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ABSTRACT

This work presents a comparative study on the pyrolysis of Cg—Cyo linear alkylbenzenes including ethyl-
benzene, n-propylbenzene and n-butylbenzene. Experiments were performed with highly diluted mix-
tures in argon containing respectively the three fuels under nearly identical conditions in a single-pulse
shock tube, at a nominal pressure of 20 bar and over a temperature range of 950-1700 K. Post-shock
gas mixtures were sampled and analyzed with the gas chromatographic technique so that species con-
centration evolutions as function of temperature were obtained for the pyrolysis of each fuel. A kinetic
model was developed to interpret the similarities and differences regarding the fuel decomposition and
species formation behaviors observed in the experiments. The fuel conversion of n-propylbenzene and
n-butylbenzene proceeds along a similar curve, which is much faster than that of ethylbenzene. All three
fuels are consumed mainly through the bond fission producing benzyl radical. The simultaneously formed
C;-Cs5 alkyl radicals in separate cases significantly impact the fuel reactivity and the formation of small
C;-C4 and monocyclic aromatic hydrocarbons. Specifically, in n-propylbenzene pyrolysis, the decomposi-
tion of ethyl radicals produces a considerable amount of hydrogen atoms, which enhances the reactivity
of the reaction system and meanwhile results in relatively high production of benzene during the fuel
consumption. The formation of other monocyclic aromatic hydrocarbon intermediates, such as toluene
and styrene, is also influenced by fuel-related pathways. Concerning PAH formation, the kinetic schemes
in the pyrolysis of linear Cg—C;g alkylbenzenes are very similar, which are dominated by the reactions
of benzyl and other resonantly-stabilized radicals produced from benzyl decomposition. The major PAH
formation reactions are barely influenced by the fuel chemistry. The only notable fuel-specific pathway
is the indene formation from 1-phenyl-2-propenyl in n-propylbenzene and n-butylbenzene pyrolysis at
relatively low temperatures. Styrene is an abundant product and its reaction with phenyl is found to be
an important channel of phenanthrene formation.

© 2020 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Alkylbenzenes are representative

components of

appealing. Cg—Cyq linear alkylbenzenes have an aromatic ring and
a C,-C4 alkyl side chain in their molecules. Thus, their consump-

Surro- tion potentially produces aromatic radicals such as benzyl and

gates for practical fuels including gasoline [1], diesel [2] and
kerosene [3]|. Cg-Cyo linear alkylbenzenes, namely, ethylbenzene,
n-propylbenzene and n-butylbenzene are among the most fre-
quently selected compounds when formulating a surrogate fuel.
Apart from the necessity motivated by their wide application, their
structural features make relevant combustion kinetic investigations

* Corresponding authors.
E-mail addresses: wenyu.sun@cnrs-orleans.fr (W. Sun), andrea.comandini@cnrs-
orleans.fr (A. Comandini).

https://doi.org/10.1016/j.combustflame.2020.07.031

phenyl and C;-C4 alkyl radicals. Interactions among these radicals
may greatly contribute to the formation and growth of polycyclic
aromatic hydrocarbon (PAH) species under combustion conditions,
and the reaction systems of Cg-Cqg linear alkylbenzene fuels
provide environments enabling investigations of such reactions.
The combustion kinetics of the individual aforementioned fuels
was studied under various conditions through fundamental exper-
iments and numerical approaches. Global combustion properties,
such as ignition delay [4-6] and flame propagation and extinc-
tion [7-11], were measured using different facilities under broad
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conditions. With regard to the chemical details, by monitoring
the concentrations of fuels or the primary products, consumption
pathways of Cg-Cyo linear alkylbenzene were explored in early
shock tube and static reactor pyrolysis studies [12-19]. Later,
species concentration profiles in flow reactor pyrolysis [20-22]
and laminar premixed flames [23-25] were obtained with the
state-of-the-art photoionization molecular beam mass spectrom-
etry technique at atmospheric or sub-atmospheric pressures.
Species concentration profiles probed from jet-stirred reactor
(JSR) oxidation experiments were also reported [20,21,26-29],
mainly covering low-to-intermediate temperatures (< 1200 K).
In recent works [20-22,25], considerable attention was paid to
developing predictive and widely-applicable kinetic models for
each fuel, based on extensive validations against available datasets.
Meanwhile, theoretical calculations were also performed [30,31]
to refine the kinetic parameters of specific elementary reactions
responsible for fuel consumptions. However, quantitative PAH
speciation data in reaction systems of Cg-Cjy linear alkylben-
zenes at high-pressure conditions, which are highly concerned in
practical operations, are rather sparse. To the best of our knowl-
edge, the only relevant studies were reported by Gudiyella and
Brezinsky [32,33] for n-propylbenzene oxidation and pyrolysis in a
single-pulse shock tube at the pressure of 50 atm.
Sub-mechanisms for Cg—Cyq linear alkylbenzenes are indispens-
able building blocks of kinetic models aimed at predicting the PAH
speciation from the consumption of practical and surrogate fuels.
Such kinetic models substantially benefit the numerical design of
advanced clean combustion devices and the control over emissions
from combustion processes. PAH formation kinetics in the pyrolysis
of aromatic fuels was pursued in our recent works [34,35], based
on the essential idea that a complicated combustion process can
be potentially decouple to a pyrolysis and a subsequent oxidation
steps [36]. A kinetic model was developed starting from the ba-
sic benzene and toluene [34], and then phenylacetylene, an inter-
mediate on the Hydrogen-Abstraction-Acetylene-Addition (HACA)
route resulting in the initial ring growth from benzene to naphtha-
lene [35]. In the current work, the consumption and speciation ki-
netics of Cg—-Cqg linear alkylbenzenes is targeted. Pyrolysis experi-
ments of highly argon-diluted fuel mixtures respectively containing
100 ppm of ethylbenzene, n-propylbenzene, and n-butylbenzene
are performed in a single-pulse shock tube at a nominal pressure
of 20 bar over a temperature range of 950-1700 K. Concentration
profiles for species including small C;-C4 hydrocarbons, mono-
cyclic aromatic species, and two- to four- ring PAH compounds are
acquired through sampling and gas chromatography (GC) analysis.
A kinetic model is developed by incorporating the sub-mechanisms
of Cg—Cyp linear alkylbenzenes and validated against the exper-
imental results. Quantitative speciation measurements, joined by
modeling analyses, are used to illustrate the common as well as
fuel-specific pathways responsible for the similarities and differ-
ences among the three reaction systems. The influences of the
lengths of the side chains in fuel molecules on the decomposition
reactivity and the production of the PAH species are revealed.

2. Shock tube pyrolysis experiments

The pyrolysis experiments and the speciation analyses were
performed on the single-pulse shock tube facility at ICARE, Or-
léans, France. Detailed descriptions of the single-pulse shock tube
as well as the experimental procedures can be found in our previ-
ous works [34,35]. Briefly, the driven section of the shock tube is
78 mm in inner diameter and 3.7 m in length, and it is heated
up to 90°C to avoid condensation of heavy products. A dump
tank, with a volume five times larger than the driven section, is
connected to the driven section near the diaphragm for opera-
tion in single-pulse fashion. Four pressure sensors (CHIMIE METAL

A25L05B) are mounted at an interval of 150 mm along the ending
part of the driven section, with the last one being 82 mm away
from the endwall. The recorded pressure signals are used to cal-
culate the velocity of the incident shock wave, for the subsequent
determination of the post-shock pressure and temperature condi-
tions (ps and Ts) by solving the conservation equations based on
ideal gas law and variable heat capacity ratio. A PCB pressure sen-
sor shielded by a layer of room-temperature vulcanizing (RTV) sil-
icone is placed on the endwall to record the pressure time history
trace which is used to determine the reaction time for each ex-
periment. Endwall pressure profiles at three different post-shock
conditions are shown in Fig. S1 in the Supplementary Material. The
definition of the reaction time is the duration from the arrival of
the shock wave and the point when the pressure drops to 80% of
ps due to the quenching effects of the rarefaction fan. The reaction
time with the current experimental configuration is around 4.0 ms
[34]. Other single-pulse shock tube facilities [37,38] traditionally
depend on chemical thermometers for the determination of the
post-shock conditions, Ts and ps, which are essentially averaged
values throughout the reaction process [39]. Differently, in our ex-
periments, we obtain Ts and ps values at the beginning of the reac-
tion time by solving the ideal shock wave relations, as mentioned
above, and meanwhile provide a pressure history covering both the
reaction time and the quenching period. Simulations with these
parameters enable the consideration of the entire process experi-
enced by the gas mixture in the shock tube. Therefore, the specia-
tion of resonantly stabilized such as benzyl, which continue react-
ing during the quenching period, can be better described. Relevant
details will be addressed in the discussion section. An air-operated
HIP valve is connected to the endwall to sample the post-shock gas
mixtures. The time of opening and closing of the valve is limited
by mechanical constrains (hundreds of milliseconds), so a relatively
large quantity of gas mixture (~20 ml at an equivalent pressure of
about 1.5 bar) is sampled from the shock tube. The sampled mix-
tures are transferred through a SilcoTek tube heated at 210°C to
the GC system for subsequent analyses. The averaged shock wave
velocity, instead of the extrapolated one at the endwall, is used to
for the calculation of p5 and Ts, so that the properties of the actual
sampled gas can be better represented. The uncertainty in the cal-
culated Ts is estimated to be within +30 K, which mainly comes
from the errors in the distances among the pressure sensors. The
attenuation in the velocity was below 2.5% for most experiments,
so the difference between the averaged or the extrapolated Ts was
below 20 K, within the uncertainty specified above. The gas sam-
ple is injected into the GC column when the pressure in the line
is stabilized (usually taking a few seconds), and the injection pres-
sure is recorded to normalize the GC signals for quantification. Two
gas chromatography (GC) connected in series are responsible for
the chemical composition analysis. The first GC (Agilent 7890) is
equipped with a DB-17-ms column to separate heavy PAH com-
pounds, and the signals are detected by a flame ionization detec-
tor (FID). The used injection pressure and the sample loop volume
enable the sensitive detection of PAH species at sub-ppm level. A
thermal conductivity detector (TCD) coupled to a Molsieve 5A col-
umn is mounted to monitor the absence of air and to evaluate the
potential dilution effects of the helium gas from the driver sec-
tion. An external valve box which can regulate the temperature up
to 300°C is used for this GC to minimize the loss of heavy com-
pounds due to condensation. For the second GC (Thermo Trace GC
Ultra), an FID connected to an HP Plot Q column is installed to
measure the concentrations of small hydrocarbon products, and a
DSQ mass spectrometer is connected to assist the species identifi-
cation when necessary.

The calibrations of involved species were performed prior to the
experiments, as detailed in [34]. Light hydrocarbons excluding di-
acetylene (C4H,), monocyclic aromatic hydrocarbon (MAH) species
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and part of PAH species were calibrated using gas-phase standards
with known compositions. C4H, was calibrated from C,H, pyroly-
sis experiments through the carbon atom conservation. For larger
PAH species with low vapor pressures, the gas-phase calibration
factors were obtained from liquid injections by taking acenaphthy-
lene as a reference [34,35]. The uncertainty in the species con-
centration measurements mainly comes from the calibration pro-
cesses: for species directly calibrated in gas phase, the uncertainty
is expected to be within 5%-10%; for heavy compounds without
direct calibrations, the measuring error can increase to 30%, de-
pending on their molecular sizes relative to acenaphthylene. A
good carbon balance (above 90%) is seen at relatively low tem-
peratures (below 1300 K for ethylbenzene pyrolysis; below 1200 K
for n-propylbenzene and n-butylbenzene pyrolysis). But the carbon
recoveries, contributed by identified species, deteriorate in high-
temperature regimes, down to around 75%. This is mainly because
larger polyacetylenes such as CgH, and CgH, are not identified in
our experiments. Particularly, relatively large amounts of CgH, are
expected to be produced at high temperatures from the decom-
position of aromatic rings and the subsequent reactions among
CyH,, CGoH, C4H, and C4H. Besides, heavy PAHs larger than four-
ring species cannot be measured with the current experimental
facility, and soot particles may also be formed under the high-
pressure, pyrolytic conditions with aromatic fuels. All the experi-
mental measurements, including the reaction time, the post-shock
conditions (Ts and ps) and the species concentrations, are provided
in the Supplementary Material.

The experiments were performed at a nominal ps of 20 bar,
with Ts ranging from 950 K to 1700 K. Three highly argon-diluted
mixtures, respectively containing 101 ppm ethylbenzene, 103 ppm
n-propylbenzene and 102 ppm n-butylbenzene, were prepared in a
136 L electropolished stainless steel cylinder and kept for overnight
to homogenize before experiments. The chemicals (ethylbenzene,
99.8%; n-propylbenzene, >99%; n-butylbenzene, >99%) were pur-
chased from Sigma-Aldrich and the argon (>99.9999%) gas was
supplied by Air Liquide. The driven section of the shock tube was
vacuumed to below 10~ torr with a molecular turbo pump before
introducing the experimental gas mixture in each operation. To
point out, the initial fuel concentration was chosen to be 100 ppm
in the current experiments, which was halved in comparison to
that used previously for toluene pyrolysis experiments [34], to
avoid clogging of the analytical system caused by soot particles
formed during pyrolysis and sampled into the GC lines. Besides,
the inner surface of the driven section was cleaned every day to
remove carbon deposits.

3. Kinetic modeling

The kinetic model developed in this work is aimed at correctly
reproducing the decomposition of Cg-Cyq linear alkylbenzene fu-
els and the formation of PAH species under shock tube pyrolysis
conditions. Such efforts are made as a continuation of our serial
works [34,35] towards constructing a predictive kinetic model de-
scribing PAH speciation behaviors of aromatic practical and surro-
gate fuels under combustion related conditions. The kinetic model
for Cg-Cyg linear alkylbenzenes pyrolysis has a typical hierarchi-
cal structure, given the fact that relevant radicals or intermedi-
ates of a smaller alkylbenzene decomposition can also be formed
from the consumption of larger ones. During the pyrolysis of Cg-
Cyo alkylbenzenes, toluene, the simplest alkylbenzene, is an im-
portant intermediate and relevant pathways starting from benzyl
(C7H7) can be crucial sources of PAH formation. A sub-mechanism
of the PAH speciation from toluene decomposition was developed
and validated in our recent work [34]. It laid the foundation for
the kinetic model for alkylbenzenes pyrolysis by serving as an es-
sential secondary sub-mechanism. For important reactions incor-

porated in the current kinetic model, specifically, the Cg—C;q alkyl-
benzenes consumption steps and some fuel-specific PAH formation
pathways, the adopted rate coefficients are listed in Table S1 in the
Supplementary Material.

A detailed sub-mechanism for ethylbenzene consumption was
already included in earlier versions of our kinetic model [34,35].
The unimolecular decomposition reactions are expressed in reverse
form by using the theoretical rate coefficients reported by Matsugi
and Miyoshi [40]. Rate constants for ipso substitution reactions
and hydrogen abstraction reactions by H, CHs and CgHs are taken
from the ethylbenzene kinetic model proposed by Yuan et al. [20].
The consumption reactions of the two fuel radicals 1-phenylethyl
(CgHsCHCH;) and 2-phenylethyl (C¢HsCH,CH,) and correspond-
ing rate constants are from the theoretical work by Tokmakov
and Lin [41]. In our previous model [34,35], the n-propylbenzene
sub-mechanism, which originates from the CRECK model [42],
is highly-lumped, and the n-butylbenzene sub-mechanism is ab-
sent. Therefore, these two sub-mechanisms are updated or sup-
plemented in the current work. Rate coefficients for the uni-
molecular decomposition reactions of both n-propylbenzene and
n-butylbenzene are from the kinetic model by Diévart and Dagaut
[27]. For hydrogen abstractions by H and CHjs, the theoretically
determined rate coefficients reported by Robinson and Lindstedt
[30] are adopted for reactions of n-propylbenzene directly, and for
the reactions of n-butylbenzene via analogies. Rate coefficients for
hydrogen abstractions by other radicals, including C,Hs, CgHs and
C;H; are from the work by Diévart and Dagaut [27]. The consump-
tion reactions of n-propylbenzene fuel radicals as well as corre-
sponding rate coefficients are taken from a recent kinetic model
proposed by Jin et al. [43], while for the consumption scheme
of n-butylbenzene fuel radicals, rate coefficients from the work
by Zhang et al. [22] are adopted. For fuel radical decomposition
rate coefficients from [20,22], their pressure-dependence is kept in
the current kinetic model, though high-pressure limits should be
enough to characterize relevant kinetics at the pressure of 20 bar.
This may benefit the future model development to predict mea-
surements acquired at different pressures.

Regarding the PAH formation pathways, reaction sequences
starting from benzyl leading to two-to four- ring PAH species were
addressed in our previous work [34]. In this work, attention is paid
to specific pathways more relevant to the fuel structures. Potential
direct formation of PAH species containing the same carbon atoms
as the fuels, namely the formation pathways of indene (CqHg) from
n-propylbenzene and naphthalene (CigHg) from n-butylbenzene
pathways are considered in the model construction, as shown in
Scheme 1. CgHg and dihydro-naphthalene (CigH;g) are produced
through ring closure steps of 1-phenyl-2-propenyl (CCgHsC3Hy-1)
and phenyl-butenyl radicals (ACgH5C4Hg-2 and ACgH5C4Hg-3), re-
spectively. The consumption of CigHyo can further result in C;oHg
formation via losing either two hydrogen atoms or a hydrogen
molecule. Besides, 1,3-butadienyl-benzene (CgHsC4Hs) can lead to
the formation of 1-methyleneindanyl radical (CoH;CH,) which fur-
ther transforms into CigHg through ring-rearrangement. Rate co-
efficients for the involved reactions are taken from recent kinetic
models [21,22]. Styrene (CgHsCyH3) is produced in large concen-
trations in the pyrolysis experiments of the three investigated fu-
els. Inspired by the finding that phenanthrene can be largely pro-
duced from the phenylacetylene and phenyl addition-elimination
reactions, as discussed in our recent work [35], analogous re-
action sequences between styrene and phenyl producing 9,10-
dihydro-phenanthrene (Ci4H;;) are considered in the model con-
struction, and the decomposition of C14H;, further yields phenan-
threne (Cy4H;g) through dehydrogenation processes, similar to the
above-mentioned CyoHg formation from CyyH;y consumption.

Consistent with our previous works [34,35], all simulations in
the present work were performed with the homogenous reactor
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Fig. 1. Experimental (symbols) and simulated (solid lines) fuel concentrations as a
function of Ts in Cg—Cyo linear alkylbenzenes pyrolysis. Simulated fuel conversion
profile in 100 ppm toluene pyrolysis is shown as the dashed line for comparison
purpose.

model of the software COSILAB [44]| with a nominal reaction time
of 4.0 ms and a constant pressure of 20 bar. The constant pres-
sure assumption typically used in simulating the speciation results
sampled from single-pulse shock tube experiments have been well
justified in previous publications [39,45].

4. Results and discussion

In this section, experimental and simulated species concentra-
tions as a function of temperature will be shown in conjunction
to verify the predictive abilities of the kinetic model. More im-
portantly, by combining high-fidelity measurements and analyses
with a predictive kinetic model, the different decomposition re-
activity and speciation of the three investigated alkylbenzenes as
well as the responsible reaction schemes are revealed in a compar-
ative way. To facilitate a more comprehensive comparison, the case
of toluene pyrolysis at the initial concentration of 100 ppm will be
shown as a reference through modeling approach when needed.

4.1. Fuel decomposition and small hydrocarbon products

The fuel conversion curves as a function of the temperature for
Cg-Cyo alkylbenzenes under nearly identical conditions (initial con-
centration of 100 ppm, nominal pressure of 20 bar and reaction
time of 4.0 ms) are displayed in Fig. 1. The fuel decomposition re-
activity can be accurately captured by the kinetic model. The fuel
decay of Cg-Cyy alkylbenzenes occur at significantly lower tem-
peratures, compared to their simpler counterpart toluene. The de-
composition of n-propylbenzene and n-butylbenzene have a simi-
lar pattern, while proceeding at a faster pace and covering a lower
temperature window, compared to ethylbenzene decomposition. It
has been well-established that the thermal decomposition of alkyl-
benzenes are dominated by bond fissions producing benzyl (C;H7).
The strengths of the C-C bonds adjoining the benzyl moiety in
the three molecules can partly explain the order of their decom-
position reactivity. For such benzylic C-C bonds, the bond dis-
sociation energies (BDEs) in n-propylbenzene and n-butylbenzene
have close values (CgHsCH,-CyHs, 75.3 kcal/mol; CgHsCH,-C3Hy,
74.9 kcal/mol [46]), slightly lower than that in ethylbenzene

(CgHs5CH,—-CH3, 76.4 kcal/mol [46]). Besides, the longer side chains
in n-propylbenzene and n-butylbenzne provide more possibilities
for bond fissions and radical attacks. As for the almost identical
decomposition reactivity of n-propylbenzene and n-butylbenzene,
explanations will be given in the following discussion.

Experimental and simulated concentration profiles of C;-C4 hy-
drocarbons during the pyrolysis of ethylbenzene, n-propylbenzene
and n-butylbenzene are shown in Figs. 2, 3 and 4, respectively.
The small hydrocarbons are quantitively different in the pyroly-
sis of Cg-Cqg linear alkylbenzenes, some of them already start to
form at the initial stage of the fuel consumption. The model can
satisfactorily reproduce the measurements in separate cases and
more importantly, it can well capture the differences among the
three cases. To interpret potential correlations between the speci-
ation and fuel structural features in alkylbenzenes pyrolysis, initial
fuel consumption pathways based on the rate-of-production (ROP)
analyses in the three reaction systems are presented in Figs. 5, 6
and 7. The temperatures chosen to perform the ROP analyses are
1250 K for ethylbenzene pyrolysis, and 1150 K for n-propylbenzene
and n-butylbenzene pyrolysis, at which nearly half of the fuel is
consumed in each case.

It is noted that both methane (CH4) and ethane (C;Hg) have
similar peak concentrations in the pyrolysis of ethylbenzene and
n-butylbenzene, and obviously higher than those in the case of n-
propylbenzene, though the speciation of n-propylbenzene and n-
butylbenzene are expected to share more similarities. The forma-
tion of both CH4; and CyHg are closely related to the consump-
tion reactions of methyl radical (CH3). The simulated concentra-
tion profiles of CH; in the pyrolysis of the three alkylbenzene
fuels are provided in Fig. S2 in the Supplementary Material. CH3
concentrations are the lowest in n-propylbenzene pyrolysis, which
can be explained by the initial fuel consumption steps. As men-
tioned above, the bond fissions leading to C;H; dominate the con-
sumption of individual fuels, and such reactions meanwhile lead
to the formation of CHj, ethyl (CoHs) and n-propyl (n-C3Hy) in
the cases of ethylbenzene, n-propylbenzene and n-butylbenzene,
respectively. The consumption of n-C3H; is mainly through the C-
C B-scission (n-C3H; — CH3+CyHy) resulting in a high produc-
tion of CHs. The consumption of C;Hs is dominated by the reac-
tion CHs — CyHy4+H, while the channel leading to CH3 formation
(C,Hs+H = 2CHj3) only has a moderate contribution. CH3 radicals
can undergo self-combination or combine with other radicals in-
cluding H, CgHs and C;H;, and these chain-termination reactions
account for the lower-than-expected reactivity of n-butylbenzene:
even a longer side chain exists in its molecule, it has similar
decomposition reactivity with n-propylbenzene (see Fig. 1). Dur-
ing the decomposition of ethylbenzene, ethylene (C;H4) can be
produced from the decomposition of the fuel radical CgHsCyHy
and C,Hs. Both CgHsC,H, and CyHs can be formed through spe-
cific fuel decomposition pathways, whose importance is however
quite minor compared to the dominant C;H; producing channel,
which accounts for 79% of the fuel decomposition under the con-
ditions concerned in Fig. 5. In the pyrolysis of n-propylbenzene
and n-butylbenzene, C;H4 can be largely produced from the de-
composition of the above-mentioned important radicals C;Hs and
n-C3Hy through CHs — GCyHy+H and n-C3H; — CH3+CyHy,
respectively. Similar explanation can be applied to the distinct
propylene (CsHg) concentrations observed in the three reaction
systems: In the pyrolysis of ethylbenzene, no fuel-related pathway
leads to the formation of C3Hg which is mainly produced from
un inefficient addition-elimination channel C;H4+CH3 — C3Hg+H;
and during n-propylbenzene pyrolysis, C3Hg mainly comes from
the consumption of the fuel radical C¢H5CH,CHCH; which how-
ever takes limited carbon flux (see Fig. 6). Differently, in the py-
rolysis of n-butylbenzene, C3Hg can be formed from the decompo-
sition of the fuel radical CgHs5CH,CH,CHCH; as well as the abun-
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Fig. 2. Experimental (symbols) and simulated (lines) concentrations of small hydrocarbon products as a function of Ts in ethylbenzene pyrolysis.
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Fig. 3. Experimental (symbols) and simulated (lines) concentrations of small hydrocarbon products as a function of Ts in n-propylbenzene pyrolysis.
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Fig. 4. Experimental (symbols) and simulated (lines) concentrations of small hydrocarbon products as a function of Ts in n-butylbenzene pyrolysis.

dant n-C3H; (see Fig. 7). In all the three cases, the C3H4 isomers,
propyne (C3Hy-P) and allene (C3Hy-A) are produced at relatively
high temperatures where the fuels are depleted. The consumption
of C3Hg leads to the formation of C3H4-A which further isomerizes
to C3Hy-P. The concentrations of C3Hs-A and C3Hy-P both increase
with the increasing length of the side chain in the fuel molecules.
It is noteworthy that the C3H4 isomers peak at the same tempera-
ture and the ratio of their peak concentrations (C3H4-A/C3H4-P) re-
main at 45% in all three cases, indicating a stable balance between

the two isomers regardless of the fuels. Similar observation for the
C3H, isomers was also reported by Hansen et al. [47] through a
data research involving 55 sets of premixed flame chemical struc-
ture measurements. For the dominant high-temperature pyrolysis
products acetylene (C;H;) and diacetylene (C4H,), their concentra-
tions increase with the fuel molecular sizes, as they are closely re-
lated to the carbon contents in the reaction systems.

To better understand and compare the processes that control
the consumption of Cg-Cyq linear alkylbenzenes, sensitivity analy-
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ses for fuel concentrations are performed at temperatures where
the fuel conversion ratios are around 50% (Ts = 1250 for ethyl-
benzene, Ts = 1150 for n-propylbenzene and n-butylbenzene), and
the results are shown in Fig. 8. For all the three fuels, the ben-
zylic C-C bond fissions have the highest sensitivity coefficients fa-
cilitating fuel consumption, which is consistent with their dom-
inance in the reaction flux discussed above. Another similarity
shared in the sensitivity spectra of the three fuels is that the re-
action C;Hg(+M) = H + C;H7(+M) inhibits the fuel consump-
tion. In the reaction systems of Cg—Cyq linear alkylbenzene pyrol-
ysis, this reaction proceeds in the backward direction, resulting in
toluene (C;Hg) formation and consuming the important chain car-
riers H atoms. It is noteworthy that the chain terminating CHs self-
combination promotes the ethylbenzene decomposition. The prob-
able reason is that this reaction effectively removes CH; from the
reaction system, which can otherwise recombine with the stabi-
lized C;H; to form ethylbenzene molecules. Hydrogen abstraction
reactions by CHj, which consume both the fuel and CHj, facili-
tate the consumption of ethylbenzene. CHj related reactions have
minor influences on fuel consumption in n-propylbenzene and n-

butylbenzene pyrolysis, where hydrogen abstraction reactions by
H are relatively more important due to the higher contents of H
atoms.

4.2. The formation of MAH species

Since an aromatic ring already exists in the fuel molecule,
monocyclic aromatic hydrocarbon (MAH) species are produced in
large quantities from the pyrolysis of Cg—Cyq linear alkylbenzenes.
The experimental and modeling concentrations of MAH species are
shown in Fig. 9 as a function of the temperature. The simulated
species concentration profiles in 100 ppm toluene pyrolysis are
also shown as a reference. Benzene (CgHg) is abundant in the py-
rolysis of all three fuels, and regarding its speciation patterns in
the three cases, those in ethylbenzene and n-butylbenzene pyrol-
ysis share more similarities while that in n-propylbenzene pyroly-
sis exhibits different behaviors. A two-stage formation can be seen
in the profiles of CgHg in each case, including a slow production
in relatively low temperature ranges around 1100-1350 K and a
rapid increase at higher temperatures till around 1500 K. The CgHg
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concentration profile in n-propylbenzene pyrolysis exhibits unique
characteristics in the first stage of formation: a remarkably higher
production and a platform from 1200 to 1300 K. For the second
stage of CgHg formation, the concentration profiles in the pyrolysis
of Cg-Cqg alkylbenzenes are more similar, and they resemble that
in toluene pyrolysis. Over the entire temperature range, the CgHg
concentrations are the highest in the pyrolysis of n-propylbenzene,
followed by n-butylbenzene, and ethylbenzene, and such trend can
be faithfully captured by the kinetic model predictions.

To understand the kinetics responsible for the different CgHg
formation behaviors among the three cases, time-resolved ROP-
analyzed results for CgHg at 1250 K and 1500 K, which are rep-
resentative of the two formation stages, are shown in Fig. 10.
The time axis is presented in logarithmic scale for the ROP re-
sults at 1500 K, because specific reactions have intense con-
tributions in narrow time ranges under high-temperature con-
ditions. The formation of CgzHg is dominated by the ipso sub-
stitution reactions between the fuel and H atom at 1250 K in
each case. Figure S2(b) shows that a higher level of H atoms
presents in the pyrolysis of n-propylbenzene than other fuels,
because the consumption of n-propylbenzene results in plenti-
ful CoHs radicals which subsequently decompose and release H
atoms through the reaction CoHs5(+M) = CyHy+H(+M). The re-
action CgHs+H(+M) = CgHg(+M) also contributes to CgHg for-
mation, and its importance is in accordance with the levels
of H atoms in the three reaction systems. In n-propylbenzene
and n-butylbenzene pyrolysis, the ipso substitution reactions of
smaller alkylbenzenes with H atoms, i.e. H + C;Hg = CgHg+CHs
and H + CgHs5C,Hs = CgHg+CyHs, are other sources of CgHg,
and the relative importance of these two reactions is cor-
related to the concentrations of C;Hg and CgHsC;Hs (see
Fig. 9(b) and (e)). The recombination reactions, C;H;+H — C;Hg
and C;H;+CH; — CgHsCyHs, prevail the formation of C;Hg
and CgHsC,Hs, respectively. The higher H production in n-
propylbenzene pyrolysis and the higher CH3 production in n-
butylbenzene pyrolysis results in the different concentrations of
C;Hg and CgHsCyHs observed in the experiments. This point is
also revealed by the different fates of C;H; along the consump-
tion pathways of n-propylbenzene and n-butylbenzene, as can be

noted from Figs. 6 and 7. Figure 10(b) indicates that at higher
temperatures, the ipso substitution reactions of the fuels are
no longer important contributors to CgHg formation. The reac-
tion CgHs+H(+M) = CgHg(+M) still plays an important role in
CgHg formation in the pyrolysis of all three fuels, especially in
n-propylbenzene and n-butylbenzene pyrolysis, where H atoms
have higher concentrations, and it has remarkable effects in a very
short period (with the magnitude of microseconds) at the begin-
ning. The contributions from the reactions of small molecules, such
as the recombination of propargyl (Cs3Hs), are delayed by about
10~ ms, but covering a much wider time scale. The decomposi-
tion of styrene (CgH5CyH3), CgHsCoH3 = CgHg+H,CC, plays an im-
portant role over almost the entire reaction time in all three cases.

CgHsCyH3 is among the initial products of Cg—Cyg linear alkyl-
benzenes pyrolysis, as its formation starts at relatively lower
temperatures than other MAH species. It has similar peak concen-
trations in Cg-Cyp linear alkylbenzenes pyrolysis, whereas much
higher than that in toluene pyrolysis. However, the concentra-
tions evolve with the temperature in distinct manners in the
three cases. In ethylbenzene pyrolysis, a relatively late peak shows
in the CgHs5C,H3 concentration profile which is composed of a
continuous increase and decrease. The CgHsC;H3; concentration
profile in n-propylbenzene pyrolysis exhibit a fast rise ahead of
a two-stage decrease, and the first decrease over 1200-1400 K
is moderate, resulting in a small shoulder after the peak. For
that in n-butylbenzene, the increasing phase contains a rapid
increase followed by a mild one, yielding a peak concentra-
tion at about 1350 K. The kinetic model is able to capture the
trend in each case despite an overestimation in n-butylbenzene
pyrolysis. The CgHsC,H; formation from ethylbenzene pyroly-
sis is mainly through the decomposition of phenylethyl radicals
(CgHsCHCH; and CgHsCH,CH,) throughout the temperature win-
dow. At relatively low temperatures, the rapid CgHsC,H3 formation
in both n-propylbenzene and n-butylbenzene pyrolysis arises from
the decomposition of fuel radicals CgH5CHCH,CH; (CgH5C3Hg—C)
and CgH5CHCH,CH,CH; (CgHsC4Hg-D), respectively, as shown in
Figs. 6 and 7. Remarkably different behaviors exist in the sec-
ond stages of their speciation profiles where the fuel is just de-
pleted and the CgH5C,H3 formation is taken over by phenylethyl
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Fig. 8. Sensitivity analysis for fuel concentration at temperatures where about half
of the fuel is consumed in each case of Cg-Cyo linear alkylbenzenes pyrolysis.

radicals decomposition. The higher production of phenylethyl rad-
icals in n-butylbenzene gives rise to more obvious compensating
effects over the fuel depletion and thus a second concentration in-
crease. On the other hand, for phenylacetylene (CgHsC,H) which
also has a molecular structure containing an aromatic ring and a
C, side chain, the peak concentrations are similar among the pyrol-
ysis of all alkylbenzenes ranging from toluene to n-butylbenzene,
as shown in Fig. 9(d). The formation of CgH5C,H starts at relatively
high temperatures and barely influenced by the fuel chemistry. It is
dominated by the ethynyl radical (C;H) addition to phenyl (CgHs).
The consumption of styryl radicals (CgHsCCH, and CgHsCHCH) also
have certain contributions at relatively low temperatures, which
explains the lower formation temperatures in Cg-Ciq alkylben-
zenes pyrolysis compared to that toluene pyrolysis. The decom-
position phases of CgHsC,H speciation curves in all shown cases
including toluene pyrolysis coincide, which is mainly through the
addition-elimination reaction C¢gHsC;H+H = CgHs5+C,H,.

4.3. The formation of PAH species

Measured and simulated concentrations of two- to four-ring
PAH species produced from Cg-C;o linear alkylbenzenes pyrol-
ysis over the temperature range of 950-1700 K are displayed
in Fig. 11. Overall, the kinetic model can well predict the ex-
perimental results, regarding the shapes and sizes of individ-
ual speciation profiles, except for an obvious under-prediction in
bibenzyl (CgH5C,H4CgHs) concentrations, which will be explained
later in this section. The PAH species concentration distributions
are roughly comparable among the pyrolysis of ethylbenzene, n-
propylbenzene and n-butylbenzene, though some differences in
specific species profiles are noticeable. These similarities and dif-
ferences can be satisfactorily captured by the model predictions.
Based on the valid predictive ability of the kinetic model, a major
goal of the current study is to compare the PAH formation path-
ways in the pyrolysis of Cg—Cyo alkylbenzenes, and to reveal the
influences brought by the fuel structural features, namely the dif-
ferent lengths of the side chains. The case of 100 ppm toluene py-
rolysis is also simulated, and the modeling profiles for PAH species
are shown as a reference in Fig. 11 to benefit more comprehensive
comparisons.

Figure 11 suggests that whether a PAH species has dif-
ferent speciation behaviors in Cg-C;p alkylbenzenes pyrolysis
largely depends on its temperature window. The formation of
biphenylmethane (CgHsCH,CgHs) and bibenzyl (CgHsCoH4CgHs)
(see Fig. 11(d) and (e)) starts at relatively low temperatures
through C;H;+CgHs recombination and C;H; self-recombination,
respectively. Their temperature windows overlap with those of the
fuel decomposition in each case. They are the two PAH species
whose speciation behaviors are influenced the most by the fuel
structures, because their formation requires the participation of
only C;H; and CgHs which are among the dominant primary prod-
ucts of alkylbenzenes decomposition. According to the measure-
ments, CgHsC,H4CgHs is the most abundant PAH species in the
pyrolysis of Cg—C;o alkylbenzenes. However, the model obviously
“under-predicts” CgHs5C;H4CgHs concentrations though it still cap-
tures the relative trends among the three experimental sets. It is
pointed out by Martens et al. [48] that reactions involving specific
stabilized radicals can carry on during the quenching period. Due
to the resonance stability of C;H;, the modeling CgHsC,H4CgHs
concentrations shown in Fig. 11(e), which are based on the as-
sumption that reactions are instantaneously quenched by the ar-
rival of rarefaction waves, could be remarkably impacted. Simu-
lations with measured pressure profiles are carried out to exam-
ine this issue. Figure 12 displays time-dependent concentrations
of C;H; radical and PAH species in individual shocks at around
1400 K from respective experimental sets. Large amounts (up to
10 ppm) of C;H; survive the shock heating and continue to re-
act during the quenching period. Bibenzyl exhibits a unique spe-
ciation behavior: it is formed rapidly in a very short time range
at the beginning of the reaction time; then it is gradually con-
sumed by participating in the formation of other species, and after-
wards, produced again till reaching its final concentrations during
the quenching period. At Ts = 1400 K, simulated CgH5C;H4CgHs5
concentrations at 4.0 ms are below 50% of the final values, which
are more representative of the experimental measurements. Differ-
ently, the formation of other PAH species is essentially completed
before the post-shock cooling, as indicated by the plateaus in their
concentrations.

Simulations were performed with measured pressure profiles,
up to a time scale of 10 ms to obtain the final species concentra-
tions which do not evolve with the time anymore. The resulting
CeHsC,H4CgHs concentrations as a function of Ts are presented in
Fig. 13, together with the corresponding measurements and model-
ing results at a constant pressure of 20 bar within a fixed reaction
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time of 4.0 ms. Those for other species in the pyrolysis of ethyl-
benzene, n-propylbenzene and n-butylbenzene are provided in
Figs. S3, S4 and S5, respectively, in the Supplementary Mate-
rial. The simulations with pressure profiles can better match the
measurements for CgHsC,H4CgHs in all three cases. For other
species, the simulation methods do not obviously alter the mod-
eling concentration profiles, except for slight increases in in-
dene (CgHg) concentrations at relatively high temperatures above
1400 K. This mainly lies in a moderate continuation of the reac-
tion C;H;+CyH, = C9Hg+H during the cooling period.

The production of CgH5C,H4CgHs in Cg-Cqg alkylbenzene py-
rolysis is much higher than that in toluene pyrolysis. This is be-

cause the decomposition of Cg—Cyy alkylbenzenes starts at rela-
tively low temperatures (below 1100 K), and the resulting C;H;
radicals largely converts to CgH5CyH4CgHs. In contrast, the pro-
duction of C;H; from toluene pyrolysis occurs at elevated tem-
peratures, so a considerable portion of C;H; dissociates or com-
bines with typical high-temperature species like CoH, and C3Hs,
inhibiting the formation of CgH5C,H4CgHs. Besides, at high tem-
peratures the formed CgHsC,H4CgHs decomposes back to C;H-,
so that the net production of CgHsCyH4CgHs is much lower. Fluo-
rene (Cy3Hqg) is predominantly produced from the consumption of
CeHsCH,CgHs, so the offset of the concentration profile shows at
the temperature where CgHsCH,CgHs starts to decompose in each
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case. Since the consumption phases of the CgH5CH,CgHs concen-
tration profiles differ less than the formation phases among the
three case, the speciation of C;3H;g covers a relatively similar tem-
perature window in Cg—Cqg alkylbenzenes pyrolysis, as can be seen
in Fig. 11(f). The peak concentrations of Cy;3H;g are in accordance
with the levels of CgHsCH,CgHs in the three reaction systems.
The formation of indene (CgHg) already starts at around 1200 K
in the pyrolysis of n-propylbenzene and n-butylbenzene, much
lower than that in the case of ethylbenzene. ROP analysis was
performed for CgHg at different temperatures from 1300 to 1450 K,

where the CgHg concentrations keep accumulating. The results,
shown as percentage contributions by different reactions, are pro-
vided in Fig. 14. The formation of CgHg is dominated by the C,+C;
reactions over the entire temperature range in the pyrolysis of all
three fuels, in particular, by the reaction C;H;+C,H, = CoHg+H.
The H atom loss of indanyl radical (CgHg = C9Hg+H) and the
reaction C;Hs+C,H4 = CgHg+H have more significant contribu-
tions in n-propylbenzene and n-butylbenzene pyrolysis, because
of the higher abundance of C;H4, which can combine with C;H;
to produce indane (CgHyg). Minor contributions from the reaction
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C3H3+CgHs = CyHg can be spotted, whose importance shows
an increasing trend when raising the temperature. The reaction
CCgHsC3H4-1 = H + CgHg, contributes to the formation of CoHg
in n-propylbenzene and n-butylbenzene pyrolysis, and it plays a
more important role in the case of n-butylbenzene, particularly
at lower temperatures. The pathway leading to CgHg through
the intermediate CgHsCHCH=CH, (CCgH5C3H4-1) was mentioned
in the kinetic modeling section (see Scheme 1) as a potential
fuel-specific PAH formation channel, as CqHg contains the same
number of carbon atoms with n-propylbenzene. The stronger ef-
fects of this pathway in n-butylbenzne pyrolysis can be explained
by the higher production of the precursor CCgHsC3Hy-1. In both
cases of n-propylbenzene and n-butylbenzene, CCqH5C3H4-1 re-

sults from the consumption of allylbenzene (CgHsC3Hs-1) which
is among the initial products of fuel decomposition, as can be seen
in Figs. 6 and 7. CgH5C3Hs-1 is measured of a peak concentration
at around 1 ppm in the pyrolysis of n-butylbenzene (see Fig. 9(f)),
while only trace quantity (10~! ppm) is detected in the pyrolysis
of n-propylbenzene, and an accurate quantification is not feasible
because the signals of CqgH5C3Hs-1 and the fuel n-propylbenzene
are largely overlapped. CgHsC3Hs-1 comes from the decompo-
sition of the fuel radical CGHSCHchCH2CH3 (C6H5C4H3—C) in
n-butylbenzene pyrolysis, while in the case of n-propylbenzene,
the formation channel through the C-H pB-scission of
CgHsCH,CHCH; (CgHsC5Hg-B) is not competitive, since the Cj
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Fig. 15. The reaction pathways leading to phenanthrene formation at T5 of 1450 K
in the pyrolysis of Cg—Cyo linear alkylbenzenes. The thickness of the arrows repre-
sents the carbon flux through the corresponding reactions. The percentage numbers
(ethylbenzene: normal; n-propylbenzene: italic; n-butylbenzene: underlined) repre-
sent the contributions to the phenanthrene formation by corresponding reactions.
The CgHsCyH3+CgHs reaction pathways are highlighted in red. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

side chain structure can hardly survive the fuel decay dominated
by C-C bond fissions.

When raising the temperature above 1300 K, two Cy4Hjg
isomers, 9-methylene-fluorene (Cy3HgCH,) and phenanthrene
(PCi4H1o), appear among the products of Cg-Cqg linear alkylben-
zenes pyrolysis. It is noted that their concentration profiles span
over the same temperature range but their peak concentrations
differ evidently among the three cases, and such phenomena can
be well reproduced by the kinetic model. The reaction pathways
leading to PCy4H;o formation, based on ROP analyses of specific
species, at the temperature of 1450 K in the pyrolysis of Cg—Cyg
alkylbenzenes are shown in Fig. 15. The same reactions are respon-
sible for the formation of PCi4H;g in the three cases, though their
relative importance varies slightly. The dehydrogenation of dihy-
drophenanthrene (Ci4H;y) is the largest contributor, and the self-
recombination of C;Hs, the recombination of the C;H;+CgH4CH3
and the ring-rearrangement of Cy;3HgCH, are other important
sources. Similar reaction pathways are responsible for the PCi4H1g
formation in toluene pyrolysis, as discussed in [34]. But if only rel-
evant reaction sequences in [34] were considered in the kinetic
model, the concentrations of PCi4H;g in Cg-Cyq alkylbenzenes py-
rolysis would be underestimated by over 40%. The enhanced model
performance regarding the predictions for PCi4H;g concentrations
lies in the inclusion of the CgHs5CyH3+CgHs reactions mentioned
in the kinetic model section, and these pathways are highlighted
in red in Fig. 15. In the pyrolysis of Cg—Cyq alkylbenzenes, because
of the abundant CgH5C,H3, C4Hq, predominantly originates from
the addition-elimination reaction CgHs5C;H3+CgHs; = Ci4Hqp+H,
instead of exclusively forming through the stepwise dehydrogena-
tion and isomerization of CgHs5Cy;H4CgHs, as proposed by Sinha
and Raj [49], in the case of toluene pyrolysis [34]. The inclusion
of CgHsC,H3+CgHs reactions in the kinetic model is further jus-
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Scheme 1. Schematic for reaction pathways leading to fused PAH species contain-
ing the same number of carbon atoms with the fuels.

tified by experimental results of styrene pyrolysis under similar
conditions. As shown in Fig. S6, the formation of PCi4H;o starts
at the initial stage of styrene decomposition, and the peak concen-
tration approaches 4 ppm. Simulations using the current kinetic
model, with and without the CgHsC,H3+CgHs reactions, are both
performed and compared to the measurements. The prediction for
PCy4H1o concentration profile is considerably improved and the de-
composition reactivity of CgHsC,H3 is better captured when the
CeHsCyH3+CgHs reactions are integrated in the kinetic model. The
PAH formation kinetics in styrene pyrolysis will be focused on in
future studies.

A few of the PAH species only form in high-temperature
regimes over 1400 K where the fuels are completely consumed, in-
cluding naphthalene (CqigHg), acenaphthylene (C;;Hg) and pyrene
(CigHyg), as can be identified from Fig. 11. Scheme 1 shows
that fuel-related reactions, which are expected to contribute to
the formation of PAH species with the same carbon numbers as
the fuels, involve those from the C;y intermediates produced in
n-butylbenzene pyrolysis to CioHg. Though being taken into con-
sideration in the kinetic model construction, the effects of such
reactions have minimal impacts on the formation of CioHg. The
CioHg concentration profiles in the pyrolysis of Cg-Cio alkyl-
benzenes as well as toluene share the same temperature win-
dow and comparable peak values. A similar CigHg formation
pattern is found in all cases: it is governed by the reaction
C;Hs5+C3H; = CygHg, and the ring-rearrangement of CgH;CH,
formed through the recombination reactions of C3H3+C;H; and
CH3+CgH7, as addressed in [34]. An analogous phenomenon that
the speciation temperature window is not altered by the side chain
lengths of the fuel is also seen in the concentration profiles of
acenaphthylene (Ci;Hg) which is formed via the recombination of
C3H3+CgH; [43] in the pyrolysis of all fuels. In comparison to that
in toluene pyrolysis, the slightly higher C;,Hg peak concentrations
in the cases of Cg-Cyq alkylbenzenes are due to the larger produc-
tion CgH; and C3Hs. Pyrene (PCigH1g) is also deemed to be among
the PAH products which are not significantly affected by the fuel
side chain lengths, though only the measured concentration pro-
file in ethylbenzene pyrolysis is presented in Fig. 11(i). Those in
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n-propylbenzene and n-butylbenzene pyrolysis are scattered, due
to a deteriorating signal/noise ratio when species concentrations
approach the detection limit of 0.1 ppm. CygHyg concentration pro-
files, including the measured one in ethylbenzene pyrolysis and the
simulations in separate cases, cover the same temperature range
and have similar peaks. The current kinetic model can well predict
the PCygH1p concentration measurements in ethylbenzene pyroly-
sis, while for those in n-propylbenzene and n-butylbenzene, the
model verification still requires further experiments with larger
fuel contents consequently yielding higher PC;gH;g concentrations.

5. Conclusions

In this work, pyrolysis experiments of Cg-Cqg linear alkylben-
zenes were carried out in a single-pulse shock tube over a tem-
perature range of 950-1700 K at around 20 bar under highly
argon-diluted conditions. Species concentrations were measured as
a function of the temperature in each experimental set. A kinetic
model was proposed, which can well reproduce the fuel decompo-
sition reactivity and the speciation behaviors in individual reaction
systems. Comparisons regarding the fuel decomposition reactivity,
the contents of specific intermediates (small acyclic intermediates,
monocyclic and polycyclic aromatic hydrocarbons), as well as the
responsible reaction schemes among the three cases, were made
by combining the quantitative measurements and modeling analy-
ses. All the three fuels have remarkably higher decomposition re-
activity than toluene, the simplest alkylbenzene. With the length-
ening of the side chain, n-propylbenzene decomposes evidently
faster than ethylbenzene, and at an almost identical pace with
n-butylbenzene decomposition. The higher-than-expected decom-
position reactivity of n-propylbenzene arises from a higher pro-
duction of H atoms in the initial fuel decomposition steps, which
also leads to larger amounts of benzene compared to the other
two cases. The consumption of all three fuels are dominated by
the benzylic C-C fissions, so the PAH formation pathways starting
from benzyl radicals prevail the PAH speciation in the three cases,
similar to the case of toluene pyrolysis. A large extent of similar-
ity exists in PAH speciation profiles in the three reaction systems,
with regards to both temperature windows and the peak concen-
trations, particularly for the PAH species produced at high temper-
atures. Fuel-specific reaction pathways contribute to the formation
of indene in n-butylbenzene and n-propylbenzene pyrolysis at rel-
atively low temperatures. Styrene is of high abundance in the py-
rolysis of Cg—Cyg linear alkylbenzenes. Consequently, the addition-
elimination reaction between styrene and phenyl leading to dihy-
drophenanthrene is identified as an important channel of phenan-
threne formation.
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