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Introduction

Our experimental and modeling study of soot formation

during the pyrolysis of a number of aromatic (benzene,

toluene, and ethylbenzene [1]) and saturated aliphatic

hydrocarbons (methane, propane [2–4]) showed good agree-

ment between the results of experiments and detailed kinetic

modeling. However, certain difficulties were encountered in

the kinetic simulation of soot formation in the pyrolysis of

acetylene, a hydrocarbon with a triple bond. These

difficulties have been overcome by introducing additional

reaction channels of soot nucleation from hydrogenated

polyyne-like fragments, in particular, diacetylene dimers.

The experiments performed in [5] confirmed the possibility

of the formation of high concentrations of diacetylene

dimers in the reaction mixture.

The aim of this work was to perform experimental and

kinetic modeling studies of soot formation in the pyrolysis

and oxidation of various mixtures of aliphatic and aromatic

hydrocarbons in argon behind reflected shock waves and to

demonstrate the predictive capabilities of the modified

kinetic model of soot formation.

Results

The soot yield and temperature of soot particles were

determined using a two-beam technique that enables to simul-

taneously measure the optical absorption and emission of soot

particles. Details of the shock-tube setup were described else-

where [3]. Figure 1 shows typical time histories of the absorp-

tion (1) and emission (2) signals after the arrival of the

reflected shock wave front at the observation section, as well

as the time evolution of the soot yield (3) and the soot particle

temperature (4) obtained from signals (1) and (2) for the

pyrolysis of a 5 %mixture of acetylene in argon under various

conditions behind the reflected shock wave.

Experimentally measured dependences of the soot yield

on the initial temperature of the test mixture behind the

reflected shock wave for three different acetylene–argon

mixtures are displayed in Fig. 2. These curves have a char-

acteristic bell-like shape. As can be seen, the soot yield

strongly depends on the initial concentration of acetylene

in the test mixture. Figure 3 shows the deviation of the

temperature of soot particles formed during the pyrolysis

of acetylene–argon mixtures for a reaction time of 1 ms

from the calculated initial temperature behind the reflected

shock wave.

Taking into account that acetylene plays a key role in soot

formation, that the pyrolysis and oxidation of virtually all

hydrocarbons under fuel-rich conditions lead to the for-

mation of high concentrations of acetylene, and that the

role of acetylene as a building material in the surface growth

of soot particles has been recognized for a long time,

being beyond doubt, we performed the kinetic model valida-

tion for acetylene and diacetylene. The kinetic model was

tested by a direct comparison of the experimentally

measured [6, 7] and calculated product yields during

diacetylene and acetylene pyrolysis and oxidation. The

results are presented in Figs. 4 and 5. Three different

C2H2/H2/Ar mixtures were investigated (Fig. 5): (a) 4.0 %

C2H2 + 96 % Ar, (b) 2.5 % C2H2 + 97.5 % Ar, and
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(c) 2.5 % C2H2 + 7.5 % H2 + 90.0 % Ar. The results for

diacetylene are shown in Fig. 4: (a)–(d) the pyrolysis of three

different C4H2/H2/Ar mixtures (1.0 % C4H2 + 99.0 % Ar,

1.0%C4H2 + 1.0 % H2 + 98.0 % Ar, 1.0 % C4H2 + 4.0 %

H2 + 95.0 % Ar) and (e)–(h) the oxidation of a 0.4 %

C4H2 + 0.9 %O2 + 98.7 %Ar mixture. As can be seen

from Figs. 4 and 5, the calculated and experimentally

measured values are in close agreement.

The kinetic model of soot nucleation used in our previous

works, which was based on reactions of recombination of

polyaromatic fragments, was supplemented by reactions of

nucleation through the combination of C8H4 aliphatic

dimers. This modification was motivated by the experimen-

tal results from [5, 8, 9], where these species were reliably

detected.

It was concluded in [5] that the C8H4 excited isomer is a

common intermediate for the formation of polyynes and

oligomers, that higher polyynes cannot be formed in the direct

reactions C4H2 + C2H2 ¼ C6H2 + H2 and C4H2 + C4H2 ¼
C8H2 + H2, and that the C8H4 linear isomers dissociate to

C8H2, whereas branched C8H4 isomers react further to pro-

duce heavier oligomers or decompose to form C6H2

molecules. The addition of C4H2 to the C8H4 branched isomer

is accompanied by cyclization into a species containing an

aromatic ring, with the resulting product being capable of

further polymerization. In this case, the larger the oligomers

formed, the less likely is the formation of relatively stable

condensed aromatic compounds with side chains.

In [9], the polyynic structures (polyynes and substituted

derivatives thereof) were observed in fuel-rich low-pressure

allene, propyne, and cyclopentene flames by using photoion-

ization time-of-flight mass spectrometry with tunable

vacuum-ultraviolet synchrotron radiation; in particular, a

number of C7H4 and C8H4 isomers were detected.

In contrast to C2nH2 polyyne molecules, the possible

reaction pathways that lead to the formation of the C7H4

and C8H4 isomers remain mostly unexplored. Probably, such

reactions proceed through the formation of similar but

smaller intermediates.

Our kinetic simulations were performed using the mech-

anism of soot formation developed in [4]. This mechanism

of the formation of soot particles includes a submechanism

of gas-phase reaction for describing the pyrolysis and oxida-

tion of the starting hydrocarbons, in particular acetylene, and

the formation and growth of polyaromatic hydrocarbon

molecules through various channels, up to coronene.

The core of the gas-phase reaction mechanism is the

reaction sequence of PAH formation in laminar premixed
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Fig. 1 Typical time histories of the absorption (1) and emission

(2) signals after the arrival of the reflected shock wave front at the

observation section and of the soot yield (3) and soot particles temper-

ature (4) obtained from signals (1) and (2) for a 4.8 % mixture of

acetylene in argon at various conditions behind the reflected shock

wave: (a) T50 ¼ 1821 K, [M]50 ¼ 2.36 � 10�5 mol/cm3, P50 ¼ 3.53

bar; (b) T50 ¼ 2049 K, [M]50 ¼ 1.93 � 10�5 mol/cm3, P50 ¼ 3.25

bar; (c) T50 ¼ 2111K, [M]50 ¼ 2.32 � 10�5 mol/cm3,P50 ¼ 4.02 bar.

The probe light wavelength was λ ¼ 632.8 nm. The points (triangles
and squares) represent the calculated values of the soot yield and soot

particles temperature, whereas the lines in panels 3 and 4 are the results

of processing the experimental absorption (curve 1) and emission

(curve 2) signals, respectively
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acetylene and ethylene flames (HACA). At the same time,

the mechanism was extended to include a number of addi-

tional channels of PAH formation and growth (up to

coronene) and a comprehensive set of reactions involving

C3, C5, and C7 hydrocarbons. More specifically, the mecha-

nism included (1) the alternating H-abstraction/C2H2-addi-

tion route, resulting in the successive growth of PAHs,

(2) the combination reactions of phenyl with C6H6, (3) the

cyclopentadienyl recombination, and (4) the ring-closure

reactions of aliphatic hydrocarbons.

The principles of constructing this kinetic mechanism

were outlined in [4]. The modified gas-phase reaction mech-

anism consisted of 3531 direct and inverse reactions involv-

ing 300 different components, with the rate constants of

several important reactions being pressure dependent.

The processes of formation, growth, oxidation, and coag-

ulation of soot particle nuclei and actually soot particles

were simulated using the discrete Galerkin method [10].

According to our model, soot precursors are formed by

radical–molecule reactions of different PAHs, starting from

phenylacetylene, acenaphthylene, and ethynylnapthalene up

to coronene, by radical–radical reactions (from cyclopenta-

phenanthrene up to coronene radicals), and by combination

reactions of unsaturated polyyne-like aliphatic hydrocarbons

C8H4. The reactions of formation of soot precursors are

assumed irreversible. These reactions result in the formation

of polyaromatic molecules containing 16–48 carbon atoms

and reactive aliphatic oligomers, containing initially 16 car-

bon atoms. All these compounds grow further, being

stabilized by the formation of new chemical bonds. Soot

precursors are activated in reactions with H and OH radicals

and deactivated in reactions with H, H2, and H2O. Soot

precursors grow via reactions with C2H2, C4H2, and C6H2

(the concentrations of which are rather high in the pyrolysis

and oxidation of aliphatic and aromatic hydrocarbons),

reactions with polyaromatic molecules and radicals, and

the process of coagulation. Soot precursors are oxidized by

O and OH radicals. They are transformed into soot particles

through internal conversion reactions, in which the number

of active sites in the reacting system is preserved. Soot

particles grow in the reactions with C2H2, C4H2, C6H2, and

PAH molecules and radicals and are oxidized by O and OH

radicals. All soot particles were postulated to participate in

coagulation.

Since the temperature behind the reflected shock wave

varies 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 profile, not only by the

quasi-steady-state temperature. Thus, all kinetic calculations

were performed for nonisothermal conditions and a constant

density, and the calculated kinetic data are in good agree-

ment with the corresponding experimental data. For this
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Fig. 3 Dependence of the temperature of soot particles formed in the

pyrolysis of acetylene–argon mixtures for a time of τreac ¼ 1 ms after

shock heating of the mixture on the calculated initial temperature

behind the reflected shock wave. The compositions of the mixtures

are given in the figure panels, where C3H6O is acetone (the right figure)
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Fig. 2 Experimentally measured and calculated temperature

dependences of the soot yield in the pyrolysis of three different

acetylene–argon mixtures behind reflected shock wave: ( filled square)
5 %, ( filled circle) 3 %, and ( filled inverted triangle) 1.5 % C2H2 in

argon (P50 ¼ 3.0–4.5 bar, E(m) ¼ 0.37, τreac ¼ 1 ms). The closed

symbols represent the results of experimental measurements; open

symbols represent the results of detailed kinetic calculations, and

lines represent the results of approximation of experimental values by

a nonlinear regression (the left figure)

Soot Formation During Pyrolysis and Oxidation of Aliphatic and Aromatic Hydrocarbons. . . 323



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 repre-

sentation of experimental data and in the calculations.

Introduction into the soot formation kinetic model of the

soot nuclei produced from unsaturated aliphatic

hydrocarbons, along with those arising from polyaromatic

compounds, makes it possible to significantly improve the

kinetic description of the experimental time histories of soot

formation (Fig. 1) and temperature and concentration

dependences of the soot yield (Fig. 2) not only for acetylene

pyrolysis but for pyrolysis and oxidation of all aliphatic and

aromatic hydrocarbons being investigated. The proposed

kinetic model of soot formation correctly predicts the loca-

tion of the maximum in the temperature dependences of the

soot yield for all hydrocarbons studied, including C2H2/Ar

mixtures. Within the scatter in experimental values of the

soot yield, the model predictions of this quantity obtained
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C4H2 + 0.9%O2 + 98.7%Ar mixture. The reaction time τreact was

varied with the initial temperature T50 behind the reflected shock

wave by exactly the same way as presented in [6]; C/C0 means the

ratio of the corresponding product concentration and the initial C4H2

concentration in a particular experiment or calculation
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using a fixed value of E(m) ¼ 0.37 for all hydrocarbons

investigated are in good agreement with our experiments.

Since there is a considerable discrepancies between the

reported values of E(m), we plotted the quantity SY � E(m)

as a function of the time and the initial shocked-gas temper-

ature T50. Studying the formation of soot during the pyroly-

sis of toluene behind reflected shock waves [1], we estimated

E(m) as 0.37, a value in close agreement with most recent

data [11, 12]: according to [11], E(m) ¼ 0.373, whereas in

[12], E(m) ¼ 0.259. The quantity E(m) ¼ 0.37 has the

advantage of being determined under conditions similar to

those used in the present experiments.

Prior to the appearance of soot particles, the signal-to-

noise ratio is too low to reliably determine the soot particle

temperature. After the arrival of the rarefaction wave to the

observation section (~1100–1500 μs), the emission signal

begins to decrease markedly, indicative of a decrease in the

mixture temperature in this cross section. The formal

procedures and details of soot yield determination and mea-

suring the soot particle temperature are presented in [1].

Conclusions

The experiments on the pyrolysis and oxidation under fuel-

rich conditions of C2H2/Ar, C2H6/Ar, C2H4/Ar, C2H4/O2/Ar,

CH4/Ar, CH4/O2/Ar, C3H8/Ar, C3H6/Ar, toluene/Ar, and ben-

zene/Ar mixtures behind reflected shock waves were

performed. The soot yield and the soot particle temperature

were determined using the double-beam absorption-emission

technique. Our experiments demonstrated that the soot forma-

tion in the pyrolysis of all aliphatic and aromatic

hydrocarbons tested except for acetylene is accompanied by

a pronounced temperature decrease due to the predominance

of endothermic decomposition stages. In the case of acetylene

pyrolysis, the temperature remains nearly constant, as it does

in the oxidation of rich hydrocarbon/oxygen mixtures due to

exothermic oxidation reactions. By contrast, a sharp and

pronounced temperature increase is observed in the oxidation

of rich acetylene/oxygen mixtures. Our previous kinetic

model of soot formation during the shock-tube pyrolysis and

oxidation of aliphatic and aromatic hydrocarbons is aug-

mented by introducing an additional subset of reactions of

soot nucleation, involving both polyaromatic and unsaturated

aliphatic hydrocarbons. The proposed kinetic model was suc-

cessfully tested by describing the published data on the

products yield in the pyrolysis and oxidation of acetylene

and diacetylene in shock-tube experiments. It closely

reproduces our experimental data on the time histories of

the soot yield and soot particle temperature, as well as the

temperature and concentration dependences of the soot yield

at fixed reaction times, for the pyrolysis and oxidation of

C2H2/Ar, C2H6/Ar, C2H4/Ar, C2H4/O2/Ar, CH4/Ar, CH4/O2/

Ar, C3H8/Ar, C3H6/Ar, toluene/Ar, and benzene/Ar mixtures

under fuel-rich conditions in reflected shock waves

(T50 ¼ 1400–2850 K, P50 ¼ 2.5–5.5 bar).
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