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Polycyclic aromatic hydrocarbons (PAH) are associated with health hazardous effects, and combustion
processes are major sources of their presence in atmospheric aerosols. In the present work, chemical
reaction pathways of PAH formation have been investigated by means of the modeling of a nearly sooting,
low-pressure, premixed, laminar, one-dimensional benzene/oxygen/argon flame (equivalence ratio ¢ =
1.8, 30% argon, gas velocity at burner at 298 K v = 50 cm s~ !, pressure = 2.67 kPa). This flame has
been investigated by Bittner and Howard using molecular-beam sampling coupled to mass spectrometry.
More recently, Benish extended the set of available data for radicals up to 201 amu and for stable species
up to 276 amu using nozzle-beam sampling followed by radical scavenging with dimethyl disulfide and
subsequent analysis by gas chromatography—mass spectrometry. An existing kinetic model has been refined.
Density functional theory computations were used to update the thermodynamic database, while transition
state theory followed by a bimolecular quantum Rice-Ramsperger-Kassel analysis allowed for the deter-
mination of kinetic data relevant for the present study. The reaction of phenylacetylene radicals with
acetylene is shown to be limiting for the concentration of 1-naphthyl radicals, while naphthalene is formed
mainly by self-combination of cyclopentadienyl. The insufficient consumption of PAH as well as acetylene
beyond the reaction zone gives some evidence of the need of additional PAH growth pathways involving
acetylene but thermodynamically more favorable than subsequent hydrogen-abstraction/acetyleneaddition
reactions. A new pathway for acenaphthylene formation is suggested and consists of benzyne recombination

followed by hydrogen attack and isomerization.

Introduction

In epidemiological studies, air pollution has been
positively associated with death from lung cancer
and cardiopulmonary disease [1]. Combustion pro-
cesses are major sources of airborne species of
health concern; and a possible explanation of the
health hazardous effect of atmospheric aerosols is
their association with polycyclic aromatic hydrocar-
bons (PAH) [2]. Many PAH identified in aerosols
have been found to be mutagenic [3], and their role
as precursors of soot has been discussed [4,5].
Therefore, a better understanding of chemical re-
action pathways leading to PAH formation is an es-
sential issue in order to reduce their environmental
impact and to improve combustion processes. Due
to the complexity of such processes, the assessment
of chemical reaction networks requires experiments
in well-defined flow systems such as well-stirred re-
actors, plug-flow reactors, or premixed flames. Such
systems allow the use of numerical modeling, taking
into account sets of chemical reactions sufficiently
large to describe individual reaction steps. Flame
structures of laminar, premixed, fuel-rich, low-
pressure flames have been measured by means of

molecular-beam sampling coupled to mass spec-
trometry for different fuels such as acetylene [6] and
benzene [6,7]. Molecular-beam sampling allows the
measurement of radical intermediates, which is ex-
tremely valuable for the testing of kinetic models,
but, unfortunately, sooting conditions are prohibitive
for this technique. Probe sampling and subsequent
analysis by gas chromatography coupled to mass
spectrometry (GC-MS) allowed the measurement of
concentration profiles for stable species up to coro-
nene (Cyo Hj5) in premixed propane, acetylene, and
benzene flames at reduced pressure [8], and up to
pyrene (Ci6Hjo) in premixed methane, ethane, and
propane flames at atmospheric pressure [9]. Con-
centration profiles of PAH up to ovalene (C3Hy4)
and for the fullerenes Cgy, Cry, C6, Crs, and Cgy
have been measured using gas and liquid chroma-
tography (GC-MS and HPLC) [10]. Detailed kinetic
models describing PAH growth have been devel-
oped and tested for premixed methane [11], ethane
[11], acetylene [12], and ethylene [12,13] flames.
The present work focuses on the detailed descrip-
tion of the first steps of the growth of PAH in a nearly
sooting, low-pressure, premixed, laminar, one-dimen-
sional benzene/oxygen/argon flame (equivalence
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ratio ¢ = 1.8, 30% argon, gas velocity at burner at
298 K, v = 50 ¢cm s~ 1, pressure = 2.67 kPa) by
means of kinetics modeling. This flame has been
chosen because of the availability of a large set of
experimental data and different modeling studies for
comparison. Bittner and Howard [7] used molecu-
lar-beam sampling and measured concentration pro-
files for stable species up to 202 amu and radicals
up to 91 amu. A temperature profile was obtained
by means of thermocouple measurements, taking
into account heat losses by radiation. The successful
testing of the model for smaller stable and, in par-
ticular, radical intermediates involved in the growth
process is essential for the confident application of
a model to larger species and the assessment of po-
tential errors and uncertainties.

Recently, the body of data available for Bittner and
Howard’s nearly sooting benzene flame was ex-
tended for radicals up to 201 amu and for stable
species up to 276 amu [14], using nozzle beam sam-
pling followed by radical scavenging with dimethyl
disulfide (DMDS) and subsequent analysis by GC-
MS [15]. This technique allowed for the identifica-
tion of specific PAH radicals, that is, identification
of the carbon site where hydrogen abstraction oc-
curred, and their individual quantification using
standard compounds for the analysis of the different
scavenging products.

Oxidation chemistry of this flame has been studied
by different authors using kinetic modeling [16-18].
The starting point of the present work was a recently
published PAH model [19] which has been tested
with encouraging results against Bittner and How-
ard’s data [7], and also for a sooting, premixed ben-
zene/oxygen/argon flame (¢ = 2.4, 10% argon, v =
25 cm s, p = 5.33 kPa) studied experimentally by
Grieco et al. [10].

Approach

An existing kinetics model describing the forma-
tion of PAH [19] was refined and tested against the

D [cm] - (prediction, left scale.)

new set of experimental data measured recently by
Benish [14] in a nearly sooting, low-pressure, pre-
mixed benzene/oxygen/argon flame using nozzle
beam sampling followed by radical scavenging [15].
The computations were conducted with the PRE-
MIX flame code [20] using an experimental tem-
perature profile [7], shown in Fig. 1. Thermody-
namic and kinetic data of the model were critically
reviewed, updated if necessary, and completed. For
instance, the formation of benzoquinone (CgH,0,)
[18,21] was added to the model. Subsequent ben-
zoquinone pyrolysis and oxidation reactions [22]
with acetylene and CO as major final products were
implemented, as well as recent kinetic data on the
consumption of cyclopentadiene [23] and cyclopen-
tadienyl [24], the latter leading via unimolecular de-
cay to CyHy and C3Hj. This addition of supplemen-
tary pathways for the consumption of cyclic Cg and
Cs species and acetylene formation led in compari-
son to the initial model [19] to a significant improve-
ment of the prediction capability for cyclopenta-
dienyl, phenyl, and acetylene (Figs. 1 and 2).
Possible reasons for the remaining overpredictions
of cyclopentadienyl and phenyl are discussed later.
For species with unknown or poorly known ther-
modynamic properties, density functional theory cal-
culations were carried out with the DGAUSS pack-
age [25] using the BLYP functional in conjunction
with the DZVP basis set. The geometries were op-
timized, followed by determination of entropies and
heat capacities after vibrational analysis. Heats of
formation were taken from the NIST database [26]
unless otherwise mentioned. For species for which
no value was recommended, as was the case for most
radical species, heats of formation were determined
by means of isodesmic reaction, that is, reactions
which maintain the overall number and types of
bonds. The thermodynamic data of species involved
in the studied chemical reaction pathways and de-
duced in the present work are given in Table 1; cor-
responding structures are shown in Table 2.
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TABLE 1
Thermodynamic data of species used in the present work
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Species AHY s Cp, 300K Cp, 400K Cp‘ 500K Cp, 600K Cp, 800K Cp, 1000K Cp, 1500K
C,H, 54.19*  48.66 11.32 12.47 13.39 14.15 15.32 16.21 17.94
Cylcopentadienyl 62.56"  68.04 19.51 25.22 29.82 33.51 38.86 42.44 4791
Cyclopentadiene 33.20°  65.87 18.74 25.19 30.49 34.85 41.36 45.82 52.40
Benzyne 103.39°  68.03 19.59 25.38 30.09 33.90 39.47 43.17 48.51
Phenyl 81.00*  68.00 19.90 26.50 31.89 36.26 42.69 46.99 53.22
Benzene 19.82*  64.58 20.23 27.45 33.40 38.28 45.54 50.49 57.71
CeH5CH*2 135.37¢  82.29 29.05 36.16 41.93 46.59 53.39 57.91 64.48
Phenylacetylene 73.27*  81.64 29.81 37.48 43.74 48.84 56.37 61.46 69.04
Benzoquinone -29.371  76.79 26.17 32.91 38.40 42.86 49.37 53.67 59.69
1-Indenyl 65.01¢  79.30 30.27 40.29 48.38 54.87 64.25 70.42 79.38
Indene 39.08¢  80.88 30.57 41.07 49.67 56.67 67.01 73.95 83.96
CyoHe-2 120.58°  81.88 32.08 41.80 49.71 56.11 65.45 71.58 80.16
1-Naphthyl 96.95°  83.16 32.29 4291 51.54 58.52 68.67 75.36 84.84
2-Naphthyl 97.20¢  83.07 32.35 42.97 51.59 58.56 68.71 75.39 84.87
Naphthalene 35.99*  80.40 32.66 43.93 53.14 60.61 71.59 78.90 89.36
1-C,oH,C,H*2 150.92¢  94.23 40.77 52.04 61.16 68.49 79.10 86.06 96.04
2-C,oH,CoH*1 150.65°  95.36 41.01 52.23 61.30 68.60 79.15 86.09 96.04
1-C,H,C,H 88.73¢  94.63 41.35 53.26 62.93 70.76 82.16 89.71 100.58
2-C,oH-CoH 88.58¢  93.60 41.44 53.33 62.98 70.78 82.14 89.68 100.58
Acenaphthylene 61.70°  86.62 37.50 50.37 60.81 69.22 81.39 89.36 100.56
Biphenylene 100.48*  87.77 37.81 50.54 60.88 69.23 81.35 89.31 100.52
Biphen-H 121.31°  92.03 39.74 53.10 63.94 72.68 85.35 93.68 105.52
Biphenyl*2 103.56°  95.60 40.03 53.26 63.95 72.55 85.04 93.35 105.44
Biphenyl 43.50°  93.27 4045 54.24 65.46 74.55 87.90 96.88 109.93
1-Phenanthryl 109.20°  96.61 44.36 59.03 70.93 80.53 94.45 103.57 116.40
4-Phenanthryl 107.24°  96.44 4441 59.10 71.02 80.63 94.57 103.69 116.46
Phenanthrene 48.09*  95.25 44.70 60.03 72.52 82.64 97.42 107.19 120.95

Note: AHY in kcal mol ™ %; S, C, in cal mol ™1 K1,

2 Heat of formation taken from the NIST database [26].
b Heat of formation taken from Moskaleva and Lin [24].
¢ Heat of formation calculated by means of isodesmic reaction.

d Heat of formation taken from Alzueta et al. [22].

¢ Heat of formation taken from Cox and Pilcher [27].
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TABLE 2
Molecular structures of species used in the present work
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Kinetic data taken from the literature were
adapted, if necessary, to low-pressure conditions by
means of a bimolecular quantum Rice-Ramsperger-
Kassel (QRRK) analysis [28]. The QRRK method
used in the present work was significantly improved
relative to prior studies by allowing multiple-well
treatment and by approximating the distribution of
the vibrational energy with three frequencies. In ad-
dition, a higher-order approximation was used for
the efficiency factor of the stabilization of the chem-
ically activated adduct via collision.

Taking into account the importance of these re-
actions in prior PAH models, a detailed analysis has
been performed for acetylene-addition reactions to
different PAH radicals. Only the reaction of phenyl
with acetylene has been investigated experimentally,
and only data at very low (about 0.1 Pa) [29] and

atmospheric pressure [30] are available at tempera-
tures relevant for the present study. Yu et al. [31]
used transition state theory based on quantum-me-
chanical ab initio thermochemical and molecular
structure data followed by a Rice-Ramsperger-Kas-
sel-Markus (RRKM) treatment. The results could be
quantitatively correlated with experimental data at
different temperatures and pressures. Unfortu-
nately, no data are available describing the effect of
increasing radical size, and no rate constants have
been determined for the case of possible formation
of five-membered ring species such as acenaphthy-
lene. For this reason, in the present work the poten-
tial energy surface of the reaction 1-naphthyl +
acetylene has been explored using density functional
theory, transition states have been identified, and
high-pressure rate constants have been determined
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TABLE 3
PAH growth reactions added or changed in the present work relative to ref. [19]
Reaction k [em® mol = s™1] Ref?
Benzene + H S phenyl + Hy 3.23 10" T2 exp(—15842cal/RT) [35], p.w.”

Phenyl + H S benzene

Phenyl + H & benzyne + H,

Phenyl + C,H, & phenylacetylene + H
Phenylacetylene + H & CsH5C,H*2 + H,
CeH5Co11*2 + H S phenylacetylene
CsH5CoH*2 + CoHy 5 1-naphthyl
1-Naphthyl + H & naphthalene
2-Cyclopentadienyl = naphthalene + 2 H
Naphthalene + H & I-naphthyl +H,
Naphthalene + H & 2-naphthyl + H,
2-Naphthyl + H & naphthalene
2-Naphthyl + H & CyyHg-2 + Hy
1-Naphthyl + CoH, & 1-C0H;CoH + H
1-Naphthyl + CyH, & acenaphthylene + H
2 Benzene S biphenylene

Biphenylene + H S biphen-H

Biphen-H & acenaphthylene + H
2-Naphthyl + C;H, S 2-C)(H,CoH + H
1-CoH-CoH + H S 1-Cy H,CoH*2 + H,
2-CoH-CoHl + H S 2-CyH-CoH*1 + H,
1-C;oH,CoH*2 + CoHy S 4-phenanthryl
2-C1oH,CyH*1 + CyHy S 1-phenanthryl
1-Phenanthryl + H & phenanthrene
4-Phenanthryl + H & phenanthrene
Phenyl + phenyl & biphenyl

Biphenyl + H & biphenyl*2 + H,
Biphenyl*2 + C,H, & phenanthrene + H
1-Indenyl + cyclopentadienyl & phenanthrene + 2 H

2.08 10° T~ *% exp(—5290cal/RT)
1.18 10~ T%'® exp( —4540cal/RT)
9.33 10%7 T~ *27 exp(— 17200cal/RT)
3.23 1007 T29% exp( — 15842cal/RT) [35], pw?
9.64 10° T~397 exp(— 7800cal/RT) p-w., 2.67 kPa
1.40 10% 7252 exp( —3261cal/RT) pwe

p-w., 2.67 kPa
p-w., 2.67 kPa
p-w., 2.67 kPa

1.19 10%% T3 exp(—4070cal/RT) p-w., 2.67 kPa
2.00 10" exp( —8000cal/RT) [32]

3.23 107 799 exp(— 15842cal/RT) [35], pw."
3.23 1097 729 exp( — 15842cal/RT) [35], pw?
1.67 10%% 77350 exp(—4110cal/RT) p-w., 2.67 kPa
2.76 10~ 2* T exp(—5960cal/RT) p-w., 2.67 kPa
1.84 10~* 7592 exp(— 10350cal/RT) p-w., 2.67 kPa
8.54 10?2 T~ 254 exp(—11370cal/RT) p-w., 2.67 kPa
4.60 10" [37]

4.04 10" exp( — 4300cal/RT) [35], p.w.”
1.00 10* exp( —20000cal/RT) pw.P

2.68 10%" T~*% exp(—20100cal/RT) p-w., 2.67 kPa

3.23 107 T29% exp( — 15842cal/RT) [35], pw."
3.23 107 T29% exp( — 15842cal/RT) [35], pw?
1.40 10° 72252 exp(—3261cal/RT) pwe

1.40 10% 72252 exp(—3261cal/RT) pw.e

5.00 10" [19]

5.00 10" [19]

9.87 10% T~ 4% exp(—4610cal/RT) [33], pw.?
3.23 107 T29% exp( — 15842cal/RT) [35], pw?
1.40 10% 72252 exp( — 3261 cal/RT) pw.d

1.00 10" exp(—8000 cal/RT) [32]

* p.w., present work.
b See text.

€0.25 X high pressure limit determined for 1-naphthyl +
4 High pressure limit determined for 1-naphthyl + CoH,.

without any empirical adjustments. Finally, bimolec-
ular QRRK treatment at different temperatures and
pressures allowed the determination of rate con-
stants of the reactions of 1-naphthyl with acetylene
forming different products such as 1-naphthylace-
tylene or acenaphthylene. In order to assess its re-
liability, the same approach was used for phenyl +
acetylene and yielded results very close to the ex-
perimental high-temperature data measured by
Fahr and Stein [29] and Heckmann et al. [30]. The
potential energy surfaces of phenyl + acetylene and
1-naphthyl + acetylene appeared to be very similar
except for the possibility of the formation of five-
membered rings in the latter case. Therefore, rate
constants for 2-naphthyl + acetylene leading to 2-
naphthylacetylene or the corresponding adduct were
deduced via a bimolecular QRRK treatment using

CoH,.

the same high-pressure rate constants as in the 1-
naphthyl case, but without allowing for the forma-
tion of five-membered rings. The rate constants de-
duced for 2.67 kPa and used in this work are
included in Table 3.

Results

Formation of Naphthalene

Mainly, two possible pathways for the formation
of naphthalene have been suggested in the past and
are included in the present model. Wang and Frenk-
lach [12] identified hydrogen abstraction—acetylene
addition to be sufficient for naphthalene formation
in premixed acetylene and ethylene flames and
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pointed out the importance of thermodynamics in
PAH growth. In other studies [11,13], naphthalene
production has been accounted for by resonantly sta-
bilized cyclopentadienyl self-combination, which is
used here with the updated rate constant suggested
by Marinov et al. [32]. A good agreement with ex-
perimental data was obtained (Fig. 3), and prior re-
sults [19] showing cyclopentadienyl self-combina-
tion to be the major pathway to naphthalene in
benzene flames have been confirmed. In the present
study, even if the high-pressure limit determined for
1-naphthyl + acetylene is used as the rate constant,
the ring closure reaction leading from acetylene and
phenylacetylene radical to 1-naphthyl is too slow.
The sole use of this reaction gives a naphthalene
peak mole fraction which is more than 1 order of
magnitude smaller than the experimental value, de-
spite a twofold overprediction of the phenylacet-
ylene peak mole fraction, resulting from the propa-
gation of the phenyl overprediction mentioned
above. The omission of the reaction of acetylene
with phenylacetylene radical affected the naphtha-
lene concentration profiles only in the postflame
zone where a mole fraction of approximately 1 X
1075 instead of approximately 1 X 10~ persisted.
The comparison of model predictions with experi-
mental mole fraction profiles for 1-naphthyl and 2-
naphthyl [14], shown in Fig. 3, led to the conclusion
that the concentration of 1-naphthyl is mainly de-
termined by the equilibrium constant of the reaction
of the phenylacetylene radical (A1C2H*2) with acet-
ylene. The fluxes of the forward and reverse reac-
tions are tightly balanced [12], and the concentration
of 1-naphthyl is found to be very sensitive to the rate
constant chosen for this reaction. Only the presence
of ring closure via the reaction of acetylene with the
phenylacetylene radical provided an explanation for
the 1-naphthyl concentration being significantly
lower than that of 2-naphthyl as found experimen-
tally. The more pronounced underprediction for 1-
naphthyl compared to that of 2-naphthyl reflects in-
sufficient knowledge of the rate constant for ring
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5E-007 scale); 1-naphthyl: B (experiment
[14], right scale), ---- (prediction,
0 right scale); 2-naphthyl: @ (experi-
3.5 4 ment [14], right scale), - - - (predic-

D [cm] tion, right scale).

closure via acetylene attack on PAH-C,H radicals,
but may be also attributed partially to the uncer-
tainty of related thermodynamic data. The sole use
of the reaction of acetylene with phenylacetylene
radical (without cyclopentadienyl self-combination)
leads to a reduction of the peak mole fraction of 1-
naphthyl by ~35%, keeping a similar shape as that
shown in Fig. 3. A much stronger impact of the re-
moval of cyclopentadienyl self-combination was ob-
served for 2-naphthyl. Compared to the profile
shown in Fig. 3, the predicted peak value decreased
by nearly 1 order of magnitude and shifted by about
7 mm toward the postilame zone. The results for
naphthalene and its radicals indicate that both cyclo-
pentadienyl self-combination and hydrogen abstrac-
tion—acetylene addition play roles in the formation
of the second aromatic ring.

Formation of Biphenyl and Phenanthrene

Biphenyl is formed via the recombination of
phenyl radicals (Fig. 2). Due to chemical activation,
the competition between forward and reverse reac-
tions is pressure dependent. The rate constant for
biphenyl formation at 2.67 kPa was determined us-
ing a QRRK treatment [28] and the expression sug-
gested by Park and Lin [33] for the high-pressure
limit. The reaction of phenyl with benzene [34] has
been included in the model but did not contribute
significantly to biphenyl formation due to an unfa-
vorable thermodynamic equilibrium.

Hydrogen abstraction from biphenyl followed by
acetylene attack and ring closure has been shown to
be the main phenanthrene formation pathway in the
reaction zone of a premixed acetylene flame [12] and
to be the sole significant source of phenanthrene in
benzene flames [19]. Phenanthrene formation via
the fusion of two five-membered rings in the reac-
tion of indenyl with cyclopentadienyl [11,13,32],
similar to naphthalene formation by cyclopenta-
dienyl self-combination, is also included in the pres-
ent model. However, it contributes only about 15%
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of the peak mole fraction and plays no significant
role close to the burner and in the postflame zone.
Peak locations of the biphenyl and phenanthrene
profiles correspond well with experimental data [14],
but the peak value of phenanthrene is underpre-
dicted by a factor of 2 to 3 (Fig. 2). In agreement
with the rate analysis of Wang and Frenklach [12],
the reverse reaction of ring closure via acetylene re-
action with naphthylacetylene radicals is largely re-
sponsible for the decreasing mole fraction of phen-
anthrene beyond the reaction zone. Therefore,
removal of the ring closure reaction leads to a two-
fold increase of the peak value and a more pro-
nounced lack of consumption in the postflame zone.
The sole use of two subsequent hydrogen abstrac-
tion—acetylene addition steps for phenanthrene for-
mation leads to an underprediction of 2 to 3 orders
of magnitude. The 1- and 2-naphthylacetylene mole
fraction profiles have been measured by Benish [14],
and the model shows good agreement for the peak
value of 1-naphthylacetylene and a two- to four-fold
underprediction for its isomer (Fig. 4). The slight
shift of the predicted 2-naphthylacetylene profile to-
ward the postflame zone may indicate that the pre-
dicted rate of naphthylacetylene formation is too
slow. This observation could reflect an uncertainty
in kinetic data or the presence of other formation
pathways. Both naphthylacetylene isomers persist
with significant concentrations in the burned gases,
an additional indication of the thermodynamic lim-
itations of ring closure after hydrogen abstraction
and subsequent reaction with acetylene. The rate
constant used for all hydrogen-abstraction reactions
was calculated for a temperature range from 300 to
2100 K using the thermodynamic data presented in
Table 1 and the C;Hs + H,, reaction rate constant
determined by Mebel et al. [35]. The resulting rate
constant is in excellent agreement with the high-
temperature data of Kiefer et al. [36], which have
been used previously [19].

right scale).

Formation of Acenaphthylene

Acenaphthylene has been significantly underpre-
dicted in prior modeling studies [11,13,19,32] using
acetylene attack on 1-naphthyl followed by ring clo-
sure and hydrogen loss. Hausmann et al. [15] sug-
gested the necessity of additional acenaphthylene-
forming reactions based on the experimentally
measured structure of a premixed benzene flame. In
the present study, the sole use of acetylene attack on
1-naphthyl and using a rate constant determined by
QRRK (Table 3) led to a 50-fold underprediction
compared to the peak value measured by Benish
[14]. The latter is about 3 to 5 times higher than the
value previously obtained by Bittner and Howard [7]
using molecular-beam sampling coupled to mass
spectrometry. This discrepancy is believed to reflect
the uncertainty of mass spectrometric detection
without direct calibration with standards of known
concentration. Taking into account the careful quan-
tification conducted by Benish [14], the mole frac-
tion profile measured by means of GC-MS must be
considered to be more reliable and is used in the
present study.

The first step in the development of an additional
acenaphthylene formation pathway was the detec-
tion of biphenylene, an isomer of acenaphthylene,
in the work of Benish [14]. Biphenylene formation
by recombination of benzyne has been measured
[37] and is included in the present model. Benzyne
(CgHy) is formed mainly by hydrogen abstraction
from phenyl. A QRRK computation was carried out
in order to take into account the pressure depen-
dence of this reaction due to its competition with
recombination to benzene. Besides benzyne dimer-
ization, its isomerization to the corresponding linear
species and decomposition to acetylene and diace-
tylene (C4Hs,), as suggested by Moskaleva et al. [38],
were used in the present study. The sum of the peak
concentrations of benzyne and linear CgH, pre-
dicted by the present model is about 3.5 times larger
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than the experimental CgH, peak value measured by
Bittner and Howard [7] using mass spectrometry.
The predicted benzyne peak concentration was close
to 50% higher than that of linear CgH,. Peaklocation
and shape of the profiles are in good agreement; the
discrepancy in the absolute values can be attributed
to a propagation of the phenyl overprediction but
also to possible additional consumption pathways
such as reaction with larger benzyne-type species.

Motivated by results of Necula and Scott [39], the
possible isomerization of biphenylene to acenaph-
thylene has been investigated by means of pyrolysis
experiments conducted at temperatures up to 1100
°C [40]. In apparent contradiction to the idea of
isomerization, unreacted biphenylene remained the
dominant compound even at 1100 °C, and only
traces of acenaphthylene could be detected. How-
ever, pyrolysis of 2-bromobiphenyl yielded acena-
phthylene as the major product at 1100 °C, while at
800 °C only traces were detected. These data led us
to assume tentatively the occurrence of ring closure
to a biphenylene-H species which isomerizes to the
thermodynamically more favorable corresponding
acenaphthylene-H species followed by hydrogen
loss.

Based on these results and the significant mole
fraction of hydrogen radicals (up to approximately
0.01), the formation of the biphenylene-H species
via hydrogen addition to biphenylene followed by
isomerization was included in the model. The rate
constant suggested by Mebel et al. [35] for hydrogen
addition to benzene was used due to its similarity to
the corresponding biphenylene reaction (i.e., the de-
struction of an aromatic ring system), while the rate
constant of the isomerization had to be estimated.
An acenaphthylene peak mole fraction of about 75%
of the experimental one (Fig. 4) was predicted, in-
dicative of a major role of the biphenylene pathway.
Using the rate constants presented in Table 3, the
shape of the biphenylene mole fraction profile
agrees with the experimental findings and shows a
nearly complete consumption after its peak in the
reaction zone. The peak is overpredicted 10-fold,
but its value depends strongly on the choice of the
rate constants for hydrogen addition and isomeriza-
tion. A 10-fold increase of the hydrogen addition rate
constant reduces the biphenylene overprediction to
less than 75% and leads to a nearly perfect match of
the predicted and experimental peak values of acen-
aphthylene. Other possible reasons for the biphen-
ylene overprediction may be the propagation of the
benzyne overprediction or the decrease of the di-
merization rate constant at flame temperatures. The
dimerization rate constant was determined between
90 and 200 °C, and no activation energy was ob-
served [37]. However, at higher temperatures,
chemical activation of the dimer could enhance the
reverse reaction to benzyne, compared to the sta-
bilization of biphenylene. Due to large uncertainties
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in the rate constants, no further adjustment has been
made, and more work will be necessary for an exact
quantitative description of the suggested pathway.

Similar pathways for the formation other PAH are
conceivable, and therefore the formation of a ben-
zyne-type two-membered ring species (C;oHg-2, Ta-
ble 2) has been tested. The similarity of the pre-
dicted mole fraction with the results obtained by
Bittner and Howard [7] for CyyHg species is en-
couraging, and further exploration of the role of bi-
phenylene-type species as intermediates in PAH for-
mation seems to be promising.

Acenaphthylene is consumed in the present model
via hydrogen abstraction at all radical sites followed
by reactions with acetylene. The predicted decay is
significantly too slow beyond the reaction zone (Fig.
4), indicating the necessity of additional efficient
PAH consumption reactions.

Conclusions

An existing kinetic model describing the formation
of PAH was updated and improved. Recently pub-
lished kinetic data describing the oxidation of six-
and five-membered ring species were implemented,
and thermodynamic data for key species involved in
the growth process were determined using ab initio
quantum-mechanical computations. Different radi-
cal sites could be distinguished. The kinetics of acet-
ylene addition to PAH radicals was deduced by
means of transition state theory, and the relative im-
portance of ring closure leading to five-membered
ring species such as acenaphthylene was deter-
mined. A QRRK treatment allowed the computation
of rate constants at the pressure used in the present
study. The prediction of the kinetic model has been
tested against experimental data from a nearly soot-
ing, low-pressure, premixed benzene/oxygen/argon
flame. The set of experimental data included mole
fraction profiles of radical species measured by
means of radical scavening with dimethyl disulfide
followed by GC-MS analysis. The use of reliable
thermodynamic and kinetic data but also the avail-
ability of experimental concentration profiles of in-
termediate, often radical, species increased signifi-
cantly the level of confidence in conclusions about
reaction pathways and their elementary reactions re-
sponsible for PAH growth. The importance of ther-
modynamic limitations of PAH growth via hydrogen
abstraction—acetylene addition sequences has been
shown. Ring closure via the reaction of PAH-C,H
radicals with acetylene was shown to be a net con-
sumption pathway of naphthalene, phenanthrene,
and corresponding radicals. A general feature of the
model prediction is that the consumption of PAH-
CyH species is too slow compared to the experimen-
tal data. This observation, the underprediction of
larger PAH, not discussed here, as well as the lack
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of acetylene consumption beyond the reaction zone,
indicates the necessity of additional thermodynami-
cally favorable PAH growth and acetylene consump-
tion pathways. The important contribution of cyclo-
pentadienyl and phenyl has been shown for the
formation of naphthalene and phenanthrene (via bi-
phenyl), and also for benzo[b]fluoranthene, not dis-
cussed here. The implication of these radicals in the
formation of larger PAH which are not considered
in the present model may be an explanation for the
overprediction of these radicals. A reaction sequence
leading from benzyne dimerization and isomeriza-
tion to acenaphthylene has been tested with en-
couraging results. The participation of benzyne-type
species seems to be promising and will be investi-
gated in future work.
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COMMENTS

Christopher Pope, Sandia National Laboratories, USA.
I just wanted to comment that our recent modeling results
[1] show similar behavior with regard to the HACA mech-
anism. While not mentioned in our talk, the main forma-
tion pathway for naphthalene was the combination of two
cyclopentadienyl radicals with the (CgHj) o-ethynyl phenyl
+ CgHg — (CjoH7) 1-naphthyl reaction being a naphthyl
decomposition pathway for the C,H, + propene (C3Hg)
flames modeled. However, in the CoH, flame, the CgHj +
CoH, — CjoH; reaction was the major pathway for naph-
thalene formation, with 2CsHs — C;oHg being of minor
importance. Similarly, the n-CJH3; + CoH, - (CgHs)
phenyl reaction was a major phenyl decomposition channel
for the CoH, + C;Hg flames.

So, for low pressure flames in which CyH, is not the fuel,
I see a similar picture emerging. I suspect that much of
why the HACA reactions are going in reverse is the effect
of pressure on the equilibrium constant, which would cause
such combination reactions of two species becoming one
to be much less favored. (This also might provide a partial
explanation for the major products of 2C;H; to be CgHs
+ H at low pressures.)

There is therefore the real possibility that the HACA
reactions might become more important at higher pres-
sures to what extent remains to be seen.
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Author’s Reply. The authors thank Dr. Pope for the ad-
ditional information. The finding that relative contributions

of different pathways to PAH growth and consumption de-
pend on the fuel is consistent with PAH growth reactions
being tightly balanced. Therefore, the careful choice of
thermodynamic data used for kinetic modeling is essential.
Pronounced sensitivity to experimental conditions of the
contribution of subsequent hydrogen-abstraction/acety-
lene-addition steps to naphthalene formation has also been
observed in our work on the modeling of combustion in a
coupled well-stirred/plug-flow reactor system [1] using the
reaction mechanism of the present work adapted for at-
mospheric pressure. HACA sequences are nearly solely re-
sponsible for naphthalene formation in the case of ethylene
combustion while benzene combustion showed character-
istics similar to the low pressure premixed benzene flame
investigated in the present work, that is, naphthalene for-
mation via cyclopentadienyl combination.

Our different finding for naphthalene formation in eth-
ylene flames as compared to Dr. Pope’s work might be re-
lated to the pressure-dependence of the equilibrium cor-
responding to the HACA mechanism, as pointed out in the
comment, but also to the temperature of the aforemen-
tioned study, which is 1620 K, significantly lower than the
maximum temperature of the flame investigated by Dr.
Pope (2208 K). The equilibrium constant corresponding to
PAH growth via the HACA mechanism decreases signifi-
cantly with increasing temperature due to the entropy ef-
fect of a decreasing number of molecules.
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