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Thermodynamic barrier to nucleation for
manganese oxide nanoparticles synthesized by
high-temperature gas-to-particle conversion

Shruthi Dasappa®® and Joaquin Camacho "

A complementary experimental and modeling study is reported here for
nucleation of manganese oxide nanoparticles in premixed stagnation flames.
The current synthesis occurs at relatively high flame temperature and low
precursor loading. Thermodynamic analysis based on the postulated
nucleation process, Mn(g) + 02(g) @ MnO(s), is carried out to quantify
precursor supersaturation and potential impacts of the Kelvin effect on
particle formation. Nucleation and growth are analyzed based on the
computed temperature-time-oxygen history in the post-flame region.
Agreement between measured and computed flame position for the base
flame and precursor doped flames indicates that the manganese
methylcyclopentadienyl tricarbonyl precursor does not inhibit flame
chemistry for the conditions currently studied. Particle size distributions
measured by mobility particle sizing and TEM images show reasonable
agreement. Moreover, the measured particle size is predicted much more
closely by a nucleation-limited mechanism rather than the size predicted by
coagulation-limited growth.

Introduction

Flame-based processes enable precise and scalable
production of functional nanomaterials [1-3]. Advantages of
flame synthesis routes over wet-chemistry include less
synthesis steps, much faster conversion and continuous
production [1]. Several flame configurations have proven useful
for tailoring material properties of nano-scale products
including carbon (graphene, nanotubes) [4-6], metals [7,8] and
metal oxides [9-12]. Premixed stagnation flames are employed
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in the current study to provide a one-dimensional growth
process for isolation of the manganese oxide nucleation process
under a well-characterized temperature-time history. Relatively
high flame temperatures are achieved in premixed stagnation
flames and previous works using these flames focused on phase
stability of TiO2 [13,14] and manganese oxides [15,16] at high
temperature (T > 2200 K). This particular flame synthesis
method is amenable to fundamental studies of gas-to-particle
conversion as well as application to film deposition processes
for fabrication of functional films [17]. Nano-scale manganese
oxide is a promising material for medical imaging [18], catalysis
[19], and energy storage [20]. In principle, the films formed here
and in previous work have the potential to serve as energy
storage electrodes or catalysts. Insight into competing
processes gained from premixed stagnation flame studies could
also be applied to design more complex, yet scaled up processes
such as flame spray synthesis.

We have previously shown that temperature and oxygen
growth conditions could be manipulated to produce manganese
oxide nanoparticles in flames with some selectivity in the
oxidation state and nano-structure [15,16]. Phase equilibria
among MnO, Mn304, Mn,03 and MnO; largely governs the final
product formed while cooling and coagulation rates also
contribute to the final product properties. The range of valences
observed in stable products of manganese oxide is wider than
has been reported for flame synthesized TiO2 and Fe203. This
gives rise to the need for systematic study of competing
processes to understand and leverage the wide range of
possible manganese oxide products. In the current work,
nucleation of manganese oxide nanoparticles by gas-to-particle
conversion is systematically examined.

Condensation of nanoparticles from the gas-phase is
potentially limited by a thermodynamic barrier at high flame
temperature and low precursor concentration. The Kelvin effect
is used to quantify the thermodynamic barrier for conversion of
gas-phase clusters to the condensed phase by accounting for
the supersaturation of condensable species and the surface
tension of the resulting particle or droplet [21]. Particle
nucleation and growth occur immediately after the product is
formed (coagulation-limited) if the size of the monomer
molecule is greater than the critical cluster size, r*, given by the
Kelvin equation [21,22]:
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where o; is the surface energy or tension of the cluster, v, is the
molecular volume, kg is Boltzmann’s constant, T is the local
temperature and S is the saturation ratio. This criterion has
been applied to SiO; [9] and TiO; [23] particle formation to show
that coagulation governs particle nucleation and, hence, the
final particle size for flame synthesis conditions with high
supersaturation of precursors. Our recent report [15] on
manganese oxide synthesis in premixed stagnation flames
provided evidence that the higher flame temperatures and ppm
level of precursor doping may give rise to a thermodynamic



barrier for particle nucleation. The range of oxidation states
observed made application of simple coagulation models less
accurate due to the additional contribution of oxidation to
particle size. The lowest oxidation state product, MnO, is the
focus of the current work to enable isolated study of nucleation
and growth in the absence of further oxidation steps.

The current work is a complementary experimental and
modeling study of manganese oxide synthesis in premixed
stagnation flames. The temperature-oxygen-time history of the
particle is well-characterized during synthesis in premixed
stagnation flames due to reliable numerical models of the flame
structure. Thermodynamic analysis of the manganese-oxygen-
manganese oxide system is applied for insight into equilibrium
conditions based on the computed underlying flame structure.
Measurements of the flame position and final particle size are
used to evaluate assumptions of the flame structure
computation and coagulation growth model.

Aerosol probe sampling is carried out here to analyze the
particle size distribution of flame-formed particles in real-time
by mobility sizing. An effective technique established for
sampling soot from flames under well-characterized boundary
conditions [24,25] is applied here to investigate nucleation of
manganese oxide nanoparticles. A wide range of dilution probe
techniques were previously reported to investigate flame
synthesis processes and material properties starting from the
straight-tube design of Ulrich [26]. Kasper applied aerosol
sampling using a quartz probe to investigate TiO2 flame
synthesis processes [27] and other designs such as water-cooled
[28,29] and multi-stage dilution [30—-34] quartz sampling probes
have since been employed for a variety of flame studies.
Experimental [35,36] and modeling [12,36] investigation of
perturbations to the flame synthesis process due to probe
sampling have indicated that precise characterization of process
parameters and material properties requires consideration of
probe effects. The premixed stagnation flames currently
studied are probed by embedding a sampling orifice flush with
the flat stagnation surface. This design enables probe sampling
with more clearly defined effects on the flame structure caused
by flow stagnation and suction.

Computational

Computations of the flame structure are carried out here
without precursor chemistry or oxide particle formation
processes. A well-known anti-knock agent, manganese
methylcyclopentadienyl tricarbonyl (MMT), is fed into the
premixed stagnation flames as a gas-phase precursor. Inhibition
chemistry for MMT has been established by Linteris for
methane flames [37,38] but the inhibition efficiency has been
shown to be half as effective as iron pentacarbonyl with
additional loss in inhibition for concentrations in which particles
are formed. In addition, perturbation to the flame structure was
not observed for premixed propane flames doped with MMT
[39]. Our previous study [15] also showed comparable flame
position between base ethylene-oxygen-argon flames and
flames doped with MMT. These reported observations for
propane and ethylene flames may indicate that inhibition is
weaker for larger hydrocarbon flame chemistry. This
comparison will also be carried out for the current flame to
assess the performance of the base flame chemistry model in
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predicting the flame structure in the presence of MMT
precursor.

The premixed stagnation flame (ethylene-oxygen-argon) is
modeled here using both a pseudo one-dimensional
formulation and a solution to the two-dimensional
axisymmetric flow field. The pseudo one-dimensional (OPPDIF
[40,41]) approach has been shown to provide fast and
reasonably accurate solutions for the centerline profiles even
for configurations having plate separation distance greater than
the nozzle diameter [15]. The two-dimensional (ANSYS
Workbench v. 19.2) formulation is used here to evaluate
perturbations of the flow field due to aerosol probe sampling.
Both computations incorporate the CHEMKIN framework [42]
with the USC Mech Il [43] combustion chemistry model to
minimize differences in computed flame structure due to
differences in flame chemistry and transport. The computations
are similar to previous work [15] except for the addition of a
sampling probe to the two-dimensional ANSYS computation. As
will be discussed below, the sampling probe is simply an orifice
at the centerline of an otherwise flat stagnation surface. This is
modeled as a slit at the stagnation plate boundary centered on
the axis of the two-dimensional axisymmetric domain. The flow
velocity measured during dilution ratio calibration is set as a
boundary condition at this face to assess the perturbation of
aerosol sampling to the flame structure and growth time.

For the manganese-oxygen-manganese oxide system, the
following process:

Mn(g) + % Oz(g) = MnO(s) eq. 2

is hypothesized here for nucleation of manganese oxide in
flames. Insights into the gas-to-particle conversion of
manganese oxide could be gained from high-temperature
studies of the solid-to-gas process. Gas-phase Mn and MnO are
reported upon vaporization of solid MnO in high-temperature
mass spectroscopy studies [44,45] which indicates dissociation
occurs upon entering the gas-phase. Other studies have
confirmed the partial pressure of metallic Mn is orders of
magnitude higher than MnO at elevated temperature [37,46].
Based on the reported stability of the high-temperature Mn-
MnO-0, system, it follows that condensation of MnO occurs
more readily than condensation of metallic Mn. The enthalpy of
reaction for sublimation of solid MnO to the gas-phase has been
reported at 532 kJ/mol while the dissociative sublimation
(reverse of eq. 2) has been reported at 644 kJ/mol [46].
Combination of Mn and O2 to condense MnO can be considered
more thermodynamically favored than condensation of gas-
phase MnO based on the reported enthalpies of reaction. The
breakdown and flame chemistry associated with the MMT
precursor is complex. Linteris introduced gas-phase chemistry
of Mn oxidation based on studies of MMT doped flames [37,38]
but particle formation processes were not considered. Gas-to-
particle conversion to manganese oxide is likely to stem from a
variety of species to produce a range of initial particle types. A
simple global model is applied here based on existing
equilibrium parameters of the high-temperature Mn-Mn0O-02
system and nano-scale manganese oxides. The oxygen-deficient
flame condition chosen is designed to minimize contributions
from higher oxidation states of manganese such that nucleation



and growth of MnO could be isolated. Errors associated by
modeling nucleation and growth based on eq. 2 are counter-
balanced with a well-characterized reaction environment and
by narrowing the range of potential manganese oxide species.
Improvement of the flame chemistry and aerosol models will be
carried out in future work based on the global thermodynamic
analysis carried out here.

High-temperature equilibrium partial pressures have been
reported for this system from Knudsen effusion mass
spectroscopy measurements [46] as follows:
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where Puneq and Poa,eq are the equilibrium partial pressures of Mn
and O; in Pascal. Local equilibrium partial pressures for Mn and O,
are computed along the computed temperature profile for insight
into supersaturation leading to manganese oxide condensation. In
addition, the computed profiles are transformed from the space
domain to a Lagrangian time profile using the computed axial
convective and thermophoretic velocity [15,24,47]. Decomposition
of MMT is expected to occur in the vicinity of the flame zone such
that oxidation, nucleation and growth of manganese oxide
nanoparticles is a one-dimensional progression in time from the
flame zone to the stagnation surface. If particle nucleation occurs
upon formation of MnO and no further oxidation occurs, particle
growth will be determined by coagulation of MnO particles over
time. The computed particle size is based on coagulation of like-sized
particles starting from a monodisperse distribution of MnO
monomers [21] as follows:
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where d is the particle size computed discretely from the computed
temperature-time profile. A one-to-one proportion of MMT
molecules to Mn atoms to MnO monomers is assumed and this gives
the initial number density of monomers (MMT has a single Mn
ligand). After each grid point denoted by time ti, growth occurs from
the size at the previous grid point di.;. The number density at the
previous grid point is Ni.; and the time interval from the previous grid
point is ti.1. Kii is the coagulation coefficient of like-sized particles in
the free-molecular regime:
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where a is the collision efficiency and pp is the bulk density of MnO.
Nucleation-sized particles have collision efficiency as low as ten

percent [48] but precise values for the current system are unknown.
As such, eq. 6 is computed for a range of collision efficiency to report
feasible particle sizes for the given growth time.

Experimental

The experimental configuration centers on synthesis of
manganese oxide nanoparticles in premixed stagnation flames.
The setup is similar to previous studies [15,47] with key details
briefly describe here. The base flame is 8.8 % ethylene, 17.5 %
oxygen and 73.7 % argon by mole which is a fuel-rich mixture
(® = 1.5) expected to produce MnO based on previous studies
[15]. A jet of unburned gas issues from an aerodynamic nozzle
with contours of the inner nozzle specified by Bergthorson [49]
to induce a plug flow profile. The nozzle inner diameter is 1.0
cm and the wall thickness at the nozzle exit is 0.2 cm. The length
of the burner inner conduit is several times the nozzle diameter
to ensure fully developed laminar flow. The nozzle flow has a
cold gas velocity of 315 cm/s and the temperature is 400 + 20 K
at the nozzle exit as indicated by a fine-wire Type K
thermocouple. A steady, flat flame is stabilized in between the
nozzle and the stagnation surface surrounded by a flow of
shroud nitrogen gas issued from a channel concentric to the
nozzle. Flow stagnation is induced by a water-cooled block
configured to hold aluminum sample deposition plates or the
aerosol sampling probe assembly described below.

Liquid MMT is fed into the fuel line by spraying into a 50 mL
flow chamber via argon driven (1 LPM) glass nebulizer (Precision
Glassblowing 500-70M). The chamber is close to ambient
temperature to prevent clogging of the capillary as the
nebulizer is rated for micro-flow (0.1 mL/min liquid flow) and 1
micron droplet size. The spray flows from the chamber to the
heated fuel line (393 K) and mixes with the unburned mixture
with a residence time of approximately 2 seconds before
reaching the flame. The liquid flow is precisely regulated by
syringe pump, but the uncertainty of the doping concentration
is £ 10 % based on measurable liquid volume draining from the
spray chamber walls after experiments. Precursor loading of
100, 250, 400, 550 and 800 ppm of vaporized MMT is examined
but full analysis is only carried out for the 400 and 800 ppm
conditions.

Aerosol sampling is carried out using a probe design similar
to previous studies [24,47,50] modified by a significant increase
in the probe orifice diameter. The probe assembly is a thin-wall
(0.125 micron) stainless steel % inch tube mounted into an
aluminum plate such that the probe orifice is flush with the
plate to form a flat stagnation surface. Previous designs
incorporate micro-orifice sampling with orifice diameter on the
order of 100 microns to minimize probe perturbation and
residence time across the orifice [51]. The current orifice
diameter is 800 microns to compensate for the limited access
to the probe in the closed synthesis chamber. Particle deposits
accumulate in the orifice over time and should be regularly
cleaned for reproducible results. The larger orifice maximizes
the time in between orifice cleanings but probe perturbations
and probe induced artifacts become more difficult to avoid.

Analysis of the flame-formed aerosol is carried out in real-
time by mobility particle sizing. The outlet of the probe
assembly carrying the particle laden flow is fed through the
front panel of the synthesis chamber through conductive tubing
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(% inch inner diameter). The 50 cm tube length and 30 LPM
sample flow correspond to approximately 30 ms before
entering the mobility sizing system. A TSI 1 nm Scanning
Mobility Particle Sizer (TSI 3838E77) consisting of a dual voltage
classifier (TSI 08,202), a Kr-85 bi-polar diffusion charger
(Neutralizer TSI 3077A), 1 nm differential mobility analyzer
(DMA) (TSI 3086), a diethylene glycol-based (DEG) condensation
particle counter (CPC) (so-called Nanoenhancer, TSI 3777) and
a butanol-based CPC (TSI 3772) is used in the “compact”
configuration recommended by the vendor to minimize
diffusion loss of small particles. See previous work for more
details and schematics of the mobility sizing setup [15]. TSI
Aerosol Instrument Manager Software (version 10.2) is used to
collect and export the measured particle size distribution
functions (PSDFs). An insert supplied by the vendor is now
mounted onto the inlet of the neutralizer to minimize flow
recirculation for more predictable attainment of the
equilibrium charge distribution. TSI also measured the
penetration of ultra-fine particles through the system flow path
recently and a new diffusion loss correction [52] is applied to
the measured PSDF.

X-ray diffraction (XRD) and TEM analysis is carried out on a
PANalytical X'pert Pro diffractometer and FEC Tecnai 12,
respectively. Mn oxide nanoparticles condense in the flame and
deposit onto the stagnation surface. The analyzed sample is a
mesoporous film which grows on a deposition plate mounted
flush with the water-cooled stagnation surface. The
temperature of the film depends on the heat transfer to the
water-cooling and the heat flux from the synthesis flame.
Aluminum sample plates are used to enhance cooling heat
transfer and the deposition time is minimized (~ 1 minute) to
reduce artificial sintering of the delicate film by prolonged
exposure to the flame. TEM samples are prepared by scaping
this film from the deposition plate, suspending the loose
particles in ethanol and drop casting the suspension onto holy
carbon-copper TEM grids. The flame position is measured by
analysis of images of flame projections obtained from a Nikon
D5300 DSLR camera.

Results and discussion

Known equilibrium concentrations for the nucleation
reaction (eq. 2) enables determination of the saturation ratio
and Kelvin effect as a function of temperature. The saturation
ratio for this process is given as:

1/2
PMnP02

1/2
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where Pyn and Po, are the local concentrations. The initial
partial pressure of Mn is given by the known MMT feed
concentration assuming oxidation of manganese begins from
Mn atoms produced by decomposition of MMT at a one-to-one
ratio. Evaluation of the equilibrium constant and critical radius
for the nucleation reaction is shown in Fig. 1 as a function of
temperature. Relatively low precursor concentrations of MMT
precursor and O, are evaluated to assess the Kelvin effect in
flames with low precursor loading. Under these conditions,
production of MnO(s) is not thermodynamically favored above
1800 K. Application of the critical radius criterion for the MnO
molecular radius ( rmno = 0.17 nm) indicates that condensation
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of MnO monomers is unstable above 2000 K even for fuel-lean
flames (Po2 = 10! atm).
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Figure 1. Critical Kelvin radius and equilibrium constant for
the nucleation reaction as a function of temperature.

The effect of MMT precursor doping on the flame structure
is assessed here in terms of the measured flame position.
Images of flame projections for doped flames is compared to
the base flame in Fig. 2. The flame standoff distances, Ls ,
reported in Fig. 2 are determined by analyzing the edges of the
grey-scale intensity profiles for 30 flame images. Inspection of
the images and reported standoff distances show no significant
effect of MMT precursor loading on the flame position. The
position of the flame zone is determined by the kinematic
balance between the local flow velocity and the local burning
velocity towards the unburned mixture [53]. As such, the flame
structure is intimately coupled to the underlying flame
chemistry for premixed stagnation flames. Any inhibition due to
MMT is expected to cause a decrease in flame speed and/or a
reduction in flame temperature. In turn, the flame is expected
to respond by a shift in position due to a perturbation in the
flame speed or temperature. Lack of this response may indicate
that MMT inhibition chemistry is quenched by the formation of
particles or the radical recombination processes established by
Linteris [38] are less impactful for fuels larger than methane.

Computations of the flame structure are carried out using
the pseudo one-dimensional formulation (OPPDIF) and solution
to the two-dimensional axisymmetric flow field (ANSYS).
Computed profiles at the centerline of the flame are compared
to the experimental flame in terms of the measured grey-scale
intensity recorded by the camera. For the base flame, the
luminosity detected by the camera is assumed to be
comparable to the excited radical CH* position and this
comparison is shown in Fig. 3. The thin region of luminosity in
premixed flat flames is due to chemiluminescence of excited
radicals such as CH*, C2*, and OH* [54]. A previous report on
fuel-rich premixed flames [55] showed that emission of CH* and
C2* occurs in the same thin region in the flame zone. The
comparison between computed CH* and measured intensity
taken here is not make a conclusion of CH* production. Rather,
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Figure 2. Flame images and measure flame standoff distances for the base flame and flames with increasing MMT loading.

the computed CH* is a marker in space for the computed
narrow flame region of where excited flame radicals exist. The
computed temperature profile is compared to the measured
intensity for MMT doped flames in the bottom frame of Fig. 3.
No inference is made here to measure the CH* or temperature
values based on camera intensity. Rather, the comparison
shown in Fig. 3 is only to quantify any differences in measured
flame position. The relatively good agreement between the
flame position inferred from OPPDIF, ANSYS and camera
intensity is a basis for using the computed flame structure for
analysis of nucleation and growth of MnO.
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Figure 3. Computed centerline CH* profile compared to
measured grey-scale camera intensity from the base flame (top)
and computed centerline temperature compared to measured
grey-scale camera intensity for increasing MMT precursor
loading (bottom).

The particle size distribution of flame synthesize manganese
oxide nanoparticles is measured here by mobility particle sizing
and analysis of TEM images. Mobility sizing is a real-time
measurement based on an aerosol sample pulled from the
flame. The perturbation to the flame due to probe sampling is
evaluated here by modeling the two-dimensional flame

structure with a sampling flow applied to the stagnation surface
boundary. The computed axial convective velocity and
temperature contours are shown in Fig. 4 along with an image
of a typical MMT doped flame. Without sampling suction, the
convective velocity at the stagnation surface is zero due to the
non-slip boundary condition and the temperature is assigned
the measured value of the water-cooled surface (Tstag = 473 K).
The flow rate into the orifice was measured, as discussed below,
at various levels of suction. In Fig. 4, the flow velocity through
the face of the sampling orifice is set to 200 cm/s to show the
perturbation at the higher end of the experimentally applied
suction. The computed profiles predict significant perturbations
to the temperature and velocity field, but this effect is localized
to a narrow region close to the sampling orifice. As expected,
the flow induced by sampling suction increases the temperature
of the flow entering the orifice.

The probe perturbation is further illustrated in Fig. 5 in
terms of the computed centerline profiles of the two-
dimensional solution. The solution for a 100 cm/s sample flow
rate is also included to represent the flow rate range adopted
for optimal sampling conditions. The axial convective flow
velocity deviates from the stagnation flow solution
approximately 1 mm upstream of the sampling orifice
boundary. Manganese oxide nanoparticles present in the flame
are assumed to follow gas streamlines except in the vicinity of
the stagnation surface where an additional force on the particle
induces a thermophoretic velocity towards the colder surface.
The computed thermophoretic velocity, shown in Fig. 5,
decreases significantly as probe induced flow makes the
temperature gradient less severe compared to the stagnation
flow solution. The reaction time computation shown in Fig. 5 is
based on the sum of convective and thermophoretic velocities.
The reaction time label is based on the assumption that the time
for conversion of manganese oxide precursors to the final
product begins at the flame zone and ends at the stagnation
surface boundary. The flow induced by the probe sampling
speeds up the particle more than reduction in thermophoretic
velocity. Thus, the reaction time is significantly lower than the
stagnation flow solution when probe perturbation is accounted
for. For the 100 cm/s sample flow condition, the reaction time
is reduced by 20% relative to the time computed for the
stagnation flow. This magnitude of flow perturbation is on the
same order as the perturbation reported for sampling probe
perturbation in premixed burner-stabilized flames [56].

Analysis of the flame synthesized manganese oxide is
carried out by XRD to characterize the oxide phase and
structure. Diffraction patterns for films deposited from the 400
and 800 ppm MMT loading cases are shown in Fig. 6. Sintering
during deposition is minimized by using aluminum substrates
for efficient heat transfer from the water-cooled block. No
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Figure 4. Computed axial velocity (a) and temperature (c) contours for the base flame with outflow through a sampling orifice (r = 0.4 mm)
at the centerline axis. The inset of the computed contours shows the perturbations to the velocity and temperature field ina 1 mm by 1 mm
domain at the sampling probe boundary. Also shown is an image for a typical flame doped with MMT precursor without sample suction (b).

significant diffraction was observed from samples deposited on
aluminum which indicates that the film material is amorphous
and/or any crystalline regions are very small. Faint evidence of
the (200) face of MnO is observed for the as-deposited 800 ppm
case but most of the signal an amorphous hump. A second
deposition experiment was carried out using quartz deposition
surfaces to inhibit heat transfer to the water-cooled block. This
artificially induces sintering of the deposited film over the
deposition period to provide an indication of the oxidation state
of the flame synthesized product. Prominent, yet broad
diffraction peaks corresponding to known MnO faces (JCPDS 07-
0230) are observed after sintering is induced during deposition.
Comparison of the relative intensities indicates that slight
differences in stoichiometry may exist between the 400 and 800
ppm conditions. Nonetheless, the XRD analysis indicates that
ultrafine particles with oxidation state at or close to MnO are
produced. In the absence of significant oxidation beyond MnO,
nucleation and growth processes could be examined in
isolation.

Thermodynamic analysis along the computed temperature
and gas-phase oxygen profiles is carried out to assess the Kelvin
effect on MnO nucleation in the flame. The computed flame
structure obtained by OPPDIF is shown in Fig. 7 in terms of the
temperature and gas-phase oxygen as a function of reaction
time. The reaction time is a Langrangian reference frame where
the position of the flame zone is t = 0 and the final reaction time
occurs upon reaching the stagnation surface. For coagulation-
limited growth, particles would form at t = 0 and grow over the
entire reaction time. Stretch-stabilized flames are relatively hot
and this may introduce a condition in which condensation of
MnO is not stable until the flame temperature decreases in the
vicinity of the water-cooled stagnation surface. The OPPDIF
stagnation flow solution is the basis of the thermodynamic
analysis but the conclusions also apply to the probe perturbed
conditions after shifts in time and temperature are taken into
account. The current flame is fuel-rich but small amounts of gas-
phase oxygen are predicted to remain in the post-flame region.
The flame-zone is a very narrow region where the flame
temperature quickly approaches the adiabatic flame
temperature and this temperature persists through most of the
post-flame region. On approach to the stagnation surface, the
flame temperature approaches the temperature of the water-
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cooled surface. Any nanoparticles formed in the flame are
assumed to follow the flow streamlines with exception to the
cooling region where the thermophoretic force induces an
additional particle velocity towards the stagnation surface.
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Figure 5. Computed centerline profiles of axial convective
velocity (top), axial thermophoretic velocity (middle) and
reaction time (bottom). Solutions for the stagnation flow is
presented from OPPDIF and ANSYS along with the solution for
sampling probe induced flows of 100 cm/s and 200 cm/s.
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The basis of the thermodynamic analysis is that the local
gas-phase Mn and O2 concentrations determine the saturation
conditions according eq. 5-7. The saturation ratio profile for
zero Mn converted is shown along with the profile for 99%
conversion of Mn in Fig. 8 to represent the limiting cases for the
gas-to-particle conversion. Within this range, supersaturation is
only achieved as the flame temperature decreases significantly
from the peak temperature of 2600 K. The saturation ratio is not
sensitive to the factor of two difference between precursor
loading cases. This is evident in the overlapping curves in the
cooling region where S > 1. As Fig. 8 shows, the Kelvin equation
is also insensitive to the precursor loading conditions.
Computation of the critical Kelvin diameter based on the local
saturation ratio indicates that condensation of MnO monomers
become stable 3 to 4 ms after the flame zone for both 400 and
800 ppm MMT precursor loading conditions. In other words, a
thermodynamic barrier may delay nucleation and growth of
MnO nanoparticles for the current flame temperature and
precursor conditions. The barrier may play a role in flame
synthesis conditions at relatively high-temperature, low
precursor loading and/or composite materials having a range of
proportions. In the current work, this analysis is a factor in
interpreting the particle size measured for particles collected at
the stagnation surface.

Calibration of the aerosol sampling probe dilution is carried
out by measuring the flow rate of air flowing into the probe
orifice by bubble-flow meter (mini-Buck M-1) in a procedure
described previously [25,51]. The dilution ratio calibration is
shown in Fig. 9 as a function of indicated pressure drop across
the orifice. The indicated pressure drop is the average pressure
drop determined by monometers placed at the inlet and outlet
of sampling probe tube. Reversal of the flow from positive to
negative flow is observed as the average pressure drop
approached 28 mm H20. The measured flow rates correspond
to sample flow velocities spanning 50 — 400 cm/s.

60
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Figure 7. Temperature and oxygen as a function of reaction
time determined by the pseudo-1D stagnation flow computation
(OPPDIF).

The size distribution of the aerosol sample is measured by
mobility sizing for a range of dilution ratio (probe suction) to
assess artificial perturbations. For low sample dilution, the
relatively high number density undergoes rapid coagulation
growth across the sampling orifice causing an artificial drop in
number density and increase in median diameter. For high
dilution, the relatively long residence time across the orifice
allows for significant diffusion loss of small particles to the wall.
Ideally, an optimum range of dilution ratio exists where the
dilution corrected number density and median diameter are
insensitive to the applied dilution [51]. Sampling artifacts to the
measured PSDF are minimized in this optimal region.

Each measured PSDF is fit to a log-normal distribution to
obtain the number density, median mobility diameter and
geometric standard deviation. Measured PSDF number density
and median diameter for the 400 ppm MMT loading condition,
shown in Fig. 10, indicates that the optimal sampling dilution
range is narrow. Namely, a peak in the dilution corrected
number density occurs around 200 dilution ratio and the
median diameter is close to 4 nm within this dilution ratio
range. The measured values are the average of 8-10 separate
scans (30 second scan of DMA voltages for 1 to 20 nm mobility
diameter) with error bars representing typical deviation across
runs. The median mobility diameter and number density are
determined tobe 4 £+ 1 nm and (2 £ 1) x1011 cm-3 for the 400
ppm loading case based on conservative interpretation of the
response of the PSDF to dilution ratio.

This measurement is also reported in Fig. 11 for the 800 ppm
MMT loading condition. The optimal region where the PSDF
number density and median diameter is clearer for the 800 ppm
case. The median mobility diameter and number density are
determined to be 5.5 £+ 1 nm and (6 + 1) x1011 cm-3 based on
interpretation of the response of the PSDF to dilution ratio.
Dilution corrected PSDF are shown in Fig. 12 for the 400 and 800
ppm MMT loading conditions. Deviations in the PSDF are due to
minor fluctuations in the flame and sampling conditions across
and during scanning periods. These fluctuations include drift of
the applied pressure drop and deposit accumulation at the
sampling orifice. The observed increase in median diameter and
geometric standard deviation provide insight into the
underlying aerosol growth processes. Significant diffusional
losses in the sampling line exist at the inlet valve and tubing
where the flow splits and slows down in the final 10 cm before
entering the mobility analyzer.
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1000

The particle size distribution is also measured by analyzing
TEM images for the 400 ppm and 800 ppm MMT loading cases.
The sample particles correspond to the “as-deposited” case
shown in the XRD patterns which was obtained by depositing
onto an aluminum substrate to minimize sintering. Example
TEM images and the distribution of measured projection
diameters are shown in Fig. 13. The histogram is a distribution
for a total of 150 particles for each ppm loading case. The
median diameter determined by TEM is in reasonable
agreement with the mobility diameter-based distributions. The
observed ultrafine size is also in line with the lack of XRD signal
observed for the as-deposited films. The particle size measured
by mobility sizing and TEM corresponds to the end of the
particle growth process. Gas-to-particle conversion occurs at
some point upstream of the stagnation surface and
measurement of the particle size at the stagnation boundary
provides insight into the underlying nucleation and growth
mechanisms in the flame. The measured particle sizes provide
an experimental comparison to the particle size predicted from
the gas-phase flame temperature-time profile.
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Figure 11. Measured PSDF number density and median
diameter for the 800 ppm MMT loading condition for a range of
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The temperature-oxygen-time history of the particle during
growth in flame can be inferred from the computed flame
structure. Moreover, analysis of the thermodynamic barrier
provides insight into the time at which nucleation becomes
stable. If a thermodynamic barrier for nucleation is present, the
observed particle size would be smaller due to the delay in
particle condensation and growth. This hypothesis is tested in
Fig. 14 in terms of particle size profiles computed as a function
of reaction time. Comparison of expected particle size for
coagulation-limited and nucleation-limited regimes is done by
application of the monodisperse coagulation rate expression
starting from the position of the flame zone ( t = 0) and at a
downstream position determined by the critical Kelvin
diameter.
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Figure 12. Measured PSDF at optimal sampling conditions
for the 400 ppm (top) and 800 ppm MMT loading (bottom)
cases. Different symbols are used to denote separate
experimental runs which correspond to the optimal range of
dilution ratio specified in Fig. 10 and Fig. 11.

Nucleation from MnO monomers is predicted to occur over
3 ms after the flame zone for both 400 ppm and 800 ppm levels
of precursor loading based on the critical diameter criterion.
Assuming a constant collision efficiency of a = 0.65, the final
particle size computed for the nucleation limited regime is 4.8
and 5.9 nm for the 400 and 800 ppm cases, respectively.
Computations are also shown for a = 0.3 and 0.9 to represent
the range of feasible particle sizes resulting from coagulation
growth. The computed particle size is nearly double for
coagulation limited growth. The measured particle size is much
closer to the size predicted for the nucleation-limited regime for
both the 400 ppm and 800 ppm loading cases. The mobility
diameter is subject to uncertainty in the growth time induced
by flow perturbation. However, the size measured by TEM
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indicates that the particle size is not significantly higher under

full stagnation flow conditions. The applied sample suction
amounts to 20% faster reaction time which roughly accounts for
the discrepancy between the size measurement techniques.
Excessive suction was not applied, but Fig. 14 labels the reaction
time computed for the ratio case to
demonstrate that the coagulation-limited growth regime does

lowest dilution

not explain the relatively small particle size observed. The
smaller than expected particle size is evidence that the current
temperature and precursor conditions do not induce high-levels
of supersaturation and the Kelvin effect may hinder nucleation.

The current analysis is subject several assumptions and
experimental uncertainties, but the results are conclusive in
terms of observation of particle sizes significantly lower than
predictions of coagulation-limited growth. Disappearance of
nucleated particles at elevated temperatures has been reported
for iron oxide synthesis in premixed flat flames [36] and TiO2
production in turbulent flow reactors [23] but this effect is more
pronounced in premixed stagnation flames due to flame
stabilization at relatively high temperature. Isolated study of
nucleation behavior carried out here for the manganese oxide
system is invaluable for elucidating competing thermodynamic

and kinetic processes leading to the wide-range of manganese
oxides obtainable by flame synthesis.
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Figure 13. TEM images and particle size counts for the 400
ppm (top) and 800 ppm (bottom) MMT precursor loading
conditions.
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Conclusions

A complementary experimental and modeling study is
reported here for nucleation of manganese oxide nanoparticles
in premixed stagnation flames. The current flame synthesis
occurs at relatively high temperature and precursor loading.
Thermodynamic analysis based on the postulated nucleation
process, Mn(g) + 02(g) = MnO(s), is carried out to quantify
precursor supersaturation and potential barriers to nucleation.
The computed temperature-time-oxygen history is the basis
used to analyze nucleation and growth. The effect of MMT on
the flame chemistry is assessed by comparing measured flame
position for the base flame to flames having precursor loading
from 100 ppm to 800 ppm. Measured flame standoff distances
are unchanged relative to the base flame when MMT is added.
This may indicate that the established inhibition flame
chemistry is quenched by particle formation or less impactful
for the fuels larger than methane. The measured flame position
is also in agreement with flame position predicted by pseudo
one-dimensional and two-dimensional solutions of the flame




structure. Agreement between measured and computed flame
position is justification for basing the thermodynamic analysis
on the computed flame structure.

Mobility particle sizing is carried out by aerosol sampling
with probe perturbations characterized by two-dimensional
flame structure computations including probe suction. Probe
induced flow decreases the reaction time in the post-flame
region by 20% compared to full stagnation flow. The observed
discrepancy between median sizes measured by mobility sizing
and TEM imaging may be due to differences in growth time.
Thermodynamic analysis indicates that a thermodynamic
barrier, quantified by the Kelvin effect, delays condensation of
MnO for the flame synthesis conditions currently studied. The
nucleation-limited growth mechanism explains the observed
particle size much closer than growth predicted from a
coagulation growth mechanism, even when probe
perturbations are accounted for. Isolated study of nucleation
behavior carried out here for the manganese oxide system is
invaluable for elucidating competing thermodynamic and
kinetic processes leading to the wide-range of manganese
oxides obtainable by flame synthesis. In addition,
supersaturation should be examined for gas-phase processes
producing composite materials having a range in proportions.
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