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Initial reaction steps during flame synthesis of
iron-oxide nanoparticles

Sebastian Kluge,® Lei Deng,® Omid Feroughi,? Florian Schneider,? Marina Poliak,®
Alexey Fomin,? Vladimir Tsionsky,“® Sergey Cheskis,? Irendus Wlokas,®

Igor Rahinov,® Thomas Dreier,® Andreas Kempf,”® Hartmut Wiggers®® and
Christof Schulz*®©

Premixed, laminar H,/O,/Ar and CH4/O,/N, low-pressure flat flames doped with iron pentacarbonyl
(Fe(CO)s) were used to investigate the initial steps towards the formation of iron-oxide nanoparticles. The par-
ticles were extracted from the flame using a molecular beam sampling probe and the mass flow rate of
condensed material was measured by a quartz crystal microbalance (QCM). It was observed that particles
are already formed on the cold side of the flame, and vanish quickly once they pass through the flame
front. To understand the process and assess the perturbations caused by the sampling probe, spatially
resolved laser-based measurements of temperature, Fe and FeO concentration as well as molecular-beam
sampling with particle mass spectrometry (PMS) were carried out. Numerical flow simulations of the synthe-
sis flames, the reactor, and the sampling were performed and the simulations confirmed the experimen-
tal findings of very early particle formation. The detailed knowledge of the perturbation caused by invasive
probing enabled further insight into the iron-oxide nanoparticle formation mechanism. From the results it
is concluded that neither Fe atoms nor FeO molecules belong to the growth species of iron-oxide nano-

Www.rsc.org/crystengcomm particles from flame synthesis.

Introduction

While micro-scale iron oxides in their different polymorph
forms are widely used as red and brown pigments, iron-oxide
nanoparticles have a wide range of advanced applications
ranging from supercapacitors’ and lithium ion batteries,”
electromagnetic wave absorption® to magnetic fluids, cataly-
sis, biotechnology/biomedicine, magnetic resonance imaging,
data storage, and environmental remediation.” Wet-phase as
well as gas-phase synthesis methods have been shown to
manufacture iron oxides with specific properties in respect of
the applications mentioned. Combustion synthesis provides
an easy way to generate ultra-clean nanoparticles with tunable
properties in scalable flow processes. By varying the flame
conditions, a wide range of compositions and crystal struc-
tures can be realized including hematite (o-Fe,O3;) maghemite
(y-Fe,03), magnetite (Fe;04), and wustite (FeO).>” Strobel
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et al.” studied the spray-flame synthesis of iron oxides and
found that both the equivalence ratio and the choice of pre-
cursor have an effect on the iron-oxide formation altering the
particles between maghemite, magnetite and wustite.
Buyukhatipoglu et al.® synthesized hematite by increasing the
flame temperature of their non-premixed flame.

Despite the fact that many groups worldwide work on gas-
phase synthesis of iron oxides, the initial steps taking place
during particle formation and growth are only rudimentarily
understood. For designing scalable combustion synthesis
processes that reproducibly generate materials with well-
defined properties, the individual processes of gas-phase
reactions, interactions of intermediate species with combus-
tion, particle nucleation, and growth must be understood in
detail.

A frequently used precursor for production of iron and
iron oxides is iron pentacarbonyl (Fe(CO)s) due to its purity
and relatively high vapor pressure. Fe(CO); as an additive in
flames has been the object of investigations since the 1920s,
when it was applied as an anti-knock agent for fuels used in
internal combustion engines. It was observed that nearly any
addition of Fe(CO); strongly affects the flame's reaction
kinetics. A good overview of recent publications on iron-
containing compounds in flames was given by Wlokas et al.®
The decomposition kinetics® of Fe(CO)s and the formation of

This journal is © The Royal Society of Chemistry 2015
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small clusters'® have been studied in shock tubes to provide
input for modeling of the initial Fe(CO)s pyrolysis and iron
cluster formation.

Premixed low-pressure flat flames are suitable to investi-
gate nanoparticle nucleation and growth where species con-
centrations and particle size can be measured as a function
of the height above burner (HAB), while information about
growth kinetics is available from a combination of measure-
ments and simulations of the (ideally one-dimensional)
flow.""

This paper discusses methods to characterize the initial
steps towards particle formation by taking the example of
iron-oxide nanoparticle synthesis from of Fe(CO)s. Two reac-
tor systems and multiple measurement techniques are used
to gather as much information as possible for the validation
of fluid dynamics simulation and particle precursor kinetics.
The Duisburg reactor (DU-R) was used to measure laser-
induced fluorescence (LIF) of iron in combination with NO-
LIF thermometry, particle mass spectrometry (PMS) and
quartz crystal microbalance (QCM) measurements to deter-
mine iron atom concentration and temperature fields, parti-
cle size distribution, and aerosol mass loading, respectively,
in a low-pressure flat flame. Besides for additional PMS and
QCM measurements, the Tel Aviv reactor (TA-R) was used to
measure temperature by OH-LIF and the concentration of
FeO in the presence of particles using intra-cavity laser
absorption spectroscopy (ICLAS). Experimental results are
compared with simulations of fluid dynamics and species
reactions covering the pyrolysis of Fe(CO)s, the formation of
iron clusters, the interaction of iron-containing species with
the flame radicals, and the formation of iron-oxide
monomers.

Experimental

Iron-oxide nanoparticles are synthesized through the decom-
position of Fe(CO)s; in almost one-dimensional, premixed,
low-pressure flat flames of either H,/O, diluted by argon (DU-R)
or CH,/O, diluted by N, (TA-R). First experiments investigat-
ing iron-oxide formation from Fe(CO)s trace back to PMS
measurements conducted by Janzen et al.,”> and TEM images
of typical particle size distributions as well as particle and
agglomerate morphology are presented there. A few years
later, Hecht et al.'* used Fe-LIF measurements to quantify
the iron atom concentration downstream the burner head. In
contrast to the previous investigations with a horizontal flow
direction leading to unwanted convection, the orientation of
the Duisburg reactor is now bottom-up following the recom-
mendations of Weise et al.'® to avoid buoyancy effects. The
main reactor chamber has a diameter of 100 mm with four
windows enabling optical access. The water-cooled burner
plate has a diameter of 36 mm. The fresh gas, constituting of
400 sccm H,, 400 sccm O,, and 600 sccm Ar is fed into the
burner through a porous metal plate. The reactor used in Tel
Aviv uses a top-to-bottom flame, stabilized on a McKenna
burner** having a 60 mm porous metal matrix.

This journal is © The Royal Society of Chemistry 2015
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Properties of the flame-made materials in terms of size
and the total amount of particles in the aerosol are deter-
mined in both reactors via molecular beam sampling (Fig. 1).
At variable height above burner (HAB), the post-flame gas is
sampled via a nozzle/skimmer setup and expands into the
vacuum thus forming a particle-laden molecular beam.

The decomposition of the precursor and its influence on
the flame chemistry can be studied by varying the distance of
the burner head relative to the nozzle position. By replacing
parts of the argon flow with a flow of Fe(CO)s diluted in
argon, the precursor concentration is varied between 0 and
200 ppm for the DU-R experiments. In the Tel Aviv reactor,
precursor concentrations of 20-920 ppm are reached by
adding 1-51 sccm of a mixture of Fe(CO)s5 diluted in nitrogen
to the flame gases.

In both reactors, particles within the gas are then either
collected on a quartz-crystal microbalance (QCM)" to study
the deposition rate and thus the (relative) mass concentration
of all condensable matter in the extracted gas, or they are
measured with respect to their size distribution in a particle
mass spectrometer.” The PMS takes advantage of the fact that
a significant fraction of the particles is singly charged. When

Faraday cup
detector

UVelocny

+Upnis

Analysis chamber
p=10° mbar

Expansion chamber .
p =103 mbar

Burning chamber
p =30 mbar

Fig. 1 Arrangement for molecular-beam measurements in flat flames
consisting of a nozzle/skimmer combination to form a molecular
beam, the PMS with deflection capacitor, velocity measurement and
Faraday cup detector, and the quartz-crystal microbalance (QCM). In
the DU-R, the flow is bottom-to-top, in the TA-R top-to-bottom.
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passing a variable electric field, the particles get deflected
according to their kinetic energy. Due to the narrow velocity
distribution of the particles in the molecular beam the parti-
cle mass can be determined. With scanning the deflection
voltage, the various particle sizes are subsequently swept
across a Faraday cup charge detector and particle-size distri-
butions are recorded.

In the absence of an electric field, all particles carried by
the molecular beam hit the gold-coated crystal of the QCM
and the mass of the deposited material is determined from
its resonance frequency that shifts proportionally to the
deposited mass. For each Fe(CO)s concentration and mea-
surement position, the resonance frequency of the quartz
crystal is measured for several seconds. The slope of the fre-
quency versus time is proportional to the mass deposition
rate.

In parallel to PMS and QCM measurements, laser-based
optical diagnostics are used to determine the spatial distribu-
tion of iron atoms (DU-R) and FeO molecules (TA-R) in the
reactor chamber downstream the burner head. In addition,
multiline laser-induced fluorescence (LIF) of NO (DU-R)'
and multiline OH-LIF (TA-R)" are used for non-intrusive
measurement of the gas temperature fields.

Intra-cavity laser absorption spectroscopy (ICLAS, cf:
Fig. 2) is a method in which absorbing species are placed
inside the cavity of a broadband laser. Due to the positive
feedback mechanism in lasers, even minute quantities of a
narrow-line absorber will produce holes in the spectrum
where the laser output is partially quenched. The laser con-
sists of a dye jet inside an astigmatically-compensated three-
mirror folded cavity formed by M1, M2, and OC (output cou-
pler). The central wavelength of this broadband laser source
can be tuned by introducing a thin pellicle beam splitter
(PBS) inside the cavity. The laser generation time t,, in the
ICLAS is the time interval between the beginning of the laser
generation and the sampling, which is controlled with the
aid of two acousto-optic modulators (AOM1 and AOM?2).
The spectral output is analyzed with a high-resolution

chromator

Fig. 2 Setup for ICLAS measurements in a nanoparticle flame reactor.
The pump laser beam (frequency-doubled output of a Nd:YAG laser) is
focused on the dye jet by mirror M3. The homebuilt dye laser cavity is
formed by mirrors M1, M2, and OC (output coupler). AOM1 and AOM2
are acousto-optic modulators. CCD is a charge coupled device and
PBS is a pellicle beam splitter.
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spectrograph. ICLAS is not sensitive to the broadband
absorption by the nanoparticles, thus allowing monitoring
FeO in a particle-laden environment.

The experimental conditions of both flame reactors are
summarized in Table 1. The flames burn parallel to the gravi-
tational axis to reduce buoyancy effects. To spatially extend
the reaction zone, the pressure is kept at 30 mbar (DU-R) and
40 mbar (TA-R).

Modeling
Reaction mechanism

For a detailed description of the combustion process, the
addition of the iron-oxide precursor must be taken into
account as the presence of iron atoms strongly influences the
flame chemistry. In lean conditions at low pressures, a flame-
promoting effect is observed with an increased heat release
from the flame.'® To capture these effects, the main reaction
paths of flame radical and metal species interaction must be
included in the reaction mechanism. Recently, Feroughi
et al.'® developed a sub-mechanism of Fe(CO); reactions
based on the mechanisms proposed by Wen et al® and
Wlokas et al.® This sub-mechanism covers the pyrolysis of
Fe(CO)s, formation of initial iron clusters, the interaction of
iron-containing species with the flame radicals, and the for-
mation of iron-oxide monomers.

For investigation of the Duisburg reactor (H,/O,/Ar flame),
the iron sub-mechanism is merged with the C1 mechanism
by Li et al.®® and contained 50 reacting species and 227 reac-
tions. The reduced, skeletal mechanism employed for the
CFD simulations is derived using a genetic algorithm method
proposed by Sikalo et al>' and contains 40 species and 66
reactions. The reduced mechanism is validated for laminar
flame speeds, adiabatic flame temperatures, total iron-cluster
mole fractions, and the molar fraction of iron oxide.

For investigation of the TA-R flame (CH,/O,/N,), the iron
sub-mechanism is merged with the GRI 3.0 mechanism.*
For the 2D simulations, a skeletal mechanism was employed
where the CH,/O, branch was described by the DRM-19
mechanism,* treating N, as an inert species. The final skele-
tal mechanism contained 50 species and 140 reactions.

Simulation

The reacting flow is described by the conservation equations
for mass, momentum, energy, and species. The mixture-
averaged model for the diffusion of individual species proper-
ties is implemented into this framework due to the satisfac-
tory accuracy and low computational effort. The laminar vis-
cosity of the mixture is calculated from the equation
developed by Wilke.** The thermal diffusivity was considered
as a fraction of thermal conductivity and heat capacity at con-
stant pressure. The thermal conductivity was calculated fol-
lowing the equation introduced by Mathur et al,>® and the
heat capacity at constant pressure was treated in a mass-
fraction-averaged formulation. The simulation framework is
based on the open-source CFD software OpenFOAM.>® The

This journal is © The Royal Society of Chemistry 2015
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Table 1 Experimental conditions for the flame reactors operated in Duisburg and Tel Aviv

Duisburg reactor (DU-R)

Tel Aviv reactor (TA-R)

Flow rates/sccm

Concentration Fe(CO)s 0-200 ppm
Pressure 30 mbar
Orientation of the flame Bottom to top
Matrix diameter 36 mm

Sampling nozzle/material
Applied measurements

model extensions and numerical methods are described in
detail by Deng et al.>’

The CFD simulations are computationally very expensive
and are therefore usually performed using a reduced, skeletal
reaction mechanism. The error introduced by such reduced
mechanisms mostly affects the resulting species concentra-
tions while the velocity and temperature fields are predicted
with high reliability. We hence used a combined two-step
approach: We simulated the reactor in two dimensions with
reduced chemistry using OpenFoam and corrected the results
with detailed chemistry calculations from 1D simulations
along a stream line®” using the open-source reaction kinetics
software Cantera.”®

A detailed simulation usually requires considerations of
all geometric features. Here, a quasi-2D rotationally-symmet-
ric computational domain was found to be sufficient to cap-
ture the influence caused by the metal housing of the reactor
and the sampling probe for both experiments. However, there
were some essential differences in the experiments which
required separate sets of simulations to account for the devi-
ation from one dimensionality of the perturbed flat flames.
The computational domain of the Duisburg reactor is shown

symmetry \i outlet

7~

burner matrix

isothermal
(300 K)

Fig. 3 The burner-probe configuration in the Duisburg rector
(left: photo) and the corresponding computational geometry (right).

This journal is © The Royal Society of Chemistry 2015

400 H,, 400 O, 600 Fe(CO)s in Ar

BeamDynamics model 2 0.5 mm orifice/nickel
PMS, QCM, Fe-LIF, multiline NO-LIF

450 CH,4, 900 O, 1-51 Fe(CO); in N,
20-920 ppm

40 mbar

Top to bottom

60 mm

Homemade 0.5 mm orifice/stainless steel
PMS, QCM, FeO-ICLAS, multiline OH-LIF

in Fig. 3 in a “to scale” sketch of the computational domain
on the right side and a photo of the reactor including the
burner and the probing nozzle on the left side. To capture
the perturbations caused by the probing nozzle, simulations
were carried out for five burner-probe distances at 2, 4, 6, 8,
and 10 mm. The probe was assumed to be adiabatic®” while
the outer boundary was isothermal at T = 300 K mimicking
the heat losses through the reactor housing.

A similar computational domain was chosen for the Tel
Aviv reactor, where the distance from the burner axis to the
reactor walls is much larger. However, the radial extent of the
computational domain is smaller than the reactor diameter
and thus an inlet-outlet boundary condition was applied
allowing inflow of cooled-down gases into the domain.

Results

The intention of the investigations presented here is the
characterization of the initial particle formation steps. Simple
models describe particle formation in the gas phase by pre-
cursor decomposition, formation of condensable species and
nucleation followed by coalescence and growth. However,
gas-phase chemistry and particle formation is much more
complex. Based on detailed physico-chemical characterization
in combination with modeling, we were able to develop a
comprehensive insight into the initial steps towards the for-
mation of iron oxide.

Flame perturbation

It is expected that the probing nozzle for PMS and QCM mea-
surements perturbs the flow field and therefore influences
the local species concentration, e.g., the iron atom concentra-
tion distribution. Therefore, the fluid dynamics as well as the
species concentration and the temperature profile in the
Duisburg reactor were simulated for several probe positions
and compared with experimental data.

The simulated and measured temperature fields of the
perturbed flame with the sampling nozzle located at 8 mm
HAB are shown in Fig. 4. Despite the fact that the tempera-
ture fields between the burner and the sampling nozzle look
very similar, measurement and simulation do not match very
well in their absolute values. However, both images show that
the temperature field is only slightly affected by the probe -
due to the adiabatic boundary condition in the simulation
and the small mass of the probe. Thus, mainly aerodynamic

CrysttngComm, 2015, 17, 6930-6939 | 6933
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Fig. 4 Calculated temperature field for the DU-R flame perturbed by
the sampling nozzle doped with 200 ppm Fe(CO)s (left) and compari-
son with multiline NO-LIF temperature measurements (right). The
color coding for the temperature for both images is identical, the
burner-probe distance is 8 mm.
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effects (suction into the probe) will be the main source of
perturbation in the experiment, while the simulation suffers
from uncertainties in the boundary conditions.

Fe(CO)s as precursor has limited thermal stability and
decomposes quickly into iron atoms and CO,>* which makes
it very sensitive to variations of the experimental conditions.
Therefore, the spatial distribution of iron atoms was mea-
sured in the vicinity of the burner head by Fe-LIF imaging
using laser excitation around 225.15 nm. As the probing nozzle
for PMS and QCM measurements perturbs the fluid field and
therefore the local iron atom concentration, LIF measure-
ments were taken with burner-probe distances of 5, 7, and 9
mm. Due to geometric constraints, the first two millimeters
next to the burner head are not accessible by the laser sheet.

An example for the strong perturbation of the flame by
the probe is shown for a position of 5 mm HAB in Fig. 5. The

S —_——
2
Fig. 5 Simulated iron atom concentration field for the DU-R flame

perturbed with the sampling probe at HAB = 5 mm with 200 ppm
Fe(CO)s (left) and comparison with Fe-LIF measurements (right).
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large orifice diameter causes a large zone of flow accelera-
tion, leading to a significant reduction of iron atoms directly
in front of the orifice.

This effect is reduced with increasing HAB as shown in
Fig. 6. It is obvious, that with burner/nozzle distances of 5
and 7 mm the suction of reaction gas with the PMS nozzle
located in the center of the burner head (compare Fig. 1) sub-
stantially influences the iron concentration profile while it is
almost unaffected at larger distance.

Flame temperature

The addition of iron significantly influences the combustion
process thus leading to an increasing temperature in the
vicinity of the burner with increasing precursor concentra-
tion. Iron atoms react in a catalytic cycle with radicals in the
flame (H and OH). This reaction is also responsible for the
fire-suppressing properties of iron-containing compounds.

In a first step we investigated the effect of the addition of
Fe(CO); to the fresh gases without invasive probing. The sim-
ulations predict a strong increase in temperature and con-
firm previous observations.®'**° Fig. 7 shows the difference
in temperature between the undoped and the doped flame
clearly indicating the influence of Fe(CO)s.

The temperature field was measured in parallel to the
Fe-LIF measurements using multiline NO-LIF thermometry.*’
As shown from the Fe-LIF measurements discussed above,
the probe nozzle affects the temperature distribution in case
of short burner-probe distances; however, the effect on tem-
perature is weaker than that on the iron concentration. Fig. 8
represents the temperature distributions for 0, 100, and 200
ppm Fe(CO);s and the respective profiles along the center line
(averaged over a region *1.5 mm around the axis). The
graphs show the influence of Fe(CO)s on the combustion
kinetics leading to a significant increase in temperature with
increasing Fe(CO)s concentration.

Fe and FeO concentration

The main reaction products of iron atoms are iron oxides
such as FeO, FeOOH, and Fe(OH), which then further react

200 ppm Fe(CO)g

X/ mm

Fe (I) Concentration / arb.u

0
X/ mm

Semi-quantitative iron atom concentration in the vicinity of the burner head for 100 ppm (left) and 200 ppm (right) Fe(CO)s. The iron

concentration was measured with burner-sampling nozzle distances of 5 mm (bottom), 7 mm (middle), and 9 mm (top).
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Fig. 7 Simulated temperature distribution for the DU-R flame:
Undoped (bottom) and doped (top) with 300 ppm Fe(CO)s.

towards iron-oxide particles. While the two latter species are
not easily accessible to optical measurements, we were able
to monitor the FeO concentration in the Tel Aviv reactor by
ICLAS in the 611 nm band range.?> Despite the fact that the
setup is slightly different from the Duisburg reactor, the
results from both reactors can be at least compared qualita-
tively. Most importantly, both, the increased burner area and
the higher pressure of the TA-R lead to a reduced cold-gas
velocity and a less elongated flame zone compared to the
DU-R thus affecting the spatial distribution of the different
species.

ICLAS overcomes the disadvantage of broadband cavity
losses originating from light scattering on solid particulates
present in the nanoparticle synthesis reactor. A typical FeO
spectrum is shown in Fig. 9. It is recorded in a flame doped
with 900 ppm Fe(CO);s and indicates a signal-to-noise ratio as
high as 30 under our experimental conditions. The FeO
absorbance linearly depends on the precursor concentration.
This implies that FeO is detectable for Fe(CO); precursor con-
centrations as low as 30 ppm. In addition to ICLAS, tempera-
ture profiles were measured downstream the burner based
on multiline OH-LIF.
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Fig. 9 ICLAS (dye-jet laser generation spectral profile) spectra (A) of

the stoichiometric CH4/O,/N; TA-R flame without Fe(CO)s at about 7
mm above the burner. (B) The same flame with 900 ppm Fe(CO)s and
(C) normalized ICLAS spectrum (B/A) containing FeO features originat-
ing from the addition of Fe(CO)s.

The FeO absorbance was deduced by taking into account
multiple spectral lines according to the fitting procedure
proposed by Bryukov et al.®* and previously employed in
flame studies for accurate deducing absorbance from com-
plex dense and /or multispecies spectra in case of CN,**
HSO,*® and FeO.*” This fitting procedure allows to simulta-
neously account for multiple lines of the dense and irregular
FeO spectrum, reducing the random noise in the extracted
absorbance profile.

Fig. 10 shows the extracted (peak-normalized) absorbance
profile (red circles) and the measured temperature profile as
a function of the height above burner (HAB). Based on the

1200
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Fig. 8 Temperature distribution measured downstream the DU-R burner for 0, 100, and 200 ppm Fe(CO)s (left) and temperature profiles along

the center line (right).
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Fig. 10 Peak-normalized FeO absorbance measured with ICLAS (open
circles) compared to the result of 1D Cantera simulations of Fe and
FeO concentrations (solid lines) using the detailed mechanism of
Feroughi et al.'® The measured OH-LIF temperature profile (blue) was
used as an input for the 1D simulation.

measured temperature profile, the Fe and FeO mole fraction
were simulated with the mechanism proposed by Feroughi
et al.'® with a 1D model using Cantera. The simulation shows
plausible agreement with the experiment, especially when
considering the variation of the gas density and the mole-
cule's partition function with temperature which would fur-
ther improve the agreement of the measured profile with the
shape of the simulated mole fraction distribution of FeO.
Interestingly, the iron atom concentration (black line)
increases directly within the first millimeter downstream the
burner head, diminishes and increases again. We attribute
the rise in iron concentration to the initial pyrolysis of
Fe(CO); in the early beginning of the reaction. The intermedi-
ate decrease is somewhat unclear and may be related to the
formation of iron nuclei followed by their thermal decompo-
sition starting from about 3 mm releasing again iron atoms.
It must be mentioned that the concentration of iron atoms is
about five times higher than that of FeO, therefore the forma-
tion of FeO cannot be the sink for iron atoms. With the very
early decomposition of Fe(CO); and the succeeding occur-
rence of Fe-atoms leading to Fe-cluster growth, the flame in
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the TA-R shows a different structure than the Duisburg
flame. This finding is also confirmed by the detailed 2D CFD
simulation, an example result is shown in Fig. 11. It predicts
a higher temperature than found in the experiment. We attri-
bute this difference to uncertainties in boundary conditions
resulting from the relatively small computational domain
which did not include the reactor housing and the adiabatic
condition for the probe's surface. Nevertheless, the flame
structure could be reconstructed and shows the same struc-
ture which results from 1D simulations based on a measured
temperature profile (Fig. 10).

The calculations as well as the measurements depict that
gas phase FeO has almost vanished 25 mm downstream of
the burner. To clarify whether an intermediate nucleation
takes place, particle measurements were performed in both
reactors (TA-R and DU-R) using the PMS as well as the QCM.

Upon addition of Fe(CO)s, the flames in both reactors
exhibit strong luminosity emanating from a relatively narrow
region in the vicinity of the flame front, probably due to
blackbody radiation of hot, nascent nanoparticles. Consistent
with this observation, QCM measurements close to the
burner surface reveal substantial nanoparticle formation in
the preheat zone of the flame, which then drops abruptly at
about 6 mm downstream (Fig. 12, left). The QCM measure-
ments at each HAB were synchronized with measurements of
PMS current dependence on the deflection voltage, allowing
to derive the m/z probability density distribution. From these
data the mean nanoparticle mass was derived and shown to
exhibit a four-fold decrease across the 5 mm of the mass con-
centration peak in the vicinity of the flame front (Fig. 12,
right). The sharp drop of the nanoparticle mass concentra-
tion past the flame front and the steep decrease of nanoparti-
cle mean mass stands in stark contrast to the existing mecha-
nisms of nanoparticle formation® predicting monotonic
growth of the iron-oxide nanoparticle concentration with the
increase of the reaction coordinate accompanied by an
increase of the particle diameter.

A similar sharp peak of nanoparticle mass concentration
accompanied by a drop of particle mean mass towards the
flame front was observed by Fomin et al.'® for the case of a

Fe(l) mole fraction

Fig. 11 Temperature field (left) and Fe-atom mole fraction (right) from 2D CFD simulation for a probe position of HAB = 7 mm (TA-R). The flame
structure corresponds well with the 1D simulation and indicates also the early formation of Fe-particle precursors, while the temperature is over-

predicted.
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Fig. 12 Left: dependence of the QCM signal (proportional to nanoparticle mass concentration) on the HAB for the TA-R. Right: enlarged section
of the "prompt” peak of nanoparticle formation along with the variation of the mean mass of positively and negatively charged nanoparticles

measured with PMS.

bulb-shaped flame where Fe(CO); was added at a central axial
location rather than homogeneously seeded into the unburnt
gases of the flat flame. They suggested that two competing
processes can be responsible for the sharp drop in nanoparti-
cle concentration: Evaporation/oxidation of the nascent
nanoparticles in the high-temperature area downstream the
nozzle, and a decrease in the particle number density due to
the traveling of the particles along diverging (radial) trajecto-
ries originating from the curved front of the bulb-shaped
flame.

The QCM measurements in the Tel Aviv reactor concerning
the early formation of nanoparticles were reproduced in the
Duisburg reactor. We also observed the formation of con-
densed species by means of the QCM, c¢f. symbols/dotted line
in Fig. 13, left. It is obvious that also here particles appear
only in a small range from 1 to 8 mm HAB.

The above mentioned nucleation of iron atoms to clusters
within the vicinity of the burner surface competes with
gas-phase reactions such as oxidation. Therefore, sufficient
precursor concentration would be required to produce an
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observable mass concentration of iron nanoparticles. Indeed,
the experiments show that the dependence of the nanoparti-
cle mass concentration on the concentration of Fe(CO)s
exhibits a “threshold-like” behavior. With the assumption
that in the vicinity of the burner surface all iron atoms gener-
ated via the Fe(CO); decomposition yield nanoparticles with
the exception of those that are converted to gaseous prod-
ucts, a simple kinetics consideration leads to the following
dependence of nanoparticle mass concentration, myp, on the
initial amount of Fe(CO); precursor:*®

k k
Myp = M, |:NFe(CO)S - [klj ln[NFe(CO)S ;] + 1]:| (1)
2 2

Where Mg is the mass of the iron atom, Ngg(co), is the ini-
tial concentration of iron pentacarbonyl, k; is the rate con-
stant of nanoparticle formation (quadratic with respect to the
Fe-atom concentration) and k, is the rate constant of the
hypothetic reaction leading to gas-phase products (linear,
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Fig. 13 Left: normalized QCM signal (symbols/dotted line) as a function of HAB for the DU-R (200 ppm Fe(CO)s. Measured data are compared
with simulations of Fe,, species concentrations (n = 2—8, see text). Right: normalized measured (LIF) Fe concentration for 100 and 200 ppm Fe(CO)s
(symbols) compared to 1D simulations of Fe (solid lines) and FeO (dotted lines) concentrations using the detailed mechanism of Feroughi et al.*®
The measured (multi-line NO-LIF) temperature profile was used as an input for the 1D simulation.
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with respect to the Fe-atom concentration). eqn (1) fits the
observed dependence of the nanoparticle mass concentration
on the precursor load.

These findings were further investigated with the applica-
tion of a 1D simulation of the flat flame using Cantera®
with the detailed chemical mechanism proposed by Feroughi
et al' supported by measured temperature profiles
(multiline NO-LIF) to account for realistic heat losses of the
reactor. This model well reproduces the shape of the nano-
particle mass concentration on the Fe(CO)s concentration.*®
2D numerical simulations were used to calculate the mass
transport of iron clusters Fe, with n = 2-8 (indicating all iron
mass that does not appear as iron atoms or gaseous species)
through the probing nozzle with burner-probe distances of 2,
4, 6, 8, and 10 mm, respectively (red line in Fig. 13, left). The
blue line indicates the cluster mass transport in case of an
unperturbed flame; the black line is reconstructed from the
calculated 2D temperature distribution. The accordance
between measurement and simulation is surprisingly good
giving clear evidence that the condensed species that is sam-
pled around 5 mm HAB by means of the QCM consists of
iron nanoparticles.

Similar to Fig. 10, the concentration of Fe and FeO was
calculated with Cantera based on the multiline NO-LIF tem-
perature measurements and compared with Fe-LIF measure-
ments of iron atoms. Measured and calculated Fe profiles
match quite well, while similar to the results shown in
Fig. 10, the concentration of FeO is significantly reduced by
about a factor of ten.

The left graph in Fig. 12 comprises one feature that has
not been mentioned so far. Starting from about 50 mm HAB,
nucleated species is measured by means of the QCM.
Because the ICLAS measurements did not give any indication
for FeO molecules at HAB >25 mm (Fig. 10) and also iron
atoms have vanished before, both cannot be the origin of the
nuclei. As a consequence, we assume that condensable spe-
cies measured here can neither be composed of FeO nor of
Fe. Most probably, condensation takes place from Fe(OH),
and FeOOH leading to the iron-oxide polymorphs that are
commonly observed from flame synthesis.”*

Our observations can be rationalized as follows: When the
Fe(CO); concentration is sufficiently high (less than 100 ppm
is sufficient), its decomposition produces enough Fe-atoms
to give rise to a homogeneous nucleation of iron nano-
particles in the vicinity of the burner surface. As the tempera-
ture increases towards the flame front (where it reaches up to
1700 K), the nascent nanoparticles decompose via evapora-
tion and oxidation. This is consistent with the decrease in
iron particle size and mass concentration occurring a few
millimeter downstream of the burner. In parallel with iron
particle formation, FeO molecules are formed at a ratio of
about 10-20% related to the iron atom concentration. Both,
Fe and FeO vanish around 30 mm HAB while in parallel no
condensed species is formed. With decreasing temperature at
large distances from the burner surface, iron oxide nucleates
producing the “late tail.”

6938 | CrysttngComm, 2015, 17, 6930-6939

View Article Online

CrysttngComm

Summary

Sophisticated measurement and modeling techniques have
been used to characterize the initial steps of iron-oxide nano-
particle formation from Fe(CO)s in premixed flat flame reac-
tors in Duisburg and in Tel Aviv. Laser-induced fluorescence
was used to measure the spatial distribution of iron atoms
downstream the burner head while intra-cavity laser absorp-
tion spectroscopy was applied to determine the concentration
of FeO molecules. Molecular-beam sampling at selected
heights above burner (HAB) in combination with particle
mass spectrometry (PMS) and quartz crystal microbalance
(QCM) measurements enabled the local measurement of
solid species produced in the flame. In addition, both reac-
tors were characterized with respect to their temperature pro-
file using either multiline NO-LIF thermometry (DU-R) or
two-line OH-LIF thermometry (TA-R). For a detailed under-
standing, the measurement results were evaluated taking into
account 1D and 2D simulations of temperature, flow, and
species concentration fields.

From measurements and simulations it was concluded
that the Fe(CO)s precursor initially decomposes when leaving
the burner surface, directly forming iron atoms. In case of
sufficiently high precursor concentration (less than 100 ppm
is sufficient), homogeneous nucleation of iron takes place
within the first few millimeters downstream of the burner,
resulting in significant amounts of iron nanoparticles that
could be measured by PMS and QCM. In parallel to the iron
nucleation, FeO molecules are formed. When passing the
flame front, both, iron nanoparticles and FeO start to decom-
pose resulting in only gaseous species from about 10 mm
HAB. Further downstream with decreasing temperature, a
second nucleation process develops leading to iron-oxide
nanoparticles. As iron atoms as well as FeO molecules have
almost vanished at this point, the experimental results sug-
gest that the nanoparticle growth species consists of other
molecules such as FeOOH and Fe(OH),.
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