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Abstract—Models resulting from the merging of validated kinetic schemes were used to compile a new
detailed mechanism for benzene combustion in laminar flames. The proposed model, featuring 215 species
and 1313 reactions, has been validated using fuel-rich, low-pressure, premixed benzene—oxygen—argon
flames available in the literature. Good agreement between simulated and experimental data is achieved for
the major reactants, intermediates, and products. However, computed maxima for some polyaromatic hydro-

carbons were lower than experimental ones.
DOI: 10.1134/S0023158414030124

Due to its high density and antiknock rating, the
combustion and the oxidation chemistries of the sim-
plest aromatic hydrocarbon (benzene) have been the
subject of numerous studies over the past few decades
[1—8]. However, because of its carcinogenic effects,
benzene usage was limited to a maximum of 1% by
recent legislative action in the United States [1].
Despite its limited presence in fuels, benzene is ubiq-
uitously formed during the combustion of hydrocar-
bons from methane used in spark-ignition engines,
Diesel engines and aircrafts. In addition, aromatic
compounds, especially benzene, are closely linked to
the formation of polycyclic aromatic hydrocarbons
(PAH) in the practical combustion systems. Besides
being carcinogenic or mutagenic in them, PAH are
intermediates in the formation of soot [9], chlorinated
dioxins and furans [10]. As mentioned by Brukh et al.
[11], under fuel rich conditions, the PAH compounds
are likely to be formed by sequential activation of
neighboring aromatic sites by hydrogen atom abstrac-
tion, followed by addition of the aryl radical to acety-
lene molecule. The repetition of the sequence H
abstraction followed by acetylene addition leads to the
cyclization to the next higher order ring (HACA
mechanism). Therefore, a good understanding of the
oxidation mechanism of the first aromatic ring (ben-
zene), which is thought to be the main precursor of
PAHs, is considered as one of the most interesting
research subjects in the combustion society, from a
fundamental and a practical point of view [12].

The combustion chemistry of benzene has been
performed by many groups [6, 13—18], starting with
the pioneering work of Bittner and Howard [6] who
used molecular beam mass spectrometry (MBMS) as
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a mean to establish the structure of a benzene—oxy-
gen—argon system burning at low pressure (26.7 mbar)
and fuel rich conditions (equivalence ratio ¢ = 1.8).
Using radical scavenging techniques, Richter et al.
[13] have brought some supplementary data to the
same flame. Meanwhile, Defoeux et al. have studied
the structure of a rich (¢ = 2.0) low-pressure (P =
50 mbar) C(Hq—O,—Ar flame with the same method
recently [4]. A comprehensive experimental study of a
similar (¢ = 1.78, P = 4 kPa) flame has been per-
formed by Yang et al. [19] using tunable synchrotron
photo ionization and MBMS. In this study, isomers of
most observed species in the flame have been unam-
biguously identified by measurements of the photo
ionization efficiency spectra. Mole fraction profiles of
species up to C,;4H/, have been measured at the selec-
tive photon energies near ionization thresholds.
Recently, Detilleux and Vandooren [5] reported gas
chromatography data from one-dimensional laminar
premixed benzene—oxygen—argon flames with equiv-
alence ratios of 2, 1, and 0.7, stabilized at low pressure
(45 mbar) on a flat flame burner.

To model these experimental data, detailed kinetic
models have been proposed by Lindstedt and Skevis
[20], Zhang and McKinnon [21], Tan and Frank [12],
Ristori et al. [22], D’Anna and Violi [23] and
Howard’s group [3, 24]. These published models give
qualitative agreement with many experimental mea-
surements; however, agreement for some intermediate
species is poor. In general, comparisons of these
kinetic schemes confirm that important reaction paths
are missing in these mechanisms and that further
improvements were necessary for predicting interme-
diate species, such as diacetylene, cyclopentadienyl
radical, cyclopentadiene, and vinylacetylene.
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Recently, a detailed kinetic modeling study of ben-
zene oxidation and combustion in premixed flames
and ideal reactors was conducted by Vourliotakis et al.
[25] and a comprehensive mechanism was proposed.
The developed kinetic scheme captured well most of
the species involved in the benzene combustion, how-
ever it is limited to Cg4 species only and don’t deal with
heavier compounds. The most recent modeling work
on benzene pyrolysis and oxidation was performed by
Saggese et al. [26]. In this study, the proposed model,
consisting of over 10000 reactions and more than
350 species, was developed based on hierarchically
modularity and was validated against a huge set of
experiments.

In this work, a new model for benzene combustion
in laminar flames, based on the mechanism of Vourlio-
takis et al. [25] and extended to simulate C,, species,
was developed. The developed kinetic mechanism was
used to simulate the fuel-rich (¢ = 1.8), low-pressure,
premixed benzene-oxygen flame of Bittner and
Howard [6] which is well-characterized, in terms of
gaseous products and high molecular aromatics.

MODEL DEVELOPMENT PROCEDURE

The mechanism used in this work is based on the
detailed kinetic model developed by Vourliotakis et al.
[25] which was assessed against experimental data
issued from studies which have been conducted in
flames [4—6, 19], shock tubes [27], perfectly stirred
and plug-flow reactors [7, 22, 28—30], all under a wide
range of temperatures, pressures, and stoichiometries.
Predictive capabilities of the model were found to be at
least fair and often good to excellent for the consump-
tion of the reactants, the formation of the main com-
bustion products, and the formation and depletion of
major intermediates including radicals. The mecha-
nism was subsequently extended to PAH up to naph-
thalene (C,,Hg) and biphenyl (C,H,y) [3, 31]. It is
noteworthy that the kinetic submechanism for the for-
mation of larger aromatic structures includes the rep-
licating hydrogen abstraction carbon addition
(HACA) mechanism as well as kinetic pathways
involving resonantly stabilized free radicals.

We have also used, in our proposed model, some of
the elementary reactions for HCO, C,H;, and CH;0
from the work of Hampson [32], those for methylene
triplet from the work of Bohland et al. [33], and CH
from the work of Bergeat et al. [34]. Besides, some
CH,CO and 1,2-butadiene elementary reactions,
taken from the work of Hidaka et al. [35, 36] and
Dagaut and Kurylo [37], have been added to the
kinetic scheme. In addition, recent results, concern-
ing methanol, obtained by our group have been incor-
porated in this model [38].

In order to have good prediction of propargyl radi-
cal (C;H;) profiles, oxidation reactions of propy-
nylidene (1-C;H,) were added from the works [12] (in
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all next reactions the pre-exponential factor A is

expressed in cm® mol~! K~!, and activation energy is

expressed in J)

(k=1.00 x 10"exp(—12540.0/RT)),

1—C3H2 + OH = C2H2 + HCO (k = 500 X 1013),

C;H; + O =1-C;H, + OH (k = 3.00 x10'?),
and [3]

1—C3H2 +0= CzH + HCO (k =6.80 x 1013),

1-C;H, + O = C,H, + CO (k= 1.00 x 10'4).

Also some reactions of C;H; were added from [39]
C,H + CH,0H = C;H; + OH (k= 1.21 x 10"3),
C2H + C2H5 = CH3 + C3H3 (k = 181 X 1013),

and [3]

C;H;+ O=C,H, + CO + H (k= 1.40 x 10'%),

C3H3 + OH = 1—C3H2 + H20 (k = 100 X 1013),

C3H3 + C3H3 = C6H5 + H (k = 1.00 X 1013).

The proposed mechanism consists of 215 species
evolved in 1313 reversible reactions and it distin-
guishes between singlet and triplet methylene as well as
between structural isomers of C, species which are
important in ring growth and rupture processes. More
specifically, the model distinguishes between 1,3-
butadiene (CH,CHCHCH,), 1,2-butadiene
(CH;CHCCH,), 1-C,Hq, 2-C,H4 and cyclo-C4Hg
and the corresponding n—butadienyl (CH,CHCHCH
and CH;CHCCH) and i-butadienyl isomers
(CH,CHCCH,). For C4,H;, n-C,H; (CHCCHCH)
and i-C,H; (CHCCCH,) have been considered. In
addition, fifteen linear species 1-C;H,, 1-CsH,,
1-CsH;, 1-CsHy, 1-CsHs, 1-CsHg, 1-CsH;, 1-C¢H,,
1,3-C4Hs, 1,5-C¢Hs, 1,2-C4Hg, 1,3-C¢Hg, 1,5-C¢Hg,
1,2,4,5-C¢H¢ and 1-C¢H, were taken into account.
The proposed mechanism, in Chemkin format, could
be found by contacting the authors.

MODEL TESTING

All model calculations were performed with PRE-
MIX flame code, a part of the CHEMKIN software
package [40]. As mentioned by D’Anna and Violi [41],
the PREMIX code computes the species profiles for a
burner-stabilized premixed laminar flame, using the
cold mass flow rate through the burner, feed-gas com-
position, pressure, and an estimated solution profile as
input. The program can also compute the temperature
profile. However, heat losses to the burner surface and
the external environment are unknown; therefore, an
experimentally determined temperature profile is used
as input.

The reaction mechanism was tested against the
MBMS data of Bittner and Howard [6] in a near soot-
ing laminar premixed benzene—oxygen—argon flame
(equivalence ratio ¢ = 1.8). The flame was stabilized
on a cooled copper plate burner at 20 Torr. The initial
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Fig. 1. Comparison between computed (lines + light symbols) and experimental ([6], dark symbols) C¢H¢, O,, CO, CO,, H, H5,

OH and H,O mole fraction profiles.

reactant concentrations were 13.5 mol % benzene,
56.5 mol % oxygen, and 30 mol % argon at a cold gas
velocity of 50 cm/s (298 K). It is noteworthy that, in
our calculations, experimental mass flow rate through
the burner, gas composition, pressure, temperature,
and estimated initial solution profile were used as
inputs.

RESULTS AND DISCUSSION
Model Validation

Simulated and experimental mole fraction profiles
for C¢Hq, O,, CO, CO,, H, H,, OH and H,O are
depicted in Fig. 1. Reactants (C¢Hy and O,) are
extremely well reproduced by the current model. Ben-
zene and oxygen concentrations rapidly decrease in
the flame zone which is located at about 0.5 cm above
the burner. Besides, except for H,O where the model
underpredicts the mole fraction by a factor of 1.3, all
the other products (CO and CO,) modelled concen-
tration profiles are in good agreement with those mea-
sured experimentally.

Compared to concentrations of stable species, the
concentrations of radicals are more difficult to mea-

sure and are known with larger uncertainty [3]. A very
satisfactory prediction was observed for H and OH
mole fraction profiles, whereas the H, concentration
was somewhat overpredicted by the model (by a factor
of 1.2). This over prediction was also reported by Vour-
liotakis et al. [25] during their modeling study on ben-
zene oxidation and combustion in premixed flames
and ideal reactors.

Computed and experimental mole fraction profiles
of CH,, CH,, C,H,, C;H,, C;H; and C;H, are given in
Fig. 2. The methyl radical and methane concentration
profiles shapes were very well reproduced by the
model, whereas their maximum peaks were overpre-
dicted by a factor of 1.9 and 1.4, respectively. On the
other hand, both shape and value of acetylene mole
fraction were very well predicted by the proposed
model. It is noteworthy could be said that, by compar-
ison of our calculations with the ones given by the pub-
lished models in the literature [5, 12, 41], our pro-
posed model was able to predict, with a good level of
accuracy, mole fraction profiles of C, and C, species.

Concerning the C; species, it can be seen that C;H;
and C;H, mole fraction profiles were very well repro-
duced, whereas C;H, was somewhat underpredicted
(1.6 times) and shifted toward unburned gases. As
No. 3
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Fig. 2. Comparison between computed (lines + light symbols) and experimental ([6], dark symbols) CH3, CHy, C,H,, C,H,,

C;H,, C5H;5 and C3H4 mole fraction profiles.

compared to the model used by Lindstedt and Skevis
[20] which underestimates the C;H, maximum peak
by a factor of 1.6 and to the models used by Djurisic et
al. [42], Defoeux et al. [4], Vourliotakis et al. [25] and
Ristori et al. [22] which overpredict the C;H, maxi-
mum peak by a factor of 1.9, 10, 1.5 and 7, respec-
tively, it could be said that our proposed model exhibits
a very good capability in the prediction of the C; mole
fraction profiles.

Mole predictions for CsH;, CsHs, CsHy, CgHs,
C;Hyg, CgH,, CgHg, CoHg, CjoHg, Cj,Hg and Cy,H,y
are shown in Fig. 3. For C; species, it could be seen
that our proposed model underpredicts the CsH; max-
imum peak by a factor of 2, overpredicts the value of
CsH, by a factor of 1.2, while it reproduced very well
the CsHs mole fraction profile. Very similar trends
were reported by Saggese et al. [26], for CsHg, during
their study on benzene pyrolysis and oxidation. On the
other hand, our model gives a value for the phenyl rad-
ical (C4Hs) maximum peak 5 times more important
than the measured value. Similar results were reported
by Tan and Frank [12] who mentioned that this finding
is rather a good achievement since that most of the
models published so far overpredict considerably the
concentration of C4;H; of this flame; for example,
Zhang and McKinnon’s model [21] overpredicts phe-
nyl by a factor of 8.
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Concerning C,; and Cg species, our computation
indicated that the proposed model gives a concentra-
tion of toluene 1.2 times less important than the exper-
imental one, and a styrene mole fraction 1.1 times
more important than the measured value. These pre-
dictions are very satisfactory as compared to the most
recent benzene kinetic model proposed by Saggese
et al. [26], where the computed toluene concentration
was 2.2 times less important than the measured one,
and the calculated styrene concentration was 3.7 times
more important than the experimental value. On the
other hand, our proposed model predicts a concentra-
tion of CgH, 150 times less important than the mea-
sured one. It is noteworthy that, at our knowledge, all
the published models did not consider the CgH, con-
centration calculations, thus we can’t do any compar-
ison.

In the case of polyaromatic hydrocarbons, our pro-
posed model exhibits a very good capability in predict-
ing C,,Hg, however underestimations were observed
for indene (CyHg), for acenaphtene (C,;,Hg) and for
biphenyl (C,,H,y). Values of these underestimations
were 1.7, 8 and 120 for CyHg, C;,Hg and C,H,,
respectively. These findings imply that much effort
should be devoted to the enhancement of the C,H,,
reproducibility.
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Reaction Pathways

The pathway methodology has been previously
reported [38]. In brief the appropriate subroutines in
the Chemkin package (CKQYP, CKCONT), which
systematically compute the rate of production and
consumption of each species [40], were used to per-
form the pathway analysis. In these subroutines the
involved reactions (for constants k) are sorted out with
respect to their maximum absolute rate, and their sign
indicated the species consumption or formation [43].
It is well known that the rate of progress is dependent
on the species concentration and the temperature as
well; these two entities are dependent on the location.
So, in order to take this variation along the burner axis
into account, integration of the rate of progress versus
the height above the burner was chosen to consider the
species molar flux. The integrated rate of progress for
each reaction or group of reactions represents the con-
tribution of this reaction or group of reactions to the
species formation or consumption (according to the
sign of the rate of progress). In the aim to describe the
benzene oxidation pathways, rates of consumption
and production were computed for every species. It is
noteworthy that in this section, only the main reac-
tions that have an important role in chemicals belong-

ing to the studied system will be presented. The num-
bers in parentheses correspond to the numbers of reac-
tion in the benzene mechanism.

The routes of benzene consumption are well docu-
mented [3, 25]. As the sp> C—H bond in benzene
(112 kcal/mol) is weaker than the C—C bond in the
ring (~136 kcal/mol), it is accepted that the initiation
step in the thermal decomposition of benzene involves
an ejection of a hydrogen atom by breaking one of the
six C—H bonds in the molecule [44]. Thus, after the
initial decomposition of benzene, the expected major
paths consuming fuel is the H, O and OH attack lead-
ing to H abstraction, according to:

C¢H; + H = C;Hg , (reverse reaction 663)

C6H6 +H= C(,HS + Hz, (654)
C,H, + OH = C4H, + H,0, (658)
C¢H, + O = CH,0 + H. (657)

The flux analysis indicated that benzene conver-
sion increased with increasing the height above the
burner to reach a maximum at about 1.1 cm and
remain constant afterward. On the other hand, the
analysis of the net rates of benzene depletion showed
that, closer to the burner which means at lower C;Hg
conversions, hydrogen abstraction through reactions
654, 657 and 658 were found to be the most important
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benzene consumption pathways, whereas the thermal
decomposition of benzene via the reverse reaction
663 played a minor role. However, the contribution of
this latter reaction increased upon raising the benzene
conversion to reach a maximum in the reaction zone
and then decreased (Fig. 4). It is noteworthy that, in
the flame zone, the reaction (reverse 663) contributed
with 73% in the benzene depletion, whereas reactions
654, 657 and 658 contributed with 15, 3.9 and 8.1%,
respectively. These observations suggest that, for the
studied flame, reaction of benzene with atomic oxygen
to give phenoxy (reaction 657) did not contribute sig-
nificantly to the C4Hg4 consumption. These findings
are somewhat in disagreement with those reported by
Tan and Frank [12] who mentioned that the reaction
of benzene with hydroxyl atoms (reaction 658) was the
most predominant benzene consumption channel,
whereas the reaction with hydrogen atoms (reaction
654) was only of minor importance. The authors also
reported that the decomposition reaction of benzene
(reverse reaction 663) becomes important only at tem-
peratures above 1400 K. In addition, the model pro-
posed by Ristori et al. [22] confirmed that benzene
oxidation was governed mainly by the reaction 657,
whereas pathways leading to phenyl formation by H
abstraction reactions of C¢Hg with the H atom (reac-
tion 654) and with the OH radical (reaction 658) were
found to be of less importance. On the other hand and
in agreement with our results, Richter and Howard [3]
demonstrated, by using pathway analysis, that ben-
zene was mostly transformed into the phenyl radical
by reactions 654 and 658. Similar trends were also
reported by Vourliotakis et al. [25] and by Saggese et al.
[26] who mentioned that the most favored decompo-
sition path of benzene was phenyl radical formation
through reactions with H and OH radicals. Reaction
654 was the dominant phenyl formation path in rich
flames conditions, while reaction 658 dominated
under stoichiometric and lean environments.

When formed phenyl reacts mainly with hydrogen
radicals and oxygen molecules to give benzyne (cyclo-
C¢H,), phenoxy—(C4Hs;O) and benzoquinones
(0-C¢H,0, and p-C4H,0,). Benzyne undergoes a lin-
earization to yield 3-hexene-1,5-diyne (1-C4H,),
whereas phenoxy radical reacts with HO, to give phe-
nol which undergoes an abstraction reaction with
hydrogen atoms to give back phenoxy. On the other
hand, o-benzoquinone decomposes to give cyclopen-
tadienone (CsH,0O) and CO, whereas p-benzoquinone
may undergo a monomolecular decomposition yield-
ing cyclopentadienone, or react with hydrogen atoms
to give cyclopentadienoxy radicals (CsH;0) and CO.
In addition, once formed, 3-hexene-1,5-diyne reacts
with hydrogen radicals to give acetylene and n-C,H;
radicals, whereas cyclopentadienone may decompose
to yield acetylene and carbon monoxide, or react with
hydrogen atoms to give 1,3-butadienyl (1,3-C,Hs).
Furthermore cyclopentadienoxy radicals undergo
monomolecular decomposition to give 1,3-butadienyl
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Fig. 4. Variation of the benzene conversion and the CqHg
consumption rates with the height above the burner.

and carbon monoxide (see Scheme). On the other
hand, 1,3-C,H; may decompose to give acetylene and
vinyl radical (C,H;) or isomerize to give 1,2-butadie-
nyl (1,2-C,Hs) which may react with H or OH radicals
to give vinylacetylene (C,H,) or with O atoms to yield
ketene (CH,CO) and vinyl radical. At its turn, viny-
lacetylene exhibits two depletion channels, the first
leading to n-C,Hj; via abstraction reactions with H or
OH and the second leading to cyclopentadiene (cyclo-
C;sHg) via the recombination with methylene triplet
(CH4(T)). n-C4H; can isomerize to i-C,H; or react
with hydrogen atoms to produce diacetylene (C,H,),
which reacts mainly with hydrogen radicals to give
butadiynyl (C,H). This latter species (C,H) reacts
with oxygen molecules to produce ethynyl radical
(C,H) and carbon monoxide. Besides, the pathway
analysis results indicate that two main routes contrib-
ute to the ethynyl radical consumption; the first is its
reaction with acetylene giving diacetylene and hydro-
gen atoms, whereas the second is reactions with
hydrogen and water molecules yielding acetylene. A
minor path leads to carbon monoxide and hydrogen
atoms.

Concerning acetylene, which is thought to be one
of the main PAH building blocks through the HACA
mechanism [5, 45—47], flux analysis showed that
C,H, depletion was mainly governed by the set of reac-
tion:

C,H,+ O=HCCO + H, (146)
C,H,+CH=CH, +H, (476)
CH + C,H, = cyclo-C;H, + H, (44)
C,H, + OH =CH,CO + H, (148)
C,H, + O = CHy(T) + CO. (145)

It was found that 53% of acetylene was consumed via
its oxidation by oxygen atoms leading to ketone radical
(146), whereas only 6% of acetylene consumption was
realized by the reaction (145).
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Concerning Cs species, our computations indi-
cated that cyclopentadiene may react with hydrogen
radical to produce acetylene, allyl-C;H5 and cyclo-
pentadienyl radicals, or isomerize to give linear CsHg,
or undergo a monomolecular decomposition yielding
acetylene or finally react with hydroxyl radicals to pro-
duce CsHs. On the other hand, cyclopentadienyl

(CsHj;), which is considered as one of the most impor-
tant intermediate in PAH formation due to its neutral-
ity and ambident-reactivity at different sites [48],
reacts mainly with carbon monoxide to produce phe-
noxy (Scheme).

Compare with the experimental work of Bittner
and Howard, benzene combustion was investigated
No. 3

KINETICS AND CATALYSIS Vol. 55 2014



BENZENE COMBUSTION: A DETAILED CHEMICAL KINETIC MODELING

numerically (using kinetic modeling). The data col-
lected reveal the following.

1. The computed mole fraction profiles of reactants
(benzene and oxygen) as well as those of the major sta-
ble species were in good agreement with those mea-
sured experimentally.

2. The proposed model was able to predict, with a
reasonably level of accuracy, mole fraction profiles of
methyl radical, methane, acetylene, propargyl and
cyclopentadienyl radicals.

3. The proposed model exhibited a very good capa-
bility in predicting toluene (C,Hg) and styrene (CgHy),
whereas it fails to predict the concentration of CgH,
(the computed value was 150 times less important than
the measured one).

4. A good reproducibility was observed for C,,Hg,
however underestimations were observed for CyHg,
C,Hg, and C,H,,. These findings imply that some
work must be done for enhancing the reproducibility
of these species especially for C;,H .

5. Benzene depletion was dependent on its conver-
sion. Hydrogen abstraction reactions governed the
benzene consumption at lower conversions, whereas
the C4H, thermal decomposition was found to be the
most important depletion path at medium and higher
conversions. On the other hand, whatever the conver-
sion, reaction of benzene with atomic oxygen to give
phenoxy was found to play a minor role in C;Hg con-
sumption. It is noteworthy that these findings are
almost new, because to our knowledge, the depen-
dence of benzene depletion pathway on the C¢Hg
conversion was not proposed in any of the pub-
lished models.
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