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Abstract

A new detailed kinetic model of soot formation in shock tube pyrolysis and oxidation of aliphatic and aro-
matic hydrocarbons is proposed. The model is based on the comprehensive kinetic model of PAH formation
and growth [H. Richter, J.B. Howard, Phys. Chem. Chem. Phys. 4 (2002) 2038-2055; H. Richter, S. Granata,
W.H. Green, J.B. Howard, Proc. Combust. Inst. 30 (2005) 1397-1405; J. Appel, H. Bockhorn, M. Frenklach,
Combust. Flame 121 (2000) 122-136; M. Frenklach, D.W. Clary, T. Yuan, W.C. Gardiner, Jr., S.E. Stein,
Combust. Sci. Tech. 50 (1986) 79-115; M. Frenklach, J. Warnatz, Combust. Sci. Tech. 51 (1987) 265-283;
M.S. Skjeth-Rasmussen, P. Glarborg, M. Ostberg, J.T. Johannessen, H. Livbjerg, A.D. Jensen, T.S. Chris-
tensen, Combust. Flame 136 (2004) 91-128], on the new concepts of soot particle nucleation [A. Violi, Com-
bust. Flame 139 (2004) 279-287; A. Violi, A.F. Sarofim, G.A. Voth, Combust. Sci. Tech. 176 (2004) 991-1005;
A. D’Alessio, A. D’Anna, P. Minutolo, L.A. Sgro, A. Violi, Proc. Combust. Inst. 28 (2000) 2547-2554; A.
D’Anna, A. Violi, A.D’Alessio, A.F. Sarofim, Combust. Flame 127 (2001) 1995-2003] and the traditional
H-abstraction/C,H,-addition (HACA) route of PAH and soot particles surface growth [H. Wang, M. Frenk-
lach, Combust. Flame 110 (1997) 173-221; J. Appel, H. Bockhorn, M. Frenklach, Combust. Flame 121 (2000)
122-136]. The gas-phase kinetic scheme was validated against the experimentally measured concentration
profiles of the main gas-phase species formed during toluene pyrolysis and H and OH radicals during benzene
and phenol pyrolysis and toluene oxidation behind reflected shock waves. The model describes the main char-
acteristics of soot formation in pyrolysis and oxidation of toluene and n-heptane oxidation under conditions
typical of shock tube experiments. Both hydrocarbons have the same number of carbon atoms but different
structures, which causes different behavior of the systems. The discrete Galerkin technique was applied for
direct counting of the mean number of active sites formed on the surface of soot precursors and soot particles
in reactions of activation, deactivation, and surface growth.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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improvement of the kinetic models of soot forma-
tion. The essence of the models presented in the lit-
erature is the increase in particle mass by chemical
reactions with gaseous specious simultaneously
with the growth of particle size by collisions among
PAH species. Violi[1]considered two main reaction
sequences as possible pathways that contribute to
the aromatic growth: the growth of aromatics by
a radical-molecule sequence of reactions involving
five-member ring PAHs, which are present at large
concentrations in the reacting mixture, and the tra-
ditional HACA mechanism [2]. In the context of
this model [1], soot precursors with different struc-
ture are formed in case of benzene and acetylene
flames. In contrast to 3D structures formed in aro-
matic flames, the structures formed in aliphatic
flames are instead mainly planar and the contribu-
tion of C,H, is significant. These results are in
agreement with the findings reported by Homann
et al. [3,4]. The C/H ratios experimentally deter-
mined in [3] for acetylene flame showed that soot
nucleation starts with the formation of PAH struc-
tures, while further growth results in the formation
of PAHs with unique structures of totally con-
densed hexagons. In benzene flames [4], a variety
of possible PAH structures were observed possess-
ing different C/H ratios. It should be noted that
either in benzene or acetylene flames the observed
C/H ratios of the hydrocarbon species formed con-
siderably differ from those that would be observed
in case of fast polymerization of polyynes. Frenk-
lach and Wang [5,6] introduced the hypothesis of
chemical similarity: the surface of soot particles
was assumed to look like the edge of large PAH
molecules, covered with C—H bonds. Abstraction
of these H radicals activates the sites, forming sur-
face radicals. Howard et al. [7,8] described the for-
mation of active sites on PAH molecules as a result
of H atom abstraction. These sites provide a chem-
ical basis for reactive coagulation of PAH com-
pounds with each other and with small radicals.
Recent experimental findings of Wanget al. [9]con-
firmed that freshly nucleated soot is made primarily
of aromatics. As it was experimentally observed in
[9], while soot nucleation and mass growth at the
early stage are dominated by aromatics, the reac-
tion of aliphatic species with preexisting soot sur-
face is an important factor at the late stage of soot
mass growth.

The main goal of the present work is the devel-
opment of a kinetic model of soot formation
based on the new concepts of PAH formation
and growth [7,8,14], soot precursor nucleation
[1,15-17], and the traditional surface HACA
mechanism of soot particle growth [10]. The gas-
phase mechanism of the kinetic model was vali-
dated against experimentally measured profiles
of the main gas-phase products of toluene pyroly-
sis [20] and H and OH radical concentrations
measured correspondingly during benzene and
phenol pyrolysis [21,22] and during oxidation of

toluene and n-heptane [23] in shock tube experi-
ments. The model of soot formation developed
was applied to simulate soot formation in toluene
pyrolysis and oxidation [24] and n-heptane rich
oxidation [25] in shock tube experiments.

2. Description of the kinetic model

The kinetic model of soot formation developed
consists of the gas-phase reaction mechanism,
which describes the pyrolysis and oxidation of
the parent hydrocarbons, in particular toluene
and n-heptane, and the formation and growth of
PAHs through different reaction pathways up to
coronene. The formation, growth, oxidation,
and coagulation of soot precursors and soot par-
ticles are described within the framework of a dis-
crete Galerkin technique [26].

The gas-phase reaction mechanism is based on
the reaction sequence of PAH formation in lami-
nar premixed acetylene and ethylene flames
(HACA) [2], with all modifications presented in
the work [10]. Several additional channels of
PAH formation and growth (up to coronene) [§8]
and a comprehensive set of reactions of Cs-, Cs-,
and C;-hydrocarbons [7,14] was also added in
the kinetic mechanism. Thus, several pathways
of PAH formation and growth are incorporated
in the reaction mechanism: (1) the alternating H-
abstraction/C,H,-addition (HACA) route, result-
ing in a successive growth of PAHs, (2) the com-
bination reactions of phenyl with C¢Hsg, (3) the
cyclopentadienyl recombination, and (4) the ring
closure reactions of aliphatic hydrocarbons. n-
Heptane oxidation was described within the kinet-
ic scheme presented in [13]. Thus, the modified
gas-phase reaction mechanism of the model con-
sists of 2250 direct and reverse reactions between
210 different species, where the rate coefficients
of some important reactions have pressure depen-
dence. The main difference of the gas-phase mech-
anism developed in the present work in
comparison with the mechanism proposed in our
previous works [18,19] is the set of reactions of
polyyne hydration followed by subsequent
decomposition of the products to smaller hydro-
carbons [11,12]. This provides the different behav-
ior of polyynes, which concentration decreases by
approximately one order of magnitude with
increasing the number of carbon atoms in the
polyyne molecules. The higher polyynes (C;oH,
and C,H,) were excluded from the kinetic scheme
because of the absence of thermodynamic data.

Soot precursors are formed by radical-mole-
cule reactions of different PAHs starting from
ace- and ethynylnaphthalene up to coronene and
radical-radical reactions (from cyclopentaphe-
nanthrene up to coronene radicals). These reac-
tions result in the formation of polyaromatic
molecules containing from 24 to 48 carbon atoms,
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which are stabilized by the formation of new chem-
ical bonds. It should be noted that the C/H ratios
of the soot precursors formed in these reactions are
close to the upper boundary of the C-H diagram
presented in [4]. Soot precursors are activated in
reactions with H and OH radicals. They are deac-
tivated in reactions with H, H,, and H»,O. Soot
precursors grow in reactions with Co,H,, C4H,,
and CgH,, whose concentrations are rather high
in pyrolysis and oxidation of aliphatic and aromat-
ic hydrocarbons, and in reactions with polyaro-
matic molecules and radicals, and in coagulation.
Soot precursors are oxidized by O and OH radi-

N
o

cals. They are transformed into soot particles in
the reactions of internal conversion, in which the
number of active sites in the reacting system is pre-
served. Soot particles with active sites grow in the
reactions with C,;H,, C4;H,, C¢H», and PAH mol-
ecules and radicals. All types of soot particles par-
ticipate in coagulation. Oxidation of soot particles
is described by reactions with O and OH radicals.
Taking into account the experimental observa-
tions presented in [3,4,9,27], the polyyne sub-
mechanism of soot formation, introduced in the
kinetic model formulated in [18] and further devel-
oped in [19], was excluded from the soot formation
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Fig. 1. Time dependences of the concentration of the main gas-phase species formed during pyrolysis of a 1.8% toluene
mixture in neon at 75 = 1900 K and ps = 0.4 bar behind reflected shock wave: (triangles down) toluene, (circles) C,H,,
(diamonds) C4H,, (stars) C¢H,, and (squares) Cioia1/4, Where Cioq 18 the total carbon atom concentration in the mixture.
Open symbols and lines designate the results of our calculations, closed symbols the experimental measurements [20].
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Fig. 2. Comparison of the experimentally measured (closed symbols) and calculated (open symbols) time dependences of
H atom concentration during shock tube pyrolysis of benzene [21] and phenol [22]: (circles) [CsHsOH]y = 20.5 ppm in
Ar, Ts=1536 K, ps = 2.38 bar, (triangles down) [C¢HsOH], = 24.0 ppm in Ar, 75 = 1477 K, ps = 2.06 bar, (squares)
[C¢Hglo = 1.8 ppm in Ar, 75 = 1840 K, ps = 1.10 bar, (triangles) [C¢Hgly = 3.2 ppm in Ar, T5 = 1715 K, ps = 1.74 bar.
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model under consideration. An electronic copy of
the mechanism and thermodynamic data is avail-
able from the authors (iz@chph.ras.ru or warnatz
@iwr.uni-heidelberg.de).

3. Results and discussion
The results of calculations were compared with

the experimental measurements of the main gas-
phase species during shock tube pyrolysis of a tol-

uene/neon mixture [20]. As can be seen from
Fig. 1, the kinetic model developed provides a
rather good prediction of toluene consumption.
A satisfactory description of the C,H,, C4H,
and CgH, concentration profiles are observed.
The total balance of C atoms in the reacting mix-
ture is predicted quite well. The reaction flow
analysis shows that the major reactions of toluene
consumption are A1CH, + H = A1CHj3 (43%),
AlICH; + H=AICH,+H, (41%), AICH;+
H=A1+CH; (10%). The main channel of
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Fig. 3. Time dependences of the OH mole fraction obtained behind reflected shock waves: ¢ =1, 0.025%
toluene + 0.225% O,, (triangles up) 7's = 1783 K, ps = 1.84 bar, (triangles down) Ts = 1700 K, ps = 1.89 bar, (squares)
Ts=1648 K, ps =2.03 bar, (diamonds) 7T's = 1607 K, ps = 2.03 bar. Open symbols and lines designate the results of our
calculations, closed symbols the experimental measurements [23].
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Fig. 4. Time dependences of the OH mole fraction obtained behind reflected shock waves for oxidation of n-heptane (n-
alkane) and toluene (aromatic hydrocarbon): (triangles up) ¢ =1, n-heptane 300 ppm, n-heptane, T5= 1640 K,
ps =2 bar, (squares) ¢ = 1, n-heptane 250 ppm, toluene, 7s = 1648 K, ps = 2 bar. Open symbols and lines designate the
results of our calculations, closed symbols the experimental measurements [23].
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acetylene production is the decomposition of tolu-
ene radical (45%). The nomenclature used in the
present work was the same as in [10-12].

The kinetic model considered was also tested
to simulate the H concentration and OH mole
fraction profiles recently measured in shock tube
in [21-23]. Figures 2 and 3 demonstrate that the
kinetic model predicts the H concentration and
OH mole fraction profiles rather good at the rela-
tively high temperatures and predicts the shorter
ignition delay times at the lower temperatures.
The reaction flow analysis demonstrates that dur-
ing toluene oxidation OH radicals are formed
mainly in the reactions O+ H,=H + OH
(11%), HO,+ H=0OH + OH (21%), H+ O, =

O + OH (51%) and are consumed in the reactions
OH + H, = H + H,0 (19%), CO + OH = CO, +
H (44%).

It is pertinent to note that the model pre-
dicts properly the different behavior of the
OH mole fraction in n-heptane and toluene
oxidation (Fig. 4). In n-heptane oxidation a
quasistationary level of the OH concentration
is attained at approximately 300 ps and in tol-
uene oxidation at 800 ps under conditions pre-
sented in Fig. 4. This difference is caused by
the different times, when the maximal concen-
tration of CO is attained, which consumes
OH radicals: 2328 us for n-heptane and
678.5 us for toluene.
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Fig. 5. Temperature dependences of the experimentally measured [24] (closed symbols) and calculated (open symbols)
soot yield in the pyrolysis of argon diluted toluene mixtures for the reaction time 7., = 2 ms: (triangles) 1.5% toluene,
ps = 3.5 bar, (squares) 1.0% toluene, ps = 3.3 bar, (diamonds) 0.5% toluene, ps = 2.5 bar.
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Fig. 6. Temperature dependences of the experimentally measured [24] (closed symbols) and calculated (open symbols)
soot yield in the pyrolysis and oxidation of argon diluted toluene mixtures for the reaction time t,.,c = 2 ms: (triangles
up) 1.5% toluene, ps = 3.5 bar, (squares) 1.5% toluene + 1.5% O,, ps = 2.0 bar, (diamonds) 1.5% toluene + 2.5% O,,

ps = 2.0 bar.
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The results of calculations were compared with
the experimental measurements performed in [24]
for soot formation in pyrolysis of argon diluted
toluene mixtures, binary toluene/methanol and
toluene/ethanol mixtures, and for toluene oxida-
tion behind reflected shock waves.

Figure 5 shows that the model provides a
quantitative description of the temperature depen-
dences of soot yield during pyrolysis of various
argon diluted toluene mixtures. The soot yield
increases with an increase in the initial toluene
concentration, also with an increase in tempera-
ture reaching a maximum and later decreasing
giving a typical bell-shaped distribution. The reac-
tion flow analysis shows that soot precursors are
formed mainly in reactions of acenaphthalene
with acenaphthalene radicals and biphenyl mole-
cules. Soot precursors are mainly activated in

reaction with H atoms and consumed in coagula-
tion reactions. The main surface growth reactions
are those with C,H, (77%) and C4H, (8%). Soot
particles are also activated preferably in the reac-
tion with H atoms and deactivated in the reac-
tions with H and H,. Soot particle surface
growth is provided by the reaction with C,H,
(97%). They are consumed in coagulation reac-
tions (28%).

One can see from Fig. 5 that the model consid-
ered slightly underestimates the soot yield at the
low temperatures and overestimates the soot yield
at the high temperatures. In our opinion, together
with the imperfections of the gas-phase mecha-
nism and thermodynamic data, some restrictions
in realization of the discrete Galerkin technique
used for description of the heterogeneous reac-
tions are responsible for these deviations.
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Fig. 7. Temperature dependences of the experimentally measured [24] (closed symbols) and calculated (open symbols)
soot yield in the pyrolysis of argon diluted toluene and toluene/methanol mixtures for the reaction time T,e,c = 2 ms:
(triangles up) 1.0% toluene, ps = 3.3 bar, (squares) 1.0% toluene + 1.0% methanol, ps= 2.7 bar, (diamonds) 1.0%

toluene + 2.0% methanol, ps = 2.7 bar.
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Fig. 8. Temperature dependences of the experimentally measured [24] (closed symbols) and calculated (open symbols)
soot yield in the pyrolysis of argon diluted toluene and toluene/ethanol mixtures for the reaction time T, =2 ms:
(triangles up) 1.0% toluene, ps = 3.3 bar, (triangles down) 1.0% toluene + 1.0% ethanol, ps = 3.0 bar, (squares) 1.0%
toluene + 2.0% ethanol, ps = 3.0 bar, (diamonds) 1.0% toluene + 3.0% ethanol, ps = 3.0 bar.
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Oxygen addition to toluene not only suppress-
es soot formation but shifts the soot yield to low-
er temperatures as is shown in Fig. 6. The model
considerably overestimates the soot yield in this
case because the contribution of the surface oxi-
dation reactions with the chosen rate coefficients
is very small as compared with the contribution
of the gas-phase oxidation reactions. The effect
of methanol and ethanol addition to toluene is

demonstrated in Figs. 7 and 8, correspondingly.
Both methanol and ethanol suppress soot forma-
tion at the lower temperatures although this
reduction is only significant when the methanol
exceeds 50% and the ethanol exceeds 70% of
the total fuel mixture to be pyrolyzed. Thus,
methanol suppresses soot formation slightly
more effectively than ethanol. The maximum of
the soot yield in the case of methanol and espe-
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Fig. 9. Time dependences of the soot yield, the mean diameter of soot particles, and the logarithm of concentration of
soot particles in the rich oxidation of the argon diluted n-heptane/O, mixture: ¢ = 5, [C]o = 7.89 mol/m?, Ts = 1750 K,
ps=25bar. Open symbols and lines designate the results of our calculations, closed symbols the experimental

measurements [25].
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cially ethanol addition is shifted to the higher
temperatures (Figs. 7 and 8).

The results of calculations of the main parame-
ters of soot formation for n-heptane oxidation were
compared with the experimental measurements
presented in [25](Fig. 9). The reaction flow analysis
demonstrates that n-heptane is consumed mainly in
the reactions of decomposition with the formation
hydrogen atom and various n-heptane radicals, in
the reactions of n-heptane with H, OH, H, and
H,O0, and in the reaction of n-heptane decomposi-
tion with the formation of C4Hg and C53H;. Acety-
lene is formed mainly in reactions of C,Hj;
decomposition (70%) and consumed in reactions
of surface growth of soot particles, in the oxidation
reactions with O and OH, and CH, radicals. First
aromatic ring (benzene molecule) is formed mainly
in the combination reaction of propargyl radicals
(C3H; + C3H; = C4Hg (73%)) and preferably con-
sumed in reactions with H atoms (CgHg+
H = C¢Hs + H, (54%)). The main channel of soot
precursor formation is reaction of acenaphthalene
with acenapthalene radical. They are activated
mainly in reactions with H and deactivated by H
and H,. Surface growth occurs in reactions with
C,H; (91%) and C4H; (2%). Soot particles are acti-
vated in reactions with H and deactivated by H, H,,
and H»,O. The main surface growth reaction is
C,H, addition (HACA). The main reactions of soot
precursor and soot particle oxidation are similar to
those observed in the case of toluene oxidation.

In Fig. 10, the temperature dependences of the
experimentally measured [25] and calculated soot
yield in rich oxidation of argon diluted n-heptane/
O, mixtures are presented. The model predicts
somewhat slower rates of soot growth during the
period of active surface growth. The model slightly
underestimates the soot yield at high temperatures
but reproduces the dependence of the soot yield
on the initial hydrocarbon concentration.

To gain more quantitative insight into the
behavior of active sites on the surface of soot pre-

0.5

cursors and soot particles, the kinetic model was
modified. In this case, the discrete index, utilized
in the discrete Galerkin technique for calculation
of the number of C atoms in particles [28], was
used to determine the mean number of active sites
per particle possessing of a particular mean diam-
eter. This number increases in the reactions of acti-
vation and decreases in the reactions of
deactivation and surface growth. For example,
every reaction of surface growth results in the con-
sumption of one active site, but the total number
of active sites is preserved in coagulation reactions.
The mean number of active sites per particle was
related to the particle mean diameter determined
in our previous calculations for the same reaction
times. From this, the number density of active sites
on the surface of soot particles was estimated and
compared with the number density of C,,o-H sites
(2.3 x 10" sites/cm?) [5]. The calculations for tolu-
ene pyrolysis showed that for the temperature
range of 2000-2300 K the mean number of active
sites on the surface of soot particles, depending
on the time and temperature, varies from several
hundreds up to ten thousand, that is less than
one order of magnitude in comparison to the total
number of Cy,o-H sites on their surface. In the
case of n-heptane oxidation a considerable
increase of the number of active sites is observed
at 7= 1700 K near the maximum of the soot yield.

4. Conclusions

The new detailed kinetic model of soot forma-
tion in shock tube pyrolysis and oxidation of ali-
phatic and aromatic hydrocarbons is proposed.
The model is based on the comprehensive kinetic
model of PAH formation and growth, which incor-
porates several pathways such as the alternative H-
abstraction/C,H,-addition (HACA) route, result-
ing in a successive growth of PAHs, the combina-
tion reactions of phenyl with benzene molecules,
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Fig. 10. Temperature dependences of the experimentally measured [25] (closed symbols) and calculated (open symbols)
soot yield in the rich oxidation of the argon diluted n-heptane/O, mixture, ¢ = 5, at constant Ar concentration of 99%
for the reaction time 7., = 2 ms: (diamonds) ps = 50 bar, (squares) ps = 40 bar, (circles) ps = 30 bar.
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the cyclopentadienyl recombination, the ring clo-
sure reactions of aliphatic hydrocarbons, and the
combination reactions of resonantly stabilized rad-
icals. Soot precursors are formed in PAH mole-
cule-radical and PAH radical-radical reactions.
The new pathways of PAH formation introduced
in the gas-phase kinetic mechanism and the new
concepts of soot nucleation and the traditional sur-
face HACA route implemented in the kinetic mod-
el made it possible to demonstrate a decisive role of
PAHs in the soot inception process and the surface
HACA pathway in the soot surface growth. The
results of calculations are in good agreement with
the results of the experimental measurements.
The behavior of active sites on the surface of soot
precursor and soot particles was investigated.
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Reply. The reaction of benzyl (C;H;) and propargyl
(C3H3) radical recombination described in the work of
Colket and Seery was included in the model. This is
the fastest reaction and gives the major amount of naph-
thalene in pyrolysis of toluene.
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