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Ultra-small-angle x-ray scattering can provide information about primary particles and aggregates
from a single scattering experiment. This technique is appliesitu to flame aerosol reactors for
monitoring simultaneously the primary particle and aggregate growth dynamics of oxide
nanoparticles in a flame. This was enabled through the use of a third generation synchrotron source
(Advanced Photon Source, Argonne IL, UBKAsing specialized scattering instrumentation at the
UNICAT facility which is capable of simultaneously measuring nanoscales to microscales
(1 nmto 1um). More specifically, the evolution of primary-particle diameter, mass-fractal
dimension, geometric standard deviation, silica volume fraction, number concentration, radius of
gyration of the aggregate, and number of primary particles per aggregate are measured along the
flame axis for two different premixed flames. All these particle characteristics were derived from a
single and nonintrusivemeasurement technique. Flame temperature profiles were measured in the
presence of particles byn situ Fourier transform infrared spectroscopy and thermophoretic
sampling was used to visualize particle growth with height above the burner as well as in the radial
direction. ©2005 American Institute of PhysidDOI: 10.1063/1.1855391

I. INTRODUCTION Recently, a detailed quantitative comparison between the
Aerosol combustion processes are commonly used tgVerage primary-particle diameters obtained from nitrogen

produce nanostructured metal-oxide and carbon powders f@ISOrptionBET) and from ultra-small-angle x-ray scattering
a wide range of industrial and research uses. The particle siz@SAXSz3 7anaIyS|s was carried out for 75 different silica
is controlled mainly through the flame temperature, resiPowders:” Excellent agreement was found between these
dence time of nanoparticles in high temperature regions ofvo techniques when the USAXS diameter was derived from
the flame, and through reactant mixitig. Particle sizes the same momerivolume to surfacg as the one measured
ranging from about 1 nm to &m can be produced with this Py BET. Furthermore, aggregated and nonaggregated silica
continuous process. Depending on reactor residence time a§@uld be distinguished and the effect of process parameters
material property, single particles or aggregate¢poimary) ~ on the final product powder characteristics such as primary
particles are formed. Thereby, aggregatsmetimes called and aggregate diameter and mass-fractal dimension was
hard agglomeratg¢sare primary particles connected by studied®’ In the present study, we demonstrate that this tech-
chemical bonds, whilésoft) agglomerates are connected by nique can be applied to a dynamic system such as a flame
physical (van der Waals, electrical, etcbonds following aerosol reactor to study the growth dynamics of silica nano-
Friedlandef Aggregates display mass-fractal scaling at sizeparticles. Information about primary-particle and aggregate
scales between the primary-particle diameter and the aggrgrowth with distance from the burner or as function of par-
gate diametet. Typically the mass-fractal dimension of col- ticle residence time can be obtained nonintrusively, similar to
lected powders is observed to be close to 2. In addition tehe real-time monitoring of growing Pd nanoparticles on
primary and secondary structures in these powders, the agdgO(001) films or Co on A11l) films studied by gazing
gregates are believed to cluster to form microscale soft agncidence SAXS(Ref. 8 or probing the primary-particle
glomerates. growth dynamics in a diffusion flante.

In situtechniques are appealing for gaining insight to the
dpresent address: Clariant International Ltd., Masterbatches Division, cHdynamics of particle growth. Dynamic light scattering
4132 Muttenz, Switzerland. (DLS), for instance, can measure nanoscale particle charac-

POn sabbatical leave from the Department of Chemical and Materials E”teristics through the observation of particle motion. How-
gineering, University of Cincinnati. . e
®Author to whom correspondence should be addressed; electronic maif Ve, the temperature dependence of pamCIe dlfoSIVIty and

beaucag@uc.edu the inability of DLS to resolve aggregate substructure have
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TABLE I. Gas flow rates, production rate, maximum flame temperature, and certain product powder characteristics for the two investigated siltcdienanop
producing premixed flames. Furthermore, the gas flow rates for the nonparticle producing background flames are given. Flow rates are given at standard
temperature and pressure STP.

Filter powder
N, carrier ~ Total flow Production Maximum

CH, 0, N, for HMDSO (STP rate temperature USAXS (BET) PDI d, z
Flame L/min.  L/min.  L/min. L/min. L/min. g/h K nm — —_- -
Cold flame 0.4 14 5 1 7.8 14 2340 1010.9 116 197 69
Background cold flame 0.4 14 3 1 5.8 0
Hot flame 0.8 4.3 8.9 3 17 38 2480 2623.0 65 196 22
Background hot flame 0.8 4.3 2.6 3 10.7 0

limited application of DLS to flame reactot®.**Static light  laser light sources enablirig situ flame studies.
scattering(SLS) is limited by the complexity of Mie theory In the present experiments, a Bonse—HB8it) USAXS
for particles other than monodisperse, spherical structuresamera developed by the UNICAT team at the APS, Argonne
and approximations involved in the use of the Rayleigh-National Laboratori€$ is used that can probe three to four
Gans theory for metal-oxide particles with large refractiveorders of magnitude in size. Sizes up tqufin can be rou-
indices. Additionally, the relatively large wavelength of light tinely measured. For nanoparticles with primary sizes of
leads to size limitations in static measurements, nonetheled® nm and aggregate sizes on the order of 100 nm the
light scattering is ideal for direct measurement of aggregaté/ SAXS instrument is an ideal tool for their structural char-
size and mass-fractal dimension of larger aggreddtés. acterization. Due to the high flux available at the APS we
Further, distinguishing weak scattered light from the flamegvere able to make reproducible measurements on nanopar-
high optical emissions is a major experimental hurdle forticulate aerosols using concentrations typically employed in
SLS. In most static light scattering techniques the primarylaboratory-scale flame aerosol reactors in a relatively short
particle size or number of primary particles per aggregate hareriod of time. Our studies involved relatively well under-
to be knowna priori and is often determined with intrusive Stood —premixed flames using hexamethyldisiloxane
thermophoretic samplingTS-TEM).2"**-22For ceramic ox- (HMDSO) as a silica precursor operated to produce aggre-
ides, Hurd and Flowef? for example, applied static and 9ated and almost nonaggregated silica particles. Specifically
dynamic (using spectral broadenindight scattering to ob- the primary-particle diameter, mass-fractal dimension, geo-
tain the aggregate size and mass-fractal dimension especiafijetric standard deviation, silica volume fraction, number
for large aggregates. concentration, radius of gyration of the aggregate, and num-
X-ray scattering and especially ultra-small-angle x-rayPer of prim_ary pa_\rticles per aggregate can be simultaneously
scattering can overcome limitations inherent to classic lighfneasured in a single experiment.
scattering techniques. USAXS is truly a nanoscale to micros-
cale technique since its wavelength is four orders smallel- EXPERIMENT

than that of visible light. The minimum size for USAXS Two silica nanoparticle-producing flames were studied
(described by the correlation distanké2, where\ is the  here. They were established with a honeycomb stabilized
wavelength is on the order of 0.05 nm depending on the premixed burner(quartz glass, 25 mm inner diaméter
wavelength used. The difference in the effective refractiveHMDSO (Fluka, 99% was saturated in a thermostated bub-
index is so small in USAXS that the Rayleigh-Gans approxiling flask and was then mixed with oxygen, methane, and
mation(no internal reflections, no internal particle refraction, more nitrogen (all 99.99% Praxajr before entering the
particles act like point sources of reradiated wavesvholly  burner. The flow rates were controlled with mass flow con-
appropriate making generalized scattering laws such as theollers (MKS Instruments and are summarized in Table I.
Guinier function and Porod’s law completely applicafle. For USAXS background measurements, in the absence of
USAXS measurements are not affected by flame emissiomarticles, a premixed methane/oxygen flame with less nitro-
since the emitted spectrum does not reach x-ray wavelengthgen (Table ) was used to achieve similar flame shajfést

In situ measurements using USAXS are typically limited flameg as in the particle-laden flames. A nitrogen sheath
by the relatively low flux of laboratory x-ray sources com- stream, which flowed through the outer quartz gap further
pared to laser sources. For example, a 20 mW HeNe lasetabilized the flame. The burner was attached to a computer
produces roughly 1000 times the number of photons per aregontrolled vertical/horizontal translation stagéccudex,
as a laboratory tube x-ray sourelaboratory x-ray sources Aerotech Inc., Pittsburghwith a precision of £0.05 mm for
are also uncollimated and have a short coherence lengtbxial and lateral measurements.
Through the use of third generation synchrotron soufEes Product powder was collected on glass fiber filters
ropean Synchrotron Radiation Facility, Grenoble, France(Whatman GF/A and its BET specific surface ar¢8SA)
and Advanced Photon Sourd@PS) at Argonne National was determined by nitrogen adsorpti@iristar, Micromerit-
Laboratories, Chicago, USAphoton flux, coherence and ics Instruments Corjp. The average primary-particle diam-
collimation can be increased to levels comparable to that oéter was calculated usimj;sET:G/(pSiozx SSA), with psio,
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=2.2 g/cnt. The flame temperature was measured by 5 D

Y .. 7 . E 4 ata
emission/transmission spectrosc%p;asmg an FTIR spec- o 10 Unified Fit
trometer(Bomem Inc., MB155% operating in the range of @ it

_ . 1 . 10° ocal Guinier (1)

6500-500 crm* (1.5—-20um) with 2 cnit resolution. Ther- —— Local Mass-fractal
mophoretic particle samplingTS-TEM) (Ref. 28 is de- E 102 == Local Guinier (2)
scribed in previous publicatiorf&:=*° 3

As noted above, the USAXS measurements were con- ‘g 10"
ducted at the APS at Argonne National Laboratories, using @ . o \
the USAXS facility at UNICAT 33ID beam liné® Each scan £ 10
(measuring intensity versus divergence apglequired E 1071
~20 min per position in the flame since the BH camera re- §
quires a step scan through scattering angle. The flame wa 5 102] O
monitored via a TV camera during the measurements. The A

x-ray beam had a footprint of 2 mm by 0.4 mm and was 1072 — - ;
. : : 10 10° 102 10° 10°

oriented horizontally, parallel to the burner head, while the Scater . A

BH rocking curve was measured normal to the burner head. CAHRANE VEEIOh: g,

The USAX_S data We_‘S corrected fpr transmission anq:IG. 1. In situmeasured desmeared scattered interfsitgles as a function
background using a particle-free premixed flame, as notedf the scattering vectay for the hot flame at 40 mm HAB. The scattering
above, Table |. The corrected USAXS data were desmeareifita are well described by the unified (#olid gray ling. Furthermore,
using the Lake meth8d and analyzed using the unified ComPonent curves of t.hT 9'0?3' bLI’”'fl'(elc.‘ fit e shown such as the Porod

. 13 3poth with softw regime for primary particlegsolid black line, the Guinier regime for pri-
funcyon for mass-fractal aggrega Oth with SOTtware — mary particles(dash-dotted ling and aggregate@ash-double dotted line
provided by UNICAT and available on-line at www.uni. The appearance of a weak power-law regite004 A*<q<0.02 A1)
apS.anLgOV. USAXS data is easily converted to absolute in'Lndicates that these particles are mass fractal. Intensity has not been normal-

. - P . . _jzed for flame thickness so the observed value of absolute intensity should
tensity since the flux of the incident bea'm is measured durlnge divided by 2.5 cm as indicated.
each USAXS scan. Each USAXS run is then a primary ab-
solute intensity measureme(tiased on an estimated flame

i G=r2N(Ap)2V2
thickness. eNap .

Here, G is the Guinier prefactork; the radius of gyration,

andV the particle or aggregate volume. Between the Guinier
Ill. THEORY regime associated with primary-particle size and that associ-

The scattered intensity 'S_measured ‘?S function of therABLE Il. Overview of the scattering and calculation parameters from the
momentum transfer or scattering vectpdefined asg=4m  ysaxs evaluation along with their corresponding units.

Xsin(@/2)/\, where \ is the wavelength of the incident
photons an® is the scattering angle. For largethus, small ~ Scattering parameter Units Referring to
sizes(0.02 A< q<0.07 A1), the scattered intensity(q)

decays with a power laf¥*>~®following: L‘(q) iﬁ:ﬁi[fn‘é Iczr:(s,lrty ;T
I(g) = Bporo(g“‘ (1) Gy Guinier prefactor cmt Primary particles
G, Guinier prefactor crmt Aggregates
where Ryt Radius of gyration A Primary particles
Radius of gyration A Aggregates
Brorod™ ZﬂrgN(Ap )’S, Sii,od Porod prefg)(/:tor cnt A4 Primagng/ pgrticles
reflecting Rayleigh—Gans scattering from a smooth and sharp Power-law prefactor cm A Aggregates
interface (Fig. 1). BpgogiS the Porod prefactor? the elec- Mass-fractal dimension - ~ Aggregates
tron cross sectionN the particle number densitp\p the @ Porod invariant cfA™  Primary particles
electron density versus air, aiithe particle surface area. caiculation parameter Units Value
The scattering parameters used in this section are defined and : "
summarized in Table Il together with the correspondinge Electron cross section ¢m 7.94x10
units. The scattering regime described in ED.is referred Particle numt.)er den.s'ty C_ﬁ' Eq.®
to as the Porod regime and is preceded at logyeny two Elec.t on density vs alr onf . Eq. (9) .

. a . . i . article surface area m Primary particles
knee-like decay$Guinier regimesin the logarithm of inten- |, Particle volume o Primary particles
sity versus g, that reflect the primary-particle size _p Power-law slope var,
0.01-0.04 A* (Fig. 1), and aggregate size 0.001-0.006'A Number of electronSio,) # 30
(Fig. 1), respectively. The scattering for these regimes fol-m Molecular weight(SiO,) g/mol 60.1
lows Guinier’s lawf*2%3¢ p Density (SiO,) gent3 22

5 Na Avogadro number # 6.022107%
|(q) =G exp(— ﬂ) (2) b, Silica volume fraction Eq. (10)
3 z No. of prim. particles # Eq (1)

per aggregate

where

Downloaded 24 Feb 2005 to 129.137.5.227. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



054309-4 Kammler et al. J. Appl. Phys. 97, 054309 (2005)

ated with aggregate size, there is a shallow power-law decagerosols® the geometric standard deviatieny can be ex-
reflecting the mass-fractal structure of the ramified aggrepressed in terms of the observed polydispersity indéx as

gates. In this regime the scattering follows the power-law
/In(PDI))
-e =e . 7
oy =expo) X[< 12 (7)

decay,
I(q) = By, ©)
whered; is the mass-fractal dimension of the aggregate andere, o is the corresponding standard deviation of the loga-
the constanB; is defined by Beaucagd.® rithm of particle size. Bothry and PDI are reported since the
Since these four scattering functions significantly over-primary- particle size distributions may not be perfectly log-
lap during the scattering of aggregates, that themselves conermal and because PDI is directly related to the observed
sist of primary particles, it is generally more useful to usedata and does not rely on assumptions.
global scattering functions to fit the entire scattering  The number density of primary particles in the aerosol
curve!¥?73This global unified function is closely aligned to streamN can be calculated from the Porod invarigtand
the local scattering law$Porod’s and Guinier's layvde-  the Guinier prefactof; using Eqs(2) and(4),
scribed above using a spherical, primary-particle model and
mass-fractal aggregates where appropﬁ%te. N = Q*
In addition, Bp,ogNormalized by the integral of the part - 4{r§(Ap)2}q-r4G'
of the scattering curve associated with the primary particles
Q (subscript 1 reflects the same moment of volunveto  The absolute contrast fact@lﬁ(Ap)z} is calculated from
surfaceS as the particle size calculated from gas adsorption
measurements using BET analysis and assuming spherical
particlesdy;s=6 V/S as demonstrated recently for various
nanoparticleg’.7 This is a useful value since gas adsorption is
a common analysis method for powder with large specificfor silica in vacuum, wherdl, is Avogadro’s numbei\, the
surface areas, while a primary-particle size obtained frornumber of electrons in an SiOnolecule, andM the corre-
Rq1, as often done in literature, is a ratio of high order mo-sponding molecular weight. Values for these and other con-

(8)

NapNe |2
rg(Ap)2=r§<$) =3.473x 10 cm™, (9)

ments and heavily weights large particléEhe Porod invari-
antQ is defined by=®

Q= f ) 9?1 (q)dg=27riN(Ap)2V (4)
0

anddy,s is given by

Q _gV (5)

dys=6
T™porod S

A lack of an intersection between the Guinier, E@)
(dashed-dotted line in Fig.)land Porod, Eq(1) regimes
(black line in Fig. 3, as shown in Fig. 1 atj=0.025 A™*
indicates that the primary particles are pondispérAenea-

stants used in this article are listed in Table Il. Under the
assumption of uniform density of 2.2 g/cn? for the pri-
mary particles, the absolute intensity can yield directly the
number density of primary particles.

The volume fraction of silica in the irradiated volume of
the flamedy 4jica Can be calculated from the Porod invariant
Q, Eqg. (4), and the contrast for silica, E(),

__Q
N 2 ap

(10
where ¢y gives an indication of the total volume fraction of
silica species in the aerosol.

Using Eq.(2) for the aggregates and primary particles, it

sure of primary-particle polydispersity is the ratio of the in- s nossible to directly measure the weight average number of

terpolated Porod intensity &R, Blevl, Eqg. (1), to the
Guinier prefactor for the primary particle§,, Eq. (2). This

primary particles in an aggregaie This value is often of
more use in characterizing aggregate structure than the radius

unitless polydispersity in(_jeéPDI)_can be directl)_/ obtained ¢ gyration Ry, since the radius of gyration reflects a high
from the scattering experiment without assumptions concerng,der moment of the size distribution, so the largest aggre-
ing particle shape or the functionality of the size distribution:gates dominate th&, value’ Writing Eq. (2) for primary

B particles and aggregaté‘é,
PDI= j— (6)

1. ‘
625 Gy N2, (Ny2)(ngs2)?

256 N, Ny
1 1Ne 1 1Ne 1

For monodisperse spheres, PDI is 1, while a PDI of 4.93 or ' (19

5.56 is obtained for the self-preserving lifin the con-

tinuum or free molecular transport regimes, respectively, ofvhere “1” refers to the primary particles and “2” refers to the
self-preserving distributions consisting of sphericalaggregates and.=(ApV). The degree of aggregatianis
particles®’ A high value of PDI could also arise from asym- independent of any structural model and only relies on the
metry of particle shape or potentially from contrast gradientsassumption that level 2 is composed of level 1 structures.
in the particles but TEM revealed that neither of these ar@hat is, it holds true for any mass-fractal dimension, topol-
important for the silica particles studied in this paper. Withogy, or connectivity of structurébranch content Further,

the assumption of a log-normal particle size distribution ofthis measure of does not rely on absolute intensity since it
spherical primary particles often found in single-sourceis internally normalized.
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FIG. 2. Axial flame temperature profiles of the cdliangles and hot ’_L" 'é"‘h *; 20 mm HAB‘
(circles flame along the centerline measured ibysitu FTIR emission/ »{\f \ W } (?,
transmission spectroscopy. b A i “
] S 5 .
&g e ! [ ™y 200 nm
IV. RESULTS AND DISCUSSION AT "&, >

= o

Two premixed flames were studied, a flame with a rela- : 3"‘;, g“ ?;*' o £ - _‘2
tively colder temperature with low precursor concentration, s % o ¥ 7 & e o
referred as cold flaméTable |), that produces aggregated . »
silica at 14 g/h, and a flame with relatively higher flow rates 55
that is hotter and that produces relatively large, mostly non-
aggregated silica particles far from the burner, referred to asi«f’
hot flame(Table ), at a rate of 38 g/h silica.

Figure 1 shows typical scattering data obtained fiam
situ USAXS measurements on silica flames for the hot flamé:IG 3. Thermophoretically sampled TEM pictures at different heights

. . above the burner for the cold flanleft-hand sidg¢ and the hot flaméright-

at 40 mm height above the burn@gtAB). At highestq, a flat  hand side along with TEM pictures of the respective filter powders.
background is evident which may be associated with excess
CO, present in the silica flames compared with the back-
ground flames of Table I. The scattering curve displays masghe cold flame and 2490 K for the hot flantet 10 mm
fractal structures as described above. Scattering(datdies  HAB). Both temperature profiles decrease almost linearly
were fit using the global unified functiorfigray solid further downstream. The-100 K higher maximum tempera-
line).”3?=° The dashed-dotted and dashed-double dottedure for the hot flame is predicted by comparing the adiabatic
lines show the local Guinier calculati¢Eq. (2)] for primary ~ flame temperatures of the two flames. The temperature was
particles and aggregates, while the black solid and thd830 K at 55 mm HAB, for instance, for the cold flame,
dashed lines shows the local Porod calculafigg. (1)] and  while for the hot flame, at 100 mm HAB a value of 1960 K
the local mass-fractal calculatidiq. (3)], respectively, us- Wwas measured.
ing the values obtained from the global unified(§jtay solid Figure 3 shows snapshots of particle growth obtained by
line). For a more detailed description of the evaluation sedhermophoretic samplingTS-TEM) at different heights
Beaucagé;*>**Hyeon-Leeet al,*® or Kammleret al® Even  above the burner. Since the hot flame has a higher maximum
though the scattering curves were obtaiieditu, with silica  flame temperature, a prolonged high temperature zBite
volume fractions of~1078, particle scattering is sufficient 2), and an initial silica concentration of 1.25 times higher
for analysis. In the cold flame, however, the particle scatterthan the cold flame, silica particles grow longer, resulting in
ing above 40 mm HAB was too low for reliable data evalu- larger particles, as shown in the TEM pictur@sg. 3). The
ation and was not considered in the following evaluation. Ataverage primary-particle size appears to be almost constant
the lowestq in Fig. 1 (<7x10* A1 a Porod tail, Eq(1), at positions=20 mm HAB for the cold flame. For the hot
is seen which might be associated with agglomerates or cluglame the particle size further increases at higher positions
ters of aggregates. because of the extended high temperature regig. 2)

Figure 2 shows axial flame temperature profiles of thewhich results in almost spherical, nonaggregdtmdweakly
cold (triangles and hot(circles flame, which were measured aggregated particles =50 mm HAB. For the cold flame,
in the presence of particles by situ Fourier transform in- however, aggregated particles are observed throughout the
frared (FTIR) emission/transmission spectroscc’;byThe flame. At the filter, mixtures of aggregates with smaller and
maximum axial temperature was 2350 K at 5 mm HAB for larger primary-particle sizes are detected as will be discussed
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to visualize also the aggregate structure. Filter powder values are also
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Average Temperature, K

11800

© Hot flame
A Cold flame

Primary particle diameter, dy,g, nm

monotonically up to 11 nm at 23 mm HAB for the cold
flame and up to 25 nm at 60 mm HAB for the hot flame. At
these heights the average primary-particle diameter remains
rather constant until collection on the filtgfig. 4(a), filled
circle], in agreement with intrusive TS-TEM studies in TiO
laden premixed flames by Arabi-Katet al® or Kammleret

al.* The dashed lingFig. 4(@)] indicates the transition be-

; i tween aggregated<50 mm HAB) and nonaggregated par-
flame (circles. Filter powder valqes are also sho_\/\(rhx) shqws the same ticles (50_100 mm HAB as will be shown in detail in Fig.
data(open symbols, left axjsout with respect to residence time, assuming a
plug flow reactor model and ideal gases along with the corresponding tem®. The average flame temperature at these pdiz@smm
perature profildsee Ref. 9(filled symbols, right axis The primary particle =~ HAB for the cold flame and at 60 mm HAB for the hot
growth rate in the hot flame is about three times that of the cold flame. flame is rather similar, name|y' 2200 K. The residence time

in the region of rapid particle growtf>2200 K) is very

in detail below, however, the primary-particle sizes within similar for both flamegFig. 4(b)]. However, the initial par-
the aggregates are relatively unifolifig. 3). ticle growth ratglindicated by the solid lines in Fig.(8)] is
about three times faster in the hot flame since it is signifi-
cantly hotter(Fig. 2) and has an initial particle volume frac-
tion 1.2 times higher with respect to the cold flame. Both the

Figure 4 shows the average primary-particle diametehigher concentration and temperature lead to the formation
dy,s along the burner axis obtained from the USAXS volumeof larger primary particles in the hot compared to the cold
to surface ratio, Eq(5), as a function of height above the flame. The significant slow down in primary-particle growth
burner[Fig. 4(a)] and the corresponding residence tifkéy.  rate at 2200 K appears for both flames at similar total resi-
4(b)] for the two flames, which was calculated assuming adence time[Fig. 4(b)] but still above the melting point of
plug flow reactor model and ideal gases along with the cornanoscale silicd1983 K) (Ref. 40.
responding temperature profﬂelery close to the burner the The initial decrease in particle sizéHAB <10 mm)
average primary-particle diameter decreases for the colthight be supported by a few, scattered, large particles de-
flame from 8 nm(at 2 mm HAB) to 6 nm(at 4 mm HAB tected by TS-TEM at low height& mm HAB) for the cold
and for the hot flame from 8 nn5 mm HAB) to 7 nm  flame (Fig. 3 that were not detected further downstream.
(8 mm HAB). Then the primary-particle size increases Similarly, quite irregularly shaped particles were detected in

1600

0.01 0.02

Residence time, s

(b)

FIG. 4. (a) Evolution of the primary particle size obtained from finesitu
measured USAXS volume to surface ratigs with height above the burner
measured along the centerline for the cold flathéangles and the hot

A. Primary-particle growth dynamics
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hot wall reactors where, at low temperatures, the chemicalisagrees with the highest axial measurements for both
reaction was not fully complet€d. The reported particles, in flames. This may be related to the formation of larger aggre-
that study‘f1 were proposed to be partially oxidized gates with smaller primary-particle sizes in the colder parts
SiO,CH,. of the flame especially at the flame edges, which were clearly
Furthermore, the decrease in average primary-particlevident in off-center SAXS measuremerit®t presented
size low in the flames coincides with a rapid increase inand which are visualized here by radial TS-TEM at 50 mm
particle number concentration at 4 and 8 mm HAB for theHAB in hot flame as shown in Fig. 6. The radial flame tem-
cold and hot flame, respectively, as will be shown laterperature profile of such particle-laden premixed flames is
Therefore, the initial decrease in mean particle size is assaelatively homogeneous in the flame center0—-6 mmnj,
ciated with the nucleation behavior. At low volume fraction however, as a result of dilution with surrounding air and
and low temperaturéi.e., low supersaturationthe forma- radiation losses the flame temperature decays close to the
tion of larger particles is favore@ibbs—Thomson equatipn ~ burner edgé’ As the particle and aggregate growth strongly
while at high supersaturatiginigh volume fraction and high depend on temperature, in these colder regions highly aggre-
temperaturesmaller particles are formed which outnumbergated particles consisting of small primary particles are
the fewer larger ones. Therefore, the average primaryformed as can be observedrat15 mm(beyond the burner
particle diameter can decrea@€g. 4). Using SLS and TS- edge, which is at=12.5 mm). At r=12 and 9 mm, aggre-
TEM, a similar decrease in primary-particle diameter closegates of intermediate primary-particle sizes are observed as
to the burner was also observed by Hurd and Fidfvear ~ well as a mixture of large aggregates from the flame edge
silica and Koyluet al? for soot. and almost completely coalesced particles from the flame
The silica concentration was too low for reliabfesitu  center(Fig. 6).
measurements above about 40 mm for the cold flame, while At HAB >100 mm, particle collisions do not result in
the 1.2 times higher initial silica volume fraction and 2.2 complete coalescence and aggregation can be observed
times higher total gas flow rates enabled measurements fufTEM and filter powder data points on the right-hand side of
ther downstream for the hot flame. Fig. 5 as was also observed in Tj(premixed flames by
The hot flame differs markedly in aggregation behaviorArabi-Katbi et al® by TS-TEM. Furthermore, with increas-
from the cold flame as shown in axial data, Fig. 5. MassiNg HAB, aggregates consisting of significantly smaller pri-
fractal aggregates Wltkdf of 2.1 are formed close to the mary partiCles similar to those detected at the flame edges are
burner in the cold flame. Later, they become slightly moreobserved together with the larger only slightly aggregated
compact which is corroborated I increasing up to 2.3 particles. This can be explained by the onset of mixing of
(Fig. 4). However, for the hot flamed; increases steadily different streamlines, thus the detected aggregates consisting
from 2 at 5 mm HAB to 2.6 at 40 mm HAB. The increase in ©f small primary particles were formed at the flame edges
branch content can also be qualitatively seen in the corrednd move to the flame center by entrainment.
sponding TEM inserts to Fig. 5, though it is partially ob- At the filter (Figs. 3 and bparticles formed along all the
scured by primary-particle growth. At HAB40 mm, different streamli.n.es of the flame are collected, where differ-
USAXS measurements indicate that the fractal structure varfnt growth conditions may have lead to significantly differ-
ishes as the scattering curve can be described well witho@Nt @ggregation phenomena. A mixture of aggregates consist
considering an intermediate fractal power-law regf1ﬁ"| 42 of an_averagedf of_about _t\_/vo results. This result may even
indicating nonaggregated particles. The TS-TEM at 50 mnEXplain the rather insensitive effect of process parameters on
HAB (TEM inser) supports this result showing almost com- e %roduct powded; as observed recently by Kammler
pletely coalesced single, doublet, or triplet particles, thut al-
nonaggregated single particles. Similar particle morpholo- ] . ] . .
gies are observed both by SAXS and TS-TEM for higherEvolution of the width of the primary-particle size
locations[at 70, 90, and 100 mm HARall not shown]. distribution
The evolution ofd; with HAB agrees with work of Hurd Using Eqgs.(6) and(7), the width of the primary-particle
and Flowet* (d¢=1.5, for measurements close to the burnersize distribution(PPSD can be directly derived from the
in silica premixed flames, using static light scattejingng,  scattering parameters in terms of the polydispersity index,
Koylu, and Rosnér (d¢ of Al,O; measured by laser light PDI, or assuming spherical particles and a log-normal size
scattering which increases from 1.6 to 1.8 with increasingdistribution® in terms of the geometric standard deviation,
residence time in the flame in a counterflow diffusion flame 0'g.7 Figure 7 shows the evolution of the, (left axis) and
and the work of Choiet al? (d¢=2.4, for measurements PDI (right axi9 with height above burner for both flames.
higher up in a silica flame, using LS/TS-TBMHowever, it  Very close to the burner, the PPSD appears to be wide, then
should be pointed out that even though Xing, Koylu, andbecomes even narrower than the self-preserving size distri-
Rosnet® or Choi et al?® determined locald; from LS in  bution in the free molecular regime for both flames. Upon
alumina and silica particle-laden flames, respectively, thengoing particle formation the PPSD broadens especially for
knowledge of the average primary-particle diameter was rethe cold flame. With increasing height, also éhgof the hot
quired which both groups determined by independent intruflame reaches the self-preserving limit of=1.45 (PDI
sive TS-TEM measurements. =5.56 and becomes even slightly larger when only fully
Product powders collected on the filter made in the hottoalesced particles are observeeg40 mm HAB). However,
and the cold flame show @ of about 2(Table Il), which o, of the filter powder of the hot flame is very close to the
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% S0mmHAB r=0mm
-

e s

FIG. 6. Thermophoretically sampled TEM pictures
sampled at various radial positions at a constant
height above the burner of 50 mm obtained in the hot
flame. (r=0 refers to the centerline, while the burner
edge is ar=12.5 mm)

self-preserving limit, while it is around 1.55 for the cold lowed by coagulation and growth of nanoscale primary par-
flame. This is consistent with data from monitoring the par-ticles (Fig. 4).2°**%**3 ¢, is depleted further downstream
ticle growth of titania nanoparticles by TS-TEM,where  due to diffusion by Brownian motion, mixing and dilution
similar values foroy, also below the self-preserving limit, \yith ambient air(Fig. 8. The measured shape of thg,
were measured close to the burner and larger values Wegiie as well as the range of the obtained values agrees with
obtained further downstream. axial light scattering measurements of Sorense¢nal,*®
Chang and Biswa¥ and Choiet al?* The ratio of maximum
B. Silica volume fraction and particle number density concentration of silica for the cold and hot flame in Fi¢g)8
Figure 8a) shows the total silica volume fractiopy, as  is 1.23, which is almost identical to their initial silica con-
determined from Eq(10) with height above the burneg,  centration ratio of 1.25 that was calculated from the precur-
accounts for all silica species present in the flame. Particlgor vapor pressure and carrier gas flow rate.
nucleation occurs whegbh, reaches a critical value for ho- Figure 8§b) shows the number density of silica par-
mogeneous ngcleation or a parallel critical value for chemiticies with height above the burner. Particle nucleation is
cal nucleatiorf® When the critical value is reached three Sig- reflected by a sharp increase in number density having a

natures of nucleation are observed; a burst in number denSiWuaximum at about 3 mm HARB for the cold flame and 8 mm
[Fig. 8(b)], a minimum in particle sizgFig. 4a], and a peak HAB for the hot flame.N then decays rapidly for both

in or PDI (Fig. 7), the latter associated with rapid nucle- . . . .
%9 (Fig. 7 P flames, similar to the observation for silica volume fraction

ation under variable flame conditions dfand ¢V.8 i o i o i
Both flames show a rapid rise i, to a maximum value (Fig. 8. The initial decay inN may indicate particle
of 1.7x10°® and 2.1x 10°% in the cold and hot flame, re- coagulatiorf? Further downstream the number concentration

spectively, at 4 and 8 mm. Homogeneous nucleation is foldecreases due to dilution with ambient air.
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1.2 A . . . . (a) Height above burner, mm
1] 20 40 60 80 100
Height above burner, mm 108
-0— Hot flame
FIG. 7. Evolution of the geometric standard deviatiog, (left axis), and -4 Cold flame
polydispersity index, PD{right axig, with height above the burner obtained 2
from in situ USAXS along the centerline for the cold flartteiangles and E 10" |
the hotter flamecircles. The dashed line indicates the self-preserving limit =
for coagulation in the free molecular regime. Filter powder values are also .g
shown.[Right axis is calculated using E7)]. s
c
§ 1013
C. Growth of aggregates S
The evolution of the radius of gyration of the aggregate é
Ry is presented in Fig.(®) with increasing HAB. Close to 3 1012
the burner,Ry, increases rapidly for the cold flame and
reaches a maximum of about 135 nm at 3 mm HAB, where
also the maximum number concentration and volume frac- “
tion were measured. Similarly, for the hot flame, large aggre- 10 0 20 40 60 80 100
gates were measured close to the burner. After pealkgg, (b) Height above burner, mm

sharply decreases to about 75 nm for cold flame and 40 nm

for the hot flame before increasing to almost constant Va|ue§!G. 8(61) Evolution of the silica v_olume _fraqtio(wolume concentration

of 100 and 75 nm, respectively, up to about 40 mm HAB. i 5T, S0k o L L o eees. (o) Bvolu

This restructuring was also observed by di Stisfor soot tion of the silica number concentration with height above the burner ob-

aggregate formation, and may be related to the rapid increasaned fromin situ USAXS along the centerline for the cold flartigangles

in flame temperature and ongoing particle growth by coaguand the hot flamécircles.

lation and sintering® For the hot flame, nonaggregated par-

ticles are observed at HAB40 mm, while ¢, was too low tures due to aggregate collapsg&; was too low to perform

for reproducible measurements at similar positions for themeasurements d®y, in the colder flame regions>100 mm

cold flame as discussed above. The measigd are in  HAB) where a secondary onset of aggregate formation along

qualitative agreement with the TS-TEM pictur@sg. 3). An  with significant mixing of the particles grown along different

average equivalent end-to-end distance of these aggregatetseamlines was observéHig. 5).

could be calculated by(1+2/d;)(2+2/d;)]*?Ry,,** where

this pre_factor ranges from 2.48 fmtf=_1.95 to 2.11 fordf_ V. CONCLUSIONS

=3, which are the minimum and maximum values obtained

in this study. USAXS was extended from measuring powder samples
Ry reflects a high order moment of aggregate size, so iso anin situ technique that can follow the dynamics of ce-

indicative of the largest aggregafé‘s%nother important pa- ramic nanoparticle growth in continuous flame reactors. We

rameter in describing aggregates is the number of primargdemonstrated here that it is possible to follow simultaneously

particles per aggregate, from Eq.(11) which is plotted in  the primary nanoparticle and aggregate growth in flames

Fig. 9b) as a function of HABz is the weight average so it with a singlein situ measurement. For a relatively well

should reflect more clearly the mean aggregate ¥ighe  known system of two different premixed silica particle pro-

number of primary particles per aggregate is largely close talucing flames the USAXS measurement was shown to yield

the burner where most of the particle formation occurs andhe evolution of primary-particle diameter, mass-fractal di-

decays, similar to the evolution &, with increasing HAB.  mension, geometric standard deviation, silica volume frac-

z decreases when coalescence takes place at high tempetian, number concentration, aggregate size, and number of
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FIG. 9. (a) Evolution of the radius of gyration of the aggregdg with
height above the burner obtained framsitu USAXS along the centerline
for the cold flame(triangles and the hot flamécircles. (b) Evolution of
number of primary particles per aggregatevith height above the burner
obtained fromin situ USAXS along the centerline for the cold flan(i-
angles and the hot flamécircles. Filter powder values are also shown. For
the hot flame, nonagglomerated particles are obser&@ mm HAB, while
for the cold flame the number concentration was too low for reproducible Lett. 50, 1125(1983.
measurements40 mm HAB.

primary particles per aggregate. The nanoparticle growth dy;

J. Appl. Phys. 97, 054309 (2005)

Conventional SAXS pinhole measurements are also pos-
sible with the advantage of a much faster measurement time
(<1 s with a synchrotron sourgéut with a more limited
range (0.001 to 1 A% SAXS and USAXS can yield ki-
netic growth information for primary particles and mass-
fractal aggregates in a singlesitu measurement on an aero-
sol stream at low concentrations if sufficient x-ray flux is
available.
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