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Abstract 

Benzene and toluene were pyrolyzed under highly argon-diluted conditions at a nominal pressure of 
20 bar in a single-pulse shock tube coupled to gas chromatography/gas chromatography–mass spectrome- 
try (GC/GC–MS) diagnostics. Concentration evolutions of polycyclic aromatic hydrocarbon (PAH) inter- 
mediates were measured in a temperature range of 1100–1800 K by analyzing the post-shock gas mixtures. 
Different PAH speciation behaviors, regarding types, concentrations and formation temperature windows, 
were observed in the two reaction systems. A kinetic model was proposed to predict and interpret the mea- 
surements. Through a combination of experimental and modeling efforts, PAH formation patterns from 

species pools of benzene and toluene pyrolysis were illustrated. In both cases, channels leading to PAHs 
basically originate from the respective fuel radicals, phenyl and benzyl. Due to the higher thermal stability 
of benzene, the production of phenyl, and thus most PAH species, occur in higher temperature windows, in 

comparison to the case of toluene. In benzene pyrolysis, benzyne participates in the formation of crucial PAH 

species such as naphthalene and acenaphthylene. Phenyl self-recombination takes considerable carbon flux 
into biphenyl, which serves as an important intermediate leading to acenaphthylene through hydrogen loss 
and ring closure. The resonantly-stabilized benzyl is abundant in toluene pyrolysis, and its decomposition 

further produces other resonantly-stabilized radicals such as fulvenallenyl and propargyl. Barrierless addi- 
tion reactions among these radicals are found to be important sources of PAHs. Fuel-specific pathways have 
pronounced effects on PAH speciation behaviors, particularly at lower temperatures where fuel depletion 

is not completed within the reaction time of 4.0 ms. Contributions from the commonly existing Hydrogen- 
Abstraction-Carbon-Addition (HACA) routes increase with the temperature in both cases. 
© 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. 
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. Introduction 

Predictive kinetic models describing polycyclic
romatic hydrocarbons (PAHs) formation in gas
hase are required for the development of clean
ombustion technologies. Challenges remain in
larifying the complicated reaction network in
ombustion systems. The finding through recent
tudies [1 , 2] that the fuel pyrolysis and the oxida-
ion of resulting products are separated processes
an potentially decouple the kinetic complexity.
enzene (C 6 H 6 ) and toluene (C 7 H 8 ), the simplest
romatic compounds, are essential components of 
ractical or surrogate fuels as well as important
ombustion intermediates. Thus, it is fundamental
nd obligatory to thoroughly understand the PAH
ormation chemistry in benzene and toluene pyrol-
sis. 

Previous studies focused on the pyrolysis chem-
cal kinetics of both fuels. Speciation information,

ostly for small molecules relevant to fuel decom-
ositions, was obtained from shock tube exper-

ments [3–5] , and aided by high-level theoretical
nvestigations [6–8] , the fuel decomposition pat-
erns of benzene and toluene were gradually well-
stablished. On this basis, continuous efforts were
ade to explore the related PAH formation chem-

stry. Shock tube pyrolysis experiments [9 , 10] were
onducted using phenyl iodide as a precursor of 
henyl (C 6 H 5 ), the fuel radical of benzene. Mean-
hile, relevant PAH formation pathways were pro-
osed and corresponding kinetic parameters were
efined through theoretical calculations [10–12] .
ncertainties nevertheless remain and it is use-

ul to further investigate PAH formation path-
ays via direct benzene pyrolysis experiments. Re-
arding toluene, Shulka et al. [13] performed low-
ressure pyrolysis experiments in a flow reactor,
nd PAHs with mass numbers up to 522 were
etected with a mass spectrometer. Matsugi and
iyoshi later proposed a kinetic model [14] based

n their theoretical calculations [15 , 16] to interpret
he measurements for two to three ring aromatics
eported in [13] . Yuan et al. [17] also conducted
oluene pyrolysis experiments in a flow tube reac-
or and discussed the formation pathways of mea-
ured PAHs with a detailed kinetic model. How-
ver, the above-mentioned flow reactor pyrolysis ex-
eriments were carried out at atmospheric or sub-
tmospheric pressures. The roles of the proposed
athways under high pressure conditions more rel-
vant to practical combustion still need to be re-
ealed. 

The goal of this work is to provide reliable speci-
tion datasets using shock tube and gas chromato-
raphic (GC) techniques and to develop a predic-
ive kinetic model for benzene and toluene pyrol-
sis, with emphasis on detailed formation mech-
nisms of two- to four-ring PAH intermediates.
ith the combination of experimental measure-
ents and modeling analysis, kinetic insights re-
Please cite this article as: W. Sun, A. Hamadi and S. Abid et al., 
and toluene pyrolysis in a single-pulse shock tube, Proceedings
proci.2020.06.077 
garding common as well as fuel-specific PAH for-
mation pathways will be presented. 

2. Shock tube pyrolysis experiments 

2.1. Experimental setup 

The experimental facility used in this work was
constructed based on the set-up developed by Co-
mandini et al. [18] . The apparatus is composed
of a single-pulse shock tube with a driven sec-
tion 78 mm in inner diameter and 6.0 m in length,
and a gas chromatography/gas chromatography–
mass spectrometry (GC/GC–MS) system, as the
schematic provided in Fig. S1 in the Supplemen-
tal Material . The driven section of the shock tube
was heated up to 90 °C to avoid the condensa-
tion of fuels and heavy products. To operate the
shock tube in single-pulsed fashion, a dump tank
with the volume of 150 L was placed close to
the double diaphragm section on the driven sec-
tion side. Four pressure sensors (CHIMIE METAL
A25L05B) were mounted along the last part of 
the driven section and spaced at 150 mm with the
last one being 82 mm away from the endwall. The
time taken for the shock wave to pass each inter-
val was used to derive the velocity of the incident
wave, for the subsequent calculation of the pressure
and temperature conditions behind the reflected
shock wave (P 5 and T 5 ), by solving the conservation
equations. The uncertainty in the calculated T 5 was
within ±30 K, based on the error in the distances
between pressure sensors which have a diameter of 
2 mm. The post-shock gas mixtures were sampled
with an air-actuated HIP valve, which takes hun-
dreds of milliseconds to open and close. Fast sam-
pling would not be possible as large sample pres-
sures were required for sufficient sensitivity of the
trace PAH species (10 −2 ppm). Since the volume of 
the withdrawn gas was relatively large, the aver-
age velocity was used to calculate T 5 and P 5 , which
are more representative of the conditions encoun-
tered by the sampled gas, compared to those cal-
culated with the extrapolated velocity at the end-
wall. Besides, the attenuation in the velocity was
below 2.5% for most experiments, so the difference
between the averaged or the extrapolated T 5 was
below 20 K, within the uncertainty specified above.
A PCB pressure sensor shielded by a layer of RTV
was located on the endwall to record the pressure
time history, from which the reaction time could be
defined, as detailed in [19] . A typical pressure pro-
file is shown in Fig. 1 and the reaction time with
the current experimental configuration is around
4.0 ms. 

The sampled mixtures were transferred through
a SilcoTek line heated at 150 °C for subsequent
composition analyses. The analytical system con-
sisted of two GCs placed in series. The first one
(Agilent 7890) was equipped with a flame ioniza-
Probing PAH formation chemical kinetics from benzene 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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Fig. 1. Typical endwall pressure history at nominal 20 bar and the definition of reaction time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tion detector (FID) coupled to a DB-17-ms col-
umn for heavy species separation, and a thermal
conductivity detector (TCD) coupled to a Molsieve
5A column to monitor the absence of air. To effec-
tively recover and measure the heavy compounds,
the GC valves and the corresponding sample loops,
where gas samples are stored before injection into
the column, were placed in an external oven which
could regulate the temperature to 250 °C. The sec-
ond GC (Thermo Trace GC Ultra) was equipped
with an FID connected to an HP Plot Q column
to measure light species and a TCD to detect the
internal standard neon. A DSQ mass spectrome-
ter was also connected to the second GC to aid the
species identification when needed. Most detected
PAH species were identified thanks to the com-
bination of the retention time of known samples
and the fragmentation patterns in the mass spec-
tra. Standard gas mixtures were used for the cali-
bration of light species including C 2 –C 5 hydrocar-
bons except diacetylene (C 4 H 2 ), for which the cali-
bration factor was obtained from acetylene (C 2 H 2 )
decomposition experiments through carbon atom
conservation. For fuels and relatively small aromat-
ics [including phenylacetylene (C 6 H 5 C 2 H), styrene
(C 6 H 5 C 2 H 3 ), indene (C 9 H 8 ), naphthalene (C 10 H 8 ),
biphenyl (C 6 H 5 C 6 H 5 ), bibenzyl (C 6 H 5 C 2 H 4 C 6 H 5 )
and acenaphthalene (AC 12 H 8 )], calibrations were
performed with gas-phase mixtures prepared in a
heated (150 °C) glass vessel to minimize the sur-
face absorption. While for larger PAH species, the
gas-phase calibration factors were deduced from
their signal intensities relative to that of naphtha-
lene through liquid-phase calibration. The calibra-
tion and the FID response were the major uncer-
tainty sources of concentration measurements. For
species calibrated in gas phase, an uncertainty of 
less than 10% was expected, and for larger species
without direct gas-phase calibrations, the uncer-
tainty factor varies from 20% to a factor of 2, de-
Please cite this article as: W. Sun, A. Hamadi and S. Abid et al., 
and toluene pyrolysis in a single-pulse shock tube, Proceedings
proci.2020.06.077 
pending on the species molecular weights relative 
to naphthalene [18] . 

Experiments were performed at the nominal P 5 
of 20 bar with two argon-diluted mixtures respec- 
tively containing 200 ppm of benzene and toluene, 
which were prepared in a 136 L electropolished 

stainless steel cylinder with neon added as an inter- 
nal standard. The inner surface of the driven sec- 
tion is cleaned every day to remove potential soot 
deposits. Experimental results in this work, includ- 
ing the calculated T 5 and P 5 , reaction time, species 
concentrations as well as the measured pressure 
profile for each shock tube operation, are provided 

in the Supplemental Material . Test experiments for 
n -heptane pyrolysis at the initial fuel concentra- 
tion of 100 ppm were carried out at the nominal 
P 5 of 10 bar with T 5 ranging from 900 to 1800 K. 
The species concentration profiles were compared 

with predictions by different extensively-validated 

kinetic models, as shown in Fig. S2 in the Supple- 
mental Material . The good agreement between the 
measurements and simulations on both shapes and 

sizes of the profiles confirms the reliability of the 
current set-up. 

2.2. PAH species detection 

In this work, PAH species up to C 18 were 
detected and the signal peaks were well separated 

till chrysene and its isomers. Larger PAH species, 
which were beyond the detection capability of 
our system, might condense. Soot formation is 
probable since the experiments were performed 

under high-pressure, pyrolytic conditions with 

aromatic fuels, but the amounts of produced 

particles should be limited by the low fuel con- 
centrations. GC signals for heavy compounds 
produced from benzene and toluene pyrolysis 
under selected conditions are displayed in Fig. 2 . 
The pyrolysis of toluene and benzene share 
Probing PAH formation chemical kinetics from benzene 
 of the Combustion Institute, https://doi.org/10.1016/j. 

https://doi.org/10.1016/j.proci.2020.06.077


4 W. Sun, A. Hamadi and S. Abid et al. / Proceedings of the Combustion Institute xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: PROCI [mNS; July 31, 2020;4:6 ] 

Fig. 2. GC signals for PAH species detected in (a) benzene pyrolysis at T 5 = 1553 K, P 5 = 21.8 bar and (b) toluene pyrolysis 
at T 5 = 1435 K, P 5 = 21.1 bar. 
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ost PAH products, however, they both produce
pecific compounds. For benzene pyrolysis, sig-
als from 1-methyleneindene (C 9 H 6 CH 2 ) and
-ethynylnaphthalene (C 10 H 7 C 2 H) were observed.
he small peak right before naphthalene might
e diethynylbenzene isomers according to the
ass spectra. Trace amounts of terphenyl iso-
ers, benzo[ a ]anthracene, benzo[ c ]phenanthrene
ere detected, which were also observed in
henyl iodide pyrolysis experiments [10] . Peaks of 
iphenylmethane (C 6 H 5 CH 2 C 6 H 5 ) and bibenzyl
C 6 H 5 C 2 H 4 C 6 H 5 ), with considerable intensities,
ere only observed in toluene pyrolysis. The quan-

itative results will be shown later together with the
odeling results to illustrate the PAH formation

ehaviors in benzene and toluene pyrolysis. 

. Kinetic modeling 

An aim of this work was to establish a kinetic
odel to interpret the formation of crucial PAHs

rom benzene and toluene pyrolysis. First, differ-
nt literature kinetic models, including the LLNL
odel [20] , JetSurF2.0 [21] and the latest version of 
RECK model [22] , were tested against the present
easurements. Fig. 3 shows that these literature
odels give distinct predictions for the reactivity of 

enzene decomposition. This is mainly due to the
ifferent phenyl consumption schemes considered

n different models. The CRECK model [22] cor-
ectly captures the fuel decomposition reactivity
nd meanwhile well predicts the concentrations of 
Please cite this article as: W. Sun, A. Hamadi and S. Abid et al., 
and toluene pyrolysis in a single-pulse shock tube, Proceedings
proci.2020.06.077 
C 2 H 2 and C 4 H 2 at high temperatures (up to 1700–
1800 K) to guarantee a reasonable carbon distribu-
tion and balance. It was therefore selected as the
basis for the current model development. 

Regarding the fuel consumption steps, a
modification was made in the decomposition
of the linear C 6 H 5 (LC 6 H 5 ): two reactions,
LC 6 H 5 → C 4 H 3 + C 2 H 2 and LC 6 H 5 → 2C 2 H 2 + C 2 H,
were included in the original CRECK model
[22] . The latter one was removed in the current
model due to its redundancy, as the reaction
C 4 H 3 → C 2 H 2 + C 2 H already existed. This modifi-
cation does not significantly change the reactivity
of the fuels, but slightly improves the predictions
for C 2 H 2 and C 4 H 2 concentrations in comparison
to the original CRECK model [22] , as shown
in Fig. S3 . Emphasis was put on the formation
kinetics of two- to four- ring PAHs in benzene
and toluene pyrolysis. Theoretically determined
reaction channels and rate constants reported in
recent publications were included in the current
model. Besides, the current experimental observa-
tions were also used to propose possible pathways.
All the reactions updated in this work are listed
in Table S1 together with their rate coefficients,
and relevant molecular structures are provided in
Fig. S4 . Major points concerning PAH chemistry
are described as follows. 

C 6 H 5 is the most significant product from the
initial decomposition steps of benzene, and both
the self-recombination and the dissociation of 
C 6 H 5 lead to the formation of o-benzyne (o-C 6 H 4 )
[9 , 10] . Computed rate coefficients for o-C 6 H 4 de-
Probing PAH formation chemical kinetics from benzene 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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Fig. 3. Predictions by literature kinetic models including the LLNL model (solid lines), JetSurF2.0 (dashed lines) and 
CRECK model [22] (dash-dotted lines) for fuels, C 2 H 2 and C 2 H 4 concentrations compared against experimental mea- 
surements (symbols) in (a) benzene and (b) toluene pyrolysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

composition to C 4 H 2 + C 2 H 2 reported by Ghigo
et al. [23] were adopted in the current model.
Besides fragmentation to smaller species, o-C 6 H 4
directly contributes to PAH formation by react-
ing with aromatic molecules and radicals. The cy-
cloaddition/fragmentation mechanism between o-
C 6 H 4 and C 6 H 6 through the intermediate of ben-
zobicyclo[2,2,2]octatriene (BICYCLO) was pro-
posed by Comandini and Brezinsky [11] to ac-
count for the formation of naphthalene (C 10 H 8 ).
o-C 6 H 4 self-recombination and the recombination
with C 6 H 5 leads to biphenylene (C 6 H 4 C 6 H 4 ) and
biphenyl radical (C 12 H 9 ), respectively. Both C 12 H 9
and C 6 H 4 C 6 H 4 are involved in the conversion from
C 6 H 5 + C 6 H 6 to different C 12 H 8 isomers, as the-
oretically illustrated by Shukla et al. [12] . Rele-
vant reactions starting from C 12 H 9 were included
in a kinetic model to account for acenaphthylene
(AC 12 H 8 ) production in the pyrolysis of phenyl io-
dide [10] . This reaction sequence was also inte-
grated in the current model. Compared to the py-
rolysis of phenyl iodide [10] , both H and C 2 H 2
are more abundant in the case of benzene pyrol-
ysis, so HACA processes leading to AC 12 H 8 could
play a more significant role, as proven by the de-
Please cite this article as: W. Sun, A. Hamadi and S. Abid et al., 
and toluene pyrolysis in a single-pulse shock tube, Proceedings
proci.2020.06.077 
tection of 1-ethynylnaphthalene (C 10 H 7 C 2 H) (see 
Fig. 2 (a)). The reactions of C 10 H 7 + C 2 H 2 pro- 
ducing C 10 H 7 C 2 H were included in the model 
through analogies to the C 6 H 5 + C 2 H 2 → C 6 H 5 C 2 H 

reaction sequence, for which theoretical pressure- 
dependent rate coefficients were reported by Mebel 
et al. [24] . As mentioned above, 1-methyleneindene 
(C 9 H 6 CH 2 ) was identified among benzene pyroly- 
sis products. Its radical, benzofulvenyl (C 9 H 6 CH), 
was found to be formed in the C 6 H 4 C 2 H + C 2 H 2 re- 
action system [24] , and this reaction channel has 
a nonnegligible branching ratio in the investigated 

temperature range, particularly under high pres- 
sure conditions. Given that a cyclopenta-ring al- 
ready exists in the molecular structure of C 9 H 6 CH, 
a HACA route starting from C 9 H 6 CH is a potential 
source of acenaphthylene (AC 12 H 8 ). Such a reac- 
tion sequence, as shown in Fig. S5(a) , was included 

in the current model. 
It has been well established in previous works 

[6 , 14 , 17] that competing channels respectively lead- 
ing to benzyl (C 7 H 7 ) + H and C 6 H 5 + methyl (CH 3 ) 
account for the unimolecular decomposition of 
toluene. The decomposition of C 7 H 7 further pro- 
duces various radicals such as fulvenallenyl (C 7 H 5 ) 
Probing PAH formation chemical kinetics from benzene 
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https://doi.org/10.1016/j.proci.2020.06.077


6 W. Sun, A. Hamadi and S. Abid et al. / Proceedings of the Combustion Institute xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: PROCI [mNS; July 31, 2020;4:6 ] 

a  

s  

p  

t  

v  

c  

r  

B  

t  

r  

n  

r  

t  

m  

t  

m  

C  

T  

i  

d  

l  

p  

m  

n  

r  

C  

C  

C
C  

f  

t  

w
 

t  

C
4  

c  

u  

fi

4

 

m  

s  

w  

t  

k  

d  

s  

t  

d

4
i

 

t  

m  

o  F
ig

. 4
. 

C
on

ce
nt

ra
ti

on
s 

fo
r 

fu
el

s 
an

d 
m

on
o-

ri
ng

 
ar

om
at

ic
 
pr

od
uc

ts
 
as

 
a 

fu
nc

ti
on

 
of

 
T
 5 

in
 
(a

) 
be

nz
en

e 
an

d 
(b

) 
to

lu
en

e 
py

ro
ly

si
s 

ex
pe

ri
m

en
ts
 
at
 
th

e 
no

m
in

al
 
P
 5 

of
 
20

 
ba

r.
 
Sy

m
bo

ls
: 

m
ea

su
re

m
en

ts
; S

ol
id
 
lin

es
: s

im
ul

at
io

ns
 
w

it
h 

th
e 

cu
rr

en
t 

m
od

el
; D

as
h-

do
tt

ed
 
lin

es
: s

im
ul

at
io

ns
 
w

it
h 

C
R

E
C

K
 
m

od
el
 
[2

2]
 . 
nd propargyl (C 3 H 3 ). Indenyl (C 9 H 7 ) is also
upposed to be abundant since indene (C 9 H 8 ) is
roduced from the reaction between the ubiqui-
ous C 7 H 7 and C 2 H 2 . PAH formation can in-
olve reactions of all the above-mentioned radi-
als, and such processes were included in the cur-
ent model. Some of them are explained below.
oth C 7 H 7 + C 3 H 3 [16] and C 9 H 7 + CH 3 [17] reac-

ions lead to the formation of methyleneindanyl
adical (C 9 H 7 CH 2 ) which subsequently converts to
aphthalene (C 10 H 8 ) through dehydrogenation and
ing-rearrangement steps [14 , 16] . A similar reac-
ion scheme was considered to dominate the for-
ation of phenanthrene (C 14 H 10 ) [14 , 16] during

oluene pyrolysis through the intermediate hydro-
ethylenefluorene radical (C 13 H 9 CH 2 ) from both
 7 H 7 + C 7 H 5 and fluorenyl radical (C 13 H 9 ) + CH 3 .
he above-mentioned reaction schemes are shown

n Fig. S5(b) for clear illustration. The C 3 H 3 ad-
ition to C 9 H 7 eventually leads to acenaphthy-

ene (AC 12 H 8 ), according to a multi-step process
roposed recently [25] . The observed diphenyl-
ethane (C 6 H 5 CH 2 C 6 H 5 ) peak and the intense sig-

al of fluorene (C 13 H 10 ) (See Fig. 2 (b)) can be
ationalized by the recombination of C 7 H 7 and
 6 H 5 leading to C 6 H 5 CH 2 C 6 H 5 which converts to
 13 H 10 through subsequent dehydrogenation. The
 7 H 7 self-combination and the recombination of 
 7 H 7 + C 9 H 7 were found to respectively result in the

ormation of C 14 H 10 and C 16 H 10 isomers in recent
heoretical and modeling works by Sinha and co-
orkers [26 , 27] . 

Simulations in this work were performed with
he homogenous reactor model of the software
OSILAB [28] , with a nominal reaction time of 
.0 ms under the constant pressure of 20 bar. The
onstant pressure simplification for speciation sim-
lations in single-pulse shock tubes was well justi-
ed in a recent work [29] . 

. Results and discussion 

In this section, predictive abilities of the kinetic
odel will be compared with the speciation mea-

urements. More importantly, the formation path-
ays of crucial PAH species will be illustrated via

he combination of experimental observations and
inetic modeling analysis. We will comparatively
iscuss the benzene and toluene pyrolysis results,
o as to reveal both common and fuel-specific reac-
ion pathways, as well as their temperature depen-
ent behaviors. 

.1. Fuel decomposition and mono-aromatic ring 
ntermediates 

Experimental and model-predicted concentra-
ions of fuels and products containing single aro-
atic ring are illustrated in Fig. 4 as a function

f T 5 . Modeling results with the CRECK model
Please cite this article as: W. Sun, A. Hamadi and S. Abid et al., Probing PAH formation chemical kinetics from benzene 
and toluene pyrolysis in a single-pulse shock tube, Proceedings of the Combustion Institute, https://doi.org/10.1016/j. 
proci.2020.06.077 
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Fig. 5. PAH species concentrations as a function of T 5 in benzene and toluene pyrolysis experiments at the nominal P 5 
of 20 bar. Symbols: measurements; Solid lines: simulations with the current model; Dash-dotted lines: simulations with 
CRECK model [22] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[22] are also shown as a reference. The current
model can well capture the fuel reactivity as well
as the concentration profiles of the shown interme-
diates. According to the rate-of production (ROP)
analysis, under the current high-pressure pyrolysis
conditions, the consumption of benzene is mainly
through hydrogen abstraction by H atom over the
investigated temperature range. For toluene, uni-
molecular decompositions and hydrogen abstrac-
tions together lead to the fuel consumption, with
the latter more dominant at higher temperatures.
The chain initiation through hydrogen atom loss
from benzene requires relatively high energy. Con-
sequently, the consumption of benzene, compared
to toluene, starts at a higher temperature. C 6 H 6
produced from toluene pyrolysis is mainly through
the reaction C 7 H 8 + H = C 6 H 6 + CH 3 , which con-
tributes almost a constant amount of 10–15% to
the fuel consumption at different temperatures.
Yuan et al. [17] noted the same branching fraction
in flow tube reactor pyrolysis experiments under
sub-atmospheric pressure conditions. C 6 H 5 C 2 H 3 ,
which originates from the recombination of C 7 H 7
and CH 3 , was only observed in toluene pyrolysis.
C 6 H 5 C 2 H is present in the species pools of both
benzene and toluene pyrolysis, but formed in differ-
ent temperature ranges. The HACA route through
C 6 H 5 + C 2 H 2 is an important source for C 6 H 5 C 2 H
in both cases, but in toluene pyrolysis, the decay
of C 6 H 5 C 2 H 3 plays a dominant role, resulting in
a peak C 6 H 5 C 2 H concentration at a lower temper-

ature. 

Please cite this article as: W. Sun, A. Hamadi and S. Abid et al., 
and toluene pyrolysis in a single-pulse shock tube, Proceedings
proci.2020.06.077 
4.2. PAH species formation 

Concentration profiles for PAHs containing two 

to four rings, including both measurements and 

simulations, are presented in Fig. 5 . The species 
observed in the pyrolysis of both fuels are shown 

in the first two rows, while the fuel-specific ones 
are shown in the third row. The CRECK model 
[22] gives decent predictions for most shown species 
because it already incorporate recent theoretically- 
determined rate coefficients, such as those for ben- 
zyl (C 7 H 7 ) decompositions [7 , 8] and the HACA 

routes [24] . The current model, however, improved 

the predictions of both PAH concentrations and 

formation temperature windows, mainly due to the 
inclusion of some missing pathways, as will be 
detailed later in this section. Besides, isomers of 
C 14 H 10 (phenanthrene and anthracene) and C 16 H 10 
(pyrene and fluoranthene), lumped in the CRECK 

model [22] , were separated in the current model. 
For PAHs produced from the pyrolysis of both fu- 
els, differences are visible regarding their concen- 
trations and temperature windows. PAH formation 

pathways, based on the ROP analysis at T 5 = 1500 K 

in benzene pyrolysis and T 5 = 1400 K in toluene 
pyrolysis, where most PAH species have consider- 
able concentrations in each case, are displayed in 

Fig. 6 . The shown pathways start from the respec- 
tive fuel radicals, C 6 H 5 and C 7 H 7 . Both radicals are 
highly involved in the formation of larger species as 
an aromatic ring already exists in their molecules, 
even though the decomposition reactions dominate 
Probing PAH formation chemical kinetics from benzene 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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their consumption. C 6 H 5 mostly decomposes to
small C 4 and C 2 molecules, while C 7 H 7 decomposes
into smaller radicals such as fulvenallenyl (C 7 H 5 )
and propargyl (C 3 H 3 ), which also have resonantly-
stabilized structures. Since C 6 H 5 is also abundant
in toluene pyrolysis, most pathways in Fig. 6 (a) also
have certain contributions to the PAH formation in
toluene pyrolysis. 

Self-recombination reactions of C 6 H 5 and
C 7 H 7 carry considerable carbon flux in the case
of benzene and toluene pyrolysis, respectively.
The resulting biphenyl (C 6 H 5 C 6 H 5 ) and biben-
zyl (C 6 H 5 C 2 H 4 C 6 H 5 ) are actually the most abun-
dant PAH species measured in corresponding cases.
The kinetic model can well predict the concentra-
tion distributions of C 6 H 5 C 6 H 5 , however it under-
estimates the concentrations of C 6 H 5 C 2 H 4 C 6 H 5
whose formation only requires the participation of 
the highly stabilized C 7 H 7 . Considerable amounts
of C 7 H 7 may still be present when the tempera-
ture drops due to the arrival of rarefaction waves
and therefore carry on relevant reactions in the
quenching period, as pointed out by Mertens
et al. [30] . Simulations were performed with mea-
sured pressure profiles covering the quenching pro-
cesses for toluene pyrolysis at 1385 K, 1435 K and
1498 K up to a time scale of 8.0 ms, and the time-
dependent species concentration profiles are pro-
vided in Fig. S6 in the Supplemental Material . Rel-
atively high concentrations (from a few to around
20 ppm) of C 7 H 7 remain in the reaction system
by the end of the heating periods, resulting in the
majority of observed C 6 H 5 C 2 H 4 C 6 H 5 produced
in during quenching. Differently, the formation of 
other PAH species is essentially completed before
the cooling that occurs at about 4.0 ms. The sim-
ulated C 6 H 5 C 2 H 4 C 6 H 5 concentration profile with
measured pressure profiles is shown in Fig. S7 to-
gether with the measurement and the simulation
within 4.0 ms at constant pressure of 20 bar. The
final concentrations of bibenzyl are slightly over-
predicted by the current model. 

C 12 H 9 , the radical of C 6 H 5 C 6 H 5 , leads to ace-
naphthylene (AC 12 H 8 ) through a progressive iso-
merization process [10 , 12] , and this reaction se-
quence is the principal source of AC 12 H 8 formation
in benzene pyrolysis, according to the modeling
analysis. Much less C 6 H 5 C 6 H 5 , and thus C 12 H 9 , is
produced from toluene pyrolysis, however, AC 12 H 8
has comparable concentrations with those in ben-
zene pyrolysis, as a consequence of the predomi-
nant AC 12 H 8 formation channel through C 3 H 3 ad-
dition to indenyl (C 9 H 7 ) in toluene pyrolysis. The
HACA pathway through naphthyl (C 10 H 7 ) + C 2 H 2
contributes around 5% to AC 12 H 8 formation in
both cases, and this value increases to over 30%
at higher temperatures ( > 1600 K). It is noticeable
that the current model improves the predictions
for AC 12 H 8 concentrations at lower temperatures,
owing to the inclusion of above-mentioned fuel-
specific reaction schemes. Indene (C 9 H 8 ) has much
Probing PAH formation chemical kinetics from benzene 
 of the Combustion Institute, https://doi.org/10.1016/j. 
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higher abundance in toluene pyrolysis, as a result of 
the direct formation from C 2 H 2 addition to C 7 H 7 .
The current model can better capture C 9 H 8 concen-
trations in both cases, compared to the CRECK
model [22] , mainly because C 9 H 8 decomposition
reactions were updated according to a recent work
by Jin et al. [25] . Different reaction patterns lead
to naphthalene (C 10 H 8 ) formation in benzene and
toluene pyrolysis: The pathway of o-C 6 H 4 + C 6 H 6
through the intermediate BICYCLO [11] is a dom-
inant source of C 10 H 8 in benzene pyrolysis. In
toluene pyrolysis, this reaction also accounts for
about 20% C 10 H 8 formation which is governed
by the recombination reaction of C 7 H 5 + C 3 H 3
and the ring-rearrangement of methylene-indanyl
radical (C 9 H 7 CH 2 ). C 9 H 7 CH 2 is mainly formed
through C 3 H 3 addition to C 7 H 7 and a minor chan-
nel through CH 3 + C 9 H 7 . In both reaction net-
works, the HACA route through C 6 H 5 C 2 H has lim-
ited contribution to C 10 H 8 formation, but it has
more pronounced effects at higher temperatures.
Fluorene (C 13 H 10 ) has much higher concentra-
tions in toluene pyrolysis, because it directly results
from the dehydrogenation of diphenylmethane
(C 6 H 5 CH 2 C 6 H 5 ) subsequent to C 7 H 7 + C 6 H 5 re-
combination. While in the case of benzene,
C 13 H 10 comes from the recombination reactions
of C 9 H 7 + C 4 H 3 and naphthyl (C 10 H 7 ) + C 3 H 3 . Nei-
ther of the channels is efficient due to the insuf-
ficient production of C 9 H 7 and C 3 H 3 . Fluorenyl
(C 13 H 9 ) combines with CH 3 , aiding the formation
of 9-methylenefluorene (C 13 H 8 CH 2 ) which pre-
dominantly comes from C 7 H 7 + C 7 H 5 recombina-
tion. C 13 H 8 CH 2 subsequently converts to phenan-
threne (C 14 H 10 ), and this pathway was considered
to prevail the C 14 H 10 formation in toluene pyroly-
sis, according to [14] . However, the recombination
of C 7 H 7 with methylphenyl (CH 3 C 6 H 4 ) was ana-
lyzed to be a greater contributor to C 14 H 10 forma-
tion with the current model. The fuel-specific re-
action schemes explain the abundance of C 14 H 10
in toluene pyrolysis. Little amount of C 14 H 10 is
produced, mainly through the reaction channels
of C 6 H 5 C 2 H + C 6 H 5 and C 9 H 7 + C 6 H 6 , in ben-
zene pyrolysis. The isomer pair pyrene (PC 16 H 10 )
and fluoranthene (FC 16 H 10 ) were detected and
model-predicted in this work. FC 16 H 10 mainly
comes from the recombination of naphthyl (C 10 H 7 )
and C 6 H 5 in both benzene and toluene pyroly-
sis. While in the case of toluene, the dehydrogena-
tion steps starting from C 7 H 7 + C 9 H 7 recombina-
tion [27] also yields a small part of FC 16 H 10 . This
reaction channel, processing through a phenyl-
naphthyl intermediate, can end up with both
FC 16 H 10 and PC 16 H 10 . However, it mainly leads
to FC 16 H 10 at short time scales, as pointed out
by Sinha et al. [27] . The recombination of C 6 H 5
and C 10 H 7 and a HACA route through phenan-
threnyl (C 14 H 9 ) + C 2 H 2 are the dominant sources
of PC 16 H 10 in benzene and toluene pyrolysis,
respectively. 
Please cite this article as: W. Sun, A. Hamadi and S. Abid et al., 
and toluene pyrolysis in a single-pulse shock tube, Proceedings
proci.2020.06.077 
5. Conclusions 

A single-pulse shock tube coupled to GC/GC–
MS was employed to conduct benzene and toluene 
pyrolysis experiments at a nominal post-shock 

pressure of 20 bar over a temperature range of 
1100–1800 K. Concentrations as a function of tem- 
perature for common as well as fuel-specific PAH 

products were obtained from respective reaction 

systems. A kinetic model was proposed based on 

the latest CRECK model and it showed satisfac- 
tory predictive performances for speciation mea- 
surements. The improvements in the current model 
predictive performances lie in the inclusion of 
some missing but important PAH formation path- 
ways, such as the naphthalene formation through 

a cycloaddition/fragmentation mechanism between 

benzene and benzyne, the acenaphthylene forma- 
tion through ring-closure steps of biphenyl radi- 
cal and the recombination of indenyl and propar- 
gyl. With the combination of experimental mea- 
surements and further modeling analysis, forma- 
tion pathways of two to four ring PAH species 
during benzene and toluene pyrolysis were illus- 
trated. In benzene pyrolysis, the self-recombination 

of phenyl results in high concentrations of biphenyl 
and this non-fused PAH species is found as an im- 
portant precursor of acenaphthylene, a fused PAH 

species with the same carbon atom number. Impor- 
tant PAH formation pathways from benzene py- 
rolysis also have certain contributions in the case 
of toluene, where pathways initiating from radical 
recombination reactions, especially those involving 
resonantly-stabilized radicals, dominate the forma- 
tion of most PAH species. 
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