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HIGHLIGHTS

« On-line particle probing and mobility sizing reveal nanoparticle size evolution.
« Nanoparticle size distribution broadens due to condensation-driven growth.

« Hetero-coagulation with micron-sized particles reduces gas-borne nanoparticles.
« Increased oxygen concentrations enhance nanoparticle formation.

« Equivalence ratio affects nanoparticle formation and (hetero-)coagulation.

ARTICLE INFO ABSTRACT

Keywords: This study investigates the evolution of nanoparticle size distributions in laminar iron dust flames of Bunsen-type
Nanoparticle size distribution as a function of equivalence ratio, oxygen concentration in the oxidizer, and the size distribution of seeded micron-
Laminar iron dust flame sized particles. Experiments were conducted using a Bunsen-type burner. Spatially resolved nanoparticle size

On-line particle probing
Differential mobility sizing
Electron microscopy
Hetero-coagulation

distributions were measured via on-line particle probing and differential mobility sizing. Thermophoretic sam-
pling enabled morphology and phase analysis via scanning and transmission electron microscopy (SEM and TEM)
and energy-dispersive X-ray (EDX) spectroscopy. Nanoparticles form in the boundary layer of burning micron-
sized particles and are transported into the surrounding gas phase, where they undergo condensation-driven
growth, leading to a broadening of their size distribution along the flame axis. The mobility size distribution,
which includes both single nanoparticles and aggregates, shifts toward larger sizes, while the number concen-
tration decreases due to coagulation. Hetero-coagulation with micron-sized particles leads to the formation of
nanoparticle coatings on their surfaces, reducing the fraction of gas-borne nanoparticles. At the flame tip, higher
equivalence ratios, elevated oxygen concentrations, and smaller seeded particles increase nanoparticle number
concentrations. Additionally, smaller seeded iron particles result in a narrower nanoparticle size distribution.
Further downstream, hetero-coagulation dominates over nanoparticle growth, leading to a continuous reduction
in the gas-borne nanoparticle volume fraction. These findings indicate that mitigation strategies could be based
on controlling hetero-coagulation, adjusting the oxygen concentration in the oxidizer, or carefully selecting the
equivalence ratio and/or the size distribution of micron-sized iron particles.

1. Introduction iron particles serve as a solid fuel with high volumetric energy den-
sity, enabling energy release through combustion. A key challenge in the
combustion of micron-sized particles is the formation of nanoparticles
[5]. During high-temperature oxidation, micron-sized iron particles can
partially melt and vaporize, leading to localized supersaturation of iron

Micron-sized iron particles are promising candidates as a carbon-free
energy carrier for renewable hydrogen storage [1-4]. Green hydrogen
reduces iron oxide to iron, storing renewable energy. The resulting

* Corresponding author.
Email address: fabian.hagen@kit.edu (F.P. Hagen).

https://doi.org/10.1016/j.fuel.2025.135598

Received 25 February 2025; Received in revised form 21 April 2025; Accepted 4 May 2025

Available online 8 May 2025

0016-2361/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.sciencedirect.com/science/journal/0016-2361
https://www.elsevier.com/locate/JFUE
https://orcid.org/0000-0001-8841-4782
https://orcid.org/0000-0002-6479-620X
https://orcid.org/0000-0002-4358-4160
https://orcid.org/0000-0003-3645-0209
https://orcid.org/0000-0002-0481-4461
https://doi.org/10.1016/j.fuel.2025.135598
Mailto:fabian.hagen@kit.edu
https://doi.org/10.1016/j.fuel.2025.135598
http://creativecommons.org/licenses/by/4.0/

F.P. Hagen, J.H. Miiller, H. StGrmer et al.

vapor in the boundary layer, i.e., in the surrounding gas phase. Either
through reaction-driven nucleation via oxidation or homogeneous nucle-
ation, liquid iron and/or iron oxide nanodroplets or solid nanoparticles
can form, coalesce, undergo a phase transition, grow in size, and co-
agulate either among themselves or with micron-sized parent particles.
Their formation complicates post-combustion handling, as their small
size makes separation challenging and may impair recyclability [6,7].

Previous experimental studies consistently report the formation of
iron oxide nanoparticles during iron particle combustion. In single-
particle combustion experiments, Ning et al. [8-10] demonstrated that
maximum particle temperature depends on oxygen concentration, with
nanoparticle formation occurring even below the boiling points of iron
and iron oxides. Similarly, Li et al. [11] and Panahi et al. [12] observed a
nanoparticle aerosol cloud surrounding micron-sized iron particles dur-
ing single particle combustion. In entrained-flow experiments, i.e., iron
dust flames, Li et al. [13] and Téth et al. [14], also reported on nanopar-
ticle formation. Collectively, these findings highlight the critical role
of oxygen concentration and particle temperature in nanoparticle for-
mation across different combustion setups. While these studies provide
valuable insights into qualitative nanoparticle concentration during for-
mation, they do not yet resolve questions regarding nanoparticle size, its
evolving distribution, or interactions with parent micron-sized particles.

Two pathways for nanoparticle formation have been proposed. Thijs
et al. [15] assumed, due to uncertainties in molecular level formation
mechanisms, that Fe,O; nanoparticles result from the rapid conver-
sion of FeO,(g), which forms through the oxidation of Fe(g). While
experimental data support the assumption that Fe, O3 dominates in col-
lected nanoparticle samples [5,12,14,16], the actual oxide phase of
nanoparticles near a combusting micron-sized particle may differ. In
contrast to [15], Li et al. [17] recently proposed that nanoparticles form
through clustering of iron and iron oxide molecules, with FeO as the
predominant phase at temperatures above 2000 K. This is supported by
the fact that, according to the phase diagram, Fe,Os is stable only at
<1700 K [18], a temperature that is exceeded during nanoparticle for-
mation [9,11]. Based on these findings, Nguyen et al. [19] developed
a model in which supersaturated Fe(g) and FeO(g) vapor condenses
into liquid nanodroplets. Their simulations, along with corresponding
experimental results from single particle oxidation experiments by Li
et al. [17,20], highlight again that temperature of micron-sized parti-
cles is critical for nanoparticle formation. Furthermore, it is concluded
that convection and thermophoresis are the key transport processes in
the nanoparticle aerosol surrounding the parent micron-sized particles,
while nanoparticle diffusion plays a minor role. The formed nanoparti-
cle volume fraction is similar for the mechanism proposed by Thijs et al.
[15] and homogeneous nucleation [19], with the latter being largely
insensitive to gas-phase reactions.

Given the lack of validation data on the evolution of nanoparticle
size distributions during formation, it is understandable that only one of
the two studies considers this aspect. While the model by Nguyen et al.
[19] does not yet account for nanoparticle size distribution evolution,
Thijs et al. [15] computed it using a sectional population balance model.
They reported an average nanoparticle diameter of Ep = 50 nm for the
combustion of an iron particle of D = 50 pum in air. This value was
confirmed by the ex situ analysis of a micron- and nano-sized particles
collected post-flame from a stoichiometric iron dust flame seeded with
a smaller particle ensemble with D5y = 18 um [21].

To address existing gaps in validation data and provide insights into
nanoparticle evolution in laminar iron dust flames, this study focuses on
two key aspects:

i. The evolution of nanoparticle size distributions in the post-
reaction zone of laminar iron dust flames via spatially resolved
measurements.

ii. The hetero-coagulation of nanoparticles with micron-sized parent
particles to assess the impact on the evolution of the nanoparticle
size distribution.
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These two aspects are analyzed as a function of the equivalence ratio,
the size distribution of micron-sized particles, and the molar oxy-
gen concentration in the oxidizer. For these experiments, the iron
dust burner of Bunsen-type introduced by Fedoryk et al. [22] is em-
ployed. This burner enables the stabilization of self-sustained laminar
iron dust flames, providing a well-defined environment for systematic
parameter variation. Spatially resolved nanoparticle size distributions
are measured using on-line particle probing and differential mobility
sizing, while thermophoretic sampling combined with scanning elec-
tron microscopy, transmission electron microscopy (SEM and TEM),
and energy-dispersive X-ray (EDX) spectroscopy provides insights into
nanoparticle oxide phases and their coagulation dynamics with micron-
sized particles.

2. Theoretical approach and terminology

The formation of nanoparticles during the combustion of micron-
sized iron particles follows a sequence of consecutive steps, as depicted
in Fig. 1. The starting point of nanoparticle formation is iron vapor in
the boundary layer of a burning particle, released through vaporiza-
tion driven by high surface temperatures. The subsequent formation of
nanodroplets may occur via two mechanisms, neglectingven clustering:

+ Reaction-driven nanodroplet formation. Nanodroplets can form
when iron vapor oxidizes, forming iron oxides with a significantly
lower saturation vapor pressure. This sudden reduction in satura-
tion vapor pressure leads to local supersaturation, triggering the
immediate nucleation of liquid iron oxide nanodroplets [23,24].

Homogeneous nucleation. Nanodroplets can form via the sponta-
neous clustering of atoms when the vapor pressure of iron exceeds
its equilibrium saturation pressure leading to spontaneous, homoge-
neous nucleation and the formation of nanodroplets. The critical size
for stable clusters, d;’” , is governed by the Kelvin equation [25-27].

Nanodroplets with the critical size d;'”" , estimated to be in the range of
approx. 1 nm [28], with the exact value depending on boundary con-
ditions, form by either mechanism can grow in size via coalescence or
condensation, see Fig. 1:

» Nanodroplet coalescence. The merging of nanodroplets increases
their volume, resulting in a larger droplet diameter [23].
Nanodroplet growth by condensation. If the gas phase surrounding
the nanodroplet is supersaturated, iron or iron oxide vapor condenses
continuously, increasing the size of the nanodroplet. In contrast to
homogeneous nucleation, which requires overcoming a critical en-
ergy barrier for cluster formation, condensation onto an existing
droplet is thermodynamically favorable and continues as long as
supersaturation is maintained [27,29].

As shown by Finke and Sewerin [30], the predicted evolution of the
nanodroplet distribution during single aluminum particle combustion—
accounting for condensational growth and coalescence—reveals how
these processes gradually shift the initially narrow size distribution [31]
toward a self-preserving log-normal distribution [32]:
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Here, E,- represents the count median diameter (CMD), while Oy denotes
the geometric standard deviation (GSD) of the log-normally distributed
but unspecified diameter d,. For example, in the case mentioned above,
o, shifts from approx. 1.20 to 1.46, representing the self-preserving
limit for spheres in the free molecular regime [33].

The phase transition from nanodroplets to solid nanoparticles is a
critical step in the formation sequence, occurring at different times de-
pending on temperature and pressure [29]. As a result, the distinction
between liquid nanodroplets and solid nanoparticles is inherently dif-
fuse, and the transition can start immediately after droplet formation
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Fig. 1. Overview of the multiple pathways in the nanoparticle formation sequence occurring simultaneously.

or even bypass the liquid state entirely. In general, solidification oc-
curs once the temperature drops below the melting point. However,
due to the Gibbs-Thomson effect, nanodroplets exhibit a size-dependent
melting point depression [34], which hinders solidification even at
temperatures where bulk material would be solid. Conversely, reaction-
driven nanoparticle formation can lead to the immediate formation of
solid iron oxide nanoparticles without passing through a liquid state.
Consequently, the phase transition is not a discrete event but an in-
herent and continuous process throughout nanoparticle formation and
evolution.

Similar to nanodroplets, solid nanoparticles undergo surface growth
via condensation. The size distribution of solid nanoparticles can be de-
scribed by a log-normal distribution, as given in Eq. (1). In this case,
the unspecified CMD, Ei, and GSD, Oy is correspond to the nanoparticle
diameter d,, and geometric standard deviation o, ,, respectively. Here, it
should be noted that it will be shown that the nanoparticles formed and
sampled from iron dust flames are not spherical. Therefore, d, refers
to the projected area equivalent primary nanoparticle diameter in the
following.

While the correct notation for nanodroplets would be d, and o, 4, this
distinction is not relevant in the present study, as only solid nanoparti-
cles can be analyzed due to particle probing from the flame. Nonetheless,
it is crucial to distinguish between nanodroplets and nanoparticles, as
their collision dynamics differ fundamentally: when two nanodroplets
collide, they coalesce. In contrast, the collision of two nanoparticles
leads to coagulation, forming loosely bonded agglomerates and—in
combination with sintering—fractal aggregates, see Fig. 1.

Within the aggregates, nanoparticles are firmly bonded by sintering
bridges [35]. The geometric size of the aggregates is quantified by the di-
ameter of gyration d,, defined as twice the more commonly used radius
of gyration, i.e., twice the mean distance of the i-th nanoparticle from
the aggregate’s center of mass [36]. The formation of these fractal aggre-
gates, driven by coagulation and sintering, asymptotically approaches a
self-sustaining log-normal size distribution, referred to as P(d,), see Eq.
(1). The number of primary particles per aggregate N, scales with the
ratio of the diameter of gyration to the nanoparticle diameter, following
a power law [36]:

dg\ 1
Np:kf<d—p> . @

D, describes the fractal dimension of the aggregate and ranges between
1 < D, < 3. For a linear particle chain, the fractal dimension is equal to

one, while a densely packed spherical aggregate corresponds to D, = 3.
Fractal structures formed by diffusion-limited cluster-cluster agglomer-
ation (DLCA) exhibit D, = 1.78, while diffusion-limited particle-cluster
agglomeration (DLA) results in D, = 2.5, Ballistic cluster-cluster ag-
glomeration (BCCA) yields D, = 1.90, whereas ballistic particle-cluster
agglomeration (BPCA) produces compact structures with D, = 3.0, as
summarized by Schaefer and Hurd [37] as well as Eggersdorfer and
Pratsinis [38]. The mechanism governing nanoparticle coagulation dur-
ing the combustion of micron-sized iron particles is not yet resolved,
but determining D, may provide insight into the dominant agglomer-
ate or aggregate formation process. The fractal prefactor k, relates to
the anisotropy of the fractal aggregate [35] and is linked to the frac-
tal dimension according to Sorensen and Roberts [36]. For aggregates
with D, =16...2.0, k; can be approximated as 1.2 + 0.1 [36]. A trans-
mission electron microscopy image of a representative aggregate with
D, ~ 1.8, thermophoretically sampled from a stoichiometric iron dust
flame, visualizing d,, and d,, is shown in Fig. 2.

During the combustion of micron-sized iron particles, thermophore-
sis primarily governs the transport of incipient nanoparticles from the
boundary layer near the particle surface into the surrounding aerosol.
At high surface temperatures, strong evaporation induces a Stefan flow
directed outward, which further supports nanoparticle transport. The
nanoparticles then encounter different coagulation partners, resulting
in three possible outcomes, see Fig. 1:

+ Coagulation with another single nanoparticle, leading to the for-
mation of an agglomerate that may subsequently sinter into an
aggregate.

+ Coagulation with an aggregate, changing the morphology and
thereby influencing D, and/or d,.

+ Hetero-coagulation, deposition, and possibly sintering on the surface
of a micron-sized parent particle.

Moreover, collisions between two aggregates or agglomerates, resulting
in their coagulation, are possible.

Fig. 2 also shows the mobility diameter d,,, defined as the diam-
eter of a sphere with the same electrical mobility as the investigated
nanoparticle or aggregate. In this study, particle probing combined
with differential mobility sizing enables the on-line quantification of
d,, within the flame environment. The mobility diameter must be con-
sidered as follows: For single nanoparticles moving in the gas flow, the
mobility diameter is approx. equal to the nanoparticle diameter, d,, ~ d,,
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Fig. 2. Iron oxide nanoparticle aggregate with D, ~ 1.8 thermophoretically
sampled at a height above burner of 5 cm from an iron dust flame with ® = 1.0
and D5, = 18.0 um. The diameter of gyration d,, the mobility diameter d,,, and
the projected area equivalent primary nanoparticle diameter d, are indicated.

as shown in [39]. For nanoparticle aggregates, d,, is related to the diam-
eter of gyration d, [40]. Mackowski derived an empirical relationship
between these two quantities for aggregates with 0.7 < D, < 2.0 in the
free-molecular regime, i.e., Kn > 1 [41]:
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Following the approach of Kelesidis and Pratsinis [42], the volume
fraction of the nanoparticle aerosol can be estimated, accounting for
aggregate morphology and considering P(d,) and P(d,,).

3. Experimental approach

This section introduces the Bunsen-type burner, followed by the
investigated flames, sampling positions, on-line mobility sizing, and
thermophoretic sampling with electron microscopy. The experimental
setup is shown in Fig. 3.

3.1. Iron dust burner of Bunsen-type

In this study, the iron dust burner of Bunsen-type introduced by
Fedoryk et al. [22] is employed, enabling the stabilization of self-
sustained, laminar iron dust flames without oxygen enrichment, pre-
heating, or cofiring of a gaseous fuel. The setup shown in Fig. 3 uses an
air-knife seeder, based on the design by Goroshin et al. [43], to generate
an iron dust aerosol. Iron powder is pushed upward through a cylindrical
tube by a piston. The oxidizer gas is accelerated through a narrow slit of
30 pm, dispersing the iron particles. This combination of high gas veloc-
ity and continuous powder supply generates a stable, ignitable aerosol
of micron-sized iron particles. A coflow of air surrounds the outlet tube,
shielding the flame. The mass flows of both the coflow and the oxidizer
gas, which can be either air or synthetic N,/O, mixtures, are controlled
by mass flow controllers (MFCs). Further details of the iron dust burner
of Bunsen-type are provided elsewhere [22].

3.2. Investigated iron dust flames of Bunsen-type and sampling positions

In this study, six laminar iron dust flames with a mean outlet velocity
of 40 cm s~! were investigated, as summarized in Table 1. The coflow
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velocity was set to the same value. Fig. 4 shows time-averaged images
of the iron dust flames, providing a visual impression. The height above
burner (HAB) and the corresponding sampling positions are additionally
indicated in Fig. 4.

Flames #1 to #3 enable a comparison of nanoparticle formation and
evolution as a function of the equivalence ratio ® with air serving as the
oxidizer. The equivalence ratio is defined with respect to Fe,Os, as de-
scribed in [22]. A comparison of findings from flames #1 and #5 allows
conclusions to be drawn regarding the influence of the size distribution
of the micron-sized iron particles. The cumulative volume-based particle
size distributions, corresponding to the D5, values in Table 1, were deter-
mined using the method in [44] and are available in the Supplementary
Material. The influence of the molar oxygen concentration in the oxi-
dizer is evaluated by studying flames #4 to #6, using iron particles with
D5, = 5.5 um. By adjusting the number concentration of micron-sized
particles in the aerosol, the equivalence ratio is kept constant at ® = 1.0.

3.3. On-line particle probing and quantification of mobility particle size
distribution

The evolution of nanoparticle size distributions in the post-reaction
zone of iron dust flames is quantified via on-line particle sizing. This
subsection outlines the aerosol probe and sampling system, the separa-
tion of micron- and nano-sized particles using an impaction stage, and
differential mobility sizing.

3.3.1. Aerosol probe and sampling system

For differential mobility sizing, the aerosol probe introduced by
Zhao et al. [45] is employed, enabling on-line sampling and sizing of
flame-made nanoparticles. As shown in Fig. 3, a horizontally aligned,
3D-traversable ceramic tube with an inner diameter of 8.55 mm and a
wall thickness of 700 um, featuring a lateral orifice of 300 um oriented
toward the flame, is positioned at defined HABs within the investigated
iron dust flames. Through the orifice, particle-laden flame gas is ex-
tracted by applying a controlled pressure drop of 700 Pa using a vacuum
pump. Upon entering the probe, the aerosol is diluted within approx.
100 ps with nitrogen at 300 K and a flow rate of 30 1 min~!, resulting in a
dilution ratio f, of > 5x103. This quenches oxidation reactions and pre-
vents coagulation during the short transport time. A secondary dilution
step further reduces the number concentration before the aerosol is split:
1.5 Imin~! is directed to the impaction stage and differential mobility
sizing, see Section 3.3.2, while the remainder is exhausted. The dilution
ratio allows calculating the absolute particle number concentration per
mobility size as N, (d,) = fp N/ (d,), where N/ (d,,) is the measured
number concentration per mobility size. N/ (d,,) is corrected for particle
losses in the probing system as described in [39,46]. The determination
of f, follows the approach of [45]. For the nanoparticle-laden flame
aerosol, we assume a constant gas-phase temperature of 1600 K, which
was selected as a reasonable estimate for the maximum gas-phase tem-
perature at the flame tip, guided by numerical simulations of laminar
iron dust flames of Bunsen-type [47]. Even when assuming a large de-
viation of +300 K, the resulting uncertainty of < +30 % in f), remains
comparable to the uncertainty estimated by Frenzel et al. [48]. Note
that underestimating the gas-phase temperature overestimates f, and
thus underestimates N,,(d,,), and vice versa. Since higher gas-phase tem-
peratures promote nanoparticle formation but also increase the dilution
factor f, the true nanoparticle number concentration N,,(d,,) is likely
underestimated at elevated temperatures. As the degree of underestima-
tion scales with temperature, the observed trends are likely even more
pronounced once accurate temperature fields are considered. Spatially
resolved measurements of gas-phase temperatures - beyond the scope of
this work but addressed in future work—will reduce the uncertainty and
enable recursive corrections to f;, and, consequently, N, (d,,).
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Fig. 3. Experimental setup including the iron dust burner of Bunsen-type, on-line particle probing system coupled to impactor, differential mobility analyzer (DMA)
and condensation particle counter (CPC), as well as the thermophoretic sampling system used to collect micron- and nano-sized particles for scanning and transmission

electron microscopy (SEM and TEM) and energy-dispersive X-ray (EDX) analysis.

3.3.2. Micron- and nano-sized particle separation and differential mobility
sizing

The diluted aerosol sampled from the iron dust flames, consisting
of micron-sized particles, hetero- and nanoparticle aggregates as well
as single nanoparticles, is directed into an impactor, see Fig. 3. The
impactor aerodynamically separates particles based on their inertia.
micron-sized particles and hetero-aggregates with a high Stokes number
impact on a plate, while nanoparticles and/or nanoparticle aggregates
with a low Stokes number follow the gas flow, allowing selective analy-
sis of micron- and nano-sized particles. The cut-off size of the impactor
at the given flow rate of 1.5 1 min~! is dsy = 1.15 pm.

The nanoparticle aerosol then enters a Scanning Mobility Particle
Sizer (SMPS). First, soft X-rays neutralize the particles by ionizing

air molecules, establishing a bipolar charge equilibrium according to
the Fuchs theory [49]. This charge conditioning is critical, as the
electrical mobility of nanoparticles and aggregates—and thus their
size classification—depends on the charge state. Subsequently, the
Differential Mobility Analyzer (DMA) classifies particles based on their
electrical mobility Z,, which is inversely proportional to particle size
for a given charge [50]:

_eC,
YT T

(€3]

Here, e is the elementary charge, C, the Cunningham slip correction fac-
tor [46], » the gas viscosity, and d,, the mobility size as defined in sec.
2. Smaller particles exhibit higher mobilities, as their lower drag allows
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Table 1
Investigated laminar iron dust flames of Bunsen-type with a mean outlet velocity
of 40 cm s~

Flame d/- Dsy/um [0,1/vol.-%
#1 0.80 18.0 21
#2 1.00 18.0 21
#3 1.25 18.0 21
#4 1.00 5.5 19
#5 1.00 5.5 21
#6 1.00 5.5 25

S\

r / cm

/#2\ /#3\

Fig. 4. Time-averaged images of the laminar iron dust flames investigated in
this study, as listed in Table 1. Sampling positions are also indicated. Flames #1
to #3 represent an increasing equivalence ratio ® from 0.80 to 1.00 and 1.25,
with Dy, = 18.0 um. Flames #4 to #6 correspond to an increasing molar oxygen
concentration in the oxidizer from 19 vol.-% to air and 25 vol.-%, with ® = 1.00
and D, = 5.5 pm. Minor differences in flame height due to variations in laminar
flame speed exist but are not clearly discernible in the images.

faster movement in an electric field. For size classification in the DMA,
nanoparticles and aggregates are introduced into an annular region be-
tween two electrodes, with only those having Z, corresponding to the
applied voltage traversing the DMA and reaching the detector, i.e., a
Condensation Particle Counter (CPC). In the CPC, particles from the di-
luted aerosol are exposed to a supersaturated n-butanol vapor, which
condenses on their surface, leading to rapid growth into micron-sized
droplets. These droplets are counted via light scattering. Combining size
classification of the aerosol and the quantification of the number con-
centration of size-selected fractions yields the number size distribution
dN,,/dlog(d,,), representing the number concentration per logarithmic
interval of the mobility diameter. In this study, dN,,/dlog(d,,) is then
approximated by a log-normal fit to derive P(d,,) and thus to determine
d, and Cym:

In this study, a Long DMA (TSI Model 3081A) with an aerosol flow
rate of 1.5 I min~' is used, covering a size range of d,, = 7...200 nm.
Initial tests with a Nano DMA (TSI Model 3085A), which operates in
the range d,, = 1... 70 nm, indicated that the particle number concentra-
tion below 7 nm is negligible, whereas a significant fraction of particles
exceeds 70 nm, as shown later. Further details on the instrumentation,
including the soft X-ray source and CPC, are provided elsewhere [39,51].

3.4. Thermophoretic particle sampling and characterization via electron
microscopy

A thermophoretic sampling system was employed to collect micron-
and nano-sized particles for subsequent morphological and elemental
analysis. This subsection details the thermophoretic sampling system,
along with SEM, TEM, and EDX spectroscopy for particle analysis. Image
analysis methods for determining the nanoparticle size distribution
P(d,) and the fractal dimension D, of aggregates are introduced.

3.4.1. Thermophoretic sampling system
Micron- and nano-sized particles were thermophoretically sampled
at the positions shown in Fig. 4 using copper grids with a diameter of
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3.05 mm and a thin carbon film coating of <3 nm. An electromagnetic
fast-insertion system positioned the grid at the desired axial location in
the iron dust flames and/or post-flame region. The design of the grid
holder used in this study was introduced by Altenhoff et al. [52]. A
residence time of 200 ms at the sampling position proved effective, while
insertion and retraction times were below 10 ms. This approach yielded a
suitable particle loading for electron microscopy without causing visible
distortion of the flames.

3.4.2. Scanning electron microscopy

The morphology of hetero-aggregates and combusted micron-sized
particles was investigated as a function of HAB using SEM. The sampled
grids were examined with a LEO 1530 Gemini, equipped with a Schottky
field emitter and operated at 5 kV acceleration voltage.

3.4.3. Transmission electron microscopy, energy-dispersive X-ray
spectroscopy and image analysis methods

Both the morphology of hetero-aggregates and the chemical composi-
tion of nanoparticles sampled on the grids were analyzed using a Thermo
Fisher Scientific Tecnai Osiris TEM. The system is equipped with an X-
FEG high-brightness Schottky field emission gun, operated at 200 kV,
and an EDX detector. EDX spectroscopy was employed to identify the
iron oxide phase of nanoparticles via elemental mapping of oxygen and
iron.

A representative TEM image of an aggregate is shown in Fig. 2. TEM
images were analyzed to determine structural properties not accessi-
ble via mobility sizing, specifically the size distribution of nanoparticles
forming the aggregates P(d,) and the fractal dimension D of the aggre-
gates. In this study, D, was estimated using the Modified Box-Counting
(MBC) method following Wozniak et al. [53]. P(d,) was evaluated based
on the projected area equivalent diameter [54].

4. Results and discussion

This section first discusses the evolution of the nanoparticle size dis-
tribution and the impact of hetero-coagulation for flame #2, followed by
an analysis of how the equivalence ratio, micron-sized iron particle size
distribution, and oxygen concentration in the oxidizer influence these
processes.

Preliminary non-reactive experiments with aerosols of micron-sized
particles were conducted to determine the fraction of nanoparticles
in the uncombusted iron powder. For the iron particle system with
D5, = 18.0 um, the fraction of nano-sized particles relative to the number
concentration of flame-made nanoparticles was below 1 % in the stoi-
chiometric iron dust flame with air as the oxidizer, see flame #2. For
the comparable flame #5 with D5, = 5.5 pm, this fraction was <0.5 %.

4.1. Evolution of nanoparticle size distribution and hetero-coagulation with
micron-sized particles

The evolution of the nanoparticle size distribution along the flame
axis and the impact of hetero-coagulation are analyzed for the stoichio-
metric iron dust flame with D5, = 18 um, flame #2, see Table 1.

In the reaction zone of the iron dust flame, nanoparticles form in the
boundary layer of the burning micron-sized particles. Their transport
into the surrounding gas phase is likely governed by thermophoresis
and, depending on particle temperature, Stefan flow, as explained in
Section 2 or [19]. Downstream of the reaction zone, i.e., at HAB = 4 cm,
nanoparticles of 2... 50 nm in size are found, exhibiting a P(d,) with a
CMD of approximately 23 nm, as shown in Fig. 5. The analyzed nanopar-
ticles appear both as free spheres and in aggregates, as visible in Fig. 6.
With increasing HAB, i.e., residence time, surface growth is observed,
most likely driven by condensation. The size distribution P(d,) shifts to-
ward larger diameters and becomes broader with increasing HAB. This
behavior is representative and has been observed for all investigated
iron dust flames.
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Fig. 5. Nanoparticle size distributions P(d,) determined from TEM images based
on the projected area equivalent diameter. At HAB = 4 cm of flame #2, Ep =
22.9 nm and o, , = 1.45 are quantified. With increasing HAB, nanoparticles grow
in size, resulting in Ep =289 nm and o, , = 1.53. Each distribution is based on
the analysis of more than 200 nanoparticles.

Fig. 6. TEM image on the left shows single nanoparticles and fractal aggre-
gates thermophoretically sampled at HAB = 4 c¢m in flame #2. On the right,
a magnification of an aggregate reveals non-spherical, irregular, and edgy
nanoparticles.

Despite uncertainties in quantitative phase analysis via EDX map-
ping, thermophoretically sampled nanoparticles are identified as Fe, 03,
consistent with [5,12,14,16]. This is further supported by their non-
spherical, irregular, and edgy shape, indicating y-Fe,O5; [55]. Based
on the observed nanoparticle morphology, no phase transition from
metastable cubic y-Fe,0; to thermodynamically stable a-Fe,O5 is ob-
served, likely due to the short residence times within the flame. Similar
observations have been reported for spray flame synthesis of iron ox-
ide nanoparticles [56]. Note that the oxide phase of nanoparticles near
a burning micron-sized particle may differ; however, this is not nec-
essarily the case at the investigated HABs downstream of the reaction
zone.

At HAB = 4 cm, fractal dimensions ranging from 1.4 to 2.0 are
found, with the vast majority of aggregates exhibiting D, ~ 1.8. This
suggests that diffusion-limited cluster-cluster agglomeration is the domi-
nant formation mechanism, leading to open, fractal aggregate structures,
as shown in Fig. 6. At HAB = 7 cm, single spheres are almost entirely
absent, indicating that most nanoparticles have either coagulated with
other nanoparticles and/or aggregates into (larger) aggregates or formed
hetero-aggregates with micron-sized particles. The fractal dimension
of free aggregates remains unchanged along the flame axis, indicating
a consistent aggregation mechanism. However, large superaggregates
with sizes of several micrometers are frequently observed, indicat-
ing progressive coagulation of smaller aggregates. An exemplary TEM
image illustrating this observation is provided in the Supplementary
Material.

At HAB = 4 cm, just above the flame tip, hetero-coagulation
begins between the formed nanoparticles and micron-sized particles.
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Fig. 7. SEM images of two types, A and B, of micron-sized particles with nanopar-
ticles hetero-coagulated and attached to its surface, thermophoretically sampled
at HAB = 4 cm in flame #2.

Notably, two types of hetero-aggregates are observed, as shown in
Fig. 7.

Type A, the predominant hetero-aggregate, is shown on the left in
Fig. 7. It features micron-sized particles with smooth surfaces on which
nanoparticles and aggregates are deposited. Electron microscopy does
not clearly indicate whether these deposits are firmly bonded via sin-
tering bridges or merely loosely attached. However, the continuous
growth of the nanoparticle mesh on the surface of micron-sized par-
ticles suggests that the bonding is not entirely loose. Nanoparticles
or aggregates from the surrounding gas phase likely hetero-coagulate
with the micron-sized particles and may subsequently sinter at high gas
temperatures.

The evolution of hetero-aggregate type A along the flame axis
is shown in Fig. 8. Corresponding SEM images are provided in the
Supplementary Material. The number of nanoparticles deposited on the
micron-sized particles steadily increases. Due to the fractal structure
of the deposited nanoparticle aggregates, the surrounding nanoparti-
cle mesh expands with increasing HAB. Consequently, the surface area
of the formed hetero-aggregate available for coagulation and deposi-
tion continues to increase. At HAB = 7 cm, the TEM image shows an
extensive nanoparticle mesh surrounding the micron-sized particle, see
Fig. 8.

A micron-sized particle of type B is shown on the right in Fig. 7. This
type appears less frequently among the particles analyzed via SEM. Its
surface is rough and irregular, suggesting that nano-sized particles have
fused with it. One possible explanation is that nanoparticles or their
aggregates deposit onto the molten surface of the micron-sized parti-
cle, which then solidifies before the nanoparticles fully dissolve into the
melt.

Fig. 9 shows the size distributions determined via on-line parti-
cle probing and differential mobility sizing along the flame axis. The
corresponding d,,,, o, m» and number concentration N,,, derived from log-
normal fits of P(d,,) to the experimental data, are presented in Fig. 10.
At HAB = 4 cm, the highest particle number concentration is observed,
with a CMD of approx. 53 nm. Considering P(d,) shown in Fig. 5, part
of the mobility size distribution can be attributed to single gas-borne
nanoparticles, while the rest corresponds to aggregates. With increasing
HAB, the CMD of P(d,,) gradually increases, most likely due to coagula-
tion and the formation of larger aggregates. This hypothesis is supported
by the decreasing number concentration and the broadening of the size
distribution, as indicated by the increasing o, ,, values. At HAB = 7 cm,
the size distribution exhibits a CMD of approx. 84 nm, while the par-
ticle number concentration has decreased by one-third compared to
HAB = 4 cm.

By applying the approach proposed by Kelesidis and Pratsinis [42],
which accounts for P(d,) and the fractal morphology of the aggre-
gates, the volume fraction of the nanoparticle aerosol is found to
decrease slightly from approximately 2.0 ppm to 1.8 ppm along the
flame axis. Although nucleation, growth, and hetero-coagulation oc-
cur simultaneously, the observed decrease in volume fraction suggests
that hetero-coagulation dominates, reducing the fraction of gas-borne
nanoparticles and their aggregates.
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Fig. 8. TEM images of micron-sized particles hetero-coagulated with nanoparticles, thermophoretically sampled along the flame axis of flame #2. From left to right,
the particles have sizes of 0.8, 1.2, 1.4, and 1.4 pm. The mesh-like structure in the background corresponds to the carbon film on the copper grid.
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og,m, and number concentrations N,, derived from log-normal fits of P(d,,) to
the experimental data for flames #1 to #3 and #5, based on the size distributions
shown in Fig. 9.

4.2. Influence of equivalence ratio and micron-sized iron particle size
distribution

The analysis of P(d,) and D, from TEM images reveals that P(d,)
remains largely invariant with varying equivalence ratio, but slightly
increases with HAB, as discussed for the stoichiometric flame #2. In
contrast, P(d,,) exhibits significant changes along the flame axis, as
shown in Figs. 9 and 10. While the CMD of P(d,) at HAB = 4 cm
ranges between 50...55 nm, the number concentration N,, increases
by approx. 25 % for ® = 1.25 compared to the stoichiometric flame.
This increase reflects the higher mass flow rate of iron for ® = 1.25,
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Fig. 11. TEM images of micron-sized particles hetero-coagulated with nanopar-
ticles, thermophoretically sampled at HAB = 7 c¢m in flames #1 and #3, i.e.,
® = 0.80 and 1.25, respectively. The mesh-like structure in the background
corresponds to the carbon film on the copper grid.

indicating that the number of formed nanoparticles scales with the num-
ber of seeded micron-sized iron particles. However, from HAB = 4 cm
to 7 cm, the volume fraction drops from 2.3 ppm to approx. 1.3 ppm,
lower than in the stoichiometric and lean flames. This decrease along
the flame axis was attributed to hetero-coagulation between nano- and
micron-sized particles in Section 4.1. Since nucleation, condensation,
and hetero-coagulation occur simultaneously, the reduction in volume
fraction suggests that hetero-coagulation dominates, outweighing the ef-
fects of ongoing nanoparticle formation and growth. Given that the iron
dust flame with & = 1.25 exhibits a 25 % higher number concentra-
tion of micron-sized particles, increasing the probability of nanoparticle
deposition, this trend seems reasonable.

A first confirmation of this hypothesis is provided in Fig. 11, which
shows TEM images of thermophoretically sampled nano- and micron-
sized particles at HAB = 7 cm in flames #1 and #3, i.e., ® = 0.80 and
1.25, respectively. In the lean flame, single uncoagulated nanoparticles
and aggregates are present alongside a hetero-aggregate. In contrast, for
@ = 1.25, nanoparticles form a dense nanoparticle mesh surrounding
two micron-sized particles.

Reducing the D5, of the seeded micron-sized iron particles in-
creases the particle number concentration by roughly a factor of 30.
Consequently, both nanoparticle formation and hetero-coagulation are
expected to be affected. Consequently, this also implies a reduced
interparticle distance, which is expected to affect both nanoparticle
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Fig. 12. Number concentration per logarithmic interval of d,, determined via on-
line particle probing and differential mobility sizing at HAB = 4 cm and 5 cm for
flames #4 to #6. Data points represent measurements, while solid lines indicate
the best log-normal fit of P(d,,). Note that the scaling varies between the plots.

formation and hetero-coagulation. Decreasing D5, from 18.0 to 5.5 pm
results in a doubling of nanoparticle concentration at the flame tip,
i.e., HAB = 4 cm, as shown in Figs. 8 and 10. Simultaneously, the
CMD of P(d,,) decreases to approx. 37 nm, while the distribution nar-
rows, i.e., o, , is lower. The increased N, is likely a direct consequence
of the higher number of burning micron-sized particles, whereas the
reduction of the CMD suggests a different formation mechanism for
smaller micron-sized particles. The higher number concentration of
burning micron-sized particles likely increases the number of nucleation
events. However, each micron-sized particle provides only a limited
amount of iron (oxide) vapor, reducing growth per incipient nanoparti-
cle, which leads to smaller sizes and narrower distributions. This points
to a different formation mechanism: limited vapor availability likely
dominates over potential coalescence effects between closely spaced
incipient nanoparticles originating from the same micron-sized parent
particle.

Following the previously discussed trend, the number concentra-
tion N,, decreases by approx. 75 % along the flame axis. The CMD of
P(d,,) shifts to the same range as observed for flames #1 to #3 with
D5y = 18 um. However, it should be noted that, in contrast to the ob-
served trend for ® = 1.0 and 1.25 with D5, = 18 um, the increase in
nanoparticle number concentration at HAB = 4 ¢cm and its subsequent
decrease—likely due to hetero-coagulation—do not scale linearly with
the higher number of micron-sized particles when Dj, is reduced. At
HAB = 7 cm, the mobility size distributions appear to converge, con-
sistent with ongoing coagulation dynamics at longer residence times.
This observation may be relevant for the design of future nanoparticle
capture or filtration strategies.

4.3. Influence of oxygen concentration in the oxidizer

Fig. 12 shows the effect of oxygen concentration in the oxidizer on
P(d,,). The observed increase in nanoparticle formation with higher oxy-
gen concentration is consistent with the expected rise in gas-phase tem-
perature, which promotes iron vaporization and subsequent nanopar-
ticle formation [9,10]. These findings are confirmed as the number
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concentration more than doubles, while the shape of P(d,,) remains
largely unchanged compared to the case of air as the oxidizer, i.e., flame
#5. As expected, reducing oxygen suppresses nanoparticle formation.
However, at HAB = 5 cm, the number concentration nearly matches that
of flame #5, which may be attributed to reduced hetero-coagulation. It
must be noted that variations in oxygen concentration may also affect
the local Stefan flow in the boundary layer of burning particles, thereby
altering the balance of transport processes between thermophoresis and
re-entrainment, and thus influencing hetero-coagulation.

Since higher oxygen concentrations likely lead to higher gas-phase
temperatures than estimated, the dilution ratio f/, of the aerosol probe
is likely overestimated, meaning the actual increase in P(d,,) may be
greater than observed, see Section 3.3.1. Conversely, with reduced oxy-
gen, fp may be underestimated, suggesting that P(d,,) is overestimated.

5. Conclusions

This study investigated the evolution of nanoparticle size distri-
butions in laminar iron dust flames of Bunsen-type, focusing on the
interplay between formation, growth, and hetero-coagulation with
micron-sized parent particles. The key findings are:

i. Nanoparticle formation, growth, and evolution in the flame.
Nanoparticles form in the boundary layer of burning micron-sized
particles and are subsequently transported into the surround-
ing gas phase. Their size distribution shifts to larger diameters
and broadens along the flame axis due to condensation-driven
growth. The mobility size distribution, which includes both sin-
gle nanoparticles and aggregates, also shifts toward larger sizes
along the flame axis. The number concentration decreases due
to ongoing coagulation, with hetero-coagulation dominating over
further nanoparticle growth, leading to a gradual reduction in the
gas-borne nanoparticle volume fraction.

Hetero-coagulation dynamics. Two types of hetero-aggregates
were identified. The predominant type A consists of micron-sized
particles coated with a nanoparticle mesh, which grows contin-
uously along the flame axis. Type B features rough, irregular
surfaces, suggesting nanoparticle deposition onto molten surfaces.
Influence of flame parameters. The equivalence ratio influences
nanoparticle number concentration, with higher equivalence ra-
tio increasing nanoparticle formation at the flame tip. A decrease
in micron-sized particle diameter similarly increases nanopar-
ticle number concentration but results in a narrower mobility
size distribution. Higher oxygen concentrations further enhance
nanoparticle formation by increasing particle temperatures.

ii

iii.

These findings indicate that nanoparticle formation in iron dust flames
may be mitigated by controlling hetero-coagulation, adjusting the oxy-
gen concentration in the oxidizer, or modifying the equivalence ratio.
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