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Soot, Al,O3, and TiO, aerosol aggregates of nanoparticles were stud-
ied by means of a Transmission Electron Microscopy (TEM) and video
microscopy. Soot was formed in both benzene pyrolysis and propane
combustion roots. Alumina and titania aggregates were formed by com-
bustion of metallized pyrotechnical mixtures. By observation of the ag-
gregate movement in the electric field, it was found that the aggregates
are charged. Roughly symmetric bipolar charge distributions were mea-
sured for all types of aggregates. The typical charge per aggregate is
a few elementary units. In case of soot, the charge distribution was
above equilibrium being wider than the room temperature equilibrium
distribution by a factor of 1.4, 3.0, and 1.8 for soot sampled from the
flame axis, region over the flame, and from the flow reactor, respectively.
The fractal-like dimension Dy of aggregates was determined by differ-
ent methods. It was found that D; = 1.8 for soot aggregates in agree-
ment with the Diffusion-Limited Cluster-Cluster Aggregation (DLCCA)
model. The fractal dimension for Al;O3 and TiO, aggregates was in the
range 1.64-1.45, which was too low to explain it by the DLCCA model.
Therefore some influence of Coulomb interactions between coagulating
particles should be assumed to explain these low values of fractal dimen-
sion.

1 INTRODUCTION

Nanoparticle emission to the atmosphere from industrial and natural processes
attracts the attention of scientists during the last decades. Most often nanoparti-
cles are emitted as aerosol aggregates composed of small primary particles. The
important sources of atmospheric pollution are combustion and pyrolysis proc-
esses resulting in emission of soot and metal oxide aggregates. Soot emission to
the atmosphere from vehicles, industrial machines, oil fires, and others can add
considerably to the Earth’s energy budget and climate [1-3]. On the other hand,
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soot exhaust is a means for the transportation of semivolatile toxic combustion
products. Soot particles (or aggregates of primary particles) of size 0.01-0.1 ym
can penetrate and remain in the alveolar regions of the human lungs, causing
local reactions, long-term chronic damage, resulting in mutagenic and carcino-
genic effects [4]. The morphology of the aggregates is a crucial factor which
determines the transport of soot in the atmosphere, optical properties, efficiency
to penetrate to the lungs of human and animals, and the aggregate surface able to
adsorb harmful combustion products. Soot aggregate morphology is controlled
by different factors including electric charge on aggregates. The aggregate charge
can effect the morphology at the stage of cluster—cluster aggregation [5-9], and,
besides, the charge can govern the aggregate restructuring resulting in transfor-
mation of chain-like structures to compact ones [10, 11]. 1t is known also that the
lung deposition of inhaled aerosol may be significantly enhanced by the electric
charges carried by particles (or aggregates of particles) [12].

Thus, the electric charge is an important parameter which effects the aggre-
gate morphology and other properties. It was shown [11, 13-19] that soot ag-
gregates formed in combustion are charged as well as flame generated inorganic
aggregates [20]. The soot aggregate charge arises from bipolar ion diffusion in
the reaction zone [16, 21-26]. It is evident that the study of charge distribu-
tion for soot aggregates synthesized through different combustion and pyrolysis
routes is important.

Now, there is a new ecological problem related with the incineration of old
solid rocket motors. The solid propellants loaded with aluminum powder were
invented many years ago to improve rocket motor performance (increase spe-
cific impulse) via increasing the flame temperature and velocity of the exhaust
gases [27]. Typical incineration is performed by means of firing the motor with
removed nozzle at pressure level 0.1-1 MPa that is much lower than the opera-
tion pressure. This process is accompanied by emission of burning Al droplets
to the atmosphere resulting in formation of aerosol system. The properties of
this system are important for estimation of environmental impact. There is a
lack of information about these particles. However, there are theoretical and
experimental studies where a single metal particle burning in air at 1 atm was
selected (see, for example, [28, 29]) as a simple model to give an insight to the
processes occurring in real systems.

Fast development of world industry creates problems related to protection of
population against consequences of technogenic catastrophes periodically occur-
ring in chemical plants, transportation, etc. Quick response in such emergency
cases can be performed by effective neutralization of the dangerous pollution by
highly active catalytic particles to be dispersed in the air. It is well known that
TiO; nanoparticles in the anatase crystal modification exhibit excellent photo-
catalytic properties that ensure the ability to destroy various harmful substances.
The mentioned ability is widely used in air conditioners with photocatalytic TiO,
filters (DAIKIN), in self-cleaning TiO2-containing covers for glass, plastic, and
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metal (LG Elite), etc. In the course of photocatalysis triggered by sun light
or ultraviolet-lamp radiation (A < 385 nm), the various organic substances are
oxidized, and the viruses and bacteria are destroyed. At the same time, the well-
known fact is the formation of metal oxide nanoparticles during combustion of
metal powder or single droplets [28, 29]. Therefore, it is reasonable to investigate
the possibility of producing catalytically active TiO, particles in the combustion
of specially designed pyrotechnic mixtures.

This paper is aimed at a video and TEM study morphology and charge prop-
erties of soot aggregates formed in benzene pyrolysis and propane combustion as
well as metal oxide aggregates generated by combustion of Al- and Ti-containing
pyrotechnical mixtures.

2 EXPERIMENTAL STUDY

Soot was generated by both benzene pyrolysis in a flow reactor and combustion in
propane-air diffusion flame. In the case of the pyrolytic route of synthesis, a mix-
ture of benzene with nitrogen is supplied to the inlet of flow reactor (Fig. 1) at at-
mospheric pressure and room temperature. The partial pressure of benzene in the
inlet mixture is 90 Torr. The temperature in reaction zone was 1350 K. The inlet
flow rate is varied in the range f; = 0.25-2.5 cm3/s at standard T and P (STP)
which corresponds to the residence time in the reaction zone of t = 0.6-6 s. There
is an orifice 0.2 cm in diameter at the end of the reaction zone. At the outlet of
this orifice, the outcoming flow is mixed with a cold nitrogen supplied with the
flow rate of fo = 17 cm3/s (predilution). Downstream, the soot aerosol is diluted
again with an air flow of fz = 170 cm?/s to suppress coagulation. The coagu-
lation time in the predilution section is 3 s. The soot mass concentration in the
flow is determined by deposition to a high-efficiency Petrianov aerosol filter [30].

Air
3
Flow reactor _ Outlet orifice f,=170 cm’/s

Predilution section
CeHgtN,  ——— e

Flow rate £ i« s TR e

N, 3 Soot aerosol
S=17cm’/s

Figure 1 Schematic of the flow reactor for soot generation by benzene pyrolysis
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Soot formed in a propane-air diffusion flame [11] was also analyzed. A cylin-
drical burner with an inner diameter of 1 cm was fed with propane fuel (90%
CsHg + 7%C4H;o + 3%CH,4 and C,Hg) at the flow rate of 5 cm3/s at STP. The
length of the visible part of the flame was about 22 cm. To avoid the influence of
air fluctuations, the flame was shielded by a coannular cylindrical iron grid 7 cm
in diameter. Soot aerosol for analysis was sampled both from the flame axis at
different heights h above the burner and from the region over the flame 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
heights above the burner. At the outlet of the capillary, the flow was diluted
70 times by air. Then the diluted aerosol passed through an aerosol duct to the
optical cell for video observations (see later the description of the video system).
The residence time in the capillary was about 20 ms, the residence time in the
aerosol duct was 10 s. When sampling from the region over the flame, the aerosol
was sucked with the flow rate of 2.5 cm3/s at STP through the aerosol duct di-
rectly to the optical cell. In this case, the residence time in the duct was 23 s.

Formation of Al;03 and TiO; aggregates was studied by burning small sam-
ples of pyrotechnical mixture (about 50 mg in case of Al,O3 and 500 mg in
case of TiOz) containing aluminum or titanium particles of 5-30 pm in size,
ammonium perchlorate, and binder. The mass of aluminum (or titanium) in a
sample was about 6 (or 75 mg), respectively. A sample of metallized pyrotechni-
cal mixture was burned in a combustion chamber of 20-liter volume filled before
the experiment by filtered air. The air pressure in the vessel was 1 atm. The
sample combustion time was several seconds. The combustion of sample was
accompanied by ejection of burning agglomerates, which were actually liquid
aluminum/titanium droplets of 100-500 / < 100 um in diameter. These droplets
moved downwards in the ambient air and generated Al,03/TiO; aerosol. From
the video records, the droplet combustion time was determined as 0.1-0.2 s and
the droplet velocity was about 30-150 cm/s.

The Al;03 (or TiO3) aerosol was left in the vessel for certain time (from 1
to 20 min after completion of combustion). Then the aerosol particles were
sucked from the combustion chamber and sampled thermophoretically for the
TEM analysis and for the analysis by the video system. Transmission electron
microscopy analysis gave information about the size and morphology of aerosol
particles.

The video system was used to observe the Brownian motion of aggregates [11,
31] as well as motion in the electric field. In these experiments, a probe of aerosol
was injected to the optically accessible Millikan cell. 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 a microscope objective and then to a CCD
camera connected to the video system. The objective draws an image of particles
present in the illuminated volume of cell on the light sensitive CCD matrix with
magnification of 15 times. The visualization field in the optical cell is about
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Figure 2 High-speed photography data at 2000 frame/s: (a) two consecutive shadow
images illustrating generation of agglomerates by the pyrotechnical mixture burning
surface; and (b) magnified image of burning Al agglomerate showing the Al droplet,
oxide cap, and Al,O3 tail

300 x 400 pm. The focal depth in the object space is about 30 pm. The spatial
resolution of the system is approximately 3 pm that allows to obtain resolved
images of aggregates larger than 3 pm. For smaller size, the aggregates are
visible as spots. To create homogeneous electric field, two parallel flat electrodes
were installed in the cell. The distance between electrodes was 0.25 cm. The
movement of the aggregates in the electric field gave information on the electric
charge and dipole moment of resolved visible aggregates.
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Additional observation of burning surface of the sample and burning metal
particles was carried out using high-speed photography [32]. The zone above the
burning surface of the pyrotechnical sample was illuminated by pulse-repeated
back light. The transmitted light formed the shadow image of the zone adjacent
to the burning surface by means of an objective. By means of the band-pass
filter, a range of 400-500 nm was selected in the transmitted light. The self-
irradiation of the flame is low in this spectral range, therefore the burning surface
and detached droplets were seen clearly enough. To demonstrate the high-speed
photography method, Fig. 2a presents two consecutive shadow frames illustrat-
ing the burning processes at the surface of aluminized pyrotechnical mixture.
The pyrotechnical mixture under study follows the typical [33], or, in terms
of [34, 35], the “strong agglomeration” scenario. In this scenario, melting and
ignition of aluminum particles occurs mostly at the burning surface. They form
relatively coarse round-shape agglomerates that start burning within the pro-
pellant surface layer with formation of typical “halo” and smoke tail. Figure 26
presents magnified views of burning aluminum agglomerate. One can see Al;O3
smoke tail and Al oxide “cap” on the droplet surface.

3 RESULTS
3.1 Aggregate Size and Morphology

Transmission electron microscopy images showed that soot, Al;Oz, and TiO;
were formed as aggregates composed of small primary particles (Fig. 3). The typ-
ical diameter of primary particles was 10-30 nm for the soot aggregates formed
in the flame and 40-200 nm for the soot aggregates from flow reactor. In case
of Al;03 and TiQO,, the primary particle diameter was 10-150 and 5-30 nm,
respectively.

Using the TEM images, the geometric radius of aggregates was measured as:

Ra=%\/ﬁ (1)

where A and B are the dimensions of the smallest rectangle enclosing the image
of single particles or aggregate (A and B orientations are the same for all the
aggregates), or:

Ry= =VIW (2)

N =

where L is the maximum length of the agglomerate image, and W is the max-
imum extension of the agglomerate perpendicular to L. Figure 4 demonstrates
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Figure 3 TEM images of soot from the flow reactor (a), Al O3 aggregates sampled
after coagulation time of 5.5 min (b), and TiO; aggregates sampled after coagulation
time of 1 min

evolution of AlsO3 aggregate radius R, with coagulation time. Figure 5 gives
an example of frequency distribution of TiO; aggregate radius.

The aggregate morphology is described in terms of fractal-like dimension Dy
which can be determined from a power relation between the mass M of each
aggregate and its radius R measured by TEM analysis [36]:

M « RPs (3)

A variety of algorithms was applied to determine D;. To determine the soot
aggregate mass (in arbitrary units), the integral density of individual aggregate
TEM image was measured. The procedure was as follows. The image was elab-
orated by the “Scion Image” computer code as a file in tif-format. The integral
density was determined as the sum of the gray values of all the pixels which con-
stituted the aggregate image. A correction to the background density was also
done. It was assumed that the local density in the aggregate image was propor-
tional to the local thickness of the original aggregate. Therefore, the mass of the
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original aggregate was considered to be proportional to the integral density of
the aggregate image. This approach seems to be reasonable because it is known
that even the fractal-like dimension of two-dimensional (2D) projection is ap-
proximately equal to the D; value of the original three-dimensional (3D) object
if Dy < 2 [36]. In case of soot formed by benzene pyrolysis, it was found that the
fractal dimension did not depend on the input flow rate, being equal to Dy = 1.8.
Figure 6a gives an example of log M vs. log R,. When using R; instead of Rq,
the result was the same within the method accuracy. The fractal dimension for
aggregates sampled from the region over the flame was also Dy = 1.8. In case
of alumina aggregates, it was found that fractal-like dimension did not change
with the coagulation time within a period from 1 to 20 min and was equal to
Dy = 1.6140.04 when applying the optical density analysis. Other approaches
to determine D; for Al;O3 aggregates were also applied. One of the approaches
included the direct determination of the mass of each aggregate presented in
the image by measuring the diameters of all primary particles constituting the
aggregate and calculating the total aggregate mass from these diameters (using
density of AloO3 of 3.96 g/cm?). The presentation of data as log;q M —log,, Rs
gave Dy = 1.64 + 0.09 for alumina aggregates. Besides, the fractal-like dimen-
sion was determined from the 2D black-and-white projections of aggregates. To
this end, TEM images were converted to black-and-white files in tif-format. The
gyration radius R, was determined as the root-mean-square distance between
the projection center mass point and each pixel composing the projection image.
The fractal-like dimension was determined from log;q.S vs. log;y R, or log,, S
vs. log,o Ry plots, where S is the area of the aggregate projection. These two
last algorithms gave Dy = 1.44 & 0.04 and 1.52 & 0.04, respectively.
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Figure 6 Aggregate mass (in arbitrary units) vs. radius R (TEM data). (a) Soot was
formed by benzene pyrolysis at inlet flow rate f; = 2.5 cm®/s. The aggregate mass was
determined by the optical density algorithm. (b) TiO, aggregates sampled 1 min after
combustion. The aggregate mass was determined by the black-and-white projection
algorithm. Solid lines correspond to fractal-like dimension Dy = 1.8 (a), and 1.55 (b)

61 7

Table 1 Fractal-like dimension determined by diff¢rent algorithms

Soot from Soot from

Algorithm flame flow reactor

1,03 TiO2

log,o M —log,o Ra )
optical density 1.80 £ 0.04 1.801+0.04 1.16f+0.04 —
method

log;o M —log,o Re

direct mass — — 1.64 £0.09 —
measurement

log,o § — logyo R

black-and-white — — 1.52 £ 0.04 1.55 £ 0.02
projection

log,o S —logyo Ra

black-and-white — — — 1.51 £ 0.02
projection

log,o 5 — logyo fg

black-and-white’ — — 1.44 £ 0.04 1.45 4+ 0.04
projection '
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The analysis of TiO, aggregate images sampled after 1-minute coagulation
gave Dy = 1.5110.02 for log,( S vs. log;q R4 anamorphosis 1.55+0.02 for log,, S
vs. log,o Re, and 1.45 % 0.02 for log;, S vs. log,, Ry anamorphosis. Figure 6b
presents log;o S vs. log;o Ry plot. The fractal dimension results are summarised
for soot, alumina, and titania aggregates in Table 1.

One can see from Table 1 that soot aggregates demonstrate the fractal-like
dimension to be 1.8 which is explainable by the DLCCA model [36]. The mor-
phology of the alumina and titania aggregates is described by Dy = 1.6-1.4
which does not agree with the DLCCA model. Thus, it is assumed that the
Coulomb interactions between the coagulating particles affect considerably the
aggregation process resulting in the low fractal-like dimension [5-9].

3.2 Video Observations of Aggregates

Movement of soot aggregates in the optical cell under a homogeneous electric
field applied with an intensity of 200-400 V/cm was studied using a video system.
Figure 7 gives an example of movement of two soot aggregates in the electric
field. One can see that one of two aggregates moves downward (negative charge),
while the other aggregate moves upward (positive charge). The aggregate net
charge was estimated from the balance between the Coulomb force and the drag
force Fp:

n.el = Fp (4)
Time 50 pm Ar=0.02s
—

Figure 7 A sequence of frames demonstrating movement of two charged soot aggre-
gates in the electric field of 360 V/cm. The aggregates were formed in the benzene flow
reactor
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where n. is the number of the elementary charges on the aggregate, e is the
elementary charge (4.8 x 1071% units of CGSE), E is the electric field strength.
The drag force is:

6rvnR,,
Frp— ——1°m

where 7 is the viscosity coefficient for air, v is the aggregate velocity, R,, is the
mobility equivalent radius, Cc is Cunningham correction factor equal to (see,
for example, [37])

CC:l-i-'RATn'[A-{-QeXp (—M%)jl (6)

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

Thus, the charge of each aggregate was determined using Eqgs. (4) and (5).
The crucial point in these estimations was determination of R,,. Two different
approaches were applied. In the first approach, the mobility equivalent radius of
each aggregate was derived from the observation of its Brownian motion without
an electric field. The aggregate diffusion coefficient D was determined from the
Einstein equation:

(Az)? =2Dr (7

(Az)? = (Az?+ Azi+...+ Az%)/N, where Az, Azs, ..., Azy are successive
displacements of the aggregate along the horizontal z-axis over time interval
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Figure 8 Frequency distribution of aggregate charge determined by video observa-
tions. Soot was formed by benzene pyrolysis at inlet flow rate fi = 0.8 cm®/s. When
estimating charge, the aggregate radius was determined (a) for each aggregate by video
observation of Brownian motion; and (b) by processing TEM data (the same average
radius R, was used for each aggregate)
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T = 0.4 s. Then the equivalent mobility
radius was derived from the equation

25 Z for the diffusion coefficient:

% 20 é _ kgTCc (8)

g Z 67 R
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"é Z where kg is Boltzmann constant and

210 % T is temperature. After recording the

5 Z aggregate Brownian motion, the elec-

“ 5 % tric field was switched on to measure
é the velocity of aggregate movement due

0_15 20 5 0 5 10 15 toan electricforce. This approach re-

Charge per particle /e.u. sulted in a charge distribution for the
aggregates as presented in Fig. 8a. The
typical aggregate net charge is equal to
several elementary units.

In the second approach, the same
average radius was used to characterize
each aggregate recorded by the video
system. This average R, was determined by processing TEM images. Figure 85
shows the frequency distribution of aggregate charge for this way of data treat-
ment. One can see good agreement between the two histograms obtained from

Figure 9 Frequency distribution of elec-
tric charge on TiO, aggregates. The ag-
gregates were sampled after l1-minute co-
agulation

Charge per aggregate / e.u.

Figure 10 Scattering graph in coordinates mobility radius — net aggregate charge
for soot aggregates. Mobility radius for each aggregate was determined by the video
observation of Brownian motion. Points for soot formed by benzene pyrolysis (at the
inlet flow rates f; = 0.25 and 0.8 cm®/s) and propane combustion sampled from the
flame axis (at height above burner h = 5.5, 7.8, 10.0, and 13.3 cm) and from the region
over the flame at A = 27 cm are put in the same graph: 1 — flame axis, 2 — region
over the flame, and 3 — flow reactor
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Figure 12 Frequency distribution of
the mean primary particle diameter dag
determined for the ensemble of 70 Al,O3
aggregates

video observations of Brownian motion

(Fig. 8a) indicating the validity of both ways of aggregate charge distribution
measurements. Figure 8 demonstrates that there is approximately a symmet-
ric bipolar charge distribution of soot aggregates. Similar charge distributions
were measured for alumina and titania aggregates. Figure 9 presents frequency
distribution of TiO, aggregate charge. Thus, the typical aggregatenet charge
for soot, TiO2, and Al,O3 is several elementary units. Figure 10 presents a

Figure 13 TEM image of a TiO, ag-
gregate demonstrating different groups
of primary particles

scattering plot in coordinates “soot ag-
gregate charge — mobility radius.” One
can see that the greater the aggregate
radius the wider is charge distribution.
When examining the aggregates of
TiO, and Al,O3, it was found that the
average diameter dag of primary parti-
cles for a selected aggregate varies from
aggregate to aggregate. To demonstrate
the statistical evidence for the variation
of dyg from aggregate to aggregate,
Fig. 11 shows the frequency distribution
functions for primary particles in two dif-
ferent titania aggregates. The essential
difference between these two functions is
seen. In particular, the mean arithme-
tic diameter differs more than twice for
these two aggregates. Figure 12 shows

219



[image: image10.png]COMBUSTION AND POLLUTION: ENVIRONMENTAL IMPACT

the frequency distribution of d,g for Al,O3 aggregates. The demonstrated vari-
ation of dag from aggregate to aggregate is probably caused by the difference
in burning conditions (local vapor concentration, temperature distribution, and
size of flame zone) around different droplets of Al or Ti. Figure 13 substantiates
this assumption: the aggregate consists of at least two groups of primary parti-
cles (A and B), which differ considerably from each other in terms of size. These
groups are referred to as “primary clusters.” One may assume that these pri-
mary clusters formed in the course of combustion of different aluminum droplets
and later they grouped in the final aggregate due to coagulation in the ambi-
ent air. For Al,O3 aggregates, the average amount N, of primary particles in
clusters and the average cluster radius Ryt were estimated as N, &~ 270 and
Reust = 0.5 pm.

4 DISCUSSION
4.1 Steady-State Charge Distribution

With time, aerosol particles in a bipolar ionic atmosphere attain a steady-state
condition in terms of charge distribution. For particles larger than 0.05 gm, the
steady-state charge distribution corresponds to the dynamic electrical equilib-
rium described by the Boltzmann law [21, 38-40]:

flg) = % exp (— dElfBT) (9)
T = iexp (— dE‘f;T) (10)

where f(q) is the fraction of particles which have charge ¢, kp is the Boltzmann
constant, T is the temperature, and dg is the charging equivalent diameter. It
was shown in {24, 40] that the steady-state diameter dg for aggregates in bipolar
ionic atmosphere is approximately equal to the aggregate mobility diameter.
Refer again to Fig. 10. It shows a scattering plot in coordinates “soot mobility
radius — aggregate charge” for soot aggregates of three sorts: (i) sampled from
the flame axis, (i) from the region over the flame, and (éii) from the flow reactor.
For each sort of aggregates, it is possible to select a narrow range of radius in
this charge — radius diagram. This way one obtains the charge distribution
for the selected range of radius. Figure 14 demonstrates a charge distribution
for soot aggregates sampled from the flame axis with the aggregate diameter in
the range 0.20-0.25 um. This charge distribution can be fitted by the Gaussian
function of Eq. (9) for room temperature and dg = 0.32 ym. The charging

220

35 Z
£ 30 ;//’%\
& 25 ;//%
g 15 /%% 4
: |
g 10 %/%
)

5 4 2 0 2 4 6
harge per aggregate / e.u.

Figure 14 Frequency distribution of ag-
gregate net charge. The range of aggre-
gate mobility diameter is 0.20 to 0.25 pm.
Aerosol was sampled from the flame axis.
Solid line is governed by the Boltzmann
equation (9) with a charging equivalent
diameter dg = 0.32 um. Mean arithmetic
mobility diameter is 0.23 pm
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Figure 15 Charging equivalent diam-
eter dg vs. mobility equivalent diameter
d.m for the data presented in Fig. 10. Soot
was sampled from the flame axis (1), re-
gion over the flame (2), and from the flow
reactor (3). Solid lines correspond to lin-
ear functions A — dg = 3.0dm; B —
dg =1.8dy; and C — dp = 1.4d,

equivalent diameter dg thus derived exceeds the average mobility diameter d,,, =
0.23 pm. In other words, the charge distribution for these soot aggregates is
wider than equilibrium being intermediate between the distributions relevant
to flame temperature and room temperature equilibria. Figure 15 is dg vs.
d plot for soot aggregates generated at different conditions. It demonstrates
that the charge distributions for the all three sorts of soot aggregates are wider
than the equilibrium distributions. Thus, one can conclude that there exists
the overequilibrium charge distribution of soot aggregates sampled both from
the flame and from the flow reactor. It is worth mentioning that Burtscher et
al. [16] have also registered aerosol particle charge above equilibrium at room
temperature for soot particles formed in open fires of hydrocarbons.

Discuss now some details of the overequilibrium charge spectrum formation.
Combustion and pyrolysis of hydrocarbons are characterized by a high ion con-
centration. The ion concentration is 108-10'! ¢cm~3 in flames [22, 25, 41] and
up to 10'® cm~3 in thermal decomposition processes [22]. Simple estimations of
charging kinetics by using the collision theory show that the charge distribution
on soot particles in flames is equilibrium. Both temperature and ion concen-
tration decrease with the distance from the reaction zone. Therefore, the soot

. charge distribution becomes wider than the local equilibrium distribution. The

subsequent coagulation of soot particles exhibits two opposite trends. On the
one hand, the charge spectrum widens due to random coagulation. On the other
hand, the aggregate charge is limited due to Coulomb interaction between col-
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liding aggregates. It is evident that at room temperature, the second trend is
predominant and results in a narrower charge spectrum than that of the equilib-
rium distribution at the flame temperature. Nevertheless, this spectrum is still
wider than that of the equilibrium distribution at room temperature .

4.2 Possible Mechanisms of Al;03-TiO, Nanoparticle Formation
and Aggregation at Combustion of Al-Ti Droplets

The mechanisms of Al;03 and TiO2 nanoparticle formation and aggregation
seem to be similar. Therefore, in this section, only the mechanism of Al,O3
aggregate formation will be discussed assuming that the main features of TiO»
aerosol formation are the same. As a rule, aluminum droplets ignite at the
temperature approaching or exceeding the melting point of Al,O3 (2323 K) [42,
43]. After ignition, a particle is heated up rapidly to the aluminum boiling point,
2730 K. The molten aluminum can dissolve up to about 0.1% at. of oxygen [44].
The solution boiling temperature decreases with the concentration of dissolved
oxygen from 2730 (pure aluminum) to 2510 K (saturated oxygen solution). Thus,
the temperature of the burning Al droplet can be considered as equal to about
2500 K. The temperature in the flame zone is about 3200 K [45].

Refer back to Fig. 26 which shows a burning aluminum agglomerate. One
can see an oxide “cap” on the droplet surface. The possible mechanisms of cap
formation are discussed in [46-49] and are not considered herein. The cap is
formed via several mechanisms, which include heterogeneous reactions on the
droplet surface as well as diffusion and deposition of flame-generated oxide par-
ticles.

Aluminum burns in vapor phase because of the lower boiling point for Al as
compared with Al;03 — the final combustion product. The reaction is believed
to be limited by diffusion of oxidizer towards the droplet and the outward flux
of aluminum vapor. At pressure of 1 atm, the reaction (or flame) zone is located
in the region r/ro = 3-6 [42], where r and 7y are the radial coordinate and
droplet radius, respectively. In the flame zone, homogeneous reactions occur
between the aluminum vapor and oxidizer (oxygen of the ambient atmosphere).
The reaction products consist of gaseous suboxides such as AlQ, AlO,, Al;O,
and Al;O0,. These products condense in the flame zone to form Al,O3 smoke.
The condensation at aluminum combustion is different from that considered in
the classical nucleation theory: it occurs with heterogeneous chemical reactions
at the surface of alumina nanoparticles. Such chemical condensation reactions
are discussed in [28, 46].

The growth of Al,Oj3 particles is characterized by simultaneous coagulation
and coalescence. The resulting nanoparticles are liquid and spherical in the
reaction zone. In the present experiments, the burning aluminum droplets were
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falling down in the ambient atmosphere creating a tail comprising of Al;O3
nanoparticles (Fig. 16). The droplet velocity is about 100 cm/s. This value is too
small to affect considerably the temperature distribution in the reaction zone [42,
46). At a distance from the droplet surface of several radii, the temperature
decreases to the Al,O3 melting point [42] (Fig. 16). Here and downstream,
the coagulation process results in formation of aggregates consisting of spherical
primary particles. Particle concentration, n,, in the periphery of the reaction
zone, where solidification occurs, can be readily estimated from the rate wa) of
aluminum evaporation from the droplet, droplet velocity, and mean diameter
of primary alumina particles, which is about 40 nm (Fig. 12). The rate wa)
can be roughly estimated from the droplet burning time, which is about 200 ms
in the present experiments. Thus, wa; ~ 1.3 - 10'® atom/s and the particle
concentration equals

ny ~ 310" em™3 (11)

It was shown above that the aggregates sampled from the reaction chamber
consist of primary clusters. The diameter of primary particles in each particular
cluster varies insignificantly while the diameter of particles in different clusters
can differ considerably (see, for example, Fig. 12). Thus, one can assume that
different primary clusters originate in different smoke tails, i.e., are relevant to
different burning droplets. One can estimate the average cluster formation time
Telust Using the average number of primary particles in a cluster (Np = 270) as a
basic parameter. In other words, the whole aggregate formation process can be
divided into two stages — cluster formation from primary particles of the same
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smoke tail and final aggregate formation from clusters originating in different
tails. The value Tqus: 15 a characteristic time of the first stage of the process.
Using particle concentration n, &~ 3 - 10'! cm~2 (Eq. (11)) at the instant of
alumina particle solidification, one can estimate cluster concentration ncust at
time Telust as
~ .Pi Tnelt ~ 1010 -3
Nelust = N, Troor ™ 10*" em (12)
where Tinete and Troom are the melting temperature for alumina and room tem-
perature, respectively. When estimating ncjust in Eq. (12), it is assumed that the
temperature is close to the room temperature at the end of the primary cluster
formation stage.
The rate of decrease in the aggregate concentration due to coagulation can
be approximately modeled by the second-order kinetics:

dn

= = —kn* (13)

where n is the cluster concentration and K is the cluster coagulation constant.
For clusters with the mobility equivalent radius R,,, the coagulation constant is

K ~ 87DRm (14)

where D is the diffusion coefficient (Eq. (8)). The characteristic time of cluster
growth is determined by the late stages of the cluster coagulation process when
radius R is equal to the primary cluster geometric radius in the final aggregates,
Rust = 0.5 pm (see Section 3). It is easy then to estimate the equivalent mobility
radius from Rguse [21, 31, 50] which is approximately equal to R, ~ 0.3 pm.
Thus, at T = 295 K, Eq. (8) gives D = 5-10~7 cm?/s. From Egs. (13) and (14),
one finally obtains the characteristic cluster growth time 7¢yst:

1

Kncust

~0.2s (15)

Tclust ~

At t < Tcust, the particles originating from the same droplet coagulate re-
sulting in cluster formation. At ¢ > 7yst, the coagulation of clusters originating
from different Al droplets occurs resulting in the formation of final aggregate
which is composed of different clusters.

5 CONCLUDING REMARKS

Soot, Al2O3, and TiO, aggregates formed during pyrolysis and combustion were
investigated by means of video observations. It was found that all types of
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aggregates are charged. The typical charge per aggregate is several elementary
units.

Charge distributions of soot aggregates were analyzed. The charge distri-
bution of soot aggregates is nonequilibrium. For soot sampled from the flame
axis, region over the flame, and from the flow reactor, the charge is larger than
that relevant to room temperature equilibrium by a factor of 1.4, 3.0, and 1.8,
respectively,.

For soot aggregates, the fractal-like dimension was measured to be Dy = 1.8,
which is in agreement with the DLCCA model. The fractal dimension for Al,O3
and TiO; aggregates was in the range 1.64-1.45, which is too low to be explained
by the DLCCA model. Therefore, it is assumed that the charge interactions
between coagulating particles affect the morphology of final Al;O3 and TiO.
aggregates resulting in more chain-like aggregates.

A conclusion has been made that the alumina and titania aggregates consist
of clusters. The clusters are composed of primary particles of approximately
equal diameter. However, the mean diameter of primary particles in different
clusters varies considerably. This observation is explained assuming that different
clusters are formed from different smoke tails.
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