[image: image1.jpg]NONEQUILIBRIUM PROCESSES

MORPHOLOGY OF AEROSOL PARTICLES FORMED
IN CO-PYROLYSIS OF HYDROCARBONS
AND METALORGANICS

N. A. Ivanova®, S. diStasio!, A. A. Onischuk®,
A. IV Baklanov*, and V.V. Karasev*

*Institute of Chemical Kinetics and Combustion
Siberian Branch of the Russian Academy of Sciences
Novosibirsk, Russia

tstituto Motori C.N.R.
Fluid Dynamics and Combustion Division
Napoli, Italy

Introduction

Aerosol particles produced by combustion or thermal decomposition,
referred to as smokes, are frequently composed of numerous individ-
ual primary particles forming an aggregate. Their characterization is
usually restricted mainly by measuring a size distribution expressed in
terms of the equivalent diameters. As a rule, the equivalent diameter
measured by a particular tool reflects some physical properties like dif-
fusion coefficient, mobility in the electric field, sedimentation velocity,
inertia deposition efficiency, etc. In some cases, the properties of such
particles differ tremendously from those of rigid and isometric aerosol
particles. To be able to predict particle mobility, the coagulation rate
constant, and optical properties one should study the mechanism of
particle morphology evolution. In this paper, the structure of aerosol
particles formed by pyrolysis of hydrocarbons + metalorganics was in-
vestigated. The main results are obtained for the C3Hg + Fe(CO)s sys-
tem. The mechanism of particle formation which determines the par-
ticle morphology was shown to be completely different in the cases of
Ar 4 C3Hg, Ar + Fe(CO)s, and Ar + C3Hg + Fe(CO)s pyrolysis.
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Experimental Procedure

A tubular flow reactor with the inner diameter of 3.0 cm was used for
aerosol generation by thermal decomposition of gaseous precursors. The
Ar + Fe(CO)s + CsHg, Ar + Fe(CO)s, or Ar + C3Hs mixture was sup-
plied to the reactor inlet at atmospheric pressure. The molar fractions
of Fe(CO)s and propane were varied in the range from 0.0 to 9.4 - 10-5
and from 0.0 to 5.8 - 1073, respectively. In all the experiments, the
flow rate was 8 cm®/s (at room temperature and atmospheric pres-
sure). The heating was made by an external oven in the temperature
range from 450 to 1280 K. This temperature range corresponds to the
residence time from 15.2 to 6.1 s. In the case of Ar + Fe(CO)s mixture,
the inlet and outlet Fe(CO)s concentration and the outlet concentra-
tion of CO were measured by an infrared (IR) spectrometer. The inlet
C3Hg concentration was controlled by a mass-spectrometer. The outlet
aerosol number concentration and size spectrum were measured by the
automated diffusion battery (ADB) coupled with a nucleation chamber
and photoelectric counter [1-3]. The particle morphology and shape
were also studied by a Transmission Electron Microscope (TEM). To
this aim, the particles were sampled thermophoretically to the TEM
grids covered by a film of polyvinyl formal (trade mark — “Formvar”).
The crystal structure was analyzed by the X-ray diffraction (XRD)
method.

Soot formed in a propane-air diffusion flame was also analyzed. A
cylindrical burner with an inner diameter of 1 cm was fed with propane
fuel (90% C3Hg+7% C4Hio+3% CHq and CoHs) at flow rate of 5 cm®/s
at standard temperature and pressure (STP). The length of the visible
part of the flame was about 22 cm. To avoid the influence of air fluctua-
tions, the flame was shielded by a co-annular cylindrical iron grid of di-
ameter 7 cm. Soot aerosol for analysis was sampled both from the flame
axis at different heights h above the burner and from the overflame re-
gion at h = 27 cm. When sampling from the flame axis, the soot aerosol
was sucked through a nickel capillary (i.d. = 1 mm, length = 6 cm) at
2 cm®/s at STP at different hights above the burner. At the outlet of
the capillary, the flux was diluted 70 times with air. Then the diluted
aerosol passed through an aerosol duct to the optical cell for video ob-
servations (see below the description of the video-microscopic system).
The residence time in the capillary was about 20 ms, the residence time
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in the aerosol duct was 10 s. The video-microscopic system was used to
observe the Brownian motion of aggregates [4]. In these experiments, a
probe of aerosol was sucked from the flow at the reactor outlet. Then
the probe was injected to the optically accessible cell similar to Fuchs
and Petryanov cell. A focused He-Ne laser beam passed through the
cell volume. A light scattered by aerosol particles at the angle of 90°
passed through a flat window to the microscope objective and then
to charge-coupled device (CCD) camera connected to the video system.
The objective draws an image of particles present in the illuminated vol-
ume of cell on the light-sensitive CCD-matrix with the magnification
of 15. The visualization field in the optical cell is about 300 x 400 pm.
‘The focal depth in the bbject space is about 30 um. The spatial reso-
lution of the system is about 3 um that allows obtaining the resolved
images of aggregates larger than 3 pm. For smaller size, the aggregates
are visible as spots. To create the homogeneous electric field, two par-
allel flat electrodes were mounted in the cell. The distance between the
electrodes was 0.25 cm. The movement of the aggregates in the electric
field provided information on the electric charge and dipole moment of
the resolved visible aggregates.

Pyrolysis of Ar + Fe(CO)s Mixture

The outlet concentration of Fe(CO)s is presented in Fig. 1 as a function
of reactor temperature. The pyrolysis of Fe(CO)s resulted in the for-
mation of aerosol iron aggregates composed of small primary particles.
The examples of images of the iron aggregates sampled at the reactor
outlet at different temperatures are shown in Fig. 2. One can see that
the aggregates formed at T' = 400 and 1173 K are compact, while those
formed at T' = 800 K are chain-like. A typical size of primary particles
was 5-30 nm. The data of the XRD analysis for iron aggregates are
presented in Fig. 3. One can see that the aggregates consist mainly of a
body-central cubic (bcc) phase. Some traces of oxygen are also present
in the sample due to air exposure between sampling and analysis.
Figure 4 shows the mean arithmetic diameter of primary particles
as a function of temperature. One can see a monotonic increase of the
mean diameter from a few to tens of nanometers with temperature.
The number concentration of aggregates at the reactor outlet decreases
from 3 - 10 to 10° as temperature increases from 460 to 1200 K, at the
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Figure 1 The concentration of Fe(CO)s measured at the reactor outlet
as a function of the reactor temperature. [Fe(CO)slintet an'd [Fe(CO)s)inter
are the concentrations of iron pentacarbonyl at ﬂ!e reactor _?let and outlet,
respectively. The inlet molar fraction of Fe(CO)s is 6.5 - 10

300 nm
Faed

©

i i formed at a different py-
Figure 2 TEM photographs of iron aggregates )
ml?sis temperature: (a) T = 400 K, (b) 800, and () T = 1173 K. The inlet
molar fraction of Fe(CO)s is 1.1 107

inlet molar fraction of Fe(CO)s of 6.5 - 10~%. Using the TEM images,
the average radius of the aggregates was measured as

R= %n—w )

where L and W are the length and width of a rectang}e enclosing ?he
aggregate. Figure 5 is a plot of the aggregate mean radius as a function
of temperature. The aggregate size increases in the temperature range
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Figure 6 Fe aggregate mass vs. ra- Figure 7 Fractal dimension of

dius at T = 453 K. Solid line corre-
sponds to the fractal-like dimension
of Dy = 1.81. The inlet molar frac-
tion of Fe(CO)s is 6.5 -10*

iron aggregates as a function of the
reactor temperature (T. is the Curie
point). The inlet fraction of Fe(CO)s
in the mixture is 9.4 - 10> (circles)
and 6.5 - 10~° (squares)

from 400 to about 500 K and decreases at T > 570 K with the tem-
perature rise. The aggregate morphology-was described in terms of the
fractal-like dimension D; which can be determined from a power rela-
tion between the mass M of each aggregate and its radius R measured
by the TEM analysis:

M o RP! 2)

To determine the aggregate mass (in arbitrary units), the “Integral
optical density” of an individual aggregate TEM image was measured.
It was assumed that the local optical density in the aggregate image is
proportional to the local aggregate thickness; thus, the total aggregate
mass is proportional to the “integral optical density.” This approach
seems to be reasonable because even the fractal-like dimension of a two-
dimensional projection is known to be approximately equal to the Dy
value of the original three-dimensional (3D) object, if Dy < 2[5, 6].
Figure 6 shows logyo M vs. logyo R plot for the aggregates formed at
T = 453 K. Figure 7 shows the fractal-like dimension Dy as a function
of the pyrolysis temperature. One can see that at low temperature,
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Dy ~ 1.8. In the temperature range 500-1000 K, the fractal dimension
drops down from 1.6 to 1.2 with increasing temperature. At a temper-
ature higher than the Curie point, 7. = 1043 K, the fractal dimension
is again about 1.8. This dependence of D; on temperature is related
to the size of primary particles. It is known that the primary parti-
cles with size less than 20 nm are superparamagnetic [7]. There are no
long-range interactions between the particles in the coagulation process.
Therefore, the compact aggregates are formed in accordance with the
diffusion-limited cluster—cluster aggregation mechanism. As seen from
Fig. 4, the particles of size less than 20 nm were formed at temperatures
less than 800 K. In the range 800-1040 K, the size of primary particles
was 20 nm. These large particles are ferromagnetic [8]. The long-range
dipole interactions affect the coagulation reghlting in the formation of
chain-like aggregates (D; = 1.2-1.5) [8, 9]. At the temperature of
1043 K (Curie point), iron loses the ferromagnetic properties and be-
comes paramagnetic. Therefore, at T > 1043 K, the iron aggregates
formed due to the diffusion-controlled cluster—cluster aggregation and
their fractal dimension was again 1.7-1.8.

Pyrolysis and Combustion of C3Hg

Transmission electron microscope images of soot particles formed at
pyrolysis of the Ar+ C3Hg mixture and at propane combustion are
presented in Fig. 8. The morphology for these two types of particles
is quite different. The pyrolytic soot aerosol appeares in the form of
single spherical particles while the aerosol from combustion consists of
aggregates with the fractal dimension of D; = 1.8. Flame propagation
generating soot aggregates in the optical cell under homogeneous elec-
tric field of 360 V/cm strength was studied with a video system. Both
positively and negatively charged aggregates were present.

The aggregate net charge was estimated from the balance between
the Coulomb force and the drag force Fp:

nekE = Fp (3)
where n is the number of the elementary charges in the aggregate, e is

the elementary charge (4.8 - 10° units of CGSE), and E is the electric
field strength. The drag force is
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Figure 8 TEM image of soot particles formed during propane pyrolysis
at propane inlet molar fraction of 1.34- 10~ and T = 1280 K (a) and during
propane combustion (sampled from the overflame region at a height above
the burner of k = 27 cm) (b)

Fo= % @

where h is the air viscosity, v is the aggregate velocity, Ry, is the mo-
bility equivalent radius, and Cc is the Cunningham correction factor
equal to:
Ce=1+ % [A+ Q exp (—PR%)]

Here, A = 1.26, Q = 0.40, b = 1.10; and X is the gas mean free path.

Thus, the charge of each aggregate was determined using Egs. (3)
and (4). The crucial point in these estimations was the determination
of the mobility equivalent radius R,. The mobility equivalent radius
of each aggregate was derived from the observation of its Brownian
motion without electric field. The aggregate diffusion coefficient D was
determined from the Einstein equation:

(Az)2 =2Dr (5)
where (Az)? = (Az} + Az + ...+ Az2)/n; Azy, Azs, ..., Az, are
the successive displacements of the aggregate along the horizontal a-

axis over a time interval of ¢ = 0.8 s. Then the equivalent mobility
radius was derived from the expression for the diffusion coefficient:
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kTCc

= (6)

where k is the Boltzmann constant and T is the temperature. After
recording the aggregate Brownian motion, the electric field was switche'd
on to measure the aggregate velocity displacement due to the electric
force.

Aerosol particles in the bipolar ion atmosphere are to come (:.0 a
steady-state condition. For particles larger than 0.05 pm, the dxstnbuf-
tion of charges at the steady-state condition corresponds to the dynamic
electrical equilibrium described by the Boltzmann law:

fo) = % exp (—d;l%) : W]
= iexp (_;i%) (8)

where f(g) is the fraction of particles which have the charge ¢ and dp
is the charging equivalent diameter. It was shown in [10, 11] that the
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Figure 9 Frequency distribution of the aggregate net charge. The range
of aggregate mobility diameter is 0.20 t0 0.25 ym. Aerosol was sampled from
the flame axis. Solid line is governed by the Boltzmann equation (7) vAv?lh
a charging equivalent diameter dg = 0.32 pm. Mean arithmetic mobility
diameter is 0.23 pm
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steady-state charging equivalent diameter for aggregates in the bipo-
lar ionic atmosphere is approximately equal to the aggregate mobility
diameter. Figure 9 demonstrates the charge distribution for soot aggre-
gates sampled from the axis of flame with the aggregate radius varying
in the range 0.20-0.25 um. This charge distribution can be fitted by
the Gaussian function (7) at room temperature and dg = 0.35 pm. The
charging equivalent diameter dz exceeds the average mobility diameter
dyn = 0.23 pm. In other words, the charge distribution for these soot ag-
gregates is wider than the equilibrium distribution, being intermediate
between flame-temperature and room-temperature equilibria.

Pyrolysis of C3Hsg + Fe(CO)s mixtures

Typical images of aerosol particles formed during co-pyrolysis of C3Hg
and Fe(CO)s are presented in Fig. 10. One can see that carbon nan-
otubes and FeC particles (see Fig. 3) form during the pyrolysis. High-
resolution TEM (HRTEM) analysis showed that both single-wall and
multiwall nanotubes form (Fig. 11). Analysis of TEM and HRTEM im-
ages leads to a conclusion that the initial decomposition of Fe(CO)s
results in Fe aggregate formation. Then, homogeneous and hetero-
geneous decomposition of propane results in the formation of a car-
bon shell around Fe particles, dissolution of carbon in Fe, and, fi-

(a) ®)

Figure 10 TEM images of FesC aggregates and carbon nanotubes formed
at T = 1073 K. C3Hj inlet molar fractions are 4.6-10™> (@) and 1.1-107> (b),
Fe(CO)s inlet molar fractions are: 1.4-10~* (a) and 8.2-107° (b)

N.A. Ivanova et al. 201



[image: image6.jpg]NONEQUILIBRIUM PROCESSES

Figure 11 High Resolution TEM images of acrosol particles formed by co-
pyrolysis of CHs and Fe(CO)s. Inlet molar fractions are 9.2-10~° (Fe(CO)s)
and 7.1-10~* (C3Hs): (a) carbon shell (1, 2) around FesC particles (4), single-
wall carbon nanotube (3); and (b) single-wall carbon nanotube (1), bamboo
nanotube (2), multiwall nanotube (3), and FesC nanoparticles (4)

nally, Fe3C formation (see Fig. 3) and carbon nucleation in a space
between primary particles in the aggregate. As a result, a growing
nanotube disrupts the aggregate into pieces (see Fig. 10). Figure 12
shows the mean arithmetic length and diameter of nanotubes as a func-
tion of inlet mixture composition. One can see that the average nan-
otube length increases with propane fraction reaching about 1 um at
[C3Hs)ipjee/[Fe(CO)slinter ~ 200. The morphology of FesC aggregate
pieces connected by nanotubes can be described in the same manner as
Fe and soot aggregates in terms of the fractal-like dimension via Eq. (2).
The radius R is to be determined via Eq. (1), where L and W are the
length and width of a rectangle enclosing the TEM image of Fe3C ag-
gregate pieces connected by nanotubes. Figure 13 shows the fractal-
like dimension determined by this way as a function of inlet mixture
composition. One can see that at low inlet concentrations of propane
[CaHg)ipies/[Fe(CO)slimer < 10, the fractal dimension (Dy ~ 1.7) is
close to that for Fe aggregates (in case of Fe(CO)s pyrolysis) and soot
aggregates (in case of propane combustion). The reason for the high Dy
value is related to the fact that nanotubes do not form at low inlet con-

202 N. A. Ivanova et al.

Aerosols and Atmospheric Phenomena

1200 . 16F
1000 /o *
12
o
E 50 £
=~ I 8F
600
4+
400
s . | o L T \
0 200 400 600 0 200 400 600
[C3Hglined [Fe(COsTinier [C3Hgliqied [Fe(COS et
(@ ®)

Figure 12 The mean nanotube length (a) and diameter (b) as a function
of the inlet [CaHa)ye, /[Fe(CO)s)ime, ratio at T = 1173 K
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Figure 13 Fractal-like dimension of aerosol particles formed by co-pyrolysis
of Fe(CO)s and propane vs. the initial [CoHa};yye, /[Fe(CO)s]pe, ratio at py-
rolysis temperature T = 1173 K

centrations of propane. The minimal value of Dy = 0.8 is attained at
[CaHasJinet /[Fe(CO)s)ipier & 80. The low Dy value is caused by the fact
that there are predominantly single wall nanotubes at this inlet mixture
composition which have negligible mass contribution. At higher inlet
C3Hg concentrations, the nanotube diameter increases with the inlet
propane fraction, resulting in increasing of the fractal dimension.
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Concluding Remarks

Study of Ar + C3Hg + Fe(CO)s mixture pyrolysis showed that the mor-
phology of the aggregates formed depends drastically on the initial mix-
ture composition and pyrolysis conditions. In the limiting case of the
Ar + Fe(CO)s mixture, the aggregate morphology depends on the size
d of primary particles at T < 1043 K resulting in the aggregates with
Dy ~ 1.8 at d < 20 nm (superparamagnetic primary particles) and
in the chain-like aggregates with Dy ~ 1.2-1.4 at d > 20 nm (ferro-
magnetic primary particles). At 7' larger that the Curie point, ie.,
T > 1043 K, the aggregates with D; = 1.8 form. In the other limiting
case of the Ar + C3Hg mixture, single spherical soot particles form. The
co-pyrolysis of C3Hg and Fe(CO)g results in carbon nucleation in FesC
aggregates and the growth of carbon nanotubes, which leads to dis-
ruption of FezC aggregates into several pieces connected by nanotubes.
These complex structures should have the diffusion coefficient, coagu-
lation constant, and sedimentation rate which are different from those
of rigid and isometric aerosol particles.
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