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ABSTRACT

A combined experimental and kinetic modeling study is carried out to explore the influences of acetylene
and ethylene addition on the species formation from toluene pyrolysis. Experiments are conducted sepa-
rately with four different argon-diluted binary toluene/C, mixtures in a single pulse shock tube at a nom-
inal pressure of 20 bar over a temperature range of 1150—1650 K. All the experimental mixtures contain
about 100 ppm toluene and different amounts of C, fuels (50, 216, 459 ppm acetylene and 516 ppm ethy-
lene). Species concentrations as a function of the temperature are probed from the post-shock gas mix-
tures and analyzed through the gas chromatography/gas chromatography-mass spectrometry techniques.
A kinetic model is developed, which successfully predicts the absolute species concentration measure-
ments as well as the changes brought by the varied fuel compositions. With the neat fuel decomposition
profiles as a reference, both fuel components exhibit increased reactivity in the pyrolysis of all studied
binary mixtures, indicating the existence of obvious synergistic effects. In particular, such effects become
more remarkable when increasing the initial acetylene concentration. This essentially results from the
addition-elimination reaction of a toluene fuel radical and a C, fuel molecule leading to a Cg molecule
and a hydrogen atom. Indene is identified as the predominant Co product in all studied cases, and its
peak concentrations sharply increase with the initial acetylene contents in toluene-acetylene pyrolysis.
On the other hand, indane, produced from the addition-elimination reaction between benzyl and ethy-
lene, is only detected at trace levels in toluene/ethylene pyrolysis. This indicates a relatively weaker inter-
action between benzyl and ethylene, compared to that of benzyl and acetylene. Apart from the increased
concentrations of hydrogen atoms and Cg aromatics, interactions between toluene and C; fuels also di-
rectly result in a reduced level of C; radicals in the reaction system. Overall, PAH species can be divided
into two groups according to the way their peak concentrations varying with the initial fuel composi-
tions. For those largely depending on benzyl reactions, such as bibenzyl, biphenylmethane, fluorene and
phenanthrene, the peak concentrations decrease with the added C, fuels. In contrast, increasing trends
are observed in the peak concentrations of the PAHs which rely on indenyl as a precursor, including
naphthalene, methyl-indene, benzofulvene and acenaphthalene.

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

1. Introduction

the kinetic mechanism responsible for toluene consumption under
combustion relevant conditions. Available experimental data cover

Being found as the most predominant aromatic in gaso-
line, toluene serves as an essential component of the ternary
(n-heptane/iso-octane/toluene) surrogate fuel mixtures that are
widely formulated and utilized in the last decade [1]. Given such
importance, a wealth of studies were carried out to establish
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global parameters such as ignition delay time [2,3], laminar burn-
ing velocity [4] and detailed species compositions in jet-stirred re-
actor oxidation [5-7], premixed flames [8,9] and flow-reactor [7] or
shock tube [10-12] pyrolysis. The decomposition of toluene pro-
duces various resonantly stabilized radicals such as benzyl, fulve-
nallenyl, cyclopentadienyl and propargyl. Reactions of these radi-
cals among themselves [13-16] or with other abundant combustion
radicals/molecules [17-19] are identified as important pathways
leading to polycyclic aromatic hydrocarbon (PAH) compounds. Ac-
curate kinetic characterization of relevant channels need to be
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included in developing predictive combustion kinetic models of
PAH formation, and such models are fundamental in numerical de-
signs towards new clean combustion strategies.

Simple C, hydrocarbons, acetylene (C;H;) and ethylene (C;Hy)
are usually abundant intermediates in practical combustion sys-
tems. The decomposition of C, species and the build-up of
larger hydrocarbons under pyrolytic conditions is a classical topic
and has been long-studied in the combustion kinetics commu-
nity [20-31]. The interactions between C, and aromatic radicals,
for instance, the well-known Hydrogen-Abstraction-C,H,-Addition
(HACA) routes [32,33], play a vital role of PAH formation and
growth. More specifically, the interaction between C;H, and ben-
zyl is deemed as an important source of indene, and the rate co-
efficients of relevant reactions have been derived through theoreti-
cal calculations [18,34]. Toluene pyrolysis, especially with the pres-
ence of C;H,, can provide ideal environments to inspect these re-
action channels. The pyrolysis of toluene-C,H, was studied in a
few previous works through experimental and kinetic modeling
approaches. Shukla et al. [35] compared the PAH products from
neat toluene and toluene/C,H, pyrolysis in a low-pressure flow
reactor by using in-situ direct sampling mass spectrometry tech-
nique. They suggested relevant PAH formation schemes based on
the products mass spectra, though no quantitative measurements
were obtained [35]. Later, a kinetic model was proposed by Mat-
sugi and Miyoshi [36] to interpret two- and three-ring PAH for-
mation from the pyrolysis of toluene and toluene-C,H, mixtures,
and the model could satisfactorily predict the qualitative experi-
mental observations in [35]. Very recently, Li et al. [37] investi-
gated the co-pyrolysis of toluene and C;H, in a flow reactor at
atmospheric pressure over 1057-1340 K. Mole fractions of crucial
species concentrations were measured via a photoionization mass
spectrometer. Through comparisons with the cases of neat toluene
and neat C,H, pyrolysis, Li et al. [37] pointed out that in toluene
and C;H, co-pyrolysis, the decomposition of both fuels is greatly
stimulated. Such phenomena were explained with a circulating re-
action sequence converting toluene+C,H, to indene and H, [37].
The work by Li et al. [37] focused on the synergistic effects of fuel
decomposition, so only limited PAH speciation measurements were
reported. However, the interactions between toluene and C,H, can
directly or indirectly alter the PAH formation scheme. This sub-
ject merits further investigations, in particular, at elevated pres-
sures that are more relevant to practical conditions. Furthermore,
by varying the initial fuel composition, i.e. the proportion between
toluene and C;H,, the reliability of kinetic parameters for impor-
tant channels can be examined under reaction environments con-
taining different chemical compositions. Though C,H, is also a cru-
cial combustion intermediate, how it reacts with aromatic radi-
cals received relatively less attention. Our recent work [38] showed
that CoH4 and CyH, have different influences on the formation of
PAHSs, specifically, naphthalene and acenaphthalene, from pheny-
lacetylene pyrolysis. Definitely, valuable insights can be acquired
by exploring the interactions between C,H4 and radicals produced
from toluene pyrolysis and by comparing the different effects of
GH, and CyHg.

To this end, two major goals are concerned in the current study:
i) compare the effects of adding C,H, and C,H4 to toluene pyroly-
sis, regarding the fuel decomposition reactivity and the directly or
indirectly affected speciation behaviors; ii) track and account for
the variation trends of crucial PAH concentrations when adding
different amounts of C;H, to toluene pyrolysis. Shock tube py-
rolysis experiments are carried out with different toluene/C,H,
(CoH4) mixtures having the same amount of toluene but vary-
ing C, contents. Species concentrations that evolve with the post-
shock temperature are obtained via the gas chromatography/gas
chromatography-mass spectrometry (GC/GC-MS) technique. A ki-
netic model is developed by incorporating the reactions between
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Table 1
Compositions of the gas mixtures used for experiments.
Composition Gas mixture
Toluene (C;Hg) Ethylene (C;Hy) Acetylene (C,Hy)
TE 106 ppm 516 ppm -
TA_50 107 ppm - 50 ppm
TA_216 106 ppm - 216 ppm
TA_459 105 ppm - 459 ppm
251 1
P
g 201 5 1
= 80% p,
g 15¢ —
S reaction time
] 10 r=3.9ms
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| sampling starts
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Fig. 1. A measured endwall pressure history and the definition of the reaction time.

C,Hy and toluene related species. Through a combination of exper-
imental measurements and modeling analyses, the addition effects
of C, fuels on toluene consumption, as well as the further impacts
on PAH speciation will be illustrated.

2. Shock tube pyrolysis experiments

The experimental work is carried out with the single-pulse
shock tube facility at ICARE, Orléans, France. Detailed descriptions
about the shock tube apparatus and the coupled gas chromatogra-
phy/gas chromatography-mass spectrometry (GC/GC-MS) diagnos-
tic technique can be found in our previous publications [12,38,39].
Briefly, the driven (78 mm in inner diameter and 6.0 m in length)
and driver sections are separated by a double diaphragm. To oper-
ate the shock tube in a single-pulse fashion, a dump tank, with a
volume five times bigger than the driven section, is placed near the
diaphragm on the driven section side. The driven section is heated
up at 90 °C to prevent the condensation or absorption of fuels and
reaction products on the shock tube inner surface. Four argon di-
luted binary fuel mixtures are used in the current experiments, in-
cluding one toluene-ethylene mixture and three toluene-acetylene
mixtures with different acetylene contents. The detailed composi-
tions of the experimental mixtures are listed in Table 1.

Four pressure sensors (CHIMIE METAL A25L05B) are mounted
along the sidewall of the driven section at intervals of 150 mm,
with the last one being 82 mm away from the endwall. The time
when the shock wave passes individual sensors is recorded to de-
rive the incident shock velocity. The post-shock conditions (ps and
Ts) is subsequently determined by solving conservation equations
together with the ideal gas law and variable heat capacity ratio.
The uncertainty of the calculated Ts is estimated to be +30 K,
mainly due to the uncertainty in the determination of the actual
positions of the pressure sensor sensitive surfaces. Such spatial
uncertainties are estimated to be 2 mm, equal to the sensor di-
ameter. A PCB Piezotronics pressure sensor shielded by a layer of
room-temperature vulcanizing (RTV) silicone is placed on the end-
wall. One of the recorded endwall pressure histories is shown in
Fig. 1, and the corresponding reaction time is defined as the inter-
val between the arrival of the shock wave and the time when the
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pressure drops to 80% ps. The reaction time is at a nominal value
of 4.0 ms with the current experimental configuration [12]. An air-
actuated valve, supplied by the High Pressure Equipment Company
(HiP), is mounted in the center of the endwall to sample the post-
shock reaction mixtures. The operation of the sampling valve is
triggered by the endwall pressure signal with a delay of 4.0 ms
(see Fig. 1), equal to the nominal reaction time. The opening and
closing of the valve takes hundreds of milliseconds, withdrawing a
sample of a relatively big quantity (equivalent to about 20 ml at
2 bar), to ensure sufficient sensitivity for trace PAH measurements.
Due to the big sample volume, the average shock velocity, instead
of the extrapolated value at the endwall, is used for the subse-
quent determination of Ts and ps. In this way, the real conditions
encountered by the samples can be better represented. For most
experiments, the shock velocity attenuation is within 2.5%, so the
difference between the Tss calculated based on the averaged and
the extrapolated (local at the endwall) shock velocities is below
20 K, within the uncertainty specified above.

The sampled gas is transferred to the analytical system through
SilcoTek tubes, which are heated at 250 °C to avoid condensation.
The first GC (Agilent 7890) is equipped with a flame ionization
detector (FID) connected to a DB-17-ms column for the measure-
ments of heavy species. A thermal conductivity detector (TCD) is
coupled to a Molsieve 5A column to monitor the absence of air.
An external valve box which can regulate the temperature up to
320 °C is used for this GC to minimize the loss of heavy com-
pounds due to condensation. An FID coupled to an HP Plot Q col-
umn is installed in the second GC (Thermo Trace GC Ultra), used
for the measurements of small hydrocarbons, and a DSQ™ (dual
stage quadrupole) mass spectrometer is also connected to help the
species identification. The connections in the analytical system and
the operation parameters have been optimized in this work, bring-
ing benefits from different aspects, including increased sensitivity
of trace PAH species and better separation of PAH species that have
similar retention time. For instance, the Ci4H;y isomers, phenan-
threne and anthracene, which appear at 11.41 and 11.50 min, re-
spectively, can be better separated and quantified now. PAH species
up to four rings, with the peak concentration above 102 ppm level
can be detected in the current experiments.

The identification of PAH species mainly depends on their re-
tention time known through injections of standards. For species
without available standards, the mass spectrometer provides
molecular weights information, from which it is possible to in-
fer the element composition, and it also suggests possible iso-
meric candidates. The addition of C, fuels introduces new species,
such as a series of Cq species that were negligible in our previ-
ous work on neat toluene pyrolysis [12]. Figure 2 shows the GC
signals for the Cg species. Indene and indane are identified ac-
cording to their retention time. For other small peaks, their for-
mulas are known from mass spectrometry, but their structures
cannot be unambiguously identified, because some possible iso-
mers have similar fragmentation patterns and standard mass spec-
tra for some candidates are not available in the library. As pre-
sented in Fig. 2, these CgHg species in toluene/acetylene pyroly-
sis are assigned as ethynyl-toluene and propynyl-benzene isomers,
and the CgH;9 compounds in toluene/ethylene pyrolysis are taken
as vinyl-toluene and propenyl-benzene isomers. In the later dis-
cussion, summed concentrations of CgHg (excluding indene) and
CyHyg (excluding indane) are provided to compare with modeling
results.

The quantification of species concentrations relies on calibra-
tions for the FID response, and the procedures of the calibra-
tion experiments are detailed in [12,40]. Small hydrocarbons, ex-
cept diacetylene (C4H,) and triacetylene (CgH,) are calibrated us-
ing standard mixtures with known compositions. The calibration
of C4H, and CgH, is achieved in acetylene (C,H,) high temper-
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CoHg
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Fig. 2. GC signals for Cy species detected in the toluene/C, pyrolysis experiments.
The molecules in gray are possible candidates according to the mass spectra.

ature pyrolysis experiments based on the carbon atom conserva-
tion. Major PAH species up to three rings, including indene, indane,
naphthalene, acenaphthalene, bibenzyl, biphenylmethane, fluorene,
phenanthrene and anthracene, are calibrated in gas phase through
the following procedures: i) known amounts of specific PAH com-
pounds are dissolved in methanol to prepare the calibration solu-
tions; ii) a small quantity (1-5 pl) of the solution is injected into
a glass vessel (with a volume of 500 ml) using a GC syringe; the
solution vaporizes immediately in the glass vessel, which is previ-
ously vacuumed and heated up at 150 °C; iii) the vessel is then
filled with argon to a pressure of around 900 Torr, and the re-
sulting gas mixture containing PAH standards stands for around
10-15 min to guarantee good homogeneity; iv) the gas mixture
is injected into the GC system at least three times to check for
consistency and the peak areas for the corresponding PAH stan-
dard are normalized by the injection pressure; v) the procedure
is repeated at several standards mole fractions which cover the
needed range for experiments, and the corresponding calibration
factors are derived. Four-ring PAHs (pyrene and fluoranthene) can-
not be steadily vaporized with the above approach. Therefore, their
calibration factors are determined through an extrapolation from
those of the two- and three- ring PAHs, namely, naphthalene and
phenanthrene. The uncertainty in the concentration measurements
is expected to be within 5% for directly calibrated small species,
and 10%-15% for PAH species calibrated in gas phase, while the
error in measured concentrations of four-ring PAH species may in-
crease to 50%. Measurements presented in our previous publica-
tions [12,38,39] have proven the reliability and the good repeata-
bility of the experimental set-up.

For the chemicals used in the experiments, toluene (with a
purity of 99.8%) and PAH standards are purchased from Sigma-
Aldrich, and the gases, including acetylene (>99.5%), ethylene
(>99.5%), argon (>99.9999%) and helium (>99.995%), are supplied
by Air Liquide. A 450B Matheson gas purifier with a 454 cartridge
is connected to the acetylene bottle to remove possible acetone
traces, and acetone is found below the detection limit of the GC
system in all experiments. The experimental mixtures are prepared
in a 136 L electropolished stainless steel cylinder which is pre-
viously evacuated to pressures below 10— mbar with a turbo-
molecular pump. To prepare an experimental mixture with a re-
quired composition, the fuel components are introduced into the
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cylinder and the partial pressures are measured with a 0-10 Torr
MKS Baratron pressure transducer (model 122BA). Argon is then
added to a pressures of around 10 bar, monitored by a 0-
10,000 Torr MKS Baratron pressure transducer (model 627D). Be-
fore the experiments, the gas mixture rests overnight to homoge-
nize and the actual composition is analyzed with the GC, as listed
in Table 1. The driven section is vacuumed with a turbomolecu-
lar pump till the pressure is below 10~ torr before being filled
with the experimental mixture. The carbon balance as a function
of T5 in each experimental set is presented in Fig. S1. The carbon
balance keeps above 95% as Ts is less than 1400 K, while deteri-
orating to 70—80% at higher temperatures. This is mainly due to
the formation of heavy PAH species beyond our detection capa-
bilities and soot particles. Besides, the carbon recovery improves
when reducing the toluene contents in the experimental mixture,
suggesting the important effects of aromatic species on the soot-
ing tendency. The inner surface of the shock tube is cleaned every
day to remove the carbon deposit. Each of the four experimental
sets includes around 20 experiments, for which the nominal ps is
20 bar and Ts ranges from 1100 K to 1650 K. The experimental
results are provided in the Supplementary Material, including the
post-shock conditions T5 and ps, the species concentrations as well
as the endwall pressure histories up to 10 ms of individual experi-
ments.

3. Kinetic modeling

Continuous efforts are made, based on our recent works to-
wards constructing a predictive kinetic model for PAH formation
from the pyrolysis of aromatic fuels. Previously, reaction sequences
describing PAH speciation from toluene decomposition was devel-
oped and validated against the detailed measurements of toluene
pyrolysis [12]. Later, benzyl related pathways were further tested
with the experiments of Cg—Cqg alkylbenzene pyrolysis [39], where
the PAH formation is also controlled by benzyl chemistry. The
C, sub-mechanism was updated in the discussion on the interac-
tions between phenylacetylene and acetylene/ethylene [38]. In this
work, particular attention is paid to the reactions between C, and
toluene fuel radicals. Reactions updated in the current work are
listed in Table S1 in the Supplementary Material together with the
adopted rate coefficients.

The reaction system of benzyl (C;H;)+acetylene (C,H,) was
studied in previous theoretical works [17,18], since it is a potential
indene source under combustion-relevant conditions. Vereecken
and Peeters [18] performed RRKM/ME calculations based on a
density functional potential energy surface (PES). The formation
of indene (CoHg)+H was identified as the predominant chan-
nel and a rate coefficient at its high-pressure limit was reported
[18]. Later, Mebel et al. [17] revisited the PES of C;H; + CyH,
reactions at G3(MP2, CC) level of theory and derived pressure-
dependent rate coefficients of involved reactions over the tem-
perature range of 500—2500 K. Only the formation of two pairs
of bimolecular products, indene (CqHg)+H and 3-phenylpropyne
(CgH5CH,C=CH)+H, has kinetic significance under the currently
concerned high-pressure conditions. Besides, CgHsCH,C=CH can
also convert to CgHg through H-assisted isomerization. The re-
actions between phenyl (CgHs) and C3H4 (allene and propyne)
also result in the formation of CgHsCH,C=CH, and these reac-
tions were theoretically explored in the same work by Mebel et al.
[17]. All mentioned relevant reactions with their theoretically-
determined rate coefficients [17] are incorporated in the current
model. Reactions between benzyl (C;H;) and ethylene (C,H4) have
not been addressed through theoretical approaches in literature to
the best of our knowledge. Herein, we consider that they pro-
ceed in a similar manner with C;H; + Cy;H, reactions, lead-
ing to the formation of the cyclic species indane (CgH;p) and
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the single-chain aromatic 3-phenyl-1-propene (CgHsCH,CH=CH,).
The rate coefficient of C;H;+C;H, = CgHg+H from [18] is as-
signed to the CgHyg formation channel, and the rate coefficient of
C;H;+CH4 = CgH5CH,CH=CH,+H is determined through an anal-
ogy to the reaction CH3;+C,H; = C3Hg+H. In particular, the re-
action rate constant of the C;H;+CyH, reaction in [18] (used for
the C;H;+C,H, reaction in the current model) is about 9-10 times
lower in the temperature range 1200-1550 K compared to the one
calculated by Mebel et al. [17] at 10 atm. The choice of a lower
reaction rate constant for the C;H;+C,H4 reaction is backed up
by experimental evidences as discussed later in Section 4.2. Nev-
ertheless, future theoretical works are highly demanded to map
out the reactions on the C;H; + Cy;H4 surface and to derive accu-
rate kinetic parameters. Regarding the consumption of CgHyg, be-
sides the H, elimination forming indene (CgHg), ring-opening pro-
cesses leading to o-vinyl-toluene (CH3;CgH4CH=CH,) and 3-phenyl-
1-propene (CgHsCH,CH=CH,) are also taken into account. Rate co-
efficients for these ring-opening reactions are evaluated through
analogies to the isomerization of cyclopentene to 1,3-pentadiene
(CH3CH=CHCH=CH,) and 1,4-pentadiene (CH,=CHCH,CH=CH,)
[41], respectively. Methyl-phenyl (CH3CgHy4) is considered as a mi-
nor fuel radical of toluene, in comparison to its resonantly stabi-
lized counterpart C;H;. The detection of Cq species with the struc-
ture of CH3CgH4CoHx in the current experiments, however, sug-
gests the participation of CH3CgH, in relevant formation reactions.
Addition-elimination reactions between CH3CgH4 and C,Hy form-
ing CH3CgH4CoHx+H are considered in the current model, and the
rate coefficients of the analogous phenyl + C,Hy reactions are used
in corresponding cases. The consumption of CH3CgH4C;Hy is con-
sidered to proceed through a similar scheme to that of toluene.
The current model includes reactions between indenyl (CgH7) and
acetylene producing ethynyl-indene (CgH;C,H) and methyl naph-
thalene radical (C;9H;CH,), for which the rate coefficient originate
from a recent kinetic model for indene pyrolysis [42].

As mentioned in the experimental section, the Ci4H;y isomers,
phenanthrene (PCi4H;9) and anthracene (ACi4Hip), can be well
quantified in the current experiments. PC4H;o was found as a ma-
jor three-ring PAH species, and ACy4H1o was also measured of non-
negligible amounts. The formation of three-ring PAHs from benzyl
recombination was theoretically explored by Sinha and Raj [16],
and PCy4H;o was identified as the major product. Relevant stepwise
isomerization and ring-closure reactions were already included in
our kinetic model [12]. These pathways help in improving the
model prediction for PC;4Hg concentrations, however, cannot form
sufficient AC14H;g to match the experimental measurements. The
isomerization between PCi4Hp and ACi4H;p, with the rate coeffi-
cients reported by Colket and Seery [43], is also included in the
model, but this reaction results in a net production of PCi4Hqg
over the investigated temperature range. Discussion on the forma-
tion of ACi4H1g is relatively limited in literature, compared to that
of PCy4Hqo. In the latest CRECK model [44] describing PAH for-
mation, two lumped reactions, C;H;+CH3CgHy = Ci4Hq9+2H+H,
and CH3CgH4+CH3CgHy = Cy4Hqo+2H+H,, are included in the
mechanism to interpret the formation of the lumped Cy4Hqg
species. As shown in Scheme 1, the recombination steps result
in two different C4Hy4 molecules, 2-methyldiphenylmethane and
2,2'-dimethylbiphenyl, separately. Similar to the case of benzyl
self-recombination, the subsequent dehydrogenation and isomer-
ization processes may lead to both ACi4Hig and PCy4Hqg. In the
current model, ACi4Hi9 and PCy4Hqo are assigned as the prod-
ucts of the lumped reactions starting from CH3CgH4+C;H; and
CH3CgH4+CH3CgHy, respectively. Such an assumption is based on
the structural features of the corresponding C4H;4 molecules, as
can be noted from Scheme 1.

Since the kinetic model development in our works [12,38,39]
is based on the latest version of CRECK model [44], the
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Scheme 1. Potential pathways starting from toluene fuel radicals leading to Ci4Hqo
isomers.

thermochemical data used in our model are mostly from the
CRECK model [44]. For species that are missing from the CRECK
model [44], such as indane (CgHyg), indanyl (CgHg) and anthracene
(ACqi4Hqg), corresponding thermochemical parameters come from
the database of Burcat [45]. The kinetic model, including the reac-
tion mechanism and the specie thermochemical data, is provided
in the Supplementary Material. Simulations in the present work
were performed with the homogenous reactor model of the soft-
ware COSILAB [46] using two different methods: a nominal reac-
tion time of 4.0 ms and a constant pressure of 20 bar are used
in the first method. The constant pressure assumption in simulat-
ing the speciation sampled from single-pulse shock tube experi-
ments was well justified in previous publications [47,48]. The other
method is to employ the measured pressure profiles up to 10.0 ms
to simulate each shock operation and then gather the final species
concentrations that no longer vary with the time. This takes ac-
count of the reactions that may occur in the quenching period
[41,49,50], particularly those involving resonantly stabilized radi-
cals such as benzyl. Simulated results for specific species with the
two different modes will be compared in the following discussion.

4. Results and discussion

Predictive performances of the kinetic model are examined
with species concentration measurements, in particular, for im-
portant aromatic intermediates and products. For comparison pur-
pose, the kinetic model proposed in the recent work [37] is also
used to simulate the speciation measurements obtained in the cur-
rent work. Experimental and modeling species concentration pro-
files for individual species in all four investigated sets are shown in
Figs. S2-S5 in the Supplementary Material. The current model can
better capture the fuel decomposition reactivity, and more impor-
tantly, the speciation of the aromatic products that is targeted in
this work. Overall, the major PAH species, with the peak concentra-
tions above 1 ppm, include indene, naphthalene, acenaphthalene,
bibenzyl, fluorene and phenanthrene, and the relative abundance
of these PAHs are altered by the fuel composition. The speciation
of most PAH species occurs in the temperature regime of 1400-
1600 K, though for specific species such as indene, this window
shifts to lower temperatures when adding C, fuels. In the following
discussion, experimental observations and analyses with the vali-
dated kinetic model are combined to reveal the influences of the
CyH4 and CoH, addition on the speciation from toluene pyrolysis.
Attention is paid to compare the effects brought by the separate
addition of C;H, and CyHy4, and to illustrate the variation trends
of specific species concentrations when different amounts of C,H,
are present in the fuel mixtures.

4.1. Fuel decomposition and mono-aromatic ring intermediates

Figure 3 displays the fuel concentrations as a function of the
post-shock temperature Ts in separate cases of toluene/C,H,
(or C;Hy4) pyrolysis. The kinetic model satisfactorily predicts the
measured fuel conversion profiles in individual studied cases. To
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Fig. 3. Measured (symbols) and simulated (lines) fuel concentrations as a function
of the post-shock temperature Ts in toluene/acetylene (ethylene) pyrolysis. The dark
dashed lines are simulated fuel decomposition profiles of (a) neat toluene (106 ppm
in argon), (b) neat acetylene (50, 216 and 459 ppm in argon) and (c) neat ethylene
(518 ppm in argon). The inset of (a) shows toluene concentrations over the temper-
ature range of 1300—-1400 K.

better illustrate the mutual effects between the binary fuel com-
ponents, simulated fuel decomposition profiles of neat toluene,
neat C;H, and neat C;H4 are also shown in Fig. 3 as a reference.
Given the almost identical contents of toluene in separate cases
and an estimated uncertainty of +30 K in the calculated Ts, the
effects of added C, fuels on toluene decomposition reactivity
are not noticeable on the largely overlapped toluene concentra-
tion profiles. Thus, toluene concentrations over 1300-1400 K,
where the consumption of toluene just begins, are zoomed in
and shown in the inset of Fig. 3(a). Experimental and modeling
results consistently suggest that the increased C;H, contents in
the binary mixtures promote toluene decomposition. The CyHy
addition also enhances toluene decomposition reactivity, but to a
lesser extent than CyH,. According to the rate-of-production (ROP)
analyses for toluene consumption, in all studied cases, toluene
decomposition is initiated via the loss of the benzylic hydro-
gen (C;Hg(+M) = C;H;+H(+M)), while at higher temperatures,
toluene is consumed mainly through the hydrogen abstraction by
H atom forming benzyl (C;H7) (C;Hg + H = C;H7+H,). Simulated
H atom concentrations as a function of Ts in individual cases are
shown in Fig. 4(a). Among all the cases of toluene/C, pyrolysis,
the toluene decomposition reactivity follows the same order of the
H atom concentrations below 1450 K. The slight decrease and the
subsequent rise at elevated temperatures in C;H, concentrations
(see Fig. 3(b)) come from an overall effect of the reactions between
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sis. Simulated concentrations in neat toluene (106 ppm in argon) and neat acety-
lene/ethylene pyrolysis are also shown as a reference.

C,H, and toluene related radicals, the C,H, thermal decompo-
sition and the C,H, formation from toluene consumption. Such
phenomena can be well reproduced by the current kinetic model
in all three cases of binary toluene/C,H, mixtures pyrolysis.
Moreover, compared to the case of neat C;H, pyrolysis at identical
initial concentrations, C;H, starts to decompose at lower tempera-
tures in the binary mixture pyrolysis, and such effects are more ob-
vious when raising the initial C;H, contents. The synergistic effects
between toluene and C,H, is also presented in the recent study
by Li et al. [37], and the authors attributed the enhanced fuel de-
composition reactivity to the reaction C;H;+C,H, = CgHg+H. This
process consumes C,H, at relatively low temperatures, and pro-
duces H atoms which can facilitate the hydrogen abstractions from
both toluene and C,H,. The presence of toluene also promotes the
decomposition of CyHy, but to a smaller extent in comparison to
that of CyH,. The synergistic effects observed in toluene/C,H,4 py-
rolysis arise from a similar mechanism, mainly through reactions
between benzyl and C,H4. Detailed discussion on the interaction
between the binary fuel components and the directly affected
speciation behaviors will be presented in Section 4.2.

CyH, and CyH4 have distinct decomposition reactivity, and in
reality, they also exhibit different speciation behaviors as inter-
mediates in the currently studied cases. Concentration profiles of
CyHy4 in toluene/C,H, pyrolysis and CyH, in toluene/C,H4 pyrol-
ysis are presented in Fig. 5. The simulated concentration distri-
butions in neat toluene, acetylene and ethylene pyrolysis are also
shown for comparison. It is seen that the pyrolysis of C;H, does
not contribute to the formation of C,H,4, and instead, the addi-
tion of C;H, reduces the C;H,4 production from toluene consump-
tion (see Fig. 5(a)). As will be detailed later, the added C,H, al-
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Fig. 6. Experimental (symbols) and modeling (solid lines) benzene (C¢Hg) concen-
trations as a function of the post-shock temperature Ts in (a) toluene/C,H, pyroly-
sis and (b) toluene/C,H4 pyrolysis. The inset in (a) plots the measured (dark open
square) and simulated (gray cross) peak CgHg concentrations against the initial
C,H, contents; linear regressions (the dashed lines) of the data points are shown as
a visual guide. The simulated CgHg concentration profile in neat toluene pyrolysis
(the gray solid line) is shown as a reference.

ters the consumption pathway of toluene and its radicals. One of
the consequences is that the formation of C;Hs, the major pre-
cursor of CyHy, is inhibited. C;Hs mainly comes from the dehy-
drogenation of C,Hg following the CH3 recombination, and CH3 in
the reaction system originates from the CHj side chain of toluene
molecule. Differently, in toluene/C,H,4 pyrolysis, all CoHy is essen-
tially converted to C,H, (see Fig. 5(b)). This observation indicates
that the toluene-C,H, chemistry also plays an important role in
toluene/C,H, pyrolysis.

Benzene (CgHg) is one of the major products of toluene/C, bi-
nary mixtures pyrolysis, and the experimental and modeling CgHg
concentrations, as a function of Ts, are shown in Fig. 6. Simu-
lated CgHg speciation profile in neat toluene (106 ppm in argon) is
also provided as a reference. The addition of both C;H, and CyHy
lowers the CgHg formation temperature. This is because the in-
creased H atom concentrations (see Fig. 4(a)) facilitate CgHg forma-
tion through the ipso-substitution reaction C;Hg+H = CgHg+CHs.
However, the two C, fuels have opposite effects on the peak con-
centrations of CgHg: the added C,H, slightly reduces CgHg peak
concentrations, and such effects are more pronounced when in-
creasing the initial C;H, concentration. Differently, the presence of
CyHy4 results in an increment in CgHg peak concentrations, in com-
parison to neat toluene pyrolysis. The current model can correctly
reproduce the early CgHg formation brought by added C,, and ac-
curately capture the variation trend of CgHg peak concentrations
when altering the initial fuel compositions.

To better understand the different influences on CgHg peak con-
centrations of C;H, and C,H4 addition, sensitivity analyses for
CgHg are performed at 1500 K, where the CgHg concentrations
are approaching their maxima. The analyzed sensitivity spectra are
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Fig. 7. Sensitivity analyses for CsHg at Ts = 1500 K in toluene/C, binary mixtures
pyrolysis.

presented in Fig. 7. In all studied cases of toluene/C, pyrolysis,
the predominant CgHg formation reaction, H + C;Hg = CH3+CgHg,
has the highest positive sensitivity coefficient promoting CgHg
production, while its competing channel, the hydrogen abstrac-
tion reaction, H + C;Hg H,+C7H7, has remarkable inhibit-
ing effects. Apart from the reactions directly producing CgHg,
reactions that generate H atoms also have positive coefficients
on the sensitivity spectra. As mentioned above, the reaction
C;H;+CH,; = CgHg+H is an important source of H atoms, which
improves the fuel decomposition reactivity in toluene/C;H, pyrol-
ysis. However, this reaction is not among the most sensitive re-
actions for CgHg formation. The reason lies in the fact that at el-
evated temperatures such as the analyzed 1500 K, H atoms are
predominantly contributed by the C;H; decomposition through
C;H; — C;Hg — C7Hs, instead of the addition-elimination reaction
C;H;+CyH, = CgHg+H. However, the level of C;H; is significantly
reduced (see Fig. 4(b)) due to its recombination reaction with C,H,
forming indene+H. The propargyl (C3Hs) formation from C;Hs de-
composition (C;Hs = C3H3+C4H>) is also impeded, and therefore
the sensitivity of the C3Hs self-recombination forming CgHg de-
creases when increasing the C;H, contents in the fuel mixtures.
Concerning the toluene/C,H,4 pyrolysis, a remarkable amount of H
atoms is produced at elevated temperatures (see Fig. 4(a)) from
CyH4 consumption. Besides, the inhibition on C;H; decomposi-
tion is not as pronounced as in the cases of toluene/CoH, py-
rolysis, because of the lower reactivity of the benzyl+C,H,4 reac-
tion, as will be discussed in Section 4.2. Furthermore, the styrene
(CgHs5CyH3) decomposition reaction, CgHsC;H; = CgHg+H,CC, ap-
pears as an alternative CgHg producing channel in toluene/CyHy
pyrolysis. These multiple factors explain the increased CgHg peak
concentration in toluene/C,H, pyrolysis.

Figure 8 displays the experimental and modeling concentra-
tion profiles of Cg mono-aromatic hydrocarbon (MAH) species, in-
cluding ethylbenzene (CgHsC,Hs), styrene (CgHsCyH3) and pheny-
lacetylene (CgHs5C,H), in the pyrolysis of toluene/C, binary mix-
tures. For all three Cg MAHSs, the current kinetic model can well
capture the variation trends of their peak concentrations when
altering the initial fuel compositions. The added C;H, and CyHy
reduces the formation of CgHsC;Hs, and CyH, exhibits more
pronounced effects if the same amount of C;H, and C,H, are
added. Such inhibiting effects arise from the fact that a part
of C;H; reacts with the added C;H, or CyHy4, so that the car-
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Fig. 8. Experimental (symbols) and modeling (solid lines) concentrations of Cg
MAH species as a function of the post-shock temperature Ts. The left panel:
toluene/C,H, pyrolysis; the upper left insets plot the measured (dark open square)
and simulated (gray cross) peak concentrations of separate species against the ini-
tial CoH, contents; linear regressions (the dashed lines) of the data points are
shown as a visual guide. The right panel: toluene/C,H4 pyrolysis. The simulated
species concentration profiles in neat toluene pyrolysis (the gray solid lines) are
shown as a reference.

bon flux into CgHsCyHs through C;H;+CH3 recombination is de-
creased. C;H, and C;H4; have opposite effects on the forma-
tion of CgHsCyH3. A clear decreasing trend is noted in the peak
CsHsC,H3 concentrations when increasing the initial C,H, con-
tents, while the CgH5C,H3; production from toluene pyrolysis is
doubled by the addition of C,H,4. Such differences can be ex-
plained by the varied dominant CgH5C,H3 formation pathways:
in neat toluene and toluene/C,H, mixture pyrolysis, CgH5CoH3
is mainly produced from the consumption of CgHsC,Hs, while
the reaction CgHs;+C,Hy4 = CgHs5CoHs+H governs the CgHsCyHj
formation when CyH,4 is introduced. The speciation temperature
windows for the above-mentioned CgHsC;Hs and CgHsCyH3 are
not significantly changed by the addition of C, hydrocarbons.
However, the formation of CgHsC,H shifts towards lower tem-
peratures when C,H, or CyH4 is present in the fuel mixtures.
Meanwhile, the peak concentrations increase, particularly when
CyH, is added to toluene pyrolysis. The formation of CgHs5CoH
relies on the reactions between phenyl (CgHs) and C,H,, and
C¢Hs mainly comes from toluene unimolecular decomposition
(C7Hg(+M) = CgHs5+CH3(+M)). In neat toluene pyrolysis, the pro-
duction of CgHsC,H is limited by the level of C,H,, which is
largely produced only at elevated temperatures above 1450 K. This
explains how C,H,, either already existing in fuel mixtures or
produced from C;H4; decomposition, enhances the production of
CgHsC,H at relatively low temperatures.

4.2. Intermediates and products from toluene radicals-C, interactions

As already mentioned above, the synergistic effects on fuel
decomposition reactivity in toluene/C, binary mixture pyrolysis
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Fig. 9. Experimental (symbols) and modeling (solid lines) concentrations of CqHg
species as a function of the post-shock temperature Ts in toluene/acetylene pyrol-
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tents; linear regressions (the dashed lines) of the data points are shown as a vi-
sual guide. Simulated concentration profiles in neat toluene pyrolysis (the gray solid
lines) are shown as a reference.

derive from the interactions between toluene radicals and the
C, fuels. A direct proof is offered by the observation of abun-
dant Cg species. In toluene/C,H, pyrolysis experiments, indene is
identified as the dominant CqHg species, and minor amounts of
other CqHg isomers, propynyl-benzene (CgHs5C3Hs) and ethynyl-
toluene (CH3CgH4C,H) species, are also detected (see Fig. 2).
Figure 9 presents the experimental and modeling concentra-
tion profiles for indene and the sum of other CqHg isomers in
toluene/CyH, pyrolysis, and the variation trends of the peak con-
centrations against the initial C;H, concentrations are also shown.
By adopting the rate coefficient reported by Mebel et al. [17], the
current kinetic model can precisely predict indene concentrations
over the entire temperature range in all three toluene/C,H, exper-
imental sets with different initial C;H, concentrations. The minor
CgHg species have a similar speciation temperature window to that
of indene, and they form via the addition of C;H; or CH3CgH,4 to
the triple bond of C,H,. For both indene and other minor CqHg iso-
mers, their peak concentrations almost linearly increase with the
quantity of C,H, added to toluene pyrolysis, and such a trend can
be well predicted by the kinetic model. Indene speciation profile in
neat toluene (106 ppm in argon) pyrolysis is shown as a reference:
it starts to form slightly above 1400 K, and reaches a peak con-
centration below 1 ppm at around 1500 K. The presence of C,H,
lowers the onset temperature to about 1200 K, and remarkably fa-
cilitates indene production: Even by adding only 50 ppm C,H,, the
peak concentration of indene reaches over 2 ppm. This suggests
the role of the reaction C;H;+CyH; = CgHg+H as an efficient path-
way producing indene.

The indene concentration profile in toluene/C,H4 pyrolysis is
shown in Fig. 10, which also displays the concentration profiles
of CgHyp species, including indane and other isomers, namely,
propenyl-benzene (CgHsC3Hs) and vinyl-toluene (CH3CgH4CoHs)
species (see Fig. 2). C;Hy in the fuel mixture can also lower the

Combustion and Flame 226 (2021) 129-142

indene speciation temperature and enhance the indene produc-
tion, but to a lesser extent in comparison to CyH, if the same
amounts of C;H, and CyH, are concerned. With over 500 ppm
C,H4 added to toluene pyrolysis, the resulting peak indene con-
centration is about 4 ppm, falling between those in TA_50 and
TA_216 pyrolysis (see Fig. 9). Indane is expected to be abundant in
toluene/CyHy4 pyrolysis, as its production from the interaction be-
tween C;H; and C,H,4 through C;H;+C,Hy = CgHqg+H is thought
to be efficient. However, only a trace quantity (10~! ppm level)
of indane is measured in toluene/C,H4 pyrolysis. The limited pro-
duction and the quick consumption of indane together account for
the low concentrations of indane observed in toluene/C;H4 pyrol-
ysis. More specifically, the indane formation from C;H;+C,H,4 pro-
ceeds at a slower rate than the C;H;+CyH, reaction producing
indene; and indane rapidly decomposes to indene or isomerizes
through ring-opening processes under the investigated conditions.
At relatively low temperatures, the decomposition of indane gov-
erns the indene formation; while at elevated temperatures, the ef-
ficient indene formation channel, C;H;+Cy,H, = CgHg+H, becomes
dominant, as considerable C,H, is formed from C,H, decomposi-
tion. As mentioned in the modeling section, the rate coefficient of
the reaction C;H;+C,H, = indane+H is assessed through an anal-
ogy to the reaction C;H;+C,H, = indene+H reported in [18]. This
practice potentially introduces uncertainties in the indane specia-
tion kinetics, though the current model satisfactorily captures the
measurements of Cq species in toluene/C,H,4 pyrolysis. Future the-
oretical works on the C;H;+CyH, reaction system and how in-
dane further dehydrogenates to form indene are highly necessary.
Compared to indene and indane, the monocyclic CgH;g isomers
(see Fig. 10(c)) have significant contents in toluene/C,H, pyroly-
sis. Allylbenzene (CgH5C3Hs-1), 1-propenyl-benzene (CgHsC3Hs-2)
and lumped o-, m- and p- vinyl toluene isomers (CH3CgH4CoH3)
are included in the current kinetic model. Simulated concentra-
tion profiles of individual above-mentioned CqH;q isomers are pre-
sented in Fig. S6 in the Supplementary Material. According to the
model predictions, both CgH5C3Hs-1 and CH3CgH5C,H3 both have
peak concentrations of about 1 ppm; the former peaks at around
1400 K while the later reaches its maximum at around 1500 K.
The consumption of these CgH;g isomers partly contributes the
formation of indene through dehydrogenation and ring-closure
steps.

It has been discussed in our previous work [12] that the ben-
zyl (C;H7) chemistry controls the speciation, particularly for PAH
species, in toluene pyrolysis. To explore the influences of the added
C, fuels on C;H; consumption, ROP analyses of C;H; are per-
formed at 1400 K, where abundant C;H; exists in the toluene/C,
pyrolysis reaction systems (see Fig. 4(b)). According to the results
in Fig. 11, the fate of C;H; is very sensitive to the initial fuel com-
position. C;H; either decomposes, or reacts with other species, in-
cluding the C, fuels, CH3 and C;Hj5 itself. The contributions of re-
actions involving C, fuels increase notably with the initial C; con-
centrations. Thus, other competing pathways are inhibited, among
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Fig. 10. Experimental (symbols) and modeling (solid lines) concentrations of Cq species as a function of the post-shock temperature Ts in toluene/ethylene pyrolysis. Simu-
lated concentration profiles in neat toluene pyrolysis (the gray solid lines) are shown as a reference.
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Fig. 12. Bibenzyl (C¢HsC,H4CsHs) concentrations as a function of the post-shock
temperature Ts in (a) toluene/C;H, pyrolysis and (b) toluene/C;H4 pyrolysis. Sym-
bols: measurements; solid lines: simulations with a constant pressure of 20 bar
within a reaction time of 4.0 ms; dotted lines: simulations with measured pressure
histories up to 10 ms. The upper left inset in the left panel plot the measured (dark
open square) and simulated (constant pressure assumption: gray cross; with mea-
sured pressure histories: red cross) peak C¢HsC,H4CgHs concentrations against the
initial CoH, contents; the linear regressions (the dashed lines) of the data points
are shown as a visual guide. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

which the C;H;+CH3 recombination the C;H; self-recombination
lead to ethylbenzene (CgHs5CyHs) and bibenzyl (CgHsCoH4CgHs),
respectively.

As discussed above, when adding C, fuels to toluene py-
rolysis, the decrease in CgHsC;Hs peak concentrations is due
to the reduced CgHs;CyHs formation through C;H;+CHs. The
production of CgHsCyH4CgHs, which comes almost exclusively
from C;H; self-recombination, is influenced to a greater extent.
CgH5C,H4CgHs was measured to be the most abundant PAH
species in neat toluene pyrolysis [12], however, only 10-! ppm
level of CgH5C,H4CgHs is detected in TA_459 pyrolysis. Figure 12
exhibits the experimental CgHsC,H4CgHs concentrations that
evolve with the temperature in toluene/C, pyrolysis. A sharp de-
cline shows in peak concentrations of CgHsC,H4CgHs when raising
the initial C;H, contents, and by adding over 500 ppm C;Hy4, the
CgHsC,H4CgHs peak concentration falls between those in TA_50
and TA_216 pyrolysis. Simulations with two different approaches
are presented: using the constant pressure of 20 bar within the
nominal reaction time of 4.0 ms and using the measured pressure
histories up to 10.0 ms. The resulting CgHs5C;H4CgHs concentra-
tions differ significantly, and only with the second method can the
CgHsC,H4CgHs concentrations be satisfactorily predicted.

It was addressed in our previous works [12,38,39] that reac-
tions involving the resonantly stabilized benzyl radical can carry
on during the post-shock quenching. So the simulated results are
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remarkably impacted by the adopted methods. Time-dependent
concentrations of selected species in TA_459 and TE pyrolysis at
Ts around 1420 K are shown in Fig. 13, and those in TA_50 and
TA_216 pyrolysis are provided in Fig. S7 in the Supplementary Ma-
terial. It is seen that C;H; survives the shock-heated period, still
having relatively high concentrations (a few ppm) by the end of
the reaction duration of 4.0 ms, and its consumption continues
during the quenching period. This gives rise to that the majority
of CgH5C,H4CgHs is actually formed during the post-shock cooling.
Ethylbenzene (CgHsC,Hs) is also partly formed during the quench-
ing, via the C;H; + CH3 recombination, as mentioned above. Reac-
tions involving CH3 may also lead to species formation during the
quenching period, as pointed out by Manion et al. [49]. 1-methyl-
indene (CgH;CH3) is another species whose formation spans over
the post-shock quenching, since it mainly forms through the re-
combination between CH3 and the resonantly-stabilized indenyl
(CgH7) radical. Nevertheless, for most species, the formation is
completed before the arrival of the rarefaction waves, and their
concentrations no longer change with the time afterwards. There-
fore, the measured concentrations can be well reproduced by sim-
ulations over a reaction time of 4.0 ms based on the constant pres-
sure assumption. Simulations for all species concentration profiles
using the two different approaches are presented and compared in
Figs. S2—S5 in the Supplementary Material.

4.3. Influences of C, addition on the speciation of two to four ring
PAH species

One major purpose of this work is to illustrate the impacts
of C, fuels on PAH speciation in toluene pyrolysis. Apart from
the above discussed indene and bibenzyl, which are directly influ-
enced by the C, addition, concentrations of numerous two- to four-
ring PAH species are measured in each experimental set. Figure 14
presents the concentration profiles of C;y PAH species, includ-
ing naphthalene (CyoHg), benzofulvene (CgHgCH;) and 1-methyl-
indene (CgH;CHs3). Overall, the presence of C, fuels enhances the
formation of the C;o PAHs, and the model can satisfactorily capture
such trends though it “under-estimates” CgH;CH3 concentrations.
This is because a large portion of CoH;CHs3 is formed during the
reaction quenching, as mentioned above. By using the measured
pressure profiles, predicted CgH;CH3 concentrations are largely en-
hanced (see Figs. S2-S5). CigHg is one of the dominant PAH species
produced from toluene pyrolysis. By taking the simulated CigHg
concentration profile in neat toluene pyrolysis as a reference, ex-
tra C;H, and C;H4 both facilitate CioHg formation, and the ef-
fects of C;H, are more evident if the same amounts of C;H, and
C,H, are concerned. Reaction pathways leading to CigHg forma-
tion are mapped out based on ROP analyses at 1500 K in indi-
vidual cases, as presented in Scheme 2. The formation of CioHg
is dominated by the CoH;CH, dehydrogenation/isomerization and
the C;Hs+C3H; recombination. Besides, the decomposition of ben-
zobicyclo[2,2,2]octatriene (BICYCLO) [51] also has a non-negligible
contribution. The relative importance of the mentioned channels
varies with the initial fuel compositions. When gradually adding
CyH,, CyoHg originating from CoH;CH, takes a higher propor-
tion, while the channels through C;Hs+C3H3 recombination and
BICYCLO decomposition become less important. This is a con-
sequence of the fact that C;H; dissociation is inhibited by the
C;H;+CyH, reaction forming indene, as detailed in Section 4.2.
Indene concentrations increase significantly, resulting in more
CyH;CH3 formation through indenyl (CgH;) + CH3 recombination
(see Fig. 14(c)). On the other hand, the production of C;Hs, o-
CgH4 and C3Hj is reduced so that CigHg formation pathways in-
volving these species become less important. The increase in the
C9H;CH3 pathway prevails the decrease in the C;Hs+C3H3 and the
BICYCLO channels, so a slight increase appears in the peak CioHg
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Fig. 14. Experimental (symbols) and modeling (solid lines) concentrations of Cjo
PAH species as a function of the post-shock temperature Ts. The left panel:
toluene/C,H, pyrolysis; the upper left insets plot the measured (dark open square)
and simulated (gray cross) peak concentrations of separate species against the ini-
tial C;H, contents; linear regressions (the dashed lines) of the data points are
shown as a visual guide. The right panel: toluene/C;H4 pyrolysis. The simulated
species concentration profiles in neat toluene pyrolysis (the gray solid lines) are
shown as a reference.

concentration when C;H, is added (see Fig. 14(a)). It is noteworthy
that when increasing the amount of C,H,, CgH;CH3 peak concen-
trations increase more steeply than those of CioHg and CoHgCH,.
This is because CqH;CHj3 exclusively results from CgH;+CHj re-
combination. The CgHgCH, formed through CgH;CH3 dehydrogena-
tion increases remarkably with the C;H, addition accordingly, but
the other CgHgCH, formation pathway through C;H;+C3H;3 re-
combination is reduced. This causes a relatively slight growth in
CyHgCH, peak concentrations when C,H, is added (see Fig. 14(b)).
In the case of toluene/C;H,4 pyrolysis, since the C;H;+CyHy inter-
action is relatively less efficient in producing indene, the increase
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Scheme 2. The reaction pathways leading to naphthalene formation at Ts of 1500 K
in the pyrolysis of toluene/C, binary mixtures. The percentage numbers (TA_50:
normal; TA_216: italic; TA_459: underlined; TE: in parenthesis) represent the con-
tributions to naphthalene formation by corresponding reactions.

in CyoHg formation, which mainly arises from the enhanced CgH;
concentration, is less pronounced.

Concentration profiles of major C;,—Cy3 PAH species, including
acenaphthalene (C;3Hg), fluorene (Ci3H;g) and biphenylmethane
(CeHs5CH,CgHs), are shown in Fig. 15. A more obvious increasing
trend shows in Ci,Hg peak concentrations than that in CqgHg
peak concentrations when raising the C, contents in the fuel
mixtures. The formation scheme of Ci,Hg, based on the ROP-
analyzed results at 1500 K, is shown in Scheme 3. Three sources
are responsible for Cy,Hg production from toluene/C, pyrolysis.
The CgH;+C3H3 recombination and the subsequent dehydro-
genation and ring-rearrangement processes are the governing
pathway, followed by the stepwise C;H, addition through phenyl
(CeHs) — phenylacetylene (CgHsC,H) — naphthyl (CioH7) (or
benzofulvenyl (CgHgCH) [34]) — acenaphthalene (C;,Hg). Besides,
a minor fraction (below 10%) of Ci;Hg is contributed by the
isomerization of biphenyl radical (C;;Hg) through the interme-
diate cyclopentalalindene (BENZO) [51,52]. The relative impor-
tance of the major pathways leading to CiyHg is not obviously
changed by the varied initial fuel compositions. The two major
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CioHg formation pathways, through CgH;+C3H3 and CygH; (or
CgHgCH) +CyH,, rely on the production of important precursors,
CyH; and CgHsCyH, and thus the Hydrogen-Abstraction-CyH,-
Addition (HACA) steps starting from C;H; and CgHs, respectively.
Consequently, both pathways are intensified when increasing the
C,H, contents in the reaction system. Though the formation of
C3H;3 is reduced due to the inhibited C;H; decomposition, as
mentioned above, the level of CqH; is more a limiting factor that
influences the efficiency of the CqH;+C3H3 recombination leading
to CipHg formation. Once again, an addition of about 500 ppm
CyHy results in a Ci,Hg peak concentration falling between those
in TA_50 and TA_216, i.e., the cases with 50 ppm and 216 ppm of
C,H, addition.

Obvious decreasing trends are present in the peak concen-
trations of the Cy3 PAH species (see the insets of Fig. 15(b)
and (c)). Compared to the case of neat toluene pyrolysis, the
presence of Co;H, or C;H, impedes the formation of biphenyl-
methane (CgHsCH,CgHs), owing to that the predominant path-
way through the C;H;+CgHs recombination is inhibited by the
lowered C;H; level, as addressed above. Meanwhile, the concen-
trations of CgHs also decrease, as can be noted from the sim-
ulated CgHs profiles in Fig. S8 in the Supplementary Material.
CgHs is mainly produced from toluene unimolecular decomposi-
tion (C;Hg(+M) = CgHs+CH3(+M)) below the temperature where
toluene is depleted. An increasing portion of CgHs reacts with
CyH, (or Cy;H4) available in the reaction systems when enhanc-
ing the initial C, fuel contents. Therefore, less CgHs can partici-
pate in the recombination reaction with C;H;. The reduced con-
centrations of both precursors, C;H; and CgHs, together result in a
sharp decrease in CgH5CH,CgHs peak concentrations. Nevertheless,
the peak concentrations of fluorene (C13H;g), which mostly comes
from CgHsCH,CgHs consumption, decrease at a relatively slower
rate when introducing C, fuels to toluene pyrolysis. This is mainly
because H atom concentrations are enhanced by the added C, fu-
els, which facilitates the CgHsCH,CgHs consumption through hy-
drogen abstraction reactions. The resulting radical 2-benzylphenyl
(C43Hyq) subsequently decomposes, leading to C13H;g formation.

Figure 16 displays the concentration profiles as well as the peak
concentration variation trends of three Ci4H;y isomers, namely,
phenanthrene (PCy4H;g), anthracene (ACi4H;9) and 9-methylene-
fluorene (Cy;3HgCH,). Peak concentrations of all three isomers
decrease with the increased C, contents in a similar manner. Reac-
tion pathways leading to the Ci4H;o isomers formation at 1450 K
are presented in Scheme 4. The inhibited formation of all three
Ci4Hg isomers can be explained by the reduced C; radicals in
the reaction system, since their formation largely depends on re-
combination reactions of C; radicals. PCi4H;g, the most dominant
Ci4Hpo isomer, mainly comes from the C;Hs self-recombination
and ACy4Hjo isomerization at the analyzed temperature. Other
reaction channels also contribute to PCi4H1y formation: the dehy-
drogenation of hydro-methylene-fluorene radical (C;3HgCH,) that
is mainly produced from C;H;+C;Hs recombination, H-assisted
isomerization of Cy3HgCH, and the CgHsC,H+CgHs addition-
elimination reactions. As discussed in our previous work [38], the
CgHs5C,H+CgHs reactions are important sources of Cy4 PAH species
including PCi4H;9 and Cy3HgCH,. A total of about 10% PCi4Hqg
originates from the CgH5Co;H + CgHs reactions at 1450 K, and
this proportion slightly increases with the initial C;H, contents,
mainly because of the increased CgHsC,H formation, as discussed
in Section 4.1. A similar trend is also seen in the Cy3HgCH,
formation, to which the reaction CgHsC,H+CgHs = Cy3HgCH,+H
makes an increasing contribution when enhancing the initial C;H,
contents, though C;3HgCH, predominantly comes from C;3HqCH,
dehydrogenation. The current kinetic model, which satisfacto-
rily reproduces the measurements of ACy4Hjpg, attributes the
ACy4H; formation to the CH3CgH4+C7H; recombination. The ratio
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Fig. 16. Experimental (symbols) and modeling (solid lines) concentrations of C14Hyg
PAH isomers as a function of the post-shock temperature Ts. The left panel:
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shown as a visual guide. The right panel: toluene/C,H4 pyrolysis. The simulated
species concentration profiles in neat toluene pyrolysis (the gray solid lines) are
shown as a reference.

between PCi4Hqg and ACy4H;¢ peak concentrations increase when
enhancing the initial C;H, concentration in the fuel mixtures (2.5
in TA_O5 — 2.8 in TA_216 — 3.2 in TA). This is because when
the level of C; radicals is lowered by the added C, fuels, the
formation of both PCy4H;9 and ACy4Hg through C; recombination
is limited, but the PCy4H;¢ production is supplied by an alternative
CeH5C,H+CgHs source, while the formation of ACi4H;o depends
solely on the C;H;+CH3CgH,4 recombination.

Trace amounts (below 0.1 ppm) of CigH;o isomers, fluoran-
thene (FCigH1g) and pyrene (PCigHg) are probed from the pyrol-
ysis of toluene/C, binary mixtures, and their concentration evo-
lutions with the post-shock temperature Ts are shown in Fig. 17.
In all studied cases, FC;gH;g is more abundant than PCigH;o, and
for both CigH g isomers, the measured peak concentrations slightly
decrease with the added C, fuels. The current model can predict
the measurements within experimental uncertainties, but shows
limitations in capturing the variation trend of FCigHq9 peak con-
centrations in the toluene/C,H, pyrolysis experiments. According
to the results of ROP analyses, the formation of both CigH;g iso-
mers largely depends on C;y+Cg recombination reactions. Besides,
the HACA route through phenanthrene radical (PCi4Hg) + CH;
leads to CygHyg, while the CgH;+C;H; recombination and the
subsequent dehydrogenation and isomerization contributes to the
FCigHq9 formation. The mechanism starting from the recombina-
tion of the resonantly stabilized radicals C;H; and CqH; was pro-
posed by Sinha and Raj [19] to account for the formation of four-
ring PAHs including both PCygH g and FCigHyp. It is found that such
processes mainly lead to FCigH1g under the currently investigated
conditions.
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shown as a reference.

To reveal the potential reason for the contradictory varia-
tion trends in the measured and simulated FCigH;p peak con-
centrations, sensitivity analyses for FCigHyy are performed in
toluene/C,H, pyrolysis at 1550 K. The results are presented in
Fig. 18: when raising the initial C;H, contents, reactions along the
C9H;+C;H; pathway [19] (highlighted in red) play an increasingly
important role regarding the FCigH;9 formation. This is owing
to the remarkably enhanced CgH; concentrations when CyH, is
added, as previously discussed. On the other hand, CgHs con-
centrations are reduced, and as a result, the alternative FCigHqg
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Fig. 18. Sensitivity analyses for fluoranthene (FCigHyo) in the pyrolysis of
toluene/C,H, mixtures at Ts = 1550 K. (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)

formation pathways through C;9+Cg recombination becomes less
important. The inaccurate prediction for the measured variation
trend of FCigHyp peak concentrations may come from the inap-
propriate relative importance of the Co+C; and Cy+Cg channels
in the kinetic model, as they are influenced in opposite manners
when increasing the initial C,H, contents. In order to better char-
acterize FCigHyo formation in different chemical environments,
more accurate Kkinetic description for the mentioned reactions
are highly desired, in particular, for the Ci9+Cg channels that are
expressed as lumped reactions in the kinetic model. Larger PAHs,
such as benzo[a]anthracene and chrysene, are also detected at
trace levels in the current experiments, but no reliable concen-
tration profiles can be obtained due to the potential condensation
in the injection system and lines and the unknown calibration
factors. Future kinetic studies on the formation of these heavier
PAH compounds are warranted.

5. Conclusions

In this work, a systematic experimental and kinetic modeling
work is carried out to highlight the interactions between toluene
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and C, hydrocarbons (C;H, and CyHy4) under high-pressure pyrol-
ysis conditions. Shock tube experiments are conducted with highly
argon diluted binary toluene/C,H; (or C,H,) mixtures at a nominal
pressure of 20 bar over 1150-1650 K. Given the more pronounced
effects of C,H,, three toluene/C,;H, mixtures with different C,H,
concentrations and one toluene/C,H,4 mixture are used in the ex-
periments. Chemical compositions of the post-shock mixtures are
sampled and analyzed through GC/GC-MS technique with high
sensitivity. A kinetic model is developed by incorporating interac-
tions between toluene radicals and C, fuels. The model can well
predict concentration measurements for species ranging from fuels
to trace (0.1 ppm level) PAHs in individual studied cases. Moreover,
it can successfully capture the variation trends of most species
among the different experimental sets. High-fidelity data sets,
joined by modeling analyses, are employed to reveal the altered re-
action schemes when varying the initial fuel compositions. Strong
interactions are noted between benzyl and C, fuels, especially
C,H,, and more specifically, through the C;H;+CyHx = CgHg, x + H
reactions. Direct effects from such interactions cover three aspects:
i) synergistically improved decomposition reactivity is observed for
both fuel components, owing to the abundant H atoms generated
from the C;H;+C,Hx reactions; ii) Cg aromatics are largely pro-
duced in the binary mixture pyrolysis. Indene (CgHg) is identified
as the predominant Cq species, and its peak concentrations steeply
increase with the initial C;H, contents. Other Cq species, such as
propynyl (or propenyl) -benzene and ethynyl (or vinyl) -toluene,
are also observed, indicating that the other toluene fuel radical,
CH3CgHy, also reacts with the C, fuels; iii) the formation of biben-
zyl through benzyl recombination is obviously hindered, since a
large portion of benzyl reacts with the extra C, in the reaction
system. More importantly, we illustrate the effects of the added
C, fuels on the formation of two- to four-ring PAH species. When
enhancing the initial C;H, concentrations, for the PAHs originat-
ing from reactions involving indenyl, such as naphthalene, methyl-
indene and acenaphthalene, the peak concentrations clearly in-
crease. Differently, peak concentrations of some other PAH species,
such as biphenylmethane, fluorene and phenanthrene, show de-
clining trends, because their formation is governed by reactions of
C; radicals. For most PAH species, an addition of about 500 ppm
C,Hy4 brings an equivalent effect to that of adding C;H, at a spe-
cific amount between 50 and 216 ppm.
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