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The carbon particle formation process in a pyrolysis of benzene and benzene-ethanol mixtures diluted by
argon at initial temperatures 1650-2600 K and pressures 1.4-5.5 bar behind reflected shock waves was
studied. The manifold optical diagnostics: emission-absorption spectroscopy for gas-particle tempera-
ture, time-resolved laser-induced incandescence (Ti-Re LII) for particle size evaluation and laser light
extinction for the volume fraction of condensed phase measurements were applied simultaneously.
The temperature in pyrolysis process was found to differ significantly from the initial temperature behind
the reflected shock wave in all studied mixtures. The real temperature dependences of volume fraction of
condensed phase at the wavelength of 633 nm and particle size based on the performed measurements
were specified and analyzed. The effect of ethanol addition on carbon particle formation and reaction
temperature in benzene pyrolysis is discussed.

© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

One of the major problems in combustion is the reduction of
particulate carbon emission. The key point to study this problem
is the investigation of the processes of condensed carbon particle
formation. It is generally known that carbon particles, usually
attributed to soot, have a core consisting of polyaromatic hydrocar-
bons (PAH). Benzene molecule represents a first aromatic ring and
it is considered as one of the initial steps towards PAH growth [1].

The reactive temperature is crucial parameter for soot forma-
tion process. The well-known bell-shaped temperature depen-
dences of soot yield and the particle size were observed in shock
wave pyrolysis and flames [2,3]. In benzene the shift of about
200 K of the top of bell-shaped temperature dependence of soot
yield towards higher temperatures was found with increasing of
benzene concentration from 0.5% to 2% [2], the shift to the lower
temperature was observed in pyrolysis of 0.5-1.5% toluene in
argon [4]. However there is no kinetic reason for the change in
temperature dependence of the soot yield with varying initial
hydrocarbon concentration. Note that the reaction temperature
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in majority of shock tube studies was assumed equal to the initial
temperature behind the front of the reflected shock wave (so-
called frozen temperature) due to high dilution in bath gas. In [3]
it was supposed that the reason of the apparent change of bell-
shaped curve position is the difference of the reaction temperature
from the frozen temperature due to heat consumption or release at
the initial steps of pyrolysis. The difference of the reaction temper-
ature at shock wave pyrolysis of ethylene from its initial value
behind the front of shock wave was predicted in [5]; besides that
similar effect was experimentally observed in pyrolysis of carbon
suboxide [6], acetylene, n-hexane, and benzene [7]. Therefore the
correct determination of the real temperature during soot forma-
tion process could impact not only on the rates of chemical reac-
tions, but also on the interpretation of the measurements of
carbon particle yield under various conditions.

The oxygenated additions are expected to decrease a condensed
carbon formation. Ethanol is widely produced from biomass and it
is a promising substance as an additive to the fuels. The suppres-
sion effect of 0.31% of ethanol addition on PAH and soot formation
was found in a shock wave pyrolysis of 0.31% benzene in argon [8]
and in premixed fuel-rich ethylene-air flames by addition ethanol
of 5% and 10% in oxygen by weight in the fuel [9]. In these studies
the essential inhibition effect was explained by the increase of
oxidation rate of carbon particles and their precursors. Another
route of suppression effect of ethanol additives is the formation
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of H,0 after decomposition of ethanol and consequent consump-
tion of hydrogen atoms, that promote HACA mechanism of surface
growth of carbon particles, with production of OH and H, [8]. On
the other hand, a small amount - 10% replacement of benzene by
oxygenated additives (MTBE, methanol, ethanol, isobutene) can
promote the carbon particle formation due to peculiarity of the
kinetics of blend pyrolysis [10]. The experimental study [4]| showed
an increase of soot amount in shock tube pyrolysis of 1% tolu-
ene +(1-3)% ethanol mixtures. The increase of carbon particle
yield with 2-9% replacement of ethylene by ethanol in non-pre-
mixed ethylene flame was observed in [11]. These results are in
conflict with suppression effect of ethanol admixture in shock
tubes [8] where the decomposition of initial hydrocarbon occurs
due to pyrolysis process that is similar to non-premixed flame con-
ditions. Besides the uncertainty in the mechanism of ethanol sup-
pression effect on carbon particle yield, no attention was paid to
the reaction temperature influence on the pyrolysis of hydrocar-
bon-ethanol mixtures.

The present study was focused on the actual temperature
behavior and the resulting temperature influence on the carbon
particle formation process during pyrolysis of (1-2)% benzene
and 1% benzene + (1-3)% ethanol diluted in argon. The main merit
of this study is the simultaneous measurements of carbon particle
size, volume fraction and current reaction temperature.

2. Experimental methods
2.1. Shock tube

The experiments were performed behind reflected shock waves
in a conventional diaphragm type shock tube with an inner diame-
ter of 50 mm (Fig. 1). After the each experiment the shock tube has
been cleaned by alcohol to remove the water from the shock tube
walls. The shock tube was evacuated down to the pressure of
1072 Torr by a fore-vacuum pump before every run. The test gas
mixtures were prepared manometrically in a mixing vessel. The
gases with the purity of 99.9% for benzene, 99.999% for argon and
95% water solution of ethanol were used. In case of benzene and
ethanol the saturated vapors for mixture compounding at room
temperature without extra heating were used. The blends were
kept in mixing vessel for at least an hour before the experiment.
The investigated mixtures and ranges of experimental conditions
are listed in Table 1. The data of each shock tube experiment are
listed in supplement material #1. The initial temperature Ts and
the pressure Ps behind the front of the reflected shock wave were
determined based on measured incident shock wave velocity by
applying one-dimensional gas-dynamic theory with the assump-
tion of “frozen” reaction conditions. An inaccuracy of the tempera-
ture Ts calculation was about 1-1.5% for all range of experiments
and was caused by an uncertainty of incident shock wave velocity
measured by three pressure transducers. The optical access to the
measurement section was given by four calcium fluoride windows
of 6 mm in a diameter, mounted perpendicular to each other at the
distance of 45 mm from end flange of the shock tube.

2.2. Gas-particle temperature measurements

The emission-absorption spectroscopy was applied for the
time-resolved temperature measurements during the pyrolysis of
hydrocarbons. This method is based on simultaneous detection of
emission and absorption of reactive mixture at the same wave-
length [12]. The measurements were carried out by two identical
optical channels that focus the light from the probe region via
the pair of the calcium fluoride windows installed in a horizontal
plane of the shock tube and further via lenses onto two photomul-

tipliers (Fig. 1b). The first channel registered an emission only. The
second channel was exposed to radiation from reference source
with known brightness temperature. Thus the second channel
detected the combination of absorption and emission of reaction
mixture. The optical arrangement allowed changing the channels
to check their volume identity. The diaphragm at Fig. 1b had two
holes. When both holes are opened and light reference source is
turned on, both detectors measure the combination of absorption
and emission. When light reference source is turned off, both
detectors measure emission only. During the experiment only
one hole is opened.

Taking into account Lambert-Beer’s and Kirchhoff's laws one

can get the following expression for the temperature
determination:
hc h L) - I\
—_ /KTy __ - R
T(t) 7)~k{ln [l+ (e 5 1)(1 o (1)

here I (t) and I,(t) - are the intensity of time-resolved emission and
absorption + emission respectively, h — is the Planck constant, ¢ - is
the speed of light, k - is the Boltzmann constant, 4 - is a diagnostic
wavelength, Ty — is the brightness temperature of the reference
source and Iy - is the initial intensity of radiation of the reference
source.

The main advantage of this temperature measurement tech-
nique is that it requires only a calibrated light source, without
knowledge of either optical properties of observable reaction mix-
ture or the spectral sensitivity of the detection system. The tung-
sten ribbon lamp was used as the reference source for absorption
channel. The wavelength of 589 nm (centered using a band pass fil-
ter with FWHM 20 nm) corresponding to sodium D-line was cho-
sen in order to measure the gas temperature before the
condensed phase appearance. The sodium atoms are the inherent
natural impurity in argon. Unfortunately, owing to quite low tem-
peratures and insufficient sensitivity of the detection system the
emission/absorption signals from sodium atoms were inappropri-
ate for reliable measurements in the most experiments. Thereby
the temperature measurements started at the times of appearance
of the condensed particles that absorb and emit well in the visible
range of spectrum. The carbon particles are assumed to be in the
thermal equilibrium with the surrounding gas since the character-
istic time needed for the thermal relaxation of nanoparticles with
sizes of up to 100 nm with the surrounding gas at atmospheric
pressure is less than 1 ps [13]. The time resolution of the detection
system was about 10 ps, the space resolution was 3 mm. In Fig. 2
the example of measured emission/absorption signals (a) and cor-
responding calculated temperature time profile (b) are presented.
In Fig. 2 the time scale goes with incident shock wave arrival, how-
ever, the working conditions are achieved only behind the reflected
shock wave so below for all the data presented time scale goes
starting from the moment of reflected shock wave arrival. The time
interval applicable for the measurements was confined by gas-
dynamic perturbation and varied with the incident shock wave
velocity. The minimal time accessible for measurements among
all the range of investigated conditions was equal to 700 ps. The
error of measurements depended on the signal-to-noise ratio and
the difference between the temperature of reactive mixture and
the brightness temperature of reference source Ty The value of
To was varied in the range of 1970-2260 K. The total error of tem-
perature measurements was amounted to 5%.

The used method of the temperature measurements is valid as
long as conditions are invariant throughout the observed volume
and until the particle absorption is predominated over the scatter-
ing. The former condition is fulfilled in the shock tube when the
boundary effects or the deposition of particles on the windows with
their further cooling-down process can be neglected. According to
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Fig. 1. Experimental setup: the shock tube and optical diagnostics.

Table 1
Experimental conditions.

Mixture Mixture composition Range of Ts, K Range of Ps,
label bar

1BEN 1% CgHg + 99% Ar 1643-2558 1.4-4.6
2BEN 2% CgHg + 98% Ar 1642-2577 1.5-3.6
3EtOH 3% CoHsOH + 97% Ar 1740-2206 3.4-4.8
1BEN1EtOH 1% CgHg + 1% C,HsOH + 98% Ar  1732-2616 3.5-55
1BEN3EtOH 1% CgHg + 3% C,HsOH +96% Ar  1803-2265 3.3-4.7

special analysis performed for similar experimental parameters in
[6], these effects become noticeable approximately at the latest
reaction times, comparable with gasdynamic limitations
(~700 ps), i.e. were excluded from consideration. The latter condi-
tion can be safely assumed as long as the size of carbon particles is
much less than diagnostic wavelength, i.e. within the Rayleigh limit.

2.3. Ti-Re LII particle sizing

The time-resolved laser-induced incandescence (Ti-Re LII) tech-
nique was applied for particle sizing. The Ti-Re LII is widely used
for particle size measurements in flames [14-16] and shock tubes
[2]. The Ti-Re LII technique is based on the particle heating with a
laser pulse and the measurement of resulting thermal radiation of
the particles. The particle sizes are determined by the analysis of
the decay time of laser induced incandescence signals as the larger
particles need longer time to cool down than the smaller ones.

The Nd:YAG laser LQ-129 (SOLAR Laser Systems), which oper-
ates at a wavelength of 1064 nm with pulse duration of 12 ns
FWHM, was applied for the particle heating. The registration of
Ti-Re LII signals was performed through a quartz end plate of the
shock tube situated at a distance of 45 mm from the laser beam
line passing through the vertically installed pair of calcium fluoride
windows (Fig. 1a). The LII signals were detected using two narrow
band pass filters, centered at the wavelengths of 488 and 760 nm
with a Hamamatsu H6780-20 photomultiplier module (rise time
0.78 ns) coupled to a LeCroy WaveRunner 6060A oscilloscope
(500 MHz bandwidth). The Nd:YAG laser was triggered by a pres-
sure transducer through a time delay generator. The laser fluence
was varied in the range of 0.45-0.5 J/cm?.

The particle size was determined by approximation of the
experimental Ti-Re LII trace obtained at the wavelength 488 nm
with the theoretical curve derived from LII model [17] (see
Fig. 3). The measured Ti-Re LII signal was fitted by calculated
curves obtained by variation of the count median diameter and
at constant value of the standard deviation ¢ = 1.1 in the lognormal
distribution function using the least-squares method. The LII
model, the method of evaluation of mean particle size and estima-
tion of measurement error are described in detail in [17]. The fol-
lowing main assumptions are assumed. Due to absence of reliable
data concerning carbon particle properties the data of graphite for
heat capacity and density have been used. The optical properties
were assumed to be invariable for particle in process of their for-
mation. The particles were considered as the spheres and possible
agglomeration process was not been taken into account. The
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Fig. 3. Normalized experimental LII signal (noise curve) measured at wavelength of
488 nm in pyrolysis of mixture 1BEN at Ts = 2078 K and ps = 3.5 bar and calculated
curve (dash line) obtained with LIl model [17].

uniform heating of particles by laser irradiation was assumed. The
uncertainties of the particle properties (density, heat capacity,
accommodation coefficient) and of the experimental conditions
(gas temperature, pressure, laser fluence) lead to the systematic
errors of the measured values of particle diameter. A detailed error
calculation for all values results in an estimated overall uncertainty
from —26% up to +23%.

2.4. Extinction measurements

A measurement of extinction time profile is one of the most
informative methods of investigation of the processes of overall
volume fraction of condensed phase formation behind shock waves
and in flames, which was used in a number of works [1-8,14]. The
beam of a conventional 20 mW HeNe laser was passed through
two calcium fluoride windows of the shock tube (Fig. 1a) and
focused on the active photo-detector PDA10A-ES (THORLABS) with
a rise time of 10 ns. The detector was optically blocked by an inter-
ference filter of 2 =632.8 nm (FWHM 1 nm) to suppress the ther-
mal radiation of the reacting gas-particle mixture. The signal

from the detector was recorded on Tektronix TDS 2014B digital
scope with 100 MHz pass band width. In Fig. 4a an example of
extinction signal is presented. Particle extinction, determined by
the attenuation of passing radiation, is linked with the volume
fraction of condensed phase by Lambert-Beer’s law:

In (%) A 2

fult) = —6mE(m) -1

here t - is the reaction time, Iy and I — are the incoming and trans-
mitted laser light intensities respectively, 4 - is a diagnostic wave-
length, [ - is the optical path length, E(m) - is the refractive index
function of particle material, which is a priori unknown and in gen-
eral is dependent on the diagnostic wavelength [14,15] and the car-
bon particle size [16,17]. Therefore in the present analysis the
product of volume fraction of condensed phase f, and the function
of refractive index E(m):

In (49
fo(t) - E(m) :@ (3)

was analyzed, below it is called as “relative volume fraction”. The
example of time profile of evaluated relative volume fraction of con-
densed phase is shown in Fig. 4b.

The extinction measurements also allow analyzing the main
kinetic characteristics of condensed phase: the induction time of
particle inception and the rate constant of particle growth. The
absolute value of the induction time t;;q was defined as the inter-
section of the inflectional tangent of the carbon particle volume
fraction profile with the time axis (see Fig. 4b). The stage of the
process following the induction time is characterized by the rapid
growth of volume fraction of condensed phase. This process
according to [3,18] could be well described by the equations of
relaxation type:

(7 o) (4)

Here f; - is the final observed value of volume fraction of con-
densed phase, kr - is an effective rate constant of particle growth.
This approach was applied to the treatment of the time profiles of
relative volume fraction of condensed phase, an example of such
treatment one can see in Fig. 4b.

3. Experimental results

In Fig. 5 the examples of simultaneously measured temperature
(curve 1), relative volume fraction of condensed phase f, x E(m)
(curve 4) and particle size (dots 5 - experimental data, curve 6 —
best fit of 5) time profiles for initial temperature ranges
Ts=1728-1770K, Ts = 1913-1988 K, Ts = 2086-2148 K in pyroly-
sis of mixture 1BEN (see Table 1) are presented. The temperature
and extinction time profiles were measured in each experiment
while LII sizing was performed in one particular moment in one
experiment. Thus for presentation of the particle size time profiles
the experiments with different LIl delays from the reflected shock
wave were collected in one plot while the temperature Ts was
slightly varied from shot to shot. The sharp peaks at temperature
and extinction signals reflect the moment of Nd:YAG laser pulse.
Zero time corresponds to the moment of reflected shock wave arri-
val in the measurement cross section. The temperature measure-
ments (curve 1) started only with the moment of appearance of
considerable amount of condensed phase. Initial temperatures Ts
behind the reflected shock wave are presented by the dash lines
(curve 2). The maximal possible temperature drop caused by the
heat consumption of decomposition of initial hydrocarbons in
investigated conditions was evaluated by the kinetic modeling
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wave at the size measurements (lower plots): (a) Ts = 1728-1770K, (b) Ts = 1913-1988 K and (c) Ts = 2086-2148 K.

and presented by the dot lines (curve 3). The calculations were car-
ried out using the CHEMKIN code and the kinetic mechanism con-
sisting of 40 major reactions of benzene and phenol decomposition
taken from [19] and additional 56 reactions for ethanol decompo-
sition and 20 reactions of hydrogen-oxygen sub-mechanism taken
from [20]. The tables with the kinetic mechanisms are included in
supplement material #2. Note that the reactions of PAH and soot
growth proceeding during the observed reaction time were not
considered in kinetic modeling. Thus the calculated temperature
Teae» taking into account only endothermic effect of thermal
decomposition of initial hydrocarbons, represented the lower esti-
mation of real temperature.

In pyrolysis of more rich mixture 2BEN the extinction signal
was oversaturated in the range of maximum of relative volume
fraction f, x E(m) (the center of bell-shaped dependence, see
below, Fig. 7) and incandescence of laser-heated particles was
absorbed by the unheated particles between the investigation sec-
tion and the end flange (see Fig. 1a). Therefore for this mixture no
unambiguous data about particle size was extracted. Nevertheless
temperature measurements in this mixture are reliable in all

regimes. In pyrolysis of the mixture 3EtOH no soot formation
was observed in all temperature regimes. Time profiles of temper-
ature and extinction measurements for different pyrolysis regimes
for 2BEN, 1BEN1EtOH and 1BEN3EtOH mixtures are presented in
supplement material #3.

4. Analysis of experimental data
4.1. Temperature trend in benzene and benzene—ethanol pyrolysis

The difference between the measured temperature Ty and
the initial temperature Ts at the reaction time of 700 ps in depen-
dence on Ts for various mixtures is presented In Fig. 6a. The devi-
ation of the measured temperature from the initial one (Tjpeqs — Ts)
increased towards higher values of Ts owing to the increase of a
degree of benzene decomposition. The maximal temperature drop,
corresponding to significant decomposition of benzene (80% at
Ts = 1900 K, see calculation of benzene decomposition in depen-
dence on temperature in supplementary material #3) was equal
to 120 K and 300 K for the mixtures 1BEN and 2BEN respectively.
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Fig. 6. The difference between the measured Tj,¢qs and the initial Ts temperatures (a), and between Tp,eqs and calculated temperature T,q (b) at the reaction time of 700 ps for
various mixtures in dependence on the initial temperature behind the reflected shock wave Ts.
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With the further increase of initial temperature the value of (Tyeqs -
— Ts) remained constant for the mixtures of benzene without eth-
anol addition. In the pyrolysis of mixture 3EtOH no condensed
phase was observed and therefore temperature measurements
were not carried out. In the benzene-ethanol mixtures (1BEN1E-
tOH and 1BEN3EtOH) the difference (Tyeqs — Ts) at low initial tem-
peratures (Ts <1900 K) showed the same behavior as in the
mixtures 1BEN and 2BEN. For higher temperatures (Ts > 1900 K)
the measured temperatures Tp..,s showed a gradual increase
(1BEN1EtOH and 1BEN3EtOH mixtures).

From Fig. 5b and c one can see that the measured temperature
Tineas is significantly higher than the calculated temperature Tgy.
The excess of the measured temperature over the calculated one
(Tmeas — Tcaic) at the reaction time of 700 s is presented in Fig. 6b
in dependence on Ts. It was found that the temperature rise reached
a constant value starting from the temperature Ts = 1900 K (corre-
sponding to 80% decomposition of benzene) for the mixtures with-
out ethanol addition (see Fig. 6b). In the mixtures with ethanol the
value of (Tineqs — Teaie) cOntinuously raised with the increase of Ts.

4.2. Temperature dependence of relative volume fraction of condensed
phase

In Fig. 7 the temperature dependence of relative volume frac-
tion of condensed phase measured at the reaction time of 700 ps
in pyrolysis of 1BEN and 2BEN mixtures is presented. In Fig. 7a
the data f, x E(m) (Eq. (3)) are presented in dependence on initial
temperature behind the reflected shock wave Ts. It is seen that

the shift of maximal value of relative volume fraction from
1900 K for 1BEN to 2210K for 2BEN is notable. Similar shift to
higher temperatures of the top of bell-shaped curves plotted ver-
sus the frozen temperature Ts with the increase of initial hydrocar-
bon concentration was found in other studies [2-4]. The plot on
Fig. 7b represents the dependence of relative volume fraction on
the real gas-particle temperature measured at the same reaction
time of 700 ps. In this case the shift of maximal value of f, x E(m)
is insignificant. Thus the shift of bell-shaped temperature depen-
dence of relative volume fraction of condensed phase is deter-
mined by the temperature change due to heat consumption of
hydrocarbons decomposition and heat release of condensation.

4.3. Ethanol admixture influence on soot formation

In Fig. 8a the relative volume fraction of condensed phase mea-
sured at the reaction time of 700 ps in pyrolysis of the mixtures
1BEN, 1BEN1EtOH and 1BEN3EtOH is presented in dependence
on the current temperature. The position of the top of bell-shaped
curve did not change with ethanol addition. The maximum value of
relative volume fraction of condensed phase shows the slight
growth for mixture 1BEN1EtOH relatively to the value for 1BEN.
This result is in agreement with observations [4] where the
increase of soot amount in shock tube pyrolysis of 1% C;Hg+
(1-3)% C;HsOH + He was found. But with the following increase
of ethanol addition (mixture 1BEN3EtOH) the value of relative
volume fraction of condensed phase again decreased and became
the same as in the mixture without ethanol - 1BEN.
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Fig. 8. The bell-shaped temperature dependences of relative volume fraction of condensed phase (a) and size of soot particles (b) formed during pyrolysis of various mixtures.

o\ 3 A

S
=
o
-xE 24
[22]
=1
~
R 11 «

2 = 1BEN —
& ® 2BEN  ---
D o o 1BEN1EtOH —

A 1BEN3EtOH - - -
4 5 6
100/T;, 1K
(a)

5,0
m  1BEN
~ - ®  2BEN
"» 45/ o™ a o 1BEN1EtOH
Al 4 A 1BEN3EtOH
e | |
mE 8o
£ 40 a
~
®) Kol -
N} 35 o BN .
X 35+ L
B’) o EFE [ ]
~
Lo B
3,0 T T T T
4.0 4.5 5,0 55 6,0
100/T 1K
meas
(b)

Fig. 9. Induction times of carbon particle inception (a) and the rate constants of condensed phase growth (b) observed in pyrolysis of various mixtures.

The similar bell-shaped temperature dependence of the particle
size measured by the LII at the same reaction time was found and
presented in Fig. 8b. The slight suppression effect of ethanol
admixture on the particle size was observed especially in case of
mixture 1BEN3EtOH. However one should take into account that
the significant error for particle sizing by LIl reaches to +23%/
—26%. Thus, the suppression effect of ethanol addition based on
LIl measurements is quite questionable.

4.4. Kinetic characteristics of the particle formation process: the
induction time of particle inception and the rate constant of particle
growth

In Fig. 9a the induction times of particle inception t;4 in the
pyrolysis of benzene mixtures with addition of ethanol are pre-
sented in dependence on the initial temperature Ts. The data were
normalized to total carbon atom concentration in the first power as
recommended in [3]. Besides experimental dots the lines of fitting
are presented. The initial temperature behind the reflected shock
wave was used since the initial reactions start at this temperature.
The induction time of appearance of condensed particles is deter-
mined by the rates of early stages of the pyrolysis, namely the
endothermic reactions of primary molecules decomposition and
initial polymerization of products of dissociation. Therefore the
temperature dependence of t;,q4, as a rule, well obeys to Arrhenius
law, i.e. exponentially decreases with temperature rise [3]. The
slope of the temperature dependence of the induction time in
Arrhenius coordinates reflects the effective activation energy of
these initial endothermic reactions. One can expect that the reac-
tion with the higher activation energy would make a main contri-
bution in the slope of temperature dependence of induction time.

The activation energy extracted from the linear slope of temper-
ature dependence of induction time was found to be 210 kJ/mol for
1BEN, 168 kJ/mol for 2BEN, 193 kJ/mol for 1BEN1EtOH and 300 kJ/
mol for 1BEN3EtOH.

The reactions of benzene decomposition were considered fol-
lowing to [21]:

CeHs = CeHs + H, E, = 451—494 k] /mol (R1)
CeHg + H = CgHs + H,, E, = 30—68 k]/mol (R2)
CeéHs + CsHs = CiaHio + Ha, Eq = 126-167 k] /mol (R3)

The decomposition of phenyl proceeds through the reactions:

CsHs + M = [-CeHs + M, E, = 250—305 kJ/mol (R4)
I-CsHs = CoH, + C4Hs, Eq = 159—240 kj/mol (R5)
I-CeHs = 2C,H, + GH, E, = 159 kj/mol (R6)
CsHs = 0-CsHy + H, E, = 304—386 kJ/mol (R7)
0-CeHs = C4H, + CoHa, Eq = 369 kj/mol (R8)
CsHs + CgHs = Ci2Hyo, Eq = 0kJ/mol (R9)
CsHe + CeHs = C12Hip + H, E, = 17 kJ/mol (R10)

The values of extracted effective activation energies for mix-
tures of benzene (1BEN, 2BEN) are considerably lower than those
for initial reactions of benzene and phenyl decomposition ((R1)
and (R4)). That is probably the evidence that the main kinetic
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pathway proceeds through the reaction (R3). The reason of
observed decrease of effective activation energy with increase of
initial benzene concentration (mixture 2BEN in comparison with
1BEN) is also the partial influence of the reaction (R3). The admix-
ture of 1% C;HsOH to 1% CsHe (1BEN1EtOH) diluted in Ar did not
change significantly the slope of induction time plot. With the
admixture of 3% C,Hs;0H the noticeable increase of the absolute
values and the activation energy of induction time of particle
inception were observed (see Fig. 9a).

The stage of process following the induction time is character-
ized by the fast growth of extinction and, thus, reflects a sharp
increase in volume fraction of condensed phase. Extinction mea-
surements do not allow determining, with what effect the increase
of f, is connected with increase in number of particles, their sizes
or with change of their refractive index. Nevertheless, the evidence
of f, rise presents the important phenomenological characteristic
of process of particle formation, which is quite valuable for the
elaborating of kinetic mechanisms of particle surface growth. In
Fig. 9b the Arrhenius dependence of the rate constants of particle
growth kr (4) on the measured temperature Tpeqs are presented.
The experimentally determined values of this rate constant were
plotted versus the current values of measured temperature as the
temperature changed essentially during the time of particle
growth (see Fig. 5). In Fig. 9b one can see that the rate constant
ks steeply increases with the temperature, while the admixture of
ethanol causes the noticeable decrease of k.

5. Discussion

Firstly, it should be noted the essential deviation of the temper-
ature from the initial value behind the reflected shock wave even
in the mixtures containing only 1% of benzene in argon (see Figs. 2,
5 and 6). This fact results in the change of kinetics of condensed
particle growth and extracted temperature dependences of relative
volume fraction of condensed phase and particle size. The mea-
sured temperature profiles demonstrate the different behavior
during the reaction time in the pyrolysis of benzene at the different
initial temperatures Ts (see Fig. 5). At low temperature conditions
Ts=1728-1770K (Fig. 5a) the decomposition of benzene pro-
gressed slowly and, as it was found by calculations, the degree of
decomposition at the reaction time of 250-300 ps did not exceed
30%. Thus, the long induction time of particle inception was
observed and the time-behavior of the temperature of the mixture
was conditioned by the endothermic effect of benzene decomposi-
tion. At Ts=1913-1988 K (Fig. 5b) the temperature is nearly
constant during the reaction time that one could consider as the
evidence of balancing of the heat effects of benzene decomposition
and carbon condensation. At Ts = 2086-2148 K (Fig. 5c) the ben-
zene decomposes completely at first 50-100 ps that leads to con-
siderable temperature drop during this time. The following
gradual temperature increase one can regard to the heat release
of carbon particle formation.

As it is expected, the greater benzene concentration the greater
the difference of (Tpeqs — Teaic) (Se€ Fig. 6b) as the larger amount of
carbon atoms is involved in condensation process. The addition of
3% ethanol to the 1% benzene in argon (mixture 1BEN3EtOH) leads
to significant increase of this difference. Note, that the calculated
temperature drop owing to thermal decomposition of hydrocar-
bons was approximately the same for the mixtures 2BEN and
1BEN3EtOH. Thus, the additional temperature increase in the pyro-
lysis of mixtures with ethanol, well seen in Fig. 5a, could be
regarded to the exothermic reactions with the products of ethanol
decomposition. In fact, the calculations of species concentration
during the initial stages of pyrolysis of the mixtures 1BEN1EtOH
and 1BEN3EtOH are resulted in formation of H,O, which is absent

in the benzene pyrolysis. Thus, the exothermics of reaction of H,O
formation could be the probable reason of additional temperature
rise in the pyrolysis of the mixtures with ethanol addition.

It is remarkable that the positions of the top of bell-shaped
curves of temperature dependences of particle volume fraction
and size practically do not change with the change of benzene con-
centration and addition of ethanol when the real temperature Tpeqs
is used for the analysis instead of the “frozen” temperature Ts (see
Figs. 7 and 8).

Analyzing the obtained dependences one can conclude that the
rise of the final values of relative volume fraction of condensed
phase and particle size with the temperature increase on the
left-hand branch of the bell-shaped curves (see Figs. 7 and 8) cor-
responds to an increase of degree of benzene decomposition. The
top of bell-shaped dependences of the relative volume fraction of
condensed phase and particle size is located at the temperatures
about 1900 K. At these temperatures, according to the calculations
carried out using the kinetic mechanism [19], 80% of initial ben-
zene decomposes. With the further temperature rise correspond-
ing to the right-hand branch of the bell-shaped curves the degree
of precursor decomposition does not change, but the rate of its
decomposition increases. Presumably the rise of concentration of
active radicals results in the fast formation of large amount of par-
ticle nuclei and consequently leads to the smaller final size of car-
bon particles. In view of this, the apparent decrease of the particle
volume fraction (measured at 633 nm) at high temperatures could
be explained by a fall of particle absorption at this wavelength with
the decrease of their size [15,16].

6. Conclusions

A multi-channel optical diagnostic for real temperature mea-
surements, particle extinction measurements and particle sizing
was applied for observation of carbon particle formation process
in a pyrolysis of benzene and benzene-ethanol mixtures behind
reflected shock waves.

The drastic drop of the measured temperature due to decompo-
sition of initial hydrocarbon molecules increasing towards higher
initial temperatures and the following temperature rise due to
particle condensation process were observed in benzene pyrolysis.
The position of maximum of bell-shaped temperature dependence
of final value of volume fraction of condensed phase should be
determined by the value of real temperature, eventuated from
heat consumption of hydrocarbons decomposition and heat release
of condensation. It was shown that for correct analysis of the tem-
perature dependences of carbon particle growth in hydrocarbon
pyrolysis the current measured temperature has to be used.

At initial temperatures T5;<1900K the behavior of the
measured temperature during pyrolysis was similar for both pure
benzene and benzene-ethanol mixtures. Whereas for T5 = 1900-
2400K the significant additional heat release in pyrolysis of
benzene-ethanol mixtures was found. The probable reason of
this phenomenon is the exothermic reactions of H,O formation
occurring in the reactive mixture.

In pyrolysis of the mixture 3% C,HsOH no soot formation was
observed in all temperature regimes. The increase of relative vol-
ume fraction of carbon particles with small admixture of ethanol
in benzene was observed while with the increase of ethanol
percentage the same value of final value of volume fraction of con-
densed phase as in pure benzene mixtures was observed. The slight
suppression effect of ethanol admixture on the particle size was
also detected. The slope of induction time plot is not noticeably
changed by admixture of 1% C;Hs0H to 1% CgHg diluted in Ar. With
the admixture of 3% C,Hs0H the noticeable increase of the abso-
lute values and the activation energy of induction time of particle
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inception were observed. The values of extracted effective activa-
tion energies for mixtures of benzene are considerably lower than
those for reactions of benzene and phenyl decomposition. That is
the evidence of main kinetic pathway proceeds through the reac-
tion of direct benzene molecules recombination.

Presented results could be useful for the elaborating of kinetic
mechanisms of particle surface growth.
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