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One of the most versatile and rapid manufacturing processes for a variety of nanopowders is flame spray pyrolysis (FSP).
The production costs of this scalable process are largely controlled by the raw materials, pushing for the utilization of low-
cost metal precursors. These, however, typically yield inhomogeneous products containing large particles up to micrometer
size along with fine nanoparticles. Here, the release mechanism of nitrate and carboxylate precursors from spray droplets
has been investigated by single-droplet combustion experiments and thermogravimetric analysis. The results show that nei-
ther precursor evaporation nor choice of solvents is prerequisite for homogeneous nanopowders but droplet microexplosions
with continuing combustion. It is shown that even low-cost metal nitrates yield homogeneous nanopowders if precursors are
formulated such that droplet microexplosions occur by internal superheating. The proposed precursor release mechanisms
are verified with lab- and pilot-scale FSP, demonstrating that single-droplet combustion experiments can be employed to
predict the product quality. © 2015 American Institute of Chemical Engineers AIChE J, 62: 381-391, 2016
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Introduction

Nanoparticles are attractive for a large variety of industrial
applications, for instance, reinforcement agents, pigments, elec-
tronics, catalysts, or sensors.' ™ Different routes are available
for their manufacture such as solution precipitation or flame
synthesis.>® In particular, flame spray pyrolysis (FSP)’ is able
to readily produce highly pure, single- and multicomponent
nanoparticles based on almost all elements in one process step.”
A broad range of liquid and solid compounds such as metal
organics (e.g., alkoxides, acetylacetonates, metal-carbocylic
acid complexes) or inorganic metal salts (e.g. nitrates) can be
utilized as precursors by diluting or dissolving them in predomi-
nantly organic solvents prior to combustion in a spray flame.
The precursors are estimated the largest cost factor in industrial
nanopowder production by FSp,’ urging for the use of low-cost
raw materials.

However, the choice and formulation of the liquid precursor/
solvent feed drastically affects product nanopowder character-
istics through droplet atomization, vaporization, and precursor
release.'®!" These processes depend on the physicochemical
properties of the liquid feed, mainly viscosity, surface tension,
volatility, thermal, and chemical stability as well as combus-
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tion enthalpy of the components. They can either lead to
homogeneous nanopowders by gas-to-particle conversion or
products with bimodal size distribution and micron-sized
particle ‘“contaminations” formed through the droplet-to-
particle route.*'*'* Highly volatile but usually expensive
precursors such as metal alkoxides typically produce homo-
geneous powders of agglomerated fine primary nanoparticles
with monomodal size distribution. Inexpensive metal ace-
tates, nitrates, or carbonates on the other hand frequently
yield mixtures of nanoparticles and much larger dense or
hollow spheres.

Midler et al."* produced ceria nanoparticles from cerium ace-
tate/acetic acid solutions and reported large particles of several
hundred nanometers formed by droplet-to-particle conversion
in addition to fine dense agglomerated nanoparticles by gas-to-
particle conversion. By adding iso-octane to the precursor solu-
tion, homogeneous nanopowders were obtained. They con-
cluded that the higher combustion enthalpy content of the iso-
octane solution enhanced precursor vaporization and promoted
gas-to-particle conversion. Jossen et al.'? postulated that large
combustion enthalpies (>4.7 kJ/gy,s) and ratios of the solvent
boiling point to the precursor melting point (Ty,p/Ty,p) greater
than unity lead to homogeneous nanopowders, while large and
partially hollow particles are observed for lower combustion
enthalpies and temperature ratios. Later, Jossen et al.'® observed
that their former combustion enthalpy criteria need to be
increased to low boiling/melting point temperature ratios, since
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inhomogeneous nanopowders of yttrium-stabilized zirconia were
obtained although the combustion enthalpy density was twice
their recommended value. The authors concluded that the crystal
water of the yttrium nitrate precursor may have reacted with the
water-sensitive zirconium propoxide, forming intermediates with
high melting/boiling point and leading to droplet shell formation.
Médler et al.'® obtained homogeneous fine dense and agglomer-
ated Bi,O5; nanopowders for bismuth nitrate precursor solutions
by exchanging the solvent from ethanol to acetic acid, suggesting
that droplet vaporization is promoted by the formation of more
volatile intermediates such as acetobismuth complexes. Stark
et al.'” observed that homogeneous Ce sZr, 5O, nanoparticles
could be prepared employing carboxylic acid as solvent for
cerium(IIl) acetate hydrate and zirconium(IV) acetylacetonate.
They assumed that decarboxylation is taking place during vapori-
zation, triggering droplet explosion from CO, release. Recently,
Strobel and Pratsinis'® showed that homogeneous nanoparticles
from metal nitrates can be produced with addition of carboxylic
acid, attributed to carboxylate formation that facilitates droplet
vaporization and subsequent gas-to-particle conversion. These
assumptions are in accordance with Rosebrock et al.,10 who
observed microexplosions for carboxylate precursor droplets.
Although it has been recognized that droplet-to-particle
conversion is taking place for precursors with low volatility
and leads to inhomogeneous product powders, the mechanisms
of solvent and precursor release from droplets in high-
temperature environment are far from being understood. Here,
these mechanisms are studied for metal nitrates and carboxy-
lates with the help of single-droplet combustion experiments
and thermogravimetric analysis (TGA). The effect of precur-
sor as well as different solvents on the combustion behavior is
elaborated first for zinc oxide and then for iron and aluminum
oxides. Based on this, conditions are developed that lead to
homogeneous product nanopowders also for inexpensive
nitrate precursors. The proposed mechanisms are verified by
nanoparticle synthesis with lab- and pilot-scale FSP.

Experimental

The set-up for the single burning droplet experiments that has
been described in detail by Rosebrock et al.' is shown schemati-
cally in Figure 1. It consists of the droplet-on-demand generator
(piezodropper)'®!? and a square cuvette. Single monodisperse
droplets are ejected upward in coflowing 0.4 L/min oxygen
(purity 99.95%) and ignited by a synchronized spark discharge.
The droplet diameter is monitored with a high-speed camera
(IDT—Motion Pro Y4L) at a frequency of 32,000 Hz by using a
MATLAB-based edge detection program.10 The different precur-
sor/solvent mixtures are fed to the piezodropper from a small res-
ervoir containing the precursor solutions.

Precursor solutions employed for ZnO nanoparticle synthe-
sis were zinc nitrate hexahydrate (Sigma Aldrich, >99%
purity) dissolved in ethanol (VWR, 99.8% purity) and zinc
naphthenate (Alfa Aesar, 67 wt % naphthenate in white spirits)
diluted with ethanol or xylene (VWR, 98.5% purity) to Zn
concentrations of 0.1, 0.25, or 0.5 mol/L. Further, iron nitrate
nonahydrate (Sigma Aldrich, >98% purity) and aluminum
nitrate nonahydrate (Sigma Aldrich, >98% purity) were dis-
solved to 0.5 mol/L either in ethanol or a 1:1:1:1 by volume
mixture of ethanol, xylene, diethyleneglycol monobutylether
(Sigma Aldrich, 98% purity), and 2-ethylhexanoic acid (Sigma
Aldrich, 99% purity) as described by Strobel and Pratsinis. ">

Lab-scale production of nanopowders was performed with
an FSP reactor described in detail by Midler et al.” In brevity,
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Figure 1. Single burning droplet set-up with piezodrop-
per, precursor solution feed reservoir, mass
flow controller for oxygen supply, cuvette,
ignition electrodes, high speed camera, and
TEM-grid holder.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the metal precursor/solvent solutions were fed at 5 mL/min to
the twin-fluid atomizer with a syringe pump and atomized
with 5 L/min of oxygen at 1.5 bar pressure drop across the dis-
persion gas gap. The ignition of the resulting spray was
accomplished with six flamelets of premixed 1.5 L/min CHy
and 3.2 L/min O,.

Furthermore, ZnO nanoparticle formation was studied in a
pilot-scale FSP reactor described by Grohn et al?°. The precur-
sor was supplied to the twin-fluid atomizer of the FSP reactor
with a syringe pump at 64 mL/min and atomized with 80 L/min
of oxygen at 3 bar pressure drop across the dispersion gas gap.
The resulting spray was ignited with a pilot flame of 2 L/min
CH, and 4.5 L/min O, supplied through concentric annular
channels.

Remnants of droplets and/or nanoparticles produced in single
droplet combustion were collected on carbon-coated copper
grids (Plano GmbH—S162) placed 5 cm above the ignition
electrodes into the flow (Figure 1). Nanoparticles made with the
lab- and pilot-scale reactors were sampled thermophoretically®'
on these grids at 5, 15, and/or 25 cm height above the burner
(HAB). Nanoparticle size and morphology was characterized
by transmission electron microscopy (TEM) (FEI Titan 80-300
or Tecnai F30, both operating with an acceleration voltage of
300 kV).

Thermogravimetric analysis (Netzsch STA 449 Jupiter) was
conducted to assess the vaporization behavior of the different
precursor solutions. Weight losses and signals from differen-
tial scanning calorimetry (DSC) were recorded while heating
~30 mg of the 0.5 mol/L precursor solutions placed in 70 uL
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(c)

Figure 2. Image sequences of single burning droplets com-
posed of 0.5 mol/L (a) Zn-nitrate/ethanol, (b)
Zn-naphthenate/ethanol, and (c) Zn-naphthenate/
xylene.

The time interval between two successive droplet images is

0.68 ms. The initial droplet diameters are (a) 134 pm, (b) 109
um, and (c) 96 pm.

platinum crucibles in 50 mL/min synthetic air from 30 to
600°C at 7.5°C/min.

Results and Discussion
Zinc oxide

Image sequences of burning single droplets of (a) Zn-nitrate/
ethanol (~7.5 ms), (b) Zn-naphthenate/ethanol (~5.1 ms), and
(c) Zn-naphthenate/xylene (~4.1 ms) are shown in Figure 2.
First, the nitrate-based droplet (a) continuously decreases in size
by vaporization and combustion of the vapor in a flame sur-
rounding the droplet.lo The vaporization rate then ceases at the
end of the image sequence, indicating flame extinction. In con-
trast, both Zn-naphthenate droplets (b and c) undergo microex-
plosions after a short period of stable burning (1.7 and 1.5 ms).

The shattered droplet fragments each continue to burn and
again explode cascade-like, until the droplet fragments are com-
pletely consumed. This different combustion behavior of nitrate-
and naphthenate-based precursor droplets might be the reason
for the typically observed formation of homogeneous nanopow-
ders from naphthenate or 2-ethylhexanoate precursors contrary
to the inhomogeneous nanoparticles from nitrates.'>'>1¢-'7

Figure 3 shows the evolution of the averaged normalized
squared droplet diameter for 0.5 (green), 0.25 (red), and 0.1 (blue)
mol/L Zn-nitrate/ethanol solutions as well as pure ethanol (black)
based on the quantitative analysis of at least 10 different image
sequences as seen in Figure 2a. Since the single-droplet experi-
ments are highly reproducible,'” the standard deviation between
the different image sequences is less than the resolution limit of
the high-speed camera (<3.5 um per pixel) and has therefore
been omitted. Droplet shrinkage proceeds similarly for all nitrate
solutions until the squared droplet diameter has decreased to
~40% of the initial value dé. Vaporization first slows down for
the highest precursor concentration and ceases after around 9.6 ms
(t/d} = 0.5 ps pm~?) of burning, indicated by a constant droplet
diameter of 62 um (dﬁ/dg = 0.2). The linear decrease of the aver-
aged normalized squared droplet diameter with time proceeds lon-
gest for pure ethanol for which it slows down and ceases after
~5.1 ms (t/d5 = 0.5 ps/um?) giving d, =32 pm (d>/dg = 0.1).
The resulting constant droplet size is smallest for pure ethanol and
increases with increasing Zn-nitrate concentration to d,, = 45, 51,
and 62 um for 0.1, 0.25 and 0.5 mol/L, respectively. The initially
similar decrease in droplet size can be attributed to the preferential
vaporization of the highly volatile ethanol that combusts in the
surrounding flame.'® Some of the water vapor generated in the
reaction diffuses back, condenses onto the droplet due to the low
surface temperature close to the ethanol boiling point** and mixes
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with the ethanol. Ethanol consumption and water enrichment in
the droplet finally lead to flame extinction and constant droplet
diameters. The faster onset of flame extinction and larger diame-
ters of the remaining droplets with increasing Zn-nitrate concen-
tration can be attributed to the initially lower ethanol and higher
water contents (water of crystallization released by dissolution of
Zn-nitrate nonahydrate). Assuming constant liquid density of
water at 20°C and that no water is vaporized during combustion,
the expected droplet diameters upon extinction for the 0.1/0.25/
0.5 mol/L Zn-nitrate solutions are 27.4, 37.5, and 52.6 um, respec-
tively. This is in reasonable agreement with the measured droplet
sizes of 45, 51, and 62 um. The larger measured values are attrib-
uted to the recondensing water vapor and residual ethanol inside
the droplets.

Figure 4 shows the droplet diameter evolution from the analy-
sis of image sequences for (a) Zn-naphthenate/ethanol and (b)
Zn-naphthenate/xylene with 0.5 (green line), 0.25 (red), and
0.1 mol/L (blue) Zn concentration as well as the pure solvents
(black). For ethanol-based precursors (Figure 4a), a similar ini-
tial linear decrease of d2/d3 vs. time is observed as for the nitrate
solutions. This confirms that the highly volatile solvent preferen-
tially vaporizes during the early combustion stage. However, the
decrease in droplet size ceases rapidly after 1.4 ms (t/dg =0.1
,us/,umz) for 0.5 mol/L Zn-naphthenate/ethanol and even seems
to increase again before the explosion takes place. The lower the
initial molar concentration of the Zn-naphthenate, the longer the
onset of explosion is delayed.

A similar behavior is observed for xylene as solvent (Figure
4b). Initially, the decrease in droplet size coincides with that
for pure xylene (black line), indicating preferential xylene
vaporization, followed by a cease of the droplet size that has
not been observed with ethanol prior to explosion. The devia-
tion from pure xylene vaporization occurs very early at 0.2,
1.0, and 2.5 ms for 0.5, 0.25, and 0.1 mol/L Zn-naphthenate
concentration, respectively. Although, droplet explosions itself
take place slightly earlier for the xylene than for ethanol
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Figure 3. Evolution of the averaged normalized squared
droplet diameter for pure ethanol (black, bot-
tom), 0.1 (blue), 0.25 (red), and 0.5 mol/L (green,
top) zinc nitrate hexahydrate/ethanol solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. Evolution of the averaged normalized squared
droplet diameter for (a) pure ethanol (black,
bottom), 0.1 (blue), 0.25 (red), and 0.5 mol/L
(green, top) zinc naphthenate/ethanol solutions
and (b) pure xylene (black, bottom), 0.1 (blue),
0.25 (red), and 0.5 mol/L (green, top) zinc naph-
thenate/xylene solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

solutions, the times until onset of microexplosions are similar.
As already shown by Rosebrock et al.'® for 2-ethylhexanoate
metal precursors, these microexplosions are highly reproduci-
ble, suggesting similar mechanisms inside the droplets leading
to disruptive burning: (1) The less-volatile Zn-naphthenate
accumulates at the droplet surface as the solvent preferentially
vaporizes. (2) It acts as a diffusion barrier for the solvent,
slowing down solvent vaporization and increasing the surface
temperature due to the higher naphtenate boiling point (~100
to ~350°C, see Figure 5). (3) The temperature increase will
lead both to thermal decomposition of the Zn-naphthenate and
superheating of the solvent, causing nucleation of vapor bub-
bles inside the droplet. (4) Increasing internal pressure and/or
expansion of vapor bubbles disrupt the droplet by overcoming
the cohesive surface tension forces. In particular, steps (3) and
(4) can be readily observed for the Zn-naphthenate/ethanol
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solutions (Figure 4a), indicated by constant or even increasing
droplet size prior to microexplosion. The difference in slope
between the vaporization of Zn-naphthenate/xylene and pure
xylene (Figure 4b) suggests step (2), i.e., the Zn-naphthenate
at the droplet surface accumulates and slows down xylene
vaporization. The Zn-naphthenate precursor contains white
spirits, which may affect vaporization. However, their boiling
points are in the same range as that of xylene and thus should
not contribute to the deviations, which occur only for large
boiling point differences.”> The good agreement between the
onset of micro explosions for the Zn-naphthenate/ethanol and
xylene solutions suggests that the solvent plays a minor role
for microexplosions, whereas the nature of the metal precursor
seems to be dominating.

The different vaporization behavior of the precursor solu-
tions is illustrated in Figure 5 showing the TGA weight loss
(solid lines, left axis) and DSC signal (dotted lines, right axis)
of the 0.5 mol/L solutions containing Zn-naphthenate/xylene
(green), Zn-naphthenate/ethanol (red), and Zn-nitrate/ethanol
(blue) when heated up to 600°C in air at 7.5°C/min. Note that
solvent evaporation from the crucible occurs prior to data
recording, leading to initial relative masses of 82, 85, and 96
wt %. The Zn-nitrate/ethanol solution (blue) shows a weight
loss of ~85 wt % during balance stabilization at 30°C, which
is accompanied by heat uptake (positive signal in DSC). This
indicates evaporation of ethanol that constitutes 83 wt % of
the starting solution, while Zn-nitrate is likely to recrystallize.
The subsequent minor weight loss and exothermic step of ~5
wt % around 75°C, can be attributed to the release of water or
residual ethanol and starting decomposition/oxidation of Zn-
nitrate to ZnO and NOx,**** respectively. These processes
seem to continue until at ~325°C, a constant residual weight
of 4.3 wt % is obtained. This agrees well with calculated 4.5
wt % ZnO, based on the composition of the starting solution.

TGA results are in line with the single-droplet study (Figure
3), showing solvent evaporation and subsequent formation of
zinc nitrate or zinc oxide residues.
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Figure 5. Normalized TGA weight loss (solid line, left

axis) and DSC signal (dotted line, right axis) for

zinc nitrate hexahydrate/ethanol (blue), zinc

naphthenate/ethanol (red), and zinc naphthen-

ate/xylene (green) solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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A similar albeit smaller initial weight loss and endothermic
signal are observed for the zinc naphthenate/ethanol solution
(red lines). It proceeds till 36 wt % of the initial mass is
reached and agrees well with the starting ethanol content of
39 wt %. The following weight loss of ~15 wt % between
100 and 250°C may be attributed to vaporization of mineral
spirits (13.5 wt % in starting solution). The subsequent mass
loss of ~11 wt %, which is accompanied by a large exother-
mic DSC signal around 400°C is ascribed to naphthenate
decomposition/oxidation26 leading to ZnO. Again, the final
residual weight of 4.0 wt % compares well with expected 4.5
wt % ZnO. Zn-naphthenate/xylene behaves similar to the etha-
nol solution except for the shift of the initial weight loss of
~62 wt % to higher temperatures (63 wt % of xylene in start-
ing solution) and a less-pronounced endothermic signal. The
former is attributed to the higher boiling point of xylene com-
pared to ethanol (~139 vs. 78°C)?” and the latter to the lower
specific heat of vaporization (336 vs. 837 kJ/kg).27

The maximum superheat temperatures to which liquids may
be heated at 1 atm before vapor bubble nucleation must occur
are 189.5°C and 235°C?® for ethanol and xylene, respectively.
These can be readily exceeded for Zn-naphthenate, whereas the
decomposition of Zn-nitrate is almost finished before reaching
these limits (Figure 5). Such superheated liquids boil explo-
sively,28 explaining the occurrence of microexplosions in
naphthenate-based solutions (Figures 2b, c¢) and their absence in
nitrate-based (Figure 2a) solutions. This is in agreement with
former results,'” showing that high precursor-decomposition
temperatures and multiple decomposition steps promote micro-
explosions. The residues in TGA that compare well with the
calculated amount of zinc oxide based on the starting Zn con-
centrations indicate that also the naphthenate precursor does not
vaporize from the droplets, as may be expected. Instead, the
microexplosions seem to be essential to distribute the precursor
or its decomposition products in the gas phase.

Figure 6 shows TEM images of ZnO nanoparticles sampled
from single burning droplet (a—f) and lab-scale FSP reactor
(g-1) experiments, employing 0.5 mol/L precursor solutions of
Zn-naphthenate/xylene (left), Zn-naphthenate/ethanol (middle),
and Zn-nitrate/ethanol (right). Single droplet combustion yields
fine agglomerated ZnO nanoparticles for Zn-naphthenate solu-
tions (Figures 6a, d and b, e). The particles are slightly elon-
gated or sphere-like with sizes mostly around 10-20 nm, as has
been observed previously in flame spray synthesis of ZnO nano-
powders®** and compares well with the FSP-made particles of
the same precursor solution (Figures 6g, j and h, k). This rather
surprising agreement between products of single droplet and
spray combustion may be partly due to similar time scales for
particle growth. Droplet combustion takes place in 1 to 10 ms
(Figure 4b) which is also the time for primary particle
growth in FSP reactors, as shown for zirconia by burning a Zr-
2-ethylhexanoate/xylene precursor solution®® that is chemically
similar to the Zn-naphthenate/xylene precursor here.

Combustion of Zn-nitrate/ethanol droplets shows large
patches without any appreciable ZnO nanoparticles (Figures
6¢, f). The structure of these deposits with sphere-like center
and scattered fragments suggests that the single droplets
observed in the image sequence (Figure 2a) survive till they
impact on the TEM grid and possibly dry thereafter. The size
of the deposits of some tens of micrometers is of similar mag-
nitude as the constant droplet diameter upon flame extinction
(Figure 3). It seems that the impacting droplets had a shell-like
structure, indicating nitrate precursor precipitation upon sol-
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vent vaporization'>'? as in conventional spray pyrolysis®' and
in agreement with large hollow or solid spherical particles typ-
ically observed in the FSP product powder of nitrate precur-
sors. 31032 The corresponding FSP-made ZnO nanopowders
here (Figures 6i, 1) however consist of homogeneous spherical
or slightly elongated nanoparticles resembling those of the
two other precursor solutions (Figures 6g, j and h, k). Large
and partially hollow particles stemming from droplet-to-
particle conversion are not detected and, to the best of our
knowledge, have never been reported for FSP-made zinc
oxide.

In contrast to the single droplet experiments, the large drop-
lets/particles in the FSP flame are likely to undergo further
vaporization due to the high temperature environment. Note
that ZnO starts to melt and decompose into zinc vapor and oxy-
gen at around 2000°C™* at ambient pressure. In ethanol/oxygen
spray flames temperatures of 2100-2700°C are readily
obtained.”** Oxygen-deficient flame zones revealed by compu-
tational fluid dynamics in such flames>* may further facilitate
ZnO decomposition. Micron-sized ZnO particles originating
from the observed precursor droplets (Figure 6¢ and f) are thus
likely to fully decompose into zinc and oxygen, providing Zn
vapor for renucleation of ZnO nanoparticles in colder flame
regions.35

This proposed formation mechanism for ZnO nanoparticles
is traced by thermophoretically sampling at 5, 15, and 25 cm
HAB on the centerline of 0.5 mol/L Zn-nitrate/ethanol (Figures
7a—c) and Zn-naphthenate/xylene (Figures 7d—f) FSP flames.
The study was performed with the pilot-scale FSP reactor as the
physicochemical mechanisms proceed over longer distances
than in the smaller lab-scale reactor, spatially separating the
different precursor release and particle formation steps.

Figure 7a shows a sample taken early in the flame at 5 cm
HAB. A single, relatively large particle (~100 nm diameter) is
observed along with some small (~10 nm) nanoparticles. The
background seems to consist of patches that are difficult to dis-
cern but at higher resolution, appear as continuous polycrystal-
line coating (confirmed by selected area electron diffraction,
data not shown) with 10-20 nm large crystals. In scanning
electron microscopy (data not shown) these patches fully
cover the grid similar to sputter-deposition. This indicates the
condensation of Zn vapor present in the flame at this HAB
onto the cold TEM grid. Thus, large particles made by
droplet-to-particle conversion (Figures 6c, f) are indeed pres-
ent early in the spray flame, but seem to evaporate by ZnO
decomposition in the high temperature reducing environment.
At 15 cm HAB (Figure 7b), neither the large particles nor the
sputter-like coatings are observed, in line with the homogene-
ous product powder of the lab-scale reactor (Figures 6i, 1).
Spherical and rod-like nanoparticles that partially form
agglomerates are uniformly distributed across the grid. Appa-
rently, the Zn vapor present upstream the flame has condensed
in colder flame regions at the larger HAB forming ZnO nano-
particles. At 25 cm HAB (Figure 7c), ZnO particles seem to
be larger and are more agglomerated.

Thermophoretic sampling in the hotter Zn-naphthenate/
xylene pilot-scale flame at 5 (Figure 7d), 15 (Figure 7e), and
25 cm HAB (Figure 7f) does not show any large particles made
by droplet-to-particle conversion. This is in agreement with the
droplet disruption by microexplosions (Figures 2b, c¢) and
homogeneous product powders from single-droplet combustion
(Figures 6a, d and b, e). Note that the sputter-like coatings are
observed at 5 and 15 cm HAB (Figures 7d, e) while
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Figure 6. TEM images of ZnO nanoparticle samples made from single droplets (a-f) and lab-scale FSP at 25 cm
HAB (g-l) of 0.5 mol/L Zn-naphthenate/xylene (left), 0.5 mol/L Zn-naphthenate/ethanol (middle), and

0.5 mol/L Zn-nitrate/ethanol (right).

nanoparticles have only formed at 25 cm HAB (Figure 7f). This
is attributed to the higher temperatures of the xylene-based
flame compared to the ethanol one. Grohn et al® reported for
such flames ~2200°C at 15 cm HAB, which is well above the
dissociation temperature of ZnO. At 25 cm HAB, they meas-
ured temperatures around 1300°C, lower than the thermal disso-
ciation temperature of ZnO (2000°C33) and in line with the
presence of ZnO nanoparticles (Figure 7).

In summary, neither zinc nitrate nor zinc naphthenate seem
to directly vaporize from the droplets but form a shell. The
high decomposition temperature of the naphthenate allows sol-
vent superheating that leads to microexplosions and homoge-
neous product nanopowders, independent of the solvent. Zinc
nitrate/ethanol droplets extinguish and the precursor decom-
poses before superheating/microexplosions can take place.
However, the resulting large ZnO particles formed by droplet-
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to-particle conversion decompose in the FSP flame that is hot-
ter than the decomposition temperature of ZnO. Thus, homo-
geneous nanopowders are obtained from Zn vapor also for
Zn-nitrate/ethanol precursor solutions.

Iron and aluminum oxides

Al,O3 and Fe,O5 possess higher thermal stability (volatili-
zation/boiling point temperature of AlL,O; is 3000°C,*’
whereas Fe,O5 forms Fe;0, at 1460°C,*® which has an volatil-
ization temperature of 2623°C*’) compared to ZnO (starting at
~2000°C>%). Thus, inhomogeneous product nanopowders are
expected for nitrate-based precursor solutions.'?

Figure 8 shows image sequences of single burning droplets
composed of 0.5 mol/L (a) Fe-nitrate/ethanol (~5.5 ms) and
(b) Al-nitrate/ethanol (~4 ms). In contrast to Zn-nitrate/etha-
nol, small microexplosions can be observed for Fe-nitrate
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Figure 7. TEM images of samples taken thermophoreti-
cally at 5 (top), 15 (middle), and 25 cm (bottom)
HAB in situ a pilot-scale flame producing ZnO
from 0.5 mol/L Zn-nitrate/ethanol (a-c, left) or
Zn-naphthenate/xylene (d-f, right).

while Al-nitrate exhibits disruptions that are almost compara-
ble to the Zn-naphthenate solutions (Figures 2b, ¢). However,
the fragments of microexplosions for both nitrate-based solu-
tions are prone to flame extinction similar to Zn-nitrate/ethanol.

Quantitative results are presented in Figure 9, showing the
averaged normalized squared droplet diameter for pure ethanol
(black) and 0.5 mol/L solutions of Al-nitrate (green) and Fe-
nitrate (red) along with the Zn-nitrate data (blue; see Figure 3)
for comparison. Initially, all droplets shrink similarly in diam-
eter up to t/d% =0.1 us ,umfz, confirming the preferential
vaporization of ethanol. After approximately 20, 40, and 60%
reduction of the initial squared droplet diameter, vaporization
decreases for Fe-nitrate (red), Al-nitrate (green), and Zn-
nitrate solutions (blue), respectively, indicated by a deviation
from the pure ethanol curve.

The corresponding droplet diameters at extinction are 56 (Fe-
nitrate), 58 (Al-nitrate), and 62 pum (Zn-nitrate). Note that the
increase and data scattering for Al-nitrate are due to the defor-
mation of the droplet after the microexplosions. Flame extinc-
tion occurs faster for initially higher water and lower ethanol
contents in the droplets, as seen already for increasing
Zn-nitrate concentration (Figure 3). Neglecting the influence of
the microexplosions, 0.5 mol/L. Zn-nitrate, Fe-nitrate and Al-
nitrate solutions contain approximately 36, 40, and 43% water
per gram nitrate, respectively, in line with the extinction order.
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Figure 10 shows the weight loss (solid lines, left axis) and
DSC signal (dotted lines, right axis) of precursor solutions
containing 0.5 mol/L Fe-nitrate/ethanol (green) and Al-nitrate/
ethanol (red) when heated up to 600°C in air at 7.5°C/min.
Again, the high volatility of ethanol leads to smaller relative
masses of 83 and 84 wt % at the start of data recording. The
Fe-nitrate/ethanol solution shows an initial weight loss of
approx. 80 wt % up to 50°C, which is accompanied by an
endothermic (positive) signal in DSC. This weight loss is in
excellent agreement with the starting ethanol content of 78 wt
%, confirming that ethanol vaporizes preferentially. As with
Zn-nitrate, Fe-nitrate is likely to precipitate as the solvent evapo-
rates. The subsequent mass loss of about 10 wt % accompanied
by an exothermic peak suggests nitrate decomposition and for-
mation of crystalline iron oxide. The residual mass of 4.3 wt %
is in good agreement with the expected 4.4 wt % of Fe,0s.

The Al-nitrate/ethanol solution has lost approximately 72%
of weight (starting ethanol content: 84 wt %) before a plateau
of quasi-constant mass accompanied by a slightly endothermic
signal is reached until ~80°C. The following mass loss of
17 wt % between 80 and 100°C is endothermic again. The
residual mass of 3.3 wt % is in reasonable agreement with
expected 2.8 wt % of Al,O5. The plateau is attributed to the
melting of the Al-nitrate precipitate formed during solvent
evaporation along with formation of intermediate oxyni-
trates,*® while hardly any decomposition and release of water
or residual ethanol takes place. These seem to be removed in
the subsequent step up to 100°C.

The absence of an exothermic peak contrary to Zn- and Fe-
nitrate/ethanol solutions suggests the formation of an amor-
phous instead of a crystalline structure. Similar observations
have been made in the TGA of aluminum nitrate powder
exposed to air and nitrogen,*®>° which pointed at the endo-
thermic formation of intermediates such as aluminum oxyni-
trate and hydroxyide rather than crystalline Al,O3. The initial
mass loss till the attainment of the plateau indicates that not
all ethanol vaporized. As the boiling point of ethanol lies
within the region of the plateau, the oxynitrate intermediates
may act as seeds for ethanol vapor bubble nucleation in the
droplets, readily leading to the observed microexplosions.
However, due to the large amount of water still present in the
droplets (see water release between 80 and 100°C in TGA),
flame extinction occurs after the microexplosion, probably
leading to large inhomogeneous nanoparticles as frequently
observed for nitrate-based metal precursors. 13

Figure 11, showing TEM images of Al,O5 (left) and iron
oxide (right) particles made by single-droplet combustion
(Figures 11a—d) and lab-scale FSP (Figures 1le-h) from the
0.5 mol/L nitrate/ethanol solutions, confirms the proposed

Time

b |
At=0.68ms

Figure 8. Image sequences of single burning droplets
composed of 0.5 mol/L (a) Fe-nitrate/ethanol
and (b) Al-nitrate/ethanol.

The time interval between two successive droplet images

is 0.68 ms. The initial droplet diameters are (a) 90 um
and (b) 95 um, respectively.
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Figure 9. Evolution of the averaged normalized
squared droplet diameter for pure ethanol
(black, bottom) as well as solutions in etha-
nol of 0.5 mol/L Zn-nitrate (blue), Fe-nitrate
(red), and Al-nitrate (green, top).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

formation mechanisms. Single-droplet combustion leads to
large spherical particles without any appreciable fine nanopar-
ticles (Figures 1la—d) in line with the observations for ZnO
(Figures 6c, f). The sphere-like structures with size similar to
the extinction diameters (Figure 9) and the absence of scattered
fragments suggest complete solidification upon impact onto the
TEM grid, contrary to ZnO (Figures 6c, f). The reason might be
volume precipitation effects within the droplets for the Al- and
Fe-nitrate/ethanol solutions. Volume precipitation is favored for
a uniform concentration throughout the interior of the droplet,
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Figure 10. Normalized TGA (solid line, left axis) and
DSC (dotted line, right axis) measurements
for iron (green) and aluminum (red) nitrate
nonahydrate in ethanol.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Iron nitrate
nonahydrate in ethanol

Aluminum nitrate
nonahydrate in ethanol

Droplet-made

FSP-made

Figure 11. TEM images of Al,O; (left) and iron oxide
(right) samples made from single droplets
(a-d) and lab-scale FSP (e-f) of 0.5 mol/L
Al-nitrate/ethanol and Fe-nitrate/ethanol.

which can be attained by low vaporization rates and internal
mixing effects.>’ The microexplosions occurring for Al- and
Fe-nitrate/ethanol solutions may lead to internal mixing, while
the following extinction reduces the vaporization rate. This is
contrary to Zn-nitrate/ethanol, where microexplosions are
absent.

Lab-scale FSP experiments for the Al-nitrate/ethanol solu-
tion (Figures 1le, f, left) yield large partially hollow
submicron-sized particles along with a few nanoparticles. The
Fe-nitrate/ethanol solution (Figures 11f, h, right) gives similar
products but a larger nanoparticle fraction. These results along
with the findings for ZnO indicate that large particles made by
droplet-to-particle conversion will end up in the FSP product
powder only if the thermal dissociation temperature of the
product material is higher than the FSP flame temperature.

Metal carboxylates

Although iron and in particular aluminum nitrate-based pre-
cursors exhibit initial microexplosions, inhomogeneous nano-
powders are observed attributed to flame extinction. If fragments
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Figure 12. Image sequences of single burning droplets
composed of (a) ethanol/xylene/DEGBE/EHA
(1:1:1:1 volume ratio), (b) 0.5 mol/L Fe-nitrate,
and (c) Al-nitrate in ethanol/xylene/DEGBE/
EHA (1:1:1:1 volume ratio).
The time interval between two successive droplet images

is 0.68 ms. The initial droplet diameters are (a) 94 um,
(b) 90 um, and (c) 94 um, respectively.

continued to burn, ongoing cascade-like microexplosions and
progressing vaporization should result in homogeneous nano-
powders. Strobel and Pratsinis'? proposed a solvent mixture of
ethanol/xylene/diethyleneglycol monobutyl ether (DEGBE)/
2-ethylhexanoic acid (EHA) in equal volumes to obtain homoge-
neous nanoparticles for metal nitrates. This mixture is assumed
to form metal carboxylate complexes comparable to 2-
ethylhexanoate precursors that should facilitate cascade-like
microexplosions and gas-to-particle conversion.

Figure 12 shows image sequences of single burning droplets
composed of the proposed solvent mixture, where (a) is
precursor-free (~6.1 ms), (b) with 0.5 mol/L. Fe-nitrate (~4
ms), and (c) with 0.5 mol/L Al-nitrate (~3.4 ms). It can be
seen from Figure 12a that the pure mixture burns continuously
without any microexplosions or flame extinction. In contrast,
the Fe- and Al-nitrate solutions (Figures 12b, ¢) show disrup-
tive burning, where the droplet fragments continue to burn
until they are completely consumed. The observed microex-

g
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Figure 13. Normalized TGA mass loss (solid line, left
axis) and DSC signal (dotted line, right axis)
for iron (green) and aluminum (red) nitrate
nonahydrate in ethanol/xylene/DEGBE/EHA
(1:1:1:1 volume ratio) and the corresponding

pure mixture (blue).

T
100

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

AIChE Journal February 2016 Vol. 62, No. 2

Published on behalf of the AIChE

Iron nitrate
nonahydrate in ethanol
/ xylene / DEGBE /

Aluminum nitrate
nonahydrate in ethanol
/ xylene / DEGBE /
2EHA

Droplet-made

FSP-made

Figure 14. TEM images of Al,O; (left) and iron oxide
(right) nanoparticles sampled from single
droplet combustion (a-d) and lab-scale FSP
(e-h) of 0.5 mol/L Al-nitrate and Fe-nitrate
in ethanol/xylene/DEGBE/EHA.

plosions are similar to those observed for Zn-naphtenate
(Figures 2b, ¢) and comparable to previous results,'® indicating
that the metal 2-ethylhexanoate complex is formed, indeed.

Figure 13 shows the TGA of the Fe- (green) and Al-nitrate/
ethanol/xylene/DEGBE/EHA solutions (red) along with the
pure solvent mixture (blue). Note again that some evaporation
takes place prior to data recording, leading to initial rel.
masses of ~95 wt %. In accordance with Figure 12a, the pure
solvent mixture vaporizes completely and without residue up
to ~180°C. The DSC signal (dotted blue line) shows only
endothermic signals attributed to the different heats of
vaporization.

The mass losses of Fe- (green) and Al-nitrate solutions (red)
first resemble that of the pure solvent mixture, but start to
deviate after approx. 70 wt % have been vaporized at ~150°C.
This is similar to the initial mass fraction of ethanol, xylene,
and DEGBE of 74.3 wt %. Subsequently, two mass loss steps
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over a wide temperature range are observed, a slower and
slightly endothermic one followed by a fast and highly exo-
thermic one. These decomposition steps can be attributed to
carboxylate complexes, formed by the 2-ethylhexanoic acid
and the metal ions in the solutions, as suggested by Strobel
and Pratsinis.'®> Metal carboxylates typically decompose in a
two- or three-step process to the metal oxides,*” as observed
also for Zn-naphthenate (Figure 5). The residual masses of 3.5
and 2.9 wt % for the Fe- and Al-nitrate solutions agree well
with the expected 4.0 and 2.6 wt % of Fe,O3; and Al,Os3,
respectively.

The TGA data suggest that the observed cascade-like micro-
explosions (Figures 12b, c) are associated with the formation
of high boiling point carboxylate complexes in the droplets
and superheating of solvent residues rather than due to the
multicomponent solvent mixture. The nanopowders from these
metal nitrate solvent mixtures'> are thus expected to be
homogeneous.

Figure 14 shows the comparison of droplet- and FSP-made
nanoparticles of 0.5 mol/L. Fe-nitrate (right) and Al-nitrate
(left) dissolved in ethanol/xylene/DEGBE/EHA (1:1:1:1 vol-
ume ratio). Homogeneous fine agglomerated iron and alumi-
num oxide nanoparticles are produced from the single burning
droplets (Figures 14 a—d). Similar results are observed for the
FSP-made nanopowders (Figures 14 e-h), confirming that the
proposed solvent mixture'® facilitates gas-to-particle conver-
sion for homogeneous product nanopowders through carboxy-
late formation and cascade-like microexplosions.

Conclusions

Single-droplet combustion experiments along with TGA
showed that homogeneous nanopowders are formed in flame
spray pyrolysis when droplets undergo cascade-like microex-
plosions, independent of precursor volatility or nature of the
solvents. Such microexplosions take place for metal precursors
that decompose in multiple steps over a wide temperature
range exceeding the boiling points of the solvents, therefore
triggering disruptions by vapor bubble nucleation inside the
droplets. It was shown that combustion of the explosion
fragments needs to proceed to give homogeneous nanopow-
ders. Examples of such precursors are 2-ethylhexanoates or
naphthenates, which may also be formed in situ the precursor
solution by combining for instance a metal nitrate and
2-ethylhexanoic acid.

Inhomogeneous nanopowders are obtained by droplet-to-
particle conversion from precursor solutions that are prone to
flame extinction, even if initial microexplosions take place.
Extinction during droplet combustion can occur by water con-
densation and accumulation in the droplet, e.g., for solvents
miscible with water and of lower boiling point than water such
as metal nitrate/ethanol solutions. In case droplet-to-particle
conversion takes place, homogeneous nanopowders may still
be obtained if the decomposition or volatilization temperature
of the product material is lower than the flame temperature.
This was observed here for ZnO that initially formed large
particles from zinc-nitrate/ethanol droplets which decomposed
again in the high temperature flame environment.

Intelligent design of precursor-solvent mixtures that fulfill
the requirements for cascade-like droplet microexplosions will
allow the production of homogeneous nanopowders even from
low-cost inorganic precursors, reducing production costs and
making the FSP technology even more attractive for industrial
manufacture of fine particles.
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