ISSN 1990-7931, Russian Journal of Physical Chemistry B, 2016, Vol. 10, No. 4, pp. 587—594. © Pleiades Publishing, Ltd., 2016.
Original Russian Text © G.L. Agafonov, I.V. Bilera, P.A. Viasov, Yu.A. Kolbanovskii, V.N. Smirnov, A.M. Tereza, 2016, published in Khimicheskaya Fizika, 2016, Vol. 35,

No. 8, pp. 21-29.

KINETICS AND MECHANISM

OF CHEMICAL REACTIONS. CATALYSIS

Formation of Soot Particles in Pyrolysis and Oxidation
of Aliphatic and Aromatic Hydrocarbons: Experiments
and Detailed Kinetic Modeling

G. L. Agafonov, 1. V. Bilera®, P. A. Vlasov* “ *, Yu. A. Kolbanovskii’,
V. N. Smirnov“, and A. M. Tereza“

“Semenov Institute of Chemical Physics, Russian Academy of Sciences, Moscow, Russia
bTopchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, Moscow, Russia
¢National Research Nuclear University MEPhi (Moscow Engineering Physics Institute), Moscow, Russia
*e-mail: iz@chph.ras.ru
Received June 24, 2015

Abstract—Experiments on pyrolysis and oxidation of rich mixtures of various aliphatic and simple aromatic
hydrocarbons in reflected shock waves have been performed. The mixtures C,H,/Ar, C,Hg/Ar, C,H,/Ar,
C,H4/0,/Ar, CHy/Ar, CH4/O,/Ar, C3Hg/Ar, C3Hg/Ar, toluene/Ar, and benzene/Ar were studied. The yield
of soot and the temperature of soot particles were determined experimentally by the double-beam absorption
emission method. The kinetic model of soot formation during the pyrolysis and oxidation of rich mixtures of
aliphatic and aromatic hydrocarbons complemented with a set of nucleations of soot particles from both pol-
yaromatic fragments and unsaturated aliphatic hydrocarbons was suggested. This kinetic model of soot for-
mation was successfully tested. It describes the experimental literature data on the yield of the products of
pyrolysis and oxidation of acetylene and diacetylene in a shock tube. The results of our experiments and
kinetic calculations of the time, temperature, and concentration dependences are in good agreement for all
hydrocarbons under study. All the kinetic parameters of the model remained strictly constant.
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INTRODUCTION

Our experimental studies and detailed kinetic cal-
culations of formation of soot particles in the pyrolysis
of aromatic hydrocarbons (benzene, toluene, and eth-
ylbenzene [1]) and saturated aliphatic hydrocarbons
(methane and propane [2—4]) showed good agree-
ment of the experimental data and detailed kinetic cal-
culations. However, we met certain difficulties in
kinetic modeling of soot formation in the pyrolysis of
mixtures of acetylene with argon, a hydrocarbon with
a triple carbon—carbon bond. These difficulties were
overcome by introducing an additional channel of soot
particle nucleation from polyyne fragments, in partic-
ular, from diacetylene dimers in the kinetic model.
The experiments performed in [5] confirmed the pos-
sibility of formation of diacetylene dimers in high con-
centrations in the reaction mixture.

The goal of this study was to perform the experi-
ments and detailed kinetic calculations of soot forma-
tion during the pyrolysis and oxidation of various mix-
tures of aliphatic and aromatic hydrocarbons in argon
in reflected shock waves and to demonstrate the pre-

dictive ability of the modified kinetic model of soot
particle formation.

EXPERIMENTAL

The experiments were performed in a shock tube
unit made of stainless steel with an inner diameter of
75 mm (the length of the low-pressure section was 3.2 m;
the length of the high-pressure section was 1.5 m). A
detailed description and the diagram of the experi-
mental unit were given in [1]. The parameters of the
gas after the passing and reflected shock wave were
calculated from the initial pressure, the composition
of the mixture, and the incident shock wave velocity
using the theory of an ideal flow in a shock tube [6].
The incident shock wave velocity was measured on two
bases using three piezoelectric pressure indicators
mounted in series and made of lead zirconate—titanate.

The shock wave was generated by a spontaneous
rupture of one or more aluminum diaphragms with a
thickness of 0.05—0.2 mm depending on the required
conditions after the incident or reflected wave. The
driver gas was a mixture of helium with air in different
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ratios (up to 50% content of the latter); the lower the
required temperature, the greater the amount of air
introduced in the driver mixture.

Soot formation was studied in the pyrolysis and
oxidation of mixtures of various aliphatic and aromatic
hydrocarbons strongly diluted with argon: methane,
ethane, ethylene, acetylene, propane, propylene, ben-
zene, toluene, and ethylbenzene. The procedures for
the preparation of working mixtures from hydrocar-
bons were described in [7] and [1] for gaseous and liq-
uid hydrocarbons, respectively. The mixtures were
composed manometrically and stored in light-proof
flasks.

The time profiles of the soot yield and its effective
temperature after the reflected shock wave were simul-
taneously measured by the double-beam absorption-
emission method. A detailed description of this method
and all the necessary calculation formulas were given in
[1, 7]. The soot yield was determined as the ratio of the
concentration of the carbon atoms of the soot particle
assembly to the total concentration of carbon atoms in
the starting system. When determining the yield of
soot, we assumed that the optical radiation absorption
by soot particles is described in terms of the Mie the-
ory using the macroscopic complex refraction index,
which is independent of the particle size of soot. As the
latter is much smaller than the wavelength A = 638 nm
of the light probe [8], the weakening of the beam can
be described, with a good accuracy, in the Rayleigh
approximation.

The temperature measurements for soot particles
were performed in this study using two spatially sepa-
rated channels for recording the emission and absorp-
tion of an assembly of soot particles in contrast to the
traditional scheme of pyrometric measurements [1, 7].
When the characteristic rate of the thermal relaxation
of particles is much higher than the characteristic
heating rate due to the exothermal growth reactions
and than the cooling rate due to emission, and also
when the radiation intensity of chemiluminescence
reactions is much smaller than the intensity of the
thermal emission of particles, the effective tempera-
ture is close to the real temperature of the gas and soot
particles. In the course of this study, it was verified that
these conditions were well satisfied.

KINETIC MODEL

The kinetic modeling of the formation of soot par-
ticles was performed using the kinetic reaction mech-
anism developed in [7]. The kinetic mechanism of
gas-phase reactions is based on the USC-Mech 11
model [4], which describes the oxidation of H, and
CO and the high-temperature pyrolysis and oxidation
of C,—C, hydrocarbons. This mechanism was consid-
erably expanded for kinetic modeling of soot forma-
tion, in particular, additional channels of formation
and growth of polyaromatic hydrocarbons (up to cor-
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onene) and reactions involving C;, Cs, and C, hydrocar-
bon fragments were included. Thus, our kinetic mecha-
nism includes: (1) the H-abstraction/C,H,-addition
(HACA) mechanism of the sequential growth of pol-
yaromatic hydrocarbon molecules; (2) recombination
of phenyl radicals with benzene molecules; (3) recom-
bination of cyclopentadienyl; (4) nucleation of soot
particles from unsaturated aliphatic hydrocarbons.
The reasons for constructing this kinetic mechanism
were given in [4, 7].

The kinetic model of soot nucleation based on
recombinations of polyaromatic fragments was com-
plemented with recombinations of the aliphatic CgH,
fragments to form their dimers. This modification was
based on the results of studies [5, 9], in which the con-
centrations of these fragments were reliably measured.

It was concluded in [5] that the excited isomers of
CgH, are typical intermediates in the formation of
higher polyynes and oligomers and that higher
polyynes do not form by the direct reactions C,H, +
C,H, = C(H, + H, and C,H, + C,H, = CgH, + H,,
while the linear isomers of CgH, dissociate to form
C;H,, and the branched isomers of CgH, with side
chains react further to form heavier oligomers or
decompose into C¢H, molecules. The addition of
C,H, to the branched isomer of CgH, leads to cycliza-
tion of the complex, which forms fragments contain-
ing an aromatic ring. The product is capable of further
polymerization. The larger the resulting oligomer, the
smaller the probability of relatively stable polyaro-
matic compounds with side chains.

Polyyne structures, in particular, a series of C;H,
and CgH, isomers (polyynes and their substituted
derivatives) in low-pressure rich flames of various
hydrocarbons (allene, propyne, and cyclopentane)
were experimentally observed in [9] by time-of-flight
photoionization mass spectrometry using tunable syn-
chrotron radiation in the UV vacuum range. In con-
trast to higher polyyne C,,H, molecules, the possible
routes of the reactions that form the C;H, and CgH,
isomers mainly remained uninvestigated. These reac-
tions probably occur in a similar way as the reactions
that form similar but smaller fragments.

Our kinetic calculations were performed using the
kinetic mechanism of soot formation developed in [4].
The latter involves the mechanism of gas-phase reac-
tions for describing the pyrolysis and oxidation of the
starting hydrocarbons, in particular, acetylene, and
formation and growth of polyaromatic hydrocarbon
molecules by various channels up to coronene mole-
cules inclusive.

The basis of the mechanism of gas-phase reactions
are the reactions that form polyaromatix hydrocarbons
in laminar acetylene and ethylene flames (HACA
mechanism). At the same time, this mechanism was
complemented with additional channels of formation
and growth of polyaromatic hydrocarbon molecules
Vol. 10
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Fig. 1. Typical time profiles of the absorption and emission signals after the arrival of the reflected shock wave front to the mea-
surement section of the shock tube and the profiles of the soot yield (SY - E(m), %) and soot particle temperature obtained by
processing the absorption and emission signals for a mixture of 4.8% acetylene in argon for different conditions after the reflected

shock wave: (a) Tsy = 1821 K, [M]5o = 2.36 x 10~> mol/cm?>, Psy = 3.53 bar; (b) T5y = 2049 K, [M]so = 1.93 x 10> mol/cm?,
Psy=3.25bar; (c) Tsy = 2111 K, [M]sy = 2.32 x 107> mol/cm®, Py = 4.02 bar; and (d) Tsy = 2178 K, [M]s; = 2.39 x 10~ mol/cm?,
Ps5q=4.27 bar. The measurements were performed at a wavelength A = 632.8 nm. 0 and A: calculated soot yield and temperature
of soot particles; the lines on the soot yield and temperature axes present the results of the processing of the experimentally mea-
sured absorption and emission signals, respectively.
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Fig. 2. Experimental and calculated temperature dependences of the soot yield in pyrolysis of three different mixtures of acetylene
with argon after the reflected shock wave front: 5% (m), 3% (@), and 1.5% C,H, (&) in argon (P5y = 3.0—4.5 bar, E(m) = 0.37,
Treac = 1 MS). (M, @, A) the results of experimental measurements; (3, O, A) the results of the detailed kinetic calculations; lines:

approximation of experimental data by nonlinear regression.

(up to coronene inclusive) and a set of reactions
involving C;, Cs, and C,; hydrocarbons. Thus, the
modified mechanism involves (1) the HACA mecha-
nism (elimination of the hydrogen atom and addition
of the C,H, molecule)—a sequence of formation and
growth reactions of polyaromatic hydrocarbon mole-
cules due to the addition of acetylene molecules to the
active sites; (2) recombinations of phenyl radicals with
benzene CysHy; molecules; (3) recombinations of
cyclopentadienyls; and (4) reactions of ring closure of
aromatic rings from aliphatic hydrocarbons.

The principles of constructing the kinetic mecha-
nism were described in [4]. The modified kinetic
scheme of gas-phase reactions includes 3531 direct
and reverse reactions between 300 various compo-
nents; the rate constants of a series of important reac-
tions depend on the pressure. The formation, growth,
oxidation, and coagulation of soot particle nuclei and
soot particles themselves were calculated by the Galer-
kin discrete method [10].

According to our kinetic model, the nuclei of soot
particles form in radical-molecular reactions of vari-
ous polyaromatic fragments starting from phenylacet-
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ylene, acenaphthalene, and ethylnaphthalene and
ending with coronene radicals, and in recombinations
of the unsaturated polyyne aliphatic fragments of
CgH,. The nucleations of soot particles are assumed to
be irreversible. These reactions form polyaromatic
fragments containing 16—48 carbon atoms and reac-
tion aliphatic oligomers containing initially 16 carbon
atoms. All these fragments grow further and are stabi-
lized by the formation of new chemical bonds in these
complexes. The nuclei of soot particles are activated in
reactions with the H and OH radicals and deactivated
in reactions with H, H,, and H,O. The soot nuclei
grow due to the addition reactions of C,H,, C,H,, and
C¢H,, whose concentration is high enough in the
pyrolysis and oxidation of aliphatic and aromatic
hydrocarbons and polyaromatic fragments, and due to
coagulation reactions. They are oxidized in reactions
with the O and OH radicals. The nuclei are trans-
formed into soot particles in inner conversion pro-
cesses, in which the number of active sites does not
change. The soot particles grow in the addition reac-
tions of C,H,, C;H,, C¢H,, and polyaromatic frag-
ments and are oxidized in reactions with the O and
Vol. 10
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Fig. 3. Dependence of the temperature of soot particles 7, formed in the pyrolysis of various mixtures of acetylene with argon
for the reaction time T,.,. = 1 ms after the heating after the reflected shock wave on the calculated initial temperature after the
reflected shock wave. Mixture compositions: 5% C,H, + 95% Ar (m), 3% CyH, + 97% Ar (@), 4% C,H, + 1% C3HgO + 95%

Ar (8), 5% CoH, + 1.5% O, + 93.5% Ar (x) (C3H¢O is acetone).

OH radicals. All soot particles are involved in coagula-
tion reactions.

RESULTS AND DISCUSSION

The yield of soot and the temperature of soot par-
ticles were experimentally determined by the double-
beam absorption-emission method, which allows
simultaneous measurements of optical absorption and
emission of an assembly of soot particles in the same
section area of the shock tube. Figure 1 shows the typ-
ical time dependences of the absorption and emission
signals after the arrival of the reflected shock wave to
the measurement section and the time dependences of
the soot yield and soot particle temperature obtained
from these signals for soot formation in the pyrolysis of
a mixture of 5% acetylene with argon under different
conditions after the reflected shock wave.

The experimental dependences of the soot yield on
the initial temperature after the reflected shock wave
front are shown in Fig. 2 for three different mixtures of
acetylene with argon. The curves are bell-shaped,
which is typical for soot formation. Figure 2 clearly
shows the dependence of the soot yield on the initial
concentration of acetylene in the reaction mixture.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 10

Figure 3 presents the deviation of the temperature of
soot particles that formed in the pyrolysis of the acety-
lene—argon mixtures for the reaction time 1 us from
the calculated initial temperature after the reflected
shock wave front.

Since acetylene undoubtfully plays the key role in
soot formation as the main component, while pyroly-
sis and oxidation of rich mixtures lead to the formation
of acetylene in high concentrations for almost all
hydrocarbons, we compared the results of calculations
and experiments for acetylene and diacetylene.

The developed kinetic model of soot formation was
tested by directly comparing the experimental data of
[11, 12] with the results of our kinetic calculations of the
yields of the products of pyrolysis and oxidation of acety-
lene and diacetylene. The results of this comparison are
presented in Figs. 4—6. Three different C,H,/H,/Ar mix-
tures were studied (Fig. 6): 4.0% C,H, + 96% Ar,
2.5% C,H, + 97.5% Ar and 2.5% C,H, + 7.5% H, +
90.0% Ar. The results for diacetylene are shown in
Figs. 4 and 5. Figure 4 presents the data on the pyrol-
ysis of different mixtures of diacetylene with argon
with hydrogen additions and without them. Figure 5
shows the results of the oxidation of the 0.4% C,H, +

No.4 2016
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Fig. 4. Comparison of the experimental product yields (@, A, m) [6] with those calculated using out kinetic model (O, A, O):
(a) C4H,, (b) Hy, (c) CyH,, and (d) C,Hy in the pyrolysis of three different C4H,/H, mixtures in argon: 1.0% C4H, + 99.0% Ar (@),
1.0% C4H, + 1.0% H, + 98.0% Ar (A), and 1.0% C4H, +4.0% H, + 95.0% Ar (W). The reaction time T, Was varied depending
on the temperature 7' after the reflected shock wave, as was done in [6]; C/C,, is the ratio of the concentrations of the corre-
sponding products to the initial C4H, concentration in particular experiments and calculations.

0.9% O, + 98.7% Ar mixture. According to Figs. 4—6,
the experimental and calculated data are in good
agreement.

Since the temperature after the reflected shock
wave front changes nonmonotonically with time (at
first it quickly decreases to a certain quasistationary
value, then increases, and again decreases after the
arrival of the fan of rarefaction waves to the measure-
ment section), the final soot yield is determined by
this whole complex temperature profile, but not only
by the temperature in the quasistationary region.
Therefore, all kinetic calculations were performed for
nonisothermal conditions, namely, for conditions of
constant density after the reflected shock wave. A
comparison of the calculated and experimental time
dependences of temperature shows their good agree-
ment. Therefore, we did not rearrange our calculated
and experimental data relative to a certain effective
temperature after the reflected shock wave front and

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

used the initial calculated temperature 75, after the
reflected shock wave for presenting our experimental
and calculated temperature dependences of the
parameters of soot formation.

The inclusion of the channel of soot nucleation
from unsaturated aliphatic hydrocarbons in the kinetic
model of soot formation in additions to the channels
of soot formation from polyaromatic hydrocarbons
allows us to considerably improve the kinetic descrip-
tion of the experimental time (Fig. 1), temperature,
and concentration (Fig. 2) dependences of the soot
yield not only in the pyrolysis of acetylene, but also in
the pyrolysis and oxidation of all aliphatic and simple
aromatic hydrocarbons under study. The suggested
soot formation model adequately predicts the position
of the maximum of the temperature dependence of
soot yield for all hydrocarbons under study, including
the pyrolysis of acetylene.

2016
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of the concentrations of the corresponding products to the initial C4H, concentration in particular experiments and calculations.

Since there was a considerable scatter of the values
of the optical absorption function E(m) in the con-
struction of the time and temperature dependences,
the product SY - E(m) of the soot yield by the optical
absorption function was plotted on the ordinate. When
investigating the soot formation during the pyrolysis of
toluene after the reflected shock waves [1], we evalu-
ated the optical absorption function: E(m) = 0.37. This
value is close to the literature data: E(m) = 0.373 [13]
and 0.259 [14].

Before the soot particles appear in the reaction sys-
tem, the signal-to-noise ratio is too large to reliably deter-
mine the temperature. After the expansion fan arrived to
the measurement section (after ~1100—1500 us), the
emission signal of the assembly of soot particles mark-
edly starts to decay, which points to a decrease of the
temperature of the reaction mixture in the measure-
ment section. Details of the procedure for determining
the soot yield and the temperature of soot particles are
presented in [1].

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 10

CONCLUSIONS

Experiments on pyrolysis and oxidation of rich
mixtures of various aliphatic and simple aromatic
hydrocarbons in reflected shock waves were performed.
The mixtures under study included C,H,/Ar, C,H¢/Ar,
C,H,/Ar, C,H,/O,/Ar, CH,/Ar, CH,/O,/Ar, C;Hg/Ar,
C;H,/Ar, toluene/Ar, and benzene/Ar. The soot yield
and the temperature of soot particles were experimen-
tally determined by the double-beam absorption emis-
sion method. Our experiments showed that soot for-
mation in the pyrolysis of all aliphatic and aromatic
hydrocarbons under study except pyrolysis of acety-
lene was accompanied by a significant decrease of
temperature due to the predominance of the endo-
thermal stages of the decay of the starting hydrocar-
bon. In the case of the pyrolysis of acetylene—argon
mixtures, the temperature remained almost constant.
The same behavior of the temperature was observed in
the oxidation of rich mixtures of hydrocarbons due to
the competition of the endothernal decay and exother-
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Fig. 6. Comparison of the experimental product yields
from [7] (A, ) with those calculated in this study (A, O)
for pyrolysis of different C,H,/H,/Ar mixtures: (a) 4.0%
C2H2 +96% AI', (b) 2.5% C2H2 +97.5% AT, and (C) 2.5%
C,H, + 7.5% H, + 90.0% Ar. The reaction time T, Was
varied depending on the temperature 75 after the reflected
shock wave, as was done in [7]; C/C is the ratio of the con-
centrations of the corresponding products (A, A — CoH,; B,
O — C4H,) to the initial C,H, concentration in particular
experiments and calculations.

mal oxidation reactions. In the oxidation of rich mixtures
of acetylene with argon, the temperature grew apprecia-
bly almost immediately after the start of reaction.
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Our previous kinetic model of soot formation in the
pyrolysis and oxidation of rich mixtures of aliphatic
and aromatic hydrocarbons was complemented with a
set of soot nucleation reactions from both polyaro-
matic fragments and unsaturated aliphatic hydrocar-
bons. The suggested kinetic model of soot formation
was successfully tested. It describes the published
experimental data on the yield of the products of pyroly-
sis and oxidation of acetylene and diacetylene in a shock
tube. The model also quantitatively describes our own
experimental data on the time dependences of soot yield,
the temperature of soot particles, and the temperature
and concentration dependences of soot yield at a fixed
reaction time in the pyrolysis and oxidation of the
C,H,/Ar, CHg/Ar, CH,/Ar, C,H,/O,/Ar, CH,/Ar,
CH,/0,/Ar, C;Hg/Ar, CsHg/Ar, toluene/Ar, and ben-
zene/Ar mixtures after reflected shock waves in wide
temperature and pressure ranges (75, = 1400—2850 K,
Psy=2.5-5.5 bar).
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