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The formation of soot particles in hydrocarbon
pyrolysis and oxidation is a complicated multistep
process that includes numerous competing homoge�
neous and heterogeneous reactions, namely, oxida�
tion, thermal decomposition, and the formation of
new chemical bonds, which yield the most stable
hydrocarbons under the given conditions [1].
Although soot formation has been investigated both
experimentally and theoretically, there are some
unclear issues about this process, including the chem�
ical structure of the hydrocarbons forming at the earli�
est soot formation stages [1–9]. Most studies on soot
formation have been carried out using various types of
flames. Note, however, that soot formation in flames
can be investigated only in rather narrow concentra�
tion and temperature ranges because of the problem of
maintaining self�sustaining combustion. For example,
the oxidizer concentration cannot be below a certain
level, so this process is rather specific. An additional
complicating factor in soot formation in flames arises
from transport processes, which cause temperature
and composition nonuniformities. None of these
complications is encountered in measurements in
reflected shock waves. Under shock wave conditions,
the temperature and density of the reaction mixture
remain practically constant over 1–2 ms and transport
processes do not play any significant role. Thus, a
shock tube provides a means to study soot formation in
much wider ranges of conditions without significant
complicating factors. This substantially facilitates data

interpretation and data comparison to predictions of
kinetic soot formation models [10–12].

The most efficient approach to testing the predic�
tive potential of soot formation mechanisms is to com�
pare experimental and calculated data for different
hydrocarbons and for wide ranges of conditions.

Here, we report an experimental study of soot for�
mation in benzene, methylbenzene (toluene), and
ethylbenzene pyrolysis behind reflected shock waves
and a detailed kinetic modeling of soot formation in
terms of our kinetic scheme of the process. The main
purpose of this study is to elucidate the soot nucleation
mechanism. According to our soot formation model,
the above hydrocarbons play the role of primary units
in the formation of soot nuclei. The pyrolysis data
reported here for these hydrocarbons minimize the
uncertainties in the existing mechanisms of the forma�
tion of aromatic hydrocarbons from smaller hydrocar�
bon fragments in the gas phase at relatively high tem�
peratures. The systems examined have aromatic rings
from the very beginning of the process, and these rings
serve as nucleators for the formation of progressively
larger aromatic fragments, which eventually make up
soot nuclei.

EXPERIMENTAL

Shock Tube

A stainless steel shock tube was used in our experi�
ments (inner diameter of 75 mm, low�pressure section
length of 1.5 m, high�pressure section length of 3.2 m).
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The low�pressure section was evacuated with two
2�NVR�5D fore pumps to a residual pressure of 10–2 Torr
and with an NVDS�100 oil diffusion pump to 10–3 Torr.
For attaining a higher vacuum, the system was
equipped with two liquid�nitrogen traps. The residual
pressure was monitored with a VIT�2 ionization–
thermocouple vacuum gage. The high�pressure sec�
tion was evacuated with a 2�NVR fore pump through
a liquid�nitrogen trap to a residual pressure of 0.1 Torr.
Air leakage into the low�pressure section did not
exceed 10–4 Torr/min. Before each experiment, the
low�pressure section was purged two times with argon
to be used in mixture preparation with intermediate
pumping to 10–1 Torr.

The parameters of the gas behind the incident and
reflected shock waves were calculated from the initial
pressure, mixture composition, and incident shock
wave velocity within the theory of ideal flow in a shock
tube [13]. The velocity of the incident shock wave was
measured on two bases using three pressure sensors
placed in series (D1, D2, D3). The distances between
D1 and D2 was 528 mm; the distance between D2 and
D3, 281 mm. The most remote sensor, D3, was posi�
tioned 40 mm from the set of optical windows in the
body of the shock tube. The pressure sensors, with a
sensing element 1 mm in diameter, were made from
piezoceramics (lead zirconate titanate) and were
coated with a protective wax layer 0.3–0.5 mm in
thickness. They were mounted flush with the inner
wall of the shock tube. The signals generated by the
sensing elements of the pressure sensors during the
passage of the shock wave were inputted into emitter
followers and were then directed to G5�15 generating
amplifiers and Ch3�33 frequency meters operating in
the time measurement mode.

The shock wave was generated by a spontaneous
burst of one or several piled aluminum diaphragms
0.05–0.2 mm in thickness, depending on what condi�
tions were to be established behind the incident or
reflected shock wave. The diaphragms were placed in a
special�purpose holder between the high� and low�
pressure sections, where they were secured with two
vacuum rubber rings (one on either side) 80 mm in
diameter, 5 mm in width, and 4 mm in thickness.

The driver gas was helium. The diaphragms of the
above�specified thickness ruptured at a nearly the
same driver gas pressure. For this reason, when it was
necessary to vary the temperature behind the incident
or reflected shock wave at an approximately constant
density of the shock�compressed gas, the driver gas
was a helium–air mixture with a prescribed air content
of up to 50%: the lower the temperature to be estab�
lished behind the shock wave, the higher the percent�
age of air to be introduced in to the driver gas mixture.

Preparation and Composition Control 
of the Working Gas Mixture in the Shock Tube

The mixtures to be examined were composed man�
ometrically and were stored in lightproof bottles. The
components were benzene (reagent grade), toluene
(reagent grade), ethylbenzene (reagent grade), and
oxygen (99.0%). The diluent gas was argon (99.998%).
The mixtures were prepared as follows. A liquid com�
ponent (benzene, toluene, or ethylbenzene) was
syringed into a trap and was frozen with liquid nitro�
gen. The trap was evacuated, the flask with liquid
nitrogen was removed, and pumping was continued
until the liquid began to evaporate intensively. Pump�
ing was then stopped, and the liquid was allowed to
evaporate into a pre�evacuated bottle until the preset
pressure was reached. A preset amount of oxygen was
added if necessary. Thereafter, argon was admitted into
the bottle up to a pressure of 600 Torr, the valve was
closed, and the bottle was left standing for 1 day.
According to estimates based on known diffusion
coefficients, this time was sufficiently long for the
homogenization of the mixture. To make sure that the
arene concentration calculated in terms of the partial
pressures of the components in the storage bottles is
equal to the actual arene concentration in the shock
tube, we carried out the spectrophotometric determi�
nation of the concentrations of all of the aromatic
compounds just in the shock tube for a number of
working mixtures. The measurements were taken at a
wavelength of 204.2 nm, for which the extinction coef�
ficients of all of the arenes are known (benzene [14], tol�
uene [15], ethylbenzene [16]). The source of 204.2�nm
light was a VS�2 germanium electrodeless ball lamp ener�
gized by a PPBL�2 microwave�frequency generator.

The table lists the working mixture compositions
and the temperature and overall density ranges behind
the reflected shock wave for each mixture, which were
calculated under the assumption that the equilibrium
between all degrees of freedom of all gas components
is established instantaneously and there are no chemi�
cal reactions.

Two�Beam Absorption–Emission Technique

This technique was used to simultaneously mea�
sure the time profiles of the soot concentration and
effective soot temperature behind the reflected shock
wave. The relative soot concentration as the ratio of
the carbon atom concentration due to the soot to the
total carbon atom concentration in the system—so�
called soot yield—is usually determined in practice.

Soot yield determination. It is assumed that light
absorption by soot particles is described by Mie’s the�
ory of electrodynamics in terms of macroscopic com�
plex refractive index independent of the soot particle
size. Because the soot particle size is much smaller
than the probing light wavelength λ [17], the beam
attenuation can be described with fairly high accuracy
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using the Rayleigh approximation. The absorbance of
soot particles will appear as

(1)

where l is the optical path length, σj(λ) is the absorp�
tion cross section of a soot particle containing j carbon
atoms, and nj is the concentration of such particles.
Here, summation is performed over all j values
observed in the system under given conditions. In the
Rayleigh approximation, the absorption cross section
for a spherical particle is given by the following for�
mula [18]:

(2)

The absorption function E(m) can be represented as

(3)

where m = n – ik is the complex refractive index of
soot (i is the imaginary unit).

Expressing the volume of a soot particle in terms of
the number of its carbon atoms,

(4)

where µC is the molar mass of carbon (12 g/mol), ρс is
the soot density (1.86 g/cm3), and NA is Avogadro’s
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number (6.023 × 1023 molecule/mol), and substituting
Eq. (4) into formula (2), we obtain

(5)

The substitution of Eq. (5) into Eq. (1) yields

(6)

where [C] is the molar concentration (mol/cm3) of
carbon atoms due to the soot particles and the param�
eter α is defined as

(7)

For the wavelength used in this study, λ = 632.8 nm,
expression (7) gives α = 1.922 × 106 cm2/mol.

Using expression (6), the soot yield (ratio of the
carbon atom concentration due to the soot to the total
carbon atom concentration in the system) can be rep�
resented as

(8)

Because the E(m) values are widely scattered, for
convenient analysis and comparison of our experi�
mental data with those of other authors we first deter�
mined the product SY × E(m), which depends only on
the observed absorbance of the soot–gas dispersion
(ln(I0/I)) and on the known parameters α, l, and [C]0,
as is clear from formula (8). Next, using the technique
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Composition of the argon�based working mixtures

Aromatic compound 
concentration, % Oxygen concentration, % Temperature range, K Range of total densities ×105, 

mol/cm3

Benzene

0.18 – 1670–2120 1.8–2.1

0.47 – 1640–2290 2.0–2.1

0.62 – 1780–2610 2.1–2.2

0.62 0.5 1690–2250 2.0–2.2

1.00 – 1710–2680 2.1–2.4

Toluene

0.10 – 1760–1980 1.9–1.9

0.11 – 1690–2000 1.8–2.0

0.15 – 1580–2070 1.8–2.0

0.25 – 1650–2180 1.9–2.1

0.40 – 1680–2450 2.0–2.1

0.50 – 1760–2360 1.8–2.1

0.70 – 1910–2150 2.1–2.2

0.90 – 1740–2340 2.0–2.5

Ethylbenzene

0.33 – 1855–2320 1.6–2.1



KINETICS AND CATALYSIS  Vol. 52  No. 3  2011

SOOT FORMATION IN THE PYROLYSIS OF BENZENE 361

described here, we determined E(m) and, accordingly,
the absolute value of SY, which was compared with the
value predicted by the model.

Measuring the soot particle temperature. When the
characteristic rate of the thermal relaxation of parti�
cles is much higher than the characteristic rate of their
heating due to exothermic surface growth reactions
and than the characteristic rate of their radiative cool�
ing, and when the intensity of radiation from chemilu�
minescent reactions is much lower than the intensity
of the thermal radiation of the particles, the effective
temperature is similar to the true gas and soot temper�
ature. We made sure that all of these conditions were
satisfied sufficiently well in our experiments.

As distinct from the conventional pyrometric tech�
nique using a single source of light (calibrated strip
lamp or blackbody radiator), our experimental setup
involved both an SI�10�300 calibrated strip lamp and a
DKSSh�200 high�pressure xenon arc lamp. As is
shown in Fig. 1, two spatially separated channels were
employed, one for measuring light emission and the
other for measuring light absorption. The brightness
temperature of the arc lamp was ~5000 K, which far
exceeded the temperature behind the shock wave in
our experiments. Therefore, the radiation from the gas
in the absorption channel could be neglected. Thus,
the signal that was received from this channel provided
information about the true absorbance of the medium
and, accordingly, about its grayness coefficient ε,
which can be expressed as

(9)

where I and I0 are the intensities of probing beam that
has passed through the measurement section of the
shock tube in the presence and absence of the absorb�
ing medium, respectively.

The geometry of the emission channel was orga�
nized in such a way that the solid angles within which
the emitted light propagated as it traveled to the
entrance monochromator slit were equal. In this case,
the signal from the calibration strip lamp (Φbl) and the
signal from the emitting gas (Φs) in the shock tube can
be represented in terms of Wien’s law (since, for visible
radiation, hν/k  Tλ):

(10)

(11)

where A is the implementation factor depending on
the parameters of the measurement system (geometry,
amplification factors of the photomultipliers, sensitiv�
ity of the oscilloscopes, etc.), hν is the energy of a
quantum of the recorded radiation, k is the Boltzmann
constant, Tλ is the brightness temperature of the strip
lamp at the wavelength λ, and Ts is the effective tem�
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case of thermodynamic equilibrium).

Combining expressions (9)–(11), we obtain

(12)

The effective temperature of condensed particles
was measured at λ = 632.8 nm. The desired spectral
line was separated using a DMR�4 monochromator.
The radiation sensors were FEU�39A photomultipli�
ers. The signals from the photomultipliers were
recorded with S9�8 digital oscilloscopes and were then
processed using a personal computer.

The strip lamp was energized by a dc power supply
specially designed in our laboratory and was calibrated
against current. For λ = 632.8 nm, the dependence of
the brightness temperature of the lamp on the supply
current was fitted to the relationship

(13)
where I is the current passing through the lamp (A).
The brightness temperature for other wavelengths was
determined based on the spectral thermal radiation
coefficient of tungsten [19].

RESULTS

Figure 2 shows typical absorption and emission
oscillograms and the results of their processing—the
time profile of the product of the soot yield and absorption
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Fig. 1. Experimental setup for measurement of light
absorption and emission by the ensemble of soot particles
behind reflected shock waves: (1) shock tube, (2) tungsten
strip lamp (SI�10�300), (3) xenon arc lamp (DKSSH�200),
(4) lenses, (5) monochromators (DMR�4), and (6) photo�
multipliers (FEU�39A).
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function (SY × E(m), expression (8)) and the time profile
of the soot temperature (expression (12)). Figures 3–5
present the soot yield as a function of temperature
behind the shock wave (calculated under the assump�
tion that the equilibrium between all degrees of free�
dom of all gas components is established instanta�
neously and there are no chemical reactions) for dif�
ferent hydrocarbon–argon mixtures. For the above�
noted reasons, we initially plotted the product of the
soot yield and absorption function, SY × E(m), not the
soot yield, on the ordinate axis. Next, we determined
E(m), which allowed us to find the soot yield SY. The
E(m) value was derived from the dependence of the
maximum value of SYmax × E(m) as a function of tem�
perature on the inverse carbon atom concentration
(1/[C]0) in the toluene–argon system (Fig. 6), for
which the soot yield was measured over the widest
range of initial concentrations (table).

We assumed that, as the initial concentration tends
to infinity, the soot yield tends to unity. This assump�
tion is substantiated by the fact that the limiting den�
sity of the gas phase is much lower than the density of
condensed matter and, therefore, at concentrations
exceeding a certain threshold, the entire carbon added
will pass into the condensed state (soot). Thus, an
overwhelming proportion of the carbon will turn into
soot; that is, at [C] → ∞, SY → 1.

At the same time, it can be supposed that, at low
carbon contents, the amount of soot forming in a given
time interval (1 ms in our experiments) will be propor�
tional to the soot nucleation rate and to the rate of soot
particle growth via the addition of carbon�containing
molecules and radicals. By analogy with classical con�
densation theory [20], it can be assumed that the rate
of both of these processes is proportional to some
power of the carbon concentration in the system.
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Thus, under our experimental conditions, the amount
of soot forming in a given time interval and, accord�
ingly, the soot yield are proportional to some power of
the carbon concentration. The simplest function satis�
fying these conditions is

(14)

This function was used to approximate the calculated
dependence of the maximum value of the soot yield as
a function of temperature on the total carbon concen�
tration in the system. The calculations were carried
out via the scheme described above. Relationship (14)
was found to provide a good fit to the calculated
dependence of SYmax on [C]0. This allowed us to fit
experimental data (Figs. 3–5) to function (14).

It follows from the foregoing that the ordinate
intercept of curve 2 in Fig. 6 indicates the E(m) value.
With the 95% confidence interval on the ordinate axis
(Fig. 6) taken into account, E(m) = 0.37 ± 0.11.

This value is somewhat larger than the mean values
that follow from the analyses of other authors [21–23]:
E(m) ≈ 0.3. At the same time, E(m) values similar to
the value obtained in this study have been reported:
E(m) ≈ 0.37 [24, 25]. Furthermore, some of the
reported values are larger than our value: E(m) ≈ 0.4
[26] and E(m) ≈ 0.5 [27]. Apparently, E(m) depends on
the soot formation conditions and temperature, so the
value obtained under the typical experimental conditions
of this study seems to be the most reliable. Note that,
within the above�indicated error, our value is in agree�
ment with many of the values reported in [21–23]. For
this reason, we used the value of E(m) = 0.37 ± 0.11 in
the determination of SY and in comparing it with the
calculated soot yields for the three aromatic com�
pounds examined.

KINETIC MODEL

The kinetic mechanism of soot formation was con�
structed in the same way as in our previous works [10–
12]. Similar principles were used in the construction of
the kinetic mechanism for the high�temperature com�
bustion of hydrocarbon fuels ranging from methane to
isooctane with the formation of benzene molecules
(precursors of nuclei of soot particles) taken into
account [28].

In the construction of these large kinetic schemes,
of particular significance is the consistency of kinetic
parameters, thermodynamic data, and hypotheses
involved in the model. Our kinetic model is based on
the symbiosis of several kinetic mechanisms, and each
of the mechanisms was tested with respect to certain
groups of components [29, 30–32]. Combining dis�
similar models into a single kinetic mechanism should
be done very carefully because kinetic parameters and
thermodynamic data for the same species and reac�
tions may be different. The kinetic mechanism sug�
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gested by Wang et al. [29] for lower hydrocarbons, such
as methane (CH4) and C2–C4 hydrocarbons, was aug�
mented by adding reactions involving C5 and C7 com�
ponents [30, 31]. Reactions involving aromatic com�
ponents (benzene and toluene [30, 33]) and higher
alkanes (n�heptane [32]) were also included. In this
augmentation of the kinetic mechanism, we added
only those reactions and components which were
missing in our mechanism. Although this approach
cannot ensure the absolute consistency of all kinetic
parameters of the model, the new kinetic model will
obviously have a higher predictive power. The rate
constants in the new kinetic mechanism were not var�
ied in order to attain better agreement with experi�
mental data.

Because the new mechanism included components
and reactions involved in less general reaction mecha�
nisms, the kinetic scheme had to be constructed very
thoroughly and carefully. In doing this, we adhered to
the following rules: if any component or reaction is
missing in the old mechanism, simply add it to this
mechanism; if identical reactions appear in the new
mechanism, prefer the reaction that is present in the
old mechanism. The novelty of the kinetic mechanism
used in this study is that the main block of reactions
involved in our old mechanism, taken from a work by
Appel et al. [34], is entirely replaced with the mecha�
nism developed recently by Wang et al. [29]. Thermo�
dynamic data have also been revised significantly, so
that the new mechanism is based on the data reported
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argon mixtures behind reflected shock waves. The toluene
concentrations are specified in the legend. The solid lines
are fits to experimental data points.
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by Wang et al. [29]. For the species that are missing in
the reaction mechanism and in the thermodynamic
data file of Wang et al. [29], thermodynamic data were
taken from other reaction mechanisms [30–32] that
were included as components in our complete reaction
mechanism.

The mechanism of Wang et al. [29] comprises a
number of new reaction routes, including those
involving vinylidene. Nevertheless, we augmented this
mechanism with a variety of extra reaction channels of
formation and growth of polyaromatic hydrocarbon
molecules (up to coronene) and with a number reac�
tions involving C3, C5, and C7 hydrocarbons [30, 31].
In particular, the new mechanism includes the follow�
ing reactions: (1) consecutive growth of polyaromatic
hydrocarbon molecules via the H abstraction/C2H2
addition (HACA) mechanism, (2) combination of
phenyl radicals with benzene (C6H6) molecules,
(3) cyclopentadienyl recombination, and (4) ring clo�
sure reactions of higher aliphatic hydrocarbons.

In view of the importance of alkyl peroxide chem�
istry at low and medium temperatures, we introduced
reactions involving methyl peroxide (CH3O2), ethyl
peroxide (C2H5O2), and propyl peroxide (C3H7O2) in
order to correctly account for the ignition delay in the
CH4/O2/Ar mixtures and for the promoting effect of
propane on the ignition of methane�containing mix�
tures [35].

The complete modified mechanism of the gas�
phase reactions comprises 3320 forward and reverse
reactions involving 274 components. The rate con�

stants of a number of significant reactions are pre�
sented as their pressure dependence.

According to our soot formation model, soot
nuclei are polyaromatic structures resulting from addi�
tion reactions of small polyaromatic molecules (con�
sisting of two or three aromatic rings) with small pol�
yaromatic radicals or only from the combination of
small polyaromatic radicals. The reactions yielding
soot nuclei are assumed to be irreversible. It is postu�
lated that the surface growth of the soot nuclei takes
place on active sites that result from hydrogen atom
abstraction by hydrogen atoms from the gas phase.
Thus, two types of nuclei ensembles are considered:
one involves active sites, and the other does not.

Altogether, there are three ensembles of species in
our kinetic model of soot formation: active nuclei
capable of further growth, inactive nuclei (i.e., nuclei
without active sites), and soot particles. The distinc�
tion between these species is a matter of convention.
Once we gain more detailed data as to the stage (size)
at which the nuclei turn into soot particles, we will be
able to improve our model. In the case considered
here, this conversion is associated with the appearance
of particles absorbing probing light at λ = 632.8 nm. In
our kinetic model of soot formation, the reactions in
which soot nuclei form from gas�phase aromatic com�
ponents are assumed to be irreversible. It is, therefore,
significant to assign a right value to the rate of conver�
sion of soot nuclei into soot particles so as to attain the
best fit between the calculated and observed time pro�
files of the soot yield. At the nucleus�to�particle con�
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version rate selected for our model, there is no nuclei
accumulation in the system. Kinetically, the soot
nuclei and soot particles in our model differ in that
only active nuclei can be involved in growth reactions
(two distinct ensembles of nuclei are considered).
However, it should be taken into account that the soot
particles that have a much more developed surface
than the nuclei (which are essentially large molecules)
are activated and deactivated by gas�phase products at
a very high rate. Therefore, from the standpoint of
activation and deactivation, all soot particles with a
developed surface are in dynamic equilibrium. For
soot particles it is, therefore, possible to consider sur�
face growth processes with some effective rate con�
stants. The surface growth of soot particles is due to
the dynamic fluxes of species that activate the surface,
deactivate it, and ensure soot deposition on active
sites. Note also that the contribution from the soot
nuclei to the total soot yield is small, but the behavior
of the nuclei in the reacting system is significant for
describing the soot formation kinetics.

We investigated two approaches to the description
of the surface growth of soot particles, namely, soot
particle growth via the surface HACA mechanism [36]
and the surface growth model suggested by Harris and
Weiner [37].

The HACA mechanism of surface growth is based
on the postulate that the high�temperature surface
growth of carbon�containing particles of any type,
including soot particles, takes place via the abstraction
of a hydrogen atom followed by the addition of an
acetylene molecule to the resulting active site. Note
that the hydrogen atom abstraction from the surface is
mainly due to the reactions of surface hydrogen atoms
with hydrogen atoms from the gas phase. Thus, accord�
ing to this surface growth model, there is a direct corre�
lation between the surface growth rate and the elemen�
tal composition of the gas phase at any point in time. To
improve the fit between the experimental and calculated
time profiles of the soot yield, the relationship for the
surface area fraction that is accessible to activating spe�
cies and can participate in further growth (α), which
was obtained as a complicated function of temperature
and particle size for flame conditions [34], should be
adapted for the shock tube conditions. This aspect
needs detailed investigation.

Harris and Weiner’s model of the surface growth of
soot particles is based on the following assumptions:
(1) surface growth takes place on active sites, such as
surface defects, edges, and steps; (2) the number of
active sites does not depend directly on coagulation,
surface growth, or gas�phase processes—key proposi�
tion of the model; (3) the surface growth rate decreases
as surface sites disappear during the annealing (graph�
itization) of soot particles, which depends on the tem�
perature. Our calculations within this surface growth
model, even without graphitization taken into
account, yielded very encouraging results.

Then soot formation model considered in this work
is based on the gas�phase reaction mechanism
describing the pyrolysis and oxidation of the initial
hydrocarbons and the formation and growth of polyar�
omatic hydrocarbon molecules up to coronene via
various reaction routes. The formation, growth, oxi�
dation, and coagulation of soot nuclei and particles
are described using the formalism of Galerkin’s dis�
crete method [38].
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In our soot formation model, soot nuclei form via
radical–molecule reactions involving various polyaro�
matic hydrocarbons ranging from phenylacetylene,
acenaphthylene, and ethenylnaphthalene to coro�
nene, as well as via radical–radical reactions, with
radicals ranging from cyclopentaphenanthrenyl to
coronenyl. These reactions yield polyaromatic mole�
cules containing 16 to 48 carbon atoms. These mole�
cules are stabilized through the formation of new
chemical bonds. Soot nuclei are activated via their
reactions with H and OH• radicals and are deactivated
by reaching with H, H2, and H2O. The activated soot
nuclei grow by adding C2H2, C4H2, and C6H2 mole�
cules from the gas phase (the concentration of these
species is rather high in the pyrolysis and oxidation of

rich mixtures containing aliphatic and aromatic
hydrocarbons), by reacting with polyaromatic mole�
cules and radicals, and by interacting with one another
(coagulation). The soot nuclei are oxidized by O and
OH•. The nuclei turn into soot particles via internal
conversion, without involving the gas phase. The soot
particles grow by adding molecules of aliphatic hydro�
carbons (C2H2, C4H2, C6H2) and polyaromatic hydro�
carbons and radicals. The soot particles undergo coag�
ulation. The oxidation of the soot particles is due to
their reactions with O and OH• [10].

The basic distinction between the gas�phase reac�
tion mechanism considered in this work and our ear�
lier mechanism [41, 42] is that the new mechanism
includes a new block of ethylene and acetylene com�
bustion reactions that has recently been developed by
Wang et al. [29], as well as a new block of polyyne
hydration reactions resulting in the cleavage of higher
polyyne molecules and in the formation of smaller
hydrocarbon molecules [33, 39]. The higher polyynes
(C10H2 and C12H2) were excluded from the reaction
network. Taking into account earlier experimental
data [40], we excluded the block of polyyne condensa�
tion reactions yielding soot nuclei [41, 42] from the
new soot formation model.

DISCUSSION

The new kinetic model was thoroughly tested. We
calculated the time profiles for the concentrations of
hydrogen atoms resulting from the pyrolysis of ben�
zene [43] and phenol [44] in a shock tube, OH• radi�
cals resulting from the oxidation of toluene and n�hep�
tane behind the reflected shock front [45], and methyl
radicals resulting from the thermal decomposition of
ethylene in a shock tube [46]. Comparison between
the calculated and experimental profiles demonstrated
that they are in satisfactory agreement and that the
data calculated in this study differ only slightly from
the calculated data presented in our previous work
[10]. We also compared the calculated and measured
yields of the main products forming in the gas phase in
the shock�tube pyrolysis of toluene–neon [47], ben�
zene–neon [48], benzene–argon [49], methane–
argon (2.0% CH4/Ar and 5.0% CH4/Ar) [50], and
propane–argon (1.6% C3H8/Ar) [51] mixtures. As is
clear from Figs. 7–9, the new kinetic model provides a
rather good description for the time variation of the
yields of the main components forming in the gas
phase in the pyrolysis of toluene and benzene in neon
and argon.

As can be seen from Fig. 7, the calculated temper�
ature dependences of the yields of the main products
of 0.3% C6H6/Ar pyrolysis in reflected shock waves
(P50 = 5 atm, τreact = 2 ms) are in good agreement with
the experimental dependences [49]. Note the wide
temperature interval (1300–2000 K) in which benzene
pyrolysis was studied experimentally and our calcula�
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tions of the molar percentages of the main pyrolysis
products—C6H6, C2H2, C4H2, C6H2, l�C6H4 (hex�3�
ene�1,5�diyne), C6H5C2H (phenylacetylene), and
biphenyl—were carried out.

Figures 8 and 9 present the time profiles of the con�
centrations of the main products forming in the gas
phase in the pyrolysis of the 2.1% C6H6/Ne mixtures
behind reflected shock waves (benzene C6H6, acety�
lene C2H2, and diacetylene C4H2) for three different
temperatures and pressures and the time profiles of the
main products forming in the gas phase in the pyrolysis
of the 1.8% toluene/neon mixture behind reflected
shock waves at T50 = 1900 K and P50 = 0.4 atm. Clearly,

the calculated and experimental data are in good
agreement.

The calculated data were also compared with our
experimental data for soot formation in the pyrolysis
of aromatic hydrocarbon–argon mixtures in reflected
shock waves: toluene/Ar (Fig. 10), benzene/Ar and ben�
zene/O2/Ar (Fig. 11), and ethylbenzene/Ar (Fig. 12).
Clearly, the experimental and calculated temperature
dependences of the soot yield for benzene–, toluene–,
and ethylbenzene–argon mixtures practically coincide.

As the hydrocarbon concentration in the mixture is
raised, the soot yield maximum shifts to higher tem�
peratures (Figs. 3, 4). The results of kinetic calcula�
tions show the same trend (Figs. 10, 11). The time
profile of the particle temperature (which is actually
the gas temperature) in the pyrolysis of the aromatic
hydrocarbons examined in this study, determined by
optical measurements of the absorption and emission
of the ensemble of soot particles formed behind the
reflected shock wave front, has the following specific
features. Immediately behind the reflected shock wave
front, the temperature decreases appreciably because
of the fragmentation of the initial hydrocarbon and,
possibly, intermediate products. The temperature drop
increases with an increasing hydrocarbon percentage
in the mixture because of the increasing energy con�
sumption in the fragmentation processes. Thereafter,
the temperature remains nearly invariable for some
time and then increases slightly. After the rarefaction
wave arrives at the measurement cross section of the
shock tube (in ~1500 μs), the emission signals from
the ensemble of soot particles begin to decrease mark�
edly. This likely indicates a decrease in the mixture
temperature in this cross section. The absorption sig�
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nals are much less sensitive to temperature variations
at the late stages of soot formation because the most
significant rapid processes—nucleation and surface
growth of soot particles—are ended by this time. As is
clear from Fig. 2, the experimental temperature and
soot yield profiles behind the reflected shock wave
front are fairly similar to the calculated profiles.
Therefore, temperature variation behind the reflected
shock wave front in the pyrolysis of the hydrocarbons
examined is the major factor causing the shift of the
soot yield maximum to higher temperatures.

Since the temperature behind the shock front var�
ies with time in a complicated way (rapid fall to a

quasi�steady�state value, growth, and a new decrease
upon the arrival of the rarefaction wave), the ultimate
soot yield is determined by the entire temperature pro�
file, not only by the quasi�steady�state temperature. In
addition, all kinetic calculations were performed for
nonisothermal conditions and a constant density, and
the calculated kinetic data are in good agreement with
the corresponding experimental data. For this reason,
we did not adjust our experimental data points to some
“effective temperature” behind the reflected shock
wave and used the initial temperature T50 both in the
representation of experimental data and in the calcu�
lations.

The introduction of oxygen into the system causes
a systematic increase in the temperature of the reac�
tion mixture and a decrease in the temperature imme�
diately behind the reflected shock wave front. This
shifts the soot yield maximum to lower temperatures
(Fig. 11).

As is clear from the above results, the new kinetic
model of soot formation quite satisfactorily repro�
duces experimental soot yield data for the pyrolysis of
aromatic hydrocarbons in a wide temperature range.

An analysis of reaction routes and an analysis of the
sensitivity of the calculated kinetic data to variations of
the rate constants of elementary reactions of the
kinetic mechanism make up an independent, rather
complicated, and rather laborious problem, consider�
ing the great number of reactions involved in the
kinetic scheme, so this problem will be the subject of a
separate study.

CONCLUSIONS

Thus, we gained some new experimental data on
the basic parameters of soot formation in the pyrolysis

100

0

28002400200016001400 1800 2200

S
oo

t 
yi

el
d,

 %

T, K

20

40

60

80

2600

– 1
– 1'
– 2
– 2'
– 3
– 3'

– 4'
– 4

– 5
– 5'
– 6
– 6'

Fig. 10. Temperature dependences of the experimental and
calculated soot yields for the pyrolysis of toluene–argon mix�
tures: (1, 1') 0.9% C7H8/Ar, (2, 2') 0.5% C7H8/Ar, (3, 3')
0.25% C7H8/Ar, (4, 4') 0.17% C7H8/Ar, (5, 5') 0.15%
C7H8/Ar, and (6, 6') 0.097% C7H8/Ar; P50 = 3.0 atm; τreact =
1 ms. (1–6) Our experimental data with E(m) = 0.37; (1'–6')
results of our kinetic calculations.

100

0

240020001600 1800 2200

S
oo

t 
yi

el
d,

 %

T, K

20

40

60

80

2600

– 1
– 1'
– 2
– 2'
– 3

– 3'

– 4'
– 4

– 5
– 5'

Fig. 11. Temperature dependences of the soot yield for the
pyrolysis of benzene–argon mixtures in reflected shock
waves: (1, 1') 1.0% C6H6/Ar, (2, 2') 0.62% C6H6/Ar, (3, 3')
0.467% C6H6/Ar, (4, 4 ') 0.175% C6H6/Ar, and (5, 5')
0.62% C6H6/0.5% O2/Ar; P50 = 3.0 atm; τreact = 1 ms.
(1–5) Our experimental data; (1'–5') results of our kinetic
calculations; the solid lines are nonlinear�regression fits to
the calculated kinetic data.

0

2400200016001400 1800 2200

S
oo

t 
yi

el
d,

 %

T, K

20

30

60

2600

– 1
– 2

10

40

50

Fig. 12. Temperature dependence of the soot yield for the
pyrolysis of an ethylbenzene–argon mixture (0.33% C8H10 +
99.67% Ar) in reflected shock waves: P50 = 3.0 atm; τreact =
1 ms; (1) our experimental data; (2) results of our kinetic cal�
culations; the solid lines are nonlinear�regression fits to the
calculated kinetic data.



KINETICS AND CATALYSIS  Vol. 52  No. 3  2011

SOOT FORMATION IN THE PYROLYSIS OF BENZENE 369

and oxidative pyrolysis of aromatic hydrocarbons in
reflected shock waves. These data prompted us to
thoroughly analyze, augment, and modify our previ�
ous detailed kinetic model of soot formation. The new
kinetic model of soot formation reproduces the time
dependences reported by other authors for the con�
centrations of some key components forming at the
early stages of the pyrolysis and oxidation of hydrocar�
bons in wide ranges of experimental conditions. In our
simulation of soot formation, the new model repro�
duces well the observed time dependences of the soot
yield and particle temperature for the pyrolysis of a
number of aromatic hydrocarbons (benzene, toluene,
ethylbenzene) behind reflected shock waves.

Soot formation in hydrocarbon pyrolysis and oxi�
dation is accompanied by a considerable temperature
drop immediately behind the reflected shock wave
front. This is likely due to the dominating effect of the
heat of decomposition of various hydrocarbon species
and fragments. This temperature drop is somewhat
smaller in the presence of oxygen in the reacting mix�
ture owing to the effect of exothermic oxidation reac�
tions, and this observation is also predicted by the new
kinetic model.
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