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Abstract

The low-temperature oxidation of hemimellitene was investigated using a jet-
stirred reactor at an equivalence ratio of 1.0 and a temperature range of 700-1100
K. Based on experimental and theoretical calculation results, a kinetic mecha-
nism comprising 544 species and 3248 reactions was developed, with updated
rate constants for hemimellitene decomposition, ipso-addition, and hydrogen
abstraction reactions, and dehydrogenation reactions at the 1- and 2-position
methyl groups of hemimellitene were introduced in the new mechanism. This
mechanism shows good agreement with experimental results. Reaction path
analysis indicates that dehydrogenation at positions 1, 2, and 4 are the primary
consumption pathways of hemimellitene. Sensitivity analysis reveals that dehy-
drogenation reactions and the HO2 + dimethylbenzyl reaction exhibit inhibiting
and promoting effects, respectively.
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Abstract

The present work aims to perform the experimental and kinetic study of 1,2,4-
trimethylbenzene (TMB124) low-temperature oxidation under stoichiometric
conditions in a jet-stirred reactor (JSR). The experiment was carried out in the
temperature range of 700-1100 K at atmospheric pressure. According to the
measurements and theoretical calculations, a detailed chemical kinetic model
involving 544 species and 3248 reactions was developed. Rate constants of
TMB124 decomposition, reaction with HO , ipso-additions, and metatheses with
abstraction of methyl H-atom were updated. New pathways of H-abstraction
from the 1- and 2-methyl groups were considered. The established model re-
produces the measured mole fraction profiles of the major species and interme-
diates well. Rate-of-production analysis indicates that TMB124 is dominantly
consumed by metatheses giving rise to three dimethyl benzyl radicals. Sensitiv-
ity analysis shows that the H-abstraction reactions of TMB124 exhibit strong
inhibiting effects, while the reactions of HO radical and the three dimethyl
benzyl radicals have promoting effects.

Keywords: 1,2,4-Trimethylbenzene; Low-temperature oxidation; JSR; Rate-
of-production analysis; Sensitivity analysis

Introduction

Real aviation fuels are composed of numerous aliphatic and aromatic hydrocar-
bons, including straight-chain alkanes, branched alkanes, cycloalkanes, and aro-
matics [1]. Due to the extremely complex composition, it is difficult to develop
detailed kinetic models to describe the combustion processes of these complex
fuels. Currently, surrogate fuels containing multiple representative compounds
are widely used to simulate and study the physicochemical properties of real
aviation fuels [2, 3]. The combustion processes of typical aromatic fuels such as
benzene [4], toluene [5, 6], xylene [7-9], and ethylbenzene [10] have been exten-
sively studied. However, the molecular weights of these fuels still differ from the
average molecular weight of real aviation fuels (approximately 140-150 g/mol)
[11], and thus cannot fully reflect the combustion characteristics of real aviation
fuels. Moreover, the chemical structures of these fuels are relatively simple and
cannot simulate the complex aromatic compounds present in real aviation fuels.
Recently, 1,2,4-trimethylbenzene has been selected as an aromatic component
for surrogate kerosene due to its higher molecular weight and more complex
chemical structure [2]. Therefore, studying the combustion characteristics of
1,2,4-trimethylbenzene is of great significance.

Currently, experimental and theoretical studies on the oxidation characteristics
of 1,2,4-trimethylbenzene are limited. Roubaud et al. investigated the auto-
ignition characteristics of 1,2,4-trimethylbenzene using a rapid compression ma-
chine and found that it could be ignited at relatively low temperatures and
pressures, exhibiting complex characteristics similar to alkanes and alkenes, and
classified 1,2,4-trimethylbenzene into the “o-xylene group”[12]. Bikas developed
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a low-temperature oxidation mechanism for 1,2,4-trimethylbenzene [13], which
was built upon a toluene mechanism and assumed that the early oxidation pro-
cess of 1,2, 4-trimethylbenzene mainly involved hydrogen abstraction reactions
at the 4-position methyl group. Bikas’ mechanism was used to validate ex-
perimental data such as ignition delay times [12] and critical conditions for
auto-ignition in counterflow flames [13]. Subsequently, Honnet et al. proposed
an Aachen surrogate fuel for Jet-A aviation kerosene, consisting of 20% 1,2,4-
trimethylbenzene and 80% n-decane (by weight), and studied the extinction
limits, auto-ignition, and soot volume fractions of laminar non-premixed flames
of this surrogate fuel [2]. Based on this work, Honnet et al. proposed a semi-
empirical mechanism for 1,2,4-trimethylbenzene, which updated Bikas’ mecha-
nism [13]. Hui et al. studied the laminar flame speeds and extinction strain rates
of 1,2,4-trimethylbenzene using a counterflow reactor and found that Honnet’ s
mechanism significantly underestimated the extinction strain rates and laminar
flame propagation speeds [14, 15]. Won et al. studied the extinction charac-
teristics of 1,2,4-trimethylbenzene diffusion flames using a counterflow reactor
and found that Honnet’ s mechanism severely underestimated the extinction
limits [16]. Therefore, the mechanism for 1,2,4-trimethylbenzene urgently needs
to be updated to provide more reliable predictions of experimental data, espe-
cially considering that the reported mechanisms only accounted for the dimethyl
benzyl radical at the 4-position while neglecting those formed at the 1- and 2-
positions. Furthermore, studies on the product structures and concentration
distributions during low-temperature oxidation of 1,2,4-trimethylbenzene are
scarce, which hinders in-depth analysis of the kinetic characteristics of surro-
gate fuels like 1,2,4-trimethylbenzene.

In this work, the low-temperature oxidation process of 1,2,4-trimethylbenzene
was studied using a self-designed jet-stirred reactor experimental platform at
temperatures of 700-1100 K, atmospheric pressure, and an equivalence ratio of
1.0. Based on our experimental work and theoretical calculations, combined
with previous literature results [2], a new detailed chemical kinetic mechanism
for 1,2,4-trimethylbenzene was proposed. This work expands the database for
1,2,4-trimethylbenzene under low-temperature oxidation conditions and deepens
the understanding of surrogate fuel combustion processes and soot precursor
formation.

Experimental and Kinetic Simulation Methods
Experimental Setup

[Figure 1: see original paper] shows a schematic diagram of the experimental sys-
tem for low-temperature oxidation of 1,2,4-trimethylbenzene. The parameters
of the jet-stirred reactor (JSR) used in this work have been described in detail
in the literature [17]; only a brief introduction is provided here. The reactor
is made of fused quartz, with a central spherical chamber of 50 mm diameter
containing four nozzles with inner diameters of 0.3 mm.
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1,2,4-Trimethylbenzene was purchased from TCI with purity higher than 98%
and used without further purification. The fuel was vaporized in a vaporiza-
tion tank maintained at 473 K, slightly above its boiling point (443 K). The
liquid flow rate of 1,2,4-trimethylbenzene was 0.061 ml/min (corresponding to
a volume fraction of 1.0% in the gas mixture), precisely controlled by a high-
pressure liquid pump (FL2200, Fuli Instruments Co., Ltd.). The flow rates of
oxygen (99.999% purity) and argon (99.999% purity) were precisely controlled
by mass flow controllers (MKS, USA), accounting for 12.0% and 87.0% of the
total gas volume, respectively. The total reactant flow rate was 1.0 SLM, with
an equivalence ratio of 1.0 and a carbon-to-oxygen ratio (C/O) of 0.38. Tem-
perature was monitored by several temperature controllers (Horst, Germany)
and measured by K-type thermocouples. All reactants were preheated to 473 K
before entering the reactor. The gaseous reactants continuously flowed into the
reactor, and samples were taken through a six-port valve when steady state was
reached. Gaseous products were analyzed by gas chromatography-mass spec-
trometry (GC-MS, Agilent 7890B-5977A) and gas chromatography (GC, Agilent
7890B). Three chromatographic columns (Molecular Sieve-5A, Al O -KCl, and
HP-INNOWax) were used to detect inorganic species, light hydrocarbons, and
aromatic compounds, respectively, with thermal conductivity detector (TCD)
and flame ionization detector (FID). The instrument was calibrated with stan-
dard gases before each measurement. The temperature uncertainty was +5 K,
the error for major product mole fractions was 5%, and the error for interme-
diate species was £10%.

Kinetic Modeling

The PSR code in Chemkin-IT software was employed for kinetic simulations
[18]. The kinetic mechanism developed in this work was built upon Honnet’
s 1,2,4-trimethylbenzene mechanism [2] and Diévart’ s 1,3,5-trimethylbenzene
mechanism [19], with sub-mechanisms for o-xylene [7], m-xylene [9], and p-
xylene [8] added. Quantum chemical calculations (CBS-QB3 method) [20] were
also used to compute rate constants for several key reactions, such as 1,2,4-
trimethylbenzene decomposition, reaction with HO radical, ipso-addition, and
hydrogen abstraction from methyl groups. It should be noted that new path-
ways for hydrogen abstraction from the 1- and 2-position methyl groups and
reactions of their derived intermediates were added to the model, which were
not considered in previous work. The developed model includes 544 species and
3248 reactions. Table 1 lists some modified and newly added chemical reac-
tions related to 1,2,4-trimethylbenzene and its derived intermediates. Thermo-
dynamic data for most intermediate species were obtained using THERGAS [20]
and Gaussian [21] software. For intermediate products whose thermodynamic
data could not be calculated by THERGAS, ab initio methods were employed,
specifically the CBS-QB3 method [20] using Gaussian 09 software. Finally, rate-
of-production (ROP) analysis and sensitivity analysis were performed using the
model to investigate the main consumption pathways and sensitive reactions
of 1,2,4-trimethylbenzene. Rate constants for some reactions were calculated
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using electronic structure theory combined with transition state theory. Geom-
etry optimization and vibrational frequency analysis were performed using the
CBS-QB3 method [20]. Intrinsic reaction coordinate calculations were also used
to verify the connection between the specified transition state and the reactants
or products. All quantum chemical calculations in this work were performed
using Gaussian 09 software. Kinetic parameters were obtained from transition
state theory combined with the ChemRate program. In addition to the mecha-
nism developed in this work, Honnet’ s 1,2 4-trimethylbenzene mechanism was
also used to simulate the experimental results for comparison.

Results and Discussion
Major Species Mole Fractions

A total of 22 species were detected by gas chromatography, among which ethyl-
benzene (CH C H ), m-xylene (1,3-CH ), p-xylene (1,4-C H ), and acrolein
(C H CHO) were not detected in previous experimental studies and were not
considered in Honnet’ s 1,2,4-trimethylbenzene mechanism [2].

The current mechanism overestimates the peak concentrations of H and CO
while underestimating the peak concentration of CO . ROP analysis reveals
that 77% of H is produced from reactions of 1,2,4-trimethylbenzene with H
atoms and OH radicals, 90% of CO originates from HCO reactions with O
and decomposition of active products, and approximately 65% of CO is formed
from CO reactions with OH and HO radicals. Therefore, we speculate that the
deviations between experimental and simulated values arise from uncertainties
in the rate constants of some elementary reactions. Additionally, experimental
errors may also contribute to these deviations.

Typical species including reactants, aromatics, and major products were
selected, with experimental and simulation results shown in Figures 2-3.
Figure 2 presents the experimental and simulated mole fraction profiles
of 1,2 4-trimethylbenzene, H, CO, and CO. The results show that 1,24-
trimethylbenzene begins to decompose above 750 K, while H, CO, and CO
start to form above 975 K, 900 K, and 950 K, respectively. Compared with
Honnet’ s 1,2,4-trimethylbenzene mechanism, the mechanism developed in
this work better reproduces the experimental results. However, the current
mechanism still shows some deviation from the experimental data, which may
be attributed to uncertainties in the rate constants of certain reactions. The
present work represents a preliminary attempt to simulate the low-temperature
oxidation process of 1,2,4-trimethylbenzene, and more oxidation experimental
data will be needed in the future to validate the current mechanism.

Figure 3 shows the experimental and simulated mole fraction profiles of C -C
aromatic products from low-temperature oxidation of 1,2,4-trimethylbenzene.
Benzene (C H), toluene (CH CH ), and ethylbenzene reach their maximum
mole fractions at 975 K, while o-xylene, m-xylene, and p-xylene peak at 925
K. Overall, the current mechanism simulates the aromatic products more ac-

chinarxiv.org/items/chinaxiv-201801.00091 Machine Translation


https://chinarxiv.org/items/chinaxiv-201801.00091

ChinaRxiv [$X]

curately than Honnet’ s mechanism. Notably, the mole fractions of the three
xylene isomers (o-, m-, and p-xylene) are of the same order of magnitude, in-
dicating that 1,2 4-trimethylbenzene may simultaneously decompose through
three pathways to form the three xylene isomers. Although the predicted tem-
peratures for the maximum mole fractions of the three xylenes are about 25 K
lower than the experimental values, the mechanism satisfactorily reproduces the
peak concentrations.

Rate-of-Production Analysis

[Figure 4: see original paper| shows the ROP analysis for low-temperature
oxidation of 1,2,4-trimethylbenzene at 925 K and 51% conversion. The main
reaction pathways for 1,2,4-trimethylbenzene low-temperature oxidation are
metathesis reactions with H, OH, and HO radicals to generate three dimethyl
benzyl radicals (d12mb4CH , d24mb1CH , and d14mb2CH ), as shown in the
three red boxes in Figure 4. It should be noted that Bikas and Honnet’ s
mechanisms [13] only considered the formation of dimethyl benzyl radical
d12mb4CH , neglecting the two dimethyl benzyl radicals d24mb1CH and
d14mb2CH formed by C-H bond breaking at the 1- and 2-positions. The
reactions forming d24mb1CH Oj and d14mb2CH Oj radicals account for 9%
and 11% of the total 1,2,4-trimethylbenzene consumption, respectively. Small
amounts of xylenes can be formed through ipso-substitution reactions on
1,2,4-trimethylbenzene.

In addition to regenerating 1,2,4-trimethylbenzene, the d12mb4CH rad-
ical mainly converts to o-xylene and d12mb4CHO. A small amount of
d12mb4CH can form d12mb4CH OH through addition reactions with OH
radicals. According to Bikas’ assumption [13], the decomposition pathway of
1,2,4-trimethylbenzene is similar to that of toluene, implying that d12mb4CH
and benzyl radicals should have similar decomposition pathways and reaction
proportions. However, according to the toluene mechanism developed by
Metcalfe et al. [28], the reaction pathways forming C H CH O radical, ethylben-
zene, and bibenzyl (C H ) account for 52%, 23%, and 16% of benzyl radical
consumption, respectively. This differs significantly from the reaction pathways
of d12mb4CH radical in our mechanism, with the discrepancy arising from
differences in chemical structure between d12mb4CH and benzyl radicals and
the associated rate constants.

The d12mb4CHO radical can react with H atoms, OH radicals, and O atoms
to form the d12mb4COj radical, which accounts for 71% of d12mb4CHO con-
sumption. The d12mb4CQj radical eliminates CO to form the CH34jC H CH -
12 radical, which subsequently reacts with O to form the d12mb40j radi-
cal. Thirty-six percent of d12mb4Qj radicals eliminate CO and H atoms to
form toluene. The remaining d12mb4Qj radicals react with H atoms to form
d12mb4OH. Through reactions with OH radicals, O atoms, and O, approxi-
mately 23% of d12mb4CHO can form o-xylyl radicals, which eventually produce
benzocyclobutene and o-xylylene. Furthermore, almost all d12mb4CH OH can
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regenerate 1,2 4-trimethylbenzene through reaction with H atoms.

This study reveals that the methylene position significantly affects the
decomposition pathways of 1,2,4-trimethylbenzene. At the 1-position, the
d24mb1CH radical can form d24mb1CHO, m-xylene, 1,2,4-trimethylbenzene,
and d24mb1CH OH through a series of reactions. Through similar reactions, the
d14mb2CH radical can form d14mb2CHO, p-xylene, 1,2 4-trimethylbenzene,
and d14mb2CH OH. Roubaud et al. [12] showed that 1,2,4-trimethylbenzene
has auto-ignition characteristics similar to o-xylene, suggesting that d24mb1CH
and d14mb2CH radicals have similar reaction characteristics to o-xylyl radi-
cals. However, as discussed previously, most o-xylyl radicals in our mechanism
produce benzocyclobutene and o-xylylene, based on the o-xylene mechanism
proposed by Battin-Leclerc et al. [8] used in our 1,2,4-trimethylbenzene mecha-
nism. These differences arise from structural differences between d24mb1CH
and d14mb2CH radicals and o-xylyl radicals, as well as differences in the
associated reaction rate constants.

Seventy-six percent of d24mbl1CHO can react with H atoms, O atoms, OH
radicals, HO radicals, and CH radicals to form the d24mb1COQOj radical. An-
other reaction channel for d24mb1CHO involves reactions with OH radicals,
HO radicals, O atoms, and O to form m-xylyl radicals, accounting for 21%
of d24mb1CHO consumption. A small amount of d24mb1CHO (about 1%)
can also react with H atoms to form m-xylene. The d24mb1COQOj radical elim-
inates CO to form the CH34jC H CH -13 radical, which then reacts with O
to form the d24mb10j radical. Sixty-four percent of d24mb10j radicals elim-
inate CO and H atoms to form toluene. Through reactions with H atoms
and HO radicals, 34% of d24mb10j radicals can form d24mb1OH. However,
unlike the decomposition pathway of d12mb40OH, 96% of d24mb10OH regener-
ates d24mb10Qj radicals. In contrast to d12mb4CH OH, d24mb1CH OH mainly
forms d24mb1CH Oj radicals through reactions with H atoms, O atoms, and
OH radicals. The difference in decomposition pathways arises from different
activation energies for similar reactions. A small amount of d24mb1CH OH can
convert to 1,2,4-trimethylbenzene, m-xylene, and d24mb1CHO.

Similar to d24mb1CHO, d14mb2CHO can convert to d14mb2COj radicals, p-
xylyl radicals, and p-xylene. The d14mb2COj radical eliminates CO to form
the CH32jC H CH -14 radical, which subsequently reacts with O to form the
d14mb20j radical. Sixty-four percent of d14mb20j radicals eliminate CO and H
atoms to form toluene, while 34% react with H atoms and HO radicals to form
d14mb20H. Similar to d24mb10H, 96% of d14mb20H regenerates d14mb20j
radicals through reactions with OH radicals, CH radicals, and O atoms. Similar
to d24mb1CH OH, d14mb2CH OH decomposes to form d14mb2CH Oj radicals,
1,2,4-trimethylbenzene, p-xylene, and d14mb2CHO.

In addition to the pathways forming the three dimethyl benzyl radicals,
small amounts of 1,2 4-trimethylbenzene can react with OH radicals to form
d24mb1CH Oj (9%) and d14mb2CH Oj (11%) radicals. The reaction forming
d24mb1CH OH consumes 81% of d24mb1CH Oj radicals, while the reaction
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forming d14mb2CH OH consumes 28% of d14mb2CH Oj radicals. Through loss
of CH O, d24mb1CH Oj and d14mb2CH Oj radicals can form CH34jC H CH -
13 and CH32jC H CH -14 radicals, respectively. Through similar reactions,
d24mb1CHO and d14mb2CHO can be formed from d24mbl1CH Oj and
d14mb2CH Oj radicals, respectively. Although the rate constants for similar
reactions are identical, the proportions of these reactions in the decomposition
pathways of d24mb1CH Oj and d14mb2CH Oj radicals differ.

Sensitivity Analysis

[Figure 5: see original paper]| shows the sensitivity analysis results for low-
temperature oxidation of 1,2,4-trimethylbenzene at 925 K and 51% conver-
sion. The results indicate that H-attack reactions on 1,2,4-trimethylbenzene
have a strong inhibiting effect on its consumption. Additionally, unimolec-
ular decomposition reactions involving C-H bond breaking at the 1- and 2-
position methyl groups also inhibit 1,2 4-trimethylbenzene consumption. In
contrast, reactions of HO radicals with the three dimethyl benzyl radicals sig-
nificantly promote 1,2,4-trimethylbenzene consumption. Beyond these consump-
tion pathways, the 1- and 2-position methyl groups of 1,2,4-trimethylbenzene
can also react with OH radicals to form d24mb1CH Oj and d14mb2CH Oj rad-
icals, representing important consumption pathways. Unimolecular decomposi-
tion reactions involving C-H bond breaking at the 4-position methyl group pro-
mote 1,2,4-trimethylbenzene consumption, opposite to the effect of C-H bond
breaking at the 1- and 2-positions. Thus, the methyl group position in 1,2,4-
trimethylbenzene has different effects on its consumption process, demonstrat-
ing that 1,2,4-trimethylbenzene chemistry is more complex than that of toluene
[5, 6], xylene [7-9], and 1,3,5-trimethylbenzene [19].

Conclusions

This paper presents experimental and kinetic modeling studies of low-
temperature oxidation of 1,2,4-trimethylbenzene. Experiments were conducted
in a self-designed jet-stirred reactor at temperatures of 700-1100 K, an equiva-
lence ratio of 1.0, and atmospheric pressure. Twenty-two species were detected
by gas chromatography. A new kinetic mechanism for 1,2,4-trimethylbenzene
was developed, and the simulation results agree well with experimental data.
ROP analysis shows that the formation of three dimethyl benzyl radicals at
the 1-, 2-, and 4-positions represents the main consumption pathways for
1,2,4-trimethylbenzene. Sensitivity analysis indicates that H-attack reactions
have strong inhibiting effects on 1,2,4-trimethylbenzene consumption, while
reactions of HO radicals with the three dimethyl benzyl radicals significantly
promote its consumption.
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