivity coefficients facili-

ating AC 14 H 10 formation, and the conversion to PC 14 H 10 is a dom- 

nant process reducing AC 14 H 10 mole fractions. The hydrogen ab- 

traction reactions by H (in all three cases) and by ĊH 3 (in toluene- 

 3 co-pyrolysis) forming CH 3 C 6 H 4 also have relatively high posi- 

ive sensitive coefficients, indicating that the formation of AC 14 H 10 

s highly relevant to the chemistry of CH 3 C 6 H 4 , which is however

ot as well established as that of C 7 H 7 . Besides, there might be 

ther AC 14 H 10 formation reactions missing from the current ki- 

etic model. Future works on CH 3 C 6 H 4 reactions, for instance the 

ecombination with C 7 H 7 , and other possible channels leading to 

C 14 H 10 are highly necessary. 

. Conclusions 

Co-pyrolysis of toluene and propylene (or propyne), is studied 

n this work through shock tube experiments and detailed kinetic 

odeling over a temperature range of 1050–1700 K and at a nom- 

nal pressure of 20 bar. By taking neat toluene pyrolysis as a ref- 

rence, the influences of the propyne/propylene addition on fuel 

eactivity and speciation behaviors are discussed. The consump- 

ion of propyne/propylene via the reaction C 3 H x + H = C 2 H x-2 + ̇CH 3 

 x = 6, 4) results in abundant CH 3 , and thus facilitates toluene

onsumption through hydrogen abstraction reactions by CH 3 . How- 

ver, propylene and propyne also compete with toluene for radical 

onsumption, so overall, the decomposition reactivity of toluene is 
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ot significantly affected by the addition of propyne and propy- 

ene. Different from the “synergistic effects” observed in toluene- 

 2 co-pyrolysis, the decomposition reactivity of propylene and 

ropyne is not apparently changed by the presence of toluene. 

he levels of C 1 −C 3 species are much higher in toluene-C 3 co- 

yrolysis than in neat toluene pyrolysis, and the interactions be- 

ween the small species and the aromatics, particularly benzyl, 

ring about new species, and alter the distribution of carbon flux 

rom toluene/benzyl to different pyrolysis products. The addition of 

ropylene (or propyne) promotes the formation of benzene, mainly 

hrough propargyl self-recombination, and consequently, more di- 

erse and abundant MAHs are observed in toluene-C 3 co-pyrolysis. 

ew types of PAHs are identified when the studied C 3 fuels are 

dded to toluene pyrolysis, in particular C 10 species which are di- 

ect evidence of the interactions between toluene/benzyl and C 3 

pecies. C 3 H 4 -P and C 3 H 3 play an essential role in such interac-

ions, which accounts for the fact that the addition of propyne, 

ompared to propylene, induces more obvious effects. Increases 

re seen in the mole fractions of the PAHs whose formation de- 

ends on the reactions involving C 1 −C 3 species. The enhanced in- 

ene mole fractions come from the direct yield from C 7 H 7 + C 3 H 4 -

 and C 7 H 7 + C 2 H 2 reactions. The formation of acenaphthalene via 

he C 9 H 7 + C 3 H 3 reaction sequence is facilitated by the sufficient 

roduction of both precursors. Naphthalene is found as the most 

bundant PAH in toluene-C 3 co-pyrolysis, with a peak mole frac- 

ion over 10 ppm in toluene-propyne co-pyrolysis. The reasons 

re threefold: the formation channel through the C 7 H 7 + C 3 H 3 reac- 

ions is significantly strengthened; the interactions between C 7 H 7 

nd C 3 H 4 -P/C 3 H 4 -A result in dihydronaphthalene, which further 

ndergoes dehydrogenation to form naphthalene; 1-methylindene 

ecomes an important naphthalene precursor, due to the inten- 

ified C 9 H 7 + ̇CH 3 channel and the conversion of other methylin- 

ene isomers resulting from the C 7 H 7 + C 3 H 4 -P reactions. The level

f C 7 radicals are reduced due to their reactions with C 1 −C 3 

pecies. Therefore the PAHs which largely rely on C 7 + C 7 reac- 

ions, such as bibenzyl and the three-ring aromatics phenanthrene 

nd anthracene, show decreasing trends in their mole fractions in 

oluene-C 3 co-pyrolysis. 
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