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Earlier publications describe the counterflow diffusion flame burner and its unique
capability to produce oxide particles having certain structures, such as spheres of one
material coated with another, spheres of one composition with attached bulbs of another
composition, and uniform multicomponent mixtures. Here we describe the production

and properties of bulk quantities of powders produced using this burner. Measurements
were made of specific surface area and, for titania, of phase composition. It was found
that the controls over powder characteristics used in other forms of flame-synthesis are
equally effective in the counterflow diffusion flame burner. We found that the specific
surface area of both silica and titania powders decrease with increasing precursor
concentrations. Transmission electron microscopy analysis of the titania powders indicates
that the mean size of the particles that comprise these powders increases with increasing
concentration. These trends are consistent with the collision-coalescence theory of particle
growth. In addition, the crystalline phase of titania can be controlled by selecting the
appropriate feed stream. For example, over the rangeg Ppir€tursor concentrations

tested, feeding it only into thexidizerstream yields mainlanataseTiO, powders, while
feeding only into thefuel stream yields mainlyutile TiO, powders. These trends can be
explained by the known atmosphere-dependent anatase-rutile transformation. The present
data demonstrate that, in addition to its unique capability to produce certain particle
shapes and morphologies, the counterflow diffusion flame burner can be manipulated

to produce either of the major commercial titania phases, and also silica, with a wide
range of specific surface areas.

I. INTRODUCTION Hence, any new processes designed to produce these

Titania and silica powders are used to producé)owders must incorporate a means of control over the

paint opacifiers, catalysts, catalyst supports, ceramiPoWders’ physical properties.

membranes, fiber optics, liquid thickeners, varistors, N Previous papers, we described ceramic oxide
capacitors, etc. New processes are needed to produPg@Wders synthesized by adding vapor precursors to the

these powders at lower cost and without the environmer€€d stream of a counterflow diffusion burner. We in-
estigated the formation mechanisms of various oxides

tally detrimental side streams generated by traditional

methods. For most applications, a specific particle s,ize?‘r,nOI mixed oxides, including ADs—TiO, SioZageQ’
morphology, or crystalline structure is required. For 102=Si0s, V205-TiO;, V205-Al,03, and VPO In-

example, for use as light-scattering pigmentstile triguing oxide_ particle morphologies and compositions
(one of the crystalline forms of Tig) particles with a Were synthesized. For example, we showed that flame
narrow size distribution around 200 nm are desired, {€Mperature, precursor concentration, and residence time
In catalysis, on the other handnatase(another TiQ could be con_trolled so asto produce, in one step, spheres
crystalline form) particles coated with a monolayer ofOf one maf[erlal coated with another, spheres of_o_ne com-
vanadium oxide show higher activity and selective ox-PoSition with attached bulbs of another composition, and
idation of o-xylene than do their rutile counterpafts. Uniform multicomponent mixtures. These studies and
other§-1° have concentrated on tlie situ measurement
of particle synthesis in counterflow diffusion flames.
@present address: Microgravity Ventures, Space Systems/Loral, MaWVe report here further progress in counterflow diffusion
’:')lgtr(u.z,-gecrsléL 9e’1d3d8riis":agi§zn \cli\feaylérZﬁlt?eAlgthCalliig)g]Tii gggggﬁv%%te dﬂame (CDF) sfyntheSiS-’ focusing_ onuse O-f the burner for
President WiIsoﬁ, BP 33, 93211 ’La Plaine Sai'nt-Denis Cedewa}SS pr(_)ductlon of oxide materials. The initial goal .Was
to investigate the degree of control that can be achieved

France.
9Author to whom correspondence should be addressed. over the oxidesbulk properties. To that end we designed
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and built a nonobtrusive powder collector that enables us 2500
to collect and analyze bulk amounts of powder. Exper- 1 e

imental data on titania and silica powder are reported, 1 o’ "
which include the dependence of specific surface areig>2000 A "
and crystal phase on precursor feedstream compositior™ 1 & .
Results of preliminary transmission electron microscopy °§ ] of \
analysis of these powders also are reported. 5 15001 ) %

5
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Il. EXPERIMENTAL METHOD 1000 1 & x
A. Counterflow diffusion flame burner ] d .

Except for the powder collector to be described here, 500 +——"+——————T—1—
details of the counterflow diffusion flame burner have A (mnl])
been published previousl:? The burner consists of
two vertically opposed tubes of rectangular cross section FIG. 2. Temperature profile as a function of height in the burner.
separated by 15 mm. The fuel {H9.99%, diluted with
Ar, 99.998%) flows upward from the lower tube, and the

oxidizer (G, 99.6%, diluted with Ar, 99.996%) flows temperatures were measured by two techniques: above
downward from the upper tube (see Fig. 1). For conveni500 K, by measuring the rotational fine structure in
ience, we call the set of gas flow rates that producgnhe Uy absorption spectra of OH radicals, and from it
a given temperature profile in the burner a “Flame.”getermining their rotational temperatures; below 2000 K,
A single Flame was used in this study; it has beeryy ysing silica coated Pt-Pt 100% Rh thermocouples.
designated as Flame #3 in earlier publications. A visible = oxide precursors, which are liquid at room tempera-
flame is generated in the burner mogth,_i.e., the_ regioRyre are added to the flame by bubbling a small part of
where the two opposed gas streams impinge. This flamgither the fuel or oxidizer stream (either hydrogen diluted
is very flat and uniform in a ho_rlzontal plane. The tem-yyith argon or oxygen diluted with argon) through gas
perature of the flame can be adjusted through the amougfashing bottles containing them. Precursor concentra-
of argon fed to the fuel and oxidizer streams. Thetions are calculated using their known vapor pressures
temperature profile in the vertical direction is shown ingnd measurements of the ambient temperature and gas
Fig. 2, where—7.5 mm represents the bottom or fuel fio\ rate. By concentration, we mean the ratio of moles
edge of the mouth, 0 mm the geometric center, angf precursor to moles of all gases in that feed stream. In
+7.5 mm the top or oxidizer side of the mouth. Thesetpig study, TiC} and SiC} were used as precursors.
When the metal chloride precursor enters the flame
region, it reacts with the oxygen present either as oxygen
SIDE VIEW CUTWAY FRONT VIEW molecules (@), oxygen radicals (Q, hydroxyl radicals
------- . (OH-), or water molecules (}0). The resulting metal
; oxide vapor molecules then begin to condense into parti-
| cles through the collision-coalescence process, discussed
e s e | | in detail in Sec. IV.
emanuess A | In counterflow diffusion flames, oxide particles are
N / :\ é ] e . subjected to two competing forces: viscous drag forces
l} | ll’og ]I///////////////////////}‘/////////////////////////
" I

o
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due to the gas flow, and thermophoretic forces due to the
: sharp temperature gradient. Operating conditions can be
=L R . .
selected so that, at one or several locations in the flame,
the vertical component of the particle thermophoretic
velocity is equal to the vertical component of the local
gas velocity but of opposite sigil# At such locations,
particles have zero mean vertical speed. The location
where this occurs is referred to asparticle stagna-
A U tion plane (PSP). Particles are swept out of the burner
T O (laterally) at a PSP. The PSP is an important factor in
FIG. 1. The counterflow diffusion flame burner. Note teY, and determining, the temperature-time history the particlt_as
Z coordinate scales; their zero values are at the geometric center &XPerience in the flame. The PSP also marks the location
the burner. where particles can be captured as they exit the burner.
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B. Powder collector it to reduce the temperature gradient. Even though the

A powder collector was constructed that unobtry-dilution gas is introduced through a single feed tube, the
sively captures and dilutes the hot aerosol as it leave&lOt iS narrow enough (relative to the chamber) to ensure

the burner at a particle stagnation plane. This coIIectorthat the sheath flow is uniform all around the collector.

shown in Fig. 3, is placed at the mouth of the burner. ATherefore, the flow rate of gases into the entrance of the

diaphragm pump draws in the hot aerosol from the fIamérO'_“ dupt is largely independent of i_ts position along the
into it. The aerosol is quickly cooled and diluted by the X-direction, except for boundary regions near the left and

addition of cool nitrogen in the main chamber of the right edges of the front duct. Furthermore, the sheath is
powder collector. In this way, the unique particle shape§reated some distance back from the entrance of the front

and crystal phases created in the burner are preserved, tHCt and is aimed away from the flame. This ensures that
collision rate (between particles) is drastically reducedt® flow at the entrance to the front duct is steady and

and further formation of hard agglomerates is preventeo'fami”ar’ and does not disturb the flame. Finally, the rate

In addition, the diluted nanoparticle/gas mixture can con@t Which gases are drawn into the powder collector is

veniently be sent to gas-borne particle characterizatioff*@ctly matched to the flow rate of gases leaving the
instruments, electron microscope sampling probes, lighPUMer- One can easily detect that this is so because the

scattering cells, etc. Finally, the degree of dilution can pdosition of the visible part of the flame is unaltered when

adjusted so as to prevent the condensation of water ¢f€ matching is perfect. _ _ _
other condensibles onto the powder during collection. N these experiments, particles in the diluted and
The rate at which gases are drawn into the powdeFOOIed aerosol were collected on two 47 mm diameter
collector is exactly matched to the flow rate of gased\uclepore filters with a 0.2:m pore size, held in Teflon
leaving the burner. In this way the flame is not disturbeg0lders arranged in parallel (see Fig. 4). Pumping was
and the collection is completely unobtrusive. provided by a dual-chamber GAST diaphragm pump.
The design of the collector ensures that it meets thd '€ Pump flow rate fell off as powder accumulated on
following performance objectives: Flow into the powderthe filters. Therefore, the nitrogen flow rate frequently

collector does not disturb the flame in any way: thermo V@S adjusted to ensure that the powder collector main-

phoretic deposition within the collector is kept to a mini- taineql a constant dilution factor. As a result, the flow rate
mum. Nitrogen gas flows into the powder collector €ntering th_e powder collector gradually decreased. After
through the dilution gas feed tube (see Fig. 3). It fillsthe collection run, the powder was gently scraped from
a chamber within the mixing block, and flows out of a the filters using a Teflon scraper, placed in clean glass

slot formed by the mixing block and the rear portion of POttles, and dried overnight at 13Q in ambient air.

the front duct. (The slot has two short vertical sections>@MPples typically lost less than 1% of their mass during
not seen in the cross section in Fig. 3; the slot, thereforedrying, indicating that these were well-dried powders as

surrounds the incoming hot aerosol.) The narrowness df°llécted.
the slot and the high flow rate of dilution gas (typically

. . Counterflow
ten times the flow rate of gas entering the collector) piffusion Flame
produce a turbulent sheath of nitrogen that surrounds an Bumer —
quickly mixes with the hot aerosol as it moves into the

Powder
Collector

<+

rear duct. The rear duct is long enough to ensure corr -—>
plete mixing and to prevent the flow into the single exit Flowmeter #1
tube from affecting the flow near the mixing block. The -
sheath flow reduces thermophoretic deposition of aerost Nitrogen
onto the walls of the rear duct by physically separating holders regulator
the hot aerosol from the walls and by quickly cooling Dry
Total nitrogen
filter cylinder
Dilution feed tube
------- B ==]— N2 dilution gas To laboratory L
; exhaust .
sz;' 4 Foar duct Exit Dessicator
s tube '
herosol T - Cool.dited Flowmeter #2 T ¢
hblllic;(z:(g Scale: l
1 Inch
FIG. 3. Scale drawing of the powder collector. Nitrogen gas is usec Diaphragm pump
to dilute and cool the aerosol as it exits the flame. The diluted ana
cooled aerosol is then drawn out through the exit tube. FIG. 4. Schematic of the powder synthesis and collection system.
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C. Powder phase and specific surface
area measurements

The powder phase was determined by x-ray powdel @ 120
diffraction, using a Philips PW 1729 x-ray generator, .
PW1820 diffractometer, PW 1710 diffractometer control,
and a Digital Microvax 3100. Samples were fixed on
1 in. square glass slides using a 4% solution of Formval
resin in ethylene dichloride. Diffraction patterns were
measured from 20 to 8Q26). This range was enough
to ensure that the major anatase and rutile peaks woul
be detected.

The specific surface area of powder samples wa: 20 .. D. = 26"
measured by nitrogen adsorption/desorption in a Micro- ’
meritics Flowsorb Il 2300. Before measurement, sam-
ples were further dried at 12 under a flowing mixture
of nitrogen and helium for at least 30 min. No measur- SiCl,Volume Concentration, ¢ (%)

able mass loss occurred during drying in the Flowsorkyig. 5. specific surface area and Sauter mean diameter of silica

apparatus. versus precursor concentration. Two sets of data are shown: one for
precursors in the fuel stream (indicated by)Hand one for precursors
in the oxidizer stream (indicated by,D
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D. Microscopy
Ten milliliter powder dispersions were prepared by

e - . v T T T T =
ultrasonifying powder at 10 mg of powder per liter of pu- e
" o 50 -0, 60
rified water. Carbon-coated copper transmission electrol __ ‘590 P =
microscope grids were briefly dipped into the dispersions 2 a mo E
and allowed to dry. These were then examined under : £ 40p 20 o 2'_2_ 7o k5o &
Philips EM420ST transmission electron microscope. i 90" el £
> T~ 095 °
< 30 - £
L 95 40 8
lll. RESULTS 3 R A S
. . . = H ©
We will present results for four feed configurations @ 20 ===~ 2 g
in Flame #3: (i) TiC} in the fuel stream, (i) TiC) in = i ceeo=16® [30 5
the oxidizer stream, (iii) SiGlin the fuel stream, and & ki e D, = 98¢" 3
. . . . . . _ (%3] { 0.025 [47]
(iv) SiCl, in the oxidizer stream. In each feed configu ; — 6=3% 50
ration, several precursor concentrations were tested. ' | ' o D,,|=36c°'°2‘“"I
. . N 0
_ Figure 5 shows re;ults for S}OWhen fegc_:ilng in 6.00 005 0410 015 020 025
either the fuel or oxidizer stream, the specific surface
area ¢) decreased with increasing precursor concentra TiCl, Volume Concentration, ¢ (%)

tion. For the oxidizer stream, the specific surface are@c. 6. specific surface area, Sauter mean diameter, and phase of
decreased from about 125 to 65 /g as the precursor titania versus precursor concentration. Two sets of data are shown:
volume concentration increased from 0.06 to 1.20%. Aene for precursors in the fuel stream (indicated by,Hnd one for
curve fit to these data (shown in Fig. 5) shows thafPrecursors inthe oxi_dizer stream (indicqted by.0he numerals next
the specific surface area is proportional to the precursotfowse(risata points give the weight fraction of anatase in the collected
volume concentration to the 0.23 power. '

For the fuel stream, the specific surface area de-
creased from 140 to 1003fy as the precursor volume is proportional to the precursor volume concentration
concentration increased from 0.06 to 1.20%. A curve fito the —0.31 power. The powder was 90% anatase for
to these data (shown in Fig. 5) shows that the specifiprecursor volume concentrations of 0.03% and 0.04%
surface area is proportional to the precursor volumend 95% anatase at a precursor volume concentrations
concentration to the-0.13 power. of 0.10% and 0.23%.

Figure 6 shows results for TixOWhen TiCl, was fed When feeding TiC in the fuel stream, the specific
in the oxidizer stream, the specific surface area decreasadrface area remained roughly constant (within exper-
from 47 to 25 m/g as the precursor concentration imental error) as the volume precursor concentration
increased from 0.03 to 0.23%. A curve fit to these datancreased from 0.03 to 0.23%. A curve fit to these data
(shown in Fig. 6) shows that the specific surface aredshown in Fig. 6) shows that the specific surface area is
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proportional to the precursor volume concentration to thaVv. DISCUSSION
—0.025 power. The powder was 80% rutile for precurso
concentrations of 0.03%, between 90% and 100% rutil
at a precursor concentration of 0.10%, but was only 30% As summarized under Results, we observed a reduc-
rutile at a precursor concentration of 0.23%. tion of specific surface area (as measured by nitrogen
Figures 5 and 6 also show the Sauter mean diameteexisorption/desorption) and an increase in particle size
D, = 6/(p,o) (the diameter of a sphere having the (as measured by microscopy) with increasing precursor
same surface to mass ratio and material density as tt@ncentration. The data roughly fit a power law depend-
powder) calculated from the fittedt vs c curves using ence with o = const. X ¢" where n depends on the
p, = 2.3 g/gn? for silica, 3.84 gcn?® for anatase, and oxide produced (titania or silica) and the feed stream in
4.26 gcn? for rutile. For the case of TiGlin the fuel  which the precursor is carried (oxidizer or fuel). Except
stream, we use@, = 4.26 g/cm?® for the whole curve for the case of titania in the fuel stream, which is thought
despite the fact that the phase of the powder varietib be an anomalous case as discussed bel@wf order
substantially with precursor concentration; this under-—0.1to—0.3. This result is ubiquitous in flame synthesis
calculatesD, for ¢ > 0.10%. When feeding through of ceramic powders. For example, Formeettial ° used
either the fuel and oxidizer stream, the Sauter meam hydrogen-oxygen diffusion flame to produce alumina,
diameter of both the silica and titania particles increasederrite, germania, silicon, titania, vanadia, and zirconia
with increasing precursor concentration. (The quantitafrom the metal chlorides. Their device was very similar
tive dependencies are given in Figs. 5 and 6.) The Sautéo the diffusion flame discussed here, although it was not
mean diameter,) of silica particles made by feeding a counterflow burner. Formergi al’s results show the
precursor in the oxidizer stream increased from roughlyspecific surface area of titania decreased approximately
20 to 40 nm as the precursor concentration increase®.2-fold when the precursor concentration increased ap-
from 0.06 to 1.20%. When feeding silica precursor in theproximately 43-fold. This fits a power law dependence
fuel stream,D, increased from about 20 to 27 nm over with precursor concentration raised to th®.3, which
the same range of precursor concentrations. The wides similar in magnitude to the present results for silica
range ofD, for the case of the oxidizer stream reflectsand titania.
the stronger dependence of on c. The Sauter mean Similarly, Georgeet al® studied the formation of
diameter of titania particles made by feeding precursorsitania from TiCl, in a premixed CO+ O, + N, flame.
in the oxidizer stream increased from about 30 to 60 nnThey found that the particle diameter varied with precur-
asc increased from 0.03 to 0.23%. When feeding titaniasor concentration to the 0.33 to 0.38 power. The specific
precursor in the fuel strean, was nearly constant at surface area of their powders would, therefore, vary with
33 nm. As is the case for silica, the wider rangeDgf  precursor concentration roughly to the0.3 to —0.4
for the case of the oxidizer stream reflects the stronggpower, which also is similar to the present results.
dependence of on c. The experimentally observed inverse relation be-
We performed a preliminary microscopic inspectiontween specific surface area and precursor concentra-
of the titania particles. For titania fed to the oxidizertion indicates that the primary mechanism of particle
stream at 0.03%, the particles are mostly separate sphergowth in the flame is the so-called collision-coalescence
with diameters ranging from 10 to 50 nm, and havingprocess, studied in detail by Ulri¢h.Particle formation
a mean diameter of about 25 nm. This roughly agreess initiated when the chemical precursors react in the
with the Sauter mean diameter of 30 nm. At 0.23%flame and form metal oxides. Since the equilibrium
in the oxidizer stream, the particles were again mostlwapor concentration of these oxides at the temperatures
spherical, with diameters ranging from roughly 20 tofound in the flame is much lower than their ambient
90 nm, and having a mean diameter of about 65 nmconcentrations, they quickly begin to form particles by
This, too, roughly agrees with the Sauter mean diameterolliding and adhering to one another. The particles
of 60 nm. thus formed collide with one another, in turn forming
For titania fed to the fuel stream at 0.03%, the parti-progressively larger particles. If the temperature is high
cles were separate spheres with diameters ranging froenough, the particles coalesce after colliding, remaining
15 to 60 nm, and having a mean diameter of aboutompact in form as they grow. This so-called collision-
30 nm. This roughly agrees with the Sauter mean diameoalescence process continues until the particles move
eter of 33 nm. At 0.23% in the fuel stream, the particlesout of the flame into regions too cool to allow coales-
were not mostly spherical; instead, they were largely cence following the collisions.
aggregated, and it was not possible to assign a mean The interparticle collisions are caused by Brownian
diameter. The case of 0.23% TiCin the fuel stream motion. Hydrodynamically, flame-synthesized particles
produced anomalies in phase as well as size and mooften fall within the free-molecular regime throughout
phology, as will be discussed next. the entire growth process. Ulrich solved the particle

r . . .
é\. Specific surface area and patrticle size
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balance equations for that case and found that, for a givetile’s 4.26 g/'cm?. Although rutile is thermodynamically
growth period, the specific surface area of the aerosahore stable than anatase, anatase is readily formed at
varies with the initial concentration of molecular oxide to Jow temperatures due to its relatively fast crystallization
the —0.4 power. The order of magnitude of the predictedkinetics. For example, wet chemical processes invariable
dependence agrees with the experimental observationgoduce anatasé? Relatively low-temperature flame
summarized above. Furthermore, other researchers hageocesses also produce anatdsé??

shown that Ulrich’s solution also correctly predicts the Formation of rutile from anatase requires substantial
size distribution of particlest® Thus there is strong evi- atomic rearrangement that is facilitated by high temper-
dence indicating that the collision-coalescence process itures. The transformation requires about 8 h at 500 to
the operating mechanism for particle growth in flamesg00 °C, but requires only a second at 1200171823

and the counterflow diffusion flame appears to be no  The rate of transformation of anatase to rutile in-
exception. creases with temperature as described above, but it

Another result from Ulrich’s analysis is that the final also increases with increasing concentration of oxygen
particle size distribution resulting from the collision- vacancies within the crystal. The concentration of oxy-
coalescence process is not dependent on the size digen vacancies increases with decreasing ambient oxygen
tribution present shortly after reaction of the precursorconcentration. Therefore, the rate of transformation of
Rather, the final size distribution depends on the totahnatase to rutile increases with decreasing ambient oxy-
concentration of material present, the total formationgen concentration. This trend has been demonstrated by
time (i.e., the residence time in the flame), and theexperimenters who heated powder in a platinum boat
Brownian coagulation coefficients. Therefore, details ofunder various atmospher&s®
the beginning stages of particle formation are irrelevant  The phase of the produced powder depends on the
to the final particle size distribution. This result is im- extent of transformation, which in turn depends on the
portant since it simplifies the analysis of particle growthrate of transformation and on the processing time. As a
by eliminating consideration of nucleation processes thatesult, the phase of the flame-synthesized powder can be
may or may not occur immediately after reaction of thecontrolled through those factors that control the rate of
precursor. transformation and the processing time.

The results for titania produced by feeding titanium  The counterflow diffusion burner is ideally config-
tetrachloride in the fuel stream do not follow the sameured to control phase using the ambient oxygen concen-
trends as the results for the other feed configurations. Theation. A high ambient oxygen concentration is available
specific surface area varies with precursor concentratioby feeding precursors in the oxidizer stream, while a
to the—0.03 power—a very weak dependence comparetbw oxygen concentration is available by feeding pre-
to the other powders. Also, the micrographs show thatcursors in the fuel stream. The present results show
unlike the other powders, the particles are not individuathat, as expected, rutile is obtained when using the fuel
spheres. Rather, they are branched agglomerates of magyeam, while anatase is obtained while using the oxi-
smaller particles. One possible explanation for these redizer stream. The lack of rutile in powders formed on
sults is connected with the fact that the flame was muclthe oxidizer stream is probably due to the relatively high
more luminescent for the case of TiGh the fuel stream concentration of gaseous oxygen, which leads to a low
than for the other feed configurations. The luminescenceoncentration of the oxygen vacancies that are necessary
is the result of the particles thermally radiating at highfor phase transformation to occur. Conversely, on the
temperatures in the flame. The thermal radiation certainlyuel side, there is a lower concentration of gaseous oxy-
cools the flame, although the magnitude of this effect igyen, which allows the formation of substantial numbers
not known, and no attempt was made to measure thef oxygen vacancies that promote the transformation of
flame temperature in this feed configuration. A loweranatase to rutile.
flame temperature would result in less complete coales- An anomalous effect is seen at the highest precursor
cence of particles after collisions, leading to the branchedoncentration on the fuel side. The powder formed using
particle morphology and high specific surface area.  0.23% TiC}, in the fuel stream is only 30% rutile. This

L may have been due to a reduction in flame temperature
B. Titania phase caused by radiative cooling of the particles, as described

Two main phases of titania are produced by flamen connection with the specific surface area data. A
synthesis: anatase and rutile. Both anatase and rutilewer flame temperature would result in more sluggish
possess a tetragonal structure, but in anatase, the oxiyansformation from anatase to rutile.
gens are in a distorted face-centered cubic arrangement,
and in rutile the oxygens are in a distorted hexagona}/ CONCLUSIONS
arrangement® Anatase has a more open structure than  We have reported the results of experiments on the
rutile; its density at 25C is 3.84 gcm?® compared to ru-  synthesis of titania and silica in a counterflow diffusion
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We described a powder collector that unobtrusively
cools and dries the aerosol as it exits the flame, and!-
collects the powder on filters. )

Nitrogen adsorption/desorption measurements show;’

powders are inversely proportional to the precursor con-

centration, in accordance with the collision-coalescence®- :
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tion coefficients, but is independent of the particle size 9-

distribution that exists immediately after reaction of thel0- M-R. Zachariah,Chemistry of silane oxidation and pyrolysis

precursor. Therefore, the nucleation process that may or
may not occur at the start of the particle formation does

not affect the properties of the final powder. 11.

A microscopic study shows that the particles thatl2- _ _
r:IS”,. A. Gomez and D.E. Rosner, Combustion Sci. Tech8@l.335

comprise the powders are spherical, and their diamete
roughly agree with the Sauter mean diameter calculateg,
from the specific surface areas.

Powder diffraction measurements show that the

phase of the titania powder was affected by the composit®:

tion of the feed stream. Anatase powders were produced
by feeding TiC}, in the oxidizer stream, while rutile pow- 4
ders were produced by feeding in the fuel stream. This

is in accordance with the known atmospheric-dependent

anatase to rutile transformation, which occurs more rapl’- /
. R.D. Shannon and J. A. Pask, Am. Mine®®, 1707 (1964).

18
f’l.9.

idly as the ambient oxygen concentration decreases.
The above results held throughout the range o

precursor concentrations and feed configurations testeds.

except for the case of Ti¢lin the fuel stream, which

showed anomalous behavior. This may have been due -

reduced flame temperature caused by radiative coolin
of titania particles, which emitted particularly bright

thermal radiation in this feed configuration. 23,

The counterflow diffusion flame process allows one
to produce powders of controllable phase and specific

surface area. This makes it an ideal technology for2 4

producing the ceramic powders needed to manufacturg;

paint opacifiers, catalysts, catalyst supports, ceramic
membranes, fiber optics, liquid thickeners, varistors,
capacitors, and other products yet to be developed.
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