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Abstract—The kinetics of the formation of condensed carbon particlesin the therma decomposition of C;0,
molecules behind shock waves was experimentally studied at temperatures of 1200-2500 K, pressures of
~20-60 atm, and molar fractions of C;0, in amixture with argon in the range 0.03—2.00%. The concentration
of condensed carbon particles was measured by the absorption of laser radiation at wavelengths of 632.8 and
1064 nm. The experimental results were compared with data calculated in the framework of three different
models. Two of these models (analytical) include the kinetics of the formation of the particle-size distribution
function and give a simplified description of the kinetics of gas-phase reactions involving C;0, and decompo-
sition fragments. The third model (numerical) combines detailed descriptions of the kinetics and the coagula-
tion dynamics. Several types of condensed carbon particles were considered: carbon clusters, soot particles, and
fullerenes. The transitions between various forms of condensed carbon particles were included into the kinetic
scheme of the model. All main observed specific features of the growth kinetics of condensed carbon particles

during C30, pyrolysis can be described in terms of these models.

INTRODUCTION

The advantages of a shock wave technique for
studying the kinetics of formation of condensed carbon
during hydrocarbon pyrolysis were discussed in detail
in several works [1, 2]. A number of kinetic models
were proposed, which allow, with different degrees of
detail, the interpretation of experimental data on the
kinetics of soot formation in the pyrolysis of hydrocar-
bons. The so-called HACA (Hydrogen Abstraction,
Acetylene Addition) model is most popular [3]. Its
main idea can be reduced to the following: the addition
of a C,H, molecule (as assumed, C,H, molecules are
the main “building material” in soot growth) to a soot
nucleusresultsin the escape of H atomsto the bulk, and
they provide the further development of a chain reac-
tion. The so-called “whole model” of soot formation
was also developed [4, 5], which can describe available
experimental data on soot formation during hydrocar-
bon pyrolysis.

The great interest in soot formation specifically in
hydrocarbon systems is understandable and results
mainly from applied aspects of the problem. At the
same time, other classes of compounds are of consider-
able interest from the fundamental point of view. The
use of these compounds could reveal more reliably the
main factors determining the kinetics of growth of con-
densed carbon particles. These concepts have been
developed in severa recent works. Thienel [6] exam-
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ined the kinetics of soot growth during the pyrolysis of
completely fluorinated hydrocarbons. The observed
kinetic parameters for soot growth were found to be
only dlightly different from those measured in the
pyrolysis of hydrocarbons.

Starikovskii et al. [7] studied the kinetics of soot
formation in the pyrolysis of CCl, in argon and CCl,—
H, and CCl,—Fe(CO)s binary mixtures. We briefly con-
sider only the results obtained for the CC1,—H, mixture.
This system is interesting because C atoms and small
C, and C; particles predominate, at least at early stages
of the processes. They are formed in the fast reactions

ccl,— CCl,+Cl,
Cl+H, — HCl + H,

H+CCl,—» HCI+CCl _, (x=1-4),

and “strip” the chlorine shells of CCl, particles. As a
result, the formation of condensed carbon becomes
much easier and leads, in particular, to a shift of the
lower temperature boundary of the appearance of car-
bon clusters from ~1600 K (the temperature character-
istic of both hydrocarbons and their chlorine and fluo-
rine derivatives) to ~1200 K. The kinetic aspects of
these studies are presented in detail in [7].

At the sametime, asystem in which carbon vapor is
formed during the pyrolysis of the initial moleculesin
shock waves would be most attractive for studying the
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kinetics of carbon cluster growth. Mixtures containing
C,0, can be used for this system. This substance can be
considered to be carbon bicarbonyl. At moderately high
temperatures, two ligands (CO species) are easily elim-
inated to form carbon vapor with a high degree of
supersaturation, whose subsequent condensation pro-
duces particles of condensed carbon.

The main purpose of thiswork isto study the kinet-
ics of formation of carbon clusters in the pyrolysis of
C,0, moleculesin shock waves.

EXPERIMENTAL

The kinetics of growth of condensed carbon parti-
cles during C;0, pyrolysis behind shock waves was
studied using the setup described previously [8]. The
yield of condensed carbon particles was determined
behind reflected shock wavesin a steel shock tube with
an inner diameter of 70 mm. The lengths of low- and
high-pressure chambers were 4.5 and 3.5 m, respec-
tively. The parameters of the gas behind the shock wave
front were calculated from the data on the rate of the
incident shock wave [9] measured by piezoelectric sen-
sors. Theyield of carbon particles was measured by the
absorption of laser radiation (A = 632.8 and 1064 nm).

Experiments were carried out with mixtures con-
taining 0.03, 0.10, 0.33, and 1.00% C;0, in argon.
Hydrogen served as a driver gas. To exclude the effect
of hydrogen on the condensation of carbon vapor, we
also carried out check experiments where the hydrogen
driver gaswasreplaced by helium. Asisknown, thefol-
lowing kinetic parameters are usualy measured in
experiments on soot formation using shock tubes: the
induction period T (time before the beginning of detect-
able light absorption by carbon clusters), the yield of
particles SY (ratio of the number of carbon atoms that
formed ensembles of condensed particles to the total
number of carbon atoms introduced into the reaction
zone as congtitutients of the starting substance; in this
case, each C;0, molecule provides one C atom because
two CO ligands are released without decomposition),
and the apparent rate constant of cluster growth k; inthe
region of the oscillogram whose profile is approxi-
mated by the equation

SY(t) = SY,[1-exp(—kt)],

where SY(t) is the yield of condensed carbon particles
at timet and SY,, isthe final yield of condensed carbon
particles at long times. A typical experimental oscillo-
gram is presented in Fig. 1 (curve /) and refers to the
conditions of the most intense formation of condensed
carbon particles. The very weakly pronounced induc-
tion period (the time dependence of the laser-radiation
absorption exhibits an S-shaped character typical of
consecutive reactions) and the good approximation of
the main part of the oscillogram by the equation con-
taining the factor [1 — exp(—k;t)] are worthy of atten-
tion.
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The yield of condensed carbon particles was deter-
mined from the time dependence of the intensity of the
signal of radiation absorption using the following rela-
tion:

In(I(t)/1,(t = 0))
ad[C,0,],

where I(t) is the intensity of the absorption signal at
timet; I,(t = 0) isthe intensity of the absorption signal
at theinitial point in time, that is, before the beginning
of the thermal decomposition of C;0,; a isthe absorp-
tion coefficient of condensed carbon particles; d is the
optical path length of absorbed radiation inside the
shock tube; and [C;0,], is the initial concentration of
the starting substance.

However, the absolute values of the resulting SY
depend substantialy on the refractive index n chosen for
condensed carbon particles, whichin turn dependson the
chemical composition of the particles; therefore, in the
majority of cases, the exact absorption coefficient of con-
densed carbon particlesis not sufficiently known. Inthis
work, the absorption coefficients for al experiments
were chosen equal to 100 (for the laser radiation wave-
length A = 632.8 nm) and 60 m?/mol (for A = 1064 nm).
In this case, the resulting values of SY were always
lower than unity.

The processing of oscillogramsto obtain parameters
T, k;, and SY is described in detail in[1, 2].

Theerror of the measurements of the optical absorp-
tion signals was ~10-20% depending on experimental
conditions. The average error for determining the val-
uesT, k;, and SY was the same. However, at |ow temper-
atures, the accuracy of determining these values
decreased noticeably because the quasi-stationary level
of the absorption signal cannot be determined exactly.
Therefore, it is difficult to quantitatively estimate the
decrease in the apparent activation energy for k; at low
temperatures.

SY(t) =

RESULTS

Figures 2—4 demonstrate parameters 1, k;, and SY in
the course of C;0, decomposition plotted against tem-
perature, as determined in this work. They show that
the replacement of the hydrogen driver gas by helium
left the Kinetic parameters of the process almost unaf-
fected.

The yield of condensed carbon particles changed
rather weakly with changing the molar fraction of C;0,
in the mixture and when the hydrogen driver gas was
replaced by helium (Fig. 4). At the sametime, the addi-
tion of hydrogen to the starting mixture significantly
decreased the yield of soot particles, whereas the tem-
perature range of soot formation remained unchanged
(Fig. 4, curvell).

The condensate remaining on the walls of the shock
tube after experiments was analyzed by electron
microscopy. It was found that the characteristic size of
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Fig. 1. The profiles of (1) laser-radiation absorption by carbon clusters (in SY units) and (2) pressure behind the shock wave during
C30, decomposition. T, = 1673 K; P, = 5.56 MPa; amixture of 0.33% C30, in argon; driver gas helium; |aser-radiation wavelength
A = 632.8 nm. The approximation of the region of the oscillogram of the absorption signa (after the end of the induction period) for

the determination of the k; value is shown in curve 1.

the particles forming fractal structures was ~30 nm.
Thisvalueis close to those for particles formed by the
pyrolysis of hydrocarbons and their halogen derivatives
under similar experimental conditionsin shock tubes.

DISCUSSION

The most important qualitative conclusions can be
drawn from the above experimental data.

The temperature profile SY(T) is also characteristic
of the mgjority of test systems[1] but the whole curve
is noticeably shifted to low temperatures. This shows
that the tendency to condensed carbon particle forma-
tion during C;0, pyrolysisis much higher than that for
all other systems studied previoudly.

Let us consider k;. The absolute values of k; are
much higher than those for any of the studied systems
of hydrocarbons or their halogen derivatives. Unlike
the latter, in our case, k; in the Arrhenius coordinates
demonstrates a nonmonotonic function of temperature.
The absolute values of k; in the temperature range T >
1500 K (1/T < 6.7 x 10™) are close to the reduced rate
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constant of the thermal decomposition of C;0, mole-
cules (Fig. 5). Thisis the most remarkable property of
k; in the case of cluster formation during C;0, decom-
position.

Thus, the formation of condensed carbon particles
in C;0, pyrolysis demonstrates interesting kinetic
behavior, which was not observed in soot formation
during the pyrolysis of structurally different hydrocar-
bons, including chlorine- and fluorine-substituted
hydrocarbons. An important qualitative conclusion on
the hierarchy of characteristic times in the test system
can be drawn from the closeness of the first-order rate
constant of the formation of carbon particles and the
reduced rate constant of C;0, decomposition. This
coincidence can take place if the growth rate of a con-
densed phase is much higher than the rate of delivery of
the main “building material” for condensate growth. In
this respect, the kinetics of formation of condensed car-
bon particles during C;0, pyrolysisis closer to that of
the formation of metal clustersin the pyrolysis of vola-
tile carbonyls rather than to soot formation in hydrocar-
bon pyrolysis. The type of building material leading to
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Fig. 2. The temperature dependence of 1og(t[C30,] (J)J 2 for

soot formation in C30, pyrolysis. Concentrations of C30,
in argon, vol %: (1) 1.00, (2) 0.33, (3) 0.10 (high-purity
argon), (4) 0.10, and (5) 0.03. (1, 3, 4, and 5) driver gas
hydrogen; (2) driver gas helium.

the growth of carbon clustersisa priori unknown; how-
ever, different variants can be compared in the frame-
work of appropriate kinetic schemes.

Let us take as a basis the following simplest kinetic
scheme composed according to the above concepts:

C302+M 4’C20+CO+M, (I)

C,0+M —»C+CO+M, (ID)
C+C;0, —= C,+2CO, (1)
C+C,0 —~C,+CO, Iv)
C,+C;0, —» N +2CO, V)
C,+C,0 —~N+CO, (V)
C+N—N, (VID)
C,+N— N, (VII)
C,0+N _—~N+CO (IX)

(M are particles of the diluent gas, and N are solid car-
bon particles).

As can be seen, the primary act of C,0, decomposi-
tion and the subsequent reactions afford the active frag-
ments C, C,, and C,0, which are considered to be the
building material for growing condensed carbon parti-
cles. For simplicity, it is assumed in the above kinetic
scheme that the boundary between nuclei and con-
densed carbon particles lies in the region of C; and the
solid carbon particles, which are designated by symbol
N, in the kinetic scheme grow in reactionsinvolving the
active carbon-containing fragments C, C,, and C,O. In
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Fig. 3. The temperature dependence of Iog(kf[C302]51/4

for C30, pyrolysis at the following C30, concentrations in
argon, vol %: (1) 1.00, (2) 0.33, (3) 0.10 (high-purity
argon), (4) 0.10, and (5) 0.03. (1, 3, 4, and 5) The driver is
gas hydrogen; (2) the driver is gas helium.

terms of this simplified kinetic model, the condensed
carbon particles are considered in the so-caled
N-approximation, which only takes into account the
growth of the total weight of condensed carbon parti-
cles[5].

Unfortunately, in the general case, kinetic equations
are awkward expressions, and the corresponding
kinetic effects can only be studied by numerical calcu-
lations. Nevertheless, we can illustrate the main kinetic
regularities using a quasi-steady-state approximation.
In this case, the above kinetic scheme for the initid
stage of the process under the conditions

ke[ C;0] k[ C;0]
——=>1 —=>1 1
ke[C,03] G[C.03) M

givestherelation
T = kmirc.04. @

Here, [C{] is the concentration of carbon atoms in the
composition of condensed carbon particles, [C,0] is
the quasi-steady-state concentration of C,0O particles,
and [C;0,] and [M] are the concentrations of the start-
ing substance and the diluent-gas particles, respec-
tively. The apparent rate constant of particle growth
k: (s7") isequal to k,[M] in the order of magnitude. Ine-
qualities (1) imply that the reactions of active interme-
diate specieswith the starting substance do not substan-
tialy accelerate its consumption and do not lead to the
autoacceleration of the overall process. It can be
expected that at large |oads of the starting substance the
consumption of the starting substance is accelerated
and the apparent rate constant of condensed carbon
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Fig. 4. The temperature dependence of the yield of con-
densed carbon particlesin C30, pyrolysisin the (1) absence
and (1) presence of H, in the reaction mixture. Concentra-
tion of C30, in argon, vol %: (1) 1.00, (2) 0.33, (3) 0.10
(high-purity argon), (4) 0.10, (5) 0.03, and (6) 0.33 (+0.33%
Hy). (1, 3, 4, 5, and 6) driver gas hydrogen; (2) driver gas
helium. Curves | and |l represent the statistical processing
of experimental data.

particle growth is noticeably higher than the value of
k,[M] for the primary process of starting substance
decomposition. The estimations based on scheme
(D-(1X) using the quasi-steady-state approximation
show that in calculations the value of k;: can be higher
than the value of k,[M] by afactor of three. This result
is consistent with the experimental data (Fig. 5).

Note that the rate constant of the thermal decompo-
sition of C;0, was measured previously [10, 11]. In
[10], highly dilute mixtures (about several ppm of C;0,
per molecule of the diluent gas) and a highly sensitive
resonance absorption technique were used to detect the
kineticsof liberation of C atoms. Traditional absorption
spectroscopy was used in [11] for C;0, molecules.
Because the sensitivity of this method is low, the molar
fraction of C;0, in a mixture with Ar was as high as
severa fractions of a percent. This work is of interest
because its authors varied the pressure up to several
tens of atmospheres and showed that the decomposition
occurred mainly in the low-pressure region or only
dlightly covered the transition region. The results of
measurements in these two works agree well with each
other despite significant differences in the measure-
ment techniques, pressure ranges, and molar fractions
of C;0, in the mixtures. The main conclusion from a
comparison of these works is that the influence of sec-
ondary reactions during C;0, decomposition is not too
high and the reaction rate is primarily determined by
the first stage. This remarkable fact distinguishes C;0,
from the entire body of test systems. Note that the pre-
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Fig. 5. The temperature dependence of the apparent rate
constant k¢ of condensed carbon particle growth: (1) k; val-
ues obtained from the approximation of the experimental
absorption signals at [C305]g = 0.10 and 0.33%; (2) k;
obtained by the approximation of the cal culated plots of the
yield of condensed carbon particles using the complete
kinetic scheme (Tables 1 and 2); and (3) the reduced rate
constant of primary C30, decomposition k;[m] (the first
reactionin Table 1).

viously observed values of k; did not exhibit any notice-
able correlation with the rate constants the of decompo-
sition of parent molecules. In other words, cluster for-
mation in C;0, decomposition shows a close
resemblance to the nucleation of vaporous metals
formed in the thermal decomposition of carbonyls and
other volatile metal-containing compounds in shock
waves[12]. The qualitative pattern is reduced to the sit-
uation where the rate of carbon cluster growth is lim-
ited by the delivery of the building material (C, C,, ...)
formed by the decomposition of C;0.,.

A more complex kinetic model of the formation of
condensed particles in C;0, pyrolysis, which gives
analytical expressions for the main parameters of the
appearance and growth of condensed carbon particles,
is based on the consideration of a kinetic scheme of
consecutive reactions of the formation and growth of
condensed particles [13]. In this case, the model
adapted for the considered experimental conditions
uses a simplified scheme, according to which the clus-
ter growth is provided by the incorporation of C, parti-
clesinto the C,, cluster and by the reaction of the start-
ing C;0, molecules with the C,,, clusters. In this reac-
tion, two CO ligands are released, and the cluster size
increases by unity.

Analysis of the kinetic scheme of the consecutive
reactions of the formation and growth of condensed
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clusters calculated by Eg. (3) for f;,gneq = 10.0 and the acti-
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carbon particles gives the analytical expressions for
three important parameters of cluster formation

_ . [COddeki | Eay
[h, = nonqu PE5lT (3)
Ea

T

¢ = — @
KIN{ KT f roneg (e (t) TC2021 k11 3
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(%)
Here, k is the Boltzmann constant; [, Lis the limiting
size of clusters; [C;0,], is the initial concentration of
starting molecules; f,,.e, IS the nonequilibrium factor,
which indicates the degree of deviation of the rate con-
stant of monomer attachment to clusters from the high-
pressure regime and, to a first approximation, is
inversely proportional to the Kassel integral used for
the approximation of the transition curve from the low-
pressure regimeto high pressures; k, isthe rate constant
of decomposition of the starting molecule; k; is the
rate constant of monomer attachment to clustersin the
limit of high pressures; E, is the activation energy of
unimolecular decomposition of starting molecules;

Ega is the activation energy of heterogeneous cluster
growth by theinteraction of C;0, with clusters; T, isthe
lower boundary temperature for the appearance of clus-
ters; kg isthe pre-exponential factor of therate constant
k,; t, is the lifetime of steady-state conditions behind

the shock wave; [, [],, is the sensitivity of the proce-
dure of cluster detection by light absorption; and t, is

-1
+ 7E
(ky) (K [C504] o) exp = aﬂ} .
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the characteristic time of cluster growth. Figure 6 pre-
sents the calculated temperature dependence obtained
using Eq. (3) for thelimit size [n,,[Of cluster at different
activation energies of heterogeneous cluster growth and
at f,,,eq = 10.0. Figure 7 presents the cal cul ated temper-
ature dependence of the characteristic time of carbon
cluster growth obtained using Eg. (5) at different acti-
vation energies of heterogeneous cluster growth and at
fooneq = 10.0. The value of T, was found from Eq. (4) to
be ~1200 K.

This simplified analytical model adequately
describes the high-temperature portion of the bell-
shaped curve of SY. The low-temperature portion gives
too high values because it ignores the limiting factor,
that is, afinite reaction time (~1 ms) behind the shock
wave. As a result, the conversion of the starting mole-
cules in the experiment is low, and the cluster size is
also small. From these considerations, Eq. (4) for T,
was obtained.

These concepts alow usto explain qualitatively the
formation of a bell-shaped curve for SY as a function
of temperature. The calculated data for 0h,Cand t,; at
T =1600 K agree satisfactorily with the experimental
data and the results of numerical calculations according
to the complete kinetic scheme (see below).

For the numerica simulation of experimental
results on the condensation of carbon formed behind
the shock wave front as a result of the thermal decom-
position of C;0,, we developed a detailed Kinetic
scheme of possible reactions occurring in this system.

The possibility of the formation of closed spatial
structures that consist of five- and six-membered rings
isan important element of the kinetic scheme of carbon
atom condensation. In this respect, the carbon atom is
unique. Clusters of virtually all other studied elements,
even beginning already from n = 10-13, have an inter-
nal atom and then external atomic layers simply grow
on the cluster, whereas the situation is different in the
case of the carbon atom. Numerous experimental stud-
ies of carbon clustersdid not find clusters with internal
atoms up to n < 3040. Carbon atoms are prone to the
initial formation (during condensation) of linear chain
structures up to n = 10-11, ring and multizing struc-
turesat n = 11-20, and closed three-dimensional struc-
tures consisting of five- and six-membered rings begin-
ning at n = 30.

Let us consider briefly the kinetic scheme proposed
for the description of carbon condensation during the
thermal decomposition of C;0,. The scheme contains
two main blocks of gas-phase and heterogeneous reac-
tions. Gas-phase reactions include the thermal decom-
position of C;0, and the growth and thermal decompo-
sition of small carbon clusters.

In the thermal decomposition of C;0,, we consider
the formation of C, C,, and C,O (Table 1). The rate
constants of the main reactions of the thermal decom-
position of C;0, and secondary reactionsin the kinetic
scheme were taken from experimental data obtained in
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highly dilute C;O,~Ar mixtures [11] and were not
changed in calculations.

The reactions involving small carbon clusters (to
n=10) include all possible reactions of their growth,
coagulation, and thermal decomposition (Table 1). The
growth of small clusters involves C;0,, C,0, and C
atoms. The decomposition of small clusters (to n = 10)
is presented by reactions whose activation energies and
preexponential factors of the rate constants depend sub-
stantialy on the cluster size. All possible combinations
of coagulating particlesto n = 15 are considered in the
coagulation reactions of small clusters.

The reactionsinvolving larger carbon clusters (n > 30)
are presented in the block of heterogeneous reactions
(Table 2). Inthis case, particleswith n = 30 are consid-
ered as“nuclei” for future heterogeneous particles and,
in essence, combine the blocks of gas-phase and heter-
ogeneous reactions into a single unit.

The growth, coagulation, and structural transforma-
tion of heterogeneous particles are considered in the
block of heterogeneous reactions. The C, C,, and C,0
species participate in the growth reactions.

The particles of C[n] < 70 (indices in brackets are
used to designate the particle sizein the solid phase) are
considered to be precursors in the formation of soot
particles and fullerene-like structures. The particles of
C[n] ~ 70 can form fullerene-like closed structures with
the rate constant characterized by a sharp maximum at
the average particle size C[n] = 70. These structures
need not be fully ordered (in terms of the regular alter-
nation of adjacent five- and six-membered rings) asin
the case of fullerenes Cq, and C,. However, because of
the closed three-dimensional structure, they are consid-
ered henceforth to be relatively inert species, which do
not participate in growth and coagulation reactions.

The particles of C[n] > 84 are considered to be soot
particles, which participate in growth and coagulation
reactions. The C, C,, and C,0 species participate, as
earlier, in the growth reactions.

The size C[n] = 84 is conventionally accepted as a
boundary between carbon clusters and soot particles.
According to this assumption, after the particles
reached the average size C[n] = 84, they can be trans-
formed into soot particles. The rate constant of this
reaction, in the framework of the considered kinetic
scheme, is a function of the average particle size and
increases sharply from almost zero for n < 84 to a cer-
tain constant value for C[n] > 84.

The complete kinetic scheme of reactions with rate
constants used in calculations is presented in Tables 1
and 2 along with references and comments concerning
the rate constants used in the cal culations.

Taking into account the different optical properties
of soot particles and fullerene-like species is an impor-
tant element for the description of the total experimen-
tal yield of particles. Published data[17] indicate acon-
siderable difference in the absorption coefficients of
soot particles and fullerenes. The ssimplest internal nor-
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Fig. 7. The temperature dependence of the characteristic
timeof cluster growth calculated by Eq. (5) for f,gneq = 10.0
and the activation energies of heterogeneous cluster growth

EN, kymol: (1) 27, (2) 42, (3) 63, (4) 84, and (5) 105.

malization procedure was performed as described
below to interpret the experimental results of measure-
ments of the absolute value of the total yield of carbon
particles. The absorption signal measured at the maxi-
mum of thetotal yield of carbon particles (T = 1600 K)
was ascribed to the absorption of soot particles,
whereas the absorption signal at high temperatures (T >
2100 K), which remained almost unchanged with afur-
ther increase in the temperature (to T = 2300 K), was
ascribed to the absorption of fullerene-like species.
Due to the fact that we found experimentally that the
yield of particles at the maximum is close to 100% and,
according to our assumptions, most of the carbon atoms
in this case are concentrated in soot particles, we can
determine the absolute value of the absorption coeffi-
cient of soot particles at a given wavelength. At high
temperatures, according to our assumption, most of the
carbon atoms are transformed into fullerene-like struc-
tures. Measuring the signal of optical absorption at a
specific wavelength and associating it with the absorp-
tion of fullerene-like structures (in this case, according
to our assumption, the yield is also close to 100% in
terms of carbon atoms), we can determine the absorp-
tion coefficient of fullerene-like species at a specified
wavelength of radiation.

Currently, the most detailed description of the
kinetics of transformation of the size distribution func-
tion of condensed particles with consideration for var-
ious chemical reactions with both gas-phase and heter-
ogeneous condensed components is given by a numer-
ical algorithm based on the discrete Galerkin method
[18]. In our case, in the framework of this method, the
kinetic scheme formulated above allows the successful
description of experimental induction periods for the
formation of condensed species due to carbon atom
condensation behind the incident shock wave [12]
and the total yield of condensed species (Fig. 8).
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Table 1. Kinetic parameters of gas-phase reactions

, Rate constant, k = A(T)Pexp(—E, /RT), cm® mol 1 st
Reaction Notes

A | b | E,, kdJmol

Thermal decomposition of C;0,
C;0,+M —= CCO+CO+M 1.5 x 10%5 0.0 245.0 a
CCO+M —>C+CO+M 1.5 x 10%7 0.0 245.0 a
C+C0, — C,+CO+CO 36x10™ 0.0 23.0 a
C+CCO — C,+CO 45x 101 05 0.0 b
CCO+CCO —» C,+CO+CO 6.0 x 1012 0.0 23.0 ¢
C,+CCO —» C3+ CO 45 x 101 05 0.0 b
C,+C30, —= C3+CO + CO 45 x 101 05 85.0 d

Growth of small carbon clusters
C,+CCO —» C,,; +CO 45x 101 05 0.0 3<n<29°
C,+C30, — Cpy + CO+CO 45x 101 05 85.0 3<n<29
C,+Cl— Chy 4.5 x 10" 0.5 0.0 1<n<29®

Thermal decomposition of small carbon clusters
C;,+M —=C+C+M 1.2 x 10% -1.0 133.98 €
C,—C+C 2.9 x 10%° 0.0 620.12 f
C3+M —>C,+C+M 1.2 x 1012 -1.0 184.22 e
C;—C,+C 1.9 x 1016 0.0 737.70 f
C,—>C,+GC, 3.6 x 10'° 0.0 578.20 f
C,—>Cz+C 5.6 x 10'° 0.0 460.10 f
Cs—>C,+C 1.1 x 106 0.0 700.00 f
Cs— C3+GC, 2.2 x 1016 0.0 540.50 f
Cs—Cs+C 1.1 x 10Y7 0.0 507.90 f
Ce—C,+GC, 4.2 x 10V 0.0 588.20 f
Ce—> C3+C, 1.2 x 10Y7 0.0 310.70 f
C,—> Cg+C 1.1 x 10Y7 0.0 648.90 f
C,—>Cs+GC, 4.0x 108 0.0 536.70 f
C,—> C,+C, 2.4 x 1018 0.0 499.00 f
Cg—C,+C 1.1 x 10Y7 0.0 531.30 f
Cg—> Cs+C, 3.9x 108 0.0 560.20 f
Cg—> C5+ Gy 2.2 x 10 0.0 330.30 f
Cg—>C,+C, 45 % 10 0.0 570.20 f
Co—> Cg+C 1.1 x 10Y7 0.0 646.00 f
Co—C,+C, 39x 108 0.0 557.30 f
Cy—> Cs+Cy 2.2 x 1010 0.0 468.50 f
Co—> Cs+C, 43 x10% 0.0 515.80 f
Cpo—>Cy+C 1.1 x 10Y7 0.0 778.30 f
Cpo— Cg+ G, 3.9x10'8 0.0 804.30 f
Cpo—> C;+ G5 2.2 x 1010 0.0 597.90 f
Cyp— Cs+C, 4.3 x 102 0.0 786.30 f
Cypo— Cs5+Cs 4.0x 10 0.0 594.10 f
Coagulation of small carbon clusters

C,+C, — C3+C 2.5 x 101 0.0 74.900 f
C,+C3—>C,+C 2.5 x 101 0.0 74.900 f
Ch+tCrn—Chim 4.5 x 10% 0.5 0.0 2<n,ms 159

a
[11].

b The rate constant was chosen by analogy with the rate constant of growth of small carbon clusters, and its absolute value is close to that
used in [11].

€ The parametersinvolved in the rate constant were similar to those for the rate constant of reaction (4) in [11] with a somewhat decreased
preexponential factor.

d The activation energy, whose valueistypical of reactions between radicals and molecules, was introduced into the rate constant.

€ The rate constant is similar to that of the reaction of small iron clusters published in [14].

f
[15].

9 The rate constant of coagulation was estimated by the method described in [16].
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Table 2. Kinetic parameters of reactions involving heterogeneous particles

Rate constant, k = A(T)Pexp(—E"® /RT), cm® mol L s

Notes

Reaction
A

b Ex*, k¥mol

Formation of nuclei of heterogeneous carbon particles C[n + m|

C,+Cy,— C[n+m* 4.5 x 1012 05 | 0 | 30<n+m<B50?
Growth of nuclei of heterogeneous carbon particles C[n]
C[n] +C —C[n+1] 45 x 1012 05 0 b
C[n] + CCO — C[n+ 1] + CO 4.5 x 102 05 0 a
C[n] +C, — C[n+ 2] 4.5 x 10%? 05 0 a
Coagulation of heterogeneous particles C[n]
C[n] + C[m] — C[n+ m] 1.0 x 10%2 0.5 | 0 | c
Transformation of heterogeneous nuclei into fullerene species F[n]
Cln] — Fn] 3.0x 103 0.0 | 300.00 | b
Transformation of heterogeneous nuclel into soot particles Snj
C[n] — 9[n] | 1.0x 108 0.0 | 0 |
Growth of soot particles §[n]
S[n] +C — Sn+1] 45 x 102 05 0 b
S[n] + CCO — Sn+1] +CO 4.5 x 10%? 05 0 a
SN +C, — S[n+2] 4.5 x 1012 0.5 0 a
Coagulation of heterogeneous soot particles §n]
S[n] + g(m] — Sn+m| 1.0 x 10%2 05 | 0 | €

* The sizes of particlesin the solid phase are designated by indices in brackets.
8The rate constant was chosen similarly to the rate constant of growth in the reaction with the C atom described in [15].

b185].

€ The rate constant of coagulation was estimated using the method described in [16].

The experimentally measured apparent rate constants
of the growth of condensed carbon species are not
described very well; however, a qualitative agreement
isalso obtained in this case (Fig. 5, points2). The most
pronounced inconsistency between the measured and
calculated k; values is observed in the middle of the
studied temperature range, where the measurement
accuracy ishighest. The temperature dependence of the
average particle sizes of the precursors C[n], the
fullerene-like species F[n], and the soot particles S[n]
areshownin Fig. 9.

Note that we did not try to achieve the coincidence
between the calculated and experimental data on the k;
parameter by varying kinetic coefficients. Evidently,
this could be achieved; however, anoticeable deviation
of the calculated SY and T plots from experimental data
would appear as aresult.

At this stage, our approach was to use previously
tested individua blocks of reactions without changes
for the development of areasonably full kinetic model
and to evaluate its prediction potentialities by the com-
parison with new experimental data on the kinetics of
the liberation of condensed carbon particles.

KINETICS AND CATALYSIS  Vol. 42
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These blocks are primarily presented by the block of
gas-phase reactions for early stages of thermal C;0,
decomposition and the block of processes involving
fullerenes.

The second parameter, in which the detailed model
is noticeably inconsistent with experimental data, isthe
particle size of condensed carbon formed at the end of
the observation of the shock wave. These values are
equal to ~10° and 10* C atoms per particle in the exper-
iment and cal culation, respectively. However, note that
the particle size and structure of condensed carbon
formed behind shock waves should be studied in more
detail; this is especially true in regard to the tempera-
ture dependence of these parameters. The results of fur-
ther studies will be published elsewhere.

The analytical model based on the maximally sim-
plified gas-phase kinetic scheme, in which coagulation
isneglected (see Egs. (3) and (4)), resultsin the remark-
able temperature dependence of the maximum particle
size and in a correct estimation of the lower tempera-
ture limit for the experimental detection of condensed
carbon particles. As mentioned above, the limiting par-
ticle size of condensed carbon consistent with the
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Fig. 8. The temperature dependence of the yield of con-
densed carbon particles for a mixture of 0.33% C30, in

argon at a pressure of 5.0 MPa and a time of 1 x 103 s,
Points indicate the result of experimental measurements,
solid curve shows the result of numerical calculation.

experimental data can be obtained at reasonably chosen
free parameters of the analytical model.

Let us emphasize the most important moments that
follow from a comparison of the k; values obtained
from the approximation of experimentally measured
absorption signals and from the calculated yields of
condensed carbon particles as functions of time with
the rate constant of the thermal decomposition of C;0,
(reaction (1)) at different temperatures. Figure 5 shows
that the k; values obtained by the approximation of the
calculated plots of the yield of condensed carbon parti-
cles lie much higher than the k; values obtained by the
approximation of the experimentally measured signals
of laser-radiation absorption. The temperature plots in

the log(k;)—1/T coordinates are obviously nonmono-

tonic. The deviation from linearity in these coordinates
is observed at both low and high temperatures. In the
case of low temperatures, this can berelated to too long
times taken to achieve a quasi-stationary state for
experiments in shock tubes and, hence, to a greater
arbitrariness in the choice of parameters for approxi-
mating the optical absorption curve in this case. From
general physical concepts, a deviation at high tempera-
tures also will take place sooner or later. However, it
remains unclear at what temperature this will happen.
Perhaps, in this case, a limitation is imposed by the
approximation procedure itself, the accuracy of the
choice of parameters for which also decreases in the
case of very fast processes of increasing the front of the
optical absorption signal (almost without an induction
period). In other words, it is most likely that in the
experiment we did not reach the conditions under

which the log(k;) —1/T plot will deviate from linearity

WAGNER et al.
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Fig. 9. The temperature dependence of the calculated aver-
age particle size of the carbon species C[n], F[n], and §[n]
for a mixture of 0.33% C30, in argon at a pressure of

5.0MPaand atimeof 1 x 103 s.

at high temperatures. Therefore, we can state only a
guantitative discrepancy between the k; values deter-
mined from experimental relationsand purely by calcu-
lations.

Seemingly, the closeness of the calculated values of
k; and k,[M] (reduced rate constant of C;0, decompo-
sition) is unambiguoudly indicative of the “simple”
kinetics of condensed carbon particle growth when the
primary step of C;0, decomposition, which delivers
the building materia (C,0) for condensed carbon par-
ticle growth, isthe rate-limiting step of the growth pro-
cess. However, ascan be seenin Fig. 5, anoticeable dif-
ference between the k; values determined by the calcu-
lation (by the complete kinetic scheme) and from
experiments suggests amore complex character of con-
densed carbon particle growth. The possible vibrational
superexcitation of carbon clusters during the decompo-
sition of the starting compound and the growth of small
carbon clusters is a factor that was ignored in the
kinetic simulation of the growth of condensed carbon
particles. This superexcitation is possible because al
processes of carbon cluster growth are exothermic. The
direct experimental observations also demonstrate the
“overheating” of C, species (these results will be pub-
lished elsewhere).

During theinduction period, the processes of carbon
cluster growth are rather slow and close to equilibrium.
The effects of vibrational excitation appear only
dlightly. These processes are most pronounced in the
region of the maximum growth rate. Therefore, the T
values and the yields of condensed carbon particles are
less sensitive to superexcitation effects.
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Returning to the problem of the ratio between
experimentally measured k; and k; values, note that the
simplest kinetic scheme (see Egs. (1)(1X)) gives the
correct ratio between them at a knowingly underesti-
mated lower limit of the particle size of condensed car-
bon with coagulation neglected.

In conclusion, note that the kinetics of condensed
carbon particle growth was, in fact, considered in the
framework of a spheroid approximation for all models
used, and assumptions on chains and planar and closed
rings were used only implicitly in the interpretation of
thermochemical data. Kinetic deviations from the for-
malism of the liquid droplet model are of great impor-
tance for the description of the processes of formation
of carbon nanostructures (fullerenes and nanotubes).
However, the problem of taking into account the spatial
structure of formed condensed speciesin kinetic calcu-
lations requires further investigations.
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