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a b s t r a c t

This review deals with the most recent achievements in experimental investigations of the process of
carbon nanoparticle formation, at pyrolysis of various carbon bearing species behind shock waves. The
diverse diagnostic methods of these processes are described; special attention is given to new methods
for measuring the current sizes and optical properties of particles and the temperature of the reacting
mixture using time resolved laser-induced incandescence (LII), and IR emission-absorption spectroscopy.
The main part of the review provides critical analysis of the numerous results of the kinetics of particle
formation at various temperatures, pressures and concentrations of carbon. Particular emphasis is placed
on the results obtained by pyrolysis of hydrogen free precursors. It is shown that recent measurements of
size dependence of the optical properties of particles, actual temperature of the mixture during pyrolysis
of initial substances, and the subsequent growth of nanoparticles require a serious revision of current
conceptions regarding the temperature dependence of particle yield and growth rate. Based on this
analysis, unified regularities in these processes, with various temperatures and types of initial
substances, are suggested. The last section of the paper contains a short review of the methods for
modeling the processes of carbon nanoparticle formation in shock waves. Emphasis is placed on the
necessity for the elaboration of more general models describing the detailed changes in particle prop-
erties during the growth process and the unified regularities of particle growth from hydrocarbons and
hydrogen-free precursors as determined in experiments.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

The formation processes of carbon particles accompanying
incomplete combustion, or pyrolysis of hydrocarbons, have been
investigated for many years. Originally the main objective of such
research was to reduce soot and thus increase the efficiency of
combustion processes. With the expansion of applications for
carbon nanoparticles in manufacturing (rubber, dyes, plastics, etc.),
interest in these processes has increased. Today, with the discovery
of new forms of carbon (carbyne, fullerenes, nanotubes, graphene),
the formation processes of condensed carbon particles are the focus
of attention in a wide range of research. In addition to traditional
methods based on combustion and pyrolysis of hydrocarbons [1,2],
various carbon nanoparticles are now synthesized by other
methods, such as chemical vapor deposition (CVD) [3,4], plasma
reactors using electric arcs, microwave radiation, electron beams,
and laser ablation with IR lasers [5].

Particular interest is directed toward methods of nanoparticle
synthesis using gaseous precursors. These substances decay under
the influence of energy, yielding a supersaturated carbon vapor
which is condensed to nanoparticles. To some extent, not only
thermal pyrolysis (i.e. heating to the disintegration temperature),
but also plasma and laser pyrolysis reactors, are relevant to this
method.

Nevertheless, a review of a number of publications on these
topics has led to the conclusion that the majority of work has been
purely empirical; the authors only describe themethod of synthesis
and detailed characteristics of the nanoparticles obtained. At the
same time, a limited quantity of work has been devoted to detailed
research on the formation mechanisms of various carbon nano-
particles under these or other conditions. The problem is that the
majority of the methods used for nanoparticle synthesis are char-
acterized by very difficult and poorly controlled parameters, which
considerably complicate the analysis of the occurring processes.
These problems are inherent in combustion as the most accepted
method of carbon nanostructure synthesis [1,2], where, in addition
to principal non-one-dimensionality and non-isothermality, the
complex reactions of carbon oxidation proceed along with particle
formation.

Therefore, for the fundamental study of the mechanisms of
nanoparticle growth from a gas phase, the process of pyrolysis of
gaseous carbon bearing substances behind shock waves has special
appeal. The uniformity of the parameters behind shock waves in
a shock tube, the variability of temperature, pressure and mixture
contentwithinwide limits and the possibility of dependable control
of these parameters, and other key parameters of experimentation
in the last 50 years have enabled shock tube investigations to
becomeone of themostwidespread tools–notonly for studying the
kinetics of various gas reactions such as relaxation processes,
chemical reactions, and thekinetics of ignitionandcombustion–but
also for heterogeneous processes like condensation, evaporation,
and surface reactions with nanoparticle participation.
At this time, highly skilled scientists worldwide are actively
researching the formation of carbon nanoparticles in pyrolysis
processes behind shock waves. Much has been published regarding
the basic regularity of the kinetics of carbon nanoparticle formation
and their final properties, depending on the precursor, tempera-
ture, pressure, and concentration. Progress in these investigations
has been presented approximately every ten years in the compre-
hensive reviews of Haynes andWagner [6], Glassman [7], Kern and
Xie [8], Bhaskaran and Roth [9], and Hai Wang [10].

The last decade has introduced considerable advancement; the
mainoutcomeof theseexperimentalworkswas the implementation
of a wide variety of diagnostic methods. In addition to traditional
optical methods (emission, extinction, and scattering measure-
ments in the various spectral ranges), newmethods of laser-induced
incandescence (LII), time-of-flight mass-spectroscopy (TOF-MS),
and the versatile analysis of particles collected at the end of exper-
imentation (including electron, atomic-force and X-ray spectros-
copy, laser desorption-ionization time-of-flight mass spectrometry
(LDI-TOFMS), and the chemical analysis of particle structure), have
been implemented. By these methods it is possible to define the
most important characteristics of the process: induction time of
condensedparticle formation after the start of pyrolysis (shockwave
arrival), time profiles of the particle sizes, volume fraction of the
condensed phase, and the properties of the obtained particles.
However, the majority of the published experimental results are
incomplete and the interpretations presented may be inconsistent.
Data regarding inductionperiods, rate of particle formation andfinal
particle yield measured by laser extinction, depend on the particle
refractive index, which in turn is a function of wavelength, size and
chemical content of the particles. Therefore, the comparison of data
obtained under different experimental conditions, and at different
stages of the process, is not always dependable.

Another example concerns the essential heat effects–both in the
processes of pyrolysis and condensation–neglected by many
authors, which refer to a small concentration of reacting substances
in an inert diluter. Recent investigations have shown that such an
approach is also not always justified.

Modeling of carbon particle formation in pyrolysis processes
conventionally uses the instruments of chemical kinetics, which
satisfactorily describe the initial stages of hydrocarbon polymeri-
zation and the growth of clusters. Later stages of particle surface
growth and coagulation are usually described using statistical
methods. However, in most cases, the purpose of these simulations
is limited by the attempt to describe those or other experimental
results within the framework of the offered kinetic mechanism.

Thus, despite an abundance of information on carbon particle
growth under the conditions of shock-wave pyrolysis, obtaining an
overall picture of the process is still rather difficult, based on the
available publications. The purpose of the present review is to offer
a critical analysis of the results of the available literature and to
establish some generalized regularity in the formation of various
carbon nanoparticles during the processes of shock-wave pyrolysis.



A.V. Eremin / Progress in Energy and Combustion Science 38 (2012) 1e40 3
Section 2 contains a description of the principle of shock tube
operation and an analysis of the features of this instrument for the
investigation of condensed particle formation from gaseous
precursors.

Section 3 is devoted to the discussion of the experimental
techniques which are coupled with the shock tube method. The
author has attempted to describe the various diagnostics and to
show the possibilities and limitations of each method for the
investigation of carbon particle formation. Particular attention has
been given to new and informative methods of laser induced
incandescence (LII), and two-channel IR emission-absorption
particle temperature measurements.

Section 4 presents a summary of the experimental data on the
kinetic characteristics of the particle formation process. Since one
of the main advantages of shock tube experimentation is reliable,
time resolved measurements under well controlled conditions, the
kinetic data represent the most valuable information on the
particle formation process obtained from these experiments.
Basically, there are phenomenological data, such as induction time
and the rate constant of particle formation, but the application of
modern diagnostics allows for the measurement of direct particle
properties, such as time profiles of mean particle size and
temperature. However, in most cases the extraction of quantitative
results from experimental measurements requires certain addi-
tional speculations. In this section, particular attention is devoted
to the analysis of possible uncertainties and errors caused by the
adopted assumptions.

Section 5 deals with the size and structure of formed carbon
particles. Shock wave experiments present wider opportunities for
the variation of temperature, pressure, and concentration than
combustion experiments; therefore, the properties of the yielded
particles also change over a broad range. On the other hand, the time
for controllable parameters behind shock waves (usually about
1e3 ms) is much shorter than typical combustion times, and the
possibilities for analysis of the current properties of forming parti-
cles are quite limited. Therefore, most of the data obtained refers to
particles collected after experiments, and the history of post-shock
cooling and mixing of young particles is practically uncontrolled.
So, in Section 5, the correlation of results presented with the regu-
larities of young particle growth is, in most cases, very qualitative.

Section 6 considers the non-isothermal effects caused by heat
consumption and release during shock wave pyrolysis processes
and particle ionization in shock tube experiments. These
phenomena have not been analyzed before the last ten years. The
application of modern temperature and electron concentration
measurements has permitted the observation of important effects
caused by the endothermicity of precursor decomposition, the
exothermicity of particle condensation, and particle charging due
to thermo-ionization of alkali metal admixtures.

Based on these results, it has become possible to correct much of
the previous data which were treated using an isothermal
approximation. This new view of the temperature dependencies of
the particle growth process is presented in Section 7. It is shown
that corrections to the actual temperature offer an opportunity to
obtain the unified temperature dependence of particle yield and
the rate constant of particle growth, independent of the type of
precursor molecules.

Section 8 is a short summary of the methods used by various
authors for numerical modeling of particle formation processes in
shock wave pyrolysis reactions. The comprehensive analysis of
existing models is beyond the scope of this review; therefore, an
overview of the diversity of various approaches is provided,
showing that there still exists no commonly accepted mechanism
describing the formation of carbon particles in pyrolysis of hydro-
carbons, as well as hydrogen-free precursors.
Hopefully some new general regularities, based on the analysis
of experimental data presented in this review, will be helpful for
further progress in modeling.

2. Experimental methods of particle formation study using
shock tubes

A shock tube is a convenient and widely used tool for the inves-
tigationof variousphysical andchemical processes in awide rangeof
temperatures and pressures. Modern shock tubes present opportu-
nities for generating temperatures over 20 000 K (with explosive-
driven shock waves), and pressures from 0.01 to 1000 bar [11,12].

The theory and construction of shock tubes are presented in
detail [13,14]. A convenient shock tube consists of a high pressure
driver section and a low pressure test section, which are separated
by a diaphragm (see Fig. 1). Before beginning an experiment, the
high pressure section is filled with the driving gas and the test
section is filled with an investigated gas mixture. After diaphragm
rupture (which could occur by increasing the pressure of the
driving gas, or by means of a special device), the driving gas from
the high pressure section rushes into the test section, owing to the
formation of a shock wave in the investigated mixture and a rare-
factionwave expanding in the driving gas in the opposite direction.
A schematic diagram of the processes occurring in a shock tube is
shown in Fig. 1. The investigated gas, compressed and heated by the
shock wave (area 2 on the diagram), is separated from the driving
gas by a contact surface. After reflection from the end plate of the
tube, the shock wave moves through the gas, already heated by the
incident wave. This results in further heating and compression of
the mixture. From conditions of continuous flow, it is obvious that
the mixture behind the reflected shock wave (area 5 in Fig. 1)
stagnates relative to the walls of the tube that allows for observa-
tion of the fixed group of molecules during the working time of the
shock tube. The end of the working time, DtR, is determined by the
arrival of the next disturbance as a result of the interaction of the
reflected shock wave with the contact surface (as shown in Fig. 1),
or the arrival of the head of a rarefaction wave, reflected from the
opposite end plate of the tube. Usually, this takes no more than
several milliseconds. To increase this time, researchers choose the
so-called ‘tailored’ regime of flow in which the passage of the re-
flected shock wave through the contact surface does not cause
additional disturbances to propagate in the zone of the investigated
mixture (area 5 in Fig. 1). Additionally, to avoid further heating of
the investigated mixture and its mixing with the driving gas, so-
called single-pulse shock tubes equipped with an additional
dump tank [12,15] are used.

Compared to any flame or plasma reactor, the basic advantages
of a shock tube are the almost instant, homogeneous heating of
a gaseous mixture to the necessary temperature and pressure, and
the absence of complicating factors such as diffusion, heat
conductivity, and heterogeneous processes on the walls. On the
other hand, the restriction of the working time in a shock tube
(a value of aboutw (1e3)� 10�3 s) does not permit the study of the
processes taking place over greater time scales. Therefore, the
major advantage of a shock tube for the investigation of condensed
nanoparticle formation is the excellent conditions for studying the
initial stages of soot formation; however, slow processes such as
coagulation, crystallization, etc., in shock tube experiments are
difficult to observe.

The high degree of uniformity and the one-dimensionality of
flow in a shock tube allow a reliable description of the mixture
parameters which depend upon shock wave intensity. In the
system of coordinates connected with shock waves, the parameters
of a gas mixture behind a shock wave are determined by the laws of
conservation of mass, impulse, and energy:



Fig. 1. xet diagram of a simple shock tube. (1) initial test gas, (2) shocked gas, (3) driver gas behind contact surface, (4) initial driver gas, (5) test gas subjected to reflected shock.
Ref. [9].
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r1u1 ¼ r2u2
P1 þ r1u

2
1 ¼ P2 þ r2u

2
2

H1 þ
1
2
u21 ¼ H2 þ

1
2
u22

(1)

where r, P, H and u designate density, pressure, enthalpy of a unit
mass of gas and its velocity; indices 1 and 2 correspond to the initial
gas and the gas compressed by a shock wave.

In an ideal gas, which has the constant heat capacities ratio
g ¼ Cp/CV, enthalpy can be expressed as:

H ¼
�

g

g� 1

�
P
r

(2)

Substituting expression (2) in the equation of energy conser-
vation (1) and combining it with the equations of mass and impulse
conservation, it is easy to obtain RankineeHugoniot equations
defining the ratio of pressures and densities at the front of the
incident shock wave in an ideal gas:

P2
P1

¼
1�

�
g� 1
gþ 1

�
r1
r2

r1
r2

� g� 1
gþ 1

r2
r1

¼
g� 1
gþ 1

þ P2
P1�

g� 1
gþ 1

�
P2
P1

þ 1

(3)

Furthermore, using the equation of the state of an ideal gas
P ¼ rRT, and introducing the Mach number of the shock wave,
which is equal to the ratio of its velocityU to the velocity of sound in
the gas before the wave c (M ¼ U/c), it is possible to obtain the
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equationwhich determines the degree of heating of the gas behind
the front of a shock wave:

T2
T1

¼
�
2gM2 � ðg� 1Þ��ðg� 1ÞM2 þ 2

�
ðgþ 1Þ2M2

(4)

The equations for the reflected shock wave do not allow for the
expression of the physical parameters of the mixture behind the
reflected shock front directly through the values characterizing the
initial conditions of the mixture in a shock tube. Therefore, the
parameters behind the reflected shock wave are usually calculated
through the parameters of an incident shock wave. Thus, the Mach
number of the reflected shock wave is defined from a condition in
which the velocity of the movement of the mixture, relative to the
tube walls, should be equal to zero, after the passage of the front.

Note that the process of heating the mixture, caused by
compression in a shock wave (unlike isentropic compression), is
irreversible. From the equation of energy conservation (1), it is
easily seen that transition through shock is characterized by an
irreversible transformation of kinetic energy into thermal energy.
Thus, owing to entropy growth at the wave front, gas heating in
a shock wave is essentially higher than at isentropic compression.
So, a pressure increase in a shock wave front by a factor of 50 will
increase the temperature of an ideal gas (with g ¼ 1.4) from room
temperature (293 K), to 3177 K, while at isentropic compression,
the temperature will increase only to 897 K [14].

Another important circumstance is that – unlike an ideal gas –

heating and compressing of the real gas in a shock wave are
accompanied by an essential change in its heat capacity. The first
process is the excitation of the internal degrees of freedom of
molecules. After that proceed the chemical reactions, which change
the content of the investigated mixture. Finally, the processes of
ionizationof atomsandmolecules takeplaceathigher temperatures.

Researching the reactions of ignition and combustion behind
shock waves, or heterogeneous processes of condensed particle
formation, becomes even more complicated due to the large
complex of endothermic and exothermic reactions. In these situa-
tions, an exact calculation of the current parameters of the reacting
mixtures demands reliable knowledge of a huge set of the thermal
effects of the occurring reactions and the thermodynamic param-
eters of all the formed particles. In most cases, such data are absent
and the corresponding calculation is impracticable. Therefore,
researchers try to workwith strongly diluted mixtures inwhich the
content of reacting molecules in an inert gas does not exceed
several percent.

Even under these conditions, the calculation of the current
parameters of a reacting mixture represents an independent
problem which is frequently the object of investigation. Therefore,
as calculated parameters of a mixture, the so-called "frozen"
parameters, which characterize the mixture directly behind the
front (after the establishment of equilibrium on internal degrees of
freedom, but with frozen chemical transformations), are used. In
this case, the enthalpy of a gas mixture at temperature T is defined
by the sum:

H ¼ 3
2
RT þ ER þ EV þ RT (5)

where ER and EV are the rotational and vibrational energies of the
molecules of the mixture and R is the universal gas constant.

In the majority of work relative to such frozen parameters,
which are determined by the velocity (or Mach number) of an
incident shock wave, all subsequent processes are analyzed.

Finally, it must be emphasized again that Equations (1)e(5) do
not consider the possibility of non-one-dimensional flow in a shock
tube, the viscosity of the gas or heat transfer to the walls.
Nevertheless, using experimental measurements of velocity of an
initial shock wave to calculate the parameters of a mixture (before
chemical transformations), both behind the incident and reflected
shock wave, provides good accuracy in most cases.

3. Diagnostic technique for the investigation of carbon
particle formation behind shock waves

The use of a shock tube provides unique possibilities for inves-
tigating the kinetics of carbon nanoparticle formation from various
precursors and at various temperatures, pressures and concentra-
tions. However, the processes investigated in shock tubes have
significant time restrictions (usually 1e3 ms). Therefore it is often
not possible to observe late processes of particle growth, such as
coagulation, crystallization and the formation of specific nano-
structures, such as nanotubes, in these experiments. In this regard,
the data obtained from shock tube experiments mainly concern the
initial stages of particle growth: from the gas phase reactions of
pyrolysis to the formation of primary condensed particles.

Historically, the basic methods for investigating gas phase
processes in shock waves were emission and absorption spectros-
copy. Therefore, these types of diagnostics have been applied to the
study of the processes of condensed particle formation. In gas
mixtures, methods of absorption spectroscopy at known cross-
sections of absorption provide the opportunity to measure the
concentration of absorbing molecules. In mixtures containing
condensed particles, the situation is more complex. First, in addi-
tion to absorption, the condensed particles also scatter radiation;
therefore, total attenuation of passing radiation is defined by
a complex refractive index of particles

m ¼ nþ ik (6)

where a real n and imaginary k parts reflect the contributions of
scattering and absorption to the total attenuation (extinction) of
the passing radiation.

Typical values of a complex refractive index for normal soot
particles, of 20e30 nm, observed in flames in a wide range of the
spectrum (from UV to IR), are varied from m ¼ 1.90�0.55i [16] to
m ¼ 1.56�0.46i [17]. The commonly used value for analyses of soot,
summarized from the data of many sources, is m ¼ 1.57�0.56i [18].
In contrast to normal soot, very small soot-like particles, trans-
parent in the visible range, were observed in [19], in rich, premixed,
ethylene/air flames. The refractive index for these transparent
particles of 2e3 nmwas determined by behavior of their absorption
and fluorescence at 266 nm and found to be m ¼ 1.4�0.08i [19].
However, carbon particles formed from the hydrogen-free
precursor C3O2, are apparently much more black than normal
soot; for these particles, values of m ¼ 1.57�1.4i were suggested
[20]. A discussion of the role of the actual values of a complex
refractive index in the analysis of observable properties of carbon
particles appears in Sections 4.1, 7.1, 7.2.

In the Rayleigh approach (the size of particles is much less than
the wavelength), the absorbing part of the refractive index is
essentially more than the scattering part, and the extinction coef-
ficient of the particles ε can be expressed as [21]:

ε ¼ �6p
l
Im

�
m2 � 1
m2 þ 2

�
(7)

The second specificity of such measurements is that, usually in
themixture, even at a fixedmoment in time, particles of the various
sizes are contained. It is even more difficult to analyze the devel-
opment of particle growth over time, when it is necessary to deal
not only with particles of various sizes (having, correspondingly,
various refractive indices), but also with variable particle number
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benzene. T ¼ 1750 K, [C] ¼ 2 � 1017 cm�3. Ref. [39].
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Fig. 3. Typical profile of volume fraction of the condensed particles fV, determined
from the extinction record at 633 nm and a pressure profile behind the reflected shock
wave in a mixture 0.03% C6H6 þ Ar. T ¼ 1890 K, [C] ¼ 5 � 1017 cm�3. Tangent crossing
the fV curve on the time axis defines the induction time sind. The dashed line indicates
an approximation of the experimental profile by the relaxation equation (see Equation
(30) in Section 4.2). Ref. [31].
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density N(t) (cm�3), which decreases in the process of coagulation.
In this regard, the measured level of extinction is usually linked to
the total volume of the condensed particles in the mixture,
expressed in the form of the volume fraction of the condensed
phase fV [6].

In the case of spherical particles with diameter D and known
size distribution of number density

pðDÞ ¼ dN=dD (8)

the total volume fraction can be expressed as:

fV ¼ p
6

Z
pðDÞ$D3dD

�
cm3cond=cm3

	
(9)

3.1. Measurements of extinction

When all sets of particles in the mixture can be presented as
spherical particles of uniform size D and number density N, their
volume fraction fV is equal to

fV ¼ p
6
N$D3 (10)

Particle extinction, determined by the attenuation of passing
radiation, is linked to the volume fraction of the condensed phase
by the BeereLambert law:

I=I0 ¼ exp ð � l$fv$εðm; l;DÞÞ (11)

where I0 and I are the intensity of radiation of a probing source
before and after the shock tube and l is the length of extinction
(diameter of the shock tube).

Another important characteristic of the process of carbon
particle formation, which is determined from extinction measure-
ments, is the so-called yield of the condensed carbon (or a soot
yield) Y, representing the relationship between the total number of
atoms in the particles to the total number of available carbon atoms
in the precursor. At known particle density r, the relationship
between fV and Y is given by simple parity:

Y ¼ fV
r

Mc½C� (12)

whereMC is the molecular weight of carbon and [C] is the full initial
concentration of the carbon atoms participating in process of
particle formation. Thus, the particle yield can be calculated from
the extinction data with use of the following equation:

Y ¼ ln ðI0=IÞr
εlMc½C� (13)

Measurement of extinction time profiles is one of the most
informative methods of investigation into the processes of carbon
particle formation behind shock waves. Such measurements have
been carried out in a considerable number of works (see for
example [22e38] and references therein). In most cases for this
purpose, the convenient He-Ne laser with l ¼ 633 nm is used,
though in some works, measurements on other wavelengths from
the UV to IR range [23,26,27,29,33,34] were performed.

One of the important advantages of extinction measurements is
their very high sensitivity. It is easy to show that at a soot extinction
coefficient ε for probing wavelength 633 nm equal tow5�106 m�1

[18] and a signal/noise ratio greater than 100 (which is easily
achievable for modern lasers and photodetectors) in a shock tube
with an inner diameter of 10 cm, it is possible to register the soot
volume fraction fV about w2 � 10�8 that corresponds to a particle
size of 20 nm and a number density of w5 � 109 cm�3.
On the other hand, at a too-high particle content, the attenua-
tion of the transmitted signal becomes so strong such that the
accuracy of the measurements sharply decreases. At the above-
mentioned parameters, it is not possible to measure a soot volume
fraction higher than 10�5.

In following Figs. 2e4, examples of characteristic records of
extinction signals behind shock waves, particle volume fraction fV
(see Eq. (10)) extracted from them, and normalized optical density
Dn ¼ Y ε/r (see below) in various precursors and at various wave-
lengths are presented. In the plots shown in Figs. 2 and 4, the
tendency of an increase in the induction period and a decrease in
the rate of extinction rise toward longer wavelengths is clearly



Fig. 4. Time profiles of normalized optical density Dn, measured simultaneously at
different wavelengths from the UV to the IR range of the spectrum. Mixture 1% C3O2 in
Ar. P ¼ 28 bar. Ref. [34].
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seen. The correlation of this phenomenon with the change of the
optical properties of growing particles will be discussed below.

The analysis of the kinetic part of the obtained records will be
given in Section 4, so now we will consider only the final, estab-
lished stationary values of extinction, fromwhich the final particle
yield Y can be determined. The yield (or volume fraction) of the
condensed particles has been measured in practically all studies on
particle formation behind shock waves. The accumulated experi-
mental results represent a large volume of data on particle yield
during the pyrolysis of various precursors at a wide variation of
pressure and temperatures behind a shock wave. The most exten-
sive data have been obtained on the temperature dependence of
soot yield Y. Starting from the first measurements, it was noticed
that this dependence has a bell shape (see for instance
[6,25e28,31,33,35]). Typical examples of bell-shaped soot yield are
shown in Fig. 5. It is necessary to note, however, that the position on
a temperature scale and the form (width) of this dependence for
different precursors, measured by various authors, essentially differ
from each other. The most substantial is a shift in the temperature
dependence of soot yield during the pyrolysis of carbon-chlorides
[40e42]. The reasons for these distinctions and an analysis of the
physical reasons for this type of temperature dependence of soot
yield Y are described below.
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Fig. 5. Typical examples of temperature dependencies of soot yield in various hydrocarbon
C7H8, * C2H2. P ¼ 2.5e10 bar. Ref. [28].
It is important to underline once again, however, that the
extraction of absolute values of particle yield requires serious
assumptions that all sets of particles can be attributed uniform (and
known) values of the extinction coefficient e and density r. Note
that the authors of the majority of works on the investigation of
soot formation proceeded in this way; the errors connected with
this method and the ambiguity in interpretation will be discussed
in Section 7.1. A more accurate (careful) approach was mentioned
for the first time in [39] and later used in other studies [34,40e42]
for the analysis of hydrogen-free carbon particles (for which values
of e and r are poorly known). This consideration limits particle yield
in relative quantities: “relative soot yield” Yr ¼ Y � ε [26,40,43], or
so-called normalized optical density Dn ¼ Y ε/r [34,36,42,44], rep-
resented in arbitrary units (see Figs. 4 and 6).

With such an approach, independent measurements of the
extinction coefficient e (see [45]) have provided the opportunity to
interpret the temperature dependence of particle yield in quite
a different way. It will be shown below that such a correction of the
experimental dependence of soot yield in turn serves as a push to
revise the commonly accepted notions on the mechanisms of
formation of soot at high temperatures.

3.2. Scattering measurements

The effect of light scattering by the particles represents addi-
tional possibilities for diagnostics. The intensity of scattered radi-
ation in a Reyleigh approach can be written in the following shape
[46]:

SVV ¼ h$QVV$I0;V$DU$DV (14)

where h and DU are efficiency and the solid angle aperture of the
registering system, I0,V is the flux of incident radiation, DV is the
scattering volume and QVV is the scattering coefficient, depending
on particle size to the sixth power D6:

QVV ¼ p4

4l4





m
2 � 1

m2 þ 2





N$
ZN

0

pðDÞD6dD (15)

So, the strong dependence of the scattering signal on particle
size on the one hand makes it possible to achieve high-sensitivity
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Fig. 6. Examples of the essential shift of bell-shaped temperature dependencies of relative soot yield Yr or normalized optical density Dn in various hydrogen-free precursors (a)
P ¼ 0.4e3.6 bar, Ref. [40]; (b) Ref. [42].
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measurements of any change in particle size; however, on the other
hand, it sharply limits the minimum size of particles accessible to
measurements. The first series of works on the measurement of the
sizes of the carbon particles formed in the processes of pyrolysis
behind shock waves was performed by Graham and Homer [39,47].
Later, similar measurements were performed in other studies
[37,48e52]. The typical scheme of simultaneous measurements of
scattering and extinction during carbon particle formation in
a shock tube is shown in Fig. 7.

In Fig. 8, the example of time profiles of intensity of the scat-
tered radiation, measured during the pyrolysis of n-heptane and
the growth of the particles extracted from it are shown [48]. It can
be seen that the method of scattering can be used to observe
particles with sizes above 5e10 nm.



Fig. 7. Scheme of simultaneous scattering and emission measurements in shock tube pyrolysis experiments. Ref. [51].
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In Fig. 9, the temperature dependence of the final particle size is
shown, measured by the scattering method. One can see that these
dependences, like the temperature dependence of particle yield
(Figs. 5 and 6), have a bell shape.

Thus, it is necessary to make one important remark. Determi-
nation of the absolute particle size by the scattering method leans
upon knowledge of the extinction coefficient (7), which in all works
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Fig. 8. The time profiles of intensity of the scattered radiation, measured during the
pyrolysis of n-heptane and the growth of the particle size extracted from it. T ¼ 1750 K,
P ¼ 25 bar, [C] ¼ 7.89 mol/m3. Ref. [48].
mentioned above was considered independent of the particle size
and was accepted to be equal to the value determined for soot in
the investigation of flames [16e18,46,53]. Other independent
methods of instantaneous measurement of nanoparticle sizes,
based on the registration of laser-induced incandescence (LII) of
particles, will be described below. Unlike the scattering method,
the absolute measurement of particle sizes performed by the LII
method does not depend so crucially on the extinction coefficient.
Moreover, such measurements in some cases allow for extracting
the absolute values of the extinction coefficient depending on the
particle size. So, in a recent work [45], it has been shown that only
in the range of carbon particle sizes from 10 to 25 nm, a sharp
change in their optical properties takes place. In this work, using
a two-channel method of laser-induced incandescence, the authors
could obtain a dependence of the function of particle refractive
index E(m):
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Fig. 9. The temperature dependencies of particle size determined by scattering-
extinction measurements during shock wave pyrolysis of n-heptane at different
concentrations and pressures. - - P ¼ 25 bar, Ar ¼ 96%; 6 - P ¼ 60 bar, Ar ¼ 99.5%;
� - P ¼ 80 bar, Ar ¼ 99.5%; w - P ¼ 100 bar, Ar ¼ 99.5%. Ref. [48].
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EðmÞ ¼ εl ¼ �Im
�
m2 � 1

2

�
(16)
Fig. 11. Time profiles of thermal radiation of growing soot particles. Mixture 0.5%
C6H6 þ Ar. T5 ¼ 1930 K. Ref. [58].
6p m þ 2

on the size of growing carbon particles. In Fig. 10, the results of
experimental measurements [45] of the size dependence of the
values of E(m) at a wavelength l ¼ 1064 nm during acetylene
pyrolysis behind a shock wave are given. One can see that for small
particles less than 10 nm in diameter, the value of E(m) is below 0.1,
which qualitatively agrees with observations of “transparent”
nano-organic carbon particles with a complex refractive index of
m ¼ 1.4�0.08i in the UV range (l ¼ 266 nm) [19]. With increasing
particle size, E(m) approaches usual soot values w 0.4, corre-
sponding to the commonly used value m ¼ 1.57�0.56i for the
visible range [18] and a wavelength dependence of
E(m) ¼ 0.232 þ l(1.2546 � 103 cm�1), as suggested in [54].

An account of this dependence E(m) ¼ f(D) should lead to
essential amendments to the measurements performed by the
scattering method.

3.3. Measurements of particle radiation

The emission characteristics of the carbon particles formed
behind shock waves have been much less investigated. The
problem is that such measurements strongly depend on the real
temperature of the particles, which for various reasons can differ
from the calculated “frozen” temperature of the mixture, usually
determined from the velocity of the shock wave (see Section 2).
Nevertheless, by means of emission measurements, a variety of
interesting observations, reflecting both the spectroscopic proper-
ties of the particles and the thermal effects of the proceeding
reactions, has been obtained [29,34,36,55e58]. In Fig. 11, an
example of time profiles of particle radiation measured simulta-
neously at various wavelengths from visible to IR is demonstrated
[58]. One can see that particles have a smooth spectral distribution
of emissivity which gradually approaches equilibrium with the
maximum at about 1.5 mm.

In Fig. 12, the data on the change in particle emission spectra
measured during toluene pyrolysis in [29] are cited. One can see
that in the range of 200e400 nm at early times in pyrolysis, intense
UV bands are observed, which were attributed by the authors to
polyaromatic structures, while in the range of 400e700 nm at later
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Fig. 10. The dependence of the refractive index function E(m) on the count median
diameter (CMD) of growing carbon particles at a wavelength of 1064 nm. 1 e exper-
iment: T ¼ 1850e2050 K, P ¼ 6e8 bar, Ref. [45], 2 e data for nano-organic carbon in
the UV range [19], 3 e results of E(m) measurements for usual soot [54]. The dashed
line shows the best fit of the experimental data.
times (500e1000 ms) the spectrum of particle radiation coincides
well with the radiation of a black body. The radiation spectra
measured by an intensified CCD-camera during the pyrolysis of
a hydrogen-free precursor C3O2 [36] look somewhat different. In
this process, hydrocarbon radicals, active the in UV spectrum, could
not be formed, therefore it was possible to observe a pure spectrum
of growing carbon particles. At an early time point t¼ 50 ms in these
smooth spectra (shown in Fig. 13), only intensive peaks of Swan-
bands of the C2 radical (at 473 nm) which, apparently, disappear
with increasing reaction time, could be noted. At later reaction
times (more than 400 ms), a decrease in the integral intensity of the
radiation, explained in [36] by processes of particle coagulation,
was observed.

One more important circumstance can be noted on the pre-
sented spectra. At early time points of the process (up to 400 ms),
spectrum expansion toward the long wavelengths is appreciable.
This effect can be most plausibly explained by the change in the
optical properties of particles in the process of their growth, dis-
cussed in the previous Section 3.2.

More attentive analysis of the changes in particle optical prop-
erties during their growth has been performed in [56], where the
data on the emission of growing particles at 1.3 mm have been
analyzed jointly with extinction measurements at two wave-
lengths, 1.3 mm and 633 nm. Assuming that at each moment of time
a unified value of refractive index m (6) can be attributed to all
particles, and considering that the process of laser beam attenua-
tion by the cloud of particles is determined by the sum of absorp-
tion and scattering processes, authors showed that the extinction
ratio (see Eq. (11)) ERl at wavelengths l1 and l2:

ERlh
ln

�
I1=I0;1

�
ln

�
I2=I0;2

�zεextðl1Þ
εextðl2Þ

¼ εscaðl1Þ þ εabsðl1Þ
εscaðl2Þ þ εabsðl2Þ

(17)

could present information either about the particle size (assuming
that the refractive index is known and constant), or about the
change in refractive index, in particular, of its imaginary part k (6),
responsible for absorption, which is very sensitive to the structure
of particles and their temperature [16,21]. In ratio (17), εabs(m,l,d)
and εsca(m,l,d) are the absorption and scattering coefficients, which
depend on particle size D,m¼ nþ ik is the complex refractive index
and wavelength is l. Besides that, the ratio of extinction and
emission at the same wavelength, expressed by the function Fl:



Fig. 12. The spectral distribution of ultraviolet (a) and visible (b) radiation during shock wave pyrolysis of C7H8 at different reaction times. The experimental temperature was varied
from 1900 K to 2200 K. For comparison, in (b) the corresponding to “black body” emission is shown for d d d, 2000 K; d - - d, 1900 K; and - - - -, 1800 K. Ref. [29].

I/V

0.08

2.00

4.00

6.00
a

ISW

RSW

A.V. Eremin / Progress in Energy and Combustion Science 38 (2012) 1e40 11
Flh
ln ðI=I0Þ

ln ½1� Iemðl; TÞ=Pðl; TÞ� � 1z
εext

εabs
� 1 ¼ εsca

εabs
(18)

also presents information either about the particle size (again,
assuming that m ¼ Const), or about the change of the refractive
index m. Here P(l,T) is the intensity of black body radiation in the
range l � Dl at the given temperature T.

Examples of suchmeasurements, performed in [56], are given in
Fig. 14 and Fig. 15. It can be seen that ERl(1310 nm/633 nm)
(Fig. 15a) increases during the first 200 ms. This behavior of ERl

could be qualitatively interpreted as growth in particle size at the
early stage of their formation. The function Fl (Fig. 15b) during the
first 300 ms remains close to zero, reflecting the negligible contri-
bution of scattering compared to absorption. This looks reasonable
for Rayleigh particles D << l. Later, the contribution of scattering
increases noticeably. This could likely be related to the agglomer-
ation of primary particles to a rather large size. It is notable that the
observed behavior of the extinction ratio could be caused by the
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Fig. 13. CCD-camera measurements of particle emission spectrum during C3O2

pyrolysis at 2690 K at different times (noisy lines) compared with the black body
spectrum distribution (smooth line) calculated for the same temperature and
normalized to the experimental curve for t ¼ 50 ms in the spectral range 330e450 nm.
Ref. [36].
change of the refractive index, in particular its imaginary part,
responsible for absorption. So, these observations could serve as
independent evidence of the essential change in particle optical
properties during their growth as described above (see Section 3.2
and Fig. 10).
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Fig. 14. Typical time profiles of laser extinction and emission at carbon suboxide
pyrolysis behind shock waves. a) HeeNe laser extinction (peaks marked ISW and RSW
e fronts of incident and reflected shock waves), b) modulated IR-diode laser signal.
Lower part of the envelope represents the emission intensity in the range
1.31 � 0.05 mm and upper part represents the difference in extinction and emission. c)
time profile of IR extinction, extracted from the data given on the plot b). Mixture 1%
C3O2 þ Ar, T5 ¼ 3083 K, P5 ¼ 21.6 bar. Ref. [56].
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Fig. 16. Schematic of temperature measurements by double-beam generalized spectral
line reversal method in the IR range in combination with laser extinction measure-
ments used for carbon particle formation in shock wave pyrolysis processes. Ref. [67].
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3.4. Current particle temperature measurements

One of the major parameters characterizing the process of
particle formation is the current temperature of the mixture. In the
beginning of this paper (see Section 2), we underlined that one of
the most important advantages of a shock tube is reliable control of
the temperature of a mixture extracted directly from the
measurements of the velocity of the shock wave. However, the
thermal processes proceeding during the pyrolysis of initial
substances and subsequent nanoparticle formation can essentially
influence the current temperature of the mixture. To decrease such
effects, the majority of researchers try to work in mixtures con-
taining no more than several percent of reacting substances in an
inert gas. Nevertheless, the high energy of the pyrolysis processes
often results in an essential deviation of the real temperature of
a mixture from the values calculated by the velocity of the shock
wave without chemical transformations. A special section of the
paper will be devoted to these effects (see Sections 6.1 and 6.2).

As the characteristic time needed for the thermal relaxation of
nanoparticles with the surrounding gas at atmospheric pressure is
less than 1 ms [59], usually it is not meaningful to distinguish the
temperature of the particles and the temperature of the
surrounding gas. However, in certain situations, the intensity of
non-equilibrium processes is so high that, for some time (usually
no more than 10e20 ms), the temperature of the particles could
considerably differ from the ambient temperature [57]. Such situ-
ations shall be especially considered, and here we will dwell on the
methods allowing for measuring the unified temperature of a gas-
particle mixture.

It was already noted above that at a known absorption coeffi-
cient of particles and total optical density of the investigated
volume, measurement of the spectral distribution of intensity of
radiation bears information on particle temperature. However, the
temperaturemeasurements based on the simultaneous registration
of emission and absorption characteristics of a medium are the
most reliable. Application of methods of emission-absorption
spectroscopy for investigations of shock heated gases has allowed
for simple and high-speed schemes, suitable for the measurement
of not only temperatures, but also densities of the population at the
molecular states, including under non-equilibrium conditions
[14,60e63].

Usage of these methods requires, along with the registration of
radiation from the investigated medium, the determination of the
absorbing properties in the same spectral range. Emission-
absorption methods in the visible and UV spectral ranges, corre-
sponding to electronic transitions in atoms and molecules [60], are
now most widespread and developed. However, at temperatures
below 2000 K, the intensity of emission signals in the UV and
visible ranges sharply decreases; therefore, the most informative
measurements are in the IR range, allowing for determining the
level of vibrational excitation of molecules of an investigated gas
[63]. Among the methods combining measurements of emission
and absorption for flame pyrometry, it is possible to allocate one-
color modulated absorption-emission (MAE) pyrometry [64],
two-colored MAE [65] and a method of temperature measurement
in the form of the lines of molecular bands [66]. But, for the
measurement of temperature behind shock waves, perhaps the
most widespread method has become the so-called generalized
spectral line reversal method [14,61].

In Fig. 16, the typical scheme of temperature measurements in
a particle-loaded gas mixture by means of the double-beam
generalized spectral line reversal method in the IR range [67] is
presented. As a reference source, the high-temperature “black
body” lamp with Planck radiation spectrum in a wide spectrum
range is usually applied.

A peculiarity of spectral temperature measurements in
a particle-loaded gas mixture is the presence of emission and
absorption of the condensed particles. The spectrum of radiation of
particles is usually continuous, therefore it can shield bands and
lines in the spectrum of molecules and atoms, which is used for the
determination of temperature in the gas medium. Therefore, in
particle-loaded mixtures, in most cases, temperature is determined
by emission and absorption of the formed particles. If the sizes of
particles are in the range of 20e30 nm, the influence of scattering in
the visible and IR ranges of the spectrum can be neglected (see
Section 3.1) and the all relationships used for the treatment of
emission and absorption measurements in a gas mixture can be
applied.

Thus, the intensity of the signal from the reference source of the
given wavelength, registered by the detector, can be expressed as:
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I0 ¼ A$Pðl; TÞ (19)

where A is the instrumental factor and P(l,T) is the Planck function:

Pðl; TÞ ¼ 4p2hc2

l5

�
exp

�
2phc
lkT

�
� 1

��1

: (20)

(k is the Boltzmann constant, h is the Plank constant and c is the
speed of light).

The temperature of a reference source T0 is usually chosen close
to the expected temperatures in an investigated mixture. Radiation
of a source is divided by the separating plate into two identical
channels, one of which in the course of measurements is shielded.
This channel serves for the measurement of the intensity of the
mixture’s emission Ie which at temperature Tm is equal to:

Ie ¼ A$½1� exp ðεllÞ�Pðl; TmÞ (21)

where εl is the absorption coefficient and l is the length of the
optical pass in the investigated mixture.

Simultaneously to this, the second, open channel records the
sum of the mixture’s emission and the unabsorbed part of the
radiation of the reference source:

Ia ¼ Ie þ I0exp ðεllÞ (22)

Solving the system of equations (19)e(22), one can obtain the
relationship between the reference source temperature T0 and the
mixture temperatureTm:

TmðtÞ ¼ hn
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(23)

It can be clearly seen from Eq. (23) that the results of such
measurements are determined only by the current magnitudes of
the measured intensities Ie(t) and Ia(t) and do not depend on the
absolute value of the absorption coefficient and the optical thick-
ness of the investigated mixture. In thermodynamic equilibrium,
the measured temperature Tm(t) is equal to the temperature of the
mixture independently of the kind of radiating transition. In the
simplest case Ia ¼ I0 (exact reversal), the temperature of the
mixture Tm is equal to the temperature of the reference source T0.

It is easy to see from Equation (23) that the error of the
temperature measurements by the described method is deter-
mined by the signal/noise ratio of the performed measurements
and the relationship between the characteristic temperature of the
registered wavelength Q ¼ hn/k and the measured mixture
temperature Tm, as well as by the difference between the brightness
temperature of the reference source T0 and the temperature of the
mixture DT ¼ Tm � T0. The maximum accuracy of measurements is
reached at Tm ¼ T0. For example, at Tm ¼ T0, a signal/noise ratio of
100 and l ¼ 2.7 mmwhich corresponds to hn/kT ¼ 3.55, the error is
only 0.3%. On the other hand, with an increase in the difference
between Tm and T0, the error of the measurements essentially
increases, and at DT ¼ �300 K, it exceeds 20e30%.

Note once again that only the emission or only the absorption
measurements require for interpretation additional data on the real
form of the spectral lines and instrumental function. Simultaneous
measurements of emission and absorption exclude such a necessity
which is a distinctive feature of the given method.

In Fig.17, examples of temperature profile measurements during
the formation of carbon nanoparticles during the shock wave
pyrolysis of C3O2 are shown. Measurements were performed at
a wavelength of 2.7 mm. For an increase in the sensitivity of
measurements before the onset of particles in the mixture, 5% CO2
was added. CO2 molecules have a strong absorption band in this
range of the spectrum and they are quite inert at temperatures
below 2500 K. The left plots show measurements in the test
mixture 5% CO2 þ Ar. The measured values of temperature
extracted from the Equation (23) are in a good accordance with the
calculated values determined from the shock wave velocity (see
lower left plot). In the right plots, the results of the measurements
carried out in the mixture 3% C3O2 þ 5% CO2 þ Ar are given. Besides
measurements by the double-beam generalized spectral line
reversal method at 2.7 mm, laser extinction measurements at
633 nm, directly reflecting the formation of condensed particles,
have been carried out. The lower temperature plot extracted from
the experimental data shows an essential temperature increase
simultaneously with the growth of the particles, reflecting release
of the heat of condensation. The description of this phenomenon
will be presented below in Section 6.2.

3.5. Method of laser-induced incandescence

New possibilities for the diagnostics of nanoparticles were
opened by active developments in recent years in the method of
laser-induced incandescence (LII), which was proposed for the first
time by Melton [59]. This method has been widely used in the
analysis of particles in stationary conditions (flames, exhaust jets,
etc.) [68e71]; however, it was recently applied in shock tubes
[36,45,72e75]. The method is based on fast nanoparticle heating by
a laser pulse and the analysis of registered thermal radiation of
nanoparticles, heated above the initial temperature. The intensity
of the LII signal is proportional to the volume concentration of the
condensed phase, and the time of decay depends on the size of the
nanoparticles. Thus, the method allows for performing measure-
ments on particle size, their total concentration, and in certain
situations, their properties. Unlike scattering measurements, LII
measurements weakly depend on the optical properties of parti-
cles; however, they extremely strongly depend on the efficiency of
energy exchange between the laser-heated particles and the
surrounding gas. This circumstance sometimes brings serious
uncertainty to the measurements, some examples of which will be
described below.

Other problem is connected to the fact that besides LII signals, as
a result of the action of a laser impulse in the mixture, radiation can
emerge caused by the effect of laser-induced fluorescence (LIF)
from PAH molecules and the precursors of soot [76]. The intensity
of the LIF signal essentially depends on the wavelength of laser
radiation; it is well known that in the majority of small molecule
fluorescence is caused only by UV radiation; however, heavier
molecules, including PAH and soot precursors, can fluoresce under
the influence of visible radiation. This effect of laser influence at
l ¼ 532 nm has been investigated in some studies [77,78]. Thus,
authors have noted that the duration of the LIF signal should not be
more than 50 ns; therefore; for an exception of the influence of
fluorescence on measurements of LII signals, some authors have
excluded an initial part of the signal in the analysis of performed
measurements. It is important to note that when using a laser with
a wavelength of 1064 nm, these fluorescence signals are not
observed. This fact has allowed authors [77,78] to apply two-wave
excitation at 532 nm and 1064 nm to perform simultaneous
measurements of LIF from PAH and soot precursor signals and LII
signals from soot particles.

A typical scheme of two-channel time resolved LII measure-
ments is presented in Fig. 18. As a source of nanoparticle heating,
a pulsed Nd:Yag laser at a wavelength of 1064 mm with the pulse
time about 10 ns is usually used. The time-resolved signals of
incandescence are registered on two wavelengths in the optical
range by means of the registration device, which includes the two-



Fig. 17. Examples of temperature measurements by double-beam generalized spectral line reversal method at 2.7 mm (a) test mixture 5% CO2 þ Ar. (b) carbon particle formation in
the mixture 3% C3O2 þ 5% CO2 þ Ar; initial temperature behind the shock wave was T5 ¼ 1743 K; temperature of reference source was T0 ¼ 1690 K. Ref. [67].
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channel optical scheme from lenses, half-transparent mirrors and
filters, and two photomultipliers. The obtained data are recorded in
a digital oscilloscope with a pass-band not less than 500 MHz.

An example of LII signals is presented in Fig. 19. As a result of
laser heating, particle radiation over several nanoseconds reaches
a maximum, and then decreases due the cooling process.

For the analysis of the results of these measurements, a corre-
sponding model of laser-induced incandescence based on the laws
of energy and mass conservation during heating by the laser pulse
and the subsequent cooling processes of the nanoparticles has been
developed [45,59,71,79,80]. The energy of the nanoparticles, ob-
tained by a laser pulse, is consumed by convective heat exchange
with molecules of the surrounding gas, by the thermal radiation of
nanoparticles and by their evaporation. The shape of nanoparticles
in the model is usually accepted as spherical which allows simpli-
fying the calculations, and deviations from the spherical form
(<20%) do not result in noticeable alterations in the description of
radiation time-profiles [81].
Fig. 18. Setup for LII measurements. Ref. [45].
For the majority of conditions in which LII measurements are
carried out, convective heat exchange proceeds in a free-molecular
regime due to collisions between nanoparticles and the molecules
of the surrounding gas. The basic uncertainty in the calculation of
convective heat exchange in a free-molecular regime is related to
the magnitude of the accommodation factor of the thermal energy
of the molecules of the surrounding gas on the surface of nano-
particle a.

In the first studies on LII, the accommodation factor was
accepted as equal to 1 [71,75,79], i.e. it was assumed that the
molecules of the surrounding gas after a collision with a particle
obtain a kinetic energy determined by the current temperature of
the particle. Later, the modeling calculations showed that a, as
a rule, is much less than 1 and depends as on the weight and
Fig. 19. Typical LII signals from carbon nanoparticles at two wavelengths. Ref. [45].
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structure of the colliding gas molecule [82], as well as on its
temperature [83].

For carbon nanoparticles, the magnitude of this factor in
different references varies from 0.2 to 1 [71]. The uncertainty of
a can be eliminated, by using diagnostics with independent
measurements of nanoparticle sizes by other methods in addition
to LII [84e86].

If a nanoparticle heats up to temperatures exceeding its
temperature of evaporation, atoms or larger clusters can leave
a particle surface. It is usually assumed that a substance evaporated
from a nanoparticle remains in the gas (vapor) phase and the vapor
temperature is equal to the temperature of the nanoparticle [87].
An analysis of the contribution of carbon atoms and small clusters
C2eC10 to heat losses in the evaporation carbon nanoparticles was
carried out in [80]. According to their conclusions [80], it is usually
assumed that all clusters evaporated from a particle surface are C3
clusters (molecular weight isWV ¼ 36 g/mol), i.e. their contribution
in the general flux of carried-away substances is much higher than
the contribution of other clusters. The value of the enthalpy of
vapor formation for these clusters is DHV ¼ 7.78 � 105 J/mol [88].
For determination of carbon vapor pressure over the surface of
a carbon nanoparticle, the data for graphite Pref ¼ 1 bar and
Tref ¼ 3915 K [80] are usually used. The value of the energy of the
laser pulse absorbed by the nanoparticle is determined by the
function of particle refractive index E(m) (16), which generally
should depend both on the particle size and on the wavelength of
laser radiation. However, in the absence of such data for any carbon
nanoparticles, the majority of authors use empirical dependence
E(m) for wavelengths in the visible and near-IR range for soot,
which are presented in [54,89e91]. One commonly used relation:
E(m) ¼ 0.232 þ l(1.2546 � 103 cm�1) has been suggested in [54].

The solution of the system of differential equations for the
conservation of energy and mass relative to the current tempera-
ture of the nanoparticle Tp(t) allows for presenting the LII signal at
wavelength l from a single spherical nanoparticle with a diameter
D and temperature Tp, at a surrounding gas temperature Tg in the
form of [86]:

SdðtÞ ¼ C$

2
664 D3

exp
�
c$Tg
TpðtÞ

�
� 1

� D3
0

exp ðcÞ � 1

3
775 (24)

where:

c ¼ h$c
l$k$Tg

(25)
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Here, D0 is the initial particle size before evaporation and C is the
instrumental factor. An integral signal of the ensemble of nano-
particles with the size distribution p(D) (8), is:

SðtÞ ¼
Zd2

d1

Sdðt;DÞ$pðDÞ$dD (26)

Since the size of a nanoparticle is determined only by the decay
time of the LII signal (cooling time), in the model, the normalized
magnitudes of the calculated signal are used, which allows for
avoiding exact knowledge of the constant C in calculations. Due to
this, the normalized experimentally-measured LII signal at the
chosen wavelength is approximated by a calculated curve (26)
through a variation of the count median diameter (CMD) of the
nanoparticle and a geometrical deviation sg from the average size.
In the field of values CMD and sg, the method of least squares
searches for the best solution. If measurements of the LII signal are
performed at two wavelengths simultaneously, the maximum
amplitude of experimental LII signal at the second wavelength can
be used for the selection of value of the function E(m). The example
of such LII data processing allowed for determining the dependence
of E(m) on particle size, as given above (see Section 3.2 and Fig. 10).

Thus, the model allows for describing incandescence signals
from laser-heated carbon nanoparticles with any content of the
surrounding gas and at temperatures from 300 to 3000 K. Since, in
the model, the convective mechanism of particle heat exchange
with the surrounding gas is considered, it is not applicable at
Knudsen numbers less than 1, which approximately corresponds to
a range of elevated pressures more than 10 bar.

In Fig. 20, examples of size time profiles of growing nano-
particles measured during the pyrolysis of propane and benzene at
various temperatures and concentrations behind shock waves [75]
are shown. One can see that the method allows for analyzing
nanoparticle growth starting from sizes around 2e4 nm. Note,
however, that in this study, the optical properties of the particles
independent of their sizewere considered corresponding to normal
soot, and the accommodation factor a was assumed to equal 1,
which could cause serious inaccuracies in the absolute values of the
extracted particle sizes. In a later work [45], both of these imper-
fections were eliminated. In this study, the two-color time resolved
LII measurements allowed for independent measurements of E(m)
(see Fig. 10) and particle size. Additionally, the corrected value of
the accommodation factor a ¼ 0.23 was taken from [92]. In Fig. 21,
the particle size time profiles during acetylene pyrolysis at different
temperatures, measured in [45], are shown.
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Fig. 21. The results of LII measurements of increasing carbon particle sizes during
acetylene pyrolysis at different temperatures and final carbon particle sizes obtained
by TEM. Symbols: 1, 2, 3 - LII measurements at temperatures 1850 K, 1950 K, 2050 K,
respectively; 4, 5, 6 e corresponding results of TEM sizing; lines e best fit of the
experimental data. Ref. [45].

Fig. 23. Final size of carbon nanoparticles obtained during shock wave pyrolysis of
a mixture of 3% C2H2 þ Ar measured by TEM (1) and LII (2). Curve is an approximation
of the experimental data. Ref. [93].
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In Fig. 22 and Fig. 23, the temperature dependence of the final
sizes of soot particles formed during the pyrolysis of benzene [72]
and acetylene [93] are demonstrated. In both works, LII data were
verified by direct measurements of the final sizes of the obtained
nanoparticles. For this, samples of particles deposited on the walls
of the shock tube at the end of experiment were analyzed by
transmission electron microscopy (TEM). For the calculation of
particle size from LII measurements in [45], the optical properties
of soot and the accommodation factor a ¼ 0.23 were used.
Apparently, comparison of the data on particle sizes obtained by LII
and electronic microscopy, shown in Fig. 23, fit well with each
other, and the selected values of a standard deviation from the
average size s ¼ 1.1 are also in a good accordance with the data
from electronic microscopy. Note, however that mature particles
collected after experiments could differ from the young particles
registered by LII; therefore, such a comparison has in a certain
sense a qualitative character. The reasons for possible differences in
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Fig. 22. Mean particle radius for a fixed reaction time of t ¼ 1 ms versus temperature.
Curves show the approximate behavior of soot yield at the same reaction conditions.
Ref. [72].
the particles observed by LII and collected from the walls of the
shock tube and some attempts to overcome this problem are
described below in Section 3.7.

It is interesting to note that the temperature dependence of the
final sizes of the particles, measured by LII, reproduces the bell-
shaped temperature dependence of particle yield, measured by
extinction (see Section 3.1 above). In [36], such simultaneous
measurements of the sizes and relative yield (or normalized optical
density) of carbon particles formed under hydrogen-free conditions
in the pyrolysis of C3O2 and CCl4 have been performed in a wide
range of temperatures. A comparison of these dependences is
shown in Fig. 24. The analysis of the true reasons for such
a remarkable similarity of these dependences will be given below,
in the section devoted to finding the generalized temperature
dependence of the processes involved in the formation of carbon
nanoparticles (see Section 7.1).
3.6. Time resolved time-of-flight mass spectrometry

A basic feature of the process of formation of condensed parti-
cles in gas phase reactions is the extremely wide mass range of the
molecules, radicals, clusters and particles participating in the
reaction. In the early stages of the process, more and more heavy
gasmolecules and clusters are formed, which increase in their mass
numbers up to 1000 amu (which corresponds to 84 carbon atoms
and a size of about 1 nm) and start to acquire properties of
condensed particles [94e96]. Diagnostic methods for gas reactions
in shock waves are widely described in the literature (see, for
example [8,14,61,97]) and their description is beyond the present
review; therefore, all methods described above in Sections 3.1e3.5
concern diagnostics of the late stages of the process, beginningwith
the inception of condensed particles. The problem is that heavy
molecules and clusters, formed at an intermediate stage of the
process with mass numbers ranging from several hundred to
several thousand amu have an extremely complex spectrum of
absorption in the UV range. They are difficult to resolve by
molecular spectroscopy methods, but they are still rather trans-
parent in the visible range, therefore they cannot be registered by
the extinction methods, scattering and LII described above.

From this point of view, time-of-flight mass spectrometry (TOF-
MS) is perhaps the unique diagnostic means which allows
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registering heavy hydrocarbon radicals and carbon clusters with
mass numbers above 50e100 amu. The main difficulty in the
application of TOF-MS diagnostics for shock tube experiments is
that the particles arriving at the mass spectrometer have passed
through a system of skimmers from the test section of the shock
tube to the high vacuum chamber, where any collision processes
are “frozen". In this zone, particles are exposed to the influence of
an ionizing electric field, and the time of flight of particles (which is
greater with a higher particle mass) is often comparable or exceeds
the time of particle growth behind a shock wave. Therefore, excited
and ionized particles may have time to undergo spontaneous decay,
and the mass content of a mixture registered by a spectrometer can
differ from the initial mixture contents in a shock tube. These
problems seriously hamper the application of MS methods for
shock wave investigations.

Early studies of the kinetic processes in shock waves with the
use of TOF-MS were carried out in 1960s in classic works by
Kistiakovsky and coauthors [98,99]. However, wide application of
this technique in shock tubes started in the works of Kern and
coauthors [8,97,100e103]. In these studies, the authors managed
to measure the time profiles of various hydrocarbon radicals with
mass numbers of the order of 100 amu and above a time reso-
lution of about 10�5 s. In the last decade, a new generation of
shock tube TOF-MS has been developed, primarily for applica-
tions in high temperature reactions important in combustion
[104,105].

The apparatus described in [104] takes advantage of modern
instrumentation to enhance the data acquisition rate of the mass
detector. The construction of sampling of the gases from the shock
tube has also been seriously modified. The shorter time intervals in
the new instrument improve the resolution in the early stages of
the reaction from which rate coefficients can be best determined
for the initial reactions. The sampling interface between the shock
tube and TOF-MS has been designed to minimize the effects of the
end wall thermal boundary layer that can severely compromise
chemical kinetic measurements. Furthermore, this interface
increases the range of pressures in the shock tube to about
103 mbar, yet remains compatible with the necessary high vacuum
in the TOF-MS, about 10�5 mbar. In Fig. 25, the typical concentra-
tion profiles measured by TOF-MS during the pyrolysis of cyclo-
hexene behind the shockwave are shown [104]. Evidently, this kind
of measurement represents a novel step in the investigation of the
kinetics of high molecular species. It is likely that within the next
few years one can expect new distinguished results obtained with
the usage of this diagnostic.
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3.7. Post-shock analysis of formed nanoparticles

Carbon nanoparticles, formed during a shock wave experiment,
and deposited on the walls of the shock tube or substrates specially
placed in the shock tube, could be exposed to detailed analysis by
means of transmission electronic microscopy of low or high reso-
lution (LR and HR TEM), raster electron microscopy (REM), diffrac-
tion electronic microscopy (MDF), X-ray structural and elemental
analysis, Raman spectroscopy, etc. The examples of the most typical
electronic exposures of carbon nanoparticles formed during shock
tubepyrolysis experiments are shown in Fig. 26 and Fig. 27. From the
low resolution exposures, it is possible to measure the particle size
distribution, and the data fromhigh resolutionTEM andMDFallows
for studying the structure of the obtained particles.

Besides the methods of electron and X-ray spectroscopy, in
recent years, new methods of laser desorption-ionization time-of-
flight mass spectrometry (LDI-TOFMS) have been successfully
applied to the analysis of gaseous species adsorbed by soot particles
[107e110]. At first, this technique was used to investigate soot
precursors in flames by means of laser microprobe mass spec-
trometry (LMMS) [107]. It was shown that this method could
clearly detect many species in the 200e300 amu range which
characterizes the polycyclic aromatic hydrocarbons (PAHs).
Subsequent modification of LDI-TOFMS applied for the investiga-
tion of samples of soot formed in flames [108] and behind shock
waves [109,110] presented valuable data on the nature of gases
(mainly PAHs) which are absorbed by soot particles and soot
precursors with masses up tow 2000 amu. In Fig. 28, the examples
of mass spectra in the range of 350e380 amu obtained from soot
formed by toluene and thiophene pyrolysis behind the shock wave
and the correlated PAH species [110] are shown.

However, within the limits of the given review, we will not
dwell on the detailed description of the cited methods, as all of
them have been widely applied to the analysis of carbon nano-
particles synthesized by other methods (see for example the recent
reviews [1,111,112]).

Let us note here only two important circumstances. First, the
results of the post-experimental analysis of particles are very
important for independent control and verification of various
measurements obtained during the experiment. For example, the
absolute sizes and distributions of the sizes of the particles,
determined by electron microscopy methods, can be compared
Fig. 26. TEM micrographs of soot formed in shock wave pyrolysis o
with the final sizes of particles, measured directly in the course of
the reaction by scattering methods and LII. The example of such
a comparison is demonstrated above (see Fig. 23). The structure
and elemental content of the formed particles give important
additional information in the analysis of the kinetic mechanisms
and thermodynamic parameters of the growing particles. Addi-
tionally, all methods for the post-shock analysis of formed particles
have special importance for the elaboration of practical methods
for the synthesis of various types of carbon nanoparticles for
applications in industry.

On the other hand, the specificity of shock tube experiments is
that after the termination of “working time” which is, as a rule, no
more than several milliseconds (see Section 2), the investigated
mixture is exposed to complex gas dynamic processes including
secondary shock waves, rarefaction waves, turbulent mixing with
the driving gas, etc. During these processes, the pressure, temper-
ature and mixture content are changed in uncontrollable ways.
Therefore, the properties of the particles deposited on the tube
walls or substrates can essentially differ from those observed at the
end of the working time of a shock tube.

To overcome such uncertainty, some researchers have used
amethod of instant “freezing” of formed particles by the supersonic
expansion of an investigated mixture into the vacuum chamber
through a small outlet in one end plate of a shock tube [36,113].
However, even in this case, it is impossible to exclude the possibility
of changes to the properties of young particles in a supersonic flow.
So, for example, the big (to 100 nm in diameter) hollow spheres
observed in [36] could have a similar origin.

Summarizing the review of diagnostics methods for the process
of formation of carbon particles behind shock waves, it is possible
to conclude that modern methods can determine not only such
integrated parameters as the volume fraction of the condensed
phase, particle yield and their number density, but also more
detailed characteristics of the particles, such as their current size,
refractive index and current temperature. Based on such experi-
mental data, various groups of investigators have accumulated
a huge volume of scientific information on the kinetic character-
istics of the process of nanoparticle formation, the properties of
formed particles, the thermodynamics of pyrolysis and particle
formation processes, etc., for a wide range of concentrations,
temperatures, pressure and of some other determining parameters
of pyrolysis.
f the mixture 2% C6H6 in Ar, T ¼ 1903 K, P ¼ 1.21 bar. Ref. [72].



Fig. 27. Low and high resolution (insertions) transmission electron microscope images of carbon nanoparticles formed behind shock waves in 20% C3O2 (B), 20% C3O2 þ 10% H2 (D)
and 20% C2H2 (H). Ref. [106].
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4. Kinetic characteristics of the particle formation process

4.1. Induction time of particle inception sind

The time profiles of yield, and the volume fraction of particles
listed above as well as their sizes and optical properties, extracted
from these measurements, allow for analyzing the basic kinetic
characteristics of nanoparticle formation. Since the process of
formation and growth of particles is only thefinal stage of a complex
set of pyrolysis processes initiatedbya shockwave, inmost cases it is
possible to observe a distinct delay in the appearance of any signals
of the measurements connected with particles relative to the
moment of the passage of a shockwave. Therefore, since the earliest
Fig. 28. LDI-ToFMS spectra obtained from soot formed by toluene (a) and thiophene
(b) pyrolysis behind shock waves. Ref. [110].
investigations of carbon nanoparticle formation in shockwaves one
of themajor characteristics of this process is assignede an induction
time of particle inception sind [6,114,115]. In the majority of works
this time is determined from extinction measurements
[26,31,33,51,115], though the emission measurements data [22,114]
are also sometimes used for this purpose. The quantitative value
sind is usually defined as the intersection of the inflectional tangent
to the extinction profile with the time axis (see Fig. 3).

Whereas shock tube experiments easily allow varying of the
temperature of a process, practically in all works a temperature
dependence of induction time has been measured, and it has been
noticed that sind quickly reduced as temperature increased. Usually
these dependences are represented in Arrhenius coordinates
lnsw 1/T. In the Fig. 29 and Fig. 30 show examples of experimental
measurements of induction time of soot appearance at pyrolysis of
various precursors, measured by extinction profiles at 633 nm. One
can see that they really do obey Arrhenius-like behavior.

As is well known, the slope of these dependences determines
a barrier (activation energy) of the reaction described. The value of
activation energy of the reactions, comprising the induction time of
particle inception for different substances, varies in a range of
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100e300 kJ/mol (see Table 1), To comprehend the reason for the
strong temperature dependence of induction time, it is once again
emphasized that this time characterizes the complexity of reactions
beginning from themixture heating in a shock wave front, up to the
occurrence of the condensed particles actively absorbing laser
radiation. Among all these reactions, the primary dissociation of the
initial molecules possesses the greatest activation energy, while,
the subsequent exchange and recombination reactions, as a rule,
have no considerable energy barriers and proceed at higher rates.
Therefore it is possible to draw the conclusion that the induction
Table 1
Approximations of experimental data on induction time of carbon particle forma-
tion, according formula (27) used in different works.

Index n Index m E (kJ/mol) Ref.

CH4 0.35 0 145 [48]
C3H8 0.42 0 149 [48]
C7H16 n-heptane 0.46 0 149 [48]
Heptylbenzene e e 180 [116]
1-Methylnaphtalene e e 183 [116]
C2H2 0.41 0 130 [22]

0 0.179 92 [26]
0.84
(3.39 mm)

0 122 [26]

0.75 0 228 [33]
1 0 276 [106]
1 0 270

(T > 2000 K)
[115]

1 0 115
(T < 2000 K)

[115]

C2H4 0.23 0 117 [22]
0.45 0 141 [48]

C2H6 0.42 0 151 [22]
C6H6 0.75 0 260 [31]
Toluene 1.57 0 181 [27]

e e 189 [116]
C3O2 0.5 0 183

(T > 1750 K)
[20]

0.5 0 103
(T < 1750 K)

[20]

1 0 226 [106]
times are determined by the rates of the early stages of pyrolysis,
consisting of the endothermic reactions of primary molecule
decomposition.

Analyzing the dependences of absolute values of induction
times on the type of precursors, many authors noticed that the
greatest times are observed in the saturated hydrocarbons. Olefins
have shorter times; while the aromatic hydrocarbons are charac-
terized by the shortest induction time of particle formation (see
Figs. 29e31). Note that in hydrogen-free precursors induction times
still essentially appear shorter (see Fig. 32).

The next problem concerns the dependence of induction time
on concentration. Since the parameter sind is intrinsically
a phenomenological characteristic of process and it cannot be
adhered directly to any specific chemical reaction during pyrolysis,
the order of this reaction, i.e. its dependence on concentration of
a precursor and a total pressure of a mixture, is a priori also not
clear. Experimental data on sind obtained both from extinction and
emission measurements indicate considerable stratification of the
points measured at different pressures and concentrations of
carbon bearing molecules [20,22,31,118] (see examples in Fig. 33a,
b). Attempts to generalize the dependences obtained has led
various authors to completely different degrees of n and m in the
following equation:

sind ¼ Aexp ðE=RTÞ½C��n½M��m (27)

(see Table 1). Usually authors do not consider the dependence of
sind on concentrations of gas-diluter [M], and therefore index m is
accepted as equal to 0. Quite weak dependence of sind on argon
concentration (m ¼ 0.179) was only observed in [26]. On the other
hand, the dependences of induction time on carbon concentration
are characterized by rather wide dispersions of indexes n. One can
see from Table 1 that this index varies from 0.23 up to 1.57, and in
this case an effective energy of activation E also changes. Note that
some authors, following the correlation of ignition delay [10], have
postulated the simplest case sind w [C]�1 [6,22,106,117].

It is necessary to emphasize one circumstance. We have already
considered the change of the optical properties of carbon particles
in their growth process (see [34,45]). This phenomenon should
Fig. 31. Arrhenius-type plot of induction time for different hydrocarbon/argon
mixtures. Carbon concentration in all experiments are [C]5 ¼ (1.9 � 0.4) � 1019 cm�3.
1 e toluene, 2 e 1-hexene, 3 e iso-octane and 4 e ternary mixture [117].



Fig. 32. Induction time in carbon suboxide pyrolysis compared with those of methane
and benzene at similar carbon concentrations. P5 ¼ 55 bar. Ref. [20].
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inevitably affect the extinction (and emission) measurements.
Thus, measured induction times can essentially differ depending on
the wavelength at which extinction measurements are made.
Different authors have paid attention to this fact [26,34], however
the unified approach to such data in the literature has not been
developed. Note, for example, that rise in extinction at 633 nm,
interpreted in [34,42,45] as a sharp change in the particle refractive
index at this wavelength upon the increase in their sizes above
5e10 nm, can be also be caused by the appearance of the heavy
PAH, for which the absorption spectra extend in the process of their
growth from UV to the visible range up to 500e600 nm [119].

Therefore during the analysis of dependence of an induction
time on the concentration of reagents it is necessary to consider the
influence of concentration on the size of particles formed. In the
literature there are few such measurements, one of examples on
particle growth in benzene [75] is shown in Fig. 20 (right). One can
see from this plot that the final size of the particles increases
approximately as [C]0.5, while the time of achievement of the
current size of particles (for instance 10 nm) is reduced approxi-
mately as [C]�1.

We have tried to summarize a considerable quantity of various
data, and we can suppose that the most plausible value of n is unity,
corresponding to the initial dissociation reactions which often
represent a rate limiting step for the whole process (see above), and
all deviations from this dependence are most likely caused by the
neglectionof changes of the optical properties of particles at theearly
stages of their growth, which corresponds to the induction time.
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Fig. 33. Induction times of carbon particle formation measured at different concentration of
Ref. [118] and C3O2 ([C] ¼ 0.1 ( ), 0.3 (D), 1.0 ( ) and 3.0 mol/m3 (,)) - (b) Ref. [20]. Lines
Interesting conclusions have recently been drawn from the
comparison of data on the induction time in acetylene and carbon
suboxide [106] (see Fig. 34). One can see that from the given
coordinates, the magnitudes of ln sind[C], plotted versus
the reversal calculated ("frozen") temperature behind a shock
wave 1/T, do not practically show any dependence on carbon
concentration varying from 0.03% to 30%. This fact not only
confirms the legitimacy of the generalization sind w [C]�1, but also
the insignificance of thermal effects at this stage of the process. In
reality, as it will be shown in Section 6.1, the processes of pyrolysis
and growth of particles are accompanied by considerable thermal
effects leading to an essential deviation of the current tempera-
ture of a mixture from initial "frozen" values. It is obvious that
these deviations should increase with the growth of concentration
of the reacting molecules. Nevertheless, the results shown in
Fig. 34 demonstrate that the induction times obtained at a varia-
tion of the concentration by 1000 times are well generalized by
dependences on "the frozen" temperature T5. At the same time,
the delay of particle appearance in hydrogen free mixtures of C3O2
is shorter by almost two orders than in the hydrocarbon system.
From this fact it follows that the long induction times observed in
acetylene (and other hydrocarbons) (see Figs. 29e33) are caused
by growth stages of poly-hydrocarbons that are transparent in the
visible range of a spectrum, while in C3O2 the particle growth
begins directly after decomposition of the initial molecules. To
confirm this statement let us compare the rates of primary reac-
tion of acetylene and carbon suboxide decomposition, which are
assumed to be the rate limiting steps of the whole process
[115,120]:

C2H2 þ C2H2/C4H3 þH
kC2H2

¼ 1$107exp ð�23000=TÞ�m3=mol$s
� (28)

C3O2 þM/C2Oþ CO
kC3O2

¼ 1:5$109exp ð�29500=TÞ �
m3=mol$s

� (29)

It is easy to evaluate that in the temperature range 1600e2000 K
these rates only differ by factor 3e6. Thus induction times of the
inception of condensed particles in acetylene are comparable with
the characteristic time of reaction (28) wðkC2H2

$½C2H2�Þ�1, while in
carbon suboxide the particles already appear at a time that is
approximately a factor of 100 shorter than the characteristic time of
reaction (29). In other words, these estimations visually confirm
that in carbon suboxide each act of decomposition of an initial
molecule immediately leads to the formation of the condensed
particles, while in acetylene these two processes are separated by
a long stage of polymerization of the hydrocarbons.
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Fig. 34. Induction times of extinction increase in the rich mixtures - 10% C3O2 þ Ar;
; - 20% C3O2 þ Ar; � - 20% C3O2 þ 10% H2 þ Ar; - 20% C2H2 þ Ar, P ¼ 5.5e6.4 bar;
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[106]), in comparison with data from previous studies on highly diluted mixtures: � -
10% C2H2, [115]; - 5% C2H2, [118]; B - (0.2e1%) C2H2, [22]; 6 - 2% C2H2, 10e12 bar,
[22]; 7- 2% C2H2, 1e2 bar, [22]; >- (1e20%) C2H2, [26]. 4 - (0.3e1%) C3O2, [20]; K -
(0.33% C3O2 þ 0.33% H2), [20]. Curved dotted line e approximation of the data [106].

Fig. 35. Influence of temperature and nature of the hydrocarbon on the soot growth
constant. Ref. [116].
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4.2. Rate constant of particle formation kf

The stage of the process following the induction time is char-
acterized by the rapid growth of extinction and thus reflects a sharp
increase in the volume fraction of the condensed particles fV. It was
already noted above that extinction measurements do not allow for
determining with what effect the increase of fV is connected, i.e.
with an increase in the number of particles, their sizes or with the
change of their refractive index. To solve this problem, it is neces-
sary to perform independent measurements of particle sizes, as has
been done by the scattering method in [37,39,48e52] or LII
[36,38,72e75]. Nevertheless, measurements of fV increase present
the important phenomenological characteristic of the process of
nanoparticle formation, which is quite valuable for elaborating the
kinetic mechanisms of particle growth.

As was stated in [6,121], soot growth could proceed by two
different ways: by coagulation, whereby two particles collide and
fuse to form one larger particle, or by surface growth in which gas-
phase hydrocarbon species or carbon atoms and small carbon
clusters directly become attached to and incorporated into the
existing particles. It is clear that coagulation leads to a reduction in
particle number density while the volume fraction remains
unchanged. On the other hand, surface growth does not alter the
particle number but does lead to an increase in particle size and
volume fraction. Haynes and Wagner [121] have shown that the
process of surface growth of particles could be described by
equations of the relaxation type:

dfV
dt

¼ kf $
�
fNV � fV

�
(30)

where,fNV is the final observed value of fV. This equation determines
onemore quantitative kinetic parameter of the process, an effective
rate constant of particle growth kf. Later, in studies [31,48], such
approach was applied to the analysis of the profile of fV extracted
from the measurements of extinction profiles in investigations of
carbon particle formation in shock wave pyrolysis experiments. In
Fig. 3, one can see an example of such a treatment of the time
profile of particle volume fraction. Now, such method for the
analysis of the kinetics of particle growth is commonly accepted
(see for example [33,34,41,42,51]).

Data from themajority of studies testifies that the growth rate of
the volume fraction of the condensed phase sharply increases in
the temperature range up to 2000e2200 K and, as well as the
induction time of particle inception, is well-described by
Arrhenius-like temperature dependences. A slope of these depen-
dences allows for determining the activation energy of the process
of particle growth, which for different substances varies in the
range from 150 to 220 kJ/mol [20,31,33,42,44,106,116,118].

In Figs. 35e37, examples of experimental data on the effective
rate constant of particle formation during the pyrolysis of various
carbon precursors are given. Attention has to be drawn to the fact
that the lowest particle growth rates are observed in saturated
(methane, hexane) and unsaturated (acetylene, ethylene) linear
(aliphatic) hydrocarbons, while particles grow noticeably faster in
aromatic precursors (benzene, phenyl-acetylene) [31,33,118] and
the fastest growth of particles takes place in hydrogen-free
mixtures (C3O2, CCl4) [20,41]. These data represent important
information for understanding the role of hydrocarbons of various
structures in the growth mechanisms of carbon nanoparticles.

Special questions cause the break of the Arrhenius-like depen-
dence of the particle growth rate, observed in the majority of
hydrocarbons at temperatures above 2000 K [31,33,48,118] (see
Figs. 36 and 37). Certainly, when approaching the evaporation
temperature of carbon, a process of particle fragmentation should
be observed. Such a process was investigated in [122] at tempera-
tures above 3500 K. The influence of this reversal process with
temperature rise should necessarily lead to a gradual delay of the
particle growth rate and even to its decrease. However, at
temperatures close to 2000 K, which are rather far from the
temperature of phase transition in carbon, it is unlikely that a sharp
break in the temperature dependence of particle growth ratewould
be associated with the beginning of particle fragmentation.

Therefore, a clear physical interpretation of this phenomenon
has not yet been suggested. In some studies [24,31,33,51], the
interrelation of the behavior of particle growth rate with
a temperature dependence on the induction time and particle yield
is discussed, and in [42,44], the dependence of kf on thewavelength
of the extinction profile measurements was analyzed. According to
the conclusions of these works, as well as a later study [106], such
a strange decrease in the particle growth rate at high temperatures
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is most likely caused by the peculiarities of measurements in shock
tubes and actually reflects only secondary processes of coagulation
of small (transparent) carbon particles. In more detail, these
processes will be described below in Section 7.2 which is devoted to
the temperature dependence of the processes of carbon nano-
particle formation behind shock waves.

One more important reason of a divergence in the data for kf,
measured under various conditions, consists of neglecting the
thermal effects of pyrolysis and the subsequent particle growth.
The problem is that, in the majority of investigations, the obtained
data is related to the initial “frozen” temperature behind the shock
wave, which does not account for its change in the course of the
chemical reaction. The amendments arising because of tempera-
ture drop in the course of the endothermic reactions of pyrolysis
and heat release during particle formation were considered for the
first time in [57] and have allowed for overcoming these diver-
gences. Later, based on these corrections, the more general
dependence of particle growth rate, describing various conditions
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Fig. 37. Soot growth rate in carbon suboxide pyrolysis compared with those of
methane and benzene at similar carbon concentrations. Ref. [20].
of pyrolysis, has been proposed [42,44]. In more detail, these effects
are considered below in Section 7.
4.3. Kinetics of particle size growth

The rate constant of particle volume fraction growth, deter-
mined from extinction measurements, gives only an indirect
representation of the kinetics of condensation. To get direct data on
particle growth, measurements from the time profiles of the
particle sizes are necessary. It has been shown above that such
measurements are possible using scattering methods (Section 3.2)
and laser-induced incandescence (LII) (Section 3.5). Examples of
such measurements are demonstrated in Figs. 20 and 21. Unfortu-
nately, such measurements are quite labor-intensive and conse-
quently are few in number. Due to this, quantitative data on the rate
constants of particle size growth are absent in the literature.
Nevertheless, simultaneous measurements of the sizes and volume
fraction of the particles performed in [36,48e51] provide the
opportunity to trace not only the process of particle size increase by
surface growth, but also to extract the time profile of their number
density reflecting the process of coagulation. The first attempts to
determine the partial contributions of these two processes by
means of simultaneous scattering and extinction measurements
have beenmade by Graham [23,39,47]. Further, a similar analysis of
the role of the process of coagulation has been performed by
Kellerer et al. [50,51]. In Fig. 38, estimations of the change in the
rate of particle surface growth during the pyrolysis and oxidation of
n-heptane at various temperatures are shown. It can be seen that at
temperatures above 1600 K, the rate of particle surface growth
sharply decreases at beyond 1 ms and, thus, the further growth of
particles proceeds mainly by coagulation processes.

This conclusion has been confirmed by measurements per-
formed in a recent study [123]. Joint consideration of time profiles
of particle size D, measured by LII, and particle volume fraction fV
measured by extinction, allowed the authors to construct the
profiles of particle number density Np, specifying a more sharp
decrease of Np and an acceleration in particle size growth beyond 1
ms. Based on these results, the authors suggested dividing the
whole process into three stages (see Fig. 39) I - C2H2 thermal
decomposition and nucleation (0e250 ms), II - particle surface
growth (250e1100 ms) and III - particle coagulation (beyond
1100 ms).
Fig. 38. Estimated rates of particle surface growth during pyrolysis and oxidation of
n-heptane at different temperatures. Ref. [50].
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It is obvious that such a rather qualitative interpretation of the
obtained data requires further analysis of the processes taking
place, based both on a more extensive volume of experimental data
and on detailed modeling calculations.

5. Size and structure of formed carbon particles

The sizes, chemical content, structure and other properties of
the soot formed in combustion processes have been investigated
quite comprehensively. However, shock wave pyrolysis presents
considerably wider opportunities for the variation of key parame-
ters of the process. First of all, it has awide temperature range (from
the lower border of pyrolysis at 1200e1400 K up to the disinte-
gration of particles at 3000e3500 K). Besides that, in addition to
the easy variation of pressure (from w1 bare100 bar) and
concentration (from w100 ppm to w10e30%), carbon sources
including not only flammable hydrocarbons but practically any
volatile carbon-containing species can be used. Therefore, ques-
tions on the properties of the carbon particles formed in shock
wave pyrolysis processes are of special interest.

Since the process of condensed particle formation in shock
waves lasts about 1e3ms, a sampling of particles at different stages
of the process (as is possible in flames) is almost unfeasible, and for
an analysis of the current properties of formed particles, only in situ
diagnostics can be used. It was shown above that different methods
can be used to measure the time profiles of particle size and their
optical properties. However, detailed analysis can be performed
only for particles deposited on the shock tube walls or substrates
after the experiment, using the methods described in Section 3.7.

It has already been noted above that the size of the particles
formed during the pyrolysis of hydrocarbons in the temperature
range close to flame temperatures (1600e1800 K) is rather similar
to the typical size of soot particles formed in flames (15e25 nm).
The structure of particles in this temperature range represents
amorphous graphite. At lower and higher temperatures, and also
with a decrease in the concentration of the precursor, particle size
decreases slightly (see [36,48,72,93] and Figs. 9, 20 and 22e24). At
temperatures up to 2500 K, together with a decrease in particle
size, an insignificant crystallization of particles is observed. The
elemental analysis of these particles confirms that they completely
consist of carbon, and the hydrogen content in these particles is
below the limit of sensitivity of the measurement (H/C < 0.03)
[36,106].

Many more diverse particles during the pyrolysis of hydrogen-
free species have been observed. In the first studies investigating
carbon particle formation during the pyrolysis of carbon-chlorides
[40,41], white or light-lemon particles were found out on the tube
walls, and the assumption was expressed [40] that they were
composed of chaoite, a modification of the one-dimensional carbon
crystal carbyne. However, later experiments [36] did not confirm
this assumption. In more detail, the question of obtaining carbyne
nanoparticles during the pyrolysis of carbon suboxides was dis-
cussed in [34]. In this work, a large diversity of particle sizes and
structures were formed in awide temperature range from 1500 K to
3500 K. In Fig. 40, TEM exposure of the particles formed at different
temperatures of C3O2 pyrolysis are shown. One can see that parti-
cles formed from C3O2 at usual flame temperatures 1500e2000 K
look similar to normal soot from hydrocarbons (e.g. C2H2): spheres
10e30 nm in size. At temperatures from 2100 to 2600 K, two
different kind of particles were found: large balls with a nearly
spherical structure and gigantic film-like spheres with a size up to
700 nm, which could be formed due to the rapid agglomeration of
small “liquid clusters” during cooling after the shock. The pecu-
liarity of the high temperature (2700e3200 K) process of carbon
particle formation during C3O2 pyrolysis was the high degree of
crystallization of the final particles. The particle size was again in
the range of 20e30 nm. The structure of the observed crystals was
hexagonal layers with lattice spacing similar to that of graphite. For
T > 2000 K, crystallization of particles was high enough to perform
MDF studies. In Fig. 41, an example of the ring structure pattern is
given. The image shows the clearly developed ring structures of the
d002, the d100 and the d110 reflexes [124,125]. In Table 2, the results
of these MDF measurements are given in comparison with those of
graphite [126], carbyne [127] and the test mixture, carbon black
[124]. One can see that in none of these cases were carbyne crystals
found. This fact was explained in [34] by the strong dependence of
carbyne conservation on the cooling rate [128]. Evidently, in shock
tube experiments, the cooling process proceeds in rarefaction
waves and by diffusion processes in the boundary layer, and
therefore it is not too fast. Due to this reason and due to the very
short time of condensed particle growth, shock tube experiments



Fig. 40. High resolution transition electron microscope (HRTEM) images of carbon particles, formed during C3O2 pyrolysis at different temperatures: a) T ¼ 1646 K, P ¼ 26.2 bar
b) and c) T ¼ 2214 K; P ¼ 24.4 bar; d) T ¼ 3002 K, P ¼ 46.4 bar. Ref. [34].
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are probably not very promising for the investigation of such
specific carbon nanoparticles as fullerenes and nanotubes.

6. Thermal effects and ionization of particles forming in
pyrolysis processes behind shock waves

6.1. Endothermic effects of pyrolysis reactions

One of the basic advantages of experiments in shock tubes is the
possibility of reliable control of parameters of the mixture during
Fig. 41. Micro-diffraction (MDF) image of carbon particles obtained during C3O2

pyrolysis at T ¼ 2214 K, P ¼ 24.4 bar. The lines together with the numbers in brackets
characterize the position and the main lattice spacing dhkl of the studied particles. The
ring pattern is made up of contiguous circles which results in a finer grain size.
Ref. [34].
an experiment. As noted above (see Section 2), due to the one-
dimensional flow in a shock tube, the temperature and pressure
behind the shock wave can be quite precisely determined from
measurements of shock wave velocity. Certainly, such calculations
are based on knowledge of the thermodynamic parameters of the
mixture under given conditions. Therefore, to avoid uncertainties
caused by the chemical transformations behind shock wave, the
majority of researchers tend to work on mixtures highly diluted
with inert gas. Such an experiment allows for neglecting the
thermal effects of chemical reactions and the change in total heat
capacity and density of a mixture during reactions.

Most investigations on carbon particle formation in shock
waves have been carried out using such an approach. The
concentration of the reacting species is, as a rule, no more than
1e3%. In the majority of such studies the “frozen” temperature
behind a shock wave, not considering the effects of chemical
reactions, was determined by measurements of shock wave
velocity. In Fig. 17a (Section 3.4), an example of a measurement of
the temperature time profile of in a non-reacting mixture is shown.
One can see that the measured temperature with good accuracy
coincides with the calculated values determined from the
measured velocity of a shock wave.

All obtained results on particle formation were referred to these
temperature values. Attention was drawn to possible errors of such
assumptions for the first time [57]. In this work, heat consumption
during the pyrolysis of initial hydrocarbons (ethylene, n-hexane)
and the subsequent heat release during the growth of particles
were considered. The authors predicted possible overheating of
particles at an initial stage of their growth owing to the intensive
energy release in condensation reactions.

In more detail, questions on the influence of endothermic
pyrolysis of the initial species on the decrease in the real temper-
ature of a mixture is considered in [41,42,44,67], and the temper-
ature increase, caused by the heat release of condensation in
[67,129]. Direct experimental observation of non-equilibrium
excitation of small carbon C2 clusters during the pyrolysis of C3O2
is reported in [130,131], and attempts to observe an overheating (or



Table 2
Results of MDF measurements for various carbon particles formed at shock wave
pyrolysis of C3O2 at different temperatures. (1) - Results from spherical particles. (2)
- Results from gigantic large particles. Ref. [34].

Substance T [K] d002 [Å] d100 [Å] d110 [Å] d100/d110

Graphite [98] 300 3.3756 2.1386 1.234 1.733
Carbyne [100] 300 2.204 4.408 2.545 1.732
Carbon Black

(Test subst.) [97]
300 3.42 2.09 1.21 1.73

C3O2 2214 3.40 2.07 1.20 1.73
(1) C3O2 3002 2.96 2.03 1.19 1.71
(2) C3O2 OOOO 3002 3.27 1.99 1.17 1.70
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cooling) of larger particles relative to the surrounding gas are
presented in [58,132].

All these works have shown that the use of an isothermal
approach for the analysis of experimental data on carbon particle
formation in pyrolysis processes is not always justified, even at
concentrations of the reacting substances less than 1%. In the
majority of systems, the most essential endothermic effects of the
pyrolysis of the initial species appear. In practice, the problem of
exactly calculating the temperature drop of a mixture in a pyrolysis
reaction becomes complicated due to simultaneous secondary
reactions of polyatomic hydrocarbons or direct carbon particle
growth with poorly known thermodynamic properties and, hence,
uncertain thermal effects.

One of brightest examples of this considerable temperature
drop is seen in the pyrolysis of CCl4. Endothermic decomposition

CCl4/Cþ 4Cl (31)

is 585 kJ/mol, therefore even in the mixtures containing 1% CCl4 in
argon, the temperature drop during pyrolysis can reach 300 K
[41,42,67]. Indeed, reaction (31) does not proceed directly, and
actually the pyrolysis of CCl4 occurs by a consecutive abstraction of
chlorine atoms [40,41]. Additionally, initial carbon appears in
a mixture not in the form of C atoms, but basically as clusters of C2
[67]. Therefore, the real temperature drop is slightly less than this
limiting estimation. Nevertheless, the total thermal balance of CCl4
pyrolysis and subsequent particle growth is essentially negative.
The measurement of the current temperature in mixtures con-
taining 1.5% and 3% CCl4 in argon have been carried out in [42,67]
by means of a two-channel emission-absorption line-reversal
method in the IR spectrum range [14,63,133]. To increase the
sensitivity of the measurements at early stages of the process
before formation of the condensed particles in the mixture 5% CO2
(which is rather inert below 2500 K) was added andmeasurements
were performed in the intensive band of CO2 at 2.7 mm. The details
of such temperaturemeasurements have been described above (see
Section 3.4). In Fig. 42, examples of IR emission-absorption and
laser extinction measurements and extracted temperature profiles
are shown. Since decomposition of CCl4 proceeds very quickly, over
several microseconds, the stage of temperature drop could not be
resolved; therefore, only the final, established temperature values
were measured. Note that the beginning of particle formation was
reflected by the increase in all signals in this case but had no
noticeable influence on the current temperature.

In Fig. 43, a dependence of measured (established) Texp and
calculated “frozen” T5 temperatures behind the reflected shock
wave on the velocity of an incident shock wave is shown. One can
see that it is linear and the angle of the slope of the measured
temperature plot is essentially less that the angle of the slope of the
calculated temperature. This fact testifies to the increase in the
difference between the calculated and measured temperatures
with increased velocity of the initial shock wave. The analysis of
these results was performed in [67], which concluded that themain
reason for this effect was the increase in the degree of decompo-
sition of CCl4 and its fragments with the temperature increase.

Experimental temperature profiles in benzene have a much
more complex shape (see Fig. 44). Benzene decomposition
proceeds more slowly and it is possible to observe the final stage
of temperature drop after passage of the shock wave front. Addi-
tionally, with the increase of initial temperature T5, the secondary
growth of temperature, which is most likely caused by the
exothermic reaction of particle formation, becomes more and
more noticeable. Nevertheless, the final value of temperature in
this mixture also lies essentially below the initial values (see
Fig. 45) and the depth of cooling of the mixture increases with
increased initial temperature of pyrolysis. Similar to CCl4, this
effect is caused by the increase in the degree of decomposition of
C6H6 and its fragments. The nonlinear dependence of temperature
drop on the concentration of C6H6 in a mixture is notable. One can
see from Fig. 45 that with a four-fold increase in the C6H6
concentration, the temperature drop increases only two-fold (at
T5 ¼ 2000 K). This effect is explained in [67] by the increased
contribution of exothermic reactions of hydrocarbon formation
from benzene fragments with the increased C6H6 concentration in
the mixture.

Similar effects on the temperature drop of a mixture were
observed in ethylene and n-hexane [57,58].
6.2. Heat effects of particle formation

The effects of temperature variation in pyrolysis processes of
carbon-bearing mixtures, considered above, were basically deter-
mined by the essential endothermic decomposition of the initial
species. However, the reverse situation, when the total heat balance
of the mixture as a result of pyrolysis and particle formation
processes appears to be positive, is also known. In this case, the
final temperature exceeds the initial “frozen” values. In Fig. 46, the
data of temperature measurements [58] in benzene, n-hexane and
acetylene in comparison with the frozen temperatures behind
shock waves are shown. These measurements, unlike those in [67],
were performed by the registration of emission in the spectrum
range from 0.63 mm up to 4.26 mm with the assumption of an
invariable extinction coefficient of soot. The data from these
measurements show that benzene pyrolysis, as well as acetylene
pyrolysis, has a positive heat balance. From the point of view of the
limiting thermodynamics of these processes (at 298 K)

C6H6/CðgraphiteÞ þ 3H2 þ 82:9 kJ=mol (32)

C2H2/CðgraphiteÞ þ H2 þ 227 kJ=mol (33)

Ref. [134] such an effect is quite justified, although the actual heat
release is determined by the real magnitude of the volume fraction
of the condensed phase fV at a given stage of the process. From this
point of view, a disagreement in the data from [67] and [58] can be
explained by the higher pressures in [58] that allowed for
observing the later stages of the condensation process, corre-
sponding to a larger yield of condensed particles during the
observation time.

An even more essential temperature increase, caused by the
release of energy from the condensation of carbon nanoparticles,
was observed during the pyrolysis of carbon suboxide [129]. The
molecule of carbon suboxide in the ground state represents
a linear structure where central carbon atom is bound to two CO
ligands (OC]C]CO). Therefore, the thermal decomposition of
carbon suboxide proceeds by consequent detachment of these
ligands:



Fig. 43. Calculated (“frozen”) temperature behind the reflected shock wave T5 and
experimentally measured temperatures at a later stage of the pyrolysis process in the
mixtures 1.5% CCl4 þ 5% CO2 þ Ar and 3% CCl4 þ 5% CO2 þ Ar depending on the velocity
of the incident shock wave U. Ref. [67].

Fig. 42. Absorption, emission and laser extinction signals and extracted temperature profiles in the mixtures: a) 1.5% CCl4 þ 5% CO2 þ Ar at T5 ¼ 2256 K, P5 ¼ 3.2 bar; b) 3% CCl4 þ 5%
CO2 þ Ar at T5 ¼ 2498 K, P5 ¼ 3.1 bar. Ref. [67].
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C3O2 þM/C2Oþ COþM� 360 kJ=mol (34)

C2OþM/Cþ COþM� 227 kJ=mol (35)

while the channel of CO2 formation

C3O2 þM/CO2 þ C2 þM� 538 kJ=mol (36)

is quite improbable [120].
The total heat effect of condensed carbon formation in this

process is noticeably less than in the pyrolysis of acetylene (33):

C3O2/CðgraphiteÞ þ 2COþ 127 kJ=mol (37)

However, the rate of particle growth in this case is essentially
higher; therefore, the whole process is completed depending on
temperature and pressure over several hundreds of microseconds
or less.

In the experiments in [129], in which temperature measure-
ments similar to those described above in Section 3.4 were per-
formed, the temperature increase was directly observed
simultaneously with the increase in extinction signals, character-
izing an increase in the volume fraction of the condensed phase. In



Fig. 44. Temperature and extinction profiles measured in the mixture 2% C6H6 þ 5%
CO2 þ Ar at the initial (“frozen”) temperatures T5 ¼ 1840e2740 K and pressures
P5 ¼ 2.8e3.5 bar. Ref. [67].
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Fig. 17b the example of the time profiles of extinction and
temperatures during the pyrolysis of 3% C3O2 þ 5% CO2 þ Ar is
shown. The initial temperature behind the reflected shock wave
was 1730 K, and after the completion of particle growth, it was 1900
K. With an increase in the initial temperature, the total heat release
of the reaction also increased, such that at an initial temperature of
2200 K its increase DT ¼ Texp � T5 reached 300 K (see Fig. 47).

The authors of [129] connected this effect to a decrease in the
final size of the formed particles during the temperature increase.
This has allowed for determining that the heat release of a single-
atom-to-particle condensation decreases from w200 kJ/mol for
particles containing w1000 atoms to w50 kJ/mol for particles
containing w106 atoms.

It is worth adding that, based on these results, in recent
experiments [135] the new physical phenomenon of a detonation
Fig. 45. Temperature decrease DT ¼ T5�Texp during the pyrolysis of benzene
depending on the initial temperature behind the shock wave. Ref. [67].
wave of condensation was observed for the first time. In this case,
the authors used richer mixtures containing 10e30% C3O2 in argon
and heating the mixture to about 1000 K. As a result of this energy
release, the shock wave was accelerated and transformed into
a detonation wave.

Another interesting example of the release of the energy of
condensation in the same mixtures at the earliest stages of the
pyrolysis process was observed in [130,131]. In this case, the small
carbon C2 clusters were formed mainly in electronically-excited
states, and authors succeeded in observing not only non-
equilibrium excitation of the Swan bands of C2 radicals, but even
inversion of separate electronic-vibrational transitions.

The given examples show how essential thermal effects can be
on pyrolysis processes in shock waves, even in rather diluted
mixtures. It is important to underline that the absolute value of
temperature deviation is dependent on the integral heat balance of
pyrolysis of a given mixture; therefore, it is impossible to make any
general recommendations about the maximum allowed concen-
tration for the simplified isothermal approach. Due to this, any
investigations of the temperature dependence of either parameters
of the particle formation process should be based on knowledge of
the real temperature of the mixture which can appear to be lower
or higher than the initial “frozen” temperature determined by
shock wave velocity measurements.
6.3. Formation of charged particles

Negatively and positively charged carbon particles are observed
in premixed and diffusion flames [136e140] and in low tempera-
ture plasma [141]; however, the problem of charged carbon nano-
particles, formed in the pyrolysis processes behind the shock wave,
is poorly studied. Among some early works, one can find only one
short letter [142] about the ionization of soot behind shock waves.

In the 1980s, there was a controversy about the ionic or non-
ionic mechanisms of soot formation in flames [137,143,144].
A detailed modeling of soot charging in flames performed recently
[145,146] did not reveal the essential influence of charged particles
on soot formation. Note, however, that these works analyzed
chemi-ionization processes with the participation of large poly-
aromatic hydrocarbons (PAH) only, while alkali metals as additional
electron sources were not considered. On the other hand, it is
known that, in the presence of typical atmospheric concentrations
of alkali metals (1012e1013 cm�3 [147e150]), soot becomes charged
even at temperatures of w2000 K.

In a recent work [151], processes for charging carbon nano-
particles, formed during the pyrolysis of C3O2 in a shock tube, were
investigated at various temperatures and concentrations. The
selection of C3O2 as the carbon particle precursor was caused by the
absence PAH that allowed for neglecting the processes of chemi-
ionization and considering only thermo-ionization processes.
Investigations were carried in a shock tube equipped with two
high-sensitivity electric Langmuir probes. The diameter of each
probe was 6 mm, and the electric voltage of the probes could be
changed in the �80 V range. In Fig. 48, the scheme of the experi-
mental set-up and the diagnostic equipment is shown.

Fig. 49 shows an example of the time profiles of laser extinction
and signals from the positive and negative probes, measured in
a mixture of 1% C3O2 in Ar at T5 ¼ 2350 K, P5 ¼ 22 bar. One can see
from the extinction signal that the particles are formed rather
quickly at times t w10 ms and that they are stable during the entire
measurement time. The rise-time of ion- and electron-probe
signals show similar values of w30 ms, and after a sharp
maximum, both probes show a subsequent decrease which lasts for
about 300 ms.
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The analysis of the obtained data has allowed authors to
conclude that the processes of carbon particle charging under the
given conditions are not caused by thermo-electronic emission of
particles, and are the result of sticking of free electrons, formed by
the ionization of a natural impurity of sodium which is always
present in any gas. In Fig. 50, the measured values of the final
electron concentration in a mixture with particles are shown. For
comparison, the equilibrium electron concentration in the absence
of the particles, caused by sodium ionization, is demonstrated.
Thus, the authors [151] showed that the process of sticking of free
electrons to carbon particles leads to the majority of particles
acquiring a negative charge; the equilibrium concentration of free
electrons in the mixture with particles is much less than in the
same gas without particles; and the decrease in the electron
concentration Ne is proportional to the square of the concentration
of particles.
Fig. 47. Final temperature increase DT ¼ Texp�T5 during the pyrolysis of 3% C3O2 þ 5%
CO2 þ Ar depending on the initial temperature behind the shock wave. Ref. [129].
Based on the analysis of experimental data, the authors [151]
have suggested a simplified description of the kinetics of the gov-
erning processes. At early times tw10 ms, a fast capture of electrons
by the particles causes the additional ionization of sodium which
results in an increase in the positive ion concentration. Later, the
Fig. 48. Scheme of shock tube equipped with two high-sensitivity electric Langmuir
probes and the laser extinction technique for the investigation of carbon particle
charging. Ref. [151].



Fig. 49. Example of the time profile of laser extinction and signals from the positive
and negative probes, measured in a mixture of 1% C3O2 in Ar at T5 ¼ 2350 K,
P5 ¼ 22 bar. Ref. [151].
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ion flux toward the particle is the governing process with a rate that
is determined by the ratio of the Debye length and the ion-drift
velocity. The final concentration ratio of negatively-charged parti-
cles and free electrons is in most cases >>1. Therefore, the elec-
trostatic properties of the investigated mixtures are determined by
the charged particles only.

The authors [151] claim that such a result opens up new
possibilities for controlling particle behavior in combustion
systems by charging them by the addition of alkali metals.

7. Temperature dependences of the particle growth process

7.1. Particle yield and volume fraction

The temperature dependences of all the parameters of process
of particle formation: final values of the volume fraction of the
condensed phase, particle yield and their size, and also kinetic
parameters: induction time and the rate constant of particle
growth, are among the major characteristics of this process
extracted from shock wave experiments. Perhaps the most
remarkable characteristic of the process of carbon nanoparticle
formation in pyrolysis and combustion processes is the so-called
Fig. 50. Final electron concentrations Ne(eq) measured at various particle concentra-
tions. The solid line is the equilibrium electron concentration in argon with the natural
admixture of sodium. Dashed lines e best fit of the experimental data Ref. [151].
“bell-shaped” temperature dependence of a soot yield. Such
a shape for dependence, at first observed in flames [152], has been
much more distinctly measured in a number of shock wave
pyrolysis experiments ([20,25e28,31,33,35,37,41,48] and many
others). Above, we mentioned that the position and width of
observable “bells” essentially differs for various precursors, pres-
sures and concentrations.

A discussion of the possible kinetic and thermodynamic mech-
anisms of the origin of the bell-shaped temperature dependence of
soot yield and the reason of its distinction has been raised in
[25,26]. The authors associated the formation of bell-shaped
dependences with a competition between the reactions of
growth and destruction of aromatic hydrocarbons, which were
supposed to be the basic material for the formation of condensed
carbon particles. Such a hypothesis allowed authors [25,26] not
only to qualitatively explain the occurrence of bell-shaped
temperature dependences of soot yield in various aromatic and
aliphatic precursors, but also to explain their shift toward high
temperatures with an increase in the concentration of reacting
molecules. Therefore, authors [25,26] have claimed that by their
estimations, the shift in the real temperature of a mixture because
of the thermal effects of occurring reactions is insignificant and has
no appreciable influence on the position of the curve, related to the
initial temperature behind the shock wave. Thus, all phenomena of
the appearance of bell-shaped curves and their behavior in various
mixtures were attributed to the kinetics of formation and decay of
various hydrocarbons.

Nevertheless, in later work by the same authors [40], and also in
[20] and [41], similar temperature dependences were observed in
hydrogen-free mixtures where the formation of carbon nano-
particles proceeds in the total absence of hydrocarbon species.
Moreover, the maximum shift of bell-shaped dependences toward
high temperatures was observed in carbon-chlorides with
maximum endothermic decomposition [40,41]. In the previous
Sections 6.1 and 6.2, devoted to temperature measurements in
pyrolysis processes, it has was noted that the “isothermal”
approach is not always justified for the analysis of the processes of
pyrolysis and the growth of particles behind shock waves, even in
strongly diluted mixtures.

How essential the knowledge of the real temperature is during
the formation of carbon particles is shown in Fig. 51 [67] in which
the temperature dependences of the final relative particle yield
Yr ¼ Y � E(m) are compared in CCl4, C2Cl4 and C6H6, related to the
“frozen” temperature T5 and to the real temperature, directly
measured at a later stage of particle growth.

It can be clearly seen on the upper plots that all experimental
dependences in different precursors and at different concentrations
of the reacting molecules are essentially dispersed. The same data
on the lower plots show bell-shaped curves, which are quite similar
for all precursors as seen by the position of the maximum (around
1800 � 50 K) and on the half-width of the dependence amounting
to 350e400 K.

The demonstrated data allows us to draw a conclusion that the
maximum particle yield is observed in each precursor approxi-
mately at the same real temperature Tmax independently of the
initial concentration of carbon-bearing molecules. Note that the
values of Tmax for various precursors are little different (see Table 3),
which could be attributed to various exothermic character of
secondary reactions. However, as a whole, these values are very
close to each other (all of them are in the temperature range of
1600e1850 K) and they are close to the values Tmax observed in
combustion processes [152,153]. The given conclusion can be
considered as evidence of the commonality of mechanisms of the
formation of carbon particles in all processes of pyrolysis and
combustion.



Fig. 51. Temperature dependencies of relative particle yield in various precursors, plotted versus initial (“frozen”) (upper plots) and experimentally measured temperatures (lower
plots). Ref. [67].

A.V. Eremin / Progress in Energy and Combustion Science 38 (2012) 1e40 31
The next important question, related to the correct under-
standing of the temperature dependence of the volume fraction or
particle yield, is connected to accounting for the change in particle
optical properties depending on their size. Unfortunately, in the
literature, few studies on the change in the final size of particles
with a variation in temperature during pyrolysis are available
[36e38,48,51,72,93] (see Figs. 22e24). However, all available data
specify that the shape of the temperature dependence of final
particle sizes almost completely coincides with the dependence of
the volume fraction or particle yield. This fact is not only surprising,
but gives rise to suspicions. In fact, the ascending branch of the
temperature dependence of particle yield, observed at tempera-
tures between 1400 and 1700 K (see Fig. 51) can be reasonably
explained by the increase in the degree of decomposition of the
initial molecules and corresponding growth of the particles, but
a decay in the yield of condensed particles at temperatures above
1800 K, observed in many hydrocarbons as well as in hydrogen-free
mixtures, is difficult to explain. Generally, it is obvious that the
thermodynamic stability of any gaseous carbon-bearing molecule
decreases with an increase in temperature, and all carbon up to
temperatures at which the decomposition (evaporation) of carbon
nanoparticles becomes noticeable (T � 3000e3500 K
[122,154e156]) should be in the condensed state. Therefore, an
observable decrease in the volume fraction or particle yield can be
interpreted only as a decrease in the fraction of particles registered
by extinction [25,26], or as a decrease in the coefficient of extinc-
tion of particles with increased temperature. Recent measurements
of the size dependence of the coefficient of extinction of carbon
particles [45] (see Fig. 10) in a combination with data on the
decrease in particle size with increased temperature (Figs. 22e24)
indicate that an observable decrease in particle yield at T > 1800 K,
measured by extinction with a HeeNe laser, can be completely
attributed to a decrease in the particle refractive index function
E(m) with a decrease in particle size.

Interesting observations confirming this conclusion were made
in [42]. The authors measured the temperature dependence of the
final optical density in a mixture of 0.2% C3O2 þ Ar at various
wavelengths from 0.22 mm to 1.3 mm. Unlike many hydrocarbons,
during the pyrolysis of C3O2, no gaseous species absorbing in the
near-UV range are formed; therefore, any attenuation of probing
radiation can be definitely attributed to the appearance of
condensed particles. Note that investigations into the optical
properties of small carbon nanoparticles in diffusion flames
[19,157,158] have shown that particles with a size of 2e4 nm are
transparent in the visible range, but actively absorb in the near-UV
range. In Fig. 52, the results of optical density measurements at
temperatures above 1800 K, corresponding to the high-
temperature wing of the “bell-shaped” curve are shown. It can be
seen that with a decrease inwavelength, this wing is extended, and
in the UV range, it transforms to a plateau up to temperatures close
to 3000 K at which the processes of disintegration of the particles
begins to prevail over growth processes [122].

Thus, it is possible to state that the commonly accepted
conclusion on the decrease in yield and volume fraction of soot at
temperatures above 1800 K, based on extinction measurements at
633 nm, could be justified only by the strict definition that “soot” is
carbon particles in a narrow range of sizes (usually 20e40 nm)with
invariable extinction coefficients. If the yield and volume fraction of



Table 3
Temperatures of maximum of carbon particle yield in pyrolysis of various carbon
bearing species. Ref. [67].

Carbon precursor C3O2 CCl4 C2Cl4 C6H6

Tmax, K 1600 1850 1770 1770
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the condensed phase are attributed to all carbon particles, to some
extent possessing properties of the condensed phase (i.e. contain-
ing more than w100 carbon atoms and having a size not less than
1 nm; see [94]), then the temperature dependence of particle yield
should be reconsidered.

The demonstrated data testify that the real volume fraction of
the particles does not decrease with increased temperature, but
instead the average size of particles is reduced, which leads to
a decrease in the extinction coefficient in the visible range. If this
assumption is correct, and the volume fraction remains approxi-
mately invariable in the temperature range from 1600 to 2800 K
(see Fig. 52), the decrease in particle size should be connected with
a corresponding growth in the particle number density in this
temperature range. In other words, it is possible to suppose that
increased temperature leads to slowed coagulation of primary
clusters and results in an increase in the particle number density
and, therefore, to a decrease in particle size at the moment when
the initial carbon is consumed and the particle yield reaches 100%.
A similar increase in the particle number density and a decrease in
their size with increased temperature have also been observed in
flames [152,153].

Indeed, for the ultimate conclusion about the invariability of
yield and volume fraction of condensed particles in the tempera-
ture range starting from 100% decomposition of the initial mole-
cules (1600e1800 K) and finishing at the temperature of noticeable
particle disintegration (2800e3000 K), additional careful
measurements of particle size and their optical properties are
necessary.
7.2. Condensed phase growth rate

The next basic remarks concern the temperature dependence of
the particle growth rate. Above, it was mentioned that the prob-
lems in understanding the observable dependences can be caused
Fig. 52. Temperature dependence of final optical density Dn, observed during the
pyrolysis of 0.2% C3O2 þ Ar at different spectral wavelengths. Lines are the best fit of
the experimental data. Ref. [42].
by disregarding the thermal effects of pyrolysis as well as the
changes to particle optical properties. Let us consider these
circumstances in more detail.

One such phenomena, difficult to interpret, is the break of
temperature dependence of particle growth rate, observed in shock
wave pyrolysis of a majority of precursors in the temperature range
from 2200 to 2500 K [31,33,41,122] (see Figs. 36 and 37). One can
see that up to these “break temperatures”, the rate of particle
formation accelerates in all precursors. However, it is obvious that
such behavior is correct until the reversal reactions of cluster and
nanoparticle decay come into play. Toward higher temperatures,
comparable with carbon evaporation (w4000 K), the particle
formation rate becomes slower and, according to observations
[122] at T > 3400 K, the rate of particle decay (evaporation) is
already higher than the formation rate. Nevertheless, at tempera-
tures below w3000 K, these reversal processes are negligible and
the kinetics of particle growth has to obey general regularities. We
have already pointed out in Section 4.2 that temperatures of the
observed break of dependencies ln kf w 1/T are much less than the
temperature of carbon phase transitions, so therefore the influence
of the reversal process of particle decay on the apparent rate
constant of particle growth is quite improbable. Therefore in the
papers [42,44] another explanation for this phenomenon has been
suggested.

To get a better understanding of the process of particle forma-
tion at various temperatures, let us look at the transformation of
extinction time profiles with increased temperature, measured in
[44] during the pyrolysis of C3O2 (Fig. 53). The first plot at
T ¼ 1979 K represents a typical one-stage process, which proceeds
at this temperature very rapidly and results in considerable
extinction. With a further temperature increase, the first stage of
the process becomes even faster, but results in less extinction.
However, on the following plot corresponding to T ¼ 2472 K,
besides the first rapid stage, it is possible to see a secondary process
which develops after some delay and leads to additional extinction.
A further temperature increase (see the plot at T ¼ 3343 K) leads to
a further decline and acceleration of the first stage and increase and
slowing-down of the second stage of extinction growth. Thus,
looking at these profiles, it becomes clear that it is necessary to
consider the processes of primary growth of particles at low
temperatures and secondary particle growth at higher tempera-
tures as absolutely different phenomena. Therefore, for the analysis
of primary particle growth in [44], it was suggested to analyze the
data from the first stage of extinction increase with a continuously
accelerating increase in temperature separately.

In Fig. 54a, b data are presented on the rate constant of particle
growth kf, obtained by approximation of the profiles of primary
extinction growth during the pyrolysis of various precursors using
the relaxation Equation (30). In Fig. 54a, the data are plotted versus
the initial “frozen” temperature behind the shock wave, and in
Fig. 54b versus the actually measured temperature of a mixture
after pyrolysis and particle growth. One can see by such a consid-
eration that the rate constant of particle growth in all considered
mixtures can be described by a unified dependence:

kð1Þf ¼ 1:08$1010exp
�
� 195

�
kJ$mol�1

	.
RT

	 �
s�1

	
(38)

It is important to note that the obtained value of activation
energy (195 kJ/mol) coincides well with the energy of activation of
the rate constants of soot formation in the majority of the hydro-
carbonsmeasured not only in pyrolysis processes, but also in flames
[6,31,33,121,152,153] (about 190 � 20 kJ/mol). For the other hand,
the absolute values of kf, measured under various conditions, differ
by more than one order of magnitude. Among the reasons for the
difference in absolute values of kf can be the different wavelengths



Fig. 53. Typical examples of extinction profiles, observed behind reflected shock waves
at various temperatures. Mixture of 1% C3O2 þ Ar. Pressures 15e20 bar. Vertical arrows
mark the moment of reflected shock wave front passage. The stage F is the first
extinction rise, the stage S is the secondary rise. The vertical scale is the same on all
plots, while the horizontal time scale is more dense on each subsequent plot. Ref. [44].
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at extinction used for kf measurements [34] and neglecting the
thermal effects of pyrolysis which cause a shift in the temperature
scale (see Fig. 54a, b). Therefore, it is possible to draw a conclusion
that the stage of carbon particle formation, registered by extinction,
ormore exactly, the rate of condensed phase growth, proceeds in all
conditions approximately by the same mechanism, irrespective of
the kind of a precursor and even the process type (pyrolysis or
combustion).

The remaining question regards the physical reason for the
acceleration of particle formation with increased temperature. The
3 4 5 6 7

8

9

10

11

12

13

14

C Cl2 4

CCl4

C O3 2

10000 K / T
5

ln
 k

, s f
-1 -1

a b

Fig. 54. Arrhenius dependence of rate constant of particle formation in various precursors
Ref. [44].
apparent activation energy of about 200 kJ/mol should correspond
to high threshold reactions, which do not match with the
recombination-like reactions of particle surface growth. One
interesting explanation for this phenomenon, based on the corre-
lation of the decrease in particle size and the acceleration of particle
formation with increased temperature, has been suggested in
[42,44].

In theseworks, it was noted that the reduction in the final size of
particles and the shortened time of achievement of this size obey
the same laws. Analyzing this interrelation, the authors showed
that the rate of achievement of a fixed size of particles does not
change with temperature, i.e. the real processes of surface growth
of particles do not accelerate with increased temperature (which is
quite plausible neglecting theweak temperature dependence of the
frequency of collisions). Thus, the observable acceleration in
particle growth with increased temperature reflects only a faster
completion of the process the surface growth, since the subsequent
process of particle coagulation proceeds at much greater time
scales and, as a rule, does not result in a noticeable contribution
during observation in shock tube experiments (about 1e3 ms).

This important conclusion should stimulate further progress in
modeling the very complicated process of carbon particle forma-
tion in gas phase reactions. In our opinion, at present, despite
considerable efforts and a large body of published works, many
debatable and ambiguous approaches still remain.

In Section 8, we will try to characterize in brief the present
stateeof-the-art in modeling the processes of carbon nanoparticle
formation during the pyrolysis of various carbon-bearing species
behind shock waves.
8. Numerical modeling of particle formation processes in
pyrolysis reactions

Numerical modeling of carbon nanoparticle formation during
pyrolysis and combustion has been investigated in a large number
of studies. However, discussions on the kinetic mechanisms of
formation and growth of condensed particles in the gas phase and
modeling of these processes still continue.

The basic difficulty in kinetic modeling of the processes of
cluster formation and micro-heterogeneous particles in chemically
reacting systems is the elaboration of the numerical algorithm
which allows for keeping the discrete character of any elementary
chemical transformation with the participation of micro-
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heterogeneous particles of any size, and to combine the kinetics of
changes of all gas phase components and ensembles of micro-
heterogeneous particles of the reacting system.

A fundamental problem of the kinetics of formation, growth and
destruction of micro-heterogeneous particles is accounting for
their structural characteristics, their influences on physical and
chemical properties and the phase transitions of particles. From the
point of view of fundamental science, clusters consist of atoms of
various elements, so it is possible to consider them as a unique
natural object. In the process of cluster formation and growth,
cluster properties gradually change from purely molecular to
macroscopic properties of the bulk material.

For a detailed model of the process of carbon nanoparticle
formation, modern kinetic models consider gas phase reactions,
which describe not only the pyrolysis and oxidation of an initial
hydrocarbon molecule with the formation of simple fragments, but
also the formation of heavy aliphatic and polyaromatic species
consisting of several aromatic rings. However, already at this stage,
the quantity of elementary stages can reach several thousand.
Attempts to move forward on the scale of the particle sizes in such
away are doomed to failure. The quantity of elementary stages with
the participation of more and more heavy particles, and, hence, the
differential equations describing the time profiles of their concen-
tration, will grow catastrophically. At the same time, the experi-
mentally measured average sizes of carbon particles at
characteristic times of about several milliseconds are in the 10 nm
range, which corresponds to a number of atoms in the carbon
particle of several hundred thousand or more. Therefore, in addi-
tion to gas kinetics methods, developing models should describe
the growth of clusters of different sizes up to condensed particles.
Moreover, to cover all aspects of the process of nanoparticle
formation, models should consider not only the composition, but
also the shape and structure of particles. The simplest modeling
particles have a spherical form [159]. The following level of
description is represented by fractal models [160]. In these models
particles are described by two coordinates: size and certain form
factors such as surface area [161].

For kinetic modeling of the formation of condensed carbon
particles from the gas phase, the method of the moments [162,163]
is currently most widely used. In this case, the system of the
differential equations describing the block of gas phase reactions is
completed by several new differential equations for the moments
of the size distribution function of the condensed particles. The
quantity of these equations depends on the number of condensed
particles of various types, which are described in the language of
the moments of function of the distribution and on the total
number of considered moments of each size distribution function
for particles of a certain type. Strictly speaking, only an infinite
number of such moments are equivalent to the full particle size
distribution function. However, for most practical applications and
for the simulation of experimentally measured parameters, such as
the molar fraction of soot, the specific surface of the ensemble of
soot particles and the efficiency of absorption and scattering of
optical radiation by the ensemble of particles is quite enough to
describe several moments of the distribution function.

The methods of the moments are very fast, but they are limited
by the one-dimensional or two-dimensional spaces of particles
since the number of the moment equations exponentially increases
with the number of coordinates of the particles. They also do not
allow for determining the particle size distribution (PSD) without
further assumptions on shape.

The discrete Galerkin method [164,165] represents another
rather widespread approach for kinetic modeling of carbon particle
formation in pyrolysis processes. The essence of this method
consists of a representation of non-stationary PSD in the form of
series expansion in an orthogonal polynomial (Laguerre or Che-
byshev) depending on a discrete parameter, the quantity of
“monomers” in the condensed particle. Due to expansion by this
discrete parameter, the given method allows for keeping the
discrete structure of the kinetic equations, as well as in the case of
a standard direct kinetic problem when each reaction is described
by a separate differential equation. The description of the kinetics of
transformations of micro-heterogeneous particles is based on the
calculation of non-stationary PSD for particles of different kinds.

In the last few years the sectional schemes providing for dis-
cretization of H/C ratio in each section have been developed
[166,167]. These models make it possible to follow not only the
mass evolution of the particles, but also their hydrogen content. In
addition, a fixed sectional aerosol dynamic model [168e172], valid
over the entire Knudsen number regime, has been successfully
implemented for studying the formation of soot agglomerates by
simultaneous nucleation, coagulation, surface growth and
condensation. These models have the advantage of decreasing
numerical diffusion and increasing computational stability [170].
They provide a useful tool for studying nanoparticle formation
behind shock waves. Sectional methods are also fast and they allow
for calculating PSD; however, they are not suited for the description
of different states of growing particles.

In the last ten years, Monte-Carlo algorithms have begun to be
applied for the description of processes of nanoparticle formation
[173e175]. The application of a kinetic Monte-Carlo method (KMC)
and a method of molecular dynamics (MD) [176e178] has allowed
for investigating the growth of single PAH molecules and graphene
sheets. These methods can model very complex particles; however,
high computing expenses currently interfere with the use these
methods for modeling entire particle ensembles. Based on MD
simulations in particular, authors [178] have suggested that particle
inception can be considered as the result of a chemical growth and
a physical coagulation. The contribution of these two pathways to
the particle inception rate varies according to the combustion (or
pyrolysis) conditions. In situations where the temperature and H
concentration are relatively high (Tw 2200 K), the inception rate is
well described by the chemical growth. At lower temperatures,
(T w 1400K) with a relatively high PAH concentration and low H
atoms available, particle inception can be mainly due to physical
coagulation.

Coming back to the question of the detailed kinetic mechanisms
of the formation of carbon particles, it is necessary to underline
once again that until now, in the literature, there was no common
opinion on the elementary processes which provide the most
important contribution to the gradual transition from hydrocarbon
molecules formed during pyrolysis reactions to the final structure
composed of condensed carbon particles.

Note that the detailed analysis of various approaches to
modeling the mechanisms responsible for the formation of
condensed carbon particles is beyond the current paper and should
be the subject of an independent review. For information on the
modern concepts on the mechanisms of soot growth in combustion
and pyrolysis processes, we address the reader to the surveys of
Wang [111], Richter and Howard [179], Miller, Pilling and Troe [180]
and also to recent original articles [175,181e183]. Here, wewill give
only a short summary on the basic kinetic models for the formation
of soot and carbon nanoparticles, which can be found in the
literature.

Historically, the first and up to now the most accepted kinetic
model of soot growth is the so-called HACA (hydrogen abstraction
carbon addition) model. According to this model, the key moment
of the soot formation process is the surface mass growth of soot
particles by reactions with gas phase molecules on the surface of
soot particles. Frenklach and Wang [159] have proposed this HACA
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abbreviation for the detailed kinetic mechanism of surface growth
of soot particles based on the postulate that chemical reactions on
the soot particle surface are similar to the chemical reactions of
large polyaromatic hydrocarbon molecules. The essence of this
mechanism is the reactions involving the detachment of
a hydrogen atom and the addition of an acetylene molecule at
certain sites of the polyaromatic hydrocarbonmolecule, where four
surface carbon atoms after the introduction of acetylene molecule
directly form a new aromatic six-membered ring.

Later, Frenklach [184] showed that during the growth of poly-
aromatic molecules, a “zig-zag” surface is formed. This mechanism
is inconsistent with the formation of special “arm-chair” sites on
a particle surface for direct embedding of acetylene molecules with
the formation of new aromatic rings (see Fig. 55, lower scheme).
This contradiction was resolved by considering surface growth as
a process involving the formation of hydrocarbons with aromatic-
aliphatic bonds, or as a process connected with the formation
five-membered rings on a surface of soot particles with the addi-
tion of acetylene molecules to the active center on the zig-zag
surface of a soot particle (Fig. 55, upper scheme). After the forma-
tion of such a five-membered ring, it serves as a “nucleus” for the
growth of the whole new layer on the soot particle surface.

The essence of the HACA model is most succinctly and clearly
stated in the recent article by Frenklach [185]. The developed
mechanism represents the growth of soot particles as a repetitive
reaction sequence of two principal steps: (i) abstraction of
a hydrogen atom from the reacting hydrocarbon by a gaseous
hydrogen atom, followed by (ii) addition of a gaseous acetylene
molecule to the newly-formed radical site. The first step activates
a molecule for further growth by converting it to a radical and this
reaction is reversible, while the reversibility of the second step,
contributing to molecular growth, is dependent on the stability of
the forming aromatics. So, the coupling between the “thermody-
namic resistance” of the reaction’s reversibility and the kinetic
driving force is the defining feature of the HACA model.

In the literature, it is possible to find other kinetic models of soot
growth, in particular considering the polyacetylene pathway of soot
formation. For the first time, the role of polyacetylene in soot
formation was considered in the works of Homann-Wagner
[186,187]. Later, in other studies [188,189], it was suggested as the
so-called ‘polyyne model’.

The basic justification for the polyyne model is based on the fact
that the thermodynamic stability of acetylene and polyynes C2nH2
(n ¼ 2; 3;.) grows as the temperature increases, whereas the
stability of all other hydrocarbons decreases. In this model, it is
assumed that the formation of condensed particles proceeds by the
rapid polymerization of ‘supersaturated polyyne vapor’, continues
with polymeric growth and, finally, pyrolytic carbon formation.
Based on the high reaction ability of polyynes [190], Krestinin
Fig. 55. A schematic diagram of the initial surface model with a one-dimensional
armchair substrate (lower picture) and identification of reaction sites (upper
picture). Ref. [184].
[188,189] has affirmed that compared to a rather slow, multistage
increase in the number of aromatic rings in PAHs, the polyynes
grow in a simple and fast way [191,192], typically in:

C2nH2 þ C2H ¼ C2nþ2H2 þH; k ¼ 2� 1013 cm3=ðmol sÞ;
n ¼ 1;2;3;. (39)

The additional argument presented in [188,189] in support of
the polyyne model is that the concentrations of the polyynes C4H2,
C6H2, C8H2 are high enough to be detected as major hydrocarbon
intermediates in both pyrolysis and combustion processes
[186,192].

On the other hand, as it was noted by Richter-Howard [179], the
model [188,189] does not include sufficiently detailed chemical
reaction pathways to allow for a thorough assessment of its
consistency with experimental observations. In particular, the
chemical identity of the soot nucleus is not defined and the
elementary reaction steps involved in their formation are not dis-
cussed. So, up to now, the weak point of the polyyne model is the
absence of detailed description: how are the aromatic species
formed and what are the structures of the initial cyclic products?

Additional arguments against the polyyne model have been
reported in the recent papers [193,194], in which it was concluded
that acetylene addition could be important for soot loading but
does not contribute to particle inception. Therefore, later works
have mostly considered the PAH pathway of soot formation
[179e183]. Nevertheless, the possible contribution of aliphatic
species to soot formation deserves further attention, and the latest
discussion of this problem can be found in a recent review [111].

Note that all the models mentioned are based on an essential
role of hydrocarbon molecules in soot building. However experi-
ments carried out recently on hydrogen-free mixtures
[20,34,36,40e42,44,56,122,129] have shown that the kinetics of
formation and the structure of formed carbon particles in such
systems is similar to those of usual soot. It has stimulated the
development of the new kinetic models, describing the consecutive
growth of carbon clusters (without hydrogen participation) up to
the formation of micro-heterogeneous condensed particles.

Based on recent experimental results [122,195], authors [95,196]
have proposed a model of condensation of carbon atoms formed
during thermal decomposition of the hydrogen-free precursor C3O2
behind shock waves. The kinetic model consisted of several sets of
reactions: a set of gas phase reactions of the thermal decomposition
of C3O2, which was carefully investigated by Friedrichs and Wagner
[120] and a set of gas phase reactions of small carbon clusters
proposed in [197]. These complexchemical pathways of formationof
small carbon clusters have been extended to describe large carbo-
naceous nanoparticles using a discrete Galerkin method. As a result,
these authors have succeeded in describing quite well the experi-
mentally measured parameters of the process of hydrogen-free
particle formation: induction time (Fig. 56a), particle growth rate
(Fig. 56b) and particle yield (Fig. 57) in the temperature range
1200e2500 K. However, in these studies, a large difference between
the prediction and measurement of particle yields and average
particle size at the higher temperature range (3000e4000 K) took
place. This was attributed to the lack of description of the agglom-
erated structure of particles in these models [198].

Later, a fixed sectional aerosol dynamic model was successfully
implemented [96] to describe more correctly the experimentally
measured temperature dependence of carbon particle volume
fraction in hydrogen-free mixtures. In Fig. 58, the results of
modeling the double bell-shaped temperature dependence of
carbon particle yield [42], presented in [96], are shown.

It is necessary to underline that a successful description of the
processes of hydrogen-free carbon particle formation, which
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Fig. 56. Comparison of calculated and experimentally measured [20] induction time s
(a) and rate constant kf (b) of carbon particle formation in the mixture of 0.33% C3O2 in
argon at a pressure of 50 bar. Ref. [95].
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appears to be rather similar to soot formation processes during the
pyrolysis of hydrocarbons, has enhanced the discussion on the role
of hydrogen and various types of poly-hydrocarbons in the
formation of carbon nanoparticles.

In [199,200], an attempts were made to elaborate the kinetic
model which combines the existing detailed kinetic models of soot
formation (the H abstraction, C2H2 addition (HACA) [159] and
polyyne [189] models), the mechanism of acetylene pyrolysis
[201,202] and the mechanism of pure carbon cluster formation [95]
within a unique kinetic scheme. In this scheme, the authors kept
the reaction mechanism and the entire set of the rate coefficients
fixed. The calculations were performed for hydrocarbons with
different chemical structures (aliphatic and aromatic) within
a wide temperature and pressure range. The comparison of the
calculations with the experimental measurements of the induction
times, observable rates of soot particle growth and soot yields in
the pyrolysis of different hydrocarbons in shock tube experiments
have shown that the coincidence is quantitatively good for all the
main parameters of soot formation. Later, based on these results,
a simplified empirical (two-equation), model was suggested and
applied for soot formation simulation [203]. Authors have shown
that a good coincidence between the experimentally measured and
calculated results can be achieved with relatively small computa-
tional effort.

Concerning the agreement between experiments and calcula-
tions, demonstrated in Figs. 56e58, it is necessary to make an
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important point: Most experimental data on the induction time of
particle formation, the rate constant of particle growth and particle
yield, are obtained from extinction measurements at 633 nm. As
has been discussed above (see Section 7), such measurements
reflect the behavior of particles with sizes not less than 5e10 nm,
since particles of smaller size are transparent at this wavelength. By
rough estimates such particles contain not less than n ¼ 104 carbon
atoms. On the other hand, in calculations [95,96,196,198], the crit-
ical number of atoms at which particles are considered to be solid
soot-like particles, is usually accepted equal as n ¼ 84 [94], which
corresponds to particles less than 1 nm in size. It is quite probable
that an increase in the critical size of particles attributed in the
calculations to the condensed phase, or a comparison with data
from UV extinction studies registering smaller particles, would
require appreciable amendments to the developed models.

Moreover, in our opinion, a number of key questions about these
models remain unsolved, they are connected to the structural
transformation of particles at the stage of transition from poly-
hydrocarbon molecules or carbon clusters, which do not yet
possess the properties of condensed particles, to final particles, the
properties of which in all cases are close to the well-studied
properties of soot particles.

It is necessary to underline once again that almost all experi-
mental dependences used for the testing of modeling results are
obtained with the assumption that the optical, and in some cases
thermodynamic properties of registered particles are invariable
(and as a rule, coincide with the known properties of soot), both at
different process times and at different temperatures. However, we
have shown that this is certainly not so, and an account of the real
properties of particles at different stages of their growth and at
different temperatures can essentially change the current picture of
the process.
9. Conclusions

9.1. General remarks regarding the mechanisms of carbon particle
formation in gas phase reactions

The present review demonstrates that in spite of nearly a half
century of numerous investigations into the processes of carbon
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nanoparticle formation from the gas phase in shock wave pyrolysis,
this problem is still far from a final solution.

Indeed, it is now clear how this complex process develops over
time, how formed particles appear at various temperatures, pres-
sures and concentrations, and the various kinds of initial carbon-
containing precursors. The collected experimental material repre-
sents extensive information on the induction times of carbon
nanoparticle formation under various conditions; less exhaustive
information is available about the growth rates of particles and
their final sizes under different pyrolysis conditions. Yet, data on
the detailed properties of formed particles e their structure,
density, heat capacity and absorption spectra are lacking. The
exception is, perhaps, only particles of usual soot, formed under
typical combustion conditions; however, as has been shown in the
current review, the conditions of shock-wave pyrolysis essentially
expand the range of parameters of the process, and, accordingly,
the range of properties of the formed particles.

Further progress in these investigations should be directed
toward essential advances in understanding the complex (and still
widely debated), mechanisms of formation and growth of carbon
nanoparticles in high-temperature gas reactions. One of the key
questions of this problem is the role of hydrogen in the formation of
condensed carbon particles. It is well known that the pyrolysis of
any hydrocarbon molecule does not directly yield carbon clusters,
but instead propagates by way of consecutive growth of hydro-
carbon radicals. Based on this, researchers disagree about the role
of aliphatic and aromatic radicals in the formation of soot particles
during the pyrolysis and combustion of various hydrocarbon fuels.
However, the data summarized in the present review shows that
the particles obtained from hydrogen-free precursors (i.e. formed
by the direct growth of carbon clusters), have a structure similar to
the structure of normal soot. So, the question is now at which stage
of the process do both pathways (hydrocarbon and carbon cluster
growth), combine to a unified mechanism of formation of
condensed carbon particles?

Moreover, we have shown that the growth rates of condensed
carbon particles observed in experiments are nearly identical for
all precursors. Thus, the observed differences in the process of
carbon nanoparticle formation during the pyrolysis of various
substances are likely related only to the initial stages of growth of
heavy hydrocarbons (or carbon clusters). The sub-nanometer
particles formed at these stages of the process are transparent in
the visible and near-UV spectral ranges; therefore they are very
difficult to register, even by means of modern diagnostic methods.
The only optically observed parameter at this stage of the process
is the induction time of absorbing particles. Therefore certain
prospects in this direction can be achieved only by the develop-
ment of new diagnostic tools, for example time-of-flight mass
spectroscopy (TOF-MS), which can register radicals and clusters
with mass numbers up to 1000 amu and more with a time reso-
lution of 10�6e10�5 s. Any experimental information on the
behavior of such sub-nanometer particles can help to expand our
understanding and the possibilities of modeling the mechanisms
of their growth and thus, to complete an overall picture of this
complex phenomenon.
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