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ABSTRACT

This work reports a kinetic study on the pyrolysis of three xylene isomers based on single-pulse shock
tube experiments and detailed kinetic modeling. Speciation measurements for the post-shock gas mix-
tures are obtained via sampling and gas-chromatography-mass spectrometry over a temperature range
of 1150—1650 K at a nominal pressure of 20 bar. A sub-mechanism incorporating consumption reactions
of xylene isomers as well as subsequent pathways leading to polycyclic aromatic hydrocarbons (PAHs)
is developed and integrated into our on-going PAH formation kinetic model. The model can satisfac-
torily predict the qualitative measurements and accurately characterize both the similarities and fuel-
specific features in the pyrolysis of three xylenes. The three isomers decompose at similar rates, though
m-xylene exhibits a slightly weaker reactivity. This arises from the fact that m-xylyl, different from its o-
and p- counterparts, cannot undergo hydrogen loss to form m-xylylene diradical. Distinct consumption
schemes of the three xylyl radicals also result in the different species pools observed at temperatures
below 1400 K. A large amount of styrene results from a stepwise isomerization of o-xylylene following
dehydrogenation of o-xylyl. An early formation of anthracene is noted as a unique phenomenon in o-
xylene pyrolysis, which is attributed to specific reactions of o-xylyl. Due to a relatively high abundance
of m-xylyl, the self-recombination product 3,3’-dimethylbibenzyl is among the major species formed at
the initial stage of m-xylene pyrolysis. p-Xylyl predominantly converts to p-xylylene which is largely
consumed via polymerization processes. Besides, mutual conversions among the three xylyl radicals are
found to play an essential role in the pyrolysis of three xylenes. Toluene is measured of significant con-
centrations in the pyrolysis of all three isomers, which rationalizes that PAH speciation in the pyrolysis of
three xylenes and toluene is highly similar at elevated temperatures. Modeling analyses show that apart
from the benzyl/toluene chemistry, reactions involving Cg species also have important contributions to
PAH formation in xylenes pyrolysis.
© 2022 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. Introduction

practical applications. Plenty of kinetic investigations on one or
more Xxylene isomers under different combustion relevant condi-

Xylenes are found as important components in crude oils and
also widely used to formulate surrogates for liquid transportation
fuels [1-3]. Predictive combustion kinetic models for xylenes con-
sumption and the subsequent formation of pollutants such as poly-
cyclic aromatic hydrocarbons (PAHs) are highly necessary towards
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tions are available in literature. Fundamental combustion experi-
ments for the xylene isomers have been carried out using vari-
ous facilities, including flow-reactor [4-6], jet-stirred reactor (JSR)
[7-9], shock tubes [10-13], rapid compression machine [14,15]
and flames [6,16-22]. Among these studies, advanced speciation
diagnostics were implemented. In particular, synchrotron based
mass spectrometry and imaging photoelectron photoion coinci-
dence (iPEPICO) spectroscopy techniques were employed to obtain
quantitative measurements for reactive combustion/pyrolysis prod-
ucts [6,18,19] and to unambiguously resolve isomers [22-24]. Ab-
initio calculations [25,26] were also carried out to derive rate co-
efficients for reactions of xylenes and relevant radicals, which laid
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Fig. 1. Signals recorded by the first GC in the pyrolysis of three xylene isomers at the temperature around 1300 K.

essential foundation for the development and optimization of de-
tailed combustion kinetic models for xylenes.

PAH formation kinetics is an important aspect of combus-
tion properties of aromatic fuels, and specific reaction pathways
can be highlighted under pyrolysis conditions. However, most
of the above-mentioned studies addressed reaction kinetics of
xylenes under oxidation conditions, while pyrolysis studies, espe-
cially those involving comprehensive speciation measurements and
comparisons among the three isomers, are scarce. Rate coefficients
for the initial thermal decomposition steps of xylenes and xylyl
radicals were derived from a few early shock tube studies [27-
30]; A very recent work by Yuan et al. [6] reported detailed species
mole fractions measured from o-xylene pyrolysis in a flow tube at
low- and atmospheric pressures. Regarding the comparison among
the three xylenes, o-xylene was consistently observed of higher
reactivity than the m- and p- isomers, in terms of higher flame
propagation speeds [17,21] or shorter ignition delay time [12]; un-
der pyrolysis conditions, it was only mentioned by da Costa et al.
[29] that the three isomers have similar decomposition rates, while
detailed speciation behaviors have not been compared to the best
of our knowledge. Comparative studies benefit an in-depth un-
derstanding of how the fuel structural features correlate to com-
bustion properties. It is shown that the methylation on the aro-
matic ring makes the combustion properties, such as decomposi-
tion reactivity and sooting tendency, of toluene significantly differ-
ent from those of benzene [31]. As for xylene molecules where two
methyl groups are present on the benzene ring, it is important to
reveal how an extra methyl substitution changes the reaction path-
ways in comparison to toluene and how the relative position of the
two methyl groups brings further influences under pyrolysis con-
ditions.

To this end, the current work focuses on a comparative study
for the pyrolysis of three xylenes. Experiments are performed
with a single-pulse shock tube over a temperature range of
1150-1650 K at a nominal pressure of 20 bar. The high-pressure
condition is chosen to be more relevant to practical operations.
Samples are withdrawn from post-shock gas mixtures and ana-

lyzed through the gas-chromatography (GC)/GC-mass spectrometry
(MS) technique, yielding temperature dependent mole fractions for
a variety of species up to four ring PAHs. Updates for xylene reac-
tions are made to a kinetic model which has been developed in our
serial works [31-36] to predict the PAH formation from the pyrol-
ysis of practical fuel components and mixtures. Satisfactory predic-
tive performances for the experimental results are achieved by the
kinetic model. Further modeling analyses are thus used to identify
crucial reactions or processes that affect fuel decomposition reac-
tivity and speciation behaviors in the pyrolysis of individual xylene
isomers, and to interpret fuel-specific and common phenomena in
all three cases.

2. Shock tube pyrolysis experiments

The experimental work is carried out with the single-pulse
shock tube facility at ICARE, Orléans. The details about the
shock tube and the coupled GC/GC-MS speciation diagnostic tech-
niques have been well documented in our previous publications
[31,32,34]. Briefly, the driven section of the shock tube, with a
length of 6.0 m and an inner diameter of 78 mm, is separated
from the driver section by a double diaphragm section. To run
the shock tube in a single-pulse fashion, a dump tank, with a
volume five times larger than the driven section, is placed near
the diaphragm on the driven section side. The driven section is
heated up at 90 °C to avoid condensation and absorption of fu-
els or heavy products on the inner surface. Four pressure sensors
(CHIMIE METAL A25L05B) are mounted along the sidewall at an
interval of 150 mm, with the last one being 82 mm away from
the endwall. The recorded pressure signals are used to derive the
velocity of the incident shock wave which is further used to com-
pute the post-shock conditions Ts and ps by solving the conser-
vation equations with the ideal gas law and variable heat capac-
ity ratio. This method has been proven to give accurate thermo-
dynamic conditions behind the reflected shock waves for defined
shock wave speeds and initial conditions. For each experiment the
time-history pressure profile is also provided for accurate simula-



W. Sun, A. Hamadi, FE.C. Ardila et al.

tion of the results. A different method to derive Ts in single-pulse
shock tube experiments adopted by various research groups in-
volves the use of chemical thermometers to derive averaged tem-
peratures throughout the entire reaction process [37]. Such method
compensates for the non-idealities encountered in the experimen-
tal measurement, but it is subject to certain uncertainties related
to: i) the measurement of the incident shock wave velocity; ii)
the definition of the unimolecular reaction rate constant param-
eters for the selected species; iii) extrapolation of the calibration
curves outside the temperature range of the chemical thermome-
ters (valid mainly for temperatures higher than 1350-1400 K. In
addition, previous studies have shown how the use of chemical
thermometers [38,39] or constant pressure conditions cannot cor-
rectly account for the reactions involving the resonantly-stabilized
radicals [33-36,40]. Considering that the present work is performed
with a shock tube of large bore where the non-idealities are min-
imized, the current method based on the theoretical Ts calcula-
tion is preferred here. The physical dimension of the pressure sen-
sors introduces uncertainties in the correlation between the time
when the pressure rise is observed and the corresponding loca-
tion on the sensitive area of the sensors. The sensitive area extends
around + 1 mm with respect to the center of the sensor, thus the
maximum error in the distance between two adjacent sensors is
2 mm. An uncertainty of £30 K is estimated in the calculated Ts.
A PCB Piezotronics pressure sensor, shielded by a layer of room-
temperature vulcanizing (RTV) silicone, is mounted on the endwall
to measure the local pressure history. The reaction time for each
experiment is defined as the time interval between the arrival of
the incident shock wave and the time point when the pressure de-
creases to 80% ps due to the quenching rarefaction waves. Exem-
plary pressure history traces are provided in Fig. S1 in the Supple-
mental Material to illustrate how the corresponding reaction time
is defined. The nominal reaction time is 4.0 ms using the current
experimental configuration. An air actuated valve is located at the
center of the endwall to sample the post-shock gas mixtures. The
operation of the sampling valve is triggered by the endwall pres-
sure signal with a delay set at 4.0 ms (equivalent to the nominal
reaction time) to account for the reaction duration. The opening
and closing of the valve take hundreds of milliseconds, and the
relatively long process is due to the mechanical restrictions. Gas
samples with large volumes are sampled, so that PAHs at trace lev-
els (~0.01 ppm) can be detected in our experiments. The sampled
gas mixtures are sampled via SilcoTek tubes, which are heated at
250 °C to avoid condensation, to the GC injection system. Two GCs
are placed in series, in charge of measuring different types of prod-
ucts. The first GC (Agent 7890) is equipped with a flame ionization
detector (FID) connected to a DB-17-ms column, to separate and
detect PAHs. A thermal conductivity detector (TCD), together with
a Molsieve 5A column, is employed to monitor the absence of air.
An external valve box, which can regulate the temperature up to
320 °C, is used to place the injection system of this GC, to mini-
mize the loss of heavy species due to condensation or absorption
during sample storage and injection. For the second GC (Thermo
Trace GC Ultra), an FID connected to an HP-PLOT Q column is in-
stalled to measure the small C;-C4 hydrocarbons and monocyclic
aromatics. A DSQ™ (dual stage quadrupole) mass spectrometer is
also used to assist the identification of PAH products.

The PAHs are mainly identified according to their retention time
that is known from prior injection of standards. Most PAH prod-
ucts were already observed in our previous works which accumu-
lated the knowledge of retention times for dozens of PAH com-
pounds [31-36,41]. The retention time of some specific standards
that are considered as candidates of observed products are newly
obtained in the present work and provided in Table S1. Other cru-
cial information, such as the elemental composition of a specific
peak, is provided by the mass spectrometer which also proposes
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possible candidates available in the NIST library. Figure 1 shows
the signals recorded by the first GC in the pyrolysis of three xy-
lene isomers at around 1300 K, at which about 20% of the fuel
is consumed in each case. We choose to show the signals at this
temperature mainly because the PAHs specific in xylenes pyrolysis
have considerable concentrations, and they are not significantly in-
fluenced by the peaks of PAHs formed at elevated temperatures.
Apart from the regular products including benzene, toluene and
styrene, which are usually present among the products in our pre-
vious experiments, benzocyclobutene is observed for the first time
in the current work. CgH;, peaks are detected at a similar re-
tention time with benzocyclobutene in the pyrolysis of all three
xylene isomers. Given that both ethylbenzene and xylenes were
produced in toluene pyrolysis [35], CgHy, peaks might be con-
tributed by ethyltoluene and trimethylbenzene isomers. Standards
of all six isomers (2-, 3- and 4- ethyltoluenes and 1,2,3-, 1,3,4- and
1,3,5- trimethylbenzenes) were injected and the signals were com-
pared with the experiments, as presented in Fig. S2. It is confirmed
that ethyl-toluene isomer is formed in the pyrolysis of each xy-
lene, while trimethylbenzenes are absent or negligible in the cur-
rent experiments. It is noteworthy that three bunches of peaks,
with the respective formulas of Ci4Hy4, CisHyg and CigHig, are
formed at a relatively low temperature regime where xylenes start
to decompose. Among these peaks, a CigHyg and a Cy5H;g species
have remarkable intensities in separate cases. They are assumed
to be formed through the corresponding xylyl self-recombination
and the xylyl + benzyl recombination, respectively. The existence
of 2,2’-dimethyl-bibenzyl in o-xylene pyrolysis and 4,4’-dimethyl-
bibenzyl in p-xylene pyrolysis are further confirmed by their reten-
tion time. The presence of other species, as shown in lighter colors
in Fig. 1, cannot be unambiguously verified due to the unavailabil-
ity of the corresponding standards. A considerable amount of an-
thracene is noticed at the beginning of o-xylene decomposition.
Species quantification requires calibration experiments for
the FID responses. C;-C4 hydrocarbons (except diacetylene) and
small aromatics including benzene, toluene, ethylbenzene, styrene,
phenylacetylene, benzocyclobutene and xylene isomers are cali-
brated using gas mixtures with known compositions. Diacetylene
(C4Hy) is calibrated through high-temperature acetylene pyrolysis
experiments based on the carbon atom balance. Specific proce-
dures are followed to calibrate PAH species, as detailed in [34-36]:
i) the targeted PAH standards in condensed phase are dissolved in
dichloromethane to prepare calibration solutions with desired PAH
concentrations; ii) a small doze (a few microliters) of the solu-
tion is injected through a septum on the sidewall of a glass vessel
which is previously vacuumed and heated up at 150 °C; iii) upon
the immediate vaporization of the solution, the vessel is filled with
argon to a pressure around 1.2 bar. The gas mixture stays for about
15 min to homogenize and the concentrations of the PAHs can be
calculated; iv), the calibration gas mixture is injected into the GC
at least three times to test the reproducibility of the measurement
and to obtain the pressure-normalized FID responses for the PAHs.
The above steps are repeated using gas mixtures containing dif-
ferent concentrations of targeted PAHs, so that the calibration fac-
tors can be derived. For the PAHs up to three rings, the regressions
of the normalized signal-concentration plots have good linearity.
This method, however, cannot well apply to larger PAHs, and the
possible reason is that the complete vaporization of the four-ring
and larger PAHs cannot be guaranteed. The calibration factors for
four ring PAHs (pyrene and fluoranthene) are extrapolated using
those of one- to three- ring aromatics (benzene, naphthalene and
phenanthrene). The errors in the calibration factors are the main
uncertainty source of the measured species mole fractions. Uncer-
tainty factors are estimated to range from 5% to 10% for the species
directly calibrated in gas-phase, and 10-15% for the PAHs that are
experimentally calibrated. The measuring errors may increase to
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Table 1
Compositions of the experimental gas mixtures analyzed by the GC.
Fuel Impurities
o-xylene 113 ppm m-xylene: 0.27 ppm
m-xylene 106 ppm o-xylene: 0.28 ppm
p-xylene 101 ppm o-xylene: 0.10 ppm

20-50% or even more for the PAHs without experimental calibra-
tion factors.

Chemicals used in the current experiments, including the fuels
(xylenes, with purities > 99.0%) and the PAH standards, are pur-
chased from Sigma-Aldrich. The bath gas argon (>99.9999%) and
the driven gas helium (> 99.995%) are supplied by Air-Liquide. A
136 L electropolished stainless steel cylinder is used to prepare ex-
perimental gas mixtures containing around 100 ppm xylene iso-
mers. The liquid fuel (degassed using liquid nitrogen) is introduced
to the cylinder which is previously vacuumed to a pressure below
10> mbar using a molecular turbo pump. The partial pressure of
the fuel vapor is monitored by a MKS Baratron pressure transducer
(model 122BA) with the range of 0-10 Torr. The cylinder is then
filled with argon to a total pressure around 10 bar, measured by
a 0-10,000 Torr MKS Baratron pressure transducer (model 627D).
The prepared gas mixtures stay overnight before experiments to
ensure good homogeneity. Exact compositions of the experimen-
tal mixtures are analyzed by the GC, and the major impurities are
found as other xylene isomers in each case. The compositions of
the experimental mixtures are listed in Table 1. The pressure in the
driven section of the shock tube is pumped to below 10~> mbar
before being filled with the experimental mixture in each opera-
tion. Carbon deposits on the inner surface of the driven section is
cleaned every day after the experiments. The three sets of exper-
imental results obtained in the current work are provided in the
Supplementary Material, including the post-shock conditions Ts,
ps, the measured pressure profiles, the defined reaction time, as
well as species mole fractions in each experiment.

Table 2
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3. Kinetic modeling

A kinetic model has been developed in our serial works
[31-36], with a major aim of accurately predicting the PAH speci-
ation in combustion/pyrolysis of practical fuels and fuel mixtures.
The reaction kinetics of xylenes has not been examined and ad-
dressed yet in our previous studies. Thus, the sub-mechanism for
xylenes in earlier versions of the kinetic model is kept original as
in the CRECK model [42] which we started the model development
with. In the present work, the lumped species (XYLENE) is sepa-
rated into three isomers, o-, m- and p-xylene (o-, m- and p-CgHyg),
for which the corresponding reaction mechanisms are constructed
based on uniform rate rules or theoretical and kinetic modeling
works in literature.

Given that xylenes share similarities with toluene for which the
reaction mechanism has been well established, a part of reactions
for xylenes and the corresponding rate coefficients in the current
model are evaluated through analogies to toluene reactions. Specif-
ically, for xylene unimolecular decomposition reactions, including
the benzylic C-H bond fission (R1), C-C bond fission resulting in
methyl phenyl (CH3CgH,4) (R2), and C-H bond fission on the ben-
zene ring (R3), rate coefficients of the corresponding toluene reac-
tions, which originate from the theoretical work by Klippenstein
et al. [43], are used. For bimolecular reactions, mainly the two
types of hydrogen abstraction reactions (R4 and R5) and the ipso-
substitution reactions forming toluene (R6), the rate coefficients of
toluene reactions are adopted with consideration of the changed
degeneracy for xylenes.

0-, m-, p-CgHyo (+ M) = 0-, m-, p-CgHg + H (+ M) (R1)

0-, m-, p-CgHyg (+ M) = CH3CgH4 + CH3 (+ M) (R2)

0-, m-, p-CH3CgH3CH3 + H (+ M) = o-, m-, p-CgHio (+ M)(R3)

Possible structures for the CigHjg, CisHig and Cqi4Hy4 isomers detected in the current experiments. The potential formation reactions and their nomenclatures in the
kinetic model are provided. Except 2,2’-dimethylbibenzyl (0-CigHyg), 3,3’-dimethylbibenzyl (m-Ci¢H1g), 4,4’-dimethylbibenzyl (p-CisHig) and bibenzyl (CgHsCyH4CgHs),

other species are lumped isomers with different methyl substitution positions.

Biphenyl-centered
20-, m-, p-CH3C¢H4CH; = C]zHG(CHg )4

®

0-, m-, p-CgHg + CH3CgHs = Ci3Hyo(CH3)p_a 0-, m-, p-CH3CgH3CH; + CH3CsHy = CioH(CHs)s

g

Formula Bibenzyl-centered Diphenylmethane-centered
CygHis 20-, m-, p-CgHg = 0-, m-, p,-CygH;s 0-, m-, p-CgHg + 0-, m-,
p-CH3CgH3CsH3 = Cy3Ho(CH3 )3
CisHie 0-, m-, p-CgHg + C;H7 = Cy4H13CH3
0-, m-,
p-CH3CgH3CH3z + C7Hz = Ci3Hio(CH3)z_b
CigHig C7H7 + C7H7 = CgHsCH4CeHs

g
3

0-, m-, p-CgHg + C¢Hs = CH3CgH4CH,CsHs
C;H7 + CH3C¢H4 = CH3CgH4CH,C6Hs

CH3CsH3CeH3 + CgHs = Ci2Hg(CH3)2

3

CH3CgHy4 + CH3CgHy = CH3CgH4CsH4CH3

:\
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Scheme 1. Demethylation and dehydrogenation processes and starting from the CigHg isomers formed from xylenes pyrolysis.
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Fig. 2. Measured (symbols) and simulated (solid lines) mole fractions for xylene isomers, and the fuel mole fraction profiles in toluene [35] and ethylbenzene [33] pyrolysis
under similar conditions are also shown for comparison. Initial fuel mole fractions are all normalized to 100 ppm.

o-, m-, p-CgHyp + R = o-, m-, p-CgHg + RH (R4) sub-mechanisms for toluene and benzyl, including their dissocia-
tion processes and the interactions with other combustion inter-
mediates such as C, and C3, have been addressed in our previous

o-, m-, p-CgHyp + R = 0-, m-, p-CH3CgH3CH3; + RH (R5) works [31,34,35]. Xylyl radicals are resonantly stabilized and with
benzylic radical sites, so they resemble benzyl in the consump-
tion reactions in our kinetic model. o-xylyl (0-CgHg) and p-xylyl

o-, m-, p-CgHyg + H = C;Hg + CH3 (R6) (0-CgHg) predominantly decompose to o-xylylene (0-CgHg) + H
and p-xylylene (p-CgHg) + H, respectively (R7). The rate constants
The major products of the above reactions include fuel radi-  measured by Fernandes et al. [30] are adopted. Differently, m-xylyl

cals, xylyl and dimethyl-phenyl isomers, toluene and benzyl. The (m-CgHg) cannot undergo the hydrogen loss forming the unstable
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Fig. 4. Simulated mole fraction profiles of (a) xylyl radicals (0-CgHo, m-CgHg and p-CgHg) and (b) benzyl (C;H5) in the pyrolysis of three xylene isomers. The dashed line is

the simulated C;H; mole fraction profile in 100 ppm toluene pyrolysis.

biradical m-xylylene, as proven via experimental [22-24] and the-
oretical [25] approaches. The rearrangement to o- and p- isomers
(0-CgHg and p-CgHg) are potential consumption channels. p-CgHg
was observed among the products of m-CgHg decomposition [22-
24]. Therefore R8, with the rate coefficient reported by da Silva
et al. [25], is used to depict the processes of m-CgHg converting
to p-CgHg which further decomposes. The detection of benzocy-
clobentene (CgH4cCyHy) [22] in m-CgHg consumption may serve
as an indirect evidence of the isomerization of m-CgHg to 0-CgHg.
A reaction potential energy surface at the G4 level of theory shows
that the re-arrangements of m-CgHg to 0-CgHg and p-CgHg follow
similar processes and the highest energy barriers are both around
70 kcal/mol [23]. The mutual conversion between 0-CgHg and p-
CgHg was also proposed by Hemberger et al. [24], and recently,
Yuan et al. [19] observed 0-CgHg and 0-CgHg in premixed flames
fueled by p-CgHip. R9 and R10 are included in the current model
to account for the mutual conversions among the xylyl isomers,
and the rate coefficients are taken from the kinetic models by
Yuan et al. [6,19]. Alternative decomposition pathways of xylyl rad-

icals are also considered in the current kinetic model. Analogous to
benzyl decompositions to fulvenallene (C;Hg) + H and o-benzyne
(0-CgHy) + CH3, the decomposition of xylyl radicals can lead to
methyl-fulvenallene (C;HsCH3) + H and C;Hg + CHs, respectively.
The reaction channels leading to cyclopentadiene (CsHg) + propar-
gyl (C3H3) and methyl-cyclopentadienyl (CsH4CH3) + C;H, pro-
posed by Gail and Dagaut [7-9] are also included in the current
model.

o-, p-CgHg = o-, p-CgHg + H (R7)
m-CgHg = p-CgHg + H (R8)
m-CgHg = 0-CgHg (R9)
p-CsHg = 0-CgHy (R10)
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(a) o-xylene, T5 = 1365 K

0-CgH g+H = 0-CgHy+H,
0-CyH,o(+M) = H+0-C4H,(+M)
0-CgHyg#CH, = 0-C4Hg+CH,
0-C4H,9+C,H, = 0-C4Hg+C,H,
0-CH,CH;CH, = 0-C,H,
20-CgHg = 0-CgH,g
0-CgH, = CH;+C,H,
0-CgHy+C,H, => AC,H,,+CH +2H
0-CgHy+CH, = 0-CH,C¢H,C,H;
0-CgHg+0-CgHy => AC, H,(+C,Hg+2H
0-C4H, = C4H,CH,+C,H,
0-CgH, = C,Hg+C,H,
p-CgH, = 0-CgH,
m-CgHy = 0-CgH,
0-CgHy = 0-CgHg+H
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(b) m-xylene, T5=1377 K

m-CgH,,*+H = m-CgHy+H,
mM-CgH,o(+M) = H+m-CgHy (+M)
m-CgH,,*+CH, = m-C4H,+CH,
m-CgH,y*+C,H, = m-CgHg+C, H,
m-CH;CH,CH,; = m-C4H,
m-CgHy+C3H, = CgH;CH,C¢H,CH,
m-CgHy+C,H, =C,,H,;CH,
2m-CgHg =m-C cH g
m-CgH, => H+C,H,CH,-2
m-CgH, = CH,+C,H,
m-CgHy+CH, = m-CH,C¢H,C,H,
m-CgHy = CgH,CH;+C,H,
m-CgHy = CHg+C,H,
m-CgHy = p-CgHg+H
m-CsH9|= °'csHp )
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Integrated rate of production / 10_9 mole cm_3
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[ 10.0 ms

(c) p-xylene, T5 = 1365 K

P-CgHyo+H = p-CgHg+H,
P-CgHq(+M) = H+p-CgHy(+M)
p-CgH,o+CH; = p-CzHy+CH,
P-CgHyo+C7H; = p-CgHy+C;H,
p-CH;CgH,CH; = p-CgH,
P-CgHy+C;H; = €4 H3CH,
2p-CgHy = p-CcHyq
P-CgHy+p-CgHy => (p-CgHg),+H,
p-C4Hy => H+C,H CH,-2
p-CgHy = CH,+C,H,
p-C4H, = C,H,CH,+C,H,
p-CgHg = C5;Hg+C3H,
p-C4Hy+CH, = p-CH,C,H,C,H,
p-CgHy = 0-CgHy
p-CgHg = Ip-CsH3+H .
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Integrated rate of production / 10_9 mole cm_3

N 10.0 ms

Fig. 5. Integrated ROP coefficients for (a) 0-CgHg in o-xylene pyrolysis at Ts of
1365 K, (b) m-CgHy in m-xylene pyrolysis at Ts of 1377 K and (c) p-CgHy in p-
xylene pyrolysis at Ts of 1365 K. The ROP analyses are performed using two differ-
ent methods: by assuming a constant pressure of 20 bar over a nominal reaction
time of 4.0 ms and by using the measured pressure profile up to 10 ms.
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The stepwise isomerization of o-xylylene (0-CgHg)
— CgHycCoH4 — styrene (CgHsCyHsz) (R11 and R12) has been
established as the major route leading to o-CgHg consumption.
0-CgHg may also convert to CgHsC,H3 bypassing the intermediate
CgH4cCoHy (R13), and this process involves multiple steps such as
biradical formation, closure of a three-membered ring and ring
expansion [24]. The rate constant for the o-CgHg to CgH4cCyHy
isomerization (R11), ky; = 2.52x1012 s—1 exp(29,354 cal/mol /RT),
comes from a recent theoretical work [44]. The same A factor is
used for R13, for which the Ea is set as the maximum energy bar-
rier (57.8 kcal/mol) in the process, i.e. the formation of a biradical
[24]. The experimentally derived rate coefficient from [45] is used
for R12. Other possible consumption pathways of CgH4cCoH,4 that
appear on the reaction PES in [24] are also considered, such as
dissociation to 0-CgH4 + CyHy4, dehydrogenation reactions forming
CgH4cCyH5 radical and benzocyclobutadiene (CgHycCoHy).

0-CgHg = CgH4cCyHy (Rl])
C5H4CC2H4 = C5H5C2H3 (R]Z)
O—CgHg = C5H5C2H3 (R]3)

Different from 0-CgHg, the main product of p-CgHg decompo-
sition, p-CgHg, cannot undergo the isomerization forming a four-
membered ring. As mentioned above, a CigH;g species is observed
as one of the main aromatic products at the initial stage of p-CgHqg
decomposition, which is not observed in the cases of o- and m-
CgHyp. It was mentioned in an early study [46] that the accumu-
lated p-CgHg could rapidly polymerize to give poly-(p-xylylene).
Despite the lack of further evidence, we assume that the CigHyg
peak with the retention time of 11.2 min (see Fig. 1) corresponds
to a polymer containing two p-CgHg units (p-CgHg),. Larger poly-
mers perhaps exist in condensed phase and cannot be detected
by the GC in the current experiments. The polymerization of p-
CgHg are considered as irreversible processes in the current model,
since the formed larger polymers may leave the gas-phase sam-
ple, and the reactions R14 and R15 are used to describe the poly-
merization processes forming polymers containing up to five p-
CgHg units. The rate constant of the polymerization of ethylene
(CyH4+CyH,4 = C4Hg) [47] is used for each reaction.

p-CgHg + p-CgHg => (p-CgHg), (R14)
(p-CsHg)n + (p-GgHg)m = (p-CsHg)m + n (m=>0, n=>0,
2<m +n < 5) (R15)

The minor fuel radicals dimethyl-phenyl radicals (o, m, and p-
CH5CgH3CHj3) are actually lumped species in individual cases. Rate
coefficients for the isomerization reactions (R16) to more stable
radicals of benzylic nature are from a theoretical work by Dames
and Wang [26]. The abundance and long lifetime of xylyl radicals
allow their interactions with other intermediates such as the abun-
dant C;-C3 species. Similar to the ethylbenzene (CgH5C,Hs) for-
mation from C;H; + CHs recombination, xylyl radical may com-
bine with CH3, forming ethyl-toluene isomers (R17). The reactions
of C;H; with C;H, and C3Hs have been proven as efficient path-
ways forming indene (CqgHg) and naphthalene (CygHg), respectively,
in our recent works [34,35]. In a similar manner, the interactions
between xylyl radicals and C,H,/C3H3 potentially lead to methyl-
substituted indene/naphthalene (R18 and R19). The product of R18,
CH3CgHj7, is a lumped species for 4-, 5-, 6-, 7- methyl-indene (with
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Fig. 6. Measured (symbols) and simulated (lines) mole fraction profiles of fuel-specific MAH intermediates in the pyrolysis of three xylene isomers.

the methyl substitute on the benzene ring). As for R19, by react-
ing with C3Hs3, 0-CgHg and p-CgHg can only result in 1-methyl-
naphthalene (C;gH;CH3-1) and 2-methyl-naphthalene (C;qH;CH3-
2), respectively, while both methyl-naphthalene isomers can be
formed in the case of m-CgHg.

o, m, p-CH3CgH3CH3 = o-, m-, p-CgHg (R16)
0-, m-, p-CgHg + CH3 = o0-, m-, p-CH3CgH3C,Hs (R17)
o-, m-, p-CgHg + C,H, = CH3CgHy (R18)
o-, m-, p-CgHg + C3H3 = CyoH;CH3-1/CyoH;CH3-2 (R19)

The reactions among xylene fuel radicals (CgHg and

CH3CgH3CH;3 radicals) and other major aromatic radicals, such
as benzyl (C;H7) and phenyl (CgHs) are summarized in Table 2.
The direct recombination reactions lead to non-fused bicyclic PAHs
with structures of methyl-substituted bibenzyls, diphenylmethanes
or biphenyls and the chemical compositions of CigHyg, CisHyg
and Cy4Hy4. The most essential reactions involve the participation
of resonantly stabilized radicals, i.e., the self-recombination of
CgHg radicals and the CgHg + C;H; recombination reactions, for
which the rate coefficients of 0-CgHg self-recombination reported
in [48] are used. Demethylation via stepwise ipso-substitution
reactions are included as important consumption pathways of
these methyl-substituted non-fused PAHs, as shown in Scheme 1.

The species containing o-methyl-diphenylmethane structures,
as highlighted in Scheme 1, are deemed as precursors of an-
thracene (ACi4Hqg) [46,49,50]. The stepwise dehydrogenation and
demethylation of such species may contribute to ACi4Hio at el-
evated temperatures, while ACi4H;o is observed at relatively low
temperatures where 0-CgH;g just starts to decompose (see Fig. 1).
Therefore, lumped reactions directly forming ACi4Hj9, R20 and
R21, are included in the kinetic model to account for the early
ACi4H19 formation in 0-CgHqg pyrolysis. Estimated rate constants
are used for R20 and R21 to match the measured ACi4Hig mole
fraction profiles. The mechanism for AC14H;o formation, in partic-
ular the early production in 0-CgHqg pyrolysis, warrants compre-
hensive theoretical investigations in the future.

0-CgHg + CG;H; => ACy4Hyp + CHy4 + 2H (R20)

0-CgHg + 0-CgHg => ACy4Hq¢ + CoHg + 2H (RZ])
Thermochemical data for the species involved in xylene reac-
tions are from Burcat’s database [51] as well as the theoretical
work by da Silva [25] if available. For those absent from the above-
mentioned sources, the program THERM [52] is used to compute
and fit the thermochemical parameters. The mechanism file and
the thermochemical data of the current kinetic model are pro-
vided in the Supplementary Material. To simulate the experimen-
tal results, the homogenous reactor model of software COSILAB
[53] is used. Two modes of simulations are performed: by using
the constant pressure assumption over a nominal reaction time
over 4.0 ms, and by inputting the measured pressure profiles that
extend to the post-shock quenching up to 10 ms. It has been
justified that the first mode of simulations can well characterize
most speciation measurements in single-pulse shock tube experi-
ments where post-shock gas mixtures are sampled [37,54]. Never-
theless, the second simulation mode is highly necessary because
resonantly-stabilized radicals, including xylyl isomers and benzyl,
are involved in the current studied cases. Radical-radical recombi-
nation reactions of these species may continue during the quench-
ing by rarefaction waves, thus impacting the final measurements.

4. Results and discussion

Two main aims are involved in the following discussion. First,
predictive performances of the kinetic model will be examined via
comparisons between simulated and measured species mole frac-
tion profiles. Second, kinetic insights will be probed from com-
bined experimental evidence and modeling analyses, with empha-
sis on a few different aspects including the fuel decomposition re-
activity, the production of fuel-specific intermediates and the PAH
formation behaviors. Explanations will be offered for the similar
and unique reaction schemes of the three xylene fuels.

4.1. Fuel decomposition reactivity

Figure 2 displays the mole fractions of the xylene fuels, as a
function of the post-shock temperature Ts. The fuel conversion
curves of toluene and ethylbenzene reported in our previous works
[33,35] are also shown as references. All initial fuel mole frac-
tions are normalized to 100 ppm to facilitate the comparison. Over-
all, the decomposition reactivity of xylene isomers falls between
that of toluene and ethylbenzene, as can be precisely captured by
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Fig. 7. Measured (symbols) and simulated (solid lines) mole fraction profiles of small hydrocarbons in the pyrolysis of three xylene isomers. The dashed lines in (e) are the

ethylbenzene mole fraction profiles simulated using measured pressure profiles.

the current kinetic model. No obvious differences exist among the
three isomers, given an uncertainty of +30 K in Ts. The initial stage
of xylenes consumption over a temperature range of 1250-1350 K
is zoomed in and presented in the inset of Fig. 2. Compared to
the other two xylene isomers, m-xylene decomposes at a slightly
slower rate, which is consistently shown in both the measurements
and simulations. Rate-of-production (ROP) analyses are performed
for the fuel in each case at Ts of 1350 K, where about half of the
fuel is consumed, and the integrated ROP coefficients over a nom-
inal reaction time of 4.0 ms are shown in Fig. 3. At the analyzed
temperatures, all three xylene isomers decompose dominantly via
hydrogen abstraction reactions, mainly by H, CH; and C;H-, form-
ing xylyl radicals. The ipso-substitution reaction forming toluene
has the second largest contribution to the consumption of o-xylene
and p-xylene, while for m-xylene, both the benzylic C-H bond fis-
sion and the ipso-substitution have similar importance. Hydrogen
abstraction reactions forming dimethyl phenyl radicals also play a
minor role in the consumption of xylenes. The reaction schemes
of the shown reference fuels, toluene and ethylbenzene, have been
discussed before in our recent works [33,35]. The consumption of
toluene and ethylbenzene, in comparison to xylene isomers, relies
more on unimolecular decomposition reactions, but for different
reasons. In the case of toluene pyrolysis, radicals such as H and
CH3 have lower levels, so the importance of bimolecular reactions
are relatively inhibited. In a different manner, ethylbenzene uni-
molecular decomposition via benzylic C-C bond fission and sec-
ondary benzylic C-H fission are energetically favored compared to
the primary benzylic C-H bond fission in xylenes.

Xylyl radicals and toluene are the major products directly
yielded from the decomposition of xylenes. The resonantly sta-
bilized xylyl radicals and benzyl that is further formed through
toluene decomposition are expected to play a crucial role in the
speciation behaviors of xylenes pyrolysis. Figure 4 compares the
simulated mole fractions of xylyls and benzyl among the three
cases, and also presents the modeling benzyl mole fraction pro-
file in 100 ppm toluene pyrolysis as a reference. Though hydrogen
abstraction reactions from m-xylene proceed at slower rates than
those from o- and p- xylenes (see Fig. 3), m-xylyl (m-CgHg) has a
higher peak concentration than its o- and p- counterparts. Benzyl
has a higher speciation temperature window than xylyl radicals,

and it has similar peak concentrations in the pyrolysis of three
xylene isomers. Under similar conditions, benzyl produced from
toluene pyrolysis has higher concentrations than those of xylyl rad-
icals in the pyrolysis of xylenes. This suggests that xylyl radicals
are consumed at higher rates than benzyl, though their formation
from xylenes consumption proceeds faster and at lower temper-
atures. It must be pointed out that the simulated concentrations
shown in Fig. 4 are actually extracted at the end of a 4.0 ms re-
action duration, where the resonance-stabilized radicals still have
relatively high concentrations (a few ppm) in specific temperature
regimes. Figure S3 gives the time-dependent mole fraction profiles
of the corresponding xylyl radicals in the pyrolysis of xylenes at a
temperature around 1370 K (1365 K for o-xylene, 1377 K for m-
xylene and 1365 K for p-xylene) simulated using measured pres-
sure profile up to 10 ms. It is seen that the consumption of xylyl
radicals extends to the post-shock quenching period, so the rel-
evant reactions can impact the final observed chemical composi-
tions in the sampled post-shock gas mixtures.

ROP-analyzed results of xylyl radicals in corresponding cases at
similar Tss (1365 K in o-xylene pyrolysis, 1377 K in m-xylene py-
rolysis and 1365 K in p-xylene pyrolysis) are presented in Fig. 5.
Both analyses at a constant pressure of 20 bar over a nominal re-
action time of 4 ms and using the measured pressure profiles up
to 10 ms are performed for comparison. The consumption of both
0-CgHg and p-CgHg is dominated by the reaction forming the cor-
responding xylylene (R7). On the other hand, since the hydrogen
loss leading to the biradical m-xylylene is not probable, m-CgHg
is mainly consumed through the isomerization/rearrangement re-
actions forming 0-CgHg and p-CgHg+H. This unique feature ex-
plains the lower reactivity of m-xylene than o- and p-xylenes, as
a relatively lower amount of H atoms is produced from the ini-
tial dissociation steps of m-xylene. Other consumption channels
of xylyl radicals include dissociation to small species and recom-
bination reactions with abundant radicals such as methyl, benzyl
and xylyls themselves. It is seen that most reactions have higher
ROP coefficients in the analyses using measured pressure profiles.
This indicates that the consumption of xylyl radicals carry on dur-
ing the post shock quenching. Among all reactions in the con-
sumption schemes of three xylyl radicals, the self-recombination
of m-CgHg forming 3,3’-dimethylbibenzyl (m-C;gH;g) has the most
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Fig. 8. Measured (symbols) and simulated (lines) mole fraction profiles of small hydrocarbons in the pyrolysis of three xylene isomers.

distinct relative importance when different analyzing methods are
used (see Fig. 5(b)).

4.2. Speciation of monocyclic aromatic hydrocarbons (MAHs) and
small hydrocarbons

The above ROP analyses for xylyl radicals in individual cases
suggest that the mutual conversions are essential consumption
channels. As mentioned in the experimental section, small quan-
tities of other xylene isomers exist as impurities in the experi-
mental mixtures, more specifically, m-xylene in o-xylene pyroly-
sis and o-xylene in m- and p-xylenes pyrolysis (see Table 1). It is
found that they are also formed in the experiments. Figure 6 dis-
plays the mole fraction profiles of the xylene isomers as impuri-
ties/intermediates in each experimental set. The simulations, with
the impurities taken into account, agree well the measured pro-
files: the mole fractions start to increase at around 1250 K, which
corresponds to the onset of fuel consumption (see Fig. 2), and
reach maxima at approaching 1400 K. The formation of the xy-
lene intermediates relies on the xylyl + H atom recombination
reaction, following the fuel radical isomerization. The second row
of Fig. 6 displays the mole fraction profiles of the corresponding
ethyl-toluene (CH3CgH4C,Hs) isomers, which come from the xy-
lyl + methyl recombination reactions. The level of o-ethyl-toluene
(0-CH3CgH4C,Hs) in o-xylene pyrolysis is relatively lower than
those in the cases of m- and p- isomers. This is consistent with
the fact that the reaction 0-CgHg+CH3 = 0-CH3CgH4CyHs has a
relatively smaller contribution to o-xylyl consumption than m-
CgHg/p-CgHg+CHj3 reactions in the cases of m-/p-xylyl (see Fig. 5).
Though xylyl isomers cannot be detected or quantified in the cur-
rent experiments, the good predictions for the speciation of xylyl
and ethyl toluene intermediates/products proves that the current
model well characterize the fates of xylyl radicals under pyrolysis
conditions.

Apart from the fuel-specific mono-cyclic aromatic hydrocarbons
(MAHs) presented in Fig. 6, some other MAHs that are shared in
the species pools of the three cases are also observed. The mea-
sured and simulated mole fraction profiles for such species are
displayed in Fig. 7. The major MAHs produced in xylene pyrolysis
include benzene (CgHg), toluene (C;Hg) and styrene (CgHsC,Hg3),
with significant peak concentrations of ~20 ppm. Benzene (CgHg)
has similar mole fraction profiles, regarding both sizes and shapes,
in the pyrolysis of all three xylene isomers. This is because ben-
zene has a relatively high speciation temperature window, where
the fuels are depleted so that the fuel-specific chemistry has lim-

10

ited influences. The governing formation channels of CgHg are
through the consumption reactions of toluene and styrene, more
Speciﬁcally, C;Hg+H = CgHg+CH3 and CgHsC,H3 = CgHg+H,CC.
Besides, the ring-rearrangement of methyl-cyclopentadienyl radical
(CsH4CH3), following the dissociation of xylyl radicals (o, m, and
p-CgHg = CsH4CH3+CyH, [7-9]), also contribute to CgHg produc-
tion. The formation of toluene (C;Hg) mainly relies on the ipso-
substitution reactions of H+xylene (R8), and a minor part of C;Hg
also comes from the hydrogen abstraction reaction from xylenes by
benzyl (C;H7) and the C;H;+H recombination. The measurements
and simulations consistently show that styrene (CgH5C,H3) starts
to form at a lower temperature and has a higher peak mole frac-
tion in o-xylene pyrolysis. This is mainly due to the fuel specific
channel of 0-CgHg — benzocyclobutene (CgH4cCyHy) — CgHsCoHs.
The crucial intermediate CgH4cC,Hy is identified and quantified in
the current experiments, and the mole fraction profiles are shown
in Fig. 7(d). The formation of CgH4cC,H,4 occurs at around 1200 K
when the fuel just starts to decompose in o-xylene pyrolysis,
while in the other two cases, CgH4cCoH4 comes after the produc-
tion of o-xylene as an intermediate. The measurements of ethyl-
benzene (CgHs;C;Hs) are less satisfactorily predicted, compared to
other MAHSs, by the kinetic model. ROP-analyzed results at 1400 K
show that CgH5C,Hs mainly come from the C;H;+CH3 recombina-
tion, and this reaction carries on after the arrival of the quench-
ing waves. By using the measured pressure profiles, the simu-
lated mole fractions of CgHsCy;Hs are enhanced, but still below
the experimental results. It is noteworthy that the early forma-
tion of CgHs5C,Hs5 is a unique feature in o-xylene pyrolysis, and a
H-assisted isomerization reaction H + 0-CgHyg = H + CgH5C,Hs
with an estimated rate coefficient of 5.0 x 10! cm3mole~!s! is
included in the current model to match the measured CgHsC,Hs
mole fractions at relatively low temperatures. Future experimental
or theoretical works are needed to better account for this observa-
tion. The formation of phenylacetylene (CgHsC;H) commences at a
slightly lower temperature in o-xylene pyrolysis, compared to that
in the other two cases. ROP-analyzed results show that the disso-
ciation of CgHs5CHCH radical (CgHsCH=CH) is the major source of
CgHsCyH, and the CgH5CHCH radical originates from the consump-
tion of the isomer pair CgH5C,H3 and CgH4cCoHy.

Measured and simulated mole fraction profiles of C;—C4 prod-
ucts are presented in Fig. 8. The current kinetic model can well
predict the absolute concentrations as well as the relative abun-
dance among the three cases. Speciation behaviors of these small
species, especially regarding the temperature windows, are similar
in the pyrolysis of the three xylene isomers, except for the higher
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10 ms.

ethylene (C,H4) mole fractions in o-xylene pyrolysis. The current
kinetic model attributes the C;H4 production mainly to the disso-
ciation of CgH4cCoHy (CgH4cCoH4 = 0-CgHy+C3Hy), and also the
C6H5C2H3 consumption via C6H5C2H3+H = C6H5+C2H4.

4.3. Formation and growth of polycyclic aromatic hydrocarbons
(PAHs)

Specific PAHs, mainly isomers with the formulas of CigHyg and
Cy5Hyg, that are closely related to the fuel consumption are ob-
served at relatively low temperatures, as can be seen in Fig. 1. The
product from the self-recombination of corresponding xylyl radical
is supposed to be the most dominant C;gH;g isomer in each case.
In particular, 2,2’-dimethyl-bibenzyl (0-C;gH;g) and 4,4’-dimethyl-
bibenzyl (p-CigHyg) are identified through standards injection, as
mentioned in the experimental section. The CigH;g peak appear-
ing at 9.7 min, with an outstanding intensity in m-xylene pyrolysis
(see Fig. 1), is confidently speculated to be 3,3’-dimethyl-bibenzyl
(m-CygHyg). The CysHyg peaks with the highest concentrations
in separate cases are considered as methyl-bibenzyl (lumped as
Cy14H13CH3 in the kinetic model), which come from the recombina-
tion of the corresponding xylyl radical with benzyl. Measured and
simulated mole fraction profiles of these fuel-specific species are
presented in Fig. 9, and the chemical structures are also illustrated.
Similar to the case of bibenzyl formation through benzyl self-
recombination mentioned in our previous publications [31,33,34],
the recombination reactions of resonance-stabilized radicals form-
ing CigHyg and CysHyg continue during the post-shock quench-
ing. Therefore, the use of measured pressure profiles is necessary
to simulate their mole fractions as a function of the post-shock
temperature Ts. Simulations based on constant pressure (20 bar)
assumption over the nominal reaction time of 4.0 ms and using
measured pressure profiles are both shown in Fig. 9, and the ma-
jority of the shown species are actually formed after the arrival
of the rarefaction waves. The kinetic model can satisfactorily pre-
dict the measurements, given a relatively large uncertainty from
both identification and quantification processes. Noteworthily, m-
CieHyg has four times higher concentrations than the o- and p-
isomers in corresponding cases. The reason lies in that the self-
recombination reaction is a more important sink for m-xylyl than
for o- and p-xylyl under the same conditions, since m-xylyl does
not undergo the hydrogen loss to form m-xylylene. The formation
of methyl bibenzyl (Ci4H{3CH3), compared to dimethyl bibenzyl
(o-, m-, and p-CigHyg) starts at a higher temperature, as it re-

quires the participation of benzyl. The ipso-substitution reaction o-,
m- and p-CygHyg+H = Ci4H13CH3+CH3 has a negligible contribu-
tion to Cy4H13CH3 production. Due to the higher concentration of
m-xylyl compared to o- and p-xylyl (see Fig. 4), C;4H;3CH3 has a
higher peak mole fraction in m-xylene pyrolysis.

Other PAHs that are observed in the low temperature regime
include anthracene (ACy4H;g) in o-xylene pyrolysis and a CigHqg
peak with the retention time of 11.2 min in p-xylene pyrolysis (see
Fig. 1). The CygH1g peak is unique in p-xylene pyrolysis at low tem-
peratures, so it is unlikely to be dimethyl-styrene formed through
dehydrogenation of p-CigHqg. Parylenes (polymers of p-xylylene),
which have been widely used for microelectronic and medical
coating [55,56], was discovered in 1947 by Szwarc [57] among the
thermal decomposition products of p-xylene above 1000 °C. The
above-mentioned CigHyg species observed in this work is thus as-
sumed to be a dimer of p-CgHg, (p-CgHg),. An indirect evidence
is that compared to o-xylene and m-xylene, fewer peaks with rel-
atively lower intensities are seen in p-xylene pyrolysis at around
1300 K, as can be noted in Fig. 1. This suggests that a larger
part of carbon is converted to species that cannot be detected
using the current experimental techniques, more specifically for
this case, the larger polymers of p-CgHg. Figure 10 presents the
mole fraction profiles of ACi4H;q in the pyrolysis of three xylenes
and (p-CgHg), in p-xylene pyrolysis. The speciation of ACi4Hqg in
o-xylene pyrolysis is distinct from that in the other two stud-
ied cases: both the onset and the peak temperatures are obvi-
ously lower and the peak concentration is about 1.5 times higher.
Such phenomena indicate the existence of fuel-specific ACi4Hqg
formation pathways in o-xylene pyrolysis. In the current kinetic
model, two lumped reactions, starting from o0-CgHg+0-CgHg and
0-CgHg+C7H7, respectively (R20 and R21) are proposed to explain
the early formation of AC14Ho. The kinetic parameters used in the
model are estimated to match the measurements. Future theoret-
ical calculations are needed to know the exact detailed processes.
The ACy4H19 mole fraction profiles in three cases are more similar
for the decreasing phase. At elevated temperatures, AC14H;9 mainly
isomerizes to phenanthrene (PCy4Hqg) or undergoes hydrogen ab-
straction reaction by H atom. The current model includes the
polymerization reactions of p-CgHg forming the polymers contain-
ing up to five units. The simulation matches well with the mea-
surement below 1400 K where (p-CgHg), concentration increases
with the temperature. The less satisfactory prediction at higher
temperatures may be due to missing consumption pathways of

(p-CgHg)y.
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Fig. 11. GC signals for PAH species in the pyrolysis of three xylenes and toluene [35] with initial fuel concentrations of 100 ppm at the temperature around 1500 K.

The speciation of fused PAHs usually occurs at relatively high
temperatures, in most cases above 1400 K, according to experi-
mental observations in our previous works. Figure 11 compares
the GC signals of PAH species in the pyrolysis of three xylenes at
around 1500 K, and the signal recorded in 100 ppm toluene pyrol-
ysis [35] is also shown as a reference. It is seen that the types and
abundance of the PAH species at 1500 K are very similar among
the pyrolysis of three xylenes and toluene. This suggests that the
reaction schemes of PAH formation and growths are highly similar
at elevated temperatures where the fuel chemistry has no obvious
effects. In comparison to toluene, two major differences can be no-
ticed in xylenes pyrolysis: first, bibenzyl concentrations are much
lower; second the ACqy4H;o/PCi4H1q ratios are higher.

Mole fraction profiles of the PAHs that have not been dis-
cussed above, mostly fused PAHs that are observed in the pyrol-
ysis of all three xylenes, are presented in Fig. 12. Naphthalene
(CioHg) is found as the most abundant PAH products in the py-
rolysis of o-xylene and p-xylene, while in the case of m-xylene py-
rolysis, it has a comparable peak concentration with 3,3’-dimethyl-
bibenzyl (m-CigHyg). Other major PAHs with peak mole fractions
above 1 ppm include indene (CqHg), acenaphthalene (C;;Hg) and
phenanthrene (Cy4Hjg). Overall, most PAH mole fraction profiles
have similar shapes and sizes among the three studied cases,
though specific PAHs, such as bibenzyl (CgHsC,H4CgHs) and stil-
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bene (CgH5C,H,CgHs), have obviously higher concentrations in o-
xylene pyrolysis. The current kinetic model satisfactorily repro-
duces the measurements for most shown PAHs simply based on
the constant pressure assumption. For the PAHs whose forma-
tion largely proceeds during the post-shock quenching, specifically,
CgHsC,H4CsHs and 1-methyl indene (CgH;CH3-1), the measured
pressure profiles are used to simulate their mole fractions as a
function of the temperature. Modeling analyses are used to map
out the PAH formation reaction pathways, as presented in Fig. 13,
to assist the following discussion on the PAH speciation behaviors
in the pyrolysis of xylenes. The ROP analyses are performed at Ts
of 1500 K where most PAHs have considerable mole fractions.

Cg species, more specifically styrene (CgHsCyH3), benzocy-
clobutene (CgH4cCyH4) and phenylacetylene (CgHsCyH), play an
essential role in the PAH formation chemistry. This can be seen
from different aspects: first, the isomerization of 1-phenylpropyne
(CgHs5C3H3P_1) which is formed from the reaction between
CsHsC,H and CH3, dominates the production of indene (CgHg),
while the efficient and direct CgHg formation pathway through
C;H;+CyH, has the second largest contribution. Apart from the
Cg+C; and C;+C, pathways, a Cg+C3 channel via an intermedi-
ate phenyl-allene (CgH5C3H3A) also leads to a small part of CqHg.
To point out, the relative importance of these three pathways does
not vary much among the three studied cases, though CgHsC,H3
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and CgH4cCyHy4 have higher concentrations in o-xylene pyrolysis.
Besides, phenyl (CgHs), a crucial aromatic radical in the PAH for-
mation scheme, mainly comes from the dissociation of CgHsCyHs.
Furthermore, towards the formation of benzofulvene (CqHgCH,),
an essential precursor of naphthalene (CioHg), the Hydrogen-
Abstraction-CyH,-Addition (HACA) route of CgH4C,H+C,H, leading
to the benzofulvenyl radical (CgHgCH) plays a predominant role,
especially in o-xylene pyrolysis. Other sources of CgHgCH, mainly
include the stepwise hydrogen loss of 1-methylindene (CqH;CH3-
1) formed via indenyl (CoH;)+CH3 recombination as well as the
reaction of fulvenallene (C;Hs)+propargyl (C3Hs). The formation
of naphthalene (CigHg) largely relies on the stabilization of naph-
thyl radicals (CioH7_1 and CigH;_2), following the CgH4CoH+CyH,
and CgHs5+C4H, reactions, in the pyrolysis of xylenes. Other
pathways to naphthalene include the isomerization of benzoful-
vene (CgHgCH,) and the dehydrogenization/isomerization of 1-
methylindene (CoH;CH3-1) as well as the cycloaddition fragmen-
tation involving o-benzyne + benzene through the BICYCLO in-
termediate [53]. Naphthalene as well as its radicals further react
with other radicals/molecules in the species pool, resulting in other
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PAHs with a naphthalene core, such as methyl-naphthalene iso-
mers (CioH;CH3-1, CgH;CH3-2), ethynyl-naphthalene (CioH;C,H)
and 1-phenyl naphthalene (C;oH;CgHs). Despite relatively low con-
centrations, the mentioned species are identified and quantified in
the current experiments, as shown in Fig. 12, and the kinetic model
give satisfactory predictions. The HACA route via C;oH;_1 + CyH,
also leads to around 10% of acenaphthalene (C;,Hg) formation in
each case, while the predominant formation channel of Ci,Hg is
through the CgH;+C3H3 recombination and the subsequent dehy-
drogenation and isomerization. The mole fraction profiles of C;,Hg
are highly similar among the three cases, since the speciation of
CyoHg occurs at relatively high temperatures where the fuel chem-
istry has negligible influences. Benzyl (C;H7) is also a crucial rad-
ical controlling the PAH formation in the pyrolysis of xylenes. At
the analyzed temperature of 1500 K, C;H; mainly comes from the
consumption of toluene via hydrogen abstraction reactions by H
and CHjs, the isomerization of methyl phenyl (CH3CgHy), as well as
the addition of CHs to benzyne (0-CgHy) (these reaction pathways
are not shown in Fig. 13). As mentioned above, C;H; reacts with
CyH, directly forming CqHg, and the self-recombination and the re-
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combination with xylyl radicals result in bibenzyl (CgHs5C,H4CgHs)
and methyl bibenzyl (C14H;3CH3), Fig. 9, pathway not shown in
Fig. 13), respectively. Biphenyl methane (CgHs5CH,CgHs), which
is the major precursor of fluorene (Cy3Hpg), comes from the
C;H;+CgHs recombination, similar to the case of toluene pyrolysis
[31,34]. An alternative formation pathway of Ci3H;g in the pyroly-
sis of xylenes is through the ipso-substitution of 1-methyl-fluorene
(C13HgCH5_b) which originates from the xylyl+CgHs recombina-
tion. The stepwise dehydrogenation of CgHs5C,H4CgHs gives rise
to a small part of stilbene (CgHsC;H,CgHs) and diphenylacety-
lene (CgH5CCCgHs), which mostly comes from the addition elim-
ination reactions of CgHs+CgHsC,H3 and CgHs+CgHsCyH, respec-
tively. The ipso-substitution reactions of methyl and dimethyl stil-
bene (CigHyg and Cy4H11CH3) are considered in the current model
(see Scheme 1), but are found not to obviously contribute to
CgHsC,H,CgHs formation. The kinetic model can accurately pre-
dict the observation that CgH5C,H,CgHs has a much higher abun-
dance in o-xylene pyrolysis than in the other two cases although
the model underpredicts the experimental mole fractions. Sensitiv-
ity analyses for CgHsC;H,CgHs in separate cases at the tempera-
ture of 1450 K are presented in Fig. S4. In each case, the addition-
elimination reaction CgHsC,H3+CgHs = CgHsC,H,CgHs+H and the
dehydrogenation of 0-CgHg forming o-CgHg have large significant
sensitivity coefficients, facilitating the formation of CgHsC;H,CgHs.
In the pyrolysis of m- and p-xylenes, the isomerization of m-
and p-CgHg to 0-CgHg is found among the most sensitive reac-
tions, as in all three cases, the formation of CgHsC,H3, the main
precursor of CgHsC;H,CgHs, depends upon the reaction sequence
of 0-CgHg — 0-CgHg — CgH4cCoHy — CgHsCyHs. This accounts
for the higher CgHsC;H,CgHs production in o-xylene pyrolysis.
According to the analyzed results with the current model, the
CgHs+CgHsC,H addition-elimination reactions, directly or via the
isomers CgHsCCCgHs and 9-methylene-fluorene (Cy3HgCH;) as in-
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termediates, are a source of phenanthrene (PCi4H;g). These reac-
tions were included in our study on phenylacetylene pyrolysis, as
the three Ci4H1o isomers (CGHSCCCGHS, Cy3HgCH, and PC]4H]0)
were observed among the major PAH products related to fuel
consumption [32]. A recent theoretical study showed that the
CgHs5+CgH5C,H predominantly forms CgHs5CCCgHs whose further
isomerization to PCy4H;9 however lacks of theoretical evidence
[58]. The isomerization of ACi4Hqg is found as a more significant
pathway of PCy4Hqg. The reason lies in the fact that ACi4Hqq is
among the primary products that are directly formed through the
initial decomposition steps of o-xylene which is also present as an
intermediate in the pyrolysis of m- and p-xylenes. The four ring
PAH isomers pyrene (PCigHqg) and fluoranthene (FCigHyg) starts to
form above 1400 K, thus the fuel chemistry has limited effects and
similar concentrations are observed among the three studied cases.
The formation of FCigH;o is dominated by the dehydrogenation of
CyoH;CgHs while PCygH;g mainly comes from the HACA route via
phenanthryl (PCi4Hg)+CyHs.

5. Conclusions

A comparative study on the pyrolysis of three xylene iso-
mers is carried out in this work via a combination of shock tube
experiments and kinetic modeling analyses. Post-shock mixtures
are sampled and analyzed using GC/GC-MS techniques, yielding
species mole fractions as a function of the post-shock tempera-
ture. A sub-mechanism for xylenes, which incorporates theoreti-
cally determined rate coefficients for the reactions of individual
xylenes as well as uniform rate rules for all three isomers, is de-
veloped based on our on-going PAH formation kinetic model. The
kinetic model can satisfactorily reproduce the measurements, re-
garding the fuel decomposition reactivity and the speciation of
various products ranging from small molecules to up to four ring
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PAHs. The three xylene isomers exhibit similar decomposition re-
activity, which falls between that of toluene and ethylbenzene. The
slightly slower consumption of m-xylene, in comparison to the o-
and p- isomers, lies in the fact that the m-xylyl radical cannot un-
dergo the dehydrogenation leading to m-xylylene. Different species
pools are observed at relatively low temperatures where the ini-
tial fuel decomposition steps occur, which is attributed to the dif-
ferent fates of the three xylyl radicals. More specifically, dehydro-
genation of o-xylyl and p-xylyl leads to the formation of o-xylylene
and p-xylylene, respectively, while m-xylyl is consumed mainly
via the isomerization to o-xylyl. The further consumption of o-
xylylene produces a considerable amount of styrene, with the iso-
mer benzocyclobutene being an intermediate. On the other hand,
p-xylylene undergoes polymerization processes, as suggested by
indirect experimental evidence. Due to a smaller removal rate, m-
xylyl has a higher abundance, and therefore 3,3’-dimethylbibenzyl
produced from m-xylyl self-recombination is observed of signifi-
cant concentrations. Early formation of anthracene is noted as a
unique feature in o-xylene pyrolysis, and lumped reactions of o-
xylyl + benzyl and o-xylyl + o-xylyl are proposed to account for
such a phenomenon. At elevated temperatures where the fuels are
depleted, PAH speciation, regarding both types and amounts, are
very similar in the pyrolysis of three xylenes. Since toluene is a
major product in the decomposition of all three xylenes through
ipso-substitution reactions, benzyl/toluene related pathways con-
tribute to the formation of PAH species. Nevertheless, modeling
analyses reveal that the chemistry of Cg species such as styrene,
styryl and phenylacetylene, plays a more essential role, especially
in o-xylene pyrolysis.
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