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Nanomaterial growth dynamics in jet flames™**

By Rainer Jossen, Gregory Beaucage®, Martin C. Heine, Theyencheri Narayanan and Sotiris E.

Pratsinis

Nanomaterial nucleation and growth in liquid spray jets subject
to combustion is of interest to a wide range of researchers ranging
from those interested in synthesis of nanopowders for catalysts
and sensors to those interested in the unintentional production of
nano-pollutants in diesel engines. Such nucleation and growth
processes occur in spray flames in a few milliseconds at
temperatures in excess of 2000 °C, in turbulent sonic jets with
high optical emissions. We have recently been able to map this
nanoparticle growth using a third-generation synchrotron source
and small-angle x-ray scattering (SAXS). These in situ SAXS
observations show droplet evaporation, nano-particle nucleation,
growth and aggregation processes directly in the spray flame for
the first time. Such information allows for control and
understanding of this increasingly important synthetic process for
nanomaterials.

Nanomaterial ~formation requires conditions far from
equilibrium since phase size decreases with increasing
supersaturation in temperature, partial pressure and concentration
as described by Gibbs & Thompson!?. An ideal process for the
formation of nanomaterials is a continuous process with extremely
short residence time, to lock-in the earliest stages of growth, with
high temperatures, and high concentrations of supersaturated
vapors and uniform conditions to produce a narrow size
distribution. Versatility in precursor composition is needed to
produce a wide range of nanomaterials. These conditions are
achieved in a narrow jet flame produced from the nebulized spray
of a combustible liquid, flame spray pyrolysis (FSP). Flame spray
pyrolysis (FSP) has been used for synthesis of a broad spectrum of
inorganic nanoparticles® " from titania® to yttrium aluminum
garnet for solid state lasers"! and even catalysts such as Al,O3
supported Pt'Y.  In FSP, micron-scale droplets evaporate,
followed by combustion, particle formation & growth and
eventual aggregation!', Compared to vapor-fed flames*, liquid-
fed spray flames have much higher gas velocities ' and
somewhat higher maximum temperatures. High temperature
residence time is ~ 1 ms compared to 1 s in vapor-fed flames.
Despite the speed of growth, FSP results in highly homogeneous
particle morphologies” and composition!”.

Small angle X-ray scattering (SAXS) is the only in situ
technique that can unravel structures from nano- to microscale in
spray flames. Third-generation synchrotron X-ray sources, such
as the European Synchrotron Research Facility (ESRF), yield
sufficient photon flux to probe time resolved scattering signal in
particle-laden flames even at low volume fraction (10‘6) with short
acquisition time (< 0.1 second) !'**'®  Here, particle and
aggregation dynamics are studied by SAXS for the first time in
situ in a spray flame reactor'”). Results cover the whole size
range from primary particles of about 2 nm to aggregates up to
300 nm in diameter and even micron-size droplets. Comparison is
made with ex-situ product powder properties. The spray flame

apparatus described in [17] was used with a liquid feed of 70%
zirconium n-propoxide (Zr(CsH;0), in n-propanol for a 0.5 M
feed at 4 ml/min producing 15 g/h ZrO, using an O, dispersion
gas at 5 I/min. Droplet velocities and diameters were measured
using a 2D-phase Doppler anemometer (PDA) described in
reference!"”. Spray flame temperatures were measured by
emission/transmission spectroscopy''®*!\. In situ particle growth
during FSP was measured using small-angle X-ray scattering
(SAXS) at the European Synchrotron Radiation Facility (ESRF,
beam line ID02) in Grenoble®. Data were corrected by a
procedure reported elsewhere® including subtraction of
background measurements made on a similar flame in the absence
of the zirconia precursor (pure propanol). The Sauter mean
diameter, dy;s, & the geometric standard deviation, o,, can be
obtained in the range of 0.1 to 500 nm form the SAXS pattern as
described in 242,

Scattering can yield certain statistical information concerning
the nature of aggregates. It has long been known that scattering
can yield directly the mass fractal dimension, d;, and aggregate
mass, z, wherel**!,

]

z~ (dagg /dS/V )/df = Gagg /Gprimary (1)

where d,g, is the aggregate diameter and G is the extrapolated
scattering intensity at zero scattering angle. z is known to be a
mass average when calculated by the last expression. By
considering the shape of the aggregate scattering pattern as a
whole is it possible to determine another dimension pertaining to
the mass-fractal dimension of a linear or conducting pathway, p,
stepping along an aggregates structure®.  This minimum
dimension would be the observed mass fractal dimension if the
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branches could be removed from the aggregate. Using this
dimension, d;,, it is possible to estimate the linearity of an
aggregate structure through the connectivity ratio, ¢ = d¢/d,. For
an unbranched structure ¢ = 1 and in the presence of branching 1 <
¢ < dp From scattering we can determine the molar fraction
branches ¢g,,

¢, =(z-p)z=1-20" @

which is the mole fraction of particles that branch off a pathway
through the structure!*,

In the flames, Doppler anemometry shows the gas is accelerated
by droplet combustion and thermal expansion until 14 mm height
above the nozzle (HAN)!'? where the maximum gas velocity of
170 m/s is reached. Then this velocity decays to 59 m/s at HAN
45 mm due to thermal contraction and nanoparticle formation.
Beyond this height droplets are not present by anemometry. The
maximum gas temperature is 2620 K at 0.05 ms (3 mm HAN). At
0.2 ms the cooling rate is 7-10° K/s at 18 mm HAN and thereafter
decreases by about one order of magnitude to 7-10° K/s for a
residence time of 0.4 ms.

Figure 1 shows the intensity of the SAXS measurements as a
function of scattering vector, q = 4m/A sin(0/2), where 0 is the
scattering angle. From 0.16 ms (1 mm HAN, circles) to 0.25 ms (7
mm HAN, squares), both droplets (q < 0.02 A™) and particle (q >
0.04 A‘l) structures can be seen. Droplets are in the range of
micrometers and therefore present at low q while the nanosized
particles are present at high q values since q ~ 1/d. The -4 slope at
low q corresponds to Porod’s law*>** that indicates smooth sharp
surfaces of micrometer size droplets in the spray (Fig. 1). The
low-q arrow indicates the evaporation of droplets in the flame. At
high-q nanostructure growth shows first single particles 0.16 ms,
and later aggregated particles as evidenced by a weak power-law
regime in the 1.85 ms data between 0.004 and 0.013 A™".
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Figure 1. Scattering intensity as a function of the scattering vector,
g, for flame A. Att < 0.25 ms droplets are detected in the low q
range (< 0.02 A") while in the high q range (> 0.04 A") the
nanosized particles are detected. For t > 0.25 ms no droplets are
detected.

Figure 2a shows the evolution of the Sauter mean diameter
along the centerline of spray flame for primary particles as
determined from the SAXS dys (circles)[26‘27]. First measurements

are made at 0.04 ms (0.4 mm) where dy; is 6 nm, then dy
decreases to 2.5 nm at 0.22 ms (3 mm HAN) before it increases
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Figure 2. a) Evolution of primary particle size, dyss, obtained from in
situ SAXS technique as a function of the flame residence time, t
(circles). dys is calculated from the volume to surface ratio. The
filter particle size obtained with BET (triangle), SAXS (circles) and
TEM-image analysis are also shown (squares). b) Evolution of the
geometric standard deviation, ¢y (circles), and zirconia volume
fraction (triangles) as a function of the residence time (circles)
compared to the filter powder (squares).

again to about 10 nm at 0.68 ms (50 mm HAN). The particle size
of 2.5 nm is the smallest in situ flame-made particle diameter ever
measured. At the beginning of the process (0.04 ms), the



supersaturation is low resulting in formation of relative large
critical clusters by nucleation following Gibbs-Thompson
As temperature increases and more condensable
species are formed, supersaturation is increased (Fig. 2b) leading
to smaller critical clusters and a smaller Sauter mean diameter™*!,
This decrease in particle size at the early stage of the flame was
also seen by Kammler et al.l'™ in premixed vapor-fed flames & by
Beaucage et al. in TiCl, flames [16]. The particle growth rate
between about 0.25 and 0.6 ms is about 6.1 nm/ms (or wm/s) as
indicated by the line connecting points in this region of Fig. 2a.

Primary particle growth stops at 0.68 ms (50 mm HAN) with
dys ~ 10.8 nm where the gas temperature is about 1620 K,
consistent with Mueller et al.'?!. The primary particle distribution
is indicated by the geometric standard deviation in Figure 2b, left
axis and is essentially frozen beyond the point where the Sauter
mean diameter stops growing, 0.68 ms. Figure 2a shows also that
FSP-made particles collected on the filter have a dj;s (last circle)
and dpgr (triangle) of 11.7 nm and 10 nm, respectively. The Sauter
mean diameter from TEM images of particles collected on the
filter is 10.6 nm (Fig. 2a, square).

In situ wide angle X-ray scattering (WAXS) was also used to
explore the evolution of crystal structure®®). Only amorphous
patterns were detected by in situ WAXS at all HAN's observed,
indicating that zirconia was not crystalline in the flame despite a
melting point of about 2700 K for bulk zirconia. It must be
assumed that particles are supercooled liquids above 1600 K since
they appear to coalesce as indicated by a drop in number density
and an increase in particle size. Particles collected on the filter
show a metastable tetragonal structure®®. Despite the absence of
crystallinity the nanoparticles do not coalesce at temperatures
below 1600 K on the time scale of aggregation.

Figure 2b shows the evolution of geometric number-based
standard deviation, o, (circles and left axis), of the primary
particle size distribution (PPSD) assuming spherical particles and
a lognormal distribution®. At 0.04 ms (0.4 mm HAN) g, is
initially 1.49 and increases to 1.71 at0.17 ms (1 mm HAN) and
then o, decreases continuously to 1.48 at 0.59 ms which is close to
the self-preserving limit, for the free molecular regime (1.45[37]).
At 0.68 ms (50 mm HAN), aggregates are formed as indicated by
the appearance of fractal scattering as seen in figure 1, weak
power law decay between 0.003 and 0.015 for top two curves. o,
decreases to 1.35 after the particles start to aggregate, which is
significantly below the self-preserving limit. At the end of the
flame (1.85 ms; 100 mm HAN) o, = 1.31 while for the filter
powder a higher value of 0, = 1.47 is detected. The increased o,
of the filter powder may be affected by sintering on the filter or
other post synthetic factors. High polydispersity near the nozzle
tip may be caused by nucleation of new particles under rapidly
changing conditions near the critical volume fraction for
homogeneous nucleation!' ',

Figure 2b also shows the total zirconia volume fraction
(triangles) as a function of the residence time along the burner
centerline. The volume fraction increases rapidly to about 1.7-x
10 at 0.19 ms (15 mm HAN) and then to 3.22-10°° at 0.68 ms (50
mm HAN). In contrast to vapor flames there is almost no
entrainment or dilution of the spray flame.

Figure 3b shows the number density of zirconia primary
particles (triangles) in the spray flame as a function of the
residence time above the nozzle. A sharp increase in number
density is observed and has its maximum at 0.22 ms (3 mm HAN)
indicating a nucleation event. The maximum value of oy is
observed at the same residence time, 0.22 ms (1 mm HAN, Fig. 5)
where the minimum in particle size occurs of dys = 2.5 nm. The
combination of a minimum in particle size, a maximum in o, and
a rapid increase in particle number concentration®*! indicates a

nucleation event at 0.22 ms. The critical volume fraction
associated with this nucleation event is 1-x 10 (arrow in Fig. 2b).
At slightly longer residence times the number concentration
decreases while the particle size increases (Fig. 2a) indicating
coalescence. The particle number concentration at t > 0.68 ms (50
mm HAN) remains almost constant as growth stops (Fig. 2a).
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Figure 3. a) Evolution of the mass-fractal dimension, d;(triangles),
dmin (diamonds) connectivity dimension ¢ (squares) and branch
fraction (filled circles) as a function of residence time above the
nozzle obtained by in situ SAXS measurements along the centerline.
Data from the filter powder are also shown. Below 0.68 ms
residence time no data are shown as particles are non-aggregated.
b) Evolution of the radius of gyration of the aggregates, R, (circles),
particles per aggregate, z (squares), and number concentration
(triangles) as a function of the residence time obtained form in situ
SAXS measurements along the centerline (circles). Aggregates are
only formed after 0.68 ms.

A slight discontinuity in particle size at about 50 mm HAN in
Figure 2a corresponds with the onset of aggregation in the FSP.
Figure 3a shows the evolution of dy (triangles), d,,;, (diamonds), ¢



(squares) and ¢, (circles) above the burner. At t < 0.68 ms (50
mm HAN) aggregates are not detected. Above 0.68 ms the gas
temperature is below 1600 K and a cessation of particle growth is
observed, Fig. 2a. At 0.68 ms, dr = 1.2, and dyincreases to 1.47 at
1.85 ms (100 mm HAN) and finally to 1.53 at the filter. Between
0.68 and 1 ms, dy and d,,;, are similar so c is close to one and ¢z
close to zero. This indicates that the first aggregates in the spray
flame are linear structures with no branches which are just slightly
kinked. This dramatically differs from the initial aggregation
process in vapor flames and in most models for aggregation in the
literature and might be associated with the rapid growth and
turbulent environment of the spray flame. After 1 ms branching
increases as ¢ and ¢, increase. The value of ¢, ~ 0.3 and ¢ ~ 1.2
are extremely low values for flame-made aggregates. Even for the
final FSP aggregates the structures are close to linear especially in
comparison to solution route and vapor flame aggregates®. z is
also lower than usual flame-made aggregates (Fig. 3b).

Figure 3b also shows the evolution of the radius of gyration of
the aggregates R, (circles). Att> 0.68 ms aggregation starts with
aggregates of about 30 nm R,. R, stays constant till the end of the
spray flame. R, of the filter powder aggregates is about 140 nm.
This is about 5 times larger than that measured at 1.85 ms (100
mm HAN), indicating aggregation on the filter.

While the aggregate size remains fairly constant in the flame,
the weight average number of primary particles per aggregate, z
(squares), steadily increases at a rate of 4.3/ms. The aggregates at
0.68 ms (50 mm HAB) consist of about 4 particles each that
increase to 14 at 1.85 ms (100 mm HAN). This indicates that
aggregates form first a linear structure and then start branching as
discussed above. The product powder has about 64 particles per
aggregate.

Despite turbulent sonic flows, spray jet flames display
exceedingly uniform nanomaterial growth due to the confinement
of nanoparticulate streams to a narrow, none expanding stream of
about 1 mm diameter and due to extremely high cooling rates as
high as 10 million degrees K/second! These conditions are far
from equilibrium and provide kinetic locking-in of transient
nanostructure. Particles grow quickly with a particle growth rate
of about 6 um/s at temperatures higher than 1600 K. The primary
particle size at the nucleation event is about 2.5 nm in Sauter mean
diameter which is the smallest particle directly observed in a flame
and serves to indicate the potential of spray flame technology to
produce controlled particles approaching the size of molecular
clusters. Aggregation is a major feature of the zirconia spray jets
with primary particle addition rates of about 4000 per second.
Initial growth is linear (unbranched) possibly due to high
turbulence. Later in the flame, non-linear aggregates form. Such
linear growth has not been previously reported in lower flow rate
flames.
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