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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 pha
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 occu
independently for the iron and silicon components. Light scattering measurements ind
that nanocomposite particles sinter faster than single component silica, in agreement
with TEM measurements.
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I. INTRODUCTION

An area of current interest in materials processing
the synthesis of structures on an atomic to nanome
scale. Particles with dimensions of less than 100 n
are referred to as “nanoparticles,” and these nanoph
materials possess unique advantages with respect to
processing and, more importantly, their properties.1– 4

Flame aerosol reactors offer a potential route for the p
duction of large quantities of nanostructured material5

but at present the formation and nucleation of nanoph
particles from the gas phase are not well understo
Developing a better understanding of the gas ph
chemistry is important, though, because the chemis
and interaction of the gas phase precursors in t
high temperature environment are critical in establishi
the final particle characteristics (sizes and chemi
composition).

In situ measurements aimed at investigating the g
phase species’ concentrations, temperature field,
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particle size and distributions are therefore of gre
interest, because they can lead to a better understand
of the underlying chemical/transport phenomena th
occur during particle synthesis. While conventional d
agnostic tools such as thermocouples and mass/part
sampling probes have been used in the past, laser-ba
diagnostics offer nonintrusive, sensitive techniques f
measuring particle size/number density, gas tempe
ture, and species concentration in these reactors.
example, laser-based Rayleigh/Mie scattering has be
used for measuring particle size and number dens
in both aerosol and combustion research applicatio
(see, for example, Ref. 6).In situ multiphoton ionization
for gas phase species detection has been demonstr
even in particle laden flows.7 Laser-induced fluorescence
(LIF) has also been used extensively for gas pha
concentration and temperature in combustion flows8 and,
to a lesser extent, in low pressure plasma process
reactors,9 but it has not found application in aeroso
research. One of the few applications of LIF in pa
ticle synthesis work is that reported by Zachariah an
Burgess10 where they used LIF to measure OH and Si
concentrations, and Mie scattering to measure parti
distributions during flame synthesis of silica. Mie sca
1, No. 6, Jun 1996
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tering measurements in a similar application have a
been reported by Zachariahet al.11,12 and Chang and
Biswas.13

While laser-based measurements have proven to
effective in a number of investigations of chemicall
reacting flows, the majority of previous measuremen
have been limited to one-dimensional profiling based
single-point techniques. Recently, a number of expe
ments in the combustion research community have
tended these techniques to two-dimensional, i.e., pla
laser-induced fluorescence (PLIF) imaging and plan
Rayleigh/Mie scattering measurements.14,15 In these two-
dimensional measurements, a thin sheet of laser li
is used to illuminate the flow and the resulting sign
is collected with a lens and imaged onto a sensiti
CCD camera. In addition to providing efficient dat
collection, these planar imaging measurements are us
because they provide a means to simultaneously mea
flow properties and visualize flow structures in tw
dimensions, with excellent spatial resolution.

The purpose of this paper is to demonstra
the application of planar laser-based imaging mea
urements in a particle synthesis flame reactor, a
to examine, throughin situ chemical species meas
urement, the general features of multicompone
particle formation. In this paper, we describe two
dimensional imaging of gas phase ferrous oxid
(FeO) fluorescence and Rayleigh/Mie particle scatteri
obtained during flame synthesis of nanoscale ir
oxide/silica particles. These nanocomposite particl
composed of magneticg –Fe2O3yFe3O4 encapsulated
in a silica matrix, have recently been synthesize
in flames and, in displaying superparamagnetis
may have potential impact in magnetic refrigeratio
technology.16 Several other materials of interest consi
of more than one component and are made fro
multiple precursors as well,5 including high temperature
superconducting ceramics,17–21 optical fiber preforms,22

magnetic materials,23 and optical ceramics.25

In the sections that follow, we briefly review the
theory and application of LIF, discuss the spectrosco
of FeO, and describe the experimental setup and p
cedure. We then present experimental results, wh
include images of the gas phase FeO concentration
of particle scattering throughout the flame at vario
conditions. In part II of the paper, experimental data a
compared to predictions of a discrete sectional aero
model accounting for the gas phase reaction and nuc
tion kinetics.

II. PLIF TECHNIQUE

A. Basic theory

The theory and application of laser-induced fluore
cence (PLIF) and particle scattering have been descri
J. Mater. Res., Vol. 1
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in detail elsewhere (see, for example, Refs. 8, 14, 26, a
27), so we will only briefly review the PLIF technique
PLIF is a well-established spectroscopic flow diagnost
based on monitoring the spontaneous radiative emiss
(fluorescence) following absorption of laser photons
a species present within a flowfield. In a typical PLI
experiment, a thin sheet of frequency-tuned, puls
laser light is used as the excitation source. The la
sheet is directed through the flow and the resulti
broadband fluorescence from the illuminated region
imaged with a lens onto an intensified, charge-coup
device (CCD) camera. Through various excitation a
detection strategies, the pulse-integrated fluoresce
signal can be related to certain flow properties, such
the absorbing species concentration and gas tempera
In many cases only relative measurements are obtain
but in principal, absolute measurements of concentrat
and/or temperature can be determined either throu
calibration or an additional independent measuremen
some point within the imaged region.

Assuming weak laser excitation and a spectra
broad laser with respect to the absorption linewidt
the temporally integrated fluorescence signal,Sf , can be
modeled by

Sf / ENabsFBsTd
A

A 1 Q
, (1)

where Nabs is the absorbing species number densi
FBsTd is the Boltzmann population fraction of the ab
sorbing state at temperatureT, A is the Einstein coef-
ficient of spontaneous emission,E is the laser energy,
andQ is the collisional quenching rate coefficient, whic
depends upon the local chemical composition, nu
ber density, and temperature. The termAysA 1 Qd is
the fluorescence efficiency and represents the fract
of laser-excited molecules which fluoresce, rather th
collisionally relax to the ground electronic state.

As Eq. (1) illustrates, determining the absorbin
species concentration from the fluorescence signal gen
ally requires knowledge of the local collisional quench
ing rate coefficient and temperature. Indeed, account
for the collisional quenching is typically the most diffi
cult aspect of relating the fluorescence signal to the a
sorbing species concentration. Several approaches h
been used in previous studies to account for quench
in linear fluorescence measurements (for a more deta
discussion which also includes saturated fluoresce
measurements, see Ref. 8). For example, the quench
rate can be determined experimentally by monitoring t
fluorescence decay, but this approach is generally o
used at low pressures, because in flows at atmosph
pressure and above, it usually requires subnanosec
time resolution.

Alternatively, the collisional quenching can b
modeled usingQ  N ? skyl, where s is a mixture-
1, No. 6, Jun 1996 1553
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averaged quenching cross-section andkyl is the mean
molecular speed. This approach is most useful where
temperature is known and the quenching is domina
by species whose cross sections and concentrat
are known or can be reasonably estimated. Collisio
quenching cross sections have been measured fo
number of primary combustion species,8 but limited data
are available for other species. In cases where the c
sections or major species concentrations are not kno
one can assume a given temperature dependence fos.
For example, assumeQ @ A (which is generally true in
atmospheric pressure flames) ands  constant, Eq. (1)
reduces toSf / NabsFBsTdy

p
T .15 Finally, we note that

the simplest approach is to assume that the quench
rate is essentially constant over a limited region or ran
of conditions. Under this assumption, Eq. (1) simplifi
to Sf / Nabs ? FBsTd, and, thus, the fluorescence sign
depends only on absorbing species concentration
temperature. Although only approximately true at be
in several flame measurements the quenching rate
been found to be relatively constant over a limited ran
of conditions.8 Hence, depending upon the accura
needed, one might reasonably neglect variations
quenching in certain situations.

Using one of these strategies to account for t
quenching, one can then use the fluorescence signa
determine the absorbing species concentration, provi
some knowledge of the temperature or choice, if p
sible, of an absorption transition which minimizes th
overall temperature dependence of the signal. Beca
no quenching data for FeO fluorescence is availab
we assumed a constant value through the flame, a
as discussed below, chose a transition whose in
quantum state population fraction,FBsTd, was relatively
constant over the temperature range of interest. Sub
to these approximations, the fluorescence signal w
used as a direct measure of the relative FeO conc
tration throughout the flame.

B. FeO spectroscopy

The spectroscopy of FeO is exceptionally com
plicated for a diatomic molecule and, to date, is n
completely understood. Based on the analyses of Che
et al.28 and Harris and Barrow,29 we briefly describe
details of FeO spectroscopy that are relevant to th
measurements. For a more complete discussion on s
troscopy and its notation in general, the reader is refer
to Herzberg.30

The laser-induced fluorescence excitation and
tection scheme used for these measurements is sh
schematically in Fig. 1, which shows a partial ener
level diagram for the FeO molecule. In the figure, t
y00  0, 1, 2, and 3 vibrational levels of theX5D4 ground
electronic is shown, as is they0  0 vibrational level of
1554 J. Mater. Res., Vol.
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FIG. 1. Partial energy level diagram for FeO showing the excitati
and detection scheme used in this study.

the 5D4 excited electronic state. Each vibrational lev
also contains a manifold of rotational levels, which a
shown schematically for only the lowest vibrational lev
in each electronic state. As denoted by the upwa
pointing arrow, the laser was tuned to excite transitio
between a particular rotational level within theX5D4

y00  0 level and a rotational level within the electroni
cally excited5D4 y0  0 level.

Following laser excitation, molecules within the
upper electronic state can either radiatively or nonrad
tively decay (i.e., fluoresce or quench) to various low
states, as depicted by the downward-pointing arrow
In the figure, the fluorescence is denoted by the so
downward arrows, and the quenching is denoted by
dashed downward arrow. Since collisional transfer c
redistribute the excited molecules throughout the ro
tional manifold, the spontaneous emission and collision
quenching processes are shown originating from t
entire manifold rather than just the upper laser-coupl
state. While spontaneous emission to other lower sta
may also occur, the majority of the laser-induced flu
rescence of FeO in the present experiments is emit
over the wavelength range of 558–652 nm, as indica
in the figure. This particular excitation/detection schem
was selected because the absorption transitions occu
a relatively simple region of the complex FeO spe
trum, and because the fluorescence was known to oc
both at wavelengths (essentially) resonant with the la
(,558 nm), and at longer, nonresonant waveleng
(586–652 nm).
11, No. 6, Jun 1996
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Using an excitation/detection strategy that provid
reasonably strong nonresonant fluorescence was a
quirement for these measurements, so that the inte
laser scattering from particles could be spectally filter
from the measured fluorescence signal (see Ref. 10
more detailed discussion of this point). In the flu
rescence measurements reported here, spectral filte
was also used to surpress the particle luminosity fr
reaching the camera, at wavelengths outside of
primary fluorescence wavelength region (for addition
details, see Sec. III below). Although necessary to av
corrupting the fluorescence signal with extraneous no
this spectral filtering also resulted in some loss in t
collection efficiency of the fluorescence. Specifically, t
long-pass filter used for blocking the laser scattering a
unavoidably blocked the FeO (resonant) fluoresce
band near 558 nm, and reduced the fluorescence si
accordingly. Indeed, based on FeO LIF dispersion me
urements using a monochromator and photomultip
tube, we determined that a significant fraction of t
fluorescence signal (50% or more) was sacrificed throu
filtering the laser scattering. In contrast, though, t
650 nm short-pass filter, used to suppress intense par
luminosity, caused only a minor reduction in the detec
fluorescence signal.

Figure 2 shows a partial laser excitation spectru
of the FeO near 448 nm. This spectrum was record
by directing the laser beam through a methane-oxyg
iron carbonyl flame, scanning the laser from 558.5
561.0 nm, and monitoring the fluorescence bands n
586 and 618 nm using a photomultiplier tube and box
averager. Noted in the figure and assigned based on
line positions tabulated by Harris and Barrow,29 the tran-
sition used for these fluorescence imaging measurem
was the overlappingPs17d 1 Rs40d line pair in the
5D4 √ X5D4 (0,0) orange system of FeO. This transitio
pair was chosen because it provided the most sig
among the isolated transitions, and because it exhi
a reasonable temperature-independent signal over
range of interest.

The expected temperature dependence of the fl
rescence signal is illustrated in Fig. 3, which shows
plot of the combined Boltzmann population fraction
of the two initial states excited by the laser. Over t
temperature range of interest here (1800–2400 K),
net population fraction of the two initial states varie
by 625%, and exhibits a monotonic decrease from lo
to high temperatures. In calculating the initial state
net Boltzmann fraction as a function of temperature,
included the contributions of the rotational, vibrationa
and electronic partition functions, using the term energ
reported by Cheunget al.31 and the procedure outlined
by Tatum.32 In contrast to many diatomic flame specie
for FeO there are a number of low-lying vibration
and electronic states that are well populated at fla
J. Mater. Res., Vol.
es
re-

nse
ed
for
-
ring
m

the
al
id

se,
he
e

lso
ce
nal

as-
ier
e
gh
e

icle
ed

m
ed

en-
to
ear
ar
the

nts

n
nal
its
the

uo-
a

s
e

the
s
w
s’
e

l,
ies

s,
l

me

FIG. 2. Laser excitations spectrum of FeO near 558 nm.

FIG. 3. Expected temperature dependence of the fluorescence s
based on the calculated variation of the two initial states’ Boltzma
fraction with temperature.

temperatures. Hence, the temperature dependence o
Boltzmann fraction in Fig. 3 results from variations i
the vibrational, rotational, and electronic state popu
tions, in order of decreasing importance.

III. EXPERIMENTAL DETAILS

A. Flame synthesis

The experiments were conducted using a wat
cooled premixed burner mounted on a vertical translati
stage. As summarized in Table I, methane/oxyg
flames, diluted with nitrogen and seeded with iro
and/or silicon bearing precursors, were investigated. T
precursors used were iron carbonyl and hexamethy
siloxane which are liquids at room temperature. The
precursors were delivered (from a bubbler at 20±C) as
saturated vapors in argon and introduced into a mixi
manifold upstream of the reactor.
11, No. 6, Jun 1996 1555
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A premixed flame operating at high temperature w
used to create an environment thermodynamically favo
ing the desired particle structure (see a discussion of t
point in Zachariahet al.16), and to provide optical access
for examination of potential precursor decompositio
prior to the flame zone. By design, this configuratio
ensures that the precursors rapidly reach a high tempe
ture (.2000 K) wherein they decompose and form the
respective oxides. Particles could then be extracted
rapid quenching to minimize the formation of Fe2SiO4,
which occurs below 1500 K.16 In addition, an oxygen-
rich flame stoichiometry was maintained to minimiz
undesired carbon contamination in the resulting particle
The basic features involved in the nanocomposite grow
process are depicted in Fig. 4, and a more thorou
discussion based on the results presented here will
discussed later in the body of this paper. The typic
morphology of the particles produced are shown
Fig. 5 and discussed, along with chemical compositio
and magnetic properties, in a prior publication.16

B. PLIF implementation

As shown in schematically in Fig. 6, the laser ex
citation source used for the optical measurements w
an XeCl excimer-pumped dye laser, operating at 10 H
with a ,30 ns pulse duration,,5 mJ pulse energy, and
,0.2 cm21 bandwidth. Using a cylindrical and spherica
lens combination, the beam was expanded vertical
formed into a thin sheet, and directed through the cen
of the flame. Within the imaged region of the flame
the laser sheet measured,300 mm 3 35 mm. The laser
energy and spatial distribution were monitored durin
the experiments by directing a 5% reflection of th

TABLE I. Experimental conditions.

Reactants fraction Flow rates (lpm @20 ±C) Mole

Methane 0.93 0.11
Oxygen 2.33 0.28
Nitrogen 5.00 0.60
Argon (iron carbonyl bubbler) 0.05, 0.14, 0.24
Argon (Si bubbler) 0.14, 0.24

Parametric tests

Precursor feed rates
(1026 molesys)

Test no. Iron Silicon LIF Scattering

1 1.06 · · · X X
2 3.09 · · · X X
3 5.10 · · · X X
4 · · · 3.47 · · · X
5 · · · 5.73 · · · X
6 3.09 3.47 X X
7 3.09 5.73 X X
1556 J. Mater. Res., Vol. 1
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FIG. 4. Particle growth processes occurring.

FIG. 5. TEM image of typical iron oxide/silica nanocomposite part
cles synthesized in these experiments.

laser sheet onto a static dye cell, and recording t
resulting fluorescence with a video CCD camera a
frame-grabber computer board. For the LIF measu
ments, the laser was tuned to,559.5 nm to excite the
Ps17d 1 Rs40d transition in the5D4 √ 5D4 (0,0) orange
system of FeO. For the particle scattering measureme
the laser was tuned to 530 nm, where no gas pha
transitions exist.

For both the fluorescence and particle scatteri
measurements, the signal was collected at a right an
to the illumination plane and imaged onto an intensifie
cooled CCD camera (576 3 384 pixels, each 23mm
square) using anfy4.5 lens. To suppress flame emissio
within the images, the intensifier was synchronized t
and gated on for,75 ns during, each laser pulse. Fo
the fluorescence measurements, an OG590 Schott g
1, No. 6, Jun 1996
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FIG. 6. Schematic diagram of the experimental setup.

(long-pass) filter was used to block laser scattering, a
a Corion LS-650 short-pass filter was used to preve
flame luminosity, outside of the LIF wavelength region
from reaching the detector. For the particle scatteri
measurements, a Corion P10-530 line filter was used
suppress flame emission while passing the laser s
tering. The images obtained were typically averag
over 250–300 laser shots to improve the signal-to-no
ratio, and were spatially averaged2 3 2 pixels, which
is the effective resolution of the intensifier. While th
resulting pixel resolution was,150 mm, the effective
spatial resolution of the measurements was,300 mm,
owing to the laser sheet thickness.

All of the images were corrected for camera da
background, flatfield uniform response of the came
and collection lens, and laser energy and spatial d
tribution. The fluorescence images were also correc
for laser-induced particle incandescence and scatter
by subtracting images obtained with the laser detun
from the absorption transition. The flatfield correctio
was obtained by imaging uniform light from a standar
diffuse tungsten lamp, through the appropriate spect
filters for either FeO fluorescence or particle scatterin
The video CCD images of laser-induced fluorescen
from a static cell of dilute Rhodamine 590 laser dye
methanol were used to normalize the laser and verti
spatial distribution in the corrected images. The las
profile images were remapped from the video CCD to t
intensified CCD coordinates based on images obtain
with the laser sheet masked.

IV. RESULTS AND DISCUSSION

A series of experiments, summarized in Table
were conducted to examine the mechanisms of Fe–Si
particle formation in a premixed flame reactor. Two
dimensional images of FeO(g) LIF and particle scatteri
were obtained in flames seeded with just the iron prec
sor (cases 1, 2, and 3), and with both the iron and silic
precursors (cases 6 and 7). In addition, two-dimensio
images of particle scattering were also obtained f
J. Mater. Res., Vol. 1
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flames seeded with just the silicon precursor (cases
and 5). A discussion of the pertinent experimental resu
follows.

Figures 7(a)–7(c) show representative flame em
sion, FeO fluorescence, and Mie scattering imag
for experiments with an iron precursor feed (case 2
and Fig. 7(d) shows an additional scattering image f
a flame seeded with both iron and silica precurso
(case 7). Although not shown, the emission and Fe
fluorescence images for flames seeded with both iron a
silica precursors were qualitatively similar to Figs. 7(a
and 7(b), respectively. For cases with iron precursor fee
there is significant emission from the flame [Fig. 5(a
due to the iron precursor oxidation products an
black body emission from the particles. As mentione
previously, the gating of the intensifier and the use
the short pass filter (650 nm) were necessary to obt
reasonable fluorescence signal-to-background-emiss
ratios (.4 : 1).

An FeO(g) LIF image of the flame region is show
in Fig. 7(b). While immediate decomposition is expecte
at the flame front, the low signal within the flame con
(see Fig. 4 for definition of flame cone) suggests th
little decomposition occurs prior to the flame fron
Downstream of the flame cone, the resultant high FeO
concentration regions are indicated by the dark bl
regions in the figure. As the gases move away from t
flame front, there is an onset of particle formation, an
the FeO(g) concentration decreases downstream (in
cated by the transition from blue to green to yellow t
orange in the color map). The corresponding scatteri
image [Fig. 7(c)] reveals a central region wherein par
cle concentrations are low or the particles are too sm
to yield detectable signs (white region). Further dow
stream, an increase in the scattering signal is observ
consistent with the decreasing FeO(g) concentration. T
scattering signal is highest near the radial boundary
the flame, presumably because particles are much lar
there owing to faster nucleation rates resulting fro
the lower temperature, and the loner times availab
for growth by coagulation. It should also be noted th
these images were time-averaged over 250 to 300 la
shots or approximately 2 min. Hence, particularly in th
scattering images, the shear layer vortices (and fla
flickering) contribute to the observed signal in the centr
downstream region of the flame, where the large partic
from the radial boundary of the flame are carried towa
the centerline by the flow.

Figure 7(d) shows a particle scattering image fro
a flame seeded with both iron and silicon precurso
Although not shown, scattering images for flames seed
with just the silicon precursor were qualitatively simila
to that of Fig. 7(d). In comparing the two scatterin
images in Fig. 7, we find that the case with both silico
and iron precursors present is markedly different in tw
1, No. 6, Jun 1996 1557
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signal
e flame
FIG. 7. Two-dimensional images of the flame including (a) chemiluminescent/blackbody emission, (b) LIF of FeO, (c) Mie scattering
for conditions of case 2, and (d) Mie scattering signal for conditions of case 7. The LIF and scattering image show a region of th
measuring approximately31 3 31 mm.
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ways: (i) the scattering signals are generally much lar
for the cases with silicon precursor present compared
those with only the iron precursor; and (ii) significa
particle scattering is observed within the central regi
of the flame just above the cone tip, for cases with silic
precursor present. Interestingly, within the interior of t
flame, we note that the scattering signal increases m
rapidly along the centerline than along the streamlin
just outside the centerline, leading to a scattering ima
with double-lobed isocontours resembling a smooth
letter “M”. We believe that the enhanced scatteri
signal along the center streamlines results from a sligh
lower temperature as compared to adjacent, outer stre
lines. The slightly lower temperature along the cen
streamlines would result in an increased nucleation r
with respect to the adjacent outer streamlines. Inde
such a dip in the temperature distribution has be
previously reported by Lewis and Von Elbe,33 based
on measurements of a lean methane/air flame in
rectangular burner. Although we cannot measure te
perature with the accuracy of the Lewis and Von Elb
our scattering image is very similar to their measur
temperature contours and should be very sensitive
temperature.

While the two-dimensional images provide a gre
deal of information, examining the centerline profile
simplifies the comparison, since the flow is ideally on
dimensional along that streamline. Figure 8 shows
concentration of FeO(g) as a function of time (or ax
position) for different inlet concentrations (cases 1,
and 3). The results are presented as a function of t
from the flame front (distance from cone tip divide
by local velocity), since the precursor decompositi
1558 J. Mater. Res., Vol. 1
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essentially begins at the conical flame front where t
temperature rapidly increases. In this way, differenc
in the flame height occurring for different precursor con
centrations can be removed to allow a better comparis

As illustrated Fig. 8, the concentration of FeO(g
increases rapidly at the flame front, with a similar ra
of increase for each precursor feed rate. This is follow
by a decrease in the FeO(g) concentration due to
conversion of the vapor to the particle phase. The tw
processes of precursor oxidation [FeO(g) formation] a
that of particle formation [FeO(g) consumption] tak
place simultaneously; however, the profiles indicate th
the precursor oxidation is the faster of the two initially
This behavior is expected since one might approxima
the FeO(g) formation rate to be (pseudo) first order wi

FIG. 8. Centerline profile of FeO(g) concentration as a function
time from the flame front for three different iron oxide precursor fee
rates (cases 1, 2, and 3).
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respect to the precursor concentration due to the exc
oxygen, while the consumption (at least at early time
will be proportional to the square of the FeO(g) co
centration resulting from FeO(g) dimerization. It shou
be pointed out that for these classes of materials, a
temperatures used here, the vapor is typically in a hig
supersaturated state and that the critical cluster s
(using the terminology of classical nucleation theor
is less than a monomer. As such no thermodynam
barrier to nucleation exists, and one is basically deal
with a kinetically controlled process similar to any ga
phase chemical process. An analysis of this type h
been performed by expressing the particle formation
nucleation rate as a kinetic process34–36 with the rate
proportional to the square of the concentration of FeO(
thus, the drop-off in FeO(g) concentration is expect
to be faster for the higher iron feed rates, and this
observed, to some extent, in Fig. 8.

An approximate temperature distribution in th
flame region was measured using radiation ra
thermometry, and assuming conditions for grey body
diation over the ranges of temperature and waveleng
Though a resolution, such as reported by Lewis a
von Elbe,33 was not obtained, the temperatures in t
flame region were found to be 2200, 2360, and 2450
for cases 1, 2, and 3, respectively.

Using the iron precursor feed rate for case 2
a baseline condition, experiments were conducted w
iron and two different silicon precursor feed condition
(cases 6 and 7). Representative centerline profiles
the FeO(g) relative concentration are shown in Fig.
for clarity results from only cases 2 and 7 are show
In comparing the FeO(g) concentrations for cases w
just iron and with both iron and silicon feeds, the
is no significant difference in the initial rise in FeO
concentration at the flame front. This is a particular
interesting and important result since it indicates th
the chemistry of the iron precursor decomposition a
subsequent nucleation are independent of the presenc
the silicon chemistry and subsequent particle formatio
Indeed, the flame configuration was originally chos
such that temperatures could be rapidly achieved a
maintained (T . 2000 K) which would ensure from
thermodynamic phase equilibria considerations to d
tinct phases, iron oxide and silicon oxide rather than ir
silicate.16 The results show that the phase segregat
occurs not only in the solid product collected, but
so far as we can tell, in the gas phase chemistry
well. Some differences are observed in the FeO va
concentration at larger distances downstream, where
FeO(g) concentration seems to be slightly lower for t
“iron and silicon” feed conditions. For the iron-only fee
condition, the FeO vapor is converted to particles
homogenous nucleation. When both precursors are u
there is an additional pathway for transformation of Fe
J. Mater. Res., Vol. 1
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vapor; that is, the silica particles provide an addition
surface. This results in a slightly faster decrease in t
FeO(g) concentrations as observed in Fig. 9. It shou
also be noted that this [condensations of FeO(g) on
silica particles] is probably a minor pathway, and th
FeO(g) is primarily transformed directly to iron oxide
particles. This is confirmed by the observation tha
increasing the silicon precursor concentration does n
lead to significant change in the FeO(g) concentr
tion profile (Fig. 9). Transmission electron microscop
(TEM) of the composite particles16 indicated that the iron
oxide particles are surrounded by a silica matrix, furth
confirming that distinct iron oxide particles are forme
independently (see Fig. 4). A detailed comparison
quantitative contributions of each of these pathways w
be discussed in a subsequent publication.

The centerline scattering profiles for cases 2–7 a
shown in Fig. 10. In this figure, the data for cases 4–
are from two-dimensional images, while the data fo
cases 2–3 (which are scaled by a factor of 100 in the fi
ure) are based on photomultiplier tube measurements
photomultiplier tube was used for cases 2–3 because
limitations on the dynamic range of the intensified CC
camera (at the gain required to detect particle scatter
within the flame interior for cases 2–3, the intensifie
could be locally damaged by the very large signals fro
the large particles on the flame boundary). To normali
the data for comparison, photomultiplier tube measur
ments of centerline scattering were also obtained f
cases 6–7, and observed trends showed good agreem
with the corresponding two-dimensional images.

For cases with only the iron precursor present (cas
2–3), the scattering signals are generally very low
however, there is a slight increase in the scattering sign
with axial position, and generally higher signals with
higher feed rate, as expected. Much higher signals a
obtained for the cases seeded exclusively with the silic

FIG. 9. Centerline profile of FeO(g) concentration as a function o
time from the flame front with just iron (case 2) and both iron oxid
and silica precursors (case 7).
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FIG. 10. Centerline scattering profiles for some of the conditio
examined. The solid profiles were obtained from the intensified CC
images, and the profiles with discrete points were obtained fr
separate photomultiplier tube measurements.

precursor (cases 4–5), probably due to the larger s
silica particles that are formed. Electron micrographs16

indicate that the silica particles are on the order of
times the size of the iron oxide particles. With partic
diameters,100 nm, the scattering signal is close
the Rayleigh regime, and, thus, the scattering signa
proportional to the sixth power of the diameter. Henc
the larger diameter silica particles are expected to sh
substantially larger scattering signals than the iron ox
particles, and this is borne out in Fig. 10.

Interestingly, for the tests where either silicon o
both iron and silicon precursors were added, the scat
ing profiles initially (t , 1.5 ms) show higher scattering
intensities for the single component silica particles th
the corresponding nanocomposite, even though iron
ide has a higher refractive index. Farther downstrea
however, a crossover in scattering intensity occurs
the low silica loading case, and the trends for the high
silica loading case indicate a similar behavior wou
occur farther downstream. We believe these results
showing the effects of particle sintering. Helble an
Sarofim37 have estimated sintering times for a numb
of inorganic aerosols as a function of size and te
perature. Based on our measured temperatures, 10
silica particles should have a coalescence time of roug
1–5 ms, which is on the same order as our reside
time of about 3 ms. Furthermore, we know that at a 3
residence time the nanocomposites are unagglomera
while showing considerable agglomeration at shor
residence times (based on thermophoretic sampled T
measurements at several locations within the flame). I
oxide by contrast has a sintering time of 3 orders
magnitude lower than silica, and one might expect th
the nanocomposite would sinter sooner than silica, a
thus scatter less light. When both the nanocomposite
silica are sintered, the nanocomposite should show
1560 J. Mater. Res., Vol. 1
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enhanced scattering due to the larger molar volume a
refractive index.

V. SUMMARY AND CONCLUSIONS

Planar laser-induced fluorescence and Rayleigh/M
imaging measurements have been used to examine
mechanisms of particle formation from gas phase spec
in a flame reactor. During synthesis of ferric-oxide/silic
nanocomposites, the relative gas phase precur
[FeO(g)] concentration was measured for differe
feed conditions and compared with particle scatterin
measurements. The results indicate that the iron ox
particle formation rate is slower than the gas pha
precursor decomposition rate, and essentially proce
after all of the FeO(g) has formed. Measurements
flames seeded with both silicon and iron precursors sh
no significate changes in the rate of formation of FeO(g
indicating that the iron and silicon components nuclea
out (form small clusters) independently of each othe
Light scattering measurements indicate that sinteri
effects are faster for the nanocomposite than for silic
in keeping with the known sintering rates for silica an
iron oxide.
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