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Introduction

Recent progress in the development of the chemistry of PAH formation provides a foundation
for further improvement of the kinetic models of soot formation process. The main goal of the
present study is the development of the detailed kinetic model of soot formation during
pyrolysis of aliphatic and aromatic hydrocarbons, proposed in [1], on the basis of a
comprehensive mechanism of PAH formation [2-7], the new concepts of soot nucleation and
soot growth [8, 9], and recent experimental measurements of the main parameters of soot
formation process [10, 11].

The Kinetic Model

In the mechanism of the gas-phase reactions, which is based on the mechanism of PAH
formation in laminar premixed acetylene and ethylene flames [2] with all modifications
presented in the work [3], the reactions of unsaturated aliphatic hydrocarbons with hydrogen
[4, 5] and the reactions of the first ring formation from aliphatic hydrocarbons [4, 5] were
added. A comprehensive set of reactions of C3-, C5-, and C7-hydrocarbons [6, 7] was also
included in the gas-phase reaction mechanism. Thus, several pathways of PAH formation are
incorporated in the gas-phase kinetic mechanism: (1) the alternating H-abstraction/C;H,
addition (HACA) route, resulting in a successive growth of PAHs, (2) the combination
reactions of phenyl with CgHg, (3) the cyclopentadienyl recombination, and (4) the ring
closure reactions of aliphatic hydrocarbons. The combination reaction of resonantly stabilized
propargyl radicals, which is considered as a reversible reaction in our mechanism, is the key
cyclization step in benzene formation. The modified gas-phase mechanism of the model
considered consists of 2150 direct and reverse reactions between 230 different species, where
the rate coefficients of some important reactions have pressure dependence. The formation,
growth and coagulation of soot precursors and soot particles are described within the
framework of a discrete Galerkin technique suggested by Deuflhard and Wulkow [12]. Soot
precursors are formed in the reactions of polyaromatic molecules with polyaromatic radicals
(starting from biphenyl P2 up to coronene A7) and in the reactions of polyaromatic radicals
only (starting from cyclopentaphenanthrene and up to coronene radicals). These reactions,
which can be accompanied by hydrogen abstraction, result in the formation of polyaromatic
molecules, containing from 24 to 48 carbon atoms, which are stabilized by a new chemical
bond. Active sites on the soot precursor particles are formed in the reactions with hydrogen
atoms and OH radicals. Soot precursor particles with active sites can grow in the reactions
with C;H,, C4H>, and CgH,, whose concentrations are rather high in pyrolysis of aliphatic and



aromatic hydrocarbons, and with polyaromatic molecules and radicals. They can coagulate
and are transformed into soot particles in the reactions of the internal conversion with the
formation of new chemical bonds. Soot particles can coagulate and can grow in the reactions
with polyaromatic molecules and radicals. Taking into account the experimental observations
presented in the works [13, 14], the polyyne sub-mechanism of soot formation, introduced in
the kinetic model formulated in [1], was excluded from the soot formation model under
consideration.

Results and Discussion

The results of calculations were compared with the experimental measurements of the soot
yield and induction time (Figs. 1-4) determined by the cw-laser extinction technique [10, 11]
and the mean radius of soot particles (Figs. 5-6) determined by the time-resolved laser-
induced incandescence method [11]. As can be seen from Figs. 1-3, the new kinetic model of
soot formation can adequately describe the bell-shaped temperature and concentration
dependences of the soot yield in benzene and ethylene pyrolysis. For the benzene/Ar mixtures
used in the work [11] (Fig. 3), the calculations demonstrate the importance of nonisothermal
conditions during benzene pyrolysis and soot formation. For these mixtures, all calculations
were carried out for nonisothermal conditions, when the density is constant. For the
benzene/Ar and ethylene/Ar mixtures used in the work [10], this effect is negligible and the
conditions are very close to isothermal ones. As can be seen from Fig. 4, the calculated
induction times of soot formation in benzene pyrolysis are shorter than the experimentally
measured ones. It is pertinent to mention that the novel kinetic model of soot formation
considered describes quantitatively the temperature and time dependences of the mean radius
of soot particles determined from the time-resolved laser-induced incandescence experiments
[11] (Figs. 5, 6). The kinetic model presented in [1] significantly underestimated the mean
radius of soot particles for the low temperatures of the temperature range investigated [15]
and overestimated the soot yield for the high temperatures due to the contribution of the
polyyne sub-mechanism [15].
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Fig. 1. Temperature dependences of the experimentally measured [10] (closed symbols) and
calculated (open symbols) values of the soot yield for a fixed reaction time of t,= 1500 us and
pressure ps = 50 bar for different benzene concentrations in the reactive mixture (mol/m®): @
[C]=4.0,M[C]=1.0, A [C]=0.8, and ® [C] = 0.4 mol/m°.

Fig. 2. Temperature dependences of the experimentally measured [10] (closed symbols) and
calculated (open symbols) values of the soot yield for a fixed reaction time of t,= 1500 us and
pressure ps = 50 bar for different ethylene concentrations in the reactive mixture (mol/m3):
V[C]=7.4, @ [C]=4.7,and M [C]=4.0 mol/m®.
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Fig. 3. Temperature dependences of the experimentally measured [11] (closed symbols) and
calculated (open symbols) values of the soot yield for a fixed reaction time of t,= 1300 us and
pressure ps = 1.2 bar for different benzene concentrations in the reactive mixture: () 2%
CeHs, (@) 1% CgHg, and (A) 0.5% CgHgin Ar.

Fig. 4. Experimentally measured [11] (closed symbols) and calculated (open symbols) values
of the induction time of soot particle formation for different benzene concentrations in the
reactive mixture as a function of the inverse temperature: () 2% CsHs, (®) 1% CgHs, and
(A) 0.5% C¢Hgin Ar, ps = 1.2 bar.
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Fig. 5. Temperature dependences of the experimentally measured [11] (closed symbols) and
calculated (open symbols) values of the mean soot particle radius for a fixed reaction time of
t = 1000 ps for different benzene concentrations in the reactive mixture: (l) 2% Cg¢Hg, (@)
1% CgHs, and (A) 0.5% CgHgin Ar, ps = 1.2 bar.

Fig. 6. Experimentally measured [11] (closed symbols) and calculated (open symbols) values
of the mean soot particle radius for different benzene concentrations in the reactive mixture as
a function of the reaction time: () 2% CgHg, (@) 1% C¢Hs, (A) 0.5% CgHg, and (V) 0.25%
CeHsin Ar,p=1.2 bar, T = 2000 K.

It should be noted that in [11] the values of the mean radius of soot particles were determined
not only from the LII-measurements, but also, from the soot particle visualization by a high
resolution transmission electron microscopy (HRTEM) method. This comparison can be
regarded as a particular calibration of the time-resolved laser-induced incandescence method



and the values of the mean radius of soot particles reported in [11] can be considered as
reliable ones.

Conclusions

The new detailed kinetic model of soot formation in shock tube pyrolysis of aliphatic and
aromatic hydrocarbons is proposed. The model is based on the comprehensive kinetic model
of PAH formation and growth, which incorporates several pathways such as the alternating H-
abstraction/C,H, addition (HACA) route, resulting in a successive growth of PAHSs, the
combination reactions of phenyl with CgHg, the cyclopentadienyl recombination, the ring
closure reactions of aliphatic hydrocarbons, and the combination reaction of resonantly
stabilized propargyl radicals. Soot precursors are formed in the reactions of polyaromatic
molecules with polyaromatic radicals (starting from biphenyl up to coronene) and in the
reactions of polyaromatic radicals only (starting from cyclopentaphenanthrene and up to
coronene radicals). The new pathways of PAH formation introduced into the gas-phase
kinetic mechanism of the soot formation model and the new concepts of soot nucleation and
soot surface growth implemented in the new model made it possible to demonstrate a decisive
role of PAHs in the soot inception and soot growth and to improve considerably the
agreement between the results of calculations and experimental measurements.
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