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ABSTRACT: The scale-up of nanoparticle synthesis by a versatile flame aerosol technology (flame spray pyrolysis) is
investigated numerically and experimentally for production of ZrO2. A three-dimensional computational fluid dynamics model is
developed accounting for combustion and particle dynamics by an Eulerian continuum approach coupled with Lagrangian
description of multicomponent spray droplet atomization, transport, and evaporation. The model allows the extraction of the
high-temperature particle residence time (HTPRT) that is governed by the dispersion gas to precursor liquid mass flow ratio as
well as the flame enthalpy content. The HTPRT is shown to control the primary particle and agglomerate size, morphology, and
even ZrO2 crystallinity in agreement with experimental data. When the HTPRT is kept constant, the production rate for ZrO2
nanoparticles could be scaled up from ∼100 to 500 g/h without significantly affecting product particle properties, revealing the
HTPRT as a key design parameter for flame aerosol processes.

1. INTRODUCTION

One of the most promising methods for cost- and material-
effective manufacture of nanoparticles is flame aerosol
technology.1,2 To date, however, only a few basic oxides and
carbon black are produced industrially (tons per day) by this
technique,3 attributed to the limited choice of low-cost volatile
raw materials. Flame spray pyrolysis (FSP)4 that is already used
for industrial manufacture of carbon black5 or specialty
chemicals such as functionalized cobalt nanoparticles6,7 has
the potential to change this picture as it allows synthesis of
multicomponent nanoparticles of almost all elements from
relatively inexpensive liquid or solid precursors and solvents.8

Compared to “ideal” vapor-fed premixed flames, FSP has the
additional complexity of droplet formation and precursor
release leading to solid or hollow particles. This challenge is not
present in the design of commercial vapor-fed flame reactors
prompting a fundamental investigation to connect such product
characteristics to process variables based on sound engineering
principles and models.9

While synthesis of numerous nanomaterials for various
applications has been demonstrated with laboratory FSP
reactors,10 only a few compositions have been made at pilot-
scale (>100 g/h), such as CeO2/ZrO2,

11 SiO2,
12 ZrO2,

13 Y2O3/
ZrO2,

14 La0.6Sr0.4Co0.2Fe0.8O3‑δ,
15 FePO4,

8 and ZnO.16 No
systematic scale-up studies have been carried out to advance
nanoparticle manufacture by FSP. In such a scale-up, the
production rate should be increased from grams per hour to
several kilograms per hour without affecting nanoparticle
characteristics. In flame aerosol synthesis, product particle
size and structure are controlled by the high-temperature
particle residence time (HTPRT) and concentration through
the particle sintering and coagulation rates.17 For example, in
FSP, increasing the production rate by increasing the precursor

flow yields larger flames and longer HTPRT, prolonging
particle sintering or coalescence that results in larger primary
particles.12 In contrast, higher dispersion gas flow decreases
product primary particle diameters by diluting the flame and
decreasing the high-temperature residence time.13,18

For aerosol reactor scale-up of coaxial jet diffusion flames,
Sadakata et al.19 suggested that the ratio of burner tube
diameter to reactant outlet velocity must be kept constant.
Mad̈ler et al.20 showed for a lab-scale FSP reactor that a
constant dispersion gas to precursor flow ratio resulted in
similar primary particle size of ceria during production rate
increase from 2 to 10 g/h. Wegner and Pratsinis3,21 showed
that for a given material and production rate, constant particle
size was attained by maintaining the difference of reactant
outlet velocities in three diffusion flame reactors for production
of silica and titania nanoparticles of the same size and
morphology up to 200 g/h.
Here, scale-up of the FSP process is investigated by

computational fluid dynamics (CFD) and detailed experimen-
tation in a pilot-scale reactor by the example of zirconia
synthesis from 100 to 500 g/h. Therefore, a two-dimensional
model18 is extended to account for droplet breakup and the
three-dimensional reactor geometry. Model predictions are
compared to measured primary and agglomerate particle
characteristics, exploring the application of the HTPRT as a
process design parameter for the scale-up of FSP.
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2. EXPERIMENTAL SECTION
2.1. Set-up. Figure 1a shows the FSP burner head

consisting of a two-phase atomizer nozzle (based on Düsen-

Schlick, Model 970) and surrounding channels for a coflow
diffusion pilot flame. The liquid precursor is delivered through
the central insert with a 0.5 mm (i.d.) capillary. A cap with 2.6
mm bore surrounds this insert, forming a gap for the oxygen
dispersion gas. Eight 0.5 mm wide channels 0.9 cm below the
nozzle outlet are arranged at a 30° angle imposing swirl on the
dispersion gas. Moving the liquid insert up or down controls
the width of the dispersion gas outlet gap and consequently its
pressure drop, which is set here to ∼3.5 bar independent of
oxygen flow.
A 1 mol/L Zr precursor solution (Table 1) made from

zirconium 2-ethylhexanoate (Valirex 18 wt % Zr, Umicore; here
abbreviated as Zr-EHA) and xylenes (Thommen-Furler, 253-
VL51TE) was delivered with a syringe pump (Teledyne ISCO,
D1000) to the water-cooled nozzle capillary at 16−64 mL/min,
corresponding to 118−472 g/h ZrO2 production rate. That
solution was atomized with 20−80 L/min of oxygen (99.95%,
PanGas) forming a spray that was ignited by the surrounding
diffusion flame of 2.0 L/min methane (99.5%, PanGas; inner
burner channel, 1.8 cm i.d., 0.5 mm gap) and 4.5 L/min oxygen
(99.95%, PanGas; outer burner channel, 2.0 cm i.d., 1 mm gap).
All gas flows are reported at 273.15 K and 1.013 × 105 Pa and
were kept constant by mass flow controllers. Here, the flames
are termed as X/Y flames with X being the precursor flow rate
in milliliters per minute and Y the dispersion O2 flow rate in
liters per minute.
The FSP reactor was centered at the bottom of a cylindrical

50 cm i.d. stainless steel chamber of 1.1 m height that narrowed
down to 15 cm i.d. at 75 cm (Figure 1b). A homogenized
coflow of ambient air (∼8300 L/min) was established with a
centrifugal fan to minimize recirculation by satisfying the

entrainment requirements of the enclosed spray flame22 and to
dilute and cool the aerosol before nanoparticles were collected
with a bag-house filter. Particle samples were extracted by a
vacuum pump 1.2 m downstream the reactor chamber on glass
fiber filters (Albet-Hahnemühle, GF 6, Ø 25.7 cm) placed in a
stainless steel filter holder.
The specific surface area (SSA) of product zirconia

nanoparticles was determined by nitrogen adsorption at 77 K
(Micromeritics Tristar 3000) after degassing in nitrogen at 200
°C for at least 1 h. The primary particle diameter was calculated
as dp = 6/(ρp SSA) assuming monodisperse spheres (BET-
equivalent diameter) and employing a density of ρp = 5.72 ×
103 kg/m3 for tetragonal zirconia.23 The powder crystallinity
was determined by X-ray diffraction (XRD; Bruker D8
Advance, 40 kV, 40 mA, Cu Kα radiation, Bragg−Brentano
geometry) in the range of 2θ = 20−70°. The XRD patterns
were analyzed using Topas 4.2 software (Bruker AXS). Phase
composition and crystal sizes were obtained by Rietveld
refinement. A first-order Chebychev function was used for
background correction.
The morphology of product particles was determined by

transmission electron microscopy (TEM, Tecnai F30 ST).
Therefore, agglomerates scraped off the sampling filter were
dispersed in ethanol and applied to TEM grids. Powders were
also analyzed by small-angle X-ray scattering (SAXS) using a
Rigaku (MicroMax-002+) X-ray source with microfocused
beam (40 W, 45 kV, 0.88 mA, Cu Kα radiation) which was
collimated by three pinhole (0.4, 0.3, and 0.8 mm) collimators.
The scattered X-ray intensity was detected with a two-
dimensional Triton-200 X-ray gas-filled detector (20 cm
diameter, 200 μm resolution). An effective scattering vector
range of 0.005−0.2 Å−1 was obtained. An empirical multiple
level unified exponential/power-law method was used for fitting
of the SAXS scattering spectra.24,25

2.2. Spray Flame Temperature Measurements. Tem-
perature profiles of particle-free burning spray flames were
characterized outside the reactor chamber in stagnant ambient
air using pure xylenes as fuel and otherwise identical conditions
as in the particle synthesis experiments. The standard
combustion enthalpy of xylenes (ΔH°C = 3.7 × 104 kJ/L)26

is close to that of the 1 M Zr precursor solution (ΔH°C = 3.4 ×
104 kJ/L) where the Zr-EHA (described as zirconium(IV)

Figure 1. (a) Schematic of the FSP two-phase atomizer geometry. The
liquid precursor is delivered through the center capillary, dispersed
with oxygen, and ignited by a methane/oxygen pilot flame. (b) The
FSP reactor is centered in the cylindrical reactor chamber and
surrounded by a homogenized coflow of ambient air that satisfies the
entrainment requirement of the spray flame and cools the aerosol
before collection with a bag-house filter. Velocity contours for the
largest spray flame burning 64 mL/min of precursor solution dispersed
by 80 L/min of O2 indicate that no recirculation zones are present in
the reactor.

Table 1. Boundary Conditions of the CFD Simulations (Zr-
EHA = Zirconium-2-ethylhexanoate)

boundary type

mass flow
(g/s) or
(pressure
(Pa))

composition
(wt %)

liquid capillary
(precursor
solution)

Zr: 0 M droplet
injection

0.23−0.92 xylenes: 100

Zr: 1 M 0.26−1.05 Zr-EHA: 52;
xylenes: 48

pilot flame
channel

mass flow
inlet

2.39 × 10−2 CH4: 100

1.07 × 10−1 O2: 100
dispersion
oxygen slit

mass flow
inlet

0.48−1.90 O2: 100

sheath gas pressure
inlet

(101325) O2: 23; N2: 77

outlet pressure
outlet

1.67 × 102 −

burner/reactor
walls

wall no-
slip

− −
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hydride 2-ethylhexanoate, ZrH(C8H15O2)3) is approximated by
three C8H16O2 molecules (ΔH°C = 3.0 × 104 kJ/L).27 The line-
of-sight flame temperature was measured by Fourier-transform
infrared spectroscopy (FTIR, Bomem MB 155S, deuterated
triglycine sulfate detector, wavenumber range 6500−500 cm−1,
resolution 32 cm−1) by fitting a blackbody Planck function
through the measured hot CO2 radiance spectra.28,29 A 1 cm
diameter IR beam was used to increase the signal-to-noise
ratio.18 Up to 2048, 1024, and 128 scans were taken at 1−50
cm HAB for transmission, emission, and background spectra,
respectively.

3. THEORY
The entire FSP reactor chamber along with detailed nozzle
geometry (Figure 1) was implemented as a three-dimensional
computational grid. The domain was represented by a 90°
segment (∼1 000 000 cells) with periodic boundary conditions
due to symmetry. The inlet temperature of all fluids was set to
300 K, and the walls were considered thermal insulators. Details
on boundary conditions and model equations are summarized
in Table 1 and Supporting Information, respectively. Computa-
tional fluid dynamic (CFD) simulations were carried out with
the pressure-based, coupled steady-state solver of ANSYS
Fluent v.12.1.4 accounting for heat transport but neglecting
radiation.30

Turbulent flow was modeled with the realizable k-ε model.31

All variables were solved with second-order spatial discretiza-
tion,30 while the PRESTO! algorithm32 was applied for pressure
interpolation. Gravity was included to account for buoyancy.
The present approach combined with the complete reactor
geometry allows the definition of all boundary and process
conditions by mass flow rates and compositions, as in the
experiments, without relying on correlations for initial droplet
size and dispersion gas velocity.18

The liquid injection is described by discrete parcels (“blobs”)
with 0.5 mm diameter and 1.36−5.43 m/s velocity defined by
the liquid capillary size and mass flow,33 assuming that
atomization and subsequent droplet breakup are indistinguish-
able processes within the dense near nozzle spray. The lamella-
to-droplet breakup is described by the Wave model34

appropriate for high Weber numbers (We >100). The
Kelvin−Helmholtz instability is assumed to be the dominant
breakup mechanism (here, We >1000 near nozzle).30

The characteristic breakup time is given as τb = (1.863B1dd)/
(ΩwΛ), where dd is the droplet diameter. The maximum growth
rate of the unstable wave (Ωw) and the corresponding
wavelength (Λ) are obtained from curve fits to numerical
solutions of the dispersion relation.30 The breakup constant
(B1) was set to ten34 allowing for the Wave model to
approach35 the semiempirical Pilch−Erdman correlations.36

This method can predict droplet size distributions and
therefore size-dependent droplet trajectories.
A dynamic drag model37 was applied to account for droplet

distortion and oscillation at the present high-Weber number
conditions. The relative motion between droplet and gas phases
causes the drag to vary between that of a sphere and a disk at
limits of zero and maximum distortion.30 An iteration time step
of 10−7 s was used for the unsteady Lagrangian particle tracking
to solve the mass, enthalpy, and momentum balance equations
for the liquid and gas phase.18

Gas-phase oxidation reactions were limited either by mass
transport38 or one-step global Arrhenius kinetics,39,40 and the
lower (limiting) rate at each computational cell was employed.

The precursor was described as ZrH(C8H15O2)3 molecules. Its
oxidation taking place above 1000 K was assumed to be limited
by mass transport only.18

‐ + = + +Zr EHA: 2ZrH(C H O ) 67O 2ZrO 48CO 46H O8 15 2 3 2 2 2 2

+ = +xylene: 2C H 21O 16CO 10H O8 10 2 2 2

+ = +methane: CH 2O CO 2H O4 2 2 2

The evolution of particle volume, area, and number
concentration was simulated with the CFD solver accounting
for nucleation, coagulation, and sintering.41 A monodisperse
model42 was employed as the self-preserving particle size
distribution is rapidly attained43 for flame-made ZrO2.

44 The
particle nucleation rate was assumed to be identical to the
precursor oxidation rate on a mass basis. Possible errors in
critical cluster size for nucleation become negligible because of
rapid coagulation.45 The coagulation rate was computed using a
fractal-like dimension of 1.8, typical for diffusion-limited
cluster−cluster agglomeration.46 Sintering kinetics of zirconia
according to Coblenz et al.,47 Brossmann et al.,48 and
Christensen and Carter49 were selected among others based
on comparison of lab-scale FSP model predictions to measured
ZrO2 primary particle diameters.18

4. RESULTS AND DISCUSSION
4.1. Spray Combustion Temperature. Figure 1b shows

velocity contours of the largest spray flame (burning 64 mL/
min of precursor solution dispersed by 80 L/min of O2, a 64/
80 flame) indicating that (a) the reactor chamber does not
interfere with the free jet expansion in ∼1 m/s air coflow and
(b) recirculation zones are not formed. Flame diagnostics
carried out without the chamber in stagnant air are thus
considered to adequately represent the enclosed system.
Spray flame temperatures were investigated in the absence of

ZrO2 particle formation by combustion of 16, 32, or 64 mL/
min of xylenes dispersed by 20, 40, or 80 L/min of O2 (16/20,
32/40, 64/80 and 16/80 flames, respectively). Simulated
(lines) and FTIR-measured (symbols) line-of-sight average
temperature profiles between HAB = 0 and 50 cm are shown in
Figure 2. Model predictions are also line-of-sight averages to be
consistent with the CO2 molar concentration weighed
measurements.
The highest temperatures of ∼3730 ± 30 K, ∼3300 ± 110 K,

and ∼3730 ± 260 K were obtained at HAB = 1−3 cm for the
16/20, 32/40, and 64/80 flames, respectively. The 64/80 flame
temperature stayed close to ∼3500 ± 500 K up to HAB = 10
cm before it decreased to 940 K at 50 cm HAB. For both 32/40
and 16/20 flames, the temperature decreased to 2300 K at
HAB = 10 cm and further to ∼1000 K at 30 cm. The 16/80
flame was significantly colder with a maximum of 1850 K at
HAB = 3 cm and 700 K at 20 cm. For that flame, measuring at
HAB = 1 cm was not possible because of high noise level.
Simulations of the 32/40 and 64/80 flames predicted a

comparable temperature maximum of ∼3500 K slightly
downstream at 4 cm HAB but lower maximum temperatures
of ∼3000 and ∼2000 K for the 16/20 and 16/80 flames,
respectively. The model underpredicted the measurement
averages of the 64/80 flame at 10 and 20 cm HAB by ∼750
and 670 K, respectively, while excellent agreement was obtained
for larger heights. Similar results were observed for other flame
conditions where measurements were underpredicted by up to
∼700 K below 10 cm HAB while higher up temperatures
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agreed within ∼250 K, attributed to improved signal-to-noise
ratio and thus smaller measurement error.
Similar to laboratory-scale FSP,18,50 combustion commences

close to the burner where fuel droplets and dispersion oxygen
are intensely mixed and ignited by the supporting methane−
oxygen flame. Here, simulated and measured temperatures
decrease above HAB = 5 cm, indicating that by then most of
the fuel is consumed while air entrainment further cools the
flame downstream.22 Higher FTIR-measured temperatures at
HAB = 1 cm may be attributed to underestimated gas-phase
reaction rates in the CFD model. Differences could also be
caused by the difficulty of comparing the CO2-weighed line-of-
sight average temperatures at conditions where steep radial
temperature gradients are present.41

Previously, for burning sprays of either pure ethanol18 or
zirconium(IV) n-propoxide dissolved in ethanol,44 the highest
measured temperatures were ∼3000 and ∼2750 K, respectively,
compared to ∼3700 K here for xylenes. These differences are
caused by the lower adiabatic flame temperature of
stoichiometric ethanol combustion in oxygen (∼3000 K)
compared to that of xylenes (∼3200 K). Both measured and
simulated maximum temperatures here are higher than the
adiabatic flame temperature for xylenes/oxygen. While the
maximum temperature in simulations may be overestimated by
the employed one-step global oxidation chemistry, the
measured temperatures may indicate nonequilibrium concen-
trations of hydrocarbons and H2O in oxygen-deficient zones as
such superadiabatic flame temperatures are common for fuel-
rich premixed flames.51−53

4.2. Gas Composition and Air Entrainment. Figure 3
shows simulated oxygen mass fraction profiles for the flames of
Figure 2 that maintain a gas-to-liquid mass ratio (GLMR) of 1.8
(flames 16/20, 32/40, and 64/80). The 16/80 flame is shown
as well (GLMR = 7.3; Figure 3d). Flames with GLMR = 1.8
have an initial equivalence ratio (calculated as the mass ratio of
supplied fuel to oxygen divided by the ratio for stoichiometric

combustion) of Φ = 1.2 and thus are fuel-rich, while the flame
with GLMR = 7.3 is fuel-lean with Φ = 0.3.
In the largest flame (64/80; Figure 3c), the supplied O2

dispersion gas (that is intensely mixed with the fuel droplets
similar to premixed combustion) is fully depleted already at 0.5
cm HAB along the flame boundaries and by 6 cm at the
centerline (white contours). This results in an oxygen-deficient
region which extends up to HAB = 20 cm and may explain51

the measured superadiabatic flame temperatures (Figure 2).
Combustion in this region relies on the O2 entrained from the
coflowing air (see Figure 4) that first increases the oxygen
concentration in the outer flame regions and then at the
centerline. Similar, although narrower and slightly shorter
oxygen-free zones are observed for the smaller flames of this
GLMR (Figure 3a,b). When the GLMR is increased and the
equivalence ratio decreased below unity (16/80 flame, Figure
3d, and 32/80, not shown) the oxygen concentration inside the
flame is higher than that in the surrounding air, preventing the
formation of oxygen-free regions.

Figure 2. CFD predicted (lines) and FTIR measured (symbols) line-
of-sight axial temperature profiles for spray combustion of 16
(triangles, dash-dotted line), 32 (squares, dashed line), and 64 mL/
min (circles, solid line) of xylenes dispersed by 20, 40, and 80 L/min
of O2, respectively. Also shown is the 16/80 flame (diamonds, dotted
line). Good agreement between measurements and simulations is
obtained especially downstream of the spray region with low signal-to-
noise ratios and high radial gradients.

Figure 3. Computed oxygen mass fractions in flames scaled by
maintaining a constant GLMR of 1.8 through simultaneously
increasing precursor and dispersion O2 flows from (a) 16/20 to (b)
32/40 and (c) 64/80. Also shown (d) is the 16/80 flame with GLMR
= 7.3. Flames with GLMR = 1.8 have a similar oxygen concentration
map with an oxygen-depleted center region despite scale-up by four.
When the dispersion O2 flow is increased to GLMR = 7.3, sufficient
oxygen is provided for fuel combustion.

Figure 4. Calculated cumulative air entrainment between HAB = 0−
50 cm for spray combustion of 16 (dotted line), 32 (dash-dotted line),
or 64 mL/min (dashed line) of precursor solution dispersed by 20, 40,
or 80 L/min of O2, respectively. Also shown is the 16/80 flame (solid
line). Dispersion O2 increases and precursor flow decreases the
entrainment rate.
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Figure 4 shows the cumulative air entrainment of Figure 2
flames as a function of HAB. The entrainment at each HAB was
computed as the flow through a velocity isosurface (2 m/s)
enclosing the jet (see Figure 1b, cyan contour). For all flame
conditions the total entrained flow increased rather linearly
with HAB up to 50 cm. The highest entrainment rate of
cumulated 4310 L/min at HAB = 50 cm, which corresponds to
approximately half of the supplied coflow air, was observed for
the 16/80 flame (solid line), consistent with the lowest
maximum temperature and steepest cooling gradient (Figure 2,
diamonds). Increasing the precursor flow to 64 mL/min
increased the maximum temperature (Figure 2, circles) but
reduced the total entrainment at HAB = 50 cm to 3320 L/min
(dashed line). This is attributed to higher heat release and
volumetric gas expansion that has been reported to decrease the
entrainment rate.54,55 Reducing the dispersion O2 from 80 to
20 L/min along with the precursor flow (64 to 16 mL/min)
resulted in lower initial momentum flux which further
decreased the total entrainment at HAB = 50 cm to 1190 L/
min (dotted line).
4.3. Reactant Conversion and Product Yield. Gas-phase

mass fractions of xylenes and zirconium 2-ethylhexanoate (Zr-
EHA) normalized by their maximum values are shown in
Figure 5 for the 64/80 flame (Figure 3c). Also shown are the

ZrO2 volume concentration and mass nucleation rate
normalized with 10% of its maximum for better illustration.
Evaporation of xylenes and Zr-EHA proceeds almost
simultaneously between 0.5 and 9 cm HAB as is shown by
the practically overlapping gas-phase concentration maps. This
is attributed to the similar boiling points of xylenes and Zr-
EHA, 409 and 460 K, respectively. In contrast, a precursor
mixture of ethanol, 1-propanol, and zirconium(IV) n-propoxide
with respective boiling points of 351, 370, and 481 K showed
sequential species evaporation.18 The combustion of most of

the fuel by HAB ∼8−9 cm (within 1 ms) coincides with the
simulated maximum temperature (see Figure 2, circles).
The nucleation map shows that zirconia formation starts with

Zr-EHA evaporation off the center flame axis at about HAB =
0.5 cm and is ∼95% completed at ∼3−4 cm (light brown
legend). Particle formation continues, up to HAB = 9 cm, as Zr-
EHA oxidation still takes place. However, its nucleation (ZrO2
formation) rate is two orders of magnitude lower and therefore
not displayed in Figure 5. Up to 4 cm HAB, the highest ZrO2
mass concentration is off-center (dark green), in agreement
with the nucleation map, but shifts to the centerline at larger
heights by gas mixing and particle formation. Spreading of the
jet flame by air entrainment lowers the particle concentration at
the fringes. By HAB = 10 cm, the ZrO2 particles have dispersed
2 cm away from the centerline.

4.4. Nanoparticle Formation and Growth. Figure 6
shows the product ZrO2 Sauter mean primary particle diameter
(dp) as a function of precursor flow at constant 80 L/min
dispersion O2 (black triangles and solid line) and at constant
GLMR = 1.8 (blue circles and dashed line). Increasing the
precursor flow from 16 to 64 mL/min (and the production rate
from 118 to 472 g/h) while keeping dispersion O2 at 80 L/min
increased the primary particle size rather linearly from about 8
to 17 nm (triangles) as measured by N2 adsorption and in good
agreement with simulations. Note that the present 3-D model
could predict measured average primary particle diameters
within 15% consistent with a similar 2-D model performance
for laboratory-scale FSP.18 The particle size increase is
consistent with Mueller et al.13 who reported primary particle
growth from about 5 to 31 nm when the ZrO2 production rate
was increased from 50 to 600 g/h by the flow of the 1 M
zirconium(IV) n-propoxide/ethanol precursor at 50 L/min
dispersion O2.
Now, increasing the dispersion O2 from 20 to 80 L/min

along with the precursor flow (circles) and maintaining a

Figure 5. Predicted normalized gas-phase mass fractions of xylenes
(blue) and zirconium 2-ethylhexanoate (red) for spray combustion of
64 mL/min of precursor dispersed by 80 L/min of O2. The ZrO2
formation profile (brown) and volume concentration (green) are
shown as well. Solvent and organometallic precursor evaporate
simultaneously up to 9 cm HAB. Nucleation sets in shortly after
precursor evaporation slightly off-center and is 95% completed by 3
cm HAB.

Figure 6. Effect of precursor flow rate on predicted (lines) and
measured (symbols) primary particle diameters at constant 80 L/min
O2 dispersion gas (black triangles and solid line) and at constant
GLMR = 1.8 (blue circles and dashed line). Similar primary particle
size is attained when the precursor to dispersion gas ratio is kept
constant during scale-up.
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GLMR of 1.8 results in nearly constant primary particle size for
both measurements (14.6−16.5 nm) and simulations (16.7−
18.2 nm). Again, measured primary particle diameters could be
predicted within 15%, which is the difference between
monodisperse and polydisperse aerosol dynamics.45 This
shows that the findings of Mad̈ler et al.20 for constant GLMR
scaling in lab-scale ceria synthesis at 2−10 g/h can be extended
to 50 times higher production rates and used as a scale-up guide
for flame spray synthesis of nanoparticles.
4.5. High-Temperature Particle Residence Time. The

present model can elucidate FSP particle dynamics as with the
effects of precursor and dispersion O2 flow rates on particle
formation and growth. This is accomplished with the average
temperature residence time profiles shown in Figure 7a for

particles made in flames 64/80 (solid line), 16/20 (dashed
line), and 16/80 (dash-dotted line). The temperature residence
times at each HAB are radial averages weighed by the ZrO2
molar concentration to represent profiles for an average ZrO2
particle, similar to classic cup-mixing averages.56 Slight
differences between the temperatures of Figure 2 and those
in Figure 7 are attributed to the different weighing and the
presence of Zr-EHA precursor here.
So at 80 L/min dispersion O2 when the precursor flow is

increased from 16 (dash-dotted line) to 64 (solid line) mL/
min, the particles experience up to ∼2000 K higher
temperature in the first 10 ms while the attainment of the
maximum temperature is delayed from ∼0.2 to 0.5 ms, resulting
in the observed increase in primary particle diameter from 8 to
17 nm (triangles in Figure 6). When the GLMR, however, is
constant at 1.8 during scale-up from 16/20 to 64/80, similar
high-temperature residence time histories are obtained leading

to similar primary particle diameters (circles in Figure 6) even
though the ZrO2 production rate is increased by a factor of
four. The flame with 80 L/min of oxygen (solid line) attains the
maximum temperature slightly faster than that with 20 L/min
(dashed line). This is attributed to faster reaction by enhanced
mixing early in the process indicated by O2 depletion beginning
at lower HAB for increasing production rate at constant GLMR
(Figure 3a,c).
Increasing the precursor flow prolongs the high-temperature

particle residence time (HTPRT) because the added fuel
requires more O2 for combustion, resulting in longer flames. In
addition, chemical reactions may be delayed by the larger size
of the O2-deficient region (Figure 3). Higher dispersion O2
flows increase the spray flame velocity and reduce the flame
temperature through enhanced entrainment of the surrounding
cold air (Figure 4). Furthermore, the resulting increased oxygen
mass fraction in the spray accelerates fuel consumption (Figure
3).
Figure 7b shows the evolution of the mixing-cup average

Sauter mean primary particle (dp, thick lines) and agglomerate
collision diameters (dc, thin lines) as a function of residence
time. Flames with similar HTPRT profiles like 64/80 and 16/
20 (Figure 7a) also exhibit similar evolution of product
diameters. Primary particles in the 64/80 flame grow initially
faster than those in the 16/20 flame as the former results in
higher particle concentrations. Specifically, the 64/80 flame had
a three times higher maximum particle number concentration,
∼2 × 1015 versus 7 × 1014 #/cm3. Product primary particles
from the 64/80 flame, however, are only slightly (∼10%) larger
than those of the 16/20 flame since sintering limits their further
growth. As ZrO2 sintering is determined by the temperature
history, similar primary particles are made by both 64/80 and
16/20 flames.
For the colder flame (16/80), particle formation and

subsequent growth takes place faster than in the hotter 64/80
and 16/20 flames but ceases quickly as particles experience
rather low temperatures. For all three conditions, most of the
particle growth takes place during cooling of the flames (1−100
ms) after chemical reactions are completed (0.1−1 ms, Figure
5). Product primary particle diameters are attained as soon as t
= 50 ms and in good agreement with measurements (symbols),
as discussed already with Figure 6.
The evolution of the agglomerate collision diameter dc

(Figure 7b, thin lines) mirrors that of the dp (Figure 7b,
thick lines). When the ratio of precursor to dispersion O2 flow
is kept constant during scale-up (thin dashed and solid lines for
the 16/20 and 64/80 flames, respectively), agglomerate
collision diameters are similar. In contrast, more fractal-like
ramified agglomerates with larger collision diameter are formed
in the colder flame where the primary particle diameter is
smaller (16/80; thin dash-dotted line). Formation of larger
agglomerates and smaller primary particles with increased
cooling rate is consistent with Heine and Pratsinis57

investigating silica formation by gas phase hydrolysis of SiCl4
at high concentrations.

4.6. Extent of Hard-Agglomeration (Aggregation). In
the early FSP stages where high temperatures prevail and rather
small particles are formed, these particles are fully coalesced.
Formation of agglomerates (dc/dp > 1), indicated by the thin
vertical lines in Figure 7b, is initiated at ∼2 ms for the 16/80
flame (dash-dotted line). In flames with the same GLMR (16/
20 and 64/80), agglomerates start to form after 3 ms. Hard-
agglomerates or aggregates (particles held together by sinter

Figure 7. Residence time profiles of the (a) average temperature and
(b) Sauter mean primary particle (dp, thick lines) and agglomerate
collision (dc, thin lines) diameters for the 64/80 (lines), 16/20
(dashed lines), and 16/80 (dash-dotted lines) flames. Also shown are
BET-equivalent product particle diameters (symbols) and the
beginning of agglomerate formation (vertical lines). Particles made
in flames with the same precursor/dispersion O2 ratio have similar
temperature residence time histories and similar primary particle and
agglomerate growth profiles.
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necks) are formed when both dp and dc grow. Here this is the
case for the hotter flames (64/80 and 16/20). In contrast, for
the colder flame 16/80, the dp hardly grows after the onset of
agglomerate formation. This indicates synthesis of soft-
agglomerates (particles held together by physical forces) with
rather little necking. These smaller particles fully coalesce at
lower temperature than larger ones, facilitating formation of
soft-agglomerates consisting of loosely attached primary
particles. This is in agreement with Eggersdorfer et al.58 (see
Figure 7a there) who observed in laboratory-scale FSP that
increasing dispersion O2 flow rate decreased primary particle
diameter and increased formation of agglomerates.
The end of aggregation and the beginning of soft-

agglomeration is defined at the height where dp has reached
either 95%41 or 99%59 of its final value as sintering ceases. This
is the case at approximately 900 K, independent of flame
conditions. The ratio dc/dp at the corresponding HAB range
can quantify the extent of aggregation. For the 16/80 flame, dc/
dp = 1.16 (95%) or 1.43 (99%) indicating a low degree of
aggregation. Product powders should be mostly soft-agglomer-
ates consisting of rather spherical primary particles. Slightly
more aggregated particles should be obtained from the 64/80
flame where dc/dp = 1.27 (95%) or 1.68 (99%), while for the
16/20 flame dc/dp = 1.40 (95%) or 1.66 (99%), suggesting
comparable or slightly stronger necking between the primary
particles. Therefore, increasing dispersion O2 during FSP may
yield more spherical primary particles as with increasing
production rate at constant precursor to dispersion O2 flow
ratio. In both cases, flame dilution by entrainment of the
surrounding air is enhanced (Figure 4). This decreases the
particle concentration and increases the cooling rate.
Figure 8 shows the scattering intensity of particles made in

the 16/20 (dashed line), 64/80 (solid line), and 16/80 (dash-
dotted line) flames from SAXS as a function of the scattering
vector q. For the smooth surface of primary particles in the
Porod regime (q ∼0.1 Å−1) the scattered intensity follows a
power law decay of the type q−4, i.e., the expected Porod
behavior for colloidal objects with sharp interfaces. At smaller
q-values, power law exponents are related to the mass-fractal
dimension Df. A unified fit method extending to q-values in the
Guinier regime24,25 yields for the agglomerates fractal
dimensions of 2.0 ± 0.2, 2.02 ± 0.02, and 1.79 ± 0.01 for
the 16/20, 64/80, and 16/80 flames, respectively. The fractal
dimension of ∼1.8 for the 16/80 flame is consistent with the
expected value for diffusion-limited cluster−cluster agglomer-
ates where primary particles are in point-contact.60 The
measured higher Df of ∼2 for the 16/20 and 64/80 flames
indicates that sintering necks have formed between the primary
particles61 in agreement with the predicted stronger aggregation
(Figure 7).
Inserts in Figure 8 show TEM micrographs of the filter-

collected ZrO2 particles from the 16/20, 64/80, and 16/80
flames (118−472 g/h ZrO2 production rate). The 16/80 flame
produces primary particles smaller than those of the 16/20 and
64/80 flames consistent with specific surface area measure-
ments (Figure 6). Primary particles are mostly spherical with
only few joined together by sintering necks in agreement with
the predicted low degree of hard-aggregation (dc/dp < 2; Figure
7). The filter collection produces densely packed soft-
agglomerates that are difficult to disperse, not providing
information on the extent of aggregation.
Figure 9 shows the effect of dispersion gas (black triangles)

and constant GLMR = 1.8 scaling (blue circles) on the product

powder crystallinity. The tetragonal phase fraction of all
powders is 92−96 wt % (right axis, filled symbols) with the
balance being monoclinic. The tetragonal crystal size (open
symbols) increases from 10 to 22 nm with increasing precursor
flow at 80 L/min O2 while it stays constant at 20.5 ± 1.5 nm for
constant GLMR, following the trends of the primary particle

Figure 8. Scattering spectra of the filter-collected product particles
made in the 16/20 (dashed line), 64/80 (solid line), and 16/80 (dash-
dotted line) flames. In the Porod regime, scattering intensity for all
flame conditions follows a power law with exponent −4. The mass
fractal dimensions were obtained from the power law by the unified fit
theory25 extending down to the Guinier regime (thin solid lines). The
particles from the 16/80 flame show smaller fractal dimension,
indicating less sintering or coalescence than those from the 16/20 and
64/80 flames. The inserts are TEM images of the filter-collected and
redispersed product particles. The primary particle size for the 16/80
flame is clearly smaller than that for the 16/20 and 64/80 flames, in
agreement with nitrogen adsorption data.

Figure 9. Product ZrO2 tetragonal phase fraction (right axis, solid
symbols) and crystal size (left axis, open symbols) as a function of
precursor flow at constant 80 L/min O2 (triangles) and constant
precursor to dispersion O2 flow ratio (GLMR = 1.8) (circles). Also,
the product crystallinity is maintained during constant GLMR scaling.
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size (Figure 6) and showing that also the particle crystallinity is
maintained during constant GLMR scaling. For all FSP
conditions, the tetragonal crystal size is ∼4 nm larger than
the primary particle diameter (Figure 6). This suggests that the
particles are mostly monocrystalline while the shift to larger
sizes is due to the different averages from XRD and BET
(volume versus surface, respectively). The average size of the
monoclinic crystals is 25−49 nm and significantly larger than
the average primary particle diameter. This size range is similar
to that of the individual large particles in the product powder
(TEM images in Figure 8). These particles may represent the
large tail of the particle size distribution or might have
experienced much longer high-temperature residence times or a
different formation mechanism, i.e., direct formation from large
droplets that were not well-atomized or escaped the flame.

5. CONCLUSIONS
In scale-up of nanoparticle production by flame spray pyrolysis
(FSP) from ∼100 to 500 g/h of zirconia, the product primary
particle and agglomerate size as well as the crystallinity are
conserved when the precursor and the dispersion flow are
increased by the same factor, keeping the gas-to-liquid mass
ratio constant. This is attributed to similar high-temperature
particle residence times revealed by process simulation with a
CFD-based model employing transport-limited precursor
oxidation and monodisperse particle dynamics. This simple
and robust model, which accounts for the detailed 3-
dimensional reactor geometry and requires neither experimen-
tal input data such as temperature or velocity measurements
nor empirical correlations for boundary conditions, predicted
the measured product primary particle diameters with 15%
accuracy, which is within the difference between monodisperse
and polydisperse aerosol dynamics. Increasing the precursor
feed and production rate while keeping the dispersion gas flow
constant prolongs the HTPRT, resulting in larger, more
aggregated primary particles because of increased flame
enthalpy and lower air entrainment rates as well as the
formation of oxygen-deficient flame regions. The process
simulation helps to identify such oxygen as well as entrainment
requirements and can guide the selection of appropriate
operation conditions. Accounting for complete and detailed
reactor geometry enables employing the model for parametric
studies of different nozzle and reactor chamber designs.
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