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Planar laser-based imaging measurements of fluorescence and particle scattering

have been obtained during flame synthesis of iron-oxide/silica superparamagnetic
nanocomposites. The theory and application of laser-induced fluorescence, the
spectroscopy of FeO(g), and the experimental approach for measurement of gas phase
precursors to particle formation are discussed. The results show that the vapor phase
FeO concentration rapidly rises at the primary reaction front of the flame and is very
sensitive to the amount of precursor added, suggesting nucleation-controlled particle
growth. The FeO vapor concentration in the main nucleation zone was found to be
insensitive to the amount of silicon precursor injected, indicating that nucleation occurred
independently for the iron and silicon components. Light scattering measurements indicate
that nanocomposite particles sinter faster than single component silica, in agreement
with TEM measurements.

I. INTRODUCTION particle size and distributions are therefore of great
An area of current interest in materials processing idnterest, because they can lead to a better understanding

the synthesis of structures on an atomic to nanometdll the underlying chemical/transport phenomena that
scale. Particles with dimensions of less than 100 nnccur during particle synthesis. While conventional di-
are referred to as “nanoparticles,” and these nanopha?@”os_t'c tools such as thermocou_ples and mass/particle
materials possess unique advantages with respect to th€2MPling probes have been used in the past, laser-based

processing and, more importantly, their properfigs iagnostics offer nonintrusive, sensitive techniques for

Flame aerosol reactors offer a potential route for the proMeasuring particle size/number density, gas tempera-

duction of large quantities of nanostructured matefials, tUre: alnd Ispemss cgncen}re.ltlﬁ/n in these _reac};cors.b For
but at present the formation and nucleation of nanophasgx@mPple, laser-based Rayleigh/Mie scattering has been

particles from the gas phase are not well understood'Sed for measuring particle size and number density
fl both aerosol and combustion research applications

Developing a better understanding of the gas phas ! : L
chemistry is important, though, because the chemistr{>€€: for €xample, Ref. 6)n situ multiphoton ionization
or gas phase species detection has been demonstrated

and interaction of the gas phase precursors in thi . iole laden flows induced fl
high temperature environment are critical in establishing®Ven In particle laden flowsLaser-induced fluorescence

the final particle characteristics (sizes and chemicall!F) has also been used extensively for gas phase
composition). concentration and temperature in combustion ffoarsd,

In situ measurements aimed at investigating the gal® & 1€sser extent, in low pressure plasma processing
&actors?, but it has not found application in aerosol

phase species’ concentrations, temperature field, arl L )
research. One of the few applications of LIF in par-
ticle synthesis work is that reported by Zachariah and
0 .
aNational Research Council/NIST postdoctoral fellow. BurgeSé V\.lhere they uged LIF to. measure OH and S.IO
b\work performed while on sabattical at NIST. concentrations, and Mie scattering to measure particle

9Author to whom correspondence should be addressed. distributions during flame synthesis of silica. Mie scat-
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tering measurements in a similar application have alsin detail elsewhere (see, for example, Refs. 8, 14, 26, and
been reported by Zachariadt al!*!?> and Chang and 27), so we will only briefly review the PLIF technique.
Biswas!? PLIF is a well-established spectroscopic flow diagnostic,

While laser-based measurements have proven to Heased on monitoring the spontaneous radiative emission
effective in a number of investigations of chemically (fluorescence) following absorption of laser photons by
reacting flows, the majority of previous measurementsa species present within a flowfield. In a typical PLIF
have been limited to one-dimensional profiling based orexperiment, a thin sheet of frequency-tuned, pulsed
single-point techniques. Recently, a number of experilaser light is used as the excitation source. The laser
ments in the combustion research community have exsheet is directed through the flow and the resulting
tended these techniques to two-dimensional, i.e., plandroadband fluorescence from the illuminated region is
laser-induced fluorescence (PLIF) imaging and planaimaged with a lens onto an intensified, charge-coupled
Rayleigh/Mie scattering measuremetft$®In these two- device (CCD) camera. Through various excitation and
dimensional measurements, a thin sheet of laser lighdetection strategies, the pulse-integrated fluorescence
is used to illuminate the flow and the resulting signalsignal can be related to certain flow properties, such as
is collected with a lens and imaged onto a sensitivehe absorbing species concentration and gas temperature.
CCD camera. In addition to providing efficient data In many cases only relative measurements are obtained,
collection, these planar imaging measurements are usefhlt in principal, absolute measurements of concentration
because they provide a means to simultaneously measuaed/or temperature can be determined either through
flow properties and visualize flow structures in two calibration or an additional independent measurement at
dimensions, with excellent spatial resolution. some point within the imaged region.

The purpose of this paper is to demonstrate  Assuming weak laser excitation and a spectrally
the application of planar laser-based imaging measbroad laser with respect to the absorption linewidth,
urements in a particle synthesis flame reactor, andhe temporally integrated fluorescence sigdal,can be
to examine, throughin situ chemical species meas- modeled by
urement, the general features of multicomponent A
particle formation. In this paper, we describe two- Sy ocENabSFB(T)AT, 1)
dimensional imaging of gas phase ferrous oxide Q
(FeO) fluorescence and Rayleigh/Mie particle scatteringvhere N, is the absorbing species number density,
obtained during flame synthesis of nanoscale ironF(T) is the Boltzmann population fraction of the ab-
oxide/silica particles. These nanocomposite particlessorbing state at temperatuiie A is the Einstein coef-
composed of magnetiy—Fe0s;/Fe;0, encapsulated ficient of spontaneous emissioR, is the laser energy,
in a silica matrix, have recently been synthesizedandQ is the collisional quenching rate coefficient, which
in flames and, in displaying superparamagnetismgepends upon the local chemical composition, num-
may have potential impact in magnetic refrigerationber density, and temperature. The teAA + Q) is
technology'® Several other materials of interest consistthe fluorescence efficiency and represents the fraction
of more than one component and are made fronof laser-excited molecules which fluoresce, rather than
multiple precursors as welljncluding high temperature collisionally relax to the ground electronic state.
superconducting ceramié§;?! optical fiber preformg? As Eq. (1) illustrates, determining the absorbing
magnetic material®® and optical ceramic¥®. species concentration from the fluorescence signal gener-

In the sections that follow, we briefly review the ally requires knowledge of the local collisional quench-
theory and application of LIF, discuss the spectroscopyng rate coefficient and temperature. Indeed, accounting
of FeO, and describe the experimental setup and prder the collisional quenching is typically the most diffi-
cedure. We then present experimental results, whiclkult aspect of relating the fluorescence signal to the ab-
include images of the gas phase FeO concentration argbrbing species concentration. Several approaches have
of particle scattering throughout the flame at variousbeen used in previous studies to account for quenching
conditions. In part Il of the paper, experimental data aren linear fluorescence measurements (for a more detailed
compared to predictions of a discrete sectional aerosaliscussion which also includes saturated fluorescence
model accounting for the gas phase reaction and nucleaeasurements, see Ref. 8). For example, the quenching

tion kinetics. rate can be determined experimentally by monitoring the
fluorescence decay, but this approach is generally only
Il. PLIF TECHNIQUE used at low pressures, because in f!ows at atmospheric
. pressure and above, it usually requires subnanosecond
A. Basic theory time resolution.

The theory and application of laser-induced fluores-  Alternatively, the collisional quenching can be
cence (PLIF) and particle scattering have been describadodeled usingQ = N - o(v), where ¢ is a mixture-
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averaged quenching cross-section dndl is the mean A

molecular speed. This approach is most useful where th \

temperature is known and the quenching is dominate3 5A4 (excited state)
by species whose cross sections and concentratior & \ /

. .. w
are known or can be reasonably estimated. Collisiona
guenching cross sections have been measured for
number of primary combustion specfebut limited data
are available for other species. In cases where the cro:
sections or major species concentrations are not knowt laser
one can assume a given temperature dependence. for excitation
For example, assum@ > A (which is generally true in
atmospheric pressure flames) and= constant, Eq. (1)
reduces taS; oc N, F5(T)/~/T X Finally, we note that \ \652 nm X524 (ground state)
the simplest approach is to assume that the quenchir g
rate is essentially constant over a limited region or rang \ \ \ \ / V=3
of conditions. Under this assumption, Eq. (1) simplifies V=2
to Sy oc Ny - Fp(T), and, thus, the fluorescence signal K
depends only on absorbing species concentration an ]
temperature. Although only approximately true at best, v'=0
in several flame measurements the quenching rate h:
been found to be relatively constant over a limited range internuclear spacing
of conditions® Hence, depending upon the accuracy _ _ _ o
needed, one might reasonably neglect variations iIIIZIG' 1. Pa.rtlal energy level d_|agr§m for FeO showing the excitation

. . . . . and detection scheme used in this study.

quenching in certain situations.

Using one of these strategies to account for the
quenching, one can then use the fluorescence signal tbe °A4 excited electronic state. Each vibrational level
determine the absorbing species concentration, providealso contains a manifold of rotational levels, which are
some knowledge of the temperature or choice, if posshown schematically for only the lowest vibrational level
sible, of an absorption transition which minimizes thein each electronic state. As denoted by the upward-
overall temperature dependence of the signal. Becaug®inting arrow, the laser was tuned to excite transitions
no quenching data for FeO fluorescence is availabldyetween a particular rotational level within tHe'A,
we assumed a constant value through the flame, and,” = 0 level and a rotational level within the electroni-
as discussed below, chose a transition whose initiagally excited’A, v’ = 0 level.
quantum state population fractiofiz(T), was relatively Following laser excitation, molecules within the
constant over the temperature range of interest. Subjegpper electronic state can either radiatively or nonradia-
to these approximations, the fluorescence signal walively decay (i.e., fluoresce or quench) to various lower
used as a direct measure of the relative FeO concerstates, as depicted by the downward-pointing arrows.
tration throughout the flame. In the figure, the fluorescence is denoted by the solid

downward arrows, and the quenching is denoted by the
dashed downward arrow. Since collisional transfer can

B. FeO spectroscopy redistribute the excited molecules throughout the rota-

The spectroscopy of FeO is exceptionally com-tional manifold, the spontaneous emission and collisional
plicated for a diatomic molecule and, to date, is notquenching processes are shown originating from the
completely understood. Based on the analyses of Cheurentire manifold rather than just the upper laser-coupled
et al?® and Harris and Barro, we briefly describe state. While spontaneous emission to other lower states
details of FeO spectroscopy that are relevant to thesmay also occur, the majority of the laser-induced fluo-
measurements. For a more complete discussion on spescence of FeO in the present experiments is emitted
troscopy and its notation in general, the reader is referredver the wavelength range of 558—652 nm, as indicated
to Herzberg? in the figure. This particular excitation/detection scheme

The laser-induced fluorescence excitation and dewas selected because the absorption transitions occur in
tection scheme used for these measurements is shovenrelatively simple region of the complex FeO spec-
schematically in Fig. 1, which shows a partial energytrum, and because the fluorescence was known to occur
level diagram for the FeO molecule. In the figure, theboth at wavelengths (essentially) resonant with the laser
v” = 0,1, 2, and 3 vibrational levels of ti&’A, ground  (~558 nm), and at longer, nonresonant wavelengths
electronic is shown, as is the€ = 0 vibrational level of (586—652 nm).

Y
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R(40)+P(17)

f

Using an excitation/detection strategy that provides
reasonably strong nonresonant fluorescence was ar g
qguirement for these measurements, so that the inten:
laser scattering from particles could be spectally filterec
from the measured fluorescence signal (see Ref. 10 fc—. 6
more detailed discussion of this point). In the fluo- 3
rescence measurements reported here, spectral fi|tel’il:(-§
was also used to surpress the particle luminosity fron's, 4
reaching the camera, at wavelengths outside of th@ ‘ |
primary fluorescence wavelength region (for additional 11 | ]
details, see Sec. Ill below). Although necessary to avoit W | T ‘ !
corrupting the fluorescence signal with extraneous noise J A L
this spectral filtering also resulted in some loss in the ol v v bl d vy b i
collection efficiency of the fluorescence. Specifically, the 558.5 559.0 559.5 560.0 560.5 561.0
long-pass filter used for blocking the laser scattering als:
unavoidably blocked the FeO (resonant) fluorescence
band near 558 nm, and reduced the fluorescence signal FIG. 2. Laser excitations spectrum of FeO near 558 nm.
accordingly. Indeed, based on FeO LIF dispersion meas-
urements using a monochromator and photomultiplier
tube, we determined that a significant fraction of the
fluorescence signal (50% or more) was sacrificed throug|
filtering the laser scattering. In contrast, though, the  o.003s 1
650 nm short-pass filter, used to suppress intense partic g
luminosity, caused only a minor reduction in the detectecs g gga4 | i
fluorescence signal.

Figure 2 shows a partial laser excitation spectrumg
of the FeO near 448 nm. This spectrum was recorded

by directing the laser beam through a methane—oxygenm \

l|Illllllll'll

n
rzl‘lllllllllllllllll

wavelength (nm)

0.0042 T T T T

nn Fr

0.0030 b

iron carbonyl flame, scanning the laser from 558.5 to ~ °00%

561.0 nm, and monitoring the fluorescence bands nec

586 and 618 nm using a photomultiplier tube and boxcal 00022 ——— —— e 2300 2400

averager. Noted in the figure and assigned based on tt Temperature (K)

line positions tabulated by Harris and Barréithe tran- _

sition used fr these fluorescence imaging measuremerfi3. & pected ererae depercence of e fuoreseeice suna

was the overlappingP(17) + R(40) line pair in the  faction with temperature.

A4 — X°A, (0,0) orange system of FeO. This transition

pair was chosen because it provided the most signal

among the isolated transitions, and because it exhibitemperatures. Hence, the temperature dependence of the

a reasonable temperature-independent signal over ttBoltzmann fraction in Fig. 3 results from variations in

range of interest. the vibrational, rotational, and electronic state popula-
The expected temperature dependence of the fludions, in order of decreasing importance.

rescence signal is illustrated in Fig. 3, which shows a

plot of the combined Boltzmann population fractions|;; ExpPERIMENTAL DETAILS

of the two initial states excited by the laser. Over the )

temperature range of interest here (1800—2400 K), thé- Flame synthesis

net population fraction of the two initial states varies The experiments were conducted using a water-

by +25%, and exhibits a monotonic decrease from lowcooled premixed burner mounted on a vertical translation

to high temperatures. In calculating the initial states’'stage. As summarized in Table I, methane/oxygen

net Boltzmann fraction as a function of temperature, wellames, diluted with nitrogen and seeded with iron

included the contributions of the rotational, vibrational, and/or silicon bearing precursors, were investigated. The

and electronic partition functions, using the term energieprecursors used were iron carbonyl and hexamethyldi-

reported by Cheungt al3! and the procedure outlined siloxane which are liquids at room temperature. These

by Tatum?®? In contrast to many diatomic flame species, precursors were delivered (from a bubbler at°2) as

for FeO there are a number of low-lying vibrational saturated vapors in argon and introduced into a mixing

and electronic states that are well populated at flamenanifold upstream of the reactor.
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A premixed flame operating at high temperature was
used to create an environment thermodynamically favor-
ing the desired particle structure (see a discussion of thi. *, %000 g\®
point in Zachariatet al!®), and to provide optical access e, grscrion Px A
for examination of potential precursor decomposition °:, 5

COALESCENCE

fffffffffff > SURFACE GROWTH

prior to the flame zone. By design, this configuration Js, ° fevD) |

ensures that the precursors rapidly reach a high temper: ,°, I Oso
ture (>2000 K) wherein they decompose and form their «% ° © reo,
respective oxides. Particles could then be extracted lbGasPHASE TIME/TEMPERATURE

rapid quenching to minimize the formation of =20,

which occurs below 1500 K In addition, an oxygen- ==
rich flame stoichiometry was maintained to minimize .,
undesired carbon contamination in the resulting particles ..., _—"
The basic features involved in the nanocomposite growtt <
process are depicted in Fig. 4, and a more thorougt.

‘PRECURSORS

Flame Cone or Front

—

Particle Production Zone

discussion based on the results presented here will be FIG. 4. Particle growth processes occurring.
discussed later in the body of this paper. The typical

morphology of the particles produced are shown in
Fig. 5 and discussed, along with chemical composition
and magnetic properties, in a prior publicatién.

B. PLIF implementation

As shown in schematically in Fig. 6, the laser ex-
citation source used for the optical measurements wg
an XeCl excimer-pumped dye laser, operating at 10 Hj3
with a ~30 ns pulse duration;-5 mJ pulse energy, and
~0.2 cnm! bandwidth. Using a cylindrical and spherical
lens combination, the beam was expanded verticallyf
formed into a thin sheet, and directed through the centg
of the flame. Within the imaged region of the flame,
the laser sheet measure®00 um X 35 mm. The laser
energy and spatial distribution were monitored during
the experiments by directing a 5% reflection of the

TABLE |. Experimental conditions.

50 nm

iron oxide

silica matrix

FIG. 5. TEM image of typical iron oxide/silica nhanocomposite parti-

cles synthesized in these experiments.

Reactants fraction Flow rates (Ipm @ °C) Mole
g)‘(*thirr‘]e 2'3?33 8-2181 laser sheet onto a static dye cell, and recording the
Nit?’(?gen 500 6o resulting fluorescence with a video CCD camera and
Argon (iron carbonyl bubbler) 0.05, 0.14, 0.24 frame-grabber computer board. For the LIF measure-
Argon (Si bubbler) 0.14, 0.24 ments, the laser was tuned t6659.5 nm to excite the
Parametric tests P(17) + R(40) transition in the’A, — A, (0,0) orange
system of FeO. For the particle scattering measurements,
Precursor feed rates the laser was tuned to 530 nm, where no gas phase
(107° moleg's) o .
transitions exist.
Test no. Iron Silicon LIF Scattering For both the fluorescence and particle scattering
1 1.06 X X measurements, the signal was collected at a right angle
2 3.09 X X to the illumination plane and imaged onto an intensified,
3 5.10 X X cooled CCD camera5(6 X 384 pixels, each 23um
4 3.47 X square) using ayi/4.5 lens. To suppress flame emission
g 3o 53'7437 s XX within the images, the intensifier was synchronized to,
7 3.09 573 X X and gated on for-75 ns during, each laser pulse. For

the fluorescence measurements, an OG590 Schott glass

1556
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flames seeded with just the silicon precursor (cases 4
and 5). A discussion of the pertinent experimental results

camera |
controller

i A

liming |
electronics
L ik

| XeCl Excimer| Jaboratory
Dvciz_qc_r | ;-ompure;_') intensified fOIIOWS' . )
’ T cep Figures 7(a)—7(c) show representative flame emis-
T =T aye cel ﬂ filter sion, FeO fluorescence, and Mie scattering images
filter I\ for experiments with an iron precursor feed (case 2),
2 LC_Y]-SBDS SD*_'-U]??f_ . [ ., and Fig. 7(d) shows an additional scattering image for
bearn spier s ) a flame seeded with both iron and silica precursors
_f (case 7). Although not shown, the emission and FeO
T S—" — % ] fluorescence images for flames seeded with both iron and
* silica precursors were qualitatively similar to Figs. 7(a)
e CHy/0,/No + precursors and 7(b), respectively. For cases with iron precursor feed,
o _ there is significant emission from the flame [Fig. 5(a)]
FIG. 6. Schematic diagram of the experimental setup. due to the iron precursor oxidation products and

) ) black body emission from the particles. As mentioned
(long-pass) filter was used to block laser scattering, anflyeviously, the gating of the intensifier and the use of
a Corion LS-650 short-pass filter was used to prevenihe short pass filter (650 nm) were necessary to obtain

flame luminosity, outside of the LIF wavelength region, reasonable fluorescence signal-to-background-emission
from reaching the detector. For the particle scatteringatios (4:1).

suppress flame emission while passing the laser scaf; Fig. 7(b). While immediate decomposition is expected
tering. The images obtained were typically averagedy the flame front, the low signal within the flame cone
over 250—300 laser shots to improve the signal-to-noisgsee Fig. 4 for definition of flame cone) suggests that
ratio, and were spatially averagadx 2 pixels, which jittle decomposition occurs prior to the flame front.
is the_ effegtlve resolqtlon of the intensifier. Whllg the pownstream of the flame cone, the resultant high FeO(g)
resulting pixel resolution was-150 um, the effective  concentration regions are indicated by the dark blue
spatial resolution of the measurements waB00 um,  regions in the figure. As the gases move away from the
owing to the laser sheet thickness. flame front, there is an onset of particle formation, and
All of the images were corrected for camera darkine FeO(g) concentration decreases downstream (indi-
background, flatfield uniform response of the camergated by the transition from blue to green to yellow to
and collection lens, and laser energy and spatial disgrange in the color map). The corresponding scattering
tribution. The fluorescence images were also correcteﬁlnage [Fig. 7(c)] reveals a central region wherein parti-
for laser-induced particle incandescence and scatteringe concentrations are low or the particles are too small
by subtracting images obtained with the laser detuneg yield detectable signs (white region). Further down-
from the absorption transition. The flatfield correctiongiream, an increase in the scattering signal is observed,
was obtained by imaging uniform light from a standard,consjstent with the decreasing FeO(g) concentration. The
diffuse tungsten lamp, through the appropriate spectralcattering signal is highest near the radial boundary of
filters for either FeO fluorescence or particle scatteringihe flame, presumably because particles are much larger
The video CCD images of laser-induced fluorescencenere owing to faster nucleation rates resulting from
from a static cell of dilute Rhoo_lamlne 590 laser dye_lnthe lower temperature, and the loner times available
methanol were used to normalize the laser and verticaghy growth by coagulation. It should also be noted that
spat_lal_ distribution in the corrected images. The lasefhese images were time-averaged over 250 to 300 laser
profile images were remapped from the video CCD to thehots or approximately 2 min. Hence, particularly in the
intensified CCD coordinates based on images Obta'”egcattering images, the shear layer vortices (and flame

with the laser sheet masked. flickering) contribute to the observed signal in the central
downstream region of the flame, where the large particles
IV. RESULTS AND DISCUSSION from the radial boundary of the flame are carried toward

A series of experiments, summarized in Table I,the centerline by the flow.
were conducted to examine the mechanisms of Fe—Si—O Figure 7(d) shows a particle scattering image from
particle formation in a premixed flame reactor. Two-a flame seeded with both iron and silicon precursors.
dimensional images of FeO(g) LIF and particle scatteringAlthough not shown, scattering images for flames seeded
were obtained in flames seeded with just the iron precurwith just the silicon precursor were qualitatively similar
sor (cases 1, 2, and 3), and with both the iron and silicono that of Fig. 7(d). In comparing the two scattering
precursors (cases 6 and 7). In addition, two-dimensionamages in Fig. 7, we find that the case with both silicon
images of particle scattering were also obtained formnd iron precursors present is markedly different in two
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(c) (d)

0 255

FIG. 7. Two-dimensional images of the flame including (a) chemiluminescent/blackbody emission, (b) LIF of FeO, (c) Mie scattering signal
for conditions of case 2, and (d) Mie scattering signal for conditions of case 7. The LIF and scattering image show a region of the flame
measuring approximatelg1l X 31 mm.

ways: (i) the scattering signals are generally much largeessentially begins at the conical flame front where the
for the cases with silicon precursor present compared ttemperature rapidly increases. In this way, differences
those with only the iron precursor; and (ii) significantin the flame height occurring for different precursor con-
particle scattering is observed within the central regiorcentrations can be removed to allow a better comparison.
of the flame just above the cone tip, for cases with silicon  As illustrated Fig. 8, the concentration of FeO(qg)
precursor present. Interestingly, within the interior of theincreases rapidly at the flame front, with a similar rate
flame, we note that the scattering signal increases moraf increase for each precursor feed rate. This is followed
rapidly along the centerline than along the streamlinedy a decrease in the FeO(g) concentration due to the
just outside the centerline, leading to a scattering imageonversion of the vapor to the particle phase. The two
with double-lobed isocontours resembling a smoothegrocesses of precursor oxidation [FeO(g) formation] and
letter “M”. We believe that the enhanced scatteringthat of particle formation [FeO(g) consumption] take
signal along the center streamlines results from a slightlplace simultaneously; however, the profiles indicate that
lower temperature as compared to adjacent, outer strearthe precursor oxidation is the faster of the two initially.
lines. The slightly lower temperature along the centerThis behavior is expected since one might approximate
streamlines would result in an increased nucleation ratthe FeO(g) formation rate to be (pseudo) first order with
with respect to the adjacent outer streamlines. Indeed,
such a dip in the temperature distribution has been
previously reported by Lewis and Von Elf& based
on measurements of a lean methane/air flame in ¢
rectangular burner. Although we cannot measure tem__
perature with the accuracy of the Lewis and Von Elbe, £
our scattering image is very similar to their measured 3
temperature contours and should be very sensitive &
temperature. E
While the two-dimensional images provide a great @
deal of information, examining the centerline profiles =
simplifies the comparison, since the flow is ideally one-
dimensional along that streamline. Figure 8 shows the . , , ‘
concentration of FeO(g) as a function of time (or axial -1 0 1 2 3
position) for different inlet concentrations (cases 1, 2, residence time (ms)
and 3). The results are _presented as a func_tlon_o_f tlmEIG. 8. Centerline profile of FeO(g) concentration as a function of
from the flame front (distance from cone tip divided time from the flame front for three different iron oxide precursor feed
by local velocity), since the precursor decompositionrates (cases 1, 2, and 3).

gnal

\“.’i
I
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respect to the precursor concentration due to the excesapor; that is, the silica particles provide an additional
oxygen, while the consumption (at least at early timesyurface. This results in a slightly faster decrease in the
will be proportional to the square of the FeO(g) con-FeO(g) concentrations as observed in Fig. 9. It should
centration resulting from FeO(g) dimerization. It shouldalso be noted that this [condensations of FeO(g) onto
be pointed out that for these classes of materials, ansllica particles] is probably a minor pathway, and the
temperatures used here, the vapor is typically in a highlf-eO(qg) is primarily transformed directly to iron oxide
supersaturated state and that the critical cluster sizgarticles. This is confirmed by the observation that
(using the terminology of classical nucleation theory)increasing the silicon precursor concentration does not
is less than a monomer. As such no thermodynamitead to significant change in the FeO(g) concentra-
barrier to nucleation exists, and one is basically dealingion profile (Fig. 9). Transmission electron microscopy
with a kinetically controlled process similar to any gas-(TEM) of the composite particléSindicated that the iron
phase chemical process. An analysis of this type haexide particles are surrounded by a silica matrix, further
been performed by expressing the particle formation oconfirming that distinct iron oxide particles are formed
nucleation rate as a kinetic proc&sg® with the rate independently (see Fig. 4). A detailed comparison of
proportional to the square of the concentration of FeO(g)guantitative contributions of each of these pathways will
thus, the drop-off in FeO(g) concentration is expectedie discussed in a subsequent publication.
to be faster for the higher iron feed rates, and this is The centerline scattering profiles for cases 2—7 are
observed, to some extent, in Fig. 8. shown in Fig. 10. In this figure, the data for cases 4—7
An approximate temperature distribution in theare from two-dimensional images, while the data for
flame region was measured using radiation raticcases 2—3 (which are scaled by a factor of 100 in the fig-
thermometry, and assuming conditions for grey body raure) are based on photomultiplier tube measurements. A
diation over the ranges of temperature and wavelengthghotomultiplier tube was used for cases 2—3 because of
Though a resolution, such as reported by Lewis andimitations on the dynamic range of the intensified CCD
von Elbe3® was not obtained, the temperatures in thecamera (at the gain required to detect particle scattering
flame region were found to be 2200, 2360, and 2450 Kwithin the flame interior for cases 2-3, the intensifier
for cases 1, 2, and 3, respectively. could be locally damaged by the very large signals from
Using the iron precursor feed rate for case 2 aghe large particles on the flame boundary). To normalize
a baseline condition, experiments were conducted withhe data for comparison, photomultiplier tube measure-
iron and two different silicon precursor feed conditionsments of centerline scattering were also obtained for
(cases 6 and 7). Representative centerline profiles fazases 6—7, and observed trends showed good agreement
the FeO(g) relative concentration are shown in Fig. 9with the corresponding two-dimensional images.
for clarity results from only cases 2 and 7 are shown. For cases with only the iron precursor present (cases
In comparing the FeO(g) concentrations for cases witl2—3), the scattering signals are generally very low;
just iron and with both iron and silicon feeds, there however, there is a slight increase in the scattering signal
is no significant difference in the initial rise in FeO with axial position, and generally higher signals with a
concentration at the flame front. This is a particularlyhigher feed rate, as expected. Much higher signals are
interesting and important result since it indicates thabbtained for the cases seeded exclusively with the silicon
the chemistry of the iron precursor decomposition and
subsequent nucleation are independent of the presence of
the silicon chemistry and subsequent particle formation ' * ' '
Indeed, the flame configuration was originally chosen 3|
such that temperatures could be rapidly achieved an
maintained T > 2000 K) which would ensure from
thermodynamic phase equilibria considerations to dis-Z 21
tinct phases, iron oxide and silicon oxide rather than irons
silicate’® The results show that the phase segregatior g
occurs not only in the solid product collected, but in ‘@
so far as we can tell, in the gas phase chemistry a3
well. Some differences are observed in the FeO vapo
concentration at larger distances downstream, where th
FeO(g) concentration seems to be slightly lower for the 0 1 2 :
“iron and silicon” feed conditions. For the iron-only feed residence time (ms)
condition, the FeO \(apor is converted to particles byFIG. 9. Centerline profile of FeO(g) concentration as a function of
homogenous nucleation. When both precursors are useglye from the flame front with just iron (case 2) and both iron oxide
there is an additional pathway for transformation of FeQand silica precursors (case 7).

units)

Fe(0.14)

rb.

F

Fo(0.1 4)+8i(0.24)

w
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400 enhanced scattering due to the larger molar volume and
fom=06ms refractive index.

Si(0.24)
300 |-

E V. SUMMARY AND CONCLUSIONS

g a00 | Fe(0.14)+5i(0.24) Planar laser-induced fluorescence and Rayleigh/Mie

é Fe(01 4)+5i(0.4 4) imaging measurements have been used to examine the
& mechanisms of particle formation from gas phase species
S 100l Si(0-14) in a flame reactor. During synthesis of ferric-oxide/silica

nanocomposites, the relative gas phase precursor
[FeO(g)] concentration was measured for different
, feed conditions and compared with particle scattering
A 0 ! 2 8 measurements. The results indicate that the iron oxide
residence time (ms) particle formation rate is slower than the gas phase
FIG. 10. Centerline scattering profiles for some of the conditionsprecursor decomposition rate, and essentially proceeds
fexamined. The solid p_rofileslwere_ obtained _from the intens_ified CChafter all of the FeO(g) has formed. Measurements in
images, and the profiles with discrete points were obtained fronyjamag seeded with both silicon and iron precursors show
separate photomultiplier tube measurements. N . .
no significate changes in the rate of formation of FeO(g),
indicating that the iron and silicon components nucleate

precursor (cases 4-5), probably due to the larger sizeut (form small clusters) independently of each other.
silica particles that are formed. Electron microgrdphs Light scattering measurements indicate that sintering
indicate that the silica particles are on the order of effects are faster for the nanocomposite than for silica,
times the size of the iron oxide particles. With particle?n keep_ing with the known sintering rates for silica and
diameters<100 nm, the scattering signal is close toiron oxide.
the Rayleigh regime, and, thus, the scattering signal is
proportional_ to the si?<_th power of the diameter. Hence,, ckNOWLEDGMENT
the larger diameter silica particles are expected to show .
substantially larger scattering signals than the iron oxide . 1he authors gratefully acknowledge the assistance
particles, and this is borne out in Fig. 10. of M. I. Aquino during the course of these experiments.
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