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Abstract: The combustion of metal fuels as energy carriers in a closed-cycle carbon-free process is
a promising approach for reducing CO2 emissions in the energy sector. For a possible large-scale
implementation, the influence of process conditions on particle properties and vice versa has to
be well understood. In this study, the influence of different fuel–air equivalence ratios on particle
morphology, size and degree of oxidation in an iron–air model burner is investigated by means
of small- and wide-angle X-ray scattering, laser diffraction analysis and electron microscopy. The
results show a decrease in median particle size and an increase in the degree of oxidation for leaner
combustion conditions. The difference of 1.94 µm in median particle size between lean and rich
conditions is twentyfold greater than the expected amount and can be connected to an increased
intensity of microexplosions and nanoparticle formation for oxygen-rich atmospheres. Furthermore,
the influence of the process conditions on the fuel usage efficiency is investigated, yielding efficiencies
of up to 0.93. Furthermore, by choosing a suitable particle size range of 1 to 10 µm, the amount of
residual iron content can be minimized. The results emphasize that particle size plays a key role in
optimizing this process for the future.

Keywords: particle characterization; metal fuels; iron combustion; nanoparticles; microexplosions;
small-angle X-ray scattering (SAXS); wide-angle X-ray scattering (WAXS)

1. Introduction

One major contributor to global warming is the production of energy by means of
fossil fuels. Renewable alternatives such as solar or wind energy are dependent on weather
conditions and fluctuate heavily. To attenuate these fluctuations, the development of carbon-
free technologies for energy storage is necessary. Current approaches include pumped
hydroelectric storage [1], Carnot batteries [2] or redox flow batteries [3]. However, these
storage methods are regionally bound and offer limited options for transportation and
trade. A promising alternative energy carrier is metal fuels [4], as they are suitable to be
used in retrofitted, already-existing coal power plants [5]. The heat from the exothermic
combustion of metal fuels into particulate metal oxides is then converted into electrical
power. In contrast to carbon dioxide, the produced metal oxide in the exhaust can be easily
separated for recycling using hydrogen from electrolysis. This grants the possibility of
storing and releasing energy in large quantities in a carbon-free closed cycle. In essence, the
reduction process (storage) could be performed in sun-rich, non-inhabited areas, whereas
the oxidation process (release) yields the needed electrical energy in population-dense,
industrial areas [4].

Various metal fuels can be used for combustion [6], such as aluminum [7], silicon [8,9]
and iron. Iron particles offer multiple benefits as metal fuel: they are widely available, non-
toxic and their boiling point is higher than their flame temperature [10]. The heterogenous
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combustion mode with air under atmospheric pressure prevents the iron particles and the
formed products from being fully vaporized [11]. Thus, the produced iron oxide particles
can be easily separated from the gas stream, e.g., via cyclonic separation. The following
reduction process can be realized in a variety of industrial-scale technologies, ranging
from the traditional blast furnace process to reduction with pure hydrogen produced by
renewable electrical energy via the electrolysis of water. In the latter case, the cycle process
emits nearly zero carbon into the atmosphere.

There are several options for lab-scale iron combustion: the oxidation process can
be carried out with wall-heated laminar flow reactors [12] or iron dust flames with an
additional [13] or without [10] an additional methane/air flame. In those experiments,
particle size and morphology play a major role in the process conditions, just as in most
metal-based reactions [14]. As the reaction kinetics is limited by surface diffusion [15],
the necessary residence time may not be reached inside the reaction zone of the flame.
Decreasing the particle size for better surface/volume ratios, however, leads to decreased
flame temperatures [16]. For irregular or porous iron particles, the particles change their
morphology to spheres during combustion due to melting [12]. Therefore, it can be as-
sumed that particle size is more influential in combustion conditions than particle shape.
Furthermore, in a closed-cycle process, minimal changes in particle morphology are strived
for in order to keep all process conditions as steady as possible. Consequently, for the
original iron particles, a spherical shape is ideal.

The occurrence of microexplosions in iron particles during combustion leads to break-
age in primary particles and alters their size and morphology while simultaneously pro-
ducing nanoparticles [17–20]. This phenomenon is suggested to be part of the formation
mechanism of nanoparticles, though the formation of gaseous sub-oxides is another possi-
bility [13]. Possible mechanisms include the diffusion of surrounding gases [21] and the
vaporization of the unreacted core, as observed for aluminum [22], as well as the formation
of iron pentacarbonyl due to residual carbon [17]. The small size of the nanoparticles
increases the interparticle forces of the nanoparticles by orders of magnitude in relation
to their gravitational force, leading to unwanted particle deposition and making energy-
efficient separation more challenging. Furthermore, the cyclability of iron microparticles as
energy carriers strongly depends on size preservation to grant steady process conditions.

Recent publications have focused on the detailed characterization of the combustion of
iron particles [13,15,23] and in situ studies of nanoparticle formation [19,20,24]. However,
an in-depth investigation of the changes in the particle properties of the combusted particles
for different process conditions has not been reported yet. Hence, this work provides
detailed information about the influence of the ratio of iron to oxygen on the distribution of
different iron oxide phases, morphology aspects and the particle size distribution, as well
as the resulting fuel usage efficiency. By studying the nanoparticle fractions with regard
to their size distribution, further insights into already existing literature on the effect of
microexplosions during combustion can be generated. A central aspect of this publication
is the connection between particle properties and the envisioned cycle process for energy
storage and release.

2. Materials and Methods
2.1. Experimental Setup

The combustion of the investigated powder took place in a tube burner utilizing an
air-knife seeder for powder dispersion, which was discussed in more detail in a previous
publication [25]. In this burner, a conical iron dust flame was generated, and the combusted
particles were collected using a dedicated system.

2.2. Burner Setup

The iron powder for combustion was stored in a cylindrical tube with a diameter
of 16.4 mm. It was pushed upward by a piston, the speed of which was controlled by a
stepper motor connected to it via a threaded shaft. The dispersion of the dust took place in
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a circular gap with a height of approx. 30 µm, generating a high gas velocity. The mass flow
of air in the seeder/burner and the co-flow stream was regulated by mass flow controllers
on the feed lines.

After passing through the gap, the powder moved through a 45◦ constriction and a
5.6 mm inner diameter pilot tube before entering the 20.5 mm inner diameter combustion
tube. As the iron powder suspension exits the pilot tube, the flow slows down, and the
particles tend to adhere to the wall of the larger tube. The particle mass flow at the burner
outlet was calculated based on the amount of powder supplied by the flask and the amount
collected in the separate reservoir.

The outlet tube is surrounded by a 58.8 mm diameter co-flow to stabilize the flame
at the burner rim and prevent external influences on the flame. In the experiments, the
co-flow stream was fed with atmospheric air at a velocity matching the mean outlet velocity
of the burner at 35 cm/s.

2.3. Particle Collection System

The burner is located under a 25 cm by 25 cm square hood made of stainless steel. It is
connected to a 90◦ bend and a 90 cm long 1” stainless steel pipe. This section makes it pos-
sible to cool down the hot aerosol. Subsequently, the particles enter a commercial vacuum
cleaner Dyson v10™ (Dyson Ltd., Singapore) for separation. In the initial separation stage,
14 cyclones separate most of the particles from the airflow. This fraction is collected in a
bagless container and can be easily sampled for external investigation. After leaving the
cyclone section, the air with the non-separated particles passes through two cloth filters,
where the second, smaller fraction of combusted particles is collected.

2.4. Operating Conditions and Stoichiometry

Five different fuel–air equivalence ratios, ΦFe2O3 , which are the ratios of the fuel-to-
oxidizer ratio to the stoichiometric fuel-to-oxidizer ratio, were used in the experimental
studies. It was assumed that iron(III) oxide is the final oxidation state of the combustion
process for the definition of the ratios, as shown in Equation (1):

4 Fe + 3 O2→2 Fe2O3. (1)

The stoichiometric mixture, according to Equation (1), corresponds to an air-to-fuel
ratio (AFR) of 1.86 kgAir/kgFe. In this case, the fuel-to-oxidizer ratio matches the stoichio-
metric value, and, therefore, the fuel–air equivalence ratio, ΦFe2O3 , equals unity. Apart
from that, two leaner (less fuel) and two richer (more fuel) mixtures listed in Table 1
were studied.

Table 1. Investigated experimental conditions.

AFR kgAir/kgFe 1.24 1.49 1.86 2.33 2.79

ΦFe2O3 - 1.50 1.25 1.00 0.80 0.67

All experiments were performed at least in duplicate, with the exception of ΦFe2O3 = 1.0,
which was performed four times, and each sample was additionally measured in duplicate.

2.5. Iron Powder

The iron powder used in the combustion experiments was carbonyl iron powder
(>99.5%, PMCtec GmbH, Leun, Germany). The SEM imaging in Figure 1 shows a spherical
shape for the particles that is typical for carbonyl iron powders [26]. The median particle
size is 5.67 µm, whereas a mass fraction of 1% is smaller than 0.9 µm, as measured with
laser light diffraction. The iron powder was conditioned at 60 ◦C for a minimum of one
day before each measurement to eliminate moisture and avoid particle clumping. The
experiments, however, were performed at room temperature. The bulk density of the
powder was found to be 2.98 g/cm3. Initial tests revealed powder loss in the outlet tube,
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which was calculated for all operating conditions [25]. The mass flow rate of the iron
in the burner was determined by considering the displacement speed of the piston, the
diameter of the dust reservoir, the bulk density of the powder and the powder losses in the
outlet tube.
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Figure 1. SEM image of the original carbonyl iron powder. The particles are spherical and non-porous.

2.6. Particle Characterization

The particle size distributions (PSD) of the original iron and sampled iron oxide
particles from the first separation stage were determined via laser diffraction analysis
(HELOS (H0309) and QUIXEL, Sympatec GmbH, Clausthal-Zellerfeld, Germany). Addi-
tionally, the nanoparticles were investigated via SEM, and a comparative image analysis
of these images with the software ImageJ [27] provided a number-based particle size dis-
tribution. The phase characterization of the iron particles was carried out by means of
wide-angle X-ray scattering (WAXS). The measuring device was the Xeuss 2.0 Q-Xoom
(Xenocs SA, Grenoble, France). The X-ray microfocus source was a Genix3D Cu ULC (Ultra
Low divergence), which emits Cu-Kα radiation with an energy of 8.04 keV and a wave-
length of 1.5406 Å. The scattered radiation was measured with a Pilatus3 R 300k detector
(Dectris Ltd., Baden-Dättwil, Switzerland). The investigated powder samples were mea-
sured on adhesive polyimide foil with an exposure time of 30 min and a distance of 80 mm
from the sample to the detector. Regarding nanoparticle analysis, the distance from the
detector to the sample was changed to 2500 mm in order to detect small-angle X-ray scat-
tering (SAXS). The combination of SAXS and WAXS measurements has the advantage of
both providing detailed information about flame-born metal oxide nanoparticle sizes and
morphology [28–30], as well as quantitative information about the degree of oxidation.

2.6.1. Calculation of the Weight Fractions of Iron and the Iron Oxide Phases in a Sample
Using WAXS Calibration

The intensity ratio method for X-ray powder diffraction is a well-known method
of quantitative phase analysis [31–33] that has also been adapted for WAXS. Scattering
curves of multiple binary mixtures of pure materials are measured, and a linear regression
model for peak intensity ratio as a function of the weight fraction ratio is determined.
The pure materials used in this publication are carbonyl iron powder (>99.5%, PMCtec
GmbH, Leun, Germany; see Section 2.5), iron(II) oxide (10 mesh; ≥99.6% trace metal
basis, Sigma-Aldrich, St. Louis, MO, USA), iron(II,III) oxide (<5 µm, 95%, Sigma-Aldrich,
St. Louis, MO, USA) and iron(III) oxide (<5 µm, 96%, Sigma-Aldrich, St. Louis, MO, USA).
For better readability, the oxide states are abbreviated below with the corresponding mineral
names, i.e., Fe (iron), Wue (wuestite, iron(II) oxide), Mag (magnetite, iron(II,III) oxide) and
Hem (hematite, iron(III) oxide). In Figure 2 the wide-angle scattering curves of the pure
materials are shown. The chosen characteristic Bragg reflection peaks of the materials are
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located at a scattering angle, 2θ, of 30.36◦ for iron(II,II) oxide (220) [34], 33.17◦ for iron(III)
oxide (104) [35], 41.66◦ for iron(II) oxide (200) [36] and 44.69◦ for α-iron (110) [37]. The
peaks were fitted with a Pseudo-Voigt profile using Profex 5.1.1 [38]. For a binary mixture
of two materials, A and B, the relationship between the peak intensity ratio, IA/IB, and
weight fraction ratio, XA/XB, is

IA

IB
= KAB

XA

XB
(2)

with the proportionality constant, KAB. Therefore, plotting the intensity ratio of multi-
ple mixtures with varying weight fraction ratios yields a linear plot with a y-intercept
at 0 and a slope of KAB. As an internal standard, the Bragg peak of iron(III) oxide at
33.17◦ was chosen as it was present in all samples. The calibration plots and corre-
sponding regression results for the mixtures of iron(II,III) oxide–iron(III) oxide (Mag-
Hem), iron(II) oxide-iron(III) oxide (Wue-Hem) and iron–iron(III)–oxide (Fe-Hem) can
be found in the Supplementary Information. The resulting proportionality factors are
KMag−Hem = 0.440, KWue−Hem = 0.583 and KFe−Hem = 1.549.

The mass ratios to the iron(III) oxide of an unknown mixture are then calculated by
determining the intensity ratios and dividing them with the respective proportionality
constant, KAB. Assuming mass closure, XMag + XWue + XFe + XHem = 1, the mass fraction
of iron(III) oxide is calculated according to

XHem =
1

1 + KMag−Hem
IMag
IHem

+ KWue−Hem
IWue
IHem

+ KFe−Hem
IFe

IHem

. (3)

All other mass fractions can be determined using Equation (2) with the corresponding
intensity ratio.
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Figure 2. Characteristic Bragg peaks of the powder materials used for the phase quantification.
The scattering curve for iron(II) oxide has an additional peak at 44.9◦ due to residual iron. The
corresponding calibration curve was calculated with the assumption of 5% iron content, the maximum
amount according to the producer.

2.6.2. Calculation of the Fuel Usage Efficiency

For the future use of iron powder in retrofitted coal power plants, the released amount
of thermal energy during combustion is directly linked to the phase contents of the oxidized
particles. An exemplary fuel usage efficiency, ηHem, was calculated from the relative phase
contents as the ratio between the released energy during oxidation and the maximum
possible released energy for full oxidation to Fe2O3:

ηHem =
∆rHcalc,particle

∆rHcalc,max
. (4)
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∆rHcalc,max represents the maximum available reaction enthalpy per kg of product
particles if the iron fraction was fully converted to iron(III) oxide. Using the weight fractions
determined by WAXS calibration and the standard enthalpy of the formation of iron(III)
oxide, the maximum available reaction enthalpy is provided by

∆rHcalc,max =
1
2

3
XMag
~
MMag

+ 2
XHäm
~
MHäm

+
XWue
~
MWue

+
XFe
~
MFe

∆fHHäm. (5)

On the other hand, ∆rHcalc,particle is the sum of the molar fractions of each oxide phase
after multiplying it with its respective standard enthalpy of formation. The assumed
enthalpies were −272.04 kJ/mol for iron(II) oxide, −1120.89 kJ/mol for iron(II,III) oxide
and −825.5 kJ/mol for iron(III) oxide [39].

2.6.3. Small-Angle X-ray Scattering

Nanoparticles scatter incoming X-rays characteristically depending on their nanoscale
structures, such as particle size and morphology. The resulting scattering curve is a double
logarithmic plot of the intensity, I, over the scattering vector, q, in Å−1. The scattering
vector, q, in Equation (6) describes the scattering angle, 2θ, independent of the wavelength,
λ, of the primary beam and is provided by

q =
4π
λ

sin(θ). (6)

Information about particle size is retrieved with Guinier’s law in Equation (7) at small
angles (qRg < 1) as the radius of gyration, Rg, with prefactor G:

I(q) = G exp

(
−

q2R2
g

3

)
. (7)

The slope of the scattering curve is provided by a local power-law fit with prefactor B
according to

I(q) = B q−p. (8)

If the exponent, P, for high scattering vectors equals 4, Porod’s law for smooth particles
with a sharp density transition is fulfilled [40]. The Unified Fit Model (Irena Package
2.71 [41], IgorPro, Wavemetrics), according to Beaucage [42], was used to evaluate the
scattering data. Assuming spherical primary particles with log-normal size distribution the
geometric standard deviation, σg is calculated with the polydispersity index (PDI) and the
parameters of Guinier’s law and the power-law fit [28]:

σg = exp

(√
ln(PDI)

12

)
; PDI =

B R4
g

1.62 G
. (9)

The median diameter, dSAXS, of the distribution is then provided by [43]

dSAXS = 2

√
5
3

Rg exp
(
−13

ln(PDI)
24

)
. (10)

3. Results

Figure 3 shows an exemplary WAXS curve of oxidized particles from the first sepa-
ration stage for a fuel–air equivalence ratio of 1.5. All characteristic Bragg peaks can be
assigned respectively to iron(III) oxide, iron(II,III) oxide, iron(II) oxide or α-iron, showing
that the sampled iron oxide particles consist only of various iron oxide and pure iron
phases. Based on the relative intensity ratios, the relative phase contents have been calcu-
lated using the WAXS-calibration method. The results of increasing the fuel–air equivalence
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ratios. ΦFe2O3 , are depicted in Figure 4. The iron(III) oxide content decreases steadily from
0.49 ± 0.03 to 0.26± 0.03 for richer mixtures, whereas the iron(II,III) oxide content increases
from 0.49 ± 0.03 to 0.64 ± 0.03. The residual iron content is highest for fuel-rich flames
with 0.03 and then decreases to values of around 0.016. The steady increase for the higher
oxidized phases with decreasing equivalence ratios, ΦFe2O3 , shows that lean flames yield a
better degree of oxidation.
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Figure 3. Wide-angle scattering curve of an iron oxide sample produced with a fuel–air equivalence
ratio of ΦFe2O3 = 1.5. The particle exhibits four characteristic Bragg peaks due to the respective iron
and iron oxide phases: α-iron (Fe) at 44.9◦, iron(II) oxide (Wue) at 42.2◦, iron(II,III) oxide (Mag) at
30.3◦ and iron(III) oxide (Hem) at 33.4◦.
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Figure 4. Weight fractions of the respective oxide phases over ΦFe2O3 , as calculated with WAXS
calibration (Section 2.6.1).

The fuel usage efficiency, ηHem, is provided in Figure 5a for varying equivalence
ratios, ΦFe2O3 . For ΦFe2O3 = 1.5, ηHem is lowest with 0.87 ± 0.01 and rises with decreasing
fuel–air equivalence ratios. The changes between ΦFe2O3 = 1.0 and 0.67 become negligible
with ηHem, ranging from 0.91 ± 0.01 to 0.93 ± 0.01. To put these values in perspective, a
full conversion of pure iron powder to pure iron(II) oxide results in ηHem = 0.66, and a
conversion to pure iron(II,III) results in ηHem = 0.91. These results show that minimizing
the residual iron content is of utmost importance since a large portion of the energy is
already released after the first oxidization stage into iron(II). To understand the effect of
particle size on the degree of oxidation, the sampled iron oxide particles for ΦFe2O3 = 1.0
were sieved into two fractions for particles smaller and larger than 10 µm. The direct
comparison of the fuel usage efficiency for the two fractions with the original sample is
shown in Figure 5b. Due to the higher weight fraction of residual iron (0.016) and iron(II)
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oxide (0.048), ηHem decreases to 0.89 ± 0.01 for the coarse fraction. The fine fraction, on
the other hand, has a slightly increased ηHem at 0.93 ± 0.01 compared with the original
sampled particles (ηHem = 0.92 ± 0.01). The ratio of the available surface for oxidation and
the volume of the particle decreases with increasing particle size. Therefore, larger particles
are more difficult to oxidize completely. Based on the fractionation, the target product
particle size is 10 µm. Knowing the respective densities of iron(III) oxide and α-iron, the
resulting maximum particle size of the carbonyl iron powder should be below 7 µm to
achieve almost full oxidation.
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Figure 5. (a) Fuel usage efficiency for different fuel–air equivalence ratios. The efficiency is calculated
as the ratio between the released energy during oxidation and the maximum possible released energy
for full oxidation into Fe2O3. (b) Fuel usage efficiency for the stoichiometric ratio of oxygen to iron
particles. The particles have been separated into two fractions, one above and one below 10 µm. The
larger fraction shows increased residual iron content, which leads to decreased fuel usage efficiency.

Particle size distributions of all collected samples in the first separation stage were
measured, and the corresponding median values are shown in Figure 6, while the median
of the original iron powder is plotted as a horizontal line. The full PSDs are available
in the Supplementary Material. After oxidation, the median particle size increases from
5.67 ± 0.45 µm to sizes between 9.78 ± 0.13 µm and 7.84 ± 0.44 µm due to the embedded
oxygen inside the particles, resulting in a decrease in density from 7800 kg/m3 for pure
iron to 5201 kg/m3 for iron(II,III) oxide and 5865 kg/m3 for iron(II) oxide at an ambient
temperature [44]. The density of iron(III) oxide with 5277 kg/m3 is roughly equal to the
density of iron(II,III) oxide. With the weight fractions and densities of the oxide phases, as
well as the median particle size of 5.67 µm for the carbonyl iron particles, an exemplary
median particle size for the particles after combustion of 8.43 µm for ΦFe2O3 = 0.67 and
8.35 µm for ΦFe2O3 = 1.5 was calculated. However, the difference in the particle size
of the two respective fuel–air equivalence ratios measured is 1.94 µm, twentyfold larger
than the calculated difference. In Figure 7, SEM images of the sampled iron oxide are
depicted. The sampled iron oxide particles have a spherical morphology and are covered
by nanoparticles. A fraction of the sampled iron oxide particles shows cracks along the
particle surface. Neither the cracks nor the nanoparticles were apparent before combustion
(see Figure 1). During combustion, bubble growth and the coalescence of gaseous phases
lead to a pressure buildup inside the molten particles [10,21]. The pressure then breaks up
the particle surface, and the gases are released. The microexplosion leads to the creation of
nanoparticles that adhere to the surface and the remaining cavity of the oxidized particles.
Furthermore, the released droplets of the molten core solidify as iron oxide particles.
Therefore, the decreasing particle size for increasing oxygen content can be linked to an
increase in microexplosions and nanoparticle production.
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Figure 6. Median particle size of the iron oxide particles for different fuel–air equivalence ratios,
ΦFe2O3 . The median of the carbonyl iron powder is included as a straight line for reference.
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Figure 7. SEM images of the sampled iron oxide particles after combustion at different resolutions,
(a) and (b), in the first separation stage and (c) in the second separation stage for a fuel–air equivalence
ratio of 1. The particles in the first separation stage are spherical, exhibit multiple cracks and holes
on the surface and are covered by fine nanoparticles adhering to the surface. In (c), the separated
nanoparticles show a smooth surface as well as a spherical morphology.

The SAXS scattering curve of the produced nanoparticles, as separated by the cloth
filter, with the accompanying unified fit as well as the local Guinier and power-law fits, is
depicted in Figure 8a, yielding a radius of gyration of Rg = 22.6 nm and an exponent, P, of
−4. The power law supports the drawn assumption of spherical particles with a smooth
surface. Using the method described by Beaucage et al. [28], particle size distributions with
the assumption of log-normal distributed spheres were derived from the fit parameters
of the scattering curve. Figure 8b shows the direct comparison of this PSD with the
PSD obtained from SEM imaging. The median particle size of the SAXS distribution is
32.3 nm, whereas the median particle size of the SEM image analysis is 44.1 nm. Small
differences in absolute values come about due to resolution limits for SEM imaging, as
well as possible deviations from the drawn assumptions of the SAXS data. However, both
values are in the same order of magnitude and emphasize the production of nanoparticles
during combustion.
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Figure 8. (a) Small-angle X-ray scattering curve of the iron oxide nanoparticles. The original scat-
tering data have been fitted (with local Guinier and power-law fits) using a unified fit approach.
Guinier’s law yields a prefactor of 413.27 with a radius of gyration of 22.6 nm. The evaluation of the
power-law fit delivers an exponent of −4 and a prefactor of 5.58·10−7. (b) Particle size distributions
of the nanoparticles. Both distributions have a geometrical standard deviation of 1.37. For the SEM
distribution, 300 particles have been counted.

4. Discussion

The investigated combustion experiment provides valuable information on the use of
iron as energy carrier, especially with regard to changes in its particle sizes and morphology.
Iron particles were oxidized up to an oxygen mass fraction of 0.283 (compared with
an oxygen mass fraction of 0.3 for the full oxidation into iron(III) oxide) with a mass
fraction of residual iron of less than 0.02. The degree of oxidation was raised for leaner
mixtures by decreasing the fuel–air equivalence ratios. However, our findings show that
microexplosions occur during combustion, which increase in intensity for decreased ΦFe2O3 ,
ultimately leading to increased nanoparticle formation in oxygen-rich atmospheres. These
results are supported by the findings of Huang et al. [24] as well as Wright et al. [45], who
also report favorable conditions for microexplosions in an oxygen-rich atmosphere. The
other mechanism of nanoparticle formation is the condensation of iron-containing gaseous
species, which also increase in intensity for higher oxygen contents in the flame [46]. Both
effects may be present simultaneously, and future studies should, therefore, select their
equivalence ratios with respect to the process conditions. The nanoparticles are spherical
with a median diameter of 32 nm and a smooth surface, and they adhere to the surface
and cavities of the sampled iron oxide particles. The data are in good agreement with
previously reported findings [12].

The calculated fuel usage efficiencies increase from 0.88 to 0.93 for leaner atmospheres
with decreasing fuel–air equivalence ratios. The main influence to ensure high efficiency is
minimizing residual iron content in the oxidized particles. Particle size was also identified
to have a significant effect, as larger fractions were oxidized to a lesser degree than smaller
fractions. To achieve almost full oxidation, the maximum particle diameter of the carbonyl
iron particles should, therefore, be limited. Furthermore, Li et al. [17] reported an increased
frequency of microexplosions for larger particles of up to 100 µm, providing an additional
reason to keep particle sizes small. On the other hand, the minimum particle size should
also be limited due to an increased risk of spontaneous ignition [47], increased effort for
separation [48] and general challenges in solids handling, e.g., agglomeration, low packing
density and powder flowability.

Generally, the microexplosion mechanism was shown to drastically change the particle
size and morphology and is, therefore, crucial to the applicability of iron particles in a
circular energy storage system. Therefore, further research should focus on identifying
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the dependency of microexplosions on the process conditions and finding ways to inhibit
microexplosions while retaining a good degree of oxidation with minimal residual iron
content. Our findings suggest that there is an optimal air-to-fuel ratio (in our study, around
2 kgAir/kgFe for a median carbonyl iron powder particle size of 5.67 µm), as the sampled
combustion product was well oxidized, and the nanoparticle production was reduced
compared with higher air-to-fuel ratios.

This publication cements the applicability of iron particles as a metal fuel for energy
storage and release in retrofitted powerplants. For the envisioned cycle process, high
fuel usage efficiencies while retaining a similar morphology and particle size are desired.
Therefore, the influence of particle properties on the process conditions and vice versa will
be a central aspect of future studies in order to optimize the process.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16052009/s1.

Author Contributions: Conceptualization, S.B., F.R. and M.F.; methodology, S.B., M.F., A.A., S.H.
and M.P.D.; formal analysis, S.B. and A.A.; investigation, S.B. and M.P.D.; writing—original draft
preparation, S.B.; writing—review and editing, S.B.; visualization, S.B.; supervision, F.R., H.N., B.S.,
S.H. and D.T.; project administration, H.N., B.S. and D.T.; funding acquisition, H.N. and D.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was performed within the cluster project “Clean Circles”. Financial support
from the Strategy Funds of the KIT Presidium is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request.

Acknowledgments: We would like to thank K. Hirsch for his help with the measurements of the
particle size distributions, as well as V. Zibat (Laboratory for Electron Microscopy, Karlsruhe Institue
of Technology) for his help with the scanning electron microscopy. We acknowledge support from the
KIT-Publication Fund of the Karlsruhe Institute of Technology. The present research work contributes
to the MTET program, Resource and Energy Efficiency, Anthropogenic Carbon Cycle (38.05.01) of the
Helmholtz Association.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Hunt, J.; Zakeri, B.; Lopes, R.; Barbosa, P.; Nascimento, A.; de Castro, N.; Brandão, R.; Schneider, P.; Wada, Y. Existing and new

arrangements of pumped-hydro storage plants. Renew. Sustain. Energy Rev. 2020, 129, 109914. [CrossRef]
2. Steinmann, W.-D.; Jockenhöfer, H.; Bauer, D. Thermodynamic Analysis of High-Temperature Carnot Battery Concepts. Energy

Technol. 2020, 8, 1900895. [CrossRef]
3. Yao, Y.; Lei, J.; Shi, Y.; Ai, F.; Lu, Y.-C. Assessment methods and performance metrics for redox flow batteries. Nat. Energy 2021, 6,

582–588. [CrossRef]
4. Bergthorson, J. Recyclable metal fuels for clean and compact zero-carbon power. Prog. Energy Combust. Sci. 2018, 68, 169–196.

[CrossRef]
5. Debiagi, P.; Rocha, R.; Scholtissek, A.; Janicka, J.; Hasse, C. Iron as a sustainable chemical carrier of renewable energy: Analysis of

opportunities and challenges for retrofitting coal-fired power plants. Renew. Sustain. Energy Rev. 2022, 165, 112579. [CrossRef]
6. Wen, D. Nanofuel as a potential secondary energy carrier. Energy Environ. Sci. 2010, 3, 591. [CrossRef]
7. Bazyn, T.; Krier, H.; Glumac, N. Evidence for the transition from the diffusion-limit in aluminum particle combustion. Proc.

Combust. Inst. 2007, 31, 2021–2028. [CrossRef]
8. Auner, N.; Holl, S. Silicon as energy carrier—Facts and perspectives. Energy 2006, 31, 1395–1402. [CrossRef]
9. Bardsley, W. The Sustainable Global Energy Economy: Hydrogen or Silicon? Nat. Resour. Res. 2008, 17, 197–204. [CrossRef]
10. Poletaev, N.; Khlebnikova, M. Combustion of Iron Particles Suspension in Laminar Premixed and Diffusion Flames. Combust. Sci.

Technol. 2022, 194, 1356–1377. [CrossRef]
11. Bergthorson, J.; Goroshin, S.; Soo, M.; Julien, P.; Palecka, J.; Frost, D.; Jarvis, D. Direct combustion of recyclable metal fuels for

zero-carbon heat and power. Appl. Energy 2015, 160, 368–382. [CrossRef]

https://www.mdpi.com/article/10.3390/ma16052009/s1
https://www.mdpi.com/article/10.3390/ma16052009/s1
http://doi.org/10.1016/j.rser.2020.109914
http://doi.org/10.1002/ente.201900895
http://doi.org/10.1038/s41560-020-00772-8
http://doi.org/10.1016/j.pecs.2018.05.001
http://doi.org/10.1016/j.rser.2022.112579
http://doi.org/10.1039/b906384f
http://doi.org/10.1016/j.proci.2006.07.161
http://doi.org/10.1016/j.energy.2005.12.001
http://doi.org/10.1007/s11053-008-9077-6
http://doi.org/10.1080/00102202.2020.1812588
http://doi.org/10.1016/j.apenergy.2015.09.037


Materials 2023, 16, 2009 12 of 13

12. Wiinikka, H.; Vikström, T.; Wennebro, J.; Toth, P.; Sepman, A. Pulverized Sponge Iron, a Zero-Carbon and Clean Substitute for
Fossil Coal in Energy Applications. Energy Fuels 2018, 32, 9982–9989. [CrossRef]

13. Tóth, P.; Ögren, Y.; Sepman, A.; Gren, P.; Wiinikka, H. Combustion behavior of pulverized sponge iron as a recyclable electrofuel.
Powder Technol. 2020, 373, 210–219. [CrossRef]

14. Sápi, A.; Rajkumar, T.; Kiss, J.; Kukovecz, Á.; Kónya, Z.; Somorjai, G. Metallic Nanoparticles in Heterogeneous Catalysis. Catal.
Lett. 2021, 151, 2153–2175. [CrossRef]

15. Hazenberg, T.; van Oijen, J. Structures and burning velocities of flames in iron aerosols. Proc. Combust. Inst. 2021, 38, 4383–4390.
[CrossRef]

16. Huang, Y.; Risha, G.; Yang, V.; Yetter, R. Effect of particle size on combustion of aluminum particle dust in air. Combust. Flame
2009, 156, 5–13. [CrossRef]

17. Li, Y.-H.; Purwanto, A.; Chuang, B.-C. Micro-Explosion mechanism of iron hybrid Methane-Air premixed flames. Fuel 2022, 325,
124841. [CrossRef]

18. Li, S.; Huang, J.; Weng, W.; Qian, Y.; Lu, X.; Aldén, M.; Li, Z. Ignition and combustion behavior of single micron-sized iron particle
in hot gas flow. Combust. Flame 2022, 241, 112099. [CrossRef]

19. Li, S.; Sanned, D.; Huang, J.; Berrocal, E.; Cai, W.; Aldén, M.; Richter, M.; Li, Z. Stereoscopic high-speed imaging of iron
microexplosions and nanoparticle-release. Opt. Express 2021, 29, 34465–34476. [CrossRef]

20. Li, T.; Heck, F.; Reinauer, F.; Böhm, B.; Dreizler, A. Visualizing particle melting and nanoparticle formation during single iron
particle oxidation with multi-parameter optical diagnostics. Combust. Flame 2022, 245, 112357. [CrossRef]

21. Wainwright, E.; Lakshman, S.; Leong, A.; Kinsey, A.; Gibbins, J.; Arlington, S.; Sun, T.; Fezzaa, K.; Hufnagel, T.; Weihs, T. Viewing
internal bubbling and microexplosions in combusting metal particles via x-ray phase contrast imaging. Combust. Flame 2019, 199,
194–203. [CrossRef]

22. Tang, Y.; Kong, C.; Zong, Y.; Li, S.; Zhuo, J.; Yao, Q. Combustion of aluminum nanoparticle agglomerates: From mild oxidation to
microexplosion. Proc. Combust. Inst. 2017, 36, 2325–2332. [CrossRef]

23. Ning, D.; Shoshin, Y.; van Oijen, J.; Finotello, G.; de Goey, L. Burn time and combustion regime of laser-ignited single iron particle.
Combust. Flame 2021, 230, 111424. [CrossRef]

24. Huang, J.; Li, S.; Sanned, D.; Xu, L.; Xu, S.; Wang, Q.; Stiti, M.; Qian, Y.; Cai, W.; Berrocal, E.; et al. A detailed study on the
micro-explosion of burning iron particles in hot oxidizing environments. Combust. Flame 2022, 238, 111755. [CrossRef]

25. Fedoryk, M.; Stelzner, B.; Harth, S.; Trimis, D. Experimental investigation of the laminar burning velocity of iron-air flames in a
tube burner. Appl. Energy Combust. Sci. 2023, 13, 100111. [CrossRef]

26. Bloemacher, D. Carbonyl iron powders: Its production and new developments. Met. Powder Rep. 1990, 45, 117–119. [CrossRef]
27. Schneider, C.; Rasband, W.; Eliceiri, K. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [CrossRef]
28. Beaucage, G.; Kammler, H.; Pratsinis, S. Particle size distributions from small-angle scattering using global scattering functions. J.

Appl. Crystallogr. 2004, 37, 523–535. [CrossRef]
29. Gröhn, A.; Pratsinis, S.; Sánchez-Ferrer, A.; Mezzenga, R.; Wegner, K. Scale-up of Nanoparticle Synthesis by Flame Spray Pyrolysis:

The High-Temperature Particle Residence Time. Ind. Eng. Chem. Res. 2014, 53, 10734–10742. [CrossRef]
30. Tischendorf, R.; Simmler, M.; Weinberger, C.; Bieber, M.; Reddemann, M.; Fröde, F.; Lindner, J.; Pitsch, H.; Kneer, R.; Tiemann,

M.; et al. Examination of the evolution of iron oxide nanoparticles in flame spray pyrolysis by tailored in situ particle sampling
techniques. J. Aerosol Sci. 2021, 154, 105722. [CrossRef]

31. Hubbard, C.; Snyder, R. RIR-Measurement and Use in Quantitative XRD. Powder Diffr. 1988, 3, 74–77. [CrossRef]
32. Kim, W.; Suh, C.-Y.; Cho, S.-W.; Roh, K.-M.; Kwon, H.; Song, K.; Shon, I.-J. A new method for the identification and quantification

of magnetite-maghemite mixture using conventional X-ray diffraction technique. Talanta 2012, 94, 348–352. [CrossRef] [PubMed]
33. Kontoyannis, C.; Vagenas, N. Calcium carbonate phase analysis using XRD and FT-Raman spectroscopy. Analyst 2000, 125,

251–255. [CrossRef]
34. Bragg, W.H. The Structure of Magnetite and the Spinels. Nature 1915, 95, 561. [CrossRef]
35. El Mendili, Y.; Bardeau, J.-F.; Randrianantoandro, N.; Grasset, F.; Greneche, J.-M. Insights into the Mechanism Related to the

Phase Transition from γ-Fe2O3 to α-Fe2O3 Nanoparticles Induced by Thermal Treatment and Laser Irradiation. J. Phys. Chem. C
2012, 116, 23785–23792. [CrossRef]

36. Jette, E.; Foote, F. An X-Ray Study of the Wüstite (FeO) Solid Solutions. J. Chem. Phys. 1933, 1, 29–36. [CrossRef]
37. Zhang, J.; Guyot, F. Thermal equation of state of iron and Fe 0.91 Si 0.09. Phys. Chem. Miner. 1999, 26, 206–211. [CrossRef]
38. Doebelin, N.; Kleeberg, R. Profex: A graphical user interface for the Rietveld refinement program BGMN. J. Appl. Cryst. 2015, 48,

1573–1580. [CrossRef]
39. Allison, T.C. NIST-JANAF Thermochemical Tables-SRD 13. Natl. Inst. Stand. Technol. 2013, 10, T42S31.
40. Porod, G. Die Röntgenkleinwinkelstreuung von dichtgepackten kolloiden Systemen. Kolloid-Z. 1951, 124, 83–114. [CrossRef]
41. Ilavsky, J.; Jemian, P. Irena tool suite for modeling and analysis of small-angle scattering. J. Appl. Crystallogr. 2009, 42, 347–353.

[CrossRef]
42. Beaucage, G. Approximations Leading to a Unified Exponential/Power-Law Approach to Small-Angle Scattering. J. Appl.

Crystallogr. 1995, 28, 717–728. [CrossRef]
43. Sztucki, M.; Narayanan, T.; Beaucage, G. In situ study of aggregation of soot particles in an acetylene flame by small-angle x-ray

scattering. J. Appl. Phys. 2007, 101, 114304. [CrossRef]

http://doi.org/10.1021/acs.energyfuels.8b02270
http://doi.org/10.1016/j.powtec.2020.05.078
http://doi.org/10.1007/s10562-020-03477-5
http://doi.org/10.1016/j.proci.2020.07.058
http://doi.org/10.1016/j.combustflame.2008.07.018
http://doi.org/10.1016/j.fuel.2022.124841
http://doi.org/10.1016/j.combustflame.2022.112099
http://doi.org/10.1364/OE.434836
http://doi.org/10.1016/j.combustflame.2022.112357
http://doi.org/10.1016/j.combustflame.2018.10.019
http://doi.org/10.1016/j.proci.2016.06.144
http://doi.org/10.1016/j.combustflame.2021.111424
http://doi.org/10.1016/j.combustflame.2021.111755
http://doi.org/10.1016/j.jaecs.2022.100111
http://doi.org/10.1016/S0026-0657(10)80122-5
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1107/S0021889804008969
http://doi.org/10.1021/ie501709s
http://doi.org/10.1016/j.jaerosci.2020.105722
http://doi.org/10.1017/S0885715600013257
http://doi.org/10.1016/j.talanta.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22608459
http://doi.org/10.1039/a908609i
http://doi.org/10.1038/095561a0
http://doi.org/10.1021/jp308418x
http://doi.org/10.1063/1.1749215
http://doi.org/10.1007/s002690050178
http://doi.org/10.1107/S1600576715014685
http://doi.org/10.1007/BF01512792
http://doi.org/10.1107/S0021889809002222
http://doi.org/10.1107/S0021889895005292
http://doi.org/10.1063/1.2740341


Materials 2023, 16, 2009 13 of 13

44. Chen, Z.; Qu, Y.; Zeilstra, C.; van der Stel, J.; Sietsma, J.; Yang, Y. Prediction of density and volume variation of hematite ore
particles during in-flight melting and reduction. J. Iron Steel Res. Int. 2019, 26, 1285–1294. [CrossRef]

45. Wright, A.; Goroshin, S.; Higgins, A. Combustion Time and Ignition Temperature of Iron Particles in Different Oxidizing
Environments. Proceedings of the 25th International Colloquium on the Dynamics of Explosions and Reactive Systems, Paper
259. 2015. Available online: https://escholarship.mcgill.ca/concern/papers/5999n828k (accessed on 27 January 2023).

46. Ning, D.; Shoshin, Y.; van Oijen, J.A.; Finotello, G.; de Goey, L.P. Critical temperature for nanoparticle cloud formation during
combustion of single micron-sized iron particle. Combust. Flame 2022, 244, 112296. [CrossRef]

47. Liu, Y.; Liu, D.; Liu, G. Energy conversion and ignition of iron nanoparticles by flash. Sci. China Technol. Sci. 2017, 60, 1878–1884.
[CrossRef]

48. Zhao, B. Prediction of gas-particle separation efficiency for cyclones: A time-of-flight model. Sep. Purif. Technol. 2012, 85, 171–177.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s42243-019-00265-3
https://escholarship.mcgill.ca/concern/papers/5999n828k
http://doi.org/10.1016/j.combustflame.2022.112296
http://doi.org/10.1007/s11431-017-9144-6
http://doi.org/10.1016/j.seppur.2011.10.006

	Introduction 
	Materials and Methods 
	Experimental Setup 
	Burner Setup 
	Particle Collection System 
	Operating Conditions and Stoichiometry 
	Iron Powder 
	Particle Characterization 
	Calculation of the Weight Fractions of Iron and the Iron Oxide Phases in a Sample Using WAXS Calibration 
	Calculation of the Fuel Usage Efficiency 
	Small-Angle X-ray Scattering 


	Results 
	Discussion 
	References

