
Kinetics and Catalysis, Vol. 41, No. 1, 2000, pp. 90-98. Translated from Kinetika i Kataliz, Vol. 41, No. 1, 2000, pp. 102-111. 
Original Russian Text Copyright �9 2000 by Krestinin, Kislov, Raevskii, Kolesova, Stesik. 

On the Mechanism of Soot Particle Formation 
A. V. Krestinin, M. B. Kislov, A. V. Raevskii, O. I. Kolesova, and L. N. Stesik 

Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Moscow oblast, 142432 Russia 
Received December 29, 1997 

Abstract--The results of experiments on the isothermic pyrolysis of acetylene, benzene, and diacetylene in a 
flow reactor near a low-temperature threshold of soot formation are presented. Diacetylene showed a much 
higher ability to form soot, coke, and tar than the other hydrocarbons. The threshold temperature of soot for- 
mation from diacetylene (800 K) was found to be lower than the threshold temperatures for benzene (1230 K) 
and acetylene (1200 K) for the same pyrolysis time (0.17 s) and equal hydrocarbon concentrations (on the basis 
of C atoms). The induction periods of soot formation for acetylene and benzene at 1100-1200 K, which were 
estimated from experiments, correlated well with literature data extrapolated from the high-temperature region. 
Invisible soot particles (0.3-0.5 ~tm) and particles at different steps of carbonization were found among the 
products of low-temperature pyrolysis. Experimental data were analyzed and compared within the framework 
of two soot formation theories presented in the literature (the "acetylene" and "aromatic" theories). The contri- 
bution of the process of polyyne polymerization in a gas phase to the formation of a soot aerosol is discussed. 

INTRODUCTION 

By now, two main hypotheses explaining the mech- 
anism of soot formation in the combustion and thermal 
decomposition of hydrocarbons are available in the lit- 
erature (Fig. 1). The first hypothesis goes back to Ber- 
thelot and suggests that the formation of soot particles 
follows the "acetylene route" [1, 2]. The supporters of 
this hypothesis emphasize that the thermodynamic sta- 
bility of acetylene (as well as higher polyynes C2nH2, 
n = 2, 3 . . . .  ) increases with increasing temperature, 
whereas the stability of all other types of hydrocarbons 
decreases (Fig. 2). The reason for this phenomenon was 
found recently. The experimental and theoretical stud- 
ies [3, 4] showed that the most stable structures of car- 
bon clusters (up to C20) are chains and rings (analogs of 
infinitely long chains). Thus, at a high temperature, 
when C-H bonds become relatively weak, the carbon 
skeletons of acetylene and polyynes are retained as the 
most stable structures among all possible structures of 
small carbon clusters. This allows us to suggest that this 
acetylene route may be the closest approximation to the 
mechanism of soot aerosol formation at high tempera- 
tures, which takes place during the condensation of 
pure carbon vapor [5]. An increase in the thermody- 
namic stability of acetylene with increasing tempera- 
ture is the reason for the practically complete decompo- 
sition of all hydrocarbons into acetylene in flames. 
Concentration of acetylene dominates in the soot zone 
of a flame [6-8]. Recently, a kinetic model of soot for- 
mation was suggested. This model, which is a develop- 
ment of the acetylene route, considers the formation of 
a primary soot aerosol as the chemical condensation 
(polymerization) of "supersaturated polyyne vapor" 
[9-12]. This model makes it possible to calculate the 
main parameters of the pyrolysis process, Such as the 
induction period of soot formation, the yield of soot 

particles, the yield of soot, and the effective rate con- 
stant of soot particle growth. These calculations are in 
agreement with the experimental data for various 
hydrocarbons including methane, ethylene, acetylene, 
and benzene. Recently, this approach was successfully 
used by other investigators [13]. 

In contrast to the acetylene route, the authors of the 
"aromatic" hypothesis of soot formation (Fig. l) con- 
sider primary soot particles to be formed as a result of 
the coagulation of bulky polycyclic aromatic molecules 
[7, 14-16]. The intensive development of this hypothe- 
sis began in the 1970s simultaneously with the wide 
application of mass spectrometry, electron microscopy, 
and gas chromatography in experimental studies on the 
mechanism of soot formation. At that time, spherical 
particles 1.5 nm in diameter (2000 amu) were detected 
and characterized by electron microscopy and mass 
spectrometry in a premixed low-pressure flame of 
C2H2/O 2. The concentration of these particles has a 
maximum just before the appearance of a soot aerosol 
[17,18]. These particles were presumed to be soot 
nuclei, and their formation was explained by coagula- 
tion of high-molecular-weight components of the gas 
phase. Molecules with a mass of up to 300 amu were 
identified in the soot zone of a flame by gas chromatog- 
raphy and mass spectrometry [6-8, 19, 20]. Among 
them, the highest concentrations were found for lower 
polyynes (C4H 2, C6H 2, and C8H 2) and polycyclic aro- 
matic hydrocarbons (PAH) from naphthalene to coro- 
nene. Concentrations of all these hydrocarbons exhib- 
ited a maximum just before the appearance of soot par- 
ticles. The further works showed that the aromatic 
structures from naphthalene to coronene constitute 
only a limited portion of the matter that can be collected 
and condensed in the soot zone of enriched flames. The 
residue is a tar-like yellowish brown material consisting 
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Fig. 1. "Acetylene" and "aromatic" hypotheses of soot aerosol formation. 

of substances with masses in the range of 300-3000 amu. 
These substances cannot be analyzed by gas chroma- 
tography or identified by chemical analysis [19-22]. 
They were found to have concentrations much higher 
than the concentrations of PAH and comparable with 
the concentration of soot material [23]. 

Theoretical development of the aromatic route of 
soot formation consisted in the construction of a kinetic 
mechanism of the formation of PAH molecules in soot 
flames and in the pyrolysis of hydrocarbons and in the 
demonstration of the way in which aromatic compo- 
nents coagulate to form primary aerosol particles. Var- 
ious kinetic mechanisms of the growth of polycyclic 
aromatic molecules in a gas phase were suggested 
(Fig. 3). This growth proceeds either as the consecutive 
buildup of cycles in reactions with the participation of 
acetylene (the H abstraction-C2H 2 addition mechanism 
suggested in [7, 14]) or by the polymerization mecha- 
nism, which was considered in detail in [24] using 
pyrene as an example. The estimates [25] show that 
van der Waals interactions between polycyclic aro- 
matic molecules with molecular weights of 600 amu or 
higher become comparable with chemical interactions 

(about 22 kcal/mol). As a result, the collision complex 
of these molecules is long-lived. In addition, a high 
concentration of radicals in the soot zone of a flame 
results in the fact that a considerable portion of PAH 
particles of this size can have one or several free val- 
ances [26]. Therefore, the probability of chemical 
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Fig. 2. Changes in the Gibbs free energy in the reactions 
mC(graphite) + n/2H 2 = C m H  n. 
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bonding of large PAH molecules at a collision (coales- 
cence efficiency) was suggested to be close to unity. In 
recent years, many efforts have been made to develop a 
quantitative model of a soot flame. This model is based 
on a hypothesis of the growth of polycyclic aromatic 
molecules and their coagulation [14, 27, 28]. Unfortu- 
nately, this model was never used for systematic com- 
putation of the process of soot particle formation under 
conditions of the pyrolysis of hydrocarbons (in the C/H 
system) or for comparison of the numerical results with 
experimental data. This comparison is the strongest test 
for theoretical hypotheses of soot formation mecha- 
nisms. 

Thus, the two currently available theories of soot 
formation consider two different families of molecules 
(polyynes and PAH) as gaseous precurrors of soot. 
Despite the fact that the hypothesis of the aromatic 
route to soot is presently predominant in the literature, 

experimental facts that are contradictory to this hypoth- 
esis have been accumulated in recent studies. In partic- 
ular, an important step toward the elucidation of the 
chemical structure of the material of primary condensed 
particles was made in a series of papers [23, 29, 30]. It 
was found that primary condensed particles with an 
average size of 4-6 nm are transparent in the visible 
range of wavelengths and absorb with fluorescence in 
the near-UV range. Hence, it was concluded that these 
particles consist of small aromatic fragments coupled 
by aliphatic or perhaps oxygen bridges, and these frag- 
ments include no more than two or three condensed 
aromatic rings. Measurements [23] showed that the 
volume fraction and concentration of these species are 
close to the respective characteristics of a soot aerosol, 
which is detected downstream in a flame. The kinetic 
mechanism of formation and growth of transparent par- 
ticles is unclear and cannot be explained on the basis of 
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Fig. 3. Possible routes of the growth of polycyclic aromatic molecules: (a) mechanism of H elimination-C2H 2 addition [14]; 
(b) polymerization of aromatic components [24]. 
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existing kinetic schemes of the formation of aromatic 
structures [30]. The authors refer to the mechanism of 
formation of these particles as the initial process of fast 
polymerization. Thus, the results obtained in these 
works show that condensed particles formed in the soot 
zone of a flame have an initial structure which cannot 
result from the coagulation of large PAH molecules, as 
was suggested earlier [ 16]. Tesner et  al. [31 ] came to a 
similar conclusion as a result of examining the soot for- 
mation in the pyrolysis of hydrocarbons from entirely 
different considerations. It was found that the particle 
concentration of soot in the pyrolysis of the mixture of 
naphthalene and acetylene is much lower (by a factor of 
10 or higher at 1200~ than that in the pyrolysis of 
only one aromatic compound. Because the addition of 
acetylene facilitates an increase in PAH concentrations 
[14, 32], these experiments show that PAH are not key 
compounds in the formation of soot nuclei. 

The aim of this work is the comparative investiga- 
tion of the processes of pyrolysis of benzene, acetylene, 
and diacetylene near a low-temperature threshold, 
when these hydrocarbons form a soot aerosol. At this 
low temperature, specific features of the initial molec- 
ular structure will maximally manifests themselves in 
the process of soot formation. It was reasonable to 
assume that the lower the temperature threshold of soot 
formation for a particular hydrocarbon (that is, the 
lower the potential barrier in the of soot aerosol forma- 
tion from this hydrocarbon) the closer the structure and 
chemical properties of this hydrocarbon to the respec- 
tive characteristics of yet unknown gaseous precursors 
of soot. We decided on hydrocarbons that play a key 
role in the existing hypotheses of the soot formation 
mechanism for our studies and a comparative analysis. 

EXPERIMENTAL 

Experiments on pyrolysis of hydrocarbons were 
carried out in a constant-temperature flow reactor. The 
design of the reactor was to a significant degree taken 
from [33, 34]. The schematic diagram of the experi- 
mental setup is shown in Fig. 4. The temperature profile 
in the reactor had an isothermal portion (within +__5 K) 
-10 cm long. A hydrocarbon mixed with helium was 
injected into the beginning of this portion through a 
capillary 1 mm in diameter. The gas flow rate was 
42 cm3/s. Additional helium flow (8 cm3/s) was sup- 
plied through the front end of the reactor for preventing 
the formation of dead zones. The average residence 
time of reactants in the isothermic zone ('c k) at this flow 
rate was -0.17 s. The influence of the reactor diameter 
on the experimental results was examined, because the 
experiments were carried out near the soot formation 
threshold. A reactor of diameter 20 mm was chosen as 
a reasonable compromise between a relative increase in 
the undesirable contribution of heterogeneous reactions 
at the walls of the reactor with a decreasing diameter, 
on the one hand, and, on the other hand, the deteriora- 
tion of the temperature profile in the isothermal part of 

the reactor with the increasing diameter of the reactor. 
A flow rate of 50 cm3/s assured the uniform removal of 
soot particles from the isothermal zone and, therefore, 
made possible the application, as a first approximation, 
of the model of a plug-flow reactor to the description of 
the chemical process in the reactor. Helium and acety- 
lene were used in experiments without special purifica- 
tion; diacetylene was synthesized from 2-butyne-l,4- 
diol according to a procedure described in [35]. 

In the cases when the quantitative measurements 
were carried out, after completion of the process of 
pyrolysis, the condensed products were collected from 
the reactor walls and the filter and then washed in dichlo- 
romethane for the separation of soluble tar [20, 23]. The 
use of other solvents, for example, chloroform, changes 
to a certain degree the ratio between the amounts of car- 
bonized products and soluble tar. Nevertheless, the 
form of functions remains identical in both cases, and 
the choice of a solvent does not influence the conclu- 
sions made in this work. The insoluble residue (carbon- 
ized products) consisted of soot particles and cokelike 
deposits on the reactor walls. These products were ana- 
lyzed in all experiments simultaneously by optical and 
transmission electron microscopy. Near the threshold 
of soot formation, a considerable part of the soot 
formed remains in the reactor and cannot be separated 
from coke, because many soot particles are incorpo- 
rated into the cokelike layer. An electron micrograph of 
an individual soot particle in the deposit at the reactor 
walls is presented in Fig. 5. Special scanning of sam- 
ples was carried out for the determination of the lower 
limit of the pyrolysis temperature at which the first soot 
particles are formed. 

We could not find any reasonable method for the 
determination of the threshold temperature of soot for- 
marion using the buildup curve of carbonized products 
(coke + soot), because near the threshold of soot forma- 
tion, the relative contribution of coke to the total yield 
of condensed products is significant. Therefore, from 
here on, we consider the threshold temperature to mean 
a minimum temperature at which spherical carbonized 
particles that can be separated from the deposit at the 
reactor walls are detected. This moment was fixed by 
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Fig. 4. Schematic diagram of the flow setup for the isother- 
mal pyrolysis of hydrocarbons. 
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the initial material to desirable dimensions in an agate 
mortar. 

Fig. 5. Electron micrograph of a coke film on the reactor 
wall with an introduced soot particle. 

means of an optical microscope by appearance of a typ- 
ical suspension formed by spherical particles with a 
size of 0.3--0.5 lxm in immersion oil. An NU-2 optical 
microscope (Carl Zeiss, Jena) was used for micro- 
scopic observation. Specimens were prepared by put- 
ting soot samples into a layer of immersion oil between 
intermediate and cover glasses. Observations and 
microphotographs were made in transmitted polarized 
and depolarized light. The spherical shape (Fig. 5) was 
considered evidence for the formation of these particles 
in a gas phase. The reactor temperature was changed 
from experiment to experiment by 15-20 K. This value 
is an error in the determination of the threshold temper- 
ature of soot formation. 

The samples for electron microscopy were applied 
to a Formvar film support by sedimentation from a flu- 
idized bed produced by ultrasound (35 kHz) in a dry 
state. No solvent was used. Observations and micro- 
photographs were made on an HU-125 transmission 
electron microscope (Hitachi, Japan). Cokelike depos- 
its were studied on the fragments obtained by grinding 

Threshold temperatures of soot formation for hydrocarbons 

Hydrocarbon 

Benzene 
Acetylene 
Diacetylene 
Benzene 
Acetylene 
Benzene/acety- 
lene 

Concentra- 
tion,* vol % 

57 (9.5) 
27 (13.6) 

9.2 (2.3) 
57 (9.5) 
27 (13.6) 

57/27 (9.5/13.6) 

Time of 
pyrolysis, 

0.17 
0.17 
0.17 
0.9 
0.9 
0.9 

Temperature 
of soot ap- s pearance, K 

1230 
1200 
800 

1100 
1040 
1070 

* The concentration is expressed on the basis of the number of C 
atoms in a hydrocarbon molecule. The volume concentration of 
the hydrocarbon is given in parentheses. 

RESULTS AND DISCUSSION 

The data on the relative yield (on the basis of the ini- 
tial carbon) of carbonized products (soot + coke) and 
tar (soluble part) as a function of the temperature of 
pyrolysis of acetylene, benzene, and diacetylene are 
presented in Figs. 6-8. In all cases, the first soot parti- 
cles appeared at a temperature (marked by an arrow) at 
which an intense increase in the yield of carbonized 
products begins. The threshold temperature depends on 
the residence time in the reactor and on the hydrocar- 
bon concentration. Therefore, this temperature is not an 
absolute characteristic the capability of a hydrocarbon 
for soot formation, but it can be useful for comparative 
investigations. According to the data in Figs. 6-8 and 
the table, the threshold temperature of soot appearance 
from diacetylene (790-810 K) is lower by almost 400 K 
than that for acetylene (1200 K) or benzene (1230 K) at 
the same residence time in the isothermal zone. Note 
that the volume concentration of diacetylene (in terms 
of C atoms) is considerably lower than the concentra- 
tions of acetylene and especially benzene (see the table). 
We consider this fact as direct evidence for the very 
high capability of polyynes to form soot in comparison 
with any other hydrocarbons. Therefore, they should be 
studied in detail as possible gas-phase precursors of 
soot. These data are in agreement with recent measure- 
ments of the soot particle yield in the pyrolysis of 
diacetylene [36]. The concentration of soot particles 
was found to be higher by one order of magnitude than 
the concentration of these particles formed in the pyrol- 
ysis of acetylene, benzene, ethylene, and other hydro- 
carbons. Note that the study of the structure and mor- 
phology of soot obtained from acetylene, benzene, and 
diacetylene by electron microscopy did not reveal any 
considerable differences between the soot samples 
obtained by pyrolysis of these hydrocarbons [37]. X-ray 
microdiffraction showed that all samples lack a graph- 
ite structure, and the soot particle material is a carbon- 
ized polymer. All samples exhibited diffusion halos; the 
intensity maximums of these halos corresponded to 
interplanar distances of 4.6, 2.08, and 1.24 A with a 
scatter of no higher than 4%, which indicates the struc- 
tural similarity of the polymeric materials. 

We detected, under the optical microscope, trans- 
parent soot particles and soot particles at different steps 
of carbonization in some soot samples obtained from 
acetylene at a pyrolysis temperature close to the thresh- 
old temperature of soot formation (residence time in 
the reactor Xn = 0.9 s, T ~ 1070 K). Analogous particles 
were found in soot samples from diacetylene, which 
were obtained near the threshold of soot formation at 
'~R = 0.17 S. These particles are too small for observa- 
tion under an optical microscope (300-500 nm), and 
the samples exhibit low stability (transparent particles 
dissolve in immersion oil in several tens of minutes); 
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Fig. 6. The yields of condensed products of acetylene pyrol- 
ysis as a function of temperature: (I) coke + soot, (2) tar, and 
(3) the total yield. 13.6% C2H2-He mixture; x R = 0.17 s. 
The arrow marks the threshold temperature of soot forma- 
tion. 

Fig. 7. The yields of condensed products of benzene pyrol- 
ysis as a function of temperature: (I) coke + soot, (2) tar, 
and (3) the total yield. 9.5% C6H6-He mixture; x R -- 0.17 s. 
The arrow marks the threshold temperature of soot forma- 
tion. 

thus, it is somewhat difficult to take photographs of 
these particles. Figures 9a and 9b present the samples 
containing transparent soot particles and particles of 
deeply carbonized soot. Transparent particles, which 
are optically active due to the crystal structure of poly- 
meric materials, appear light against a dark background 
when observed in polarized light (Fig. 9c). Direct 
detection of transparent soot particles confirms the 
results and conclusions [14, 29, 30] on the low degree 
of aromaticity of the material of a primarily formed 
soot aerosol. That is, these particles cannot be a product 
of coagulation of bulky PAH components. The effective 
first-order rate constant of carbonization for soot parti- 
cles formed in a diffusion ethylene flame was estimated 
in [38] to be equal to 1.8 x 106exp(-26.9/RT) (activation 
energy in kcal/mol). Therefore, at T=  1070 K, this con- 
stant is 5.6 s -l, and the characteristic time of carboniza- 
tion is comparable with the average residence time of 
reactants in the reactor in our experiments. This seems 
to be one reason for the possibility to observe both par- 
tially carbonized and noncarbonized aerosol particles 
in the samples. 

For all three hydrocarbons, the yield of tar as a func- 
tion of the pyrolysis temperature has a maximum 
which lies above the threshold temperature of soot for- 
mation. On this basis, supporters of the aromatic theory 
conclude that low-molecular-weight tar, which are 
mostly polycyclic aromatic compounds [19], are pre- 
cursors of soot particles, and a decrease in their quan- 
tity is explained by their participation in the formation 
of soot material. However, the total yields of condensed 
products for acetylene and diacetylene also exhibit a 
maximum. In the latter case, this maximum is clearly 
pronounced and cannot be due to experimental error 
(Fig. 8). A deep crevasse in the curve representing the 
total yield of condensed products in experiments with 

diacetylene (at T = 1020--1070 K) cannot be explained 
by the loss of such a large amount of carbon in the 
course of carbonization of primary soot particles and 
coke. Indeed, according to all available data [21, 38, 39], 
the molar ratio CIH in soot particles is no lower than 
2/1, and the main gaseous products of pyrolysis of 
diacetylene are methane and hydrogen [40]. Hence, it 
follows that the loss of condensed products in the reac- 
tions of carbonization cannot exceed 10-15 wt %, 
whereas in the experiments with diacethylene, a 
decrease in the total yield (tar + coke + soot) is 30--40% 
of the maximum value at T -- 970 K. As can be seen 
from the graph (Fig. 8), this maximum in the curve pre- 
senting the total yield of condensed products of pyrol- 
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Fig. 8. The yields of condensed products of diacetylene 
pyrolysis as a function of temperature: (1) coke + soot, 
(2) tar, and (3) the total yield. 2.3% C4H2-He mixture; x R -- 
0.17 s. The arrow marks the threshold temperature of soot 
formation. 
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Fig. 9. Optical micrographs of soot particles (1700x): (a) opaque soot particles (2.1% C4H2/8.8% C6H6/He; 870 K; x R = 0.17 s); 
(b) transparent soot particles at different steps of carbonization (transmitted depolarized light; 2.1% C4H2/8.8% C6H6/He; 810 K; 
x R = 0.17 s); (c) the same sample as in (b), observation in polarized light. 

ysis as a function of temperature is due to only the sim- 
ilar behavior of the curve representing tar yield. In con- 
trast, the mass of carbonized products of pyrolysis 
(coke + soot) increases with temperature almost mono- 
tonically. Thus, the process of pyrolysis of diacetylene 
exhibits a number of interesting features concerning the 
mechanism of soot formation. This process is promis- 
ing for further detailed kinetic study. For example, we 
can expect that two competing processes will be dis- 
tinctly separated: the polymerization reaction leading 
to the formation of high-molecular aromatic products 
in a gas phase and the formation and growth of a soot 
aerosol. Probably, the reason for a dramatic decrease in the 
rate of the former process at 1000-1100 K is quite simple 
and results from the acceleration of the process of for- 
mation and carbonization of coke and soot. As a result 
of this, evolved hydrogen shifts the equilibrium Call 2 + 
H2 = 2C2H2 toward acetylene, whose activity in the for- 
mation of tar and coke at this temperature is much 
lower (Fig. 6). 

Comparison of the data presented in Figs. 6 and 7 
shows that the threshold temperature of soot formation 
for acetylene (1200 K) is somewhat lower than for ben- 
zene (1230 K), whereas the volume concentration of 
benzene (in terms of C atoms) was deliberately chosen 
to be higher than that for acetylene. We carried out a 
series of experiments on the determination of the 
threshold temperatures for acetylene and benzene to 
obtain the final confirmation of this phenomenon. The 
total gas flow rate was diminished by a factor of five, 
but hydrocarbon concentrations remained unchanged. 
In this case, the residence time of the reactants in the 
isothermal zone increased up to 0.9 s. As a result, the 
threshold temperature of soot formation fell to 1040 

and 1100 K for acetylene and benzene, respectively. 
Therefore, this experiment showed that near the low- 
temperature limit of soot formation, the ability to form 
soot in acetylene is higher than for benzene. At first 
glance, this fact seems odd because benzene has a much 
higher ability to form soot in flames. Neverthless, it is 
reasonable from the point of view of the acetylene route 
of soot formation. It was found only because we carried 
out our experiments near the low-temperature threshold 
of soot formation, where the products of thermal 
decomposition of benzene (first of all, diacetylene) 
were present in low amounts, and their contribution did 
not disturb the general pattern. 

It also follows from the aromatic theory that a mix- 
ture of acetylene and benzene must have a threshold 
temperature of soot formation not higher (and, more 
probably, lower) than that of acetylene. This is due to 
the better conditions for the growth of polycyclic aro- 
matic molecules in the mixture [14, 32]. We carried out 
experiments with the pyrolysis of a mixture containing 
13.6% C2H2 and 9.5% C6H 6 in helium. The residence 
time in the reactor was 0.9 s. We found that in this case, 
the threshold temperature is -1070 K, that is, higher 
than the threshold temperature obtained in the pyrolysis 
of neat acetylene (1040 K). This result is in agreement 
with the data by Tenser and Shumpov [33], who 
showed that only acetylene participates in the forma- 
tion of new soot particles in the pyrolysis of acetylene- 
benzene mixtures. 

The measurement of threshold temperatures Tgr at 
different residence times in the isothermal zone "t R per- 
mits us to find the temperature dependence of the 
induction period of soot formation from the equation 
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Fig. 10. Induction period of soot formation from (1, 1') acet- 
ylene (9.5% C2H2/He) and (2, 2') benzene (13.6% C6H6/He). 
(1, 2) Estimation from the experimental data of this work; 
(1', 2') extrapolation of the experimental data obtained in 
shock tubes for acetylene [41] (T > 1650 K) and benzene 
[42] (T> 1500 K). 

if at least two pairs of (xR, T gr) have been determined. 
Figure 10 shows the induction periods for acetylene 
and benzene, which were calculated from the experi- 
mental data for the residence times equal to 0.17 and 
0.9 s (lines 1 and 2, respectively). Solid lines (1', 2') 
correspond to the values of Xin d calculated by the extrap- 
olation formulas suggested in [41, 42] on the basis of 
data obtained in shock tube measurements: 

"CC2H2 = 2.2 x 10-12[C2H2]-~ s 

(concentration in mol/cm 3, [41], T > 1650 K), 

"~c6n, = 7.8 x 10-17[C6H6]-~ IO0/T), s 

(concentration in mol/cm 3, [42], T > 1500 K). 

It can be seen in Fig. 10 that the induction period of 
soot formation from acetylene found in this work is 
lower than the corresponding value for benzene, 
although this difference is not very high, as indicated 
by the extrapolation of data measured in shock tubes. 

CONCLUSION 

1. The most important result of our experiments was 
the discovery of the very high capability of molecules 
with conjugated triple bonds and, particularly, diacety- 
lene for the reactions of polymerization in a gas phase 
with the formation of high-molecular-weight products 
and a soot aerosol. The very high ability of diacetylene 
to form soot nuclei was found earlier [36]. Under typi- 
cal conditions of enriched flames, the concentration of 
diacetylene is lower than the concentration of acetylene 
by approximately one order of magnitude [7] and 
remains lower than the thermodynamically equilibrium 
value under these conditions [20]. The concentration 
profiles of acetylene and diacetylene in the soot zone of 
the flame are similar in shape. This is indicative of a 

high rate of formation and consumption of diacetylene. 
The available kinetic mechanisms of thermal decompo- 
sition of acetylene [43] also indicate a high rate of for- 
mation of diacetylene and other polyynes under flame 
conditions. Therefore, the role of these molecules and, 
first of all, diacetylene in the formation and growth of a 
soot aerosol in flames can be considerable and is under- 
estimated by the aromatic theory of soot formation. 

2. Soot particles transparent in the visible region, 
which were detected for the first time in the processes 
of pyrolysis and particles at different steps of carbon- 
ization indicate that a soot aerosol is initially formed as 
a polymerization product of gas-phase molecules. The 
material of the particles consists of fragments with a 
small number of condensed aromatic rings. Then, after 
carbonization, these polymeric globules take the form 
of usual soot particles. This result is in complete agree- 
ment with the conclusions in [23, 29, 30], which were 
made on the basis of spectroscopic in situ measure- 
ments of primary condensed small particles (2--6 nm) 
and, therefore, raised doubts among a number of inves- 
tigators. 

3. Finally, considering our results together with the 
experimental data published in [23, 29-31, 33], we can 
conclude that all these data are in agreement with each 
other but do not support the aromatic hypothesis of soot 
formation. Our experiments also clearly demonstrated 
that the mechanism of polymerization of polyynes in a 
gas phase should be studied in detail both experimen- 
tally and theoretically from the standpoint of its contri- 
bution to the formation of a soot aerosol during the 
combustion and thermal decomposition of hydrocar- 
bons. 
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