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Abstract—Nanometer sized (d, = 15 nm) SiO,/TiO, particles were generated in a premixed flat
flame aerosol reactor from three sets of precursors: SiBr,/TiCl,, SiCly/TiCl, and hexamethyl
disiloxane (HMDS)/TiCl,. Single component silica and titania aerosols were also generated from
SiBr,, SiCl,, HMDS and TiCl,. The choice of silica precursor had no observable effect on the
particle size of the single component aerosols, or on the distribution of species in the mixed aerosol,
as determined by transmission electron microscopy (TEM) and by interparticle chemical analysis of
the mixed aerosol using energy dispersive X-ray spectrometry (EDS). These results suggest that for
this flame configuration, chemical processes are not rate determining for particle size and do not
affect the arrangement of species for mixed systems. Within the particles, small (3-12nm in
diameter) crystalline regions enriched in titanium were observed using electron energy loss spectro-
metry (EELS) coupled with scanning transmission electron microscopy (STEM). A mechanism in
which segregation occurs during particle growth by diffusion within the particles is proposed.
© 1998 Elsevier Science Ltd. All rights reserved

NOMENCLATURE

a surface area of coalescing particles, cm?
a, surface area of spherical equivalent, cm?
d, particle diameter, cm
d, seed particle diameter, cm
D solid state diffusion coefficient, cm? s~ 1
E, activation energy for precursor decomposition, kJ mol ™!
Boltzmann constant, 1.3807 x 10" ®gcm?2s 2 K ™!
ko preexponential for precursor decomposition, s ™!
m number of particles coalescing together
N, initial number concentration of precursor molecules, cm ™3
N, number concentration of seed particles, cm ™3
P, ambient pressure, atm
P; interior pressure, atm
r particle radius, cm
R monomer production rate, cm ™ 3s”
R..x maximum allowable monomer production rate, cm ™ 35”1
t time,s
tysmin Minimum time allowed for 95% of precursor to react, s
tos,xn time for 95% of precursor to react based upon decomposition kinetics, s
T temperature of the gas,
T, reference temperature, K
U, reference velocity at the reference temperature, cm s~
v, molecular volume, cm?
v, molecular volume for diffusion, cm?
v, particle volume, cm®
V  aerosol volume loading, cm? aerosol cm™? gas
x distance from the flame along centerline, cm

1

1

Greek letters
n viscosity, Pas
¢ surface tension, T m~
1¢ characteristic coalescence time, s

2
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INTRODUCTION

The use of aerosol flame reactors to produce materials such as carbon black, fumed
silica, and titania is well established on an industrial scale (Ulrich, 1984). Flame process-
ing can be used to produce materials of high purity, without the multiple steps and
high liquid volumes associated with wet chemical processes (Pratsinis and Mastrangelo,
1989).

Many studies of the formation of single species oxide aerosol by gas-to-particle conver-
sion in flame reactors have been conducted for example by Formenti et al. (1972), Ulrich
(1971), Chung and Katz (1985), Zachariah (1990) and Windeler et al. (1997a, b). In contrast,
there have been relatively few studies of the formation of mixed oxide aerosol in flames
(Hung and Katz, 1992; Hung et al.,1992; Miquel et al., 1993; Vemury and Pratsinis, 1995;
Zachariah et al., 1995a,b). In this work, both single component silica and titania aerosol,
and mixed Si0,/TiO, aerosol were generated in a premixed methane flat flame reactor. The
observed primary particle sizes of the single component aerosol were compared with
predictions of primary particle size made using the collision/sintering theory of Koch and
Friedlander (1990). The predictions were made using both experimentally obtained sinter-
ing parameters, and parameters derived from literature values for the solid state diffusion
coefficient of titania and the viscosity of silica.

In the mixed aerosol portion of this study, a method was developed for characterizing the
degree of mixing in a binary aerosol system, SiO,/TiO,, using analytical electron micros-
copy techniques. Both the intraparticle and interparticle distribution of chemical species
were examined. The distribution of species from particle to particle was determined using
energy dispersive X-ray spectroscopy (EDS) coupled with transmission electron microscopy
(TEM). This procedure was used to investigate the effect of silica precursor choice on the
distribution of species in the mixed aerosol. Electron energy loss spectrometry (EELS)
coupled with scanning transmission electron microscopy (STEM) was used to determine the
distribution of species within the particles.

The observed results can be explained by considering the probable mechanism of
precursor decomposition in a premixed flame environment, and the equilibrium phase
distribution of the SiO,/TiO, system at the temperatures encountered in the flame.
A simple criteria, developed for runaway nucleation in single component systems by
Zachariah and Dimitriou (1990), was applied to the general case of binary particle forma-
tion to determine conditions for which the formation of either chemically uniform or
chemically distinct particles is likely.

The mixed system, SiO,/TiO,, was chosen for study because of its interesting material
properties, and because of the important industrial applications of mixed SiO/TiO,
materials, some of which are listed in Table 1. Silica is a strong network former, and is
amorphous as formed in flame reactors (Ulrich, 1971). Flame processed titania, in contrast,
is crystalline (Solomon and Hawthorne, 1991). In the solid phase, there is no thermo-
dynamically stable mixed phase, although experimentally, solubility of titania in silica
glasses has been observed up to mass fraction of 12% of titania (Schultz, 1976). In the liquid
phase, for compositions ranging from approximately mass fraction of 20-90% titania,
the liquids are immiscible (DeVries et al., 1954). The desired distribution of species depends
on the application. For example, for low thermal expansion glasses containing less than
12% by weight titania in silica, complete mixing is desired (Schultz, 1976). However, in
optical waveguide cladding applications, phase separated regions enriched in titania im-
prove the fatigue resistance of the optical fiber by preventing the spread of cracks (Backer
et al., 1991).

The effect of microstructure on the properties of multicomponent materials has been the
subject of extensive study. However, the effects of processes occurring during aerosol
formation on the microstructure of the resulting aerosol materials have not been addressed.
The goal of this study is to relate the observed distribution of species in the mixed aerosol to
the process conditions and the equilibrium behavior of system.
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Table 1. Industrial applications of Si0,/TiO, materials

Application Composition Morphology Reference
Low thermal expansion glass up to 8 wt % TiO, Homogenous solution of  Greegor et al. (1983)
TiO, in SiO,

Fatigue resistant optical fiber 10.5 wt % TiO, Crystals of anatase TiO, Backer et al. (1991)

cladding upto 13 wt % TiO, in SiQ,/TiO, mixture

Catalysts and catalyst supports 7 to 97 wt % TiO, Homogenous or TiO, Ko et al. (1987)

in SiO, on surface of SiO, Sohn and Jang (1991)

Kumphar (1993)

Liu and Davis (1994)
Chalk resistant paint pigments  3-5wt % to 10 wt % Coating of S$i0,/Al,0, Solomon and

(SiO; usually in combination of pigment particle on surface of particle Hawthorne (1991)
with Al,O3,)

EXPERIMENTAL

A schematic of the experimental apparatus for generation of SiO,/TiO, aerosols from
gas-phase precursors is shown in Fig. 1.

Precursor delivery

Titanium (IV) chloride (TiCly, 99.9%, Cerac Inc.) was used as the precursor for titania.
Silicon (IV) bromide (SiBrs, 99 + % Strem Chemicals), silicon (IV) chloride (SiCly,
99.999%, Aldrich Inc.), and hexamethyl disiloxane (HMDS, 98 + %, Aldrich Inc.) were
used as the silica precursors. Certain commercial products and instruments are identified to
adequately specify the experimental procedure. In no case does such identification imply
endorsement by the National Institute of Standards and Technology. These compounds are
liquids with significant vapor pressures (greater than 900 Pa) at room temperature, and
were delivered to the flame by bubbling dried filtered nitrogen through the liquids. To
measure the precursor delivery rate to the flame, gravimetric determinations were made
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Fig. 1. Apparatus for generation of binary aerosols from gas-phase precursors.
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using a condensation trap of the nitrogen stream as a function of nitrogen flow rate through
the bubbler (Ehrman, 1997). To remove particles formed by bubble bursting, a 25 mm
diameter Gelman type A/E glass fiber filter was installed downstream of the bubblers.
Because SiCl, is significantly more volatile than TiCly, SiBr,, or HMDS, the SiCl, bubbler
was kept in an ice water bath, The flow rates of the precursors were chosen to correspond to
a 1:1 mole ratio of Si to Ti in the flame, so as to maintain a mole concentration of each
precursor in the flame of 8.7 x 10" ®moll ™! (4.4 x 10" mol1~! of HMDS) at standard
temperature and pressure. Experiments were also conducted for the single component case
for each precursor at the same mole concentrations.

Flat flame burner

The flame configuration chosen was a laminar premixed CH,4/N,/O, flat flame reactor. It
has the advantage of a simple geometry, and also serves as a model of more complicated
industrial processes such as the Cab-O-Sil process, which is also based on premixed
hydrocarbon flame methods (Ulrich, 1971). The burner consists of a gravity sintered bronze
plug, 4.5 cm thick and 5cm in diameter, void fraction approximately 0.5. The plug is
encased in a stainless steel sleeve, and sealed with o-rings, as shown in Fig. 2. A radially
uniform flame was stabilized approximately 1.5 mm above the surface of the burner. To
prevent sintering of the burner surface, a cooling coil circulating chilled house water was
built into the plug during the gravity sintering step, positioned parallel to and one
centimeter below the surface.

The flow rates of the gases (methane, 99.99%; oxygen 99.98%; nitrogen, 99.5%; MG
Industries) are given in Table 2. The flows of the flame gases were controlled using mass
flow controllers (model FC 261, Tylan Co.). The flow rates of dilution nitrogen and of
nitrogen through the precursor bubblers were controlled with rotameters. The flame
conditions corresponded to excess oxygen, to promote complete oxidation of the precur-
sors. The temperature profile was measured in the absence of precursor species along the
centerline with a type S (platinum-platinum/10% rhodium) fine wire thermocouple,
coated with silica to minimize radical recombination reactions on the wire surface, and
corrected for radiation losses (Bradley and Matthews, 1968). The corrected profile is shown
in Fig. 3. A least-squares fit of the temperature profile gives a cooling rate of approximately
106 K cm ! for the first five centimeters, and 60 K em ™! further downstream. The com-
puted adiabatic flame temperature is 1857 K. The difference between the adiabatic flame
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~ ——_ Sintered
Cooling Coil E{nge
O-rings<].

Cooling * l * Cooling
Water In * Water Out

Flame
Gases In

Fig. 2. Detail of premixed CH4/N,/O, flat flame reactor.
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Table 2. Reactant flow rates for synthesis of silica, titania and SiO,/TiO, composite particles

Flow rates, SiBr,/TiCl, SiCl,/TiCl, HMDS/ SiBry SiCl, HMDS TiCl,
Im~! at STP TiCl, only only
Methane 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Flame nitrogen 8.9 9.4 9.3 9.2 9.6 9.6 9.4
Oxygen 32 32 32 32 32 32 32
Nitrogen to Si precursor* 045 0.026 0.038 045 0.026 0.038
0.28) (0.026) (0.030) 0.28) 0.026) (0.030)
Nitrogen to Ti precursor* 0.22 022 0.22 0.22
©0.17) 0.17) ©.17) 0.17)

* Parentheses indicate flow rate assuming nitrogen leaving the precursor bubblers is saturated with precursor
vapor.
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Fig. 3. Temperature profile along centerline of flame, measured with a type S thermocouple and
corrected for radiation losses. The maximum measured flame temperature was 1720 K.
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temperature and the maximum measured flame temperature (1720 K) can be attributed to
heat losses to the burner plug, while the decrease in temperature downstream can be
attributed to radiative and convective losses to the glass flame shroud.

Because of the reactivity of the halide precursors with water, all gases were passed
through desiccant canisters containing anhydrous calcium sulfate (Drierite). In addition, to
minimize adsorption of water on the surface of the porous burner plug, and subsequent
desorption, the burner plug and housing were stored in an oven maintained at 150°C
between experiments.

Sampling for TEM

The aerosol was sampled for TEM with a nitrogen aspirated sampling probe at a height
of four centimeters above the flame, corresponding to a residence time of approximately
6 hundredths of a second. Dried, filtered nitrogen was supplied to the tip of the probe in
a ten to one volume ratio of dilution gas to sampled air. Dilution served to quench
coagulation, and to prevent water from condensing on the particles. The critical orifice and
stage 6 of the Hering Low Pressure Impactor (Hering et al., 1979) were used to deposit the
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particles onto TEM grids (copper, 200 mesh, Type B formvar, Ted Pella Inc.). Determina-
tion of the Stokes number for the sampling conditions indicated that particle inertia is
negligible for particles less than one micron, and therefore, isokinetic sampling was not
necessary to ensure representative sampling with respect to particle size (Hinds, 1982).

Microscopy and chemical analysis

A Phillips EM400 TEM equipped with a NORAN Explorer X-ray detector was used to
image the particles and for qualitative chemical analysis of individual particles using energy
dispersive X-ray spectrometry (EDS). The purpose of this analysis was to determine if the
individual particles contained both silicon and titanium. The microscope was calibrated
using a thin film standard reference material of known thickness and composition (NIST
SRM 2063a) under the same operating conditions used during the analysis of the aerosol
samples (Ehrman, 1997). The electron beam diameter ranged from 20—30 nm. Because of the
random motion of electrons in the sample, the actual analyzed area is larger than the probe
diameter (Hren et al., 1979). To ensure that single particle analysis was taking place, spectra
were taken only from isolated particles on the grid.

To determine the distribution of species within the particle, the particles were analyzed
using a VG Microscopes HB501 scanning transmission electron microscope (Fisions
Instruments) equipped with a Gatan model 666 electron energy loss spectrometer (Gatan
Inc.). The electron beam probe size ranged from 1-3 nm in diameter. Resolution approxim-
ately equal to the probe diameter is achieved with EELS because electrons which are
scattered out of the probe volume and therefore interacting with material outside of the
probe volume are not detected (Eberhart, 1991).

RESULTS

Single component aerosols

Single component silica aerosol was produced using SiBr,, SiCl, and HMDS as precur-
sors. Titania was generated from TiCl,. TEM images of the single component particles are
shown in Fig. 4. The primary particle size was determined from the TEM images by
measuring the diameter of 50 particles in a sample and averaging the measurements. In the
case where the particles were not roughly spherical, the average of the smallest and largest
dimensions was taken to be the diameter. The average primary particle size was approxim-
ately 10 4+ 1 nm for each silica sample. The similarity in particle size in the silica samples
suggests that there are no significant differences in the chemical reaction behavior of the
precursors in the flame. All of the silica samples are amorphous.

The pure titania aerosol is crystalline and faceted. The crystal structure of the titania
aerosol as determined by selected area electron diffraction is anatase. The average particle
size is slightly larger for titania (d, = 13 1 1 nm) than for silica formed under the same
conditions. This may be because of differences in coalescence behavior between silica and
titania. Titania coalesces by solid state diffusion at a rate much greater than the viscous flow
coalescence of silica (Xiong et al., 1993). This result has been observed for the case of silica
and titania formation in a tube furnace reactor by Xiong et al. (1993) although the difference
in particle size was much greater in the furnace reactor studies (d, = 60 nm for titania
compared to d, = 7 nm for silica). The reason for the large particle size difference in the
furnace reactor may be the longer residence time for the furnace, on the order of a second,
versus a residence time of hundredths of a second in the flame.

Single component: comparison of particle size with estimates using
collision/sintering theory

For the growth of primary particles by coalescence, the final primary particle size for
single component systems can be estimated using the collision/sintering theory of Koch and
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Fig. 4. Single component aerosol. {a) Titania from TiCl,, average primary particle dia-

meter = 13 nm. (b) Silica from SiBr,, average primary particle diameter = 10 nm. (c) Silica from

SiCl,, average primary particle diameter = 10 nm. (d) Silica from HMDS, average primary particle
diameter = 10 nm.
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Fig. 5. SiO,/TiO; aerosol from (a) SiBr,/ TiCl,, (b) SiCl,/TiCly, and (c) HMDS,/TiCl,. The average
particle diameter for each sample was approximately the same, 15 nm.
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Friedlander (1990):
da/dt = — (1/1)(a — a) (1)

where a is the surface area of the coalescing particles, a, is the surface area of a single
spherical particle of the same volume, and 1; is the characteristic coalescence time.

For sintering by solid state diffusion, as in the case of titania, the characteristic coales-
cence time is represented by an equation of the form

7¢ = 3kTv,/64nDov,. 2)

Here, o is the surface tension, v, is the molecular volume for diffusion, v, is the particle
volume, and D is the solid state diffusion coefficient, usually reported as an Arrhenius
function of temperature in the literature (Friedlander and Wu, 1994). For silica, which
is assumed to sinter by a viscous flow mechanism, the characteristic coalescence time is
given by

T =ndy/o ©)]

where d, is particle diameter and # is viscosity, which for silica displays Arrhenius-like
behavior as a function of temperature (Frenkel, 1945).

In the manner of Lehtinen et al. (1996), the variables are changed from particle surface
area to particle volume,

dv,/dt = (3v, /) (m~1 —m™43). )

Here, m is the number of particles which are coalescing together, taken to be two in this
simple analysis. The temperature is assumed to be radially uniform, decreasing linearly with
distance from the flame, with a cooling rate of approximately 106 K cm™!. Assuming plug
flow, the distance from the flame can be related to the residence time,

dx/dt = (Uo/To) T (x) ®)

where U, is the reference velocity at the reference temperature T, and T(x) is the temper-
ature profile.

Equations (4) and (5) were solved numerically for the formation of silica and titania in
the flame using two sets of characteristic coalescence times, given in Table 3. The first
two characteristic coalescence times were derived from equations (2) and (3) for titania
and silica respectively, by substituting bulk property data given in Table 4. The second two
were obtained experimentally by Xiong et al. (1993). A two-dimensional discrete-sectional
aerosol growth model was fit to experimental particle size data for the formation of silica
and titania in a tube furnace using characteristic coalescence time as the adjustable
parameter.

The model results are shown in Table 5. An estimate of particle size calculated using the
coalescence time derived from bulk property data compared well with the observed primary
particle size for titania, but primary particle size was overestimated when the coalescence
time from a fit to experimental data was used. In this and in other work (Windeler et al.,
1997b) where primary particle size predictions were made using characteristic coalescence
times derived from solid state diffusion data, relatively good agreement was seen between
observed and predicted particle size.

The primary particle size for silica was underpredicted when either characteristic coales-
cence time was used. In both cases, the growth rate was so slow that the particle size did not
increase significantly beyond the size of a silica monomer. The poor agreement between
experimental primary particle size and model predictions suggests that either the viscosity
of the silica nanoparticles is considerably lower than that of the bulk material or that
sintering takes place by a mechanism other than viscous flow. It is known that the presence
of trace amounts of impurities such as alkali metals and hydroxyl groups in silica can
significantly lower viscosity (Scholze, 1990). Incorporation of hydroxyl groups occurs as
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Table 3. Characteristic coalescence times used in calculations of particle size

Species Characteristic coalescence time Reference

Silica, property data T =6.3x107%d,exp(6.1 x 10%/T) Calculated from data in Table 3
Titania, property data 7 = 1.5x 10°Td} exp(3.4 x 10*/T) Calculated from data in Table 3
Silica, model fit Tr = 5.5 x 10°d, exp(1565/T) Xiong et al. (1993)

Titania, model fit r = 8.3 x 10" T d5 exp(3700/T) Xiong et al. (1993)

Table 4. Bulk property data used in equations (2) and (3) to calculate characteristic coalescence times

Property Value Reference

Silica, surface tension*, J m ™2 0.3 Parikh (1958)

Silica, viscosity, Pa s 1.9 x 1078 exp(6.1 x 104/T) Hetherington et al. (1964)
Titania, diffusivity, cm?2s~? 72x 1072 exp( ~ 34x 10%/T)  Astier and Vergnon (1976)
Titania, molecular volume for diffusion, cm3 1.6x10723 Anderson (1967)

Titania, surface tension*, J m~?2 0.5 Bruce (1965)

*Surface tension reported for an average post-flame temperature of 1500 K.

Table 5. Comparison of experimental and calculated primary particle size

Experimental Calculated particle size, Calculated particle size,
primary particle 7¢ from property data in ¢ from Xiong et al. (1993),
size (nm) Table 3 (nm) (nm)

Silica 10 0.4 04

Titania 13 14 20

water vapor dissolved in silica reacts by hydrolysis of siloxane bonds, weakening the
network:

=Si-0-Si= + H,0 - 2=Si-OH. 6)

The activation energy for viscous flow of silica has been observed to decrease with
increasing hydroxyl content (Hetherington et al., 1964). The viscosity parameters used in the
particle size estimations were determined from measurements of Spectrosil, silica powder
produced by flame hydrolysis of silicon tetrachloride, with a hydroxyl mole fraction of
0.43% (Hetherington et al, 1964). Though the hydroxyl content of the silica produced in
this study was not measured, it is likely to be comparable since it was also produced in
a flame environment. Despite this consideration, the final particle size of silica was
underpredicted. However, in addition to the effect of hydroxyl groups, the rapid colli-
sion/coalescence processes occurring in the early stages of particle growth may also limit the
extent to which the silica network can form. The combination of these two effects may result
in lower viscosity for silica particles in the initial stages of formation, leading to faster
particle growth than that predicted using bulk viscosity values.

The ability of particle formation models to predict primary particle size is limited by the
accuracy of the material property values used to determine characteristic coalescence times.
For example, reported values for solid state diffusivity can vary by orders of magnitude. In
addition, as discussed for silica, it is questionable whether nanometer sized particles have
the same material properties as their bulk counterparts. One alternative is to infer charac-
teristic coalescence times by fitting models to experimental data, as done by Xiong et al.
(1993). However, the robustness of these sintering parameters to other time-temperature
histories is also questionable.
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Effect of precursor chemical composition

Mixed SiO,/TiO, aerosol were generated from three sets of precursors: SiBr,/
TiCl,, SiCl,/TiCl,, HMDS/TiCl,. In each case, the flow rate of the precursors corre-
sponded to a 1:1 mole ratio of silica to titania. TEM images of the particles are
shown in Fig. 5. The mixed aerosol consists of spherical or near-spherical particles. The
average primary particle size is approximately 15 + 1 nm for each sample. Again, the
lack of a significant difference in particle size suggests that the chemical reactions generat-
ing condensable molecules are much faster than aerosol formation processes. Within
each primary particle, one or two strongly diffracting regions (3—-12 nm in diameter),
an indication of crystallinity, are visible as dark areas in the TEM images. Because the
contrast depends in part on the orientation of the crystalline region with respect to the
electron beam, some regions appear very dark, while others may be barely visible (Eberhart,
1991).

For all combinations of precursors, selected area electron diffraction revealed the crystal-
line structure of titania as anatase. While rutile is the thermodynamically favored phase for
titania at the maximum measured flame temperature (DeVries et al., 1954), it has been
observed however, that the anatase phase is usually formed in high-temperature processes.
The transformation to rutile requires longer residence times and/or higher temperatures
(Kobata et al., 1991; Akhtar et al., 1991), or the addition of a dopant such as CuO or LiF to
promote the transformation (MacKenzie, 1975). The rutile transformation may be inhibited
by the presence of cations of the same or greater valency than Ti** in interstitial sites in the
lattice (Shannon and Pask, 1965). Si** is small enough to enter the titania lattice inter-
stitially (Shannon and Prewitt, 1969), and indeed, in tube furnace experiments, silica inhibits
the anatase-to-rutile transition (Akhtar et al., 1992).

The addition of silica also changed the morphology of titania particles formed in tube
furnace experiments from faceted in the absence of silica, to spherical (Akhtar et al., 1992).
The authors suggest that the presence of Si*™ retards the sintering of titania, slowing the
rearrangement to the lowest energy faceted morphology, resulting in spherical particles. We
observed similar morphologies in the flame-made mixed aerosols.

To determine if silicon and titanium were both present in the individual particles,
energy dispersive X-ray analysis was conducted on isolated single particles. We followed
a protocol in which 24 analyses were conducted per sample. The mole percent Ti on
a metals basis was estimated for each analysis. The results are shown as a scatter plot
in Fig. 6. Because of the small amounts of mass analyzed and the calibration uncertain-
ty, substantial measurement uncertainty is associated with this technique (estimated
at 24% relative; Williams and Carter (1996)). The relative error is approximately
the same for each of the precursor combinations, and for clarity, error bars are shown
only for the SiBr,/TiCl, sample. Nonetheless, the results indicate that the particles contain
both species, in approximately the same concentrations as the starting materials. No
particles containing just one of the species were detected, and there were no differences
among the samples, suggesting that the choice of precursor had no effect on particle
homogeneity.

To investigate the composition of the crystalline domains, another analytical elec-
tron microscopy technique, electron energy loss spectrometry (EELS), was used. The
microscope was operated under conditions corresponding to a probe diameter of
one to three nanometers. SiO,/TiO, aerosol made from SiCl,/TiCl, was analyzed. Because
the microscope provides only a two-dimensional view of the particle, we cannot
be certain the probe was positioned entirely within the region of interest. However,
significant differences in composition between the crystalline domains and the rest of
the particle were observed. The crystalline regions were strongly enriched in titanium (Ti/Si
ratio ranged from 3 to 18) and the non-crystalline regions were enriched in silicon (Si/Ti
ratio ranged from 1.4 to 3). The strong enrichment of titanium in the crystalline regions
suggests that the regions precipitated out as a relatively pure phase from within the mixed
particles.
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Fig. 6. Results of single particle analyses using energy dispersive X-ray spectrometry. Uncertainty

bars representing an estimate of the measurement uncertainty are shown for the

SiBr,/TiCl, sample. The composition of the individual particles was relatively uniform with no
pure particles of SiO, or TiO, detected.

DISCUSSION

Effect of precursor chemistry on particle size and the interparticle distribution of species

The processes occurring during multicomponent aerosol formation from gas-phase
precursors are the same as for single component aerosol formation: chemical reaction,
nucleation, and aerosol growth. The materials in this study, silica and titania, are refractory
materials with low vapor pressures at the temperatures encountered in the flame. A calcu-
lation of the critical nucleus size, in the manner of Ulrich (1971) using classical nucleation
theory, gives a critical nucleus size of approximately 3 A for titania and 2 A for silica, or less
than the size of a single molecule of either titania or silica. Hence, particle formation is not
governed by an activated nucleation process, since every condensable molecule can serve as
a stable nucleus. Instead, particle formation is governed by kinetics of vapor-phase polymer
formation, as described in Zachariah and Tsang (1993).

It is possible that differences in the chemical reaction behavior of the precursors could
affect particle size for single component aerosols, and the arrangement of species for
multicomponent aerosols. As an example of the effect of chemical reaction behavior on
particle size, if one precursor reacted further downstream than the others, shorter residence
times and smaller particles may result. This effect was observed experimentally for the
formation of silica particles from silane, HMDS and tetramethyl silane (TMS) in a counter-
flow diffusion burner (Zachariah and Semerjian, 1990). In these experiments, light scattering
was used to observe particle growth. Silica particles from silane were detected earlier in the
flame than silica particles formed from HMDS or TMS. Particle formation from TMS was
observed later in the flame, and the particles were smaller, reaching a much higher number
density.

The relationship between chemical reaction and the distribution of chemical species for
a binary aerosol is shown for two extreme cases in Fig. 7. If the interval between the
reactions is negligible compared to the time required for particle formation, then particles of
uniform interparticle composition are formed, as shown in Fig. 7a. In contrast, we expect to
observe chemical segregation, possibly chemically distinct primary particles, if the interval
between the reactions is on the order of, or greater than the particle formation time, Fig. 7b.
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Fig. 7. Relationship between chemical reaction and the distribution of chemical species. (a) The

interval between chemical reactions is negligible compared to the time required for particle

formation, resulting in uniform particles. (b) The interval between chemical reactions is significant

compared to the time required for particle formation, and particles varying in composition are
produced.

Here, primary particles of the first species form before reaction and nucleation of the second
species occurs. As the primary particles of the first species grow, the number concentration
of the first species decreases by many orders of magnitude. If the chemical reaction rate of
the second precursor species is sufficiently fast, then monomers of the second species will be
more likely to collide with each other, at least initially. Depending on the temperature
history of the process, this may result in a wider variation in chemical composition from
particle to particle, and possibly formation of chemically distinct particles of the second
species.

Hung and Katz (1992) observed this effect experimentally for the formation of SiO,/TiO,
mixed aerosol from SiCl,/TiCl, in a counterflow diffusion burner. Mixed aerosol sampled
at low heights in the burner, corresponding to short residence times, contained both titania
particles coated with discrete silica clusters and pure silica particles. Light scattering
observations of particle growth of single species silica and titania and of the mixed aerosol
suggested that TiO, particles form before SiO, particles in the burner.

The counterflow diffusion burner used by Zachariah and Semerjian (1990) and Hung and
Katz (1992) is characterized by a very different time-temperature history than the premixed
flame configuration used in the present study. Because of the flow geometry in the
counterflow diffusion burner, the precursor and particles do not pass through the reaction
zone of the flame. As such, the precursor chemistry is likely governed by thermal decompo-
sition reactions. In addition, in the precursor decomposition/particle formation region of
the burner, temperature increases with increasing residence time. The species with the
lowest activation energy for decomposition would be expected to react first.

In contrast, for the premixed flat flame, all gases including the precursor species pass
through the reaction zone. The preheat time is on the order of a millisecond so it is unlikely
that significant precursor decomposition occurs prior to the reaction zone. The reaction
zone of the flame is characterized by high concentrations of radical species such as O, OH
and H. As a result, the hydrocarbon combustion chemistry is dominated by low activation
energy radical abstraction reactions (Glassman, 1977). One might reasonably expect the
precursor compounds to behave in the same way, with the net result of fast radical driven
decomposition of the precursors, with little difference between precursor reaction rates. If
gas-to-particle formation follows chemical reaction, then the particles should contain both
species.

Assuming that collision rate coefficients are independent of chemical composition, the
relationship between chemical reactions and the distribution of species is analogous to the
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problem of runaway nucleation, investigated in a numerical study by Zachariah and
Dimitriou (1990). Their analysis can be applied for a binary system to compare the time
scales for both radical and thermally driven precursor decomposition reactions to times
scales for particle growth. The particles formed from the reaction of the first species can be
considered “seed” particles. 10 nm is chosen as the characteristic diameter of particles
formed from the reaction of the second species. Whether monomers of the second species
will either form chemically distinct particles greater than 10 nm in diameter, or condense as
monomers or sub-10-nanometer clusters onto the surface of the preexisting particles is
a function of the diameter and number concentration of the preexisting particles, d,, and N,
respectively, and of the chemical reaction rate, R, of the second precursor species.

From numerical solutions of the Smoluchowski population balance equations,
Zachariah and Dimitriou (1990) obtained an empirical correlation for the maximum
allowable monomer production rate, R,,,, for effective scavenging as a function of seed
particle diameter and number concentration:

R, =121 xd*"N2-72, (7)

If the monomer production rate is less than R,,,,,, monomers and sub-10-nanometer clusters
will condense onto the preexisting particles, and the average particle size will increase
monotonically with time. If the monomer production rate is greater than R,,, then
chemically distinct particles (diameter 10 nm or greater) of the second species will form.
It is perhaps more physically meaningful to express this criterion in terms of the
minimum allowable time for reaction of the second species. For a given volumetric loading
of the second species, V, taken in this analysis to be the same as the volume loading of the
first, the minimum time allowed for 95% of the precursor to react, tosm;, iS given by

L95min = 0-95N0/Rmax- (8)

Ny is the initial number concentration of precursor molecules, determined from V /v, where
U 18 the molecular volume of the second species, taken to be the molecular volume of silica,
4.6 x 10723 cm>. t95min as a function of preexisting particle diameter for volume loadings
ranging from 10™* to 10 1% cm? aerosol cm ™3 gas is shown in Fig. 8. For comparison, the
volume loadings of silica and titania in the experiments were 2.4 x 10”7 and 1.8 x 10~ 7 cm?
aerosol cm ™2 gas, respectively. For a given volumetric loading, if the reaction time is less
than t95 s, monomers are generated too fast to be effectively scavenged by the preexisting
particles, and formation of chemically distinct particles will occur. From Fig. 8, it is
apparent that the formation of chemically distinct particles of the second species is favored
for low aerosol volume loadings of large preexisting particles. Conversely, scavenging of the
second species by preexisting particles of the first species is favored for high aerosol volume
loadings of small preexisting particles.

These reaction times can be compared to reaction times based on estimates of the rates of
chemical reactions of the precursor species. Decomposition rates have been measured for
a variety of precursors in flow reactor systems. Rate parameters for SiBr,, SiCl,, HMDS
and TiCl,, all first order with respect to precursor concentration, are presented in Table 6.
Rate constants for reactions of these compounds with radical species such as hydrogen
radical have not been measured. However, rates for abstraction reactions of hydrogen
radicals with other halogen compounds are known. The rate parameters for the reaction of
hydrogen radical with methyl chloride are also reported in Table 6 for comparison.

From the data in Table 6, the time necessary for 95% precursor reaction, tgs,» can be
estimated for SiCl,, HMDS, TiCl,, and the hydrogen radical abstraction reaction as
a function of temperature. For each species, the reaction rates were measured over a limited
temperature range, given in Table 6. Here, we make the assumption that these rate
parameters are valid over the entire range from 1000 to 1800 K. For the hydrogen radical
abstraction reaction, a second order reaction, the concentration of hydrogen radicals in the
flame is taken to be constant, estimated at 4 x 10”7 mol cm™* (Fristrom, 1995). Because of
the uncertainty in the reaction rate parameters, lower and upper bound estimates for
reaction times were made assuming an activation energy of 19 kJmol~! for the lower
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Table 6. Rate parameters for precursor decomposition reactions

Reaction ko (s™Y) E, (kJ/mol) Range T in{(K) Reference

SiBry + O, — SiO, + 2Br, 5x10'* 280 1485 to 1600 French et al. (1978)

SiCly + O, — 810, + 2Cl, 8 x10'4 410 1650 to 1800 French et al. (1978)

HMDS - products 4x1017 370 1073 to 1373 Sanogo and Zachariah (1997)
and Zachariah (1997)

TiCl, + O, - TiO, + 2Cl, 8x10* 89 973 to 1373 Pratsinis et al. (1990)

CH;Cl + H- - CH;: + HCI 4x 10" 39 500 to 2500 Westenberg and DeHaas (1975)

*Because this reaction is bimolecular, the units of the preexponential are cm® mol "!s™!.

bound, and an activation energy of 49 kJ mol~ ! for the upper bound estimate. The reaction
times as a function of temperature are shown in Fig, 9.

Immediately apparent is the large difference between the reaction times of the halide
precursors especially at temperatures less than 1600 K. For example, at 1500 K, the
difference between the reaction times of the two species is on the order of tenths of seconds.
The reaction of TiCl, is 95% complete after approximately 0.1 s, while the reaction of SiCl,
requires approximately 1 s to reach 95% completion. Experimental observations of particle
formation in premixed flames based upon in-situ TEM sampling as a function of residence
time suggest that residence times on the order of milliseconds are sufficient for particle
growth (Zachariah et al, 1995a). Referring to Fig. 8, if the particles of TiO, reach
30 nm in diameter, then for volume loadings greater than 10~ % cm® aerosol cm ™3 gas, the
formation of chemically distinct particles of SiO, is favored, and for volume loadings less
than 10~ %cm?® aerosol cm ™3 gas, scavenging of SiO, by TiO, is favored. From this
example, it is clear that for processes in which the monomer generation rate is governed by
thermal decomposition reactions such as flow reactors and counterflow diffusion burners,
precursor chemistry can play an important role in determining whether scavenging or
formation of chemically distinct particles will occur. It may also be possible to control the
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arrangement of species by changing the precursors. For example at 1500 K, the reaction of
TiCl, is complete well before the reaction of SiCl,. The reaction of HMDS, however, is
much faster than either SiCl, or TiCl, at temperatures greater than 1200 K. If HMDS is
used as the silica precursor, particles of silica would form first, leading to either titania
coating silica, or discrete titania and silica particles depending on the volume loading and
size to which the silica particles grow before reaction of TiCl,.

By comparison, reaction times based on estimated hydrogen radical abstraction rates are
orders of magnitude lower than either of the halide decomposition reaction times for
temperatures less than 1800 K. More importantly, the differences between the upper and
lower bound estimates for reaction times are small compared to times required for particle
formation. Hence, if precursor decomposition is occurring in a radical-rich flame environ-
ment, such as that found in premixed flames, the interparticle composition should be
uniform, in agreement with the TEM observations reported in this study.

Intraparticle distribution of species

Though the chemical composition was relatively uniform from particle to particle
(Fig. 6), chemical segregation within the particles was observed, as evidenced by the
crystalline domains shown in Fig. 5 and the results of the EELS analysis. Similar results
were noticed by Zachariah et al. (1995a) for the formation of iron oxide/silica particles in
a premixed CH,4/O,/N, Bunsen style flame. If chemical reaction behavior of the precursors
is not controlling the arrangement of species in the particles, then the observed segregation
within the particles must be occurring by intraparticle diffusion during particle growth as
discussed by Zachariah et al. (1995b).

According to the phase diagram for the SiO,/TiO, system, titania and silica are im-
miscible in both the liquid and solid phase at a 1:1 mole ratio. The maximum measured
flame temperature is lower than the melting points of both silica and titania (1983 and
2103 K, respectively). However, it is known that the melting point of small particles
decreases with decreasing particle size. Indeed, melting point depressions of as much as 25%
of the bulk melting temperature have been observed for 3 nm bismuth particles (Peppiatt,
1975). As such, it is possible that the particles behave as liquids in the initial stages of
growth.
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We expect that in the initial stages of particle formation, conditions are closest to
equilibrium because temperatures are high, particles are small and therefore, diffusional
processes are rapid. At longer residence times, as the particles become larger and the
temperature decreases, formation of the equilibrium phase distribution is limited by internal
particle transport processes. Because of the rapid cooling in the flame reactor, we would not
expect to reach the equilibrium phase distribution. We observe amorphous silica and
anatase titania rather than cristobalite and rutile. However, we do observe segregation, as
evidenced by the titanium-rich crystalline regions visible with TEM. Presumably, the
driving force for the rearrangement is the reduction in free energy of the particles resulting
from the formation of the lowest energy configuration: separate titania and silica rich
phases.

Combined effect of precursor chemistry, temperature, and thermodynamics
on interparticle and intraparticle mixing

Examples of possible intraparticle morphologies for various combinations of precursor
decomposition behavior, temperature, and thermodynamically favored miscibility/ immis-
cibility are shown in Table 7. As established previously, if the precursor decomposition
chemistry is radical driven, then the particles should contain both species. The arrangement
within the particles, as shown in Table 7, is then a function only of the miscibil-
ity/immiscibility of the system, and of the temperature history. If the temperature is high
enough that the characteristic diffusion time within the particles is on the order of the
residence time, then the distribution of species will approach the thermodynamically
favored arrangement. If the temperature, however, is low, achievement of the thermodyn-
amically favored configuration will be limited by intraparticle transport. If the precursor
decomposition chemistry is controlled by thermal decomposition reactions, then segrega-
tion can result either because of differences in precursor chemistry, and/or intraparticle
diffusion. Again, formation of the equilibrium phase distribution is favored for high
temperatures. In addition to the work by Hung and Katz (1992), examples of these effects on
intraparticle homogeneity for thermally driven systems can be found in studies by Akhtar et
al. (1992) and Akhtar et al. (1994) of SiO,/TiO, and Al,O;/TiO, particle formation in
a tube furnace reactor. In both studies, enrichment of either SiO, or Al,O5 on the surface of
the particles can be attributed to differences in the precursor chemistry (Kato et al, 1972;
French et al., 1978). Also, for the case of Al,O;/TiO, particle formation, increasing the
furnace temperature from 1500 to 1700 K resulted in the formation of the thermodyn-
amically favored mixed oxide phase, Al,TiOs.

The combined effect of precursor chemistry, temperature, and thermodynamics on
interparticle homogeneity is shown in Table 8. If precursor decomposition is driven by
radical reactions, then the individual primary particles will contain both species in

Table 7. Effect of precursor chemistry, temperature and thermodynamics on intraparticle chemical homogeneity

Precursor Temperature Miscible Example Immescible Example
chemistry morphology morphology
Radical driven High T Uniform ‘ Segregated O @
Radical driven Low T Uniform O Uniform O
Thermally driven  High T Uniform O Segregated O @
Thermally driven Low T Segregated @ ' Segregated @ c"
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Table 8. Effect of precursor chemistry, temperature and thermodynamics on interparticle chemical homogeneity

Precursor Temperature Miscible Example Immiscible Example
chemistry morphology morphology
Radical driven High T Uniform

& Uniform : 55
Radical driven Low T Uniform % Uniform

OO
Uniform OOO

Thermally driven  High T Uniform

Thermally driven Low T Segregated Segregated

approximately the same compositions. If precursor decomposition is governed by thermal
decomposition, then the temperature history of the process governs whether the interpar-
ticle composition will be uniform. If the temperature is low and/or the residence time is
short, then chemically distinct particles may form as a result of differences in precursor
chemistry. If the temperature is high and the residence time for particle formation is long
compared to the time difference between the reactions of the precursors, then the interpar-
ticle composition could be uniform even if significant differences in precursor chemistry
exist.

Lack of material property data, particularly diffusion data for multicomponent systems,
makes it difficult to analyze these systems quantitatively. An additional uncertainty in our
understanding of nanometer-sized particles arises from the pressure within the particles
themselves. This interior pressure may affect the equilibrium phase distribution, and
possibly the transport of material within the particle by diffusion or viscous flow. In aerosol
formation processes, ambient pressures are normally near one atmosphere. However, the
pressure within the particles may be much greater. The relationship between interior
pressure and particle size is given by the Laplace—Young equation,

P, — P, =2¢/r 9)

where P, is the particle interior pressure, P, is the ambient pressure, ¢ is the surface tension,
and r is the particle radius. In the derivation of this equation, the surface tension is assumed
to be constant with respect to particle size (Landau and Lifshitz, 1958). This assumption
may break down for very small particles. However, recent molecular dynamics calculations
of the properties of silicon clusters at high temperatures reveal that material properties such
as surface tension and diffusivity approach bulk values for clusters as small as 30 atoms
(Zachariah et al., 1996). As an example of how high the pressure may be inside these
nanometer sized particles, the pressure inside a 10 nm diameter TiO, particle
(6 ~ 0.5 Im™?; Bruce, (1965)) is on the order of 2000 atmospheres.

CONCLUSIONS

Single component silica and titania aerosols were formed in a laminar premixed flat flame
from SiBr,, SiCl,, HMDS and TiCl,. The average silica primary particle diameter was 10
nm. The titania particles were slightly larger than the silica particles, average diameter of 13
nm. Predictions of primary particle size were made using the collision/sintering theory of
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Koch and Friedlander (1990). The observed primary particle size of the titania aerosol
compared well with predictions of primary particle size when a characteristic coalescence
time derived from literature values for the solid state diffusion coefficient was used. The final
primary particle size of silica was underpredicted for the two coalescence times used in the
model.

Mixed SiO,/TiO, aerosols, average diameter = 15 nm, were formed from three sets of
precursors, SiBr,/TiCl,, SiCl,/TiCl,, and HMDS/TICl,. Single particle chemical analysis
of the mixed particles using EDS showed only slight variations in composition from particle
to particle, with no pure particles of either species detected. The choice of silica precursor
had no observed effect on the distribution of species from particle to particle. In a premixed
flame environment, the high concentrations of radical species imply that the precursor
oxidation chemistry will be dominated by reactions involving radicals, and therefore will be
very fast relative to the particle formation processes. Application of a simple criteria,
developed for runaway nucleation in single component systems by Zachariah and Dimit-
riou (1990), to the general case of binary particle formation confirmed that differences in
precursor chemistry may affect interparticle homogeneity for systems in which thermal
decomposition reactions govern precursor decomposition. However, for radical driven
chemistries, particle growth is independent of precursor species.

Use of EELS to probe the distribution of species on a nanometer scale revealed areas of
chemical segregation within the particles, an expected result considering the equilibrium
phase distribution of the SiO,/TiO, system at the maximum flame temperature of the
system. It is interesting that this phenomenon is occurring on the nanometer scales of the
materials formed in these experiments.
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