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Abstract

This paper presents an experimental and modelling study of the oxidation of toluene,
ortho-xylene, meta-xylene, and para-xylene in a jet-stirred reactor. In order to facilitate
comparisons, the same experimental conditions were used for the four reactants, i.e.
temperatures from 600 to 1100 K, a pressure of 1.07 bar, a residence time of 2 s, an initial
fuel mole fraction of 0.005, and equivalence ratios of 0.5, 1 and 2. Compared to literature
studies using the same type of reactor, due to higher residence time and initial fuel mole
fraction, a higher number of oxygenated aromatic products was quantified and some
reactivity was observed at lower temperatures, especially for ortho-xylene, which started
to react from 700 K. For this fuel, the formation of phthalan, an aromatic compound
including an oxetane ring and indicating low-temperature oxidation chemistry, was

confirmed. A new detailed kinetic model combining literature mechanisms was proposed
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and allowed well predicting the reactivity of the four methylated benzenes of interest with
an acceptable simulation of most of the quantified products. Flowrate and sensitivity
analyses were made to highlight the similarities and to explain the difference of reactivity

between the four investigated reactants.

Keywords: Jet-stirred reactor; xylenes; toluene; oxidation.

Novelty and significance statement

In the context of promoting biofuels derived from lignin, the novelty of this work consists
in a first comparative study of the JSR oxidation of toluene and the three xylene isomers.
Thanks to the use of a higher residence time (2 s) and a higher initial fuel mole fraction
(0.005), main original results concern new evidences of low-temperature reactivity of o-
xylene and the identification and modelling of oxygenated aromatic products, such as

phthalan, 2,3-dihydrobenzofuran, or 1,3-benzodioxole.
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1. Introduction

Methylated benzenes are an important fraction of gasolines and Diesel fuel [1]. The
interest of these aromatic compounds for internal combustion engines is due to their high
octane number, respectively 116, 113, 122 and 121 for toluene, ortho (0)-, meta (m)- and
para (p)-xylene, which makes them commonly used as octane boosters [2]. They are also

part of the molecules, which can be obtained from the catalytic depolymerization of lignin
[3].

Due to their interest for engine combustion, the oxidation of toluene and xylene isomers
has already been extensively studied as described in the review paper by Jin et al. [4] in
the group of Fei Qi. Previous work included measurements of ignition delay times in shock
tubes [5-10] and rapid compression machines [11-14], as well as product quantification

in flow tubes [15-20] and in jet-stirred reactors (JSRs).

As shown in Table 1, three literature studies concern the JSR oxidation of toluene and four
that of at least one xylene isomer. Table 1 also lists the quantified products for each work,
which include hydrocarbons (HC) and oxygenated molecules. Except one study
performed in Nancy concerning toluene at only three temperatures, all the other
experimental studies were performed in Orléans over a wide temperature range using
gas-chromatography for residence times (7) equal or below 0.5 s and with initial fuel mole
fractions equal or below 0.00375. While the Orléans studies for xylene isomers [21-23]

were performed under the same conditions, it was not the case for toluene.



Table 1: Previous studies of the JSR oxidation of toluene and xylene isomers (HC stands for hydrocarbons).

Reactant T (K) P (atm) 0] T (s) Initial fuel Quantified products Ref.
mole
fraction
Toluene 1000-1375 1 0.5,1,1.5 0.07,0.1,0.12 0.0015 Hz, CO, COz, C1-C4 HC, cyclopentadiene [24]
benzene, ethylbenzene, benzaldehyde, bibenzyl
873,893,923 1 0.45, 0.9 2-13 0.017 CO, COz, C1-C4 HC, benzene, phenol, styrene, [25]
ethylbenzene, benzaldehyde, benzyl alcohol,
bibenzyl
950-1200 10 0.5,1,1.5 0.6 0.001 H2, CO, CH20, CO2, C1-C4 HC, [26]
cyclopentadiene, benzene, phenol, styrene,
ethylbenzene, benzaldehyde
o-Xylene 900-1400 1 051,2 0.1 0.00375 CO, CHz20, COz, C1-C4 HC, cyclopentadiene, [23]
benzene, toluene, styrene
800-1200 10 0.51,2 0.5 0.001 CO, CHz20, COz, C1-C4 HC, cyclopentadiene, [27]
benzene, phenol + benzaldehyde, toluene, cresol,
styrene, o-methylbenzaldehyde, o-methylstyrene,
benzofuran, o-phtalaldehyde,
methylbenzylalcohol, indene, naphthalene
m-Xylene 900-1400 1 051,2 0.1 0.00375 CO, CHz20, CO2, C1-C4 HC, cyclopentadiene, [22]
benzene, benzaldehyde, toluene, styrene,
m-methylstyrene
p-Xylene 900-1300 1 05,1,2 0.1 0.00375 CO, CHz0, CO2, C1-C4 HC, cyclopentadiene, [21]

benzene, benzaldehyde, toluene, styrene,
p-methylstyrene




A comparison between the fuel mole fractions measured by Gail et al. [21-23] for the three
xylene isomers (¢ =1, P =1 atm) was drawn by Jin et al. [4] (Figure 20a) and compared
with modelling using their model, which is an extension of that of Yuan et al. [28]. In this
high range of temperatures, above 1050 K, o- and p-xylenes have a similar reactivity and
m-xylene seems to be less reactive than the two other isomers; the agreement between
experiments and simulations using the model of Jin et al. [4] is reasonable, but might

certainly be improved in the lower temperature range.

In order to quantify the maximum number of products, the present study aims at
investigating the JSR oxidation of toluene and the three xylene isomers with a longer
residence time (2 s) and a higher initial fuel mole fraction (0.005) than in previous
literature studies. In order to facilitate comparisons, the same initial conditions are kept
in the four studies. These investigations were started at a temperature of 600 K with the
aim of detecting a possible low temperature reactivity for xylenes, especially the
formation of the aromatic cyclic ether, phthalan, which was previously quantified by
Roubaud et al. [12,13] during their rapid compression machine experiments with o-
xylene. Based on the toluene model of Yuan et al. [26,29] and that of Kukkadapu et al. for
o- and m/p-xylene [14], a new detailed kinetic model is proposed for the oxidation of

these four compounds.

2. Experimental methods

The used experimental apparatus includes a heated JSR maintained at a pressure slightly
above 1 bar, the supply of reactants under gaseous phase, and the transfer of the gases

leaving the reactor towards gas-chromatographs for analyses.

The geometry of the fused silica JSR, the need of using a preheating line to ensure the
thermal homogeneity inside the vessel, and the heating of both parts through Thermocoax
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electrical resistances has been already comprehensively detailed in many recent papers,

e.g. [30,31].

After gas transfer by a heated line made in PFA polymer (provided by the Swagelock
Company) to minimize wall adsorption and maintained at a temperature of 373 K to
prevent condensation, three gas chromatographs (GCs) are used for the quantification of
reaction products. The Cs+ compounds, such as the four aromatic fuels, are analyzed using
a GC equipped with a HP-5 capillary column and a Flame lonization Detector (FID). The
C2-Cs compounds are obtained on a GC fitted with a Q-Bond capillary column and a FID
preceded by a methanizer. For oxygen and methane, a GC with a Carbosphere packed
column, a Thermal Conductivity Detector (TCD) is used. A fourth GC equipped with both
type of capillary columns (H-5 and Q-Bond) and coupled to a mass spectrometer
(quadrupole) allows the identification of the produced molecules. Gaseous and liquid
external standards when available are used for calibrations. For species, which cannot be
directly calibrated with a standard, the effective carbon number method based on the
properties of the FID with respect of the structure of the molecule is used to obtain
calibration coefficients from reference species calibrated using standards. The
uncertainties on the compound mole fractions are 5% for fuels and 10% for all the

quantified products.

Toluene (purity = 99.5%), o-xylene (purity = 98%), m-xylene (purity = 99%) and p-xylene
(purity =2 99%) were provided by Merck. Helium (99.999% pure) and oxygen (99.999%)
were provided by Messer. The chromatograms of the four unreacted reactants are
provided in Supplementary Material (SM, see Figure S1) and shows that the reacting
molecule is the only aromatic one present in the sample. The liquid fuel flow rate is

controlled using a Coriolis flow controller, mixed with the carrier gas (helium), and



evaporated in a heat exchanger. Helium and oxygen flow rates are controlled using mass

flow controllers.

For the four fuels, CO, CO2 and the Cz+ products are listed according on their retention
time on the Plot-Q (Table S1 in SM) and HP-5 (Table S2) columns, mentioning if they were
just detected, or if their actual quantification was possible thank to a chromatographic
peak significantly above the detection limit. The C1-Cs products detected for the four fuels
are carbon monoxide, carbon dioxide, C1-Cs hydrocarbons (HC), i.e. methane, ethane,
ethylene, acetylene, propene, propyne, allene, 1-butene (not for p-xylene), 1,3-butadiene,
1,3-cyclopentadiene, 1,3-pentadiene (not for toluene and p-xylene), cyclopentene, as well
as Cz2-Cs oxygenated species, i.e. acetaldehyde, acrolein, acetone, furan, methacrolein (not
for toluene and p-xylene). Formaldehyde was not found. The Cs+ products detected for the
four fuels are benzene, toluene, ethylbenzene, styrene (styrene could not be quantified in
the case of o-xylene because its GC peak was too close of that of the fuel), indene, phenol],
benzaldehyde and 1,3-benzodioxole (not detected with m-xylene). The related isomers of
methylbenzaldehyde, methylstyrene, and methylethylbenzene are detected for each
xylene isomer. Phenyloxirane, 2-hydroxybenzaldehyde, o-cresol, benzofuran and
2,3-dihydrobenzofuran are only seen with toluene and o-xylene. o-Xylene, as a product,
naphthalene, 1-methylnaphthlene, biphenyl, bibenzyl and cinnamaldehyde are only
detected with toluene. m-Cresol was only seen with m-xylene. Phthalan is a product
specific to o-xylene oxidation as it will be discussed further in the text. Table S2 also gives
the boiling point and melting points of the Cs+ products. The results further described
indicate that our on-line analysis GC method significantly underestimate the formation of
oxygenated aromatics with a melting point above 300 K, such as phenol, o- and p-cresol

and hydroxybenzaldehyde, which are certainly the most subject to condensation.



All the measured compound mole fractions are provided in an excel spreadsheet in
Supplementary Material, together with a list of the structures of the Cs+ species. The
carbon atom balances for the 12 series of experiments are displayed in Tables S2 and S3.
Since Hz, H20 and H202 were not quantified, no H- or O-atom balance can be provided.
Except for a very few experiments, the obtained material balance is between 85 and 115%
outside of the temperature range where oscillations were observed, as described

hereafter.

3. Kinetic model development

With the aim of modelling the combustion chemistry of surrogates of the aromatic
compounds present in biofuels derived from lignin, a new detailed kinetic model named
COLIBRI (COmbustion of Llgnin derived Biofuel for Research and Innovation) was
developed. This model, provided in Supplementary Material under the CHEMKIN format
together with the used nomenclature, includes 463 species and 2836 reactions and

combines:

e the Galway Co-C3 reaction base [32] for its precision and its efficiency for computing

laminar burning velocities,

e the Ca4+ part of the toluene model of Yuan et al. [29], which includes reactions of many
monoaromatic compounds, such as phenol, benzaldehyde, benzylalcohol, styrene,
ethylbenzene, benzofuran and cresol, without separating the isomers, for its accuracy in

predicting results for toluene oxidation in all types of reactors, especially JSR,

« the xylene submechanism of Kukkadapu et al. [14], which considers the same chemistry
for m- and p-xylenes (the two fuels are undifferentiated in the model), as well as low-

temperature oxidation pathways for o-xylene,



« the anisole submechanism of Buttgen et al. [33] completed by that of Wagnon et al. [34]
for the reactions of ethylphenol and methylanisole, which is a molecule of interest of our
future work, but which helped modelling the formation of 2,3-dihydrobenzofuran in the

present study,

e the guaiacol submechanism of Nowakowska et al. [35], which is another molecule of

interest of our future work.

The Galway Co-C3s reaction base [32] was used without any change. Amongst the Ca
reactions considered by Yuan et al. [29], only those involved in the aromatic growth and
decomposition were kept. The few changes considered in COLIBRI compared to the initial
mechanisms are listed in a dedicated spreadsheet Supplementary Material. The
thermochemical and transport data of each species are taken from the detailed kinetic
model, where the reactions involving the species was first considered, i.e. the
thermochemistry of Co-C3 species is taken from the model of Burke et al [32], the
thermochemistry of small aromatics and PAHs are taken from the model of Yuan et al.
[29], the thermochemistry of species involved in the xylene submechanisms are taken

from the model of Kukkadapu et al. [14].

In order to well reproduce the formation of benzofuran and 2,3-dihydrobenzofuran for
xylenes, compared to the submechanism of Kukkadapu et al. [14], the o- and m/p- isomers
of methylbenzaldehyde, methylbenzoyl radical, methylphenyl radical, cresoxy radicals
and methylanisole, are distinguished (delumped) in the model as well as the species and
radicals linked to them. Indeed, the closure of the second ring is only possible with the

ring substituents in ortho position.

As a minor pathway leading to 2,3-dihydrobenzofuran, the mechanism of 2-ethylphenol
of Wagnon et al. [34] is considered. In addition, the combination of cresoxy and methyl
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radicals to yield methylanisole and the cyclisation of the radical obtained from
methylanisole by H-abstractions, as well as the H-elimination yielding 2,3-
dihydrobenzofuran and reactions consuming 2,3-dihydrobenzofuran were added with

rate constants taken from Wagnon et al. [34].

In the same way, in order to well reproduce the formation of indene for xylenes, compared
to the submechanism of Kukkadapu et al. [14], the model COLIBRI distinguishes the
isomers of methylethylbenzene, methylstyrene, and their derived radicals and species. In
this case, indene is formed from the metatheses on the methyl group of methylstyrene
followed by the closure of the second ring. The fact that delumped isomers are considered

for all these species leads to an increase of the model of about 200 reactions.

In order to capture the formation of 1,3-benzodioxole, a product experimentally
quantified in notable amount, the reaction of addition of phenoxy radical to formaldehyde,
followed by a cyclization with H-elimination of the obtained radical, was proposed. The
used rate constant for the addition of phenoxy radical to formaldehyde was taken by
analogy to that of the addition of CH30 radical to formaldehyde as proposed by Burke et
al. [32]; the rate constant of the cyclization yielding 1,3-benzodioxole was taken by
analogy to the ipso addition of OH on benzene to mimic a possible ipso addition by RO«

radical.
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Table 2: Validation targets considered for testing the COLIBRI model using literature

data. In flame studies, the indicated temperature is that of fresh gas.

Target Exp.set-up Fuel T (K) P (atm) ()] n° Fig. Ref.
IDT Shock tube Toluene  1350-1800 2-8 0.33-1.95 S8 [36]
1600-1850 1.7-4.5 0.5-1.5 S9 [5]
1390-1750 1.1 0.5-1.5 S10 [37]
1020-1400 10-62 0.25-1 S11 [71
p-Xylene 1450-1760 1.2 0.5-1.5 S39 [21]
1050-1400 9-43 0.5-1 S40 [9]
m-Xylene 1000-1400 9-42 0.5-1 S40 [9]
o-Xylene  1000-1400 11-44 0.5-1 S40 [9]
1400-1830 1 0.5-2 S39 [23]
RCM Toluene  940-1100 23-45 0.5-1 S12 [14]
o-Xylene  840-990 24-47 0.5-1 S41 [14]
LBV Bomb Toluene 353 1-5 0.7-1.7 S25-S26  [38]
358-423 1-20 0.6-1.5 S25-S26  [39]
393-433 1 0.7-1.5 S25 [40]
400-450 1-3 0.6-1.5 S25-S26  [41]
450 3 0.8-1.4 S26 [42]
m-Xylene 450 3 0.8-1.4 S52 [42]
o-Xylene 353 1-2 0.7-1.5 S52 [38]
Counterflow Toluene 298 1 0.7-1.3 S25 [43-
353 1 0.7-1.5 S25 45]
400-470 1 0.7-14 S25 [46]
400 1-3 0.7-14 S25-26 [47,48]
403 1 0.7-14 S25 [49]
p-Xylene 353 1 0.7-1.5 S52 [50]
m-Xylene 353 1 0.7-1.5 S52 [46]
o-Xylene 353 1 0.7-1.5 S52 [46]
[46]
Flat flame Toluene 298 1 0.8-1.3 S25 [51]
burner 298-358 1 0.7-1.3 S25 [52]
298-398 1 0.55-1.55 S25 [53]
p-Xylene  328-353 1 0.7-1.4 S52 [54]
Bunsen Toluene 400 1 0.6-1.5 S25 [55]
burner 423 1 0.6-1.3 S25 [56]
Product Shock tube Toluene  1200-1900 10 Pyrolysis S13 [57]
profiles 1200-1500 20-53 1-5 S14 [58]
1100-1900 22-50 Pyrolysis S15 [59]
p-Xylene 1090-1670 19-22 Pyrolysis S43 [60]
m-Xylene 900-1630 24-58 0.5-2.35 S42 [10]
1140-1650 19-22 Pyrolysis S43 [60]
o-Xylene  1150-1650 19-22 Pyrolysis S43 [60]
JSR Toluene  1000-1400 1 0.5-1.5 S2-S4 [24]
950-1200 10 0.5-1.5 S5-S7 [29]
p-Xylene  1050-1400 1 0.5-1.5 S27-S29  [21]
m-Xylene 1050-1400 1 0.5-1.5 S30-S32  [22]
o-Xylene  1050-1350 1 0.5-1.5 S33-S35  [23]
800-1200 10 0.5-2 S36-S38  [27]
Flowreactor =~ Toluene  1100-1600 0.04-1 Pyrolysis S16-19 [29]
o-Xylene  1050-1600 0.04-1 Pyrolysis S44-S45  [27]
Laminar Toluene 300 0.04 0.75-1.75 S20-24 [61]
flame p-Xylene 300 0.04 0.75-1.79 S49-51 [28]
o-Xylene 300 0.04 0.75-1.79 S46-48 [62]
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All simulations described in this work were performed using the CHEMKIN software [63].
For JSR data, simulations were performed using the transient solver of the PSR module
over an integration time of 100 s to allow the steady state to be perfectly established. As
itis shown in SM (Figures S2 to S52), this model reasonably predicts many kinetic data of
literature on Ignition Delay Times (IDT), species profiles and Laminar Burning Velocities

(LBV) found for the four considered reactants.

Table 2 summarizes the validations targets, which are presented in SM. The validation of
this model for oxygenated aromatics, e.g. anisole and guaiacol, will be presented in future

papers.

4. Experimental results and comparison with modelling

The experiments for the four fuels of interest in this study were performed under
isothermal conditions, at temperatures from 600 to 1200 K, a pressure of 1.07 bar, a
residence time of 2 s, an initial fuel mole fraction of 0.005, and equivalence ratios of 0.5, 1
and 2. Figures displaying the experimental and predicted temperature evolutions of the
mole fractions of fuel, Oz, and all the products quantified with a mole fraction above 5 ppm
under at least an experimental condition, are provided in SM (Figures S53 to S61) for the
three considered equivalence ratios. An example of the repeatability is presented in

Figure S62 in the case of toluene.

In order to discuss the reactivity of the four fuels, the experimental and simulated mole
fractions of these fuels and that of the non-oxygenated aromatic products common to the
three isomers of xylene, and when possible, toluene, are displayed in Figure 1 for an
equivalence ratio of 1; in Figures 1 to 5, the error bars are the errors on the GC analyses.
Only CO2 mole fraction is drawn for ¢ = 0.5 to show a maximum of formation, since it is
the product, for which a decrease of the equivalence ratio increases the most significantly
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its production; moreover, important experimental oscillations are encountered for CO2 at
¢ = 1. Figures 2 to 4 present the experimental and simulated mole fractions of the
oxygenated aromatic and C1-Cs products common to the three xylenes. For sake of figure

readability, error bars are only displayed for o-xylene.

As it was already discussed in previous JSR oxidation studies, e.g. for the oxidation of
methane [64] or acetone [31], the experimental disordered evolution of some mole
fraction profiles observed above 1050 are due to oscillations; this oscillating behavior is
also reproduced by the COLIBRI model when simulations were performed under
transient conditions. Under the conditions where oscillations are numerically
encountered, the transient calculation time is longer by a factor of about 100 than without
oscillation, for which it is very fast. An example of the predicted oscillations is given in
Figure S63 in SM, which shows well a periodic behavior for the time evolution of the mole
fraction of the fuel, CO and toluene as a product. To experimentally record such a behavior,
a mass spectrometer needs to be used instead of GC as in our previous studies [31,64];
but here it was outside the scope of our work. However, in Figures 1 to 4 and S53 to S61,
the results above 1050 K are shown to illustrate this phenomenon, which is not so
experimentally apparent, since the GC analysis operates a kind of averaging of the species
mole fraction, but which explains why the agreement between experimental values and
simulated ones obtained at the end of the integration time is often deteriorated. This
phenomenon particularly affects the mole fraction of CO and COz2, the major products in
this temperature range, but less that of the products specific to the oxidation of the

studied aromatic compounds.

Figure 1 well shows that, as assumed by Kukkadapu et al. [14], p- and m-xylenes have a

similar reactivity close to that of toluene and that of o-xylene is significantly more
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reactive, since it starts to react at a temperature of about 100 K lower than the 3 other
fuels. This difference of reactivity is very well reproduced by simulations using the
COLIBRI model. The promoting effect of decreasing the equivalence ratio is also
satisfactory reproduced by the model (see Figure S53); only the model underpredicts the
02 consumption of m- and p-xylenes between 875 and 950 K for ¢ = 0.5, while the

agreement is satisfactory under the same conditions for toluene and o-xylene.

The highest reactivity of o-xylene is confirmed by the profiles of Ci-Cs products displayed
in Figures 3 and 4, for which the highest mole fractions below 1000 K are always obtained
with it. Toluene, p- and m-xylenes exhibit a similar formation of CO, a compound

indicative of the overall reactivity.
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As it is shown in Figure 4, the formation of CO: is also reasonably predicted by the model
for the four fuels. However, an unexplained formation of up to 10,000 ppm is observed
from 750 K for the four fuels. This formation, which was observed by GC with both FID-
methanizer and by TCD and using two separate JSR set-ups for toluene, but never in
absence of fuel, does not depend on the equivalence ratio. It has been hypothesized that
undetected cyclic ketones, which are predicted to be formed in significant amounts (see

discussion in part 5) might be converted to CO2 in the transfer line, but their predicted
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Figure 4: Experimental and predicted temperature mole fractions as function of

1 for the other products). Error bars are only displayed for o-xylene.
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formation at 800 K is too low for m/p-xylenes and toluene. Whatever its origin, this CO2

formation does not seem to influence the results obtained for the other species.

Despite the close temperature evolutions of the mole fraction of fuel, CO, COz, ethylene,
1,3-butadiene, toluene, styrene, benzaldehyde, and ethane, possible differences are
encountered between m- and p-xylene in the formation of some products. A larger
formation of benzene by about a factor of 1.5 is observed with p-xylene, while m-xylene
yields more propene, 1,3-butadiene 1,3-cyclopentadiene and benzofuran. This might

indicate some slight differences of chemistry between both compounds.

The model leads to a reasonable agreement for most of the quantified species, for the
three considered equivalence ratios (see Figures S53 to S60 in SM). For o-xylene, the
predicted formation of o-ethylmethylbenzene and o-methylstyrene is significantly lower
than the experimental ones, especially in stoichiometric and rich mixtures. The deviation
is still worse for phenol with an overprediction by a factor of about four for toluene and
at least of 10 for xylenes; phenol is not even detected for m-xylene. This might be due to
condensation of this molecule, which is solid at room temperature and has a boiling point
of 455 K. Moreover, the lack of data on the phenol kinetics, especially at temperatures

below 1050 K [3], does not facilitate its accurate modelling.

While the prediction of methylbenzaldehyde is reasonable for o-xylene, a very large
overprediction is observed for m/p-xylenes. For the four methylated benzenes, the model
significantly overpredicts the formation of acetylene; over 1000 K; methane is

overpredicted for m/p-xylene and 1,3-cyclopentadiene for toluene.

Thanks to the new channel from phenoxy radicals for the formation of this di-oxygenated

compound, the formation of 1,3-benzodioxole (see Figure 2) is well reproduced by

19



COLIBRI for toluene and p-xylene oxidation; however, its formation for o-xylene is

underpredicted by a factor of four indicating that there is still a reaction pathway missing.

Figure 5 concerns the products specific to o-xylene amongst xylene reactants and displays
the temperature evolution of their mole fractions for the three used equivalence ratios,
0.5, 1 and 2. These products are 2-hydroxybenzaldehyde, 2,3-dihydrobenzofuran and
phthalan. 2-Hydroxybenzaldehyde and 2,3-dihydrobenzofuran were also quantified in
very low amounts during toluene oxidation, as it is also the case for naphthalene, and
stilbene. Because the chemistry of toluene fuel is better known, figures concerning the
formation of these five products from toluene are only displayed in SM (Figure S55).

Amongst those products, only naphthalene is reasonably simulated.

Figure 5 shows that while 2-hydroxybenzaldehyde and 2,3-dihydrobenzofuran are only
produced at temperatures above 800 K and can also be detected for toluene, phthalan is
a product specific to o-xylene, with a noticeable mole fraction between 600 K and 700 K
for @ equal 0.5, together with a negative temperature coefficient (NTC) behavior. This NTC
behavior is indicative of the occurrence of low-temperature chemistry involving addition

to oxygen as it was proposed by Roubaud et al. [13].
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As indicated by Figure 5, during o-xylene oxidation, simulations using the COLIBRI model
allow reasonably capturing the temperature profile of phthalan and
2,3-dihydobenzofuran at the three ¢. Concerning phthalan, the model simulates well the
experimentally observed NTC behavior at ¢ = 0.5; to obtain the present agreement, the A-
factor of the H-abstraction by OH radicals was divided by a factor of three compared to
the model of Kukkadapu et al. [14]. The prediction of the 2,3-dihydrobenzofuran profile
was significantly improved by considering the reactions proposed by Wagnon et al. [34]

for methylanisole. The temperature of the maximum mole fraction of
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2-hydroxybenzaldehyde is also reasonably predicted; however, the experimental mole

fractions are underpredicted by 50% at ¢ = 0.5 and a factor of 6 for ¢ = 2.

Several products, such as formaldehyde, cyclopentadienone and quinonemethide, are
numerically predicted in significant amounts (~100 ppm), but were not detected
experimentally due to not well-identified reasons (condensation, catalytic
decomposition...). Their predicted temperature evolution at ¢ = 1 is given in Figure S64.
For formaldehyde, its maximum computed mole fraction at ¢ = 1 is 9.10-> for toluene,

1,5.10-for p-xylene and 1,4.10-% for o-xylene.

Note that by using a higher residence time (2 s) compared to past studies [21-24,27,29]
(below 1 s) allowed obtaining a significant reactivity at lower temperature for the four
fuels (see Figure S65), and consequently better analyzing the products yielded at lower
temperature, such as phenol, 2.3-dihydrobenzofuran, o-cresol, quantifying new species
like 1,3-benzodioxole and putting in evidence the NTC behavior of phthalan around 650

K.

5. Kinetic analyses

Since an overall acceptable agreement was obtained between the experimental results
and modelling, the COLIBRI model was used to perform kinetic analyses in order to better
understand the chemical pathways involved in the consumption of the four methylated
reactants and in the formation of the products displayed in Figures 1 to 5. First, the
pathways involved in the high-temperature oxidation of the four methylated benzenes are

compared, afterward the low-temperature chemistry of o-xylene is detailed.
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5.1.High-temperature chemistry of the toluene and xylene isomers

Figure 6 displays flow rate analyses performed for toluene (at 990 K), o-xylene (at 915 K)
and p-xylene (at 995 K); these temperatures correspond to a fuel conversion of 50%
under the condition of Figure 1. In this Figure, the numbers are the % of flow rate of the
reacting species; apart from those of the o-methylbenzyl radical, only the channels
corresponding to a fuel consumption above 5% are displayed. In addition, Re are mainly
OHe, He, « Oe, and CHse radicals, dotted lines indicate steps involving several reactions of

the model, and compounds in a box are quantified aromatic products.

Figure 6 indicates that the three fuels are consumed by three main channels: the
abstractions of a benzylic H-atom, which is the major pathway, the abstractions of a
phenylic H-atom, and the ipso-addition of an He atom removing a methyl group. With the
used rate constants, which are taken from combined experimental and theoretical work
of Seta et al. [65], the H-abstractions from toluene by OH radicals account for 59%% of
the formation of benzyl radicals and for 86% of that of methylphenyl ones. The fact that
the enthalpy of formation of the benzyl radical is 20 kcal/mol lower than that of the
methylphenyl one makes a higher number of radical types to be involved in the
abstraction of a benzylic H-atom, e.g. H and O atoms, OH, CHs, HCO, and phenoxy radicals,
while it is mostly OH radicals for that of a phenylic H-atom. The addition of « Oe atom to
the fuel is also notable for toluene and leads to cresol, a product quantified in this study,
but with a maximum mole fraction below 5 ppm. This channel is also considered for

xylenes, but accounts for less than 5% of fuel consumption.
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The ipso-addition of an He atom removing a methyl group leads to benzene from toluene
for about a third of its formation, and to toluene from each xylene; both products were
quantified during xylene oxidation (see Figure 1). In xylene oxidation, toluene is readily
consumed when produced involving the same pathways as when it is the reactant, while

it is not the case for benzene.

5.1.a. Reactions of the phenylic radicals

In the case of toluene as reactant, the phenylic radicals obtained by metatheses reacts
with Oz and yields mainly o-benzoquinone and methyl radicals, the self-combination of
which yields ethane. The channel involving the formation of C2Hse radicals obtained by
H-abstraction from ethane is the main pathway towards ethylene. Ethane and ethylene
were quantified for the four fuels, in large amounts for C2H4 (maximum mole fraction
about 400 ppm for o-xylene at 1025 K), and their formation was reasonably predicted

(see Figure 3).

Despite o-benzoquinone was not be detected in this study, the production of
o-benzoquinone is the pathway with the largest flow rate amongst those proposed by Da
Silva et al. [66] and considered in the COLIBRI model; the branching reaction yielding an
« O« atom and a cresoxy radical is about twice less important. Afterward, o-benzoquinone
eliminates CO to produce cyclopentadienone as proposed for p-benzoquinone by Alzueta

etal [67].

Cyclopentadienone (not detected here, despite a predicted mole fraction up-to 1x10-4) can
react by molecular CO elimination yielding vinylacetylene, C4H4, or to a lesser extent by
H-abstractions to give to a radical that reacts with Oz to produce to COz, C2H2and « HCCO

radical, a precursor of CO and CO2. This globalized reaction is the main pathway leading
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to acetylene and the large uncertainties on its kinetics might explained the large

deviations between experiments and modelling indicated by Figure 3.

C4H4 was not detected in our study, but its reactions are the source of other quantified
products. The reaction of C4H4 with OH radicals yields allyl radicals, which give propene
by reaction with H-donors (e.g. fuels, C3Hs, « HO2 radical...), and produce acrolein by
reaction with « HO2 radicals; further reactions of acrolein are at the origin of the formation
of acetaldehyde. As shown in Figures 3 and 4, propene, acrolein and acetaldehyde were
quantified in this study in notable amounts and are reasonably predicted by the COLIBRI

model.

For the reaction with Oz of the phenylic radicals obtained from o- and p-xylenes, as
indicated in Figure 6, Kukkadapu et al. [14] considered only the formation of methyl
o- and p-quinone methides, based on a pathway also proposed by Da Silva et al. [66] for
toluene involving an Oz addition, an H-transfer and an OH elimination. This molecule,
which was not detected despite a predicted mole fraction up to 3x10-4 further
decomposes in CO and toluene. In order to consider in more details these reactions, it
might be interesting to apply to xylene isomers the theoretical analysis made by Da Silva

et al. [66] for toluene.

During xylene oxidation, methylphenyl radicals are produced in large amounts as
intermediates derived from methylbenzaldehyde as described hereafter. Under these
conditions, the significant reactions consuming methylphenyl radicals are not only those
towards o-benzoquinone as during toluene oxidation. For the three xylene isomers, the
formation of cresoxy radicals accounts for more than 5% of the fuel consumption, with
their decomposition being responsible of a second way of formation of benzene through

a Cs reaction pathway occurring after a CO elimination. This explains the large amounts
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of benzene experimentally quantified. Further theoretical calculations for the
decomposition of cresoxy and methylcyclopentadienyl radicals might be useful to

understand why the formation of benzene seems to be favored for p-xylene.

The flow rate of another channel from the three isomers of cresoxy radical is also notable,
the formation of cresol by reactions with H-atoms. Only m-cresol was quantified during
m-xylene oxidation (see Figure S59). The fact that cresol is not detected for o-/p-xylene
oxidation is most probably due to condensation in the transfer line towards GC and also
to the lack of data on their kinetics [3] as in the case of phenol. Note that o- and p-cresols
are solid at room temperature with melting points of 304 and 307 K, respectively. The fact
that m-cresol has a lower melting point, 284 K, might explain why is it the only one

detected in this study.

In the special case of 0-xylene a last channel from o-cresoxy radicals should be considered:
its combination with a methyl radical yielding methylanisole (not experimentally
detected). The radical produced from methylanisole by H-abstractions, can cyclize and
eliminate a He atom to yields 2,3-dihydrobenzofuran, which at its turn leads to
benzofuran. These channels explain why benzofuran and 2,3-dihydrobenzofuran were
experimentally quantified during o-xylene oxidation in notable amounts and why they are

reasonably predicted by the model (see Figures 2 and 5, respectively).

As described hereafter, phenyl radicals are produced during oxidation of the four
considered methylated benzenes. They mostly react by a branching step with Oz to give a
phenoxy radical and a « Os atom. Besides reacting with methyl radicals to yield cresol,
which is their main fate, and with the available H-atom donors to produce phenol,

phenoxy radicals reacts by CO elimination to give the cyclopentadienyl radicals. Figure 6
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also indicates that a small part of phenoxy radicals reacts with CH20 to yield

1,3-benzodioxole, a product quantified with toluene, o- and p-xylenes (see Figure 2).

While it is not indicated in Figure 6, because the flow rate is too small, a tiny part of
phenoxy radicals also reacts with C2Hz to produce benzofuran; this is a minor source of
this compound for o-xylene, which is mainly formed from 2,3-dihydrobenzofuran, as
herebefore described; but the major source for toluene and m/p-xylenes. As shown in
Figure 2, the formation of benzofuran is well predicted by the model for toluene and

o-xylene.

Phenol is a product quantified during the oxidation of the four fuels, even if the model
does not well predict its mole fraction profiles (see Figure 2) due to previously mentioned
condensation issues. Besides giving back phenoxy radicals by H-abstractions, phenol
leads, by CO elimination induced by OH radicals, to 1,3-cyclopentadiene, another product
quantified for the four fuels (see Figure 3) and reasonably predicted. According to the
model used for this flow rate analysis, besides producing 1,3-butadiene by reaction with
«0e and « OH radicals, cyclopentadiene yields cyclopentadienyl radicals which mainly
react with Oz to give cyclopentadienone. 1,3-Butadiene was quantified for the four fuels,

and its production is reasonably predicted by the model (see Figure 3).

5.1.b. Reactions of the benzylic radicals

For the four fuels, a significant part of the resonance stabilized benzylic radicals obtained
by H-abstractions reacts by self-combination or by combination with a methyl radical. For
toluene, the product of the self-combination of benzyl radicals is bibenzyl, which yields
stilbene by H-abstraction followed by H-elimination. These compounds were
experimentally observed in this study, but only in trace amounts. As shown in Figure 6,
the model predicts analogous pathways for xylenes, but the corresponding products were
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not detected, probably because they are too heavy (16 atoms of carbon) and might

condensate in the transfer line.

The combination of a benzylic and a methyl radical is at the origin of the formation of
ethylbenzene and styrene for toluene and of the respective methylethylbenzene and
methylstyrene isomer for each xylene. During xylene oxidation, styrene and ethylbenzene
are produced by the secondary oxidation of the produced toluene. These compounds were
quantified for the four fuels (see Figure 1) and their primary and secondary formations
were satisfactorily predicted. Due to the ortho position of both substituents, during o-
xylene oxidation, the radical obtained by abstraction of the benzylic H-atom from
methylstyrene can cyclize and after a C-H bond breaking leads to the formation of indene,
a compound quantified in significant amounts with o-xylene as it is well-predicted by
COLIBRI (see Figure 1). Indene is formed in lower amounts during toluene and m/p-

xylene oxidation through a pathway involving cyclopendadienyl radical and CzHz.

In the case of toluene and p/m-xylenes, the major consumption pathway of the benzylic
radical is its reaction with «HO2 radicals yielding benzaldehyde or p/m-
methylbenzaldehyde, respectively, through the formation of a benzoxy or methylbenzoxy
radical. The same type of reaction leading to o-methylbenzaldehyde exists also for o-
xylene, but itis not the major pathway consuming the benzyl radical, as it will be discussed
further. The obtained benzaldehydes react by H-abstractions, with formation of benzoyl
and methylbenzoyl radicals, followed by CO elimination yielding phenyl and
methylphenyl radicals, respectively. During xylene oxidation, non-substituted
benzaldehyde is also produced by the secondary oxidation of the toluene. The formation
of benzaldehyde is well predicted during toluene and xylene oxidation; that of

methylbenzaldehyde is reasonably predicted during o-xylene oxidation (maximum
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experimental mole fraction about 200 ppm), but overpredicted by a factor of more than
five for p/m-xylene oxidation (see Figure 2). This might be due to condensation of these
two compounds in the transfer line when they are formed in large amounts at the level
predicted by the model. This series of reactions is also possible for the benzylic radicals
derived from cresol and explains the formation of hydroxybenzaldehyde, a product
quantified and reasonably predicted by the model during the oxidation of o-xylene (see

Figure 5), but with important deviations for toluene (see Figure S55).

In the case of o-xylene, the major channel consuming the resonance stabilized
methylbenzyl radicals is the addition to oxygen, followed by an internal isomerization and
the formation of phthalan and OH radicals, see more details in the next section. This
additional propagation channel from methylbenzyl radicals competes with the reaction
with « HO2 radicals, which starts by a combination, and explains the highest reactivity of

o-xylene.

Phthalan readily reacts by H-abstractions with OH radicals to give a radical, which
isomerizes to produce a methylbenzoyl radical, a source of cresol, benzene and
2,3-dihydrobenzofuran. As shown in Figure 5, the formation of phthalan is well

reproduced by the model above 900 K, but overpredicted between 700 and 900 K.

52. Low-temperature chemistry of o-xylene

Figure 7 displays a flow rate analysis made during the oxidation of o-xylene at 650 K, the
temperature corresponding to the maximum of formation of phthalan below 800 K. In this
temperature zone, a small formation of CO (25 ppm at 650 K for ¢ = 0.5) is also
experimentally observed, but with no NTC behavior. As shown in Figure 7, o-xylene

exhibits a low-temperature chemistry similar to that observed for alkanes and
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characterized by the formation of ketohydroperoxides in concurrence with that of cyclic

ethers [68].
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Figure 7: Flow-rate analysis during the oxidation of o-xylene at 650 K.

At 650 K, o-xylene is mainly consumed by H-abstractions, mostly with OH radicals, to give
di-methylphenyl and methylbenzyl radicals. Both radicals react mostly by addition to O2.
After the addition to O2, di-methylphenyl peroxy radicals mainly decompose to yield
cyclopentadienone and C2HsCO radicals. Thanks to the methyl group in ortho-position,
methylbenzyl peroxy radicals isomerize by internal transfer of an H-atom. The obtained
¢ QOOH radicals may either decompose to yield phthalan, as previously described, or add
again to Oz and lead to the ketohydroperoxide drawn in Figure 7. Phthalan reacts by H-
abstraction yielding formyl benzyl radicals, which isomerize to give methyl benzoyl
radicals, leading by CO-elimination to methylphenyl radicals, which adds to Oz to finally
give o-quinone methide as proposed by Da Silva et al. [66] for toluene. The decomposition
of the ketohydroperoxide is a branching step involving the formation of an « OH radical
and an He atom and producing an aromatic compound with two aldehyde functions

(o-phthaldehyde); neither this last species, nor o-quinone methide was detected in our
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study. However, o-phthaldehyde was quantified by Yuan et al. [27]. Starting by an
H-abstraction of an aldehydic H-atom, o-phthaldehyde yields in a few steps CO and a

benzoyl radical and its mole fraction is predicted in our conditions to be below 1 ppm.

Figure 8 displays a sensitivity analysis at 650 K on phthalan mole fraction and confirms
the conclusions drawn from Figure 7. The reactions with largest positive sensitivity
coefficient are the H-abstractions yielding methylbenzyl radicals, the second addition to
02, and the formation of the aromatic ketohydroperoxide. These three reactions promote
the reactivity, and consequently the formation of phthalan. In contrast, the reactions with
largest negative sensitivity coefficient are the H-abstractions yielding dimethylphenyl
radicals, which competes with the formation of methylbenzyl radicals, the reverse of the

second Oz addition, the formation of the cyclic ether, and its consumption.
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Figure 8: Sensitivity analysis on phthalan mole fraction at 650 K (see Figure S66 in SM

for the reactions written as in the model). Only coefficients above 0.15 are displayed.

The reaction forming the cyclic ether from the « QOOH radical has a surprising negative
influence on its mole fraction: because it competes with the second Oz addition leading to

the branching step, it inhibits the global reactivity.

6. Conclusion

This paper presents an experimental and modelling comparison of the oxidation of
toluene and the three isomers of xylene. Apart from a few products (e.g. benzene), this
work confirms the hypothesis made by Kukkadapu et al. [14] of a same chemistry shared
by m- and p-xylenes, which is in many aspects very close to that of toluene. In contrast,
due to the two ring substituents in ortho-position, the chemistry of o-xylene is very
different from that of m- and p-xylenes. Due to the internal isomerization of the peroxy
radical obtained by addition to oxygen of resonance stabilized methylbenzyl radical,

which is only possible with two methyl groups in ortho-position, o-xylene exhibits a
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higher reactivity and the formation of specific types of reaction products, such as phthalan
with a NTC behavior, and 2,3-dihydrobenzofuran. Moreover, the production of indene is

also favored with o-xylene.

After addition of specific pathways for the formation of 2,3-dihydrobenzofuran, indene,
1,3-benzodioxole, a detailed model combining that for the oxidation of toluene of Yuan et
al. [29] and that for the oxidation of xylenes of Kukkadapu et al. [14] with the Galway Co-C3
reaction base [32] allows well reproducing the fuel consumption of the four investigated
methylated benzenes at the three studied equivalence ratios (0.5, 1 and 2) and reasonably
predicting and understanding the formation of most of the 25 quantified products.
However, improvements might certainly be obtained using theoretical calculations for the

reactions of methylated phenyl and cyclopentadienyl radicals.

An improved detection and quantification of some reaction products might be
obtained by using mass spectrometry with molecular beam sampling. This might help to
better quantified the products, which were assumed to condensate in the transfer line,
e.g. phenol and cresols, or those such formaldehyde, cyclopentadienone, and
quinonemethide, which are predicted in significant amounts, but are not experimentally
detected using the present analytical procedure; further experiments using mass
spectrometry analyses with molecular beam sampling would be of interest to fully prove

the validity of the used model.
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