

View

Online


Export
Citation

RESEARCH ARTICLE |  NOVEMBER 19 2024

New insights into the dissolution mechanisms of iron oxides
and combusted iron particles in oxalic acid
M. Lausch   ; A. Zimina  ; J. Bao  ; R. Pashminehazar  ; B. J. M. Etzold  ; U. I. Kramm  ;
J.-D. Grunwaldt  ; J. Hussong 

J. Chem. Phys. 161, 194308 (2024)
https://doi.org/10.1063/5.0229410

Articles You May Be Interested In

Substrates of anodic Alumina as the basis of detectors

AIP Conference Proceedings (November 2021)

Recycle of scrap plutonium-238 oxide fuel to support future radioisotope applications

AIP Conference Proceedings (January 1998)

Study of the synthesis NMC-622 cathode active material with oxalate coprecipitation method at different
reaction time

AIP Conf. Proc. (May 2023)

 14 January 2025 08:19:20

https://pubs.aip.org/aip/jcp/article/161/19/194308/3321052/New-insights-into-the-dissolution-mechanisms-of
https://pubs.aip.org/aip/jcp/article/161/19/194308/3321052/New-insights-into-the-dissolution-mechanisms-of?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-9211-9388
javascript:;
https://orcid.org/0000-0002-3111-7741
javascript:;
https://orcid.org/0009-0006-7833-7748
javascript:;
https://orcid.org/0000-0002-7551-2655
javascript:;
https://orcid.org/0000-0001-6530-4978
javascript:;
https://orcid.org/0000-0002-0884-1459
javascript:;
https://orcid.org/0000-0003-3606-0956
javascript:;
https://orcid.org/0000-0001-5152-1904
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0229410&domain=pdf&date_stamp=2024-11-19
https://doi.org/10.1063/5.0229410
https://pubs.aip.org/aip/acp/article/2372/1/180001/818892/Substrates-of-anodic-Alumina-as-the-basis-of
https://pubs.aip.org/aip/acp/article/420/1/1307/577490/Recycle-of-scrap-plutonium-238-oxide-fuel-to
https://pubs.aip.org/aip/acp/article/2517/1/020015/2888115/Study-of-the-synthesis-NMC-622-cathode-active
https://e-11492.adzerk.net/r?e=&s=HV6KVUzcTsauNb9QKAQJcmXQFD0


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

New insights into the dissolution mechanisms
of iron oxides and combusted iron particles
in oxalic acid

Cite as: J. Chem. Phys. 161, 194308 (2024); doi: 10.1063/5.0229410
Submitted: 18 July 2024 • Accepted: 22 October 2024 •
Published Online: 19 November 2024

M. Lausch,1,a) A. Zimina,2 ,3 J. Bao,4 R. Pashminehazar,2 ,3 B. J. M. Etzold,5 ,6 U. I. Kramm,4
J.-D. Grunwaldt,2 ,3 and J. Hussong1

AFFILIATIONS
1 Technische Universität Darmstadt, Institute for Fluid Mechanics and Aerodynamics, 64347 Griesheim, Germany
2Karlsruhe Institute of Technology, Institute of Catalysis Research and Technology, 76344 Eggenstein-Leopoldshafen, Germany
3Karlsruhe Institute of Technology, Institute for Chemical Technology and Polymer Chemistry, 76131 Karlsruhe, Germany
4Technische Universität Darmstadt, Institute for Catalysts and Electrocatalysts, 64287 Darmstadt, Germany
5Technische Universität Darmstadt, Ernst-Berl-Institute for Technical Chemistry and Macromolecular Science,
64287 Darmstadt, Germany

6Friedrich-Alexander-Universität Erlangen-Nürnberg, Power-To-X Technologies, 90762 Fürth, Germany

a)Author to whom correspondence should be addressed: lausch@sla.tu-darmstadt.de

ABSTRACT
The influence of oxidation state and crystalline structure on the dissolution mechanisms of both pure iron oxides and combusted iron particles
in aqueous oxalic acid (0.5 mol/l) at 60 ○C was systematically investigated. Dissolution experiments were carried out in a temperature-
controlled, continuous-flow capillary reactor, allowing for the removal of reaction products and thereby suppressing the autocatalytic reaction
mechanism. The non-reductive dissolution of α-Fe2O3 was observed through in situ x-ray absorption measurements. In contrast, the dissolu-
tion of spinel-type oxides such as γ-Fe2O3 and Fe3O4 proceeded reductively, indicated by gradual changes in characteristic spectral features.
Given that γ-Fe2O3 and Fe3O4 share a similar crystal structure but differ in the nominal oxidation state, this implies that the phase com-
position is decisive for the reductive dissolution. For mixed-phase particles consisting of spinel and rhombohedral phases (maghemite and
hematite), the preferential dissolution of the spinel phase was observed. Despite the similar bulk composition of spinel and rhombohedral
phases in the combusted iron particles (as confirmed by Mössbauer spectroscopy and x-ray diffraction analysis), dissolution predominantly
follows a non-reductive pathway, with no preferential dissolution of the γ-phase. This unique dissolution behavior of combusted iron particles
arises from their layered microstructure.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0229410

I. INTRODUCTION

Understanding the microscopic phenomena during iron oxide
dissolution is crucial for optimizing industrial processes such as
corrosion product removal1–3 and iron ore leaching.4–6 These
insights are vital for developing sustainable electrochemical
reduction methods in steelmaking, a significant contributor to
global energy use and CO2 emissions.7,8 This process includes
leaching, using the liquid product as an electrolyte in electrolysis,
and recovering metal from the cathode. Iron reduction by this

method could also support a green metal fuel economy, where
metals such as iron, favored for its abundance and stability, act
as energy carriers.7,9–13 The energy is released by combusting iron
particles, followed by the reduction of the resulting oxides using
renewable energy.7,10 Oxalic acid (OxA) is highly efficient for iron
oxide dissolution14–16 and is also used in deep eutectic solvents,17

potentially allowing insights from aqueous dissolution to apply to
non-aqueous systems. Non-aqueous solvents, lacking hydrogen evo-
lution reaction, could enhance the efficiency of electrochemical
reduction.
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The dissolution of iron oxides in OxA involves multiple
mechanisms, summarized extensively in the literature.18–22 After
protonation and the formation of an iron-oxalate complex on the
particle surface,21,23 two pathways occur. The first, non-reducing,
involves iron detachment due to Fe–O bond weakening during
protonation or surface complex reaction with a proton, leading to
desorption.21,23,24 The second is the reduction of FeIII to FeII by elec-
tron transfer from an oxalate ion, weakening the iron–oxygen bond
and facilitating detachment.23,25,26 This contribution of the reductive
pathway increases in general with lower temperatures, lower OxA
concentrations, higher pH, and higher Fe2+ ion concentrations.21,23

The ferrous ions, either from reductive dissolution or external
addition, can drive an autocatalytic reaction, where Fe2+ oxalate
complexes in solution transfer electrons to FeIII ions on the
surface.21,23 Short-wavelength light can also reduce aqueous Fe3+

complexes via photolysis or, due to the semiconductor properties of
iron oxides, reduce lattice iron directly or ligand-promoted.20,27–30

These semiconductors combined with magnetic properties are
particularly advantageous for ferrites, making them effective as
recoverable photocatalysts.31–33 The pH, ionic strength, and OxA
concentration influence oxalate ion species distribution,34,35 gov-
erning the species participating in the reaction. If ferrous iron
and doubly deprotonated oxalate ions are present, iron(II) oxalate
dihydrate (humboldtine) precipitate can form.36 Iron(II) oxalate is
stable between pH 1.6 and 3.2 according to Lee et al.15 but has been
observed at lower pH values.36,37 In fact, without active pH control,
its formation remains stable regardless of OxA concentration.19,21,38

However, despite its importance for leaching applications, its nucle-
ation site is still unclear, with some evidence pointing to formation
at the particle surface as an inherent dissolution mechanism39 and
other research suggesting the homogeneous phase.40,41

The crystal structure defines the semiconductor properties of
iron oxides, as the distribution of the electronic states in valence
and conduction bands is ruled by the interaction of the anions
and cations in the solid.20,28 Since the bonding depends on local
coordination, dissolution is not uniform across crystal sites, as
noted by Lasaga and Lüttge42 and Valverde and Wagner.43 Lasaga
and Lüttge42 suggested a heterogeneous dissolution process where
surface defects initiate dissolution waves. Preferred dissolution
directions have also been observed on iron oxide surfaces.44,45 More-
over, the semiconductivity of iron oxides also enables electron
transfer through the crystal, potentially leading to varied reaction
mechanisms and site-dependent reactivity across the particle
surface. For instance, Yanina and Rosso46 used OxA on hematite
(α-Fe2O3) crystals to create a surface potential gradient, promoting
growth through the adsorption of Fe2+

(aq) on the (001) face while
dissolving single and triple coordinated FeIII on the (hk0) face.
They also observed that decreasing pH increased the site-dependent
open-circuit potential, attributed to the asymmetry of the (001)
face compared to other faces.47 Simultaneous growth and dissolu-
tion of different crystal faces were also demonstrated for goethite
(α − FeOOH).48 Variations in the crystal structure also affect the
reaction rates, which is linked to the contribution of different
reaction mechanisms. Stumm et al.,49 p. 60, showed that reaction
rates increase from goethite to hematite to ferrihydrite, while Litter
et al.50 demonstrated a faster dissolution for spinel-type maghemite
(γ-Fe2O3) compared to rhombohedral hematite, attributing these
differences to photoreactivity and conductivity changes in the

crystal. This conclusion was supported by studies on dissolution
rates in thioglycolic acid with varying Co substitutions in magnetite
(Fe3O4).51,52 Even without chelating ligands, reductive dissolution
has been observed for spinel oxides using sulfuric acid53 or
tris(picolinato)vanadium(II).54 However, reduction is not limited to
spinel structures; Santawaja et al.40 and Taxiarchou et al.22 observed
Fe2+ formation during hematite dissolution in the dark, indicating
active reductive pathways. Similarly, Vehmaanperä et al.36 and
Vehmaanperä, Salmimies, and Häkkinen55 suggested a reductive
contribution for the dissolution of hematite, although light expo-
sure may have influenced these results. Crucially, studies on
reductive dissolution are difficult to compare due to variations
in OxA concentrations—from millimolar50,56 to 1 mol/l40—and
differing pH adjustments, of which both significantly affect solu-
tion complexes.19,35 Despite evidence highlighting the role of crystal
structure in electron transfer, the specific impact on the equilibrium
between reaction mechanisms thus remains unclear, particularly for
higher acid concentrations and temperatures relevant for industrial
processes. This uncertainty is exacerbated by the use of batch
experiments in the existing studies, which allow for autocatalytic
reaction that further contributes to oxide reduction.

A change in the nominal oxidation state of iron oxide is
often accompanied by a change in the crystal structure. How-
ever, even when crystal structures are similar, as in magnetite and
maghemite, significant differences in dissolution mechanisms can
arise. In maghemite, the vacant octahedral Fe2+ sites of magnetite
result in variations in lattice energy57 and conductivity, with mag-
netite being a conductor and maghemite being an insulator at room
temperature.58 The release of Fe2+ into solution is generally more
energetically favorable than that of Fe3+.59 However, reduced Fe2+

behaves distinctly compared to the original Fe2+ within the crystal.
If Fe2+ is reduced on the surface via electron transfer, it becomes
more reactive than Fe2+ of the original crystal.26 Once an electron
transfer occurs, the crystal lattice around the reduced iron desta-
bilizes due to the loss of charge and the increased size of the
reduced iron18 (p. 306).21,59 The increased lability of the O–Fe2+

bond facilitates its detachment from the crystal, leading to a faster
solubilization of ferrous iron21 and subsequently accelerating the
autocatalytic mechanism. It has been shown that electron transfer
is the rate-determining step in the reductive dissolution mechanism
of magnetite,56 not the detachment of Fe2+ as suggested by Cor-
nell and Schwertmann.18 Depending on the electronic structure,
ferrous ions that activate the autocatalytic reaction cycle can
originate from the crystal itself, as in magnetite or wüstite (FeO),
or stem from the reduction of surface FeIII, as in hematite or
maghemite. Particularly for magnetite, faster dissolution has been
observed,36,37 which is still faster than that of maghemite.23 Thus,
the oxidation state influences reaction mechanisms both directly,
through changes in dissolution-governing particle properties, and
indirectly, by activating autocatalysis depending on the initial Fe2+

fraction in the crystal.
The influence of mixed phases on dissolution is less explored

compared to pure iron oxides, so far mostly in the context of
purification of clay materials such as kaolin.6,60–62 The dissolution
of iron rust (consisting of hematite and iron hydroxides) in OxA has
been observed to occur more rapidly than with pure hematite. This
increased dissolution rate was attributed to the absence of a passi-
vating ferrous oxalate layer that was speculated to form on hematite
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particles.15 The literature describes the addition of Fe2+ either in
salt form6,60 or through magnetite61 as a method to initiate the
autocatalytic reaction mechanism. While the resulting dissolution
then involves mixed phases in the reaction vessel, a detailed
understanding of the mechanisms within a single mixed-phase
particle remains lacking. However, given the described influence of
crystal structure and oxidation state on semiconducting properties
and reaction mechanisms, a mixed phase could significantly impact
the dissolution behavior. For example, Nakanishi et al.63 demon-
strated enhanced photocatalytic activity upon introducing a γ-phase
into a hematite crystal, which is typically in the α-phase.

In conclusion, while a substantial body of literature addresses
iron oxide dissolution mechanisms, significant gaps remain in our
understanding of the factors that govern their equilibrium. Most
studies have primarily explored the effects of light on the reduction
of iron oxides due to their semiconducting properties, rather than
on the particular effect and interaction between particle char-
acteristics, such as crystal structure or nominal oxidation state,
on the occurring dissolution mechanisms. Although the reductive
pathway for spinel-type oxides has been documented, disentan-
gling individual influences proves challenging due to the complex
interplay of the outlined reaction mechanisms. In addition,
variations in the crystal structure often coincide with changes in
the nominal oxidation state, which can also affect the equilibrium
(e.g., hematite vs magnetite). Moreover, existing studies typically
involve batch experiments, leading to self-interaction with reaction
products and vessel size-dependent concentration effects. Research
on mixed-phase iron oxide dissolution is particularly scarce;
however, understanding its influence on dissolution mechanisms is
crucial for potential electrochemical reduction applications in the
context of recyclable metal fuels.

To close these gaps, the objective of this study is to systemati-
cally investigate the influence of crystal structure and oxidation state
on the equilibrium between reductive and non-reductive reaction
mechanisms. Besides pure iron oxides, this includes mixed-phase
iron oxides such as combusted iron particles (CIPs) in the context of
recyclable metal fuels, with their phase composition and oxidation
state varying depending on combustion boundary conditions.64–66

To overcome the limitations of previous studies, a continuous-flow
setup was utilized, allowing the removal of reaction products and
eliminating autocatalytic effects. Advanced in situ x-ray absorp-
tion spectroscopy (XAS) was applied in combination with ex situ
x-ray diffraction (XRD), Mössbauer spectroscopy, scanning electron
microscopy (SEM), and x-ray tomography.

II. MATERIALS AND METHODS
A. Chemicals

The OxA concentration is constant for all experiments at
0.5 mol/l (obtained from Chem-Lab, Belgium), selected so that
the molar ratio is well above the minimum required for com-
plete dissolution (cH2C2O4/cFe ≈ 1.82 according to Santawaja et al.37).
In addition, it yields reasonable dissolution times at elevated
temperatures, as established through preliminary tests. For dissolu-
tion, five different commercial reference iron oxide particles were
obtained: hematite, α-Fe2O3 [Alfa Aesar, iron(III) oxide, 99.9%
(metal basis)]; maghemite, γ-Fe2O3 [Alfa Aesar, iron(III) oxide,
magnetic]; Fe2O3 (Nanografi, 325 mesh maghemite, purity 99.9+%),

which was determined as a mixture of α-Fe2O3 and γ-Fe2O3 (see
Sec. III A) denoted as α/γ-Fe2O3; and magnetite, Fe3O4 (Nanografi,
325 mesh magnetite, purity 99.9+%). In addition, combusted iron
particles (CIPs) from iron powder–air flames in a tube burner
at a constant mean outlet velocity of 35 cm/s67 were obtained at
the first separation stage with five different fuel-to-air equivalence
ratios Φ of 0.67, 0.8, 1.0, 1.25, and 1.5. For the calculation of Φ,
the total conversion of iron to Fe2O3 is assumed. As shown in
Sec. III A, however, the conversion rate, i.e., the degree of oxidation
and, therefore, the phase composition of the particles, is a function
of Φ.64 For the XAS measurements, the powders were diluted with
fine fused silica particles (1:20 ratio, grain size below 10 μm),
grained, and sieved to the 100–200 μm fraction to minimize the
self-absorption effects and to ensure the sufficient feed flow through
the powder.

Additional reference samples were obtained of wüstite, FeO
[Thermo Scientific Chemicals, iron(II) oxide, 99.5%]; cementite,
Fe3C (prepared according to Ref. 68 termed Fe/Aerosil-975C–CH4);
and humboldtine, (FeIIC2O4 ⋅ 2 H2O) [Thermo Scientific Chemi-
cals, iron(II) oxalate dihydrate, 99%], diluted with cellulose and
pressed into pellets. These samples were not used for dissolution
experiments.

B. Experimental setup and procedure
The chemical state of Fe in different oxides and combusted

particles was monitored during their dissolution in a continuous
flow of OxA through a capillary microreactor (schematic view is
shown in Fig. 1) by recording the x-ray absorption near-edge struc-
ture (XANES) spectra in transmission and fluorescence modes at
the CAT-ACT beamline69 at the KIT Light Source (Karlsruhe,
Germany).70 For measurements performed in transmission mode,
the incoming monochromatic intensity was measured using the first
ionization chamber (IC), I0 (6 in Fig. 1). To calculate the absorption
coefficient according to the Lambert–Beer law, the intensity at I1
(11) was used after the x-ray beam with a spot size of ∼2 × 1 mm2

passed the sample placed between the first and second ICs. A Fe foil
(12) between the second and third ICs (13) allowed the simultaneous
measurement of the iron spectrum and the subsequent calibration
by setting the first inflection point of the first derivative to the tabu-
lated value of the Fe K-edge at 7112 eV. The Fe K absorption edge is
defined as the sharp rise in absorption once the x-ray energy reaches
the binding energy of the 1s core electrons.71 During the ex situ
measurement, the double-crystal Si (111) monochromator was
operated in step scanning mode with data point acquisition in 0.3 eV
increments in the range of ±30 eV at the Fe K-edge and mono-
tonically increasing increments of 1–4.7 eV from 30 eV up to at
least 1000 eV above the Fe K-edge. These scanning parameters were
chosen to capture the spectral features while minimizing measure-
ment time and are referred to as Long-Scans (LS). The scans were
performed for the reference pellets of the oxides described in
Sec. II A and prior to the dissolution experiments for the pre-
pared, dry particles in the capillary (4). Since the combusted iron
particles can exceed 20 μm in diameter, absorption of some of
the oxides in the capillary was expected and causes significant
self-absorption distortions in the transmission XANES data. For
such cases, an energy-dispersive one-element solid-state Si detector
(5) was used to simultaneously measure the spectra in fluorescence
mode.
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FIG. 1. Schematic drawing of the experimental setup. Broadband light was only supplied to a subset of the experiments.

The x-ray absorption is measured using the continuous
scanning mode of the monochromator, and the energy range
decreased compared to the dry reference scans to capture the phys-
ical phenomena during the dissolution experiments. The energy
increment was set to 0.7 eV at the vicinity of the Fe K absorption
edge and to 1.3 eV at the post-edge region; the measurement time
per scan is 120 s. These scans are hereafter referred to as Quick-
Scans (QS). After the preparation of the particles, a mass of 10 mg
was filled into the quartz capillary (2) of 1 mm inner diameter and
a wall thickness of 10 μm (WJM-Glas Müller GmbH). To prevent
a sample displacement during the experiment, fused silica wool (7)
was used at both ends of the formed particle bed. The capillary was
then secured in a steel frame, sealed by an epoxy adhesive and tightly
connected to the main flow circuit. If the particles were exposed to
light during the experiment, a combined deuterium/halogen lamp
(8) provided a broadband spectrum of 190–2500 nm (Ocean Optics,
DH-2000-S-DUV) via a fiber-optic cable attached to the steel frame.
The end of the cable was ∼2 cm from the capillary. To prime the
experiment, the OxA was conveyed from the heated reservoir (15) to
the beginning of the capillary using a peristaltic pump (14, Ismatec,
Reglo Digital). First, the flow was stopped before the OxA reached
the particle bed, and immediately before the recording of the absorp-
tion spectra, the pump was started again to follow the wetting of
the particle bed. It was observed as a discontinuous jump in the
recorded absorption intensity after ∼3 to 5 min, thus marking the
beginning of the reaction. Once the OxA filled the measurement
spot, the absorption of x rays at this energy range in the liquid
medium was significant and the fluorescence mode had to be used
for in situ measurements. After the spectra of one experiment have
been successfully recorded, the capillary with its metal frame was
removed, and the flow circuit was cleaned by alternately pumping air

and distilled water through the system. After the last cleaning cycle,
a new metal frame with a capillary containing the next iron oxide
sample is connected to the flow circuit. The duration of an exper-
iment was set to a minimum time of 90 min. However, depending
on factors such as signal-to-noise ratio, repetition of an experiment,
and beam availability, some experiments have been conducted for a
longer time.

C. Temperature evaluation
The temperature of the reactor was controlled both by

pre-heating the OxA and by a gas blower heater (3) placed
directly beneath the capillary and monitored by an infrared camera
(9, InfraTec ImageIR 8300) focused on the particle bed inside the
capillary. Due to parasitic heat fluxes along the fluid flow path,
the gas blower was not heating adequately when set to the desired
temperature of 60 ○C. To achieve ∼60 ○C mean reaction tempera-
ture, the gas blower temperature has to be set to 125 ○C once the
peristaltic pump had been started and the flow set to the minimal
rate. Due to the flow of OxA, the position where the targeted
temperature is reached was found to be shifted in the direction of
the feed flow from the gas blower nozzle and the XAS measurements
were conducted on this position [see Fig. 2(a)]. To avoid overshoot-
ing the target temperature, the gas blower setpoint was increased
at a rate of 5 K/min starting from 50 ○C. However, the operation
of the peristaltic pump with eight rollers results in a pulsation of
the flow volume. Consequently, the heat transfer coefficient varies
periodically over time with a period of ∼21.1 s, thus leading to a
periodic change in the thermal boundary layer thickness inside the
capillary. The resulting temperature fluctuations, evaluated by an
in-house MATLAB code, are shown in Fig. 2(b).
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FIG. 2. (a) Example of an image captured by the infrared camera after the sample
temperature has reached the stable state with the approximate position and size
of the measurement spot of 143 × 72 pixels, corresponding to ∼1.9 × 0.9 mm2.
(b) Temperature evolution inside the measurement spot marked by the rectangle
in (a). The shaded area gives the 95% range of temperatures at each captured
image measured at 7 fps.

To determine the temperature variation inside the measure-
ment spot, the interval is calculated in which 95% of all the
temperatures are contained. As shown in Fig. 2(b), the minima
of the temperature evolution are associated with a greater interval
possibly due to the higher gradient in the vertical position at higher
flow velocities. While these temporal and spatial temperature fluctu-
ations introduce some uncertainty, the time scales of the processes
are much longer than the periodic fluctuations, as shown in Sec. III.

Even for a quick energy scan (QS), there are between 5 and 6 temper-
ature cycles completed, mitigating their influence on the collected
spectra. The mean temperature across the displayed cycles is close to
the target temperature of 60 ○C at ∼62.5 ○C. X-ray diffraction (XRD)
measurements were carried out at the Institute of Catalysis Research
and Technology (KIT, Eggenstein-Leopoldshafen, Germany) using
a X’Pert PRO machine (Malvern PANalytical). For the simulation of
XRD patterns, the software Mercury v.3.5.172,73 was used.

Fe-57 Mössbauer spectroscopy was carried out at room
temperature in the Catalysts and Electrocatalysts group (TU,
Darmstadt, Germany).

D. Spectroscopic data processing
The IFEFFIT software package74 was used to calibrate the

obtained Fe K spectra using the first inflection point of the Fe foil
spectrum setting it to the tabulated value of 7112 eV. The spectra
were then analyzed using a combination of the Python-based
Larch software package (version 0.9.74)75 and MATLAB. Using the
Latrix application, normalization and background subtraction are
performed by fitting a first-degree polynomial below the edge and
a second-degree polynomial above the edge for the QS and third-
degree polynomial for the LS. The normalized spectrum is obtained
by the subtraction of the fitted polynomial below the edge from the
spectrum and subsequently dividing the spectrum by the edge jump,
determined as the absolute difference in absorption values μ(E)
between the polynomial fits at the edge position. The edge position
itself was determined based on the maximum of the first derivative
of μ(E)76 using the Larch software.

Merging of the normalized spectra has been performed for
experiments that have been measured using QS. In this case, eight
spectra have been combined using the Larch software package to
obtain a higher signal-to-noise ratio. If fewer than eight spectra
remain at the end of the experiment, the final merge comprises the
previous eight spectra and all remaining spectra. However, the merg-
ing causes temporal smoothing, which could potentially obscure fast
effects. As shown in Sec. III, this only poses a challenge for the spinel-
type oxides, where the rate of change in the spectra is highest in
the beginning before monotonically approaching zero. Thus, in this
case, the first eight spectra have been processed without merging.

The pre-edge in the recorded absorption spectra results from
electronic transitions from the 1s core state to empty anti-bounded
states of d-symmetry77 that are sensitive to the oxidation state and
coordination geometry.78,79 The pre-edge data processing in this
article follows the procedures outlined in the literature,78,80–85 which
first requires the approximation of the normalized edge-onset by
some form of modeling function and subsequently subtracting the
fit from the absorption data. The extracted pre-edge is then decon-
voluted using standard functions. While these steps are consistent in
the literature, there exist different approaches as to what modeling
function to use for either edge-onset or pre-edge features. While
Galoisy, Calas, and Arrio81 and Quartieri et al.83 followed the
procedure of Calas and Petiau80 and used a regular arctangent,
Simon et al.84 and Wilke et al.85 fitted a spline and Boubnov et al.78

even concluded that a sum of an arctangent and a first-degree
polynomial is best suited for approximating the edge-onset. For
the pre-edge features, there exists a similar bandwidth of options;
however, commonly used86 are either Lorentzian, Gaussian, or a
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pseudo-Voigt function, which is able to blend the latter two. In
this study, we use the combination of a first-degree polynomial in
combination with a Voigt function to approximate the background
using the data several electron volts before and after the pre-edge
feature (see Sec. III A), while the pre-edge features were fitted with
two Gaussian functions, denoted fg,1 and fg,2. This configuration
was chosen considering the results of Boubnov et al.,78 who used
two pseudo-Voigt functions for their standard resolution case with
Gaussian fractions close to 100% for the reference oxides considered
here.

Adhering to the procedures described in the literature,71 to
obtain the Extended X-ray absorption Fine Structure (EXAFS) data,
the background subtraction of the normalized LS (QS if different)
spectra has been performed based on the AUTOBK algorithm87 with
a distance cutoff at 1 Å, using a k-weight equal to 2, setting no clamp
restrictions (data appending to avoid overshoot) for the spline fit
up to a maximum k-value of 12.5 Å−1 (10.0 Å−1). For the Fourier
transform, FT, the k2-weighted data are prepared by a Hanning win-
dow function using a sill size equal to 1 Å−1 in the k-range from 0.5
to 12.0 Å−1 (0–8.0 Å−1) to smooth the sudden truncation of 𝒳(k).

X-ray microcomputed tomography (μ-XCT) analysis was
performed using a Zeiss Xradia Versa 520 X-ray microscope
(Pleasanton, United States). The sample was filled in a capillary tube
and scanned using a 20× objective lens in binning 2 mode with a
tungsten x-ray source. The instrument was operated at 60 kV and
83 μA, employing a low energy filter to optimize transmission and
the signal to noise ratio. The chosen setting provided an optical
magnification of 20.06 and a voxel size of 0.77 μm. The sample was
scanned within the entire range of 0○–360○, and 3001 images were
acquired with an exposure time of 8 s per image, which resulted in
a scanning time of ∼8 h. Reconstructions were performed with a
commercial software package (Zeiss XMReconstructor), which uses
an algorithm based on standard filtered back-projection. Evalua-
tion of the particle characteristics was performed using an in-house
MATLAB script.

Low temperature Mössbauer spectrum was recorded in trans-
mission mode using a 57Co/Rh source in order to determine the
exact composition of the commercial maghemite Fe2O3 particles.
The measurement was performed at 5 K for 2 days with a velocity
window of ±12 mm/s. After the measurement, the folding step and
velocity calibration were completed by using the sextet lines of stan-
dard α − Fe (25 μm). The Recoil software was used for the fitting
procedure.88

The laser diffraction particle size analysis was performed by
Sympatec GmbH using the HELOS system after the dry dispersion
using the RODOS system.

III. RESULTS AND DISCUSSION
Prior to the dissolution experiments, the iron oxidation state,

crystalline structure, particle size, and morphology of the various
reference oxides and CIPs are characterized. The overall aim is
twofold: first, to validate the structure and oxidation state of the
reference oxides, and second, to characterize the CIPs to elucidate
their differing dissolution characteristics described in Sec. III B.

Since the objective of this study is to investigate the influence
of crystal structure and oxidation state on dissolution mechanisms
for both pure and mixed-phase iron oxides, a number of iron
oxides were chosen for characterization. This includes pure FeII

oxides in both rhombohedral (hematite) and spinel (maghemite)
structures, particles containing a mix of hematite and maghemite,
magnetite, and würzite. CIPs contain a mixture of α- and γ-phases
and additionally include FeII and Fe0 species.

A. Particle characterization
The structures of the Fe3O4 and γ-Fe2O3 particles are

confirmed by comparing XRD measurements with a simulated
pattern based on tabulated crystalline structures (see Fig. 19 in
Appendix A). The crystallite sizes of the particles are estimated
using both the Scherrer equation89 (SE) and Williamson–Hall

FIG. 3. XRD pattern of the mixed reference oxide; simulated data of iron oxides are scaled by their individual maximum. The intensity as a function of the angle 2Θ between
the incident and diffracted beams is normalized to its individual maximum to enhance visibility.
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FIG. 4. Mössbauer spectrum (at 5 K) of the commercial maghemite powder (α/γ
− Fe2O3), indicating the presence of maghemite (site 2) and hematite (site 1).

(WH) method,90 employing an x-ray wavelength of 1.540 598 Å
and assuming a shape factor K = 0.9. For the α-Fe2O3 particles,
the crystallite size is determined as ∼28.5 nm (WH) with a
strain of −9.5 × 10−4 using the characteristic Bragg peaks at
24.1○, 33.1○, 49.4○, 62.4○, and 64○. Using the same peaks, the
SE provided an estimate of 41.6 ± 6.6 nm, highlighting the sig-
nificant influence of strain in the sample. The crystallite size of
the magnetite sample is larger, ∼71.3 nm (WH) with a strain of
1.3 × 10−3, while the SE yielded 35.9 ± 5 nm using the Bragg peaks
at 30.1○, 35.4○, 43.1○, 57○, and 62.6○. For the commercial maghemite
Fe2O3 particles, the XRD data (Fig. 3) reveal an apparent mixture
of the rhombohedral (α-Fe2O3) and spinel structures as in
γ-Fe2O3 or Fe3O4. By using only unambiguously assignable Bragg
peaks for each phase, the crystallite size for the α-phase was

estimated to be 48.3 nm (WH), with a strain of 0.7 × 10−4, using the
peaks at 24.1○, 33.1○, 40.8○, 49.4○, and 63.9○. For the spinel phase, the
WH method estimated the crystallite size at 21.8 nm, with a strain
of 5.6 × 10−4, based on peaks at 30.2○ and 43.3○. The SE method
produced the corresponding estimates of 46.7 ± 2.4 nm for the
α-phase and 19.6 ± 0.5 nm for the spinel phase.

While the measured diffraction patterns align more closely
with the theoretical predictions of γ-Fe2O3 than those of Fe3O4,
distinguishing between the two is challenging, as many of their char-
acteristic peaks coincide (see Fig. 18 in Appendix A). To explore
the structural differences in greater detail, Mössbauer spectroscopy
is employed as a complementary technique91 to resolve hyperfine
structures around the iron nucleus and determine its oxidation
state92,93 even in amorphous structures, where XRD is less
sensitive.94 Low-temperature Mössbauer spectroscopy at 5 K is
particularly effective for distinguishing between magnetite and
maghemite, as ferric and ferrous ions share distinct hyperfine fields
in the octaeder gaps of the spinel structure.95 Figure 4 shows
the recorded and subsequently fitted Mössbauer spectrum of the
sample. As can be seen, two sextet sites can be obtained, in which
sextet site 1 has a broader hyperfine field at 54.2 T, while the
hyperfine field value of site 2 is at 52.6 T. As shown, for exam-
ple, by Oh, Cook, and Townsend,96 the larger magnetic hyperfine
field of hematite (around 54 T) indicates the antiferromagnetic state
of hematite, compared to γ-Fe2O3, which exhibits a hyperfine field
around 52 T. Hence, it is evident that the sample contains α-Fe2O3
(14%) and γ-Fe2O3 (86%). Magnetite can be excluded, as lower
magnetic fields in combination with center shifts above 0.5 mm/s
would have been expected.97

The diffraction pattern of the CIPs shows similar features to
those reported by Buchheiser et al.,64 indicating a mixture pri-
marily of α-Fe2O3 and Fe3O4, with traces of FeO and α-Fe, as
shown in Fig. 5(a). While the characteristic Bragg peaks of α-Fe2O3,
Fe3O4, and α − Fe (with α − Fe observed at 2Θ ≈ 44.7○, according to
Buchheiser et al.64) closely match theoretical predictions, the

FIG. 5. (a) XRD patterns of the Combusted Iron Particles (CIPs); the characteristic angles for each reference oxide are marked with vertical dashed lines. (b) Detail of the
characteristic magnetite peak at 2Θ ≈ 30.1○.
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Bragg peak associated with FeO at 41.7○ does not align with the
observed CIP peak, which is centered around 43.1○. Nevertheless,
the presence of FeO is consistent with findings from Choisez
et al.,65 where particles that failed to ignite were found to contain
Fe, FeO, and Fe3O4 during their oxidation in preheated air,
while combusted particles of ∼40 μm diameter were composed
of α-Fe2O3 and Fe3O4. To estimate the mean crystallite size of
hematite and magnetite in the sample, the unambiguously assignable
peaks at 24.1○, 33.1○, 40.8○, 49.4○, 54○, and 64○ (α-Fe2O3) and
18.3○, 30.1○, 53.5○, and 57○ (Fe3O4) are used. While the WH method
was applicable for the pure iron oxides, the CIPs showed significant
scatter in the α-phase, likely due to the presence of amorphous
components. Therefore, only the more robust SE was applied, yield-
ing α-Fe2O3 crystallite sizes of 36.5 ± 7.6, 32.3 ± 6.4, 39.1 ± 6.6,
34.2 ± 10.4, and 33.1 ± 9.4 nm for increasing Φ. In general,
the crystallite size of Fe3O4 was estimated slightly greater than
α-Fe2O3 with values of 39.2 ± 6.1, 39.5 ± 2.2, 43.8 ± 5.0, 43.1 ± 6.1,
and 47.2 ± 7.9 nm. However, in both cases, there is no significant
influence of Φ on the crystallite size.

Furthermore, consistent with the literature, increasing the fuel-
to-air equivalence ratio (Φ) leads to a reduction in Fe3O4 con-
tent in the particles. To assess this, the Bragg peak of α-Fe2O3 at
2Θ ≈ 33.1○ is used as a reference and fitted with a Voigt function
for each CIP. The diffraction patterns are then normalized by the
intensity of this peak, allowing for a comparison of the relative inten-
sities of the peak associated with Fe3O4 at 2Θ ≈ 30.1○. As shown
in Fig. 5(b), the magnetite content generally matches expectations
based on the fuel-to-air equivalence ratio. However, the Φ = 0.8
CIPs deviate from this trend, exhibiting a higher magnetite content
than anticipated.

Since the degree of iron oxidation is influenced not only by the
fuel-to-air ratio during combustion but also by the particle size,64

quantitatively analyzing the XRD data becomes challenging. Both
the size and phase of the particles affect the characteristics of the
diffraction peaks. The CIPs used in this study exhibit a non-normal
size distribution with a heavy right tail,64 and the magnetite content
generally increases with particle size. Thus, the observed deviation
in the Φ = 0.8 CIPs may stem from a non-representative sampling
of larger particles for XRD analysis.

Interestingly, although both α/γ-Fe2O3 and combusted iron
particles contain α- and γ-phases, their diffraction patterns differ.
This variation could be attributed to the higher diversity of Fe oxide
species and differences in the internal crystal structure of the CIPs,
as highlighted by Choisez et al.65

The phase composition of the CIPs can be derived from the
analysis of the pre-edge and near-edge features of the XAS spectra
(Fig. 6) providing detailed insights into the average coordination
geometry and oxidation state of the particles.79,85,98 The high
centrosymmetry of the octahedral coordination in FeO and the
rhombohedral crystalline structure of α-Fe2O3 result in allowed
quadrupolar transitions, translating into a less intense pre-edge, as
observed in Fig. 6(b). Consequently, if a process causes atoms in
the crystal structure to be displaced from their initial centrosym-
metric positions, introducing structural disorder and overlap of
atomic orbitals that increase the probability of electron transitions,
the intensity of the pre-edge peak may increase.99,100 For example,
Vitova et al.101 demonstrated through FEFF calculations that the
pre-edge intensity of lithium niobate increases with the increasing
presence of vacancies in the crystal structure, whether from
the removal of lithium or oxygen atoms. In terms of crystal

FIG. 6. (a) Fe K XAS spectra of the combusted iron particles (CIPs) for varying fuel-to-air equivalence ratio Φ in comparison with reference oxides, all recorded in
transmission mode. The inset displays the XANES region in detail. (b) Pre-edge features of the scans presented in (a).

J. Chem. Phys. 161, 194308 (2024); doi: 10.1063/5.0229410 161, 194308-8

© Author(s) 2024

 14 January 2025 08:19:20

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

restructuring, the simulated pre-edge intensity generally increased
with the increasing displacement of the Nb absorber. However, there
was one direction of displacement that actually caused a decrease in
intensity, even though the displacement caused a higher centrosym-
metry of the structure, highlighting the complexity of interpreting
pre-edge features. For the other oxides shown in Fig. 6(b), a
distinctive peak characteristic of the spinel crystal structure,78 which
contains tetrahedral components, can be observed.

Based on these fingerprint features of standard iron oxides,
the coordination structure of the CIPs can be evaluated. Consistent
with the Mössbauer and XRD results, the peak is more pronounced
for γ-Fe2O3 and Fe3O4, indicating a higher proportion of the
γ-phase with increased Φ. Conversely, α/γ-Fe2O3 and the CIPs
display a notable similarity in their less intense peak shape and
prominence, despite their differences in the internal structure, as
revealed by Mössbauer spectroscopy and XRD. The absorption
intensity [μ(E)] at E = [7114, 7115] eV is higher for the CIPs, which
could point to a higher metal-ligand covalency, which in turn pro-
motes more intense p–d orbital mixing for non-centrosymmetric
structures. The intensity is also influenced by the oxidation state as it
dictates the number of unoccupied d-orbitals available for the
1s→ 3d transition.

To analyze both coordination and oxidation state, the pre-edge
is examined for the enclosed area and its energy position, as outlined
in the literature.78,79,84 The enclosed area is determined by fitting
the pre-edge following the procedure described in Sec. II D and
summing the integrals of the two Gaussian functions. The energy
position, indicative of the formal oxidation state, is calculated as the
area-weighted Gaussian centroids. An example fit with its residual
is shown in Fig. 7(a); other fits are shown in Figs. 20 and 21 in
Appendix A. The resulting variogram containing all fits is shown
in Fig. 7(b), where the error bars represent the standard deviation
obtained from the fitting procedure.

As shown in Fig. 7(b), the oxides cluster according to their
phase and oxidation state: particles with higher FeIII are located at
higher energies, while particles with greater centrosymmetry exhibit
a lower intensity. As evident in Figs. 6 and 7(b), the CIPs are almost
indistinguishable regarding their centroid position and intensity,
close to Fe3O4. An exception are the Φ = 0.67 CIPs, which, con-
sistent with the XRD analysis, display the highest FeIII content.
While from Fig. 6(b), a centroid position for Φ = 1.5 is expected to
be closer to that of Φ = 0.67, the analysis of pre-edge revealed the
relatively high uncertainty for Φ = 1.5 compared to the other CIPs
[see Fig. 7(b)]. One contributing factor to the minor spectral differ-
ences observed among the CIPs could be a systematic bias during
particle preparation, which may favor smaller particles during
dilution with cellulose or fused silica, as described in Sec. II B.
Particularly in the case of sieving, larger particles would be less likely
to pass through the 200 μm sieve, as reaching the critical particle size
would result in less mass adhering to the fused silica. Since smaller
particles exhibit a higher degree of oxidation,64 this could reduce the
observed effect of Φ on the particle oxidation state. Another method-
ological factor could be the interaction between the particle and the
x-ray beam: The absorption cross sections of Fe2O3 and Fe3O4 at
7150 eV are estimated through the interpolation of a second-order

FIG. 7. (a) Fe K pre-edge fit for Φ = 1.5 CIPs. (b) Variogram comprising the cen-
troid position and the total area of pre-edge for reference oxides and CIPs shown
in Fig. 6.
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polynomial fit to tabulated values102,103 to be ∼293 and 303 cm2
/g,

respectively. With average bulk densities of 5.26 and 5.18 g/cm3,104

this results in nearly equal sample thicknesses of ∼13.0 μm (Fe2O3)
and 12.7 μm (Fe3O4) for a desired minimum μ(7150 eV) = 2. As
a result, the signal measured in I1 would be biased toward smaller
particles, since larger particles would attenuate the signal beyond
the detection limit. If the CIPs possess a core–shell structure with
an α-Fe2O3 shell and an Fe3O4 core containing α-Fe2O3 intersti-
tials, as described by Choisez et al.,65 this could bias the measure-
ments toward α-Fe2O3 even when using the fluorescence mode. The
higher frequency of micro-explosions in oxygen-rich combustion
environments, which produces a greater number of smaller particles,
may also contribute to the elevated FeIII content observed in
Φ = 0.67. While the particle-size-dependent attenuation effect also
affects the reference oxides, it is less pronounced because their
median particle size is significantly smaller and there is no structural
variation across the particle volume.

Information about the structure surrounding the Fe absorber
can also be extracted from the EXAFS oscillations 𝒳(E), processed
as described in Sec. II D (see Fig. 22 in Appendix A). The magnitude
of the Fourier transform, FT, enables the evaluation of frequencies
present in 𝒳(k) as a function of the apparent distance R, as shown
in Fig. 8. The peaks represent the combined backscattering contri-
butions of neighboring atoms, based on their atomic species and
structural arrangement within the particles. The EXAFS data for
the pure and mixed-phase oxides corroborate the XRD results of
the corresponding standard crystalline structures. Compared to the
iron oxide references, the amplitude of both the first and second
coordination shells in the CIPs is lower, likely due to increased
disorder in their crystalline structure. Although the EXAFS data of

the CIPs exhibit similar features, there are notable differences, such
as the shape of the peak in the first coordination shell of the Φ = 0.67
CIPs. The feature at ∼1 Å seems to stem from a superposition of
two peaks for the Φ = 0.67 CIPs, similar to most of the displayed
oxide references. When rescaled by their maximum, the first coordi-
nation shell of Φ = 0.67 CIPs and α-Fe2O3 almost perfectly overlap
(see Fig. 24 in Appendix A), indicating a higher hematite content
in the particles, as observed in the XRD data and from the pre-edge
analysis. Notably, the second coordination shell distance R of the
CIPs at ∼2.6 Å, associated with the Fe–O–Fe interaction, is closer
to the α-Fe2O3 position rather than Fe3O4. This conformity is in
contrast to the characteristic hematite peak at ∼3.1 Å, which is
greatly suppressed for the CIPs. Rescaling the EXAFS by their FT
maximum reveals that the decreasing magnitude of this feature
correlates with an increasing γ-phase content in the CIPs.
Besides the nominal oxidation state, distinguishing between Fe3O4
and γ-Fe2O3 remains challenging, as both share most spectral
features.105 In general, the EXAFS features of the CIPs’ second
coordination shell bear a close resemblance to those of the
α/γ-Fe2O3 particles, with a lower amplitude, including the peak at
∼3.6 Å, which is absent for both Fe3O4 and γ-Fe2O3. This can be
explained by the shared structural composition of both the α- and
γ-phases, but is surprising given the structured layout of the CIPs.
EXAFS studies of other layered iron oxide particles in the litera-
ture predominantly focus on nanoparticles,106–108 and it has been
demonstrated that multiphase composites may not simply behave
like a superposition of bulk materials, as detailed by Kuzmin and
Chaboy.109 In particular, size-dependent effects have been observed
in magnetite nanoparticles, which could only be detected in the
XANES characteristics of single-phase, nonstoichiometric oxides.110

FIG. 8. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of the CIPs for varying fuel-to-air equivalence ratio Φ in comparison with reference oxides, all
recorded in transmission mode (not corrected for phase shift).
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Besides the phase composition and oxidation state of the
particles, their size distribution and morphology are essential.
The size distribution of the CIPs has already been reported by
Buchheiser et al.64 with median particle sizes increasing from
7.84 μm at Φ = 0.67 to 9.78 μm at Φ = 1.5 due to a higher
frequency of micro-explosions in oxygen-richer mixtures. As shown
in Figs. 9(a)–9(d), the pure and mixed-phase oxides α-Fe2O3,
γ-Fe2O3, α/γ-Fe2O3, and Fe3O4 all exhibit a variety of shapes with
rough surfaces. Notably, Fe3O4 are on average smaller than their
pure counterparts and CIPs. The polydispersity apparent in the
SEM images is subsequently quantified by laser diffraction parti-
cle size analysis, yielding mostly bimodal distributions (see Fig. 28)
with a median particle diameter of ∼11.2 μm (α-Fe2O3), 32.9 μm
(γ-Fe2O3), 9.1 μm (α/γ-Fe2O3), and 0.9 μm (Fe3O4). While the val-
ues allow for a comparison between the reference oxides, they should
be interpreted with caution due to the highly non-convex form and
pronounced surface roughness of the particles. These characteris-
tics can pose significant challenges for particle size analysis using
diffraction-based methods.111,112 The size distribution and parti-
cle shape can be further analyzed using x-ray microtomography
(μCT) for particles with a volume-equivalent diameter greater than
3.5 μm. This analysis has been conducted for the CIPs at Φ = 0.67
and Φ = 1.5, as well as for the α/γ-Fe2O3 particles, as shown
in Fig. 9(c). For the α/γ-Fe2O3 particles, an equivalent spherical
median diameter of 4.39 μm was calculated, with a 95% confi-
dence interval of [4.37, 4.40] μm, obtained through a bootstrapping
procedure.

As shown in Fig. 9(e), the majority of CIPs are spheri-
cal, regardless of their size. Particles exceeding 10 μm sometimes
exhibit cracks and grooves across the surface, as reported in the
literature.65,113–115 In very rare cases, non-spherical particles can be
observed, as illustrated in Fig. 9(f). This was the only particle of
all CIP SEM images as shown in Fig. 27. These particles fit the
description of uncombusted particles as shown in detail by Choisez
et al.65 In the μCT images (Fig. 10), the hollow structure of the bigger
particles becomes apparent.

X-ray tomograms (μCT, Fig. 10) reveal that there are several
particles of different size with cavities in their core, as previously
reported in the literature.65,113–115 According to Choisez et al.,65

these cavities are filled with oxygen generated during the com-
bustion process. Consistent with the findings of Choisez et al.,65

particles that showed signs of internal fracture may subsequently
accumulate smaller particles in the cavities during transport and
storage. An example is highlighted in Fig. 10(a) (circle 1). While
some particles have spheroidal cavities, their internal structure is
more complex. For larger particles, the 3D reconstruction reveals
a network of interconnected voids extending through the particle,
as illustrated in Fig. 11(a). Since brighter spots in the 2D scan in
Fig. 10 mark higher iron concentrations, information on global and
local iron content can be obtained in addition to the general shape
and size of the particles. Consistent with reports from Buchheiser
et al.,64 the average volume content of iron increases with increasing
Φ, since for Φ > 1, there is more iron available than for complete
oxidation to Fe2O3. However, evaluation of the μCT scans yields

FIG. 9. Scanning Electron Microscopy (SEM) images of (a) α-Fe2O3, (b) γ-Fe2O3, (c) α/γ-Fe2O3, (d) Fe3O4, and (e) combusted and (f) uncombusted particles at Φ = 0.67.
The scale bar indicates a length of 10 μm.
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FIG. 10. μCT measurements on Φ = 1.5 CIPs. (a) Reconstructed 2D slice; the
circle marked with 1 is the ruptured particle subsequently filled with smaller CIPs
and the circle marked with 2 is the uncombusted iron particle. (b) Reconstructed
3D image; in rectangle cut-out, the 3D structure of the particles including cavities
across different particle sizes can be seen.

higher average iron volume fraction, ranging from about 2% at
Φ = 0.67 to about 8% at Φ = 1.5. This discrepancy may arise from
the limitations of μCT evaluation, which excludes particles smaller
than a 6.9 μm volume-equivalent diameter, but which have a higher
degree of oxidation.64

Inspection of the distribution of iron within the oxide parti-
cles shows that, in addition to partially oxidized particles with an
uncombusted iron core, spherical particles can also contain pure
iron within their structure. Particles with a high iron content, as
illustrated in Fig. 11(b), can exhibit highly non-spherical shapes as

FIG. 11. Reconstructed 3D μCT images of selected CIPs at Φ = 1.5. (a) Particle of
∼25.7 μm volume-equivalent diameter with an uncombusted iron volume fraction
of ∼0.7%. (b) Partially uncombusted, non-spherical particle of ∼25.33 μm volume-
equivalent diameter with an uncombusted iron volume fraction of ∼35.7%. Red
marked area—iron oxide, blue marked area—metallic iron.

also shown in Fig. 10(a) in the circle marked by 2 and Fig. 9(f). For
almost all particles evaluated, the location of the uncombusted iron
is close to the centroid of the whole particle.

The equivalent spherical median particle diameter for the
sample volume shown in Fig. 10(b) was found to increase from
9.53 μm [(9.46, 9.59) μm bootstrapped 95% confidence interval]
at Φ = 0.67–9.71 μm [(9.65, 9.76) μm bootstrapped 95% confi-
dence interval] at Φ = 1.5. This is in agreement with the reports
of Buchheiser et al.,64 who attribute this evolution to the higher
frequency of micro-explosions at lower Φ, which outweighs the
increasing fraction of hematite and thus increasing fraction of
oxygen per mole of iron with decreasing Φ. In summary, the
size of the pure oxides particles is of similar range, yet con-
siderably smaller than the CIPs. An exception are the Fe3O4
particles.
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B. Dissolution experiments
The dissolution experiments described in this section initially

explore the dissolution of pure α-phase particles, focusing on the
mechanisms involved and the origin of humboldtine. This study
then shifts to mixed-phase particles, specifically those with α- and
γ-phases, which are similar to CIPs in the bulk, yet distinct in
their structure and unaffected by the oxidation state as pure FeIII.
Following this, the dissolution of full spinel oxides (pure γ-phase) is
examined, uncovering the unexpected formation of an amorphous
structure instead of regular humboldtine crystals, and demonstrat-
ing no significant difference between maghemite and magnetite in
the dissolution behavior. Finally, these insights are applied to CIPs,
comprising mostly hematite and magnetite.

In all the dissolution experiments conducted in this study,
the fluorescence signal consistently decreased as the oxides dis-
solved, with solubilized iron being transported out of the capil-
lary (see Figs. 29–31 in Appendix B). The dissolution of α-Fe2O3,
α/γ-Fe2O3, CIPs, Φ = 0.67, and Fe3O4 was recorded two times each.
While all the repeated experiments reproduced the spectral evo-
lution features that distinguish the different oxides, the absolute
value of μ(E) did not align with the first repetition in most cases
at the same reaction time. This phenomenon was observed for all
iron oxides except α-Fe2O3 (see Figs. 33–40 in Appendix B). Con-
sidering the particle size distribution and the sample preparation
method, which results in ∼0.5 mg of iron oxide in the capillary, we
attribute this discrepancy to variations in particle sizes within the
measurement spot.

1. Dissolution of pure and mixed phase iron oxides
Shifts in the Fe K-edge toward lower energy positions are

indicative of a reduction of the iron. As shown in Fig. 12, despite
the decrease in fluorescence signal intensity (Fig. 29), the normalized
spectra of the α-Fe2O3 particles remain unchanged in both the
pre-edge and XANES energy ranges. This stability suggests that the

reaction for this iron phase proceeds via the non-reductive pathway.
In Figs. 12–17, the values denoted by tm represent the mean reaction
time obtained from the merge (index m) of the spectra, as described
in Sec. II D. The duration of each scan and merged scan is indicated
by the color bar on the right, with white spaces representing dead
time due to the reset of the double-crystal Si (111) monochromator
position between scans. During these intervals, no spectral data were
recorded.

Since absorption spectra in the pre-edge range are sensitive to
the oxidation state and coordination geometry,78,79 the lack of spec-
tral changes implies that the dissolution proceeds homogeneously
across the crystal. This contrasts with the findings of preferential
dissolution directions across the crystal, as described in Sec. I. One
possible explanation is the size of the particles α/γ-Fe2O3, where
the change in coordination geometry on the surface is too small
relative to the volume scanned, which includes the unexposed inner
part of the particles. The stable oxidation state of the hematite
particles during dissolution contrasts with the batch experiments
by Taxiarchou et al.22 and Santawaja et al.,40 where a build-up of
ferrous iron was observed. This suggests that the presence of ferric
iron complexes in the surrounding liquid may be necessary for the
reductive pathway to occur. The purely non-reductive dissolution
observed in this study contrasts with the findings of Vehmaanperä
et al.,39 whose DFT calculations on the dissolution of hematite
by OxA predict the inherent formation of humboldtine, accompa-
nied by iron reduction. This discrepancy may be attributed to the
detection limits of the equipment used and differences in exper-
imental boundary conditions, such as the higher OxA concentra-
tion and reaction temperature employed in this study. Increasing
these boundary conditions shifts the reaction mechanism toward a
non-reductive pathway, as discussed in Sec. I. In addition, the
constant transport of reaction products away from the site may
prevent the stable formation of humboldtine aggregates on the
particle surface. Another possible explanation is the exclusion of
light interactions and solution complexes from the theoretical

FIG. 12. Evolution of the pre-edge of Fe K XAS of the α-
Fe2O3 particles during dissolution without light, all recorded
in fluorescence mode. The inset displays the XANES
evolution in detail.
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FIG. 13. Evolution of the pre-edge of Fe K XAS of the
α/γ-Fe2O3 particles during dissolution without light, fluo-
rescence mode. The inset displays the XANES evolution
in detail.

simulations, as well as uncertainties regarding the initial form
of oxalate attachment on the surface.55 It is known that both
light and the nature of surface complexes influence reaction
mechanisms,21,23,116 and as Duckworth and Martin117 demonstrated,
at higher pH (around 5), the surface complex formed with OxA
is mononuclear and bidentate, with both oxygen atoms of the car-
boxyl group binding to one Fe atom on the crystal surface. The
validation experiments in the study of Vehmaanperä et al.39 were
likely conducted using the setup of Salmimies, Vehmaanperä, and

Häkkinen,118 which involved exposure to light over several weeks,
allowing a high degree of interaction, which contrasts with the
experimental setup of the present study. Even under non-sinking
conditions, Santawaja et al.37 reported no precipitation over a range
of iron oxide (0.05–1.3 molFe/l) and OxA (0.1–1 mol/l) concentra-
tions at an elevated temperature of 90 ○C, crucially conducted in a
light-shielded environment. Considering these results and the
spectroscopic findings (Fig. 12) presented here, it seems that
humboldtine formation is in fact not an inevitable step in the

FIG. 14. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of the α/γ-Fe2O3 particles compared to α-Fe2O3 during dissolution, all recorded in fluorescence
mode (not corrected for phase shift).
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dissolution process but rather a result of interaction with reac-
tion products in solution, contingent on the specific experimental
boundary conditions explored here.

After evaluating the pure α-phase, in a next step, the dissolution
of mixed-phase particles is investigated, which contain besides the
α-phase also the γ-phase. During the dissolution of the α/γ-Fe2O3
particles, the pre-edge of the XAS spectra changes in intensity and
shape, as shown in Fig. 13 (obtained from the merge of the spectra
displayed in Figs. 33 and 15 in Appendix B). The pre-edge evolved
into a step-like shape, with a notable increase in absorption
around 7118 eV, while the characteristic spinel-phase peak near
7114 eV became less prominent. The observed evolution of the
Fe K XAS pre-edge is attributed to increasing disorder caused by
vacancies in the crystal as the acid attacks the exposed surface of the
α/γ-Fe2O3 particles99–101 (see Sec. III A). Furthermore, the rise in
intensity could be due to the bulk sensitivity of XAS: as surface iron is
progressively solubilized, the surface-to-volume ratio increases,
making the surface disorder more prominent in the spectra over
time. As noted by Farges, Brown, and Rehr119 for Ti oxides,
increasing disorder broadens both pre-edge and EXAFS features
due to averaging over different absorber configurations in the
measurement spot.

Examining the EXAFS data, as shown in Fig. 14, reveals changes
both in peak positions and in magnitude as the reaction progresses.
The shift in signal magnitude is unexpected, as the phase decoher-
ence introduced by the dissolution process should rather lead to a
Debye–Waller-like attenuation of 𝒳(E).119 As depicted in Fig. 13
(for intensity) and Fig. 14 (for magnitude), the rate of these changes
slows over time, indicating that the system is stabilizing toward a
final state. Comparing the evolution of the spectra with the dry
scans (shown in Fig. 24) shows a striking similarity between the final

scans and those of α-Fe2O3, suggesting that the solubilization of the
γ-phase proceeds faster than that of the α-phase. As a result, the
remaining sample consists increasingly of the α-phase. In addition,
the apparent distance in the first coordination shell decreases with
time, which may be attributed to the formation of tetrahedral vacan-
cies in the crystal structure. This selective dissolution might also
explain the observed pre-edge shape change, where the increasing
disorder not only enhances the overall intensity but also contributes
to a greater fraction of quadrupolar 1s→ 3d transitions associated
with the rhombohedral hematite lattice. The higher reaction rate
associated with the spinel structure is well-documented, as outlined
in Sec. I, but this behavior has not been previously reported for
mixed-phase particles. Neither metallic iron nor humboldtine traces
are visible in the EXAFS data (refer to Figs. 16 or 25), even though
they are often associated with γ-Fe2O3 and reported in studies of
other spinel-type oxides such as magnetite37 and given the differing
results presented for pure γ − Fe2O3 dissolution in Fig. 15. In the
case of α/γ-Fe2O3 particles, there are no FeII sites in the crystal
that would directly form FeIIC2O4. Similar to the α-Fe2O3 disso-
lution, the absence of humboldtine can be explained by the rapid
transport of reaction products away from the site, preventing the
stable aggregation of Fe– C at the surface to be detected by XAS.
The dissolution of pure spinel-type oxides results in the formation
of an amorphous structure on the particle surface, as discussed in
the following paragraph.

Turning next to the spinel-type pure oxides, the dissolution
of magnetite is marked by an increasing intensity of the pre-edge
features, alongside a shift in the edge position toward lower energies.
This change, indicative of particle reduction, is also observed for
maghemite dissolution (Fig. 39 in Appendix B), which contains
only FeIII in the crystal. While for magnetite, this effect could be

FIG. 15. Evolution of the pre-edge of Fe K XAS for the
Fe3O4 particles during dissolution without light, recorded
in fluorescence mode. The inset displays the evolution of
XANES region in detail.
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confounded with the significantly smaller particle size (see
Sec. III A), the maghemite particles are among the largest of the
reference oxides. In addition, the XRD analysis suggests that the
crystallite size of the magnetite sample is actually greater than the
hematite sample. Thus, it is proposed that this spectral evolution is
driven not by the oxidation state, but rather by the crystal structure.
For both Fe3O4 and γ − Fe2O3, μ(E) initially changes in a non-
monotonic manner, eventually becoming strictly monotonic with
time, as shown in Fig. 15. Given the continuous reduction, it can
be inferred that electron transfer into the crystal lattice plays a more
significant role than the solubilization of ferrous iron. If solubiliza-
tion were dominant, a rise in the bulk oxidation state, indicative
of a higher FeIII percentage inside the particles, would be expected.
Compared to the pre-edge evolution of α/γ-Fe2O3 (Fig. 13), both
the rate of change and normalized absorption values are greater for
magnetite and maghemite. By observing the spectra during the later
stages of the experiment, it becomes clear that dμ(E)/dt is time-
dependent, reaching a maximum at intermediate points, with two
minima at the beginning and end. As mentioned in Sec. I, the initial
incubation period can be shortened by exposing the sample to UV
light (see Figs. 37 and 38 in Appendix B).

When comparing the obtained results to others reported in the
literature, the evolution of the pre-edge resembles that observed for
progressively higher Fe content during the scanning of a layered
iron corrosion sample with a metallic core,84 or for the increasing
reduction of hematite to metallic iron through Li intercalation.120

To highlight these similarities, the reference spectra for Fe and Fe3C
are presented in Fig. 15. Besides these examples, in the context
of structured iron oxide particles, a similar shift in the pre-edge
can be observed for core–shell nanoparticles with a progressively
larger metallic iron core surrounded by a shell of γ − Fe2O3 and
Fe3O4.121 Interestingly, both the evolution of the pre-edge toward
higher and the white-line toward lower μ(E) values, shown in

the inset of Fig. 15, contrast with the spectral features of hum-
boldtine (shown in Fig. 25 in Appendix A). This suggests that if
the reaction results in the gradual formation of an iron oxalate
product under these experimental boundary conditions, it does not
conform to the ideal crystalline structure in the early stages of
the reaction.

Considering the examples from the literature, although it might
be tempting to explain the evolution of the pre-edge as a linear
combination of elemental iron, iron carbide, and magnetite or
maghemite, no satisfactory combination was found that includes
these spectra along with humboldtine and the other reference oxides
in Sec. III A. The Linear Combination Analysis (LCA) procedure
employed is described in Appendix D, including some example
fits (Figs. 54 and 55). A methodological issue contributing to the
inadequate LCA results may be the presence of metallic iron. For
instance, in the case of layered iron corrosion, it was demonstrated
that the presence of metallic iron (α-Fe or Fe3C) complicates the
application of LCA for accurately identifying the sample compo-
sition.84 In addition, metallic iron has been shown to interfere
with the determination of pre-edge intensity and energy position,
making it difficult to resolve the oxidation state accurately. More
fundamentally, applying LCA to a complex structure that does not
align with reference crystal structures may lead to erroneous conclu-
sions. While we suspect that the presence of carbon in the spectra is
due to the interaction of oxalate ions with the surface,117 it is unlikely
that the structure corresponds to common iron carbides or other
forms listed in the literature.122

For a deeper understanding of the structural changes over time,
the EXAFS data shown in Fig. 16 were obtained according to the
procedure described in Sec. II D. As the reaction progresses, the
EXAFS features generally broaden and attenuate, which can be
attributed to absorber averaging and phase decoherence effects,
respectively,119 as described for the α/γ-Fe2O3 particles. Notably,

FIG. 16. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of the Fe3O4 particles during dissolution compared to selected references, all recorded in
fluorescence mode (not corrected for phase shift).
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the distance of the first coordination shell increases, while the
distance of the second coordination shell decreases over time. This
behavior, observed for the α/γ-Fe2O3 particles as well, may be due
to the formation of vacancies as the primary crystal dissolves. A
distinctive feature is the increasing prominence of a peak at ∼2 Å
in the later stages of the experiment. This position is close to, but
not identical with, the peak position of Fe3C or Fe. For clarity,
the EXAFS of the references in Fig. 16 have been normalized to
their individual maxima, since their 𝒳(k) oscillations result in FT
magnitudes exceeding 3 Å−3. Similar to the pre-edge analysis, the
choice between Fe and Fe3C remains ambiguous due to the lack of
distinguishing features, and the long-range interactions assume an
ideal crystal configuration.

In the literature, for core–shell iron oxide nanoparticles, an
increasing Fe content in the core has been associated with a
similar rise in the peak between the two coordination shells, which
has been linked to α-Fe.121 In the context of electrochemistry,
the EXAFS features observed in Fig. 16 exhibit striking similari-
ties to the EXAFS evolution observed during the first discharge in
a charging/discharging cycle of a magnetite electrode in a Li ion
battery.123 Although the mechanisms involved differ from those
in the dissolution experiments of the current study, this example
provides additional insights into how EXAFS data can change with
varying crystal structures. During the charge process, there is an
initial intercalation of Li atoms into the magnetite crystal, followed
by a gradual reduction to FeO, and eventually a sudden increase
in metallic iron concentration. In this case, the increasing peak
prominence at 2 Å was attributed to the increasing metallic iron
content, while the decrease in intensity at 3 Å was related to the
decrease in tetrahedral Fe coordination with increasing Li insertion.
However, in the dissolution experiments of this study, if the decrease
in intensity is indeed related to a reduction in tetrahedral Fe coor-
dination, the underlying cause remains ambiguous. It could be
influenced either by the preferential solubilization of tetrahedrally
coordinated Fe or by the increasing concentration of a product
lacking tetrahedral components in its structure.

In summary, it becomes evident that the crystal structure,
rather than the oxidation state, is the primary factor influencing the
reaction mechanisms. The non-reductive mechanism is associated
with the pure α-phase, whereas the reductive mechanism is more
relevant for the pure γ-phase. When comparing the evolution of
the obtained spectra with other reduction processes in the literature
and pure oxide spectra, it appears that the reductive mechanism
leads to the gradual formation of an amorphous structure rather
than the direct formation of crystalline humboldtine. Interestingly,
despite the considerable content of the γ-phase in the mixed-phase
particles, no reduction was observed. Instead of a straightforward
reductive dissolution proportional to the γ-phase content, a prefer-
ential detachment of the tetrahedrally coordinated iron atoms was
noted. This gradual transition to a pure α-phase illustrates that the
effect of a mixed phase on particle properties extends beyond a
simple linear combination of the two mechanisms, resulting in
distinct reaction.

Finally, considering that light, particularly in the UV spectrum,
influences the reaction mechanisms,19–21 the impact of light expo-
sure was tested for both Fe3O4 and α/γ-Fe2O3 particles (see
Sec. II B). The Fe3O4 oxide was chosen due to its expected strong

effect from the spinel structure and FeII in the crystal, while
α/γ-Fe2O3 was selected based on its previous use in a batch reactor
study.19 For Fe3O4, the addition of UV light accelerated the reaction
in the initial stages, but both the pre-edge and EXAFS analyses
converged to the same final values as those observed without light.
No significant effect of UV light on the pre-edge or EXAFS was
observed for the α/γ-Fe2O3 particles (refer to Sec. III B 1). Given
that the spectral features of other oxides are expected to be less
pronounced than those of Fe3O4 or α/γ-Fe2O3, the UV lamp was
turned off for all other experiments.

2. Dissolution of combusted iron particles
Figure 17 shows the pre-edge evolution during the dissolution

of CIPs, Φ = 1.5. With increasing reaction time, the spinel-
associated peak at ∼7114 eV becomes less prominent, compara-
ble to the spectra obtained for the α/γ-Fe2O3 particles. However,
this effect is absent in the other CIP experiments and could be
confounded by the general increase in intensity due to more
dissolution-induced vacancies, as discussed in Sec. III B 1. As
depicted in the inset of Fig. 17, the energy of the edge position
decreases with time. However, the change is only minor at less than
1 eV, which is within the range of experimental uncertainty.69 As
discussed in Sec. III A, the CIPs contain both the α- and γ-phases,
similar to the α/γ-Fe2O3 particles. Considering the spectral evo-
lution for the α/γ-Fe2O3 particles, it is therefore unexpected that
the dissolution of the CIPs proceeds with almost no discernible
change in the spectra. This is despite the significant decrease in the
fluorescence signal (see Fig. 31), indicating the solubilization of the
iron.

If the particles exhibit indeed a core–shell structure, a gradual
transition of the spectra is expected as the hematite shell is grad-
ually dissolved and the magnetite core becomes exposed. There
could be an influence of the particle size-selective probing depth of
XAS on the obtained spectra (discussed in Sec. III A) due to the
core–shell structure, which results in a more hematite-dominated
spectrum. However, this effect should become less severe as the
reaction progresses. Therefore, it is assumed that the obtained
pre-edge evolution is instead caused by the structure of the core.
When burning iron particles without propane-assistance, the core
particle structure within the hematite shell shown by Choisez et al.65

is not actually entirely magnetite, rather it has hematite interstitials.
The almost constant normalized spectra of the CIPs may thus
be caused by the hematite shell and interstitials that block the
access of OxA to the magnetite core. This structural difference
could also explain the disparity between the α/γ-Fe2O3 and CIPs
polymorphs, despite their bulk similarity in containing both α- and
γ-phases. The more pronounced evolution of the pre-edge for the
particular experimental run in Fig. 17 could be not only due to
the higher magnetite content at Φ = 1.5 compared to the other CIP
experiments but also due to the sampling from a highly polydis-
perse system. A replicate of the Φ = 1.5 and Φ = 0.67 CIP dissolution
experiments is shown in Figs. 40 and 41, respectively, in Appendix B.
In contrast to the CIPs fixed in the granular bed, the iron-bearing
compounds in the accumulated liquid product after conclusion of
the experiment resemble very closely the spectrum of humboldtine
(displayed in Figs. 52 and 53).
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FIG. 17. Evolution of the pre-edge of Fe K XAS of the
Φ = 1.5 particles during dissolution without light, fluores-
cence mode. The inset displays the XANES evolution in
detail.

IV. SUMMARY AND CONCLUSION
In this study, in situ XAS was employed to gain insights into

the dissolution mechanisms of both pure iron oxides and mixed
phase particles in aqueous OxA (0.5 mol/l). Prior to dissolution,
the morphology, composition, and oxidation state of the particles
were determined using a combination of complementary tech-
niques (SEM, μCT, Mössbauer spectroscopy, XRD, XANES, and
EXAFS). The CIPs were found to consist mainly of a partially hollow
structure of α-Fe2O3 and Fe3O4, with an increasing Fe3O4 content
as the combustion fuel-to-air equivalence ratio, Φ, increases. Dis-
solution experiments were performed in a temperature-controlled,
continuous-flow capillary reactor, allowing the removal of reaction
products, thereby suppressing the autocatalytic reaction mechanism.
The non-reductive dissolution of α-Fe2O3 was confirmed by in situ
XAS, while spinel-type oxides such as γ − Fe2O3 and Fe3O4 showed
reductive dissolution, indicated by shifts in edge position and
changes in the pre-edge of XANES spectra and EXAFS features.
The formation of a complex amorphous structure, which is not
identical to α − Fe or Fe3C, is proposed. For particles with mixed
α- and γ-phases (α/γ-Fe2O3), the preferential non-reductive
dissolution of the γ-phase was observed, which demonstrates that
the effect of a mixed phase extends beyond a simple linear com-
bination of the single phases. Despite similar bulk phase mixtures,
CIPs predominantly underwent non-reductive dissolution without
any change in their structure, highlighting the importance of the
internal Fe phase structure in controlling the dissolution process.
Humboldtine-like species (FeIIC2O4 ⋅ 2 H2O) detected in the
solution but not on the particle surface indicates that it is not formed
as an inherent dissolution step during surface reactions. Further-
more, variations in Φ resulted in no changes to the dissolution
mechanisms under otherwise identical conditions. This suggests

that a lower Φ, which enhances metal conversion efficiency during
combustion, would be more advantageous for iron-based fuel
systems. In conclusion, this study demonstrated that the Fe phase
composition and structure of the particles are the primary factors
determining the reaction mechanisms under the specified condi-
tions, rather than their formal oxidation state.
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APPENDIX A: PARTICLE CHARACTERIZATION

Figures 18–28 show the simulated XRD peaks for selected
iron oxides; reference iron oxides compared against their

theoretical diffraction patterns; pre-edge fit of γ − Fe2O3 absorption
data; pre-edge fit of Fe absorption data; the Extended X-ray Absorp-
tion Fine Structure (EXAFS) for selected iron oxides; k2-weighted
χ(k) for selected iron oxides; Fourier transformed (k2-weighted)
EXAFS data at the Fe K-edge, normalized by their individual
maximum; Fourier transformed (k2-weighted) EXAFS data at the
Fe K-edge for selected iron-bearing references; k2-weighted χ(k)
for selected iron-bearing references; lower magnification scanning
electron microscopy image of combusted iron particles; and particle
size distribution for selected reference oxides determined by laser
diffraction particle size analysis, respectively.

APPENDIX B: DISSOLUTION EXPERIMENTS

Figures 29–31 show the fluorescence x-ray absorption
spectroscopic data at the Fe K-edge of the α-Fe2O3 particles,
fluorescence x-ray absorption spectroscopic data at the Fe K-edge of
the Fe3O4 particles, and fluorescence x-ray absorption spectroscopic
data at the Fe K-edge of the combusted iron particles, Φ = 1.5,
respectively.

1. Pre-edge features
a. Hematite and mixed iron(III) oxide particles

Figures 32–35 show the evolution of the pre-edge of Fe K
XAS of the α-Fe2O3 particles (second repetition), evolution of
the pre-edge of Fe K XAS of the α/γ-Fe2O3 particles (first rep-

FIG. 18. Simulated XRD peaks for selected iron oxides, scaled by their individual maximum.
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FIG. 19. Reference iron oxides and their theoretical diffraction patterns, scaled by their individual maximum.

etition), evolution of the pre-edge of Fe K XAS of the α/γ-
Fe2O3 particles (second repetition), and evolution of the pre-
edge of Fe K XAS of the α/γ-Fe2O3 particles during dissolution,
respectively.

2. Dissolution of magnetite and maghemite particles
Figures 36–39 show the evolution of the pre-edge of Fe K XAS

of the Fe3O4 particles without light (second repetition), evolution of
the pre-edge of Fe K XAS of the Fe3O4 particles with light (first repe-
tition), evolution of the pre-edge of Fe K XAS of the Fe3O4 particles
with light (second repetition), and evolution of the pre-edge of Fe
K XAS of the γ − Fe2O3 particles during dissolution without light,
respectively.

FIG. 20. Pre-edge fit of γ-Fe2O3 absorption data.

FIG. 21. Pre-edge fit of Fe absorption data.

FIG. 22. Extended X-ray Absorption Fine Structure (EXAFS) detail in the recorded
spectra.
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FIG. 23. k2-weighted χ(k) for selected iron oxides.

FIG. 24. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge, normalized by their individual maximum, of the combusted iron particles (CIPs) for varying
fuel-to-air equivalence ratio Φ in comparison with reference oxides, all recorded in transmission mode (not corrected for phase shift).
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FIG. 25. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge for selected iron-bearing references, all recorded in transmission mode (not corrected for phase
shift).

FIG. 26. k2-weighted χ(k) for selected iron-bearing references.

FIG. 27. Lower magnification Scanning Electron Microscopy (SEM) particle image
of Fig. 9(f).

FIG. 28. Particle size distribution for selected reference oxides determined by
laser diffraction particle size analysis (Sympatec GmbH, dry dispersion using the
RODOS system and measurement using the HELOS system).

FIG. 29. Fluorescence x-ray absorption spectroscopic data at the Fe K-edge of the
α-Fe2O3 particles during dissolution with no light.
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FIG. 30. Fluorescence x-ray absorption
spectroscopic data at the Fe K-edge of
the Fe3O4 particles during dissolution
with no light.

FIG. 31. Fluorescence x-ray absorption
spectroscopic data at the Fe K-edge of
the Φ = 1.5 particles during dissolution
with no light.

FIG. 32. Evolution of the pre-edge of Fe K XAS of the α-Fe2O3 particles (second
repetition) during dissolution without light, all recorded in fluorescence mode. The
inset displays the XANES evolution in detail.

FIG. 33. Evolution of the pre-edge of Fe K XAS of the α/γ-Fe2O3 particles (first
repetition) during dissolution without light, all recorded in fluorescence mode. The
inset displays the XANES evolution in detail.
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FIG. 34. Evolution of the pre-edge of Fe K XAS of the α/γ-Fe2O3 particles (second
repetition) during dissolution without light, all recorded in fluorescence mode. The
inset displays the XANES evolution in detail.

FIG. 35. Evolution of the pre-edge of Fe K XAS of the α/γ-Fe2O3 particles during
dissolution with light, all recorded in fluorescence mode. The inset displays the
XANES evolution in detail.

FIG. 36. Evolution of the pre-edge of Fe K XAS of the Fe3O4 particles (second
repetition) during dissolution without light, all recorded in fluorescence mode. The
inset displays the XANES evolution in detail.

FIG. 37. Evolution of the pre-edge of Fe K XAS of the Fe3O4 particles (first rep-
etition) during dissolution with light, all recorded in fluorescence mode. The inset
displays the XANES evolution in detail.

FIG. 38. Evolution of the pre-edge of Fe K XAS of the Fe3O4 particles (second
repetition) during dissolution with light, all recorded in fluorescence mode. The
inset displays the XANES evolution in detail.

FIG. 39. Evolution of the pre-edge of Fe K XAS of the
γ-Fe2O3 particles during dissolution without light, all recorded in fluorescence
mode. The inset displays the XANES evolution in detail.
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FIG. 40. Evolution of the pre-edge of Fe K XAS of the combusted iron parti-
cles, Φ = 1.5 (second repetition), during dissolution without light, all recorded in
fluorescence mode. The inset displays the XANES evolution in detail.

FIG. 41. Evolution of the pre-edge of Fe K XAS of the combusted iron particles,
Φ = 0.67, during dissolution without light, all recorded in fluorescence mode. The
inset displays the XANES evolution in detail.

3. Dissolution of combusted iron particles
Figures 40 and 41 show the evolution of the pre-edge of Fe K

XAS of the combusted iron particles, Φ = 1.5 (second repetition),
during dissolution and evolution of the pre-edge of Fe K XAS of the
Φ = 0.67 particles during dissolution, respectively.

APPENDIX C: DISSOLUTION EXPERIMENTS—EXAFS
DATA

Figures 42–51 show the Fourier transformed (k2-weighted)
EXAFS data at the Fe K-edge of the Fe3O4 particles during disso-
lution with light, the corresponding k2-weighted χ(k) in Fig. 43,
Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of
the Fe3O4 particles during dissolution without light, the correspond-
ing k2-weighted χ(k) in Fig. 45, Fourier transformed (k2-weighted)
EXAFS data at the Fe K-edge of the Fe3O4 particles during disso-
lution with light, the corresponding k2-weighted χ(k) in Fig. 47,
Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge
of the γ − Fe2O3 particles during dissolution without light, the cor-
responding k2-weighted χ(k) in Fig. 48, the k2-weighted χ(k) of
Fig. 14, associated with the dissolution of α/γ-Fe2O3 particles with-
out light, and the k2-weighted χ(k) of Fig. 16, associated with the
dissolution of Fe3O4 particles without light, respectively.

APPENDIX D: DISSOLUTION EXPERIMENTS—LIQUID
PRODUCT

Figures 52 and 53 show the XANES spectra of the liquid
product and selected references after reaction with combusted iron
particles, Φ = 1.5, and Fourier transformed (k2-weighted) EXAFS
data at the Fe K-edge of the liquid product and selected references
after reaction with combusted iron particles, Φ = 1.5.

1. Linear combination analysis

To attribute the gradual evolution in some of the spectra over
time to the build-up of the reaction products, linear combination
analysis (LCA) was performed. The LCA was carried out by using
the initial dry energy scan of the sample in the capillary and the pellet
scans of the other components as references. The energy range of
the LCA was selected between 7090 eV and the first isosbestic point
at 7152 eV. The references selected included besides the initial dry
sample scans all combinations of Fe, FeO, Fe3C, and Fe oxalates. The
best results were obtained for the combination of Fe3C and the initial
dry sample scan. However, even for the best obtained fitting results,
there is either a systematic underprediction of the pre-edge intensity
or the maximum absorption. Extending the fit range (up to 7250 eV)
does not lead to improved fit results. Example fits are presented in
Figs. 54 and 55.
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FIG. 42. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of the Fe3O4 particles during dissolution with light, all recorded in fluorescence mode (not corrected
for phase shift).

FIG. 43. k2-weighted χ(k) of Fig. 42.
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FIG. 44. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of the Fe3O4 particles during dissolution without light, all recorded in fluorescence mode (not
corrected for phase shift).

FIG. 45. k2-weighted χ(k) of Fig. 44.
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FIG. 46. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of the Fe3O4 particles during dissolution with light, all recorded in fluorescence mode (not corrected
for phase shift).

FIG. 47. k2-weighted χ(k) of Fig. 46.
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FIG. 48. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of the γ-Fe2O3 particles during dissolution without light, all recorded in fluorescence mode (not
corrected for phase shift).

FIG. 49. k2-weighted χ(k) of Fig. 48.
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FIG. 50. k2-weighted χ(k) of Fig. 14.

FIG. 51. k2-weighted χ(k) of Fig. 16.
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FIG. 52. XANES spectra of the liquid product and selected references after
reaction with Φ = 1.5 CIPs.

FIG. 54. Best fit of the first merged spectral data by means of LCA for the Fe3O4
dissolution experiment displayed in Fig. 15.

FIG. 53. Fourier transformed (k2-weighted) EXAFS data at the Fe K-edge of the liquid product and selected references after reaction with Φ = 1.5 CIPs, all recorded in
transmission mode (not corrected for phase shift).
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FIG. 55. Best fit of the final merged spectral data by means of LCA for the Fe3O4
dissolution experiment displayed in Fig. 15.
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