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A review is given of recent papers on the phenomenology, kinetics, and mechanism
of soot formation in hydrocarbon combustion; the effects of various factors on the
formation of polycyclic aromatic hydrocarbons, fullerenes, and soot, low-temperature
soot formation in cool flames, combustion in electric field, and the paramagnetism of
soot particles from an ecological viewpoint are considered.
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INTRODUCTION

Soot formation is an important and constantly
studied aspect of combustion, which has practical signif-
icance in the production of technical carbon as an active
filler in rubber products and as a component of printing
paints, as well as in energetic problems of hydrocarbon
power plants and ecological issues [1–3].

Investigation of soot formation and oxidation is
of special importance for several reasons. On the one
hand, soot is a commercial product, whose world pro-
duction is estimated at 107 tons per year. Black soot
(technical carbon) is used as a filler for elastomers (90%
of technical carbon is utilized for this purpose, 2/3 of
them in tyre production) and in copy machines and
laser printers. On the other hand, soot is known to be
one of the main environmental pollutants. For example,
direct-injection diesel engines first convert ≈10–20% of
the fuel to soot. To understand the complex soot forma-
tion processes, one needs adequate models that should
be tested by measuring particle concentration, parti-
cle size distribution, volume fraction of soot, etc. [3].
It is important that the indicated parameters be mea-
sured in situ by nondisturbing methods. Optical tech-
niques, especially laser diagnostic methods are the most
suitable for the indicated purposes. In addition to be-
ing nondisturbing, they have high spatial and temporal
resolutions, which is especially useful in studies of soot
formation and oxidation in turbulent flames.
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At present, a wealth of experimental material on
soot formation has been accumulated and various phe-
nomenological models have been proposed [1–11]. How-
ever, the soot formation mechanism is still not com-
pletely understood. In even seemingly simple cases, for
example, homogeneous hydrocarbon pyrolysis, there is
no full understanding of the process because it involves
many fast parallel reactions resulting in a new solid
phase — soot particles (for example, the time of con-
version of methane with a molecular weight of 16 amu
to soot particles with a molecular weight of 106 amu is
10−4–10−2 sec).

Soot formation have been studied under various
conditions: flames (premixed and diffusion), high-
temperature reactors, and shock tubes.

1. PHENOMENOLOGY
OF SOOT FORMATION

According to the laws of thermodynamics, in a pre-
mixed fuel–air system at standard flame temperature,
solid carbon should appear at a mixture ratio (ratio of
carbon to oxygen atoms) C/O ≈ 1 [5], which is not
always the case. Soot formation begins, except in deto-
nations, at C/O ratios that are less than 1 and depend
on the type of fuel. Some typical threshold parame-
ters of soot formation (C/O)cr for almost adiabatically
burning flames are presented in Table 1 [5, 8]. We note
that in most of the Bunsen burner flames, except in
C2H2–air, soot is released at the cone tip. The different
values of (C/O)cr in burners of two types (Table 1) are
due to differences in temperature and in the process of
formation of polycellular flame.
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TABLE 1
Soot Formation Threshold (C/O)cr for Premixed

Flames (p = 1 bar, t = 293 K) [5, 8]

Mixture

(C/O)cr

Bunsen Flat
burner flame

C2H6–air 0.48 0.47

C3H8–air 0.47 0.53∗

C3H8–O2 — 0.67∗

C2H4–air 0.6 0.62

C2H4–O2 — 0.7

C4H8–air 0.48 —

C6H6–air 0.57 0.62∗

Methylnaphthalene–air 0.42 —

C2H2–air — 0.83

Note. The values for multicellular flames are marked by an
asterisk.

Fig. 1. Soot threshold (C/O)cr versus flame temper-
ature for C2H4–air mixtures at various pressures and
for C2H4–O2, C2H2–air, and C6H6–air mixtures at
p = 1 bar [12].

The results presented in Table 1 show that soot
formation is controlled by the kinetics and occurs in
flames under oxidation conditions. In postflame gases
with C/O ratios somewhat lower than the soot forma-
tion threshold there are the same unburned hydrocar-
bons present as in mixtures with ratios C/O > (C/O)cr.
Therefore, the main processes of soot formation in the
flames occur in the main reaction zone, in which there
is competition between the oxidation and formation of
sufficient concentrations of higher hydrocarbons.

Fig. 2. Final volume fraction of soot versus excess of
carbon for fuel–air flames from flat burners at normal
pressure [12].

The soot formation thresholds depend on temper-
ature and pressure, as is illustrated in Fig. 1 [12]. The
curve shape in this figure, which is identical for the dif-
ferent mixtures and pressure, shows that there is not
one but two thresholds for the C/O ratio at two differ-
ent temperatures. With a pressure rise, the minimum
of the (C/O)cr ratio is shifted toward the stoichiometric
mixture (C/O = 0.33 for C2H4–air mixtures).

In the lower-temperature region, the values of
(C/O)cr increase as the temperature decreases. Below
1 350–1 400 K, the burned gas contains a substance with
a high molecular weight, but at such a low temperature,
it cannot be transformed to soot for a time of contact
t < 0.1 sec. For the indicated substance, the H/C ra-
tio is approximately unity but its components are not
identified. It should be noted that this low threshold
temperature is similar to that observed on the center
line of laminar diffusion flames at the beginning of soot
formation.

In passing from the soot formation threshold in
Fig. 1, where the mass concentration of soot is about
10−9 g/cm3, toward high values of C/O, one observes a
strong increase in the fraction of the final volume of soot
fv∞ with respect to the volume of the flame gas. The
curves in Fig. 2 qualitatively show how effectively the
excess of carbon over the corresponding soot formation
thresholds is converted to soot for various fuels [12].

Information on the conversion of burning hydrocar-
bon fuels to polycyclic aromatic hydrocarbons (PAHs)
and soot [11] is shown diagrammatically in Fig. 3. PAHs
are usually formed under conditions of rich mixtures
and can have carcinogenic properties (as, for exam-
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Fig. 3. Schematic diagram of soot formation in homoge-
neous systems or in premixed flames [11].

ple, benzpyrene). It is generally agreed that PAHs are
important precursors (nuclei) of soot particles with a
molecular weight of 500–2000 amu. The further particle
growth is due to the surface growth in reactions involv-
ing many acetylene molecules and coagulation. Oxida-
tion of soot particles occurs primarily in nonpremixed
mixtures after the addition of oxygen-containing gases.

2. SOOT FORMATION
IN DIESEL ENGINES

Soot particles are formed in the region between
the fuel-rich side of the reaction zone of the diffusion
flame and the fuel spray. The soot formation process
can be regarded as a transition from the gas phase to
a solid phase [5] with an extremely complex nature of
conversion of the hydrocarbon fuel molecules containing
a few carbon atoms to carbonaceous particles contain-
ing a few millions of carbon atoms. The finest particles
are first formed by coagulation of PAHs. After that, the
soot concentration increases as a result of adsorption of
PAHs and especially as a result of particle surface re-
actions that increase this surface. This process involves
hydrogen detachment and carbon attachment [13]. The
primary particles coagulate into large aggregates, which
are not necessarily found in the diesel exhaust gases.
Their detection strongly depends on the temperature
and time of conversion of the particles in the oxidizing
medium. Therefore, only a few thousandth of the ini-

Fig. 4. Soot emission parameters for a four-cylinder
diesel engine of volume 2.4 liters [5].

tially formed mass of soot is not completely oxidized
and enter the diesel exhaust gases.

The soot emission from diesel engines constitutes a
considerable part of the atmospheric aerosol even under
proper operating conditions and depends on the engine
performance. In some regions of Germany, the soot con-
tent in aerosols reaches 20%. The soot emission from
a four-cylinder diesel engine of volume 2.4 liters [5] is
shown in Fig. 4. It is evident that at 2500 rpm, the
emission is relatively low but increases as the velocity
becomes higher.

Soot emission from diesel engines is influenced by
the atomization and configuration of the spray, the
method of air supply, turbulence level, pressure, injec-
tion time, and ignition delay [14].

Studies of engine exhaust soot have shown that the
particle size distribution depends weakly on the oper-
ating conditions and type of engine. The mean parti-
cle diameter is about 200–300 Å. In soot samples from
exhaust systems or those collected at low exhaust tem-
peratures there are heavy hydrocarbons condensed into
agglomerates and converted to tarry material; in this
case, the H/C ratio increases to unity.

The injection time, as mentioned above, is a very
important factor. Early injection [15] allows one to in-
ject more fuel, evaporate it, and mix it with air before
ignition. High injection rates can also reduce soot for-
mation. Increasing the air supply temperature reduces
the ignition delay and, hence, promotes soot formation
[14]. As noted in [1], the real values of the C/O ratio
should, whenever possible, be kept close to the critical
values since the volume fraction and particle size of soot
increase as the C/O ratio grows.
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Fig. 5. Amount of soot (fraction of C atoms in soot
particles) versus pressure and temperature [17].

3. PRESSURE EFFECT
ON SOOT FORMATION

The pressure effect on soot formation can be in-
terpreted as the effect of increased density of carbon
atoms at elevated pressure. This assertion was verified
in experiments on combustion of ethylene mixtures with
oxygen and other oxidizers (p = 1 bar) [15]. In these
experiments, the reaction zone was spatially resolved.
The density of carbon atoms in soot particles was three
times higher than their density in the corresponding air
flames. The coagulation coefficients in these flames were
constant.

Observations of coagulation in flames with high
densities of carbon atoms under normal pressure agree
with the findings of [8, 15, 16] obtained for C2H4–air
flames burning at high pressures, and support the as-
sertion on the effect of elevated density of carbon atoms.

The volume fraction of soot increases with a rise in
pressure and the C/O ratio, and the temperature depen-
dence is described by a bell-shaped curve [17] (Fig. 5).
The latter is due to two circumstances. Soot formation
requires precursor radicals; therefore, this process does
not go at low temperatures. In addition, soot precur-
sors undergo pyrolysis and oxidation at elevated tem-
peratures, so that the soot formation process is limited
by the range of T = 1000–2000 K.

Curves of carbon density versus C/O ratio for soot,
PAHs, and C2H2 at p = 1, 10, and 70 bar [18] are given
in Fig. 6. It is evident that pressure increases the rate

Fig. 6. Carbon density versus the C/O ratio for
acetylenes, PAHs, and soot at various pressures [18].

of formation of PAHs and soot. The C/O ratio also
influences the volume fraction of soot: an increase in
the latter with increasing C/O ratio is also possible at
high pressures.

Above the particle formation threshold, the density
of soot carbon increases. For large values of C/O, the
increase in the carbon density slows down. The depen-
dence ρC (C/O) is stronger at p = 10 and 70 bar than
at p = 1 bar. From Fig. 6, it is evident that an increas-
ing amount of carbon fuel is converted to soot as the
pressure rises.

In PAHs, the carbon density is two orders of mag-
nitude lower than that in soot but the dependences of
the carbon density of soot and PAHs on the C/O ra-
tio at various pressure are very similar. From the data
obtained, the following expression can be written:

ρC(soot, PAH) ≈ [(C/O) − (C/O)cr]
2.5–3

at T > 1700 K and 1 � p � 10 bar.

At pressures above 10 bar, most of the carbon is con-
verted to CO and CO2.

The most striking finding is the strong decrease in
the C2H2 concentration at p > 10 bar. At p = 70 bar,
its concentration is below the detection limit.

4. FULLERENES AND THEIR
FORMATION DURING COMBUSTION

As is known, in nature there are two allotropic
forms of carbon — transparent solid diamond and lay-
ered soft graphite. In 1968, Sladkov with associated
from the Institute of Petrochemical Processing of the
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USSR Academy of Sciences synthesized a third al-
lotropic form of carbon — carbine, a white substance
with a density intermediate between the densities of di-
amond and graphite.

C60 and C70 fullerenes were identified in 1985
[19] and obtained in macroscopic quantities in 1990
by graphite vaporization in an arc discharge. In 1988
and 1991, C60 and C70 fullerene ions were extracted
in significant amounts from flame and identified spec-
troscopically [20, 21]. Howard [22] found considerable
amounts of C60 and C70 in low-pressure premixed lami-
nar benzene–oxygen flames. The greatest concentration
of C60 + C70 was 20% of the resulting soot. The max-
imum rate of formation of C60 + C70 was observed for
p = 69 torr, C/O = 0.989, and dilution with 25% he-
lium. In the fullerenes produced in flames, the C70/C60

ratio was in the range of 0.26–8.8, whereas for graphite
vaporization, C70/C60 = 0.02–0.18.

Fullerenes are a class of exclusively carbon com-
pounds with polyhedral closed-shell structure. They
were identified as ionized particles in low-pressure fuel-
rich flat premixed acetylene and benzene–oxygen flames
by molecular-beam sampling combined with mass-
spectrometer analysis [20].

Later, macroscopic quantities of various fullerenes,
not only such as C60 and C70 [21, 23] but also larger
species up to C116, were extracted by solvents from the
soot formed in low-pressure premixed laminar benzene
flames [24].

The yield of C60 and C70 was 20% of the weight
of soot and 0.5% of the weight of the starting fuel car-
bon [25]. The relationship between fullerenes and soot
formation was theoretically established by Zhang et al.
[26] after the discovery of fullerenes in experiments with
laser vaporization of graphite [19]. The reactions of
fullerene and soot formation in an arc discharge have
much in common with the reactions in rich fuel flames.
Bulbous fullerene nanostructures were detected along
with fullerenes in soot using high-resolution transmis-
sion electron microscopy [27].

Figure 7 gives concentration profiles of fullerenes
and soot and the temperature profile in a benzene–
oxygen–argon flame (C/O = 0.88) [23]. It is evident
that fullerenes are formed after the main stage of soot
formation. As the C/O ratio increases from 0.88 to 0.96,
the fullerene concentration increases monotonically.

Grieco et al. found [28] that in the flame reaction
zone, the quantity of closed-shell structures in soot, as
well as the fullerene concentration in the gas phase, in-
creases with increasing residence time. At a distance
of more than 70 mm above the burner, the fullerene
concentration decreased, and at a distance between 60
and 120 mm the concentration of closed-shell structures

Fig. 7. Concentration profiles of fullerenes and soot
and the temperature profile in a benzene–oxygen–
argon flame [23](H is the distance from the burner).

decreased. The transition from amorphous to fullerene
carbon can be explained by deposition gas-phase par-
ticles, such as PAHs, on soot particles. The particle
deposition is accompanied by internal redistribution of
solid-state carbon and by reaction between gas-phase
fullerenes and the growing soot particles, which is con-
sistent with the consumption of fullerenes at a distance
beyond 70 mm above the burner. Highly ordered nanos-
tructures such as nanotubes and fullerene bulbs were
detected in solid samples collected from the walls and
top of the combustion chamber, indicating that they
formed during the internal redistribution processes oc-
curring in solid-state carbon for a time not exceeding
100 msec. This conclusion is consistent with the for-
mation of closed-shell species by intense thermal treat-
ment of the initially disordered, insoluble part of the
fullerene-containing soot generated in an electric arc
discharge [29].

In contrast to the proposed role of fullerene struc-
tures as soot precursors [26], the results of [30] indicate
parallel growth of gas-phase fullerene molecules along
the vertical in flame. In addition, it is found [31] that
the nucleation of soot particles is accompanied by de-
position of fullerenes on them.

Frenklach and Ebert [25] explain fullerene forma-
tion by successive buildup of bent structures, i.e., PAHs
containing five- and six-membered rings. They be-
lieve that in flames bent PAHs should be less abundant
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Fig. 8. Fullerene concentrations profiles on the axis
of a premixed benzene–oxygen–argon flame [28].

than planar PAHs, which is supported by measurements
of concentrations of PAHs (including corannulene —
a bent molecule) in fullerene-forming flames [32].

Corannulene is a subsystem of almost all fullerenes
and is therefore of special interest as a precursor of
fullerenes. Corannulene occurs in detectable concen-
trations in ethylene–air flames at atmospheric pressure,
in which fullerenes have not been detected, but in large
concentrations it was found in low-pressure fullerene-
forming benzene flames [33].

The kinetic validity of the mechanism of fullerene
formation by successive gas-phase reactions is shown
by Baum et al. [34]. Based on calculations for a plug-
flow reactor with experimental concentrations of various
species as input data, the authors described the forma-
tion of C60 and C70 fullerenes beginning with fluoran-
thene and the subsequent growth by successive steps of
hydrogen detachment and the addition of C2H2 with
corannulene as an intermediate compound.

The formation of C60 and C70 fullerenes by de-
tachment of hydrogen and the addition of C2H2 was
also tested by modeling a low-pressure fullerene-forming
flat premixed benzene-oxygen–argon flame at an equiv-
alence ratio of 2.4 [34].

The concentrations profiles of fullerenes [28] are
characterized (Fig. 8) by two local maxima, the first
of which is smaller. Studying the evolution of the con-
centrations of fullerenes, PAHs, and soot with increas-
ing distance above the burner, Grieco et al. [28] draw
the conclusion that the first maximum may be due to
the reactive coagulation of PAHs, accompanied by in-
tramolecular condensation, including dehydrogenation,
rearrangement, and ring formation.

Fig. 9. Model for the formation of five- and six-
membered rings through the linkage of two PAHs by
the zipper mechanism [37].

Apparently, PAHs are mostly consumed in soot for-
mation, and to a lesser extent in fullerene formation.
Grieco et al. [28] concluded that the second concen-
tration maximum, which is in the region of the most
intense fullerene formation, cannot be attributed to re-
actions involving PAHs alone, whose concentrations in
this region are at or below the detection limit of ana-
lytical equipment, but it can be explained by sequential
attachment of acetylene to PAHs.

The pathways of fullerene formation in flames have
been extensively studied by Homann’s group using di-
rect input of ionic and neutral species into a mass
spectrometer [30, 35, 36]. Experiments combining
molecular-beam sampling with mass-spectral analysis
were performed with low-pressure premixed flames of
acetylene [37], benzene [38], butadiene and naphthalene
[37] with oxygen. The important role of bimolecular
reactions between two PAHs involving coordinated de-
tachment of hydrogen (the so-called zipper mechanism)
in the growth of fullerenes was explained [37]. The re-
action starts with a sandwich-type arrangement of two
recondensed PAHs (Fig. 9) and has a distinctive feature
such as the formation of exactly 12 pentagons, which
are larger or equal to coronene (C24H12), irrespective
of the size of the PAHs. At the same time, by the zip-
per mechanism, the pentagons should be brought to the
thermodynamically most favorable positions, for exam-
ple, by pyracylene rearrangement [39, 40]. Some ex-
perimental evidence of the zipper mechanism has been
obtained. Thus, hydrogenated species such as C60Hx

(1 < x < 6) [37] were predicted, and the shape and lo-
cation of their concentration profiles agree with those of
the precursors of the corresponding fullerenes. Further-
more, a new class of carbon molecules — the so-called
aromers, which are negatively charged ions produced
by the reaction of two PAHs — was proposed. Aromers
are represented as hydrogen-rich PAHs — species with a
rather low level of structural packing, direct precursors
of fullerenes [38].
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The formation of fullerenes requires a number of
single-step monomolecular reactions, such as cage clo-
sure, C H bond rupture, and intramolecular rear-
rangements, and, therefore, a high temperature of the
process is preferred. In conclusion, a combined mecha-
nism for fullerene formation can be presented. Taking
into account the geometrical incompatibility of the ma-
jority of aromers for the growth of fullerenes as the final
products of the reaction between different PAHs, it is
assumed that the reactions with acetylene can lead to
a further growth of the molecules up to the geometrical
compatibility for required for cage closure.

Finally, the flames suitable for the synthesis of
macroscopic quantities of fullerenes [23, 24] are char-
acterized by higher values of C/O than the flames
from which molecular-beam sampling can be performed
[30, 38]. The processes of soot and fullerene formation
along the flame axis at high C/O ratios, where substan-
tial quantities of fullerenes are produced, are apparently
similar, and, hence, the contribution of the condensed-
phase formation pathways cannot be ruled out.

5. FORMATION OF NANOCARBON TUBES
AND NANOFIBERS IN FLAMES

Recently, there have been a number of papers on
the synthesis of carbon nanotubes using flames as a heat
source. The production of carbon nanomaterials (such
as nanotubes and nanofibers) in flames has a number
of advantages over the production processes using elec-
tricity. First, flame as a heat source is far less expen-
sive than electricity. Second, the synthesis in flames
are more suitable for measurements than the methods
based on electricity [41]. Yuan et al. [42, 43] found mul-
tiwalled carbon nanotubes on a nickel–chromium wire
and on a stainless steel mesh in diffusion flames.

For C2H2 diffusion flames, Vander Wal et al. [44]
studied the relative contribution of the electronic struc-
ture and chemical composition using Cu, Fe, and Ni, as
catalysts and Al2O3, CaO, SiO2, and TiO2 as supports.
Those studies showed that the electronic interaction be-
tween the metal catalyst and the support considerably
influences the density, the homogeneity, and structure of
the carbon nanotubes. In [45, 46], a fuel-rich premixed
flame served as a heat source and a thin wire mesh of
stainless steels (grade 304) coated with cobalt was used
as the catalyst. The postflame gas mixture was studied
in equal proportions with various fuels to determine the
optimal conditions for the growth of nanotubes in using
hydrocarbons. The authors [45, 46] came to the con-
clusion the optimal molar fractions of CO and H2 equal
≈0.105, which can be implemented using an ethylene–
air mixture in a proportion of 1.62.

Fig. 10. Radial temperature distribution showing three
zones of formation of nanomaterials [51].

Saveliev et al. reported [47] on the synthesis of
carbon nanotubes in oxygen-rich opposed-flow methane
flames. Straightened “bean-sprout-like” nanotube bun-
dles were synthesized in a methane diffusion flame by
Yuan et al. [48]. In the experiments of Merchan-
Merchan et al. [49], a thick layer of vertically aligned
carbon nanotubes on the surface of a catalytic sam-
ple was detected using an opposed-flow flame with con-
trolled electric field.

The typical temperature for the synthesis of carbon
nanotubes and nanofibers in diffusion flames with cat-
alytic methane is lower than the soot-formation temper-
ature. The findings of [42, 43] suggest that the forma-
tion of carbon nanotubes and nanofibers on a catalytic
support occurs inside the soot-formation zone of a nor-
mal diffusion flame. Unlike in diffusion flame, however,
the formation of carbon nanotubes and nanofibers on a
catalytic support can occur outside the soot-formation
zone, which is also located outside the flame front.

Carbon atoms as a source of graphite layers, cat-
alytic metals for the conversion of gas-phase carbon
atoms to solid graphite layers, and heat sources for
the activation of the catalytic metals are three impor-
tant factors in the synthesis of carbon nanomaterials in
flames. Lee et al. [50] studied the synthesis of carbon
nanotubes and nanofibers on a metal support coated
with Ni(NO3)2 in an ethylene inverse diffusion flame as
a heat source.

Figure 10 shows the gas temperature distribution
at the flame front [51], illustrating three zones of for-
mation of nanomaterials using a support coated with
Ni(NO3)2. The maximum gas temperature was 1655 K
at 3.5 mm from the flame axis. In the temperature range
of 1400–900 K, carbon nanotubes of diameter 20–60 mm
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Scheme No. 1.

formed. At T > 1400 K and T < 900 K, iron nanorods
and carbon nanofibers, respectively, were synthesized.

6. FORMATION OF CARBON
MACROPARTICLES DURING
PYROLYSIS OF HYDROCARBONS

Carbon (soot) macroparticles are associated pri-
marily with exhaust gas emissions from a powerful diesel
engine or pyrolytic equipment. Diesel engine soot is
an undesirable product that reduces the service life of
engines, pollutes the environment, and is a hazard to
man’s health since soot particles contain molecules of
polyaromatic hydrocarbons. For example, for trucks
of moderate power, the U.S. regulation limits the ex-
haust of particles to 0.05 g/(kW · h) [52]. Soot, however,
is also produced commercially with strictly monitored
operating conditions and is used in the production of
trunks and gums. This kind of soot is called technical
carbon.

Studies of soot formation during pyrolysis of pure
hydrocarbons and hydrocarbon mixtures under isother-
mal conditions have shown that: 1) sooty aerosols with
high activation energies are formed [53–56]; 2) there are
quantitative relations for the soot formation tendency
of hydrocarbon [54–56]; 3) the inhibition of soot particle
nucleation is observed during pyrolysis of hydrocarbon
mixtures [53, 56–58].

The temperature and concentration of the hydro-
carbon subjected to pyrolysis and the gas residence time
in the pyrolytic system are the main factors determining
the soot formation of carbon macroparticles.

In the experiments of Shurupov [58], benzene,
acetylene, carbon tetrachloride, and methane diluted
with helium were pyrolized in a jet-flow reactor under
nearly isothermal conditions (at T = 1373–1673 K) with
a gas residence time of up to 125 msec. The effects
of the temperature and initial concentration of the hy-
drocarbons on the beginning of formation of disperse
carbon and the number density of soot particles were
studied. Empirical equations were obtained that de-
scribe the induction period of soot formation τind for

the isothermal pyrolysis of benzene, acetylene, carbon
tetrachloride, and methane with variations in the con-
centration of the substance subjected to pyrolysis and
temperature:

τind = (6.3 ± 0.8) · 10−12[C6H6]−0.8 exp(26,700/T ),

τind = (3.2 ± 0.5) · 10−9[C2H2]
−0.9 exp(19,000/T ),

τind = (4.3 ± 0.7) · 10−9[CCl4]
−0.9 exp(18,700/T ),

τind = (9.0 ± 1.5) · 10−10[CH4]
−0.9 exp(21,600/T )

(τind in seconds).
The differences in the induction period of soot nu-

cleation for different hydrocarbons can be explained by
the inhibition effect of soot particle formation. The ex-
periments showed that during pyrolysis of hydrocarbons
diluted with helium, the concentration of soot particles
is constant for contact times of 10–125 msec.

7. SOOT FORMATION MECHANISM

Many researchers regard polycyclic aromatic hy-
drocarbons as precursors of soot particle nuclei. Thus,
in an acetylene–oxygen diffusion flame, Homann and
Wagner [8] found two types of polyaromatic molecules:

1) polycyclic aromatic compounds without side
chains: naphthalene, acenaphthalene, coronene,
and phenanthrene;

2) polycyclic aromatic compounds with side chains (a
molecular weight of 150–500).

The concentration of polyaromatic compounds of the
first group remained almost unchanged in the soot-
formation zone, whereas the concentration of PAHs of
the second group increased sharply.

In the zone of intense soot formation, one can dis-
tinguish one more large group of molecules — poly-
acetylenes, which are intermediate products from the
formation of polyaromatic compounds. Homann and
Wagner [59] proposed a model for the formation of poly-
acetylenes by scheme No. 1.
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Scheme No. 2.

Fig. 11. Benzene formation pathways in a methane diffusion flame.

Using a thermochemical group method, Stein and
Fank [60] estimated the transformation energetics for
some PAHs and then calculated the equilibrium con-
stants between PAHs and H2 and C2H2. For the
first six products of the thermodynamically most favor-
able pathway of PAH polymerization, transformation
scheme No. 2 was proposed. Here the notation C2 and
C4H2 should be understood as symbols that denote the
number and type of atoms attached in each polymeriza-
tion step and not as chemical reactants. An important
finding of this work was that at T > 1700 K, the ho-
mogeneous equilibrium system contains some “critical,”
strongly condensed PAHs, whose concentration is min-
imum over a wide range of ambient conditions. This
implies that in the high-temperature homogeneous sys-
tems there is a thermodynamic barrier for soot forma-
tion.

By modeling, Miller and Melius [61] showed that
there are two main pathways of benzene formation in
fuel-rich premixed diffusion flames and both of them
include resonance-stable radicals. These pathways are
illustrated in Fig. 11. They include the reaction of allyl
and propargyl radicals and the spontaneous reaction of
propargyl radicals.

The formation of aromatic compounds and PAHs
in industrial combustion was modeled using a detailed
chemical kinetic model [62]. The highly turbulent,
highly reactive zone of a typical industrial diffusion
flame was represented using the model of a perfect-
mixing reactor. This model was employed to determine
the emission of aromatic compounds and PAHs with
variation in the equivalence ratio. In the full-scale in-
dustrial furnace at the Sandia National Laboratories,
the temperature in the perfect-mixing reactor presum-
ably equalled to 1500 K. The fuel composition was cho-
sen so as to be similar to that used in experiments:
16% H2, 7.3% propane, and 76.7% natural gas. For an
approximate determination of the benzene concentra-
tion in the exit gas, the deposition time was set equal
to 10 sec. A comparison of the calculated and exper-
imental results is given in Fig. 12. It is evident that
the detailed chemical kinetic models may be useful for
interpreting experimental data.

Experimental and calculated and theoretical simu-
lation of soot formation during hydrocarbon oxidation
in shock waves is dealt with in [65].
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Scheme No. 3.

Fig. 12. Comparison of the experimental data of [63]
(open points) with the results of detailed chemical ki-
netic simulations in [64] (filled points.

7.1. Formation of the First Aromatic Ring

In flames of nonaromatic fuels, the formation of the
first aromatic ring starts with the joining of vinyl and
acetylene. At high-temperatures, this ring is formed
by a combination of acetylene with the n-C4H3 radical
produced by detachment of H from vinyl acetlylene H.
At low temperatures, the interaction of acetylene with
vinyl yields n-C4H5, which leads to benzene formation.
Benzene and phenyl radicals can be transformed by the
same reaction of H detachment (see scheme No. 3).

Urmashev et al. [66] performed calculations in the
temperature range of 1500–2500 K at a fuel/oxidizer ra-
tio of 4 : 1, 3 : 1, 2 : 1, 1 : 1, and 1 : 2. They studied the
radical chain mechanism of methane combustion that
included 87 elementary reactions. The values of the pre-
exponents, activation energy, and reaction orders were
taken from [17]. For reaction Nos. 60–87, these con-
stants are unknown and were varied so as to obtain the
maximum concentration of PAHs. The preexponent was
varied in the range of 1012–10, which corresponds to
the transition from the radical mechanism to the ionic
mechanism of formation of polycyclic hydrocarbons.

Scheme No. 4.

7.2. Soot Formation Mechanism
in Flames

Krestinin et al. [67] developed a kinetic model of
soot formation that treated the formation of primary
sooty aerosol as the chemical condensation of “super-
saturated polyene vapor.”

During the induction period of soot formation, the
hydrocarbon molecule of the starting substance is py-
rolized, resulting in two main families of hydrocarbons:
polycyclic aromatic and polyene molecules. As com-
pared to the rather slow increase in the number of aro-
matic rings in the PAH molecule, which requires five to
seven elementary stages, the growth in the length of the
polyene molecule proceeds in one stage:

C2nH2 + C2H = C2n+2H2 + H, n = 1, 2, 3 . . . .

As a result, the concentrations of C4H2, C6H2, C8H2,
etc., polyene molecules reach high values, and polyenes
are found among the main intermediate products of de-
composition of the starting hydrocarbon in flames and
in the pyrolysis processes. This fact, together with the
extremely high reactivity of polyenes in polymerization
reactions, became the main argument in favor of the as-
sumption that exactly these molecules are gaseous soot
precursors, which forms the basis of the polyene model.

The theoretical development of the aromatic path
of soot formation consisted of showing how the aromatic
components can coagulate to form primary aerosol par-
ticles. One of the pathways for the growth of PAHs
and soot was the mechanism proposed in [70], which
involves a sequential buildup of cycles in the reactions
involving acetylene (the mechanism of hydrogen detach-
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ment and attachment of C2H2; see scheme No. 4). The
significance of this reaction was confirmed even in the
first attempt to numerically model the growth kinetics
of aromatics.

7.3. Detail Modeling of Formation
of PAHs and Soot

It is believed that polycyclic aromatic hydrocar-
bons are the key intermediate compounds in soot for-
mation [68–70]. Recently, there has been wide use of a
scheme for the evolution of soot formation that consists
of the following parallel processes.

(a) Particle nucleation. PAHs of large sizes are
formed primarily by sequential chemical reactions of
radicals of small-size PAHs with acetylene, PAHs, and
PAH radicals. Having a definite size, different kinds
of PAHs interact with each other, whereas individual
PAHs continue to grow; particle formation (nucleation)
occurs.

(b) Surface growth. The reactions on the surface
of the growing particles considerably promote the accu-
mulation of the carbon mass. It is assumed that such
reactions are similar to the reactions of PAHs [68–70],
whose reactant sides are activated by hydrogen detach-
ment, while the growth competes to the oxidation in-
volving O2, OH, and O. Acetylene and PAHs are growth
species; their relative contribution, apparently, depends
on the conditions of the process [71–74]. The decrease
in the surface growth rate due to an increase in the par-
ticle sizes agrees with decreases in the experimentally
observed H/C ratios [75–78].

(c) Particle coagulation. Subsequently, the particle
sizes increase upon the collision of the growing soot par-
ticles. Initially, the colliding particles completely coa-
lesce with the formation of new spherical structures, and
later they agglomerate into fractal clusters, i.e., chain-
like structures [70].

Richter et al. [79] developed a detailed kinetic
model that describes the formation and consumption of
PAHs and soot during combustion of fuel-rich mixtures.
The reaction mechanism consists of 1102 gas-phase re-
actions and 5502 reactions that describe the growth of
soot particles with the participation of 295 species. Us-
ing a sectional approach, large PAHs and carbon par-
ticles of diameter 70 nm are assigned to classes (Bins)
that cover a definite range of mass numbers. The num-
ber of carbon and hydrogen atoms corresponding to
their mean weights assigned to each Bin is explained
by a decrease in the H/C ratio with increasing particle
size. The model was successfully tested on a rich pre-
mixed benzene–oxygen–argon flame (φ = 2.4, 10% Ar,
υ = 25 cm/sec, and 5.33 kPa). Preliminary calcula-

tions for the model were compared with literature ex-
perimental data, including profiles of molar fractions of
individual PAHs and soot concentration profiles. It was
found that the reactions of PAH radicals with PAHs
and between PAH radicals were the main pathway to
soot nuclei. The surface growth supplies ≈75% of the
final particle weight, and the reactions of acetylene with
radical species — the main pathway of development of
the surface growth reaction — lead to a decrease in the
PAH concentration in the postflame zone. The coagu-
lation of particles, including Bin particles and Bin radi-
cals, promotes the formation of particles of increasingly
larger size, whereas the oxidation by OH radicals plays
a minor role in their decrease.

For a better quantitative understanding, the de-
tailed reaction schemes describing the formation and
concentration decrease of PAHs [80, 81] were extended
to particle formation [82, 83]. Many mechanisms are
based on a scheme that assumes that PAHs of definite
sizes is the soot core. At the same time, fast polymeriza-
tion of acetylene was suggested as a pathway that leads
to an increase in the size of carbon structures [84]. Two
major principles were applied: the method of moments
[82] and a sectional approach [83, 85]. In a discrete sec-
tional reactor, the unification of particles is described
by introducing classes (Bins). A characteristic feature
of the sectional approach is similarity in the description
of gas-phase and colloidal-chemical systems, which are
directly related and are both written in the general form
A + B = C + D.

The number of particles of identical weight and the
number of structural isomers increase rapidly with in-
creasing molecular weight. Therefore, the classes (Bins)
of very large PAHs and particles covering definite ranges
of weights were determined. The mean molecular weight
and the number of carbon atoms and hydrogen cor-
respond to each Bin. The characteristics of the Bins
are given in Table 2. The diameters σ were deter-
mined assuming spherical structures and concentrations
of 1.8 g/cm3 [86]. The transition from gaseous to solid
particles was assumed to depend on temperature and
pressure. Based on the definition of compounds con-
taining up to 160 carbon atoms in extracts of flame-
generating condensed material [87], Bin Nos. 5 or higher
can be treated as particles whereas Bin Nos. 1 to 4 are
conceptually known as “large PAHs.” This description
agrees with the definition of particles with a molecular
weight of ≈2000 amu and a diameter ≈1.5 nm as parti-
cles originating from soot particles [71, 88] and with the
definition of soot as unextracted particles in the case of
gravimetric determination of their concentrations [89].
It was found that the decrease in the H/C ratio and the
resulting increase in the curvature are due to the pres-
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TABLE 2
Definition of Classes of Molecules (Bins) That Describe Large PAHs and Soot Particles

Bin Weight, amu CxHy σ, nm H/C

1 201–400 C24H12 0.85 0.500

2 401–800 C48H24 1.07 0.500

3 801–1600 C96H48 1.34 0.500

4 1601–3200 C193H84 1.69 0.435

5 3201–6400 C388H144 2.13 0.371

6 6401–12,800 C778H264 2.68 0.339

7 12,801–25,600 C1560H480 3.37 0.308

8 26,601–51,200 C3124H912 4.24 0.292

9 51,201–102,400 C6256H1728 5.35 0.276

10 102,401–204,800 C12528H3264 6.73 0.261

11 204,801–409,600 C25088H6144 8.48 0.245

12 409,601–819,200 C50240H11520 10.69 0.229

13 819,201–1,638,400 C100608H21504 13.46 0.214

14 1,638,401–3,276,800 C201472H39936 16.96 0.198

15 3,276,801–6,553,600 C403456H73728 21.36 0.183

16 6,553,601–13,107,200 C807936H135168 26.91 0.167

17 13,107,201–26,214,400 C1617920H245760 33.91 0.152

18 26,241,401–52,428,800 C3239936H442368 42.72 0.137

19 52,428,801–104,857,600 C6483968H835584 53.83 0.129

20 104,857,601–209,715,200 C12972032H1622016 67.82 0.125

TABLE 3
Concentration of Propane Oxidation Products

Versus the Temperature of the Second Reactor Section (p = 40 kPa, T1 = 300 K, and t = 10 sec)

T , K
Partial pressure, kPa

C3H8 C3H6O C2H4 C2H4O CH3O CH3CHO CO CO2 CH2O Soot

663 1.02 0.08 0.1 — 0.05 0.04 0.2 — 0.04 —

684 0.97 0.05 0.08 — — — 0.16 — — —

696 1.28 0.11 0.16 — — — 0.38 — — —

723 2.25 0.36 0.61 0.05 0.1 0.06 1.22 0.05 0.09 +

740 2.97 0.57 1.22 0.11 0.19 0.09 2.03 0.08 0.16 +

768 2.61 0.4 2.6 0.2 0.3 0.2 2.93 0.15 0.25 +
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ence of five-membered ring-type structural units and
in many cases correlate with the formation of fullerene
structures [31, 90]. In [79], the maximum particle diam-
eter measured in experiments with a low-pressure one-
dimensional homogeneous mixture in an acetylene flame
[91, 92] was correlated with the value of H/C determined
under similar conditions [59].

8. SOOT FORMATION IN COOL
HYDROCARBON FLAMES AND
THE FLAME FRONT STRUCTURE

The region of cool flames, as is known [93], covers
the temperature range of 500–800 K for long-chain hy-
drocarbons to 800–1200 K for methane. Soot formation
is often observed at the upper temperature boundary of
cool flames, but because of difficulties in studying such
flames, it is possible to exit from the soot formation
regime by changing experimental conditions. At the
same time, soot formation has never been treated as a
transient phenomenon between cool and hot flames and
low-temperature soot formation has not been studied in
detail.

Pogosyan, et al. [94], studying the oxidation of
propane–oxygen mixtures in a ratio of 1 : 1 in cool flames
in the range T = 720–800 K, observed an oscillatory ox-
idation regime that was accompanied by soot formation.
An analysis of the composition of the oxidation prod-
ucts (Table 3) suggests that there is a certain relation-
ship between soot formation and increases in the con-
centrations of ethylene and carbon oxide and that the
transformation mechanism may change upon a slight
increase in the reactor temperature.

Bohm et al. [95], studying the influence of pres-
sure and temperature on soot formation in flames of
homogeneous mixtures of ethylene and benzene with
air coined the term “cool sooting flames.” It was shown
that along with the high-temperature threshold there
is a low-temperature threshold of soot formation. It is
noted [95] that the properties of cool sooty flames differ
from the properties of hot flames and have features in
common with the pyrolysis of aromatic compounds. It
is emphasized that a detailed analysis of the soot par-
ticles produced in cool flames is required to understand
the nature and mechanism of low-temperature soot for-
mation.

8.1. Experimental Technique
and Analysis Methods

A description of the reactor, experimental tech-
nique, and results of identification of polycyclic aro-

TABLE 4
Results of Powder X-Ray Analysis

of Soot Samples [98]

T2, K t, sec La, Å Lc, Å
d002,

n
Type of

Å sample

973 7 54 15.5 3.64 4
Soot

1103 7 50.7 22 3.62 6

973 7 42.7 24.3 3.55 7
Pyro-
carbon

Note. 2/1 CH4/O2; T1 = 723 K.

matic hydrocarbons for low-temperature soot formation
in rich flames of butane and propane corresponding to
the upper temperature boundary cool flames are given
in [96]. Soot formation in methane–oxygen rich flame
was studied using the technique of flame stabilization in
a separately heated, two-section reactor [96, 97]. The
experiments were performed at atmospheric pressure
and with temperature variation from 723 to 873 K in
the first section and from 973 to 223 K in the second
section. The contact time was 2.5–10.2 sec, and the
CH4 : O2 component ratio was varied from 1.5 : 1 to 2 : 1.

During low-temperature soot formation in a burn-
ing a propane–oxygen mixture, a threshold maximum
flame temperature was observed which was independent
of the temperature of the second reactor section, prob-
ably indicating the existence of the limiting stage.

8.2. Radiography of Soot Particles

An analysis of the diffraction spectra (a DRON-
1.5 diffractometer with a modified collimation, CuKα

radiation) of all examined soots [98] shows that they
are a superposition of three X-ray amorphous phases:
an oxygen-containing O-phase with peaks (002) at
Θ1 = 3.7◦, a boghead (or hydrocarbon) B-phase at
Θ2 = 9.4–10.0◦, and a crystalline prographitic G-phase
at Θ3 = 12.0◦. A comparative analysis shows that the
diffraction spectra of the examined soots differ consider-
ably from those of commercial samples of technical car-
bon, primarily by the presence of the O- and B-phases
in them. On the other hand, the composition and quan-
titative ratio of the X-ray phases was close to natural
coal formations — anthracites. Quantitative analysis
showed that all examined soots have similar composi-
tions with the content of the O-phase varying from 12 to
14% the B-phase from 27 to 31%, and the G-phase from
57 to 60%. The phases exhibited a diffraction coefficient
M = 63–75%.
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TABLE 5
Results of Soot Extraction for

Low-Temperature Combustion of Methane and Propane [99, 100]

Sample Consumption
T1, K T2, K

Weight of dry Yield of dry
number of O2, cm3/min residue extract, %

Methane

1 1150 832 873 223.1 22.31

2 1150 832 973 214.0 21.40

3 1150 832 1023 177.4 17.74

4 1400 298 298 301.5 30.15

Propane

5 2450 423 773 502.5 50.25

6 2450 423 873 410.2 41.02

7 2450 423 973 220.0 22.00

Note. The weight of extracted soot is 1 g, the consumption of CH4 is 2000 cm3/min,
and the consumption of C3H8 is 1600 cm3/min.

The results of X-ray analysis of soot samples are
given in Table 4 [98]. In the coherent-diffraction region,
the parameters La, Lc, and d002 describing the struc-
ture of the soot packet constituting the particles of the
sample are calculated from X-ray patterns. Here T1 and
T2 are the temperatures in the first and second sections
of the reactor, respectively, La is the cross-sectional size
of the soot packet, Lc is its height, d002 is the distance
between two adjacent layers in the soot packet, and n is
the number of planar meshes.

8.3. Formation of PAHs
in Low-Temperature Sooty Flames

Table 5 gives data on extraction of soots formed
in methane and propane flame [99, 100]. The greatest
amount of PAHs is 22.31% in methane soot and 50.25%
in propane soot; in this case, the reactor temperature
corresponding to the maximum content of PAHs de-
creased by 100 K with a considerable decrease in T1.
These data suggest that in the low-temperature com-
bustion of methane and propane, PAHs are soot pre-
cursors.

During the extraction of the soots (technical car-
bon), it was found that 20–30% of the material passes
to the extract. The data of chromatographic group
analysis show that the extract contains up to 70% pol-
yaromatic compounds, up to 17% resins, 10–11% as-
phaltenes, and 1–2% paraffinic and naphthenic hydro-
carbons.

Fig. 13. Fluorescence spectra of solutions of soot ex-
tracts in iso-octane at λ = 294 (1) and 405 nm (2) [99].

The soot extracts were analyzed using IR and
UV-spectroscopy. Compounds such as anthracene, an-
thanthrene, 1-12-benzpyrene, pyrene, coronene, and flu-
oranthene were identified fairly reliably. The absorption
spectra also have a number of bands whose identifica-
tion is hindered, i.e., the soot extracts contain mixtures
of various polyaromatic compounds, whose proportion
depends on the conditions of soot production.
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Fluorescence spectra were taken of solutions of soot
extracts in iso-octane (λ = 294 and 405 nm) (Fig. 13).
In the fluorescence spectra there are intense bands with
a distinct vibrational structure and the main maxima
at 429, 456, 487, and 510 nm. The quantum yield of
the observed fluorescence is close to 0.3. Because solu-
tion contains a mixture of polyaromatic products, it is
difficult to assign the fluorescence bands to individual
compounds. Nevertheless, one may state that the soot
formation process involves the synthesis of PAHs that
have high quantum yields of fluorescence in the blue and
green regions of the spectrum.

CONCLUSIONS

The phenomenology and kinetics of soot formation,
soot formation in diesel engines, the pressure effect on
the soot formation process, fullerene formation during
combustion, the soot formation mechanism, and simu-
lation problems were considered.

The formation of PAHs during low-temperature
combustion of propane and methane was studied ex-
perimentally. Compounds such as anthracene, an-
thanthrene, 1-12-benzperylene, pyrene, coronene, flu-
oranthene were identified. A scheme of soot formation
in cool flames was proposed.
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the manuscript.
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