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ARTICLE INFO ABSTRACT
Keywords: It is essential to control the dissolution rate of iron oxide particles for a prospective acidic iron electrowinning
Iron oxide

process. In this study, the combined influence of temperature (40 —80 °C) and short-wavelength light exposure on

Osxalic acid the dissolution rate of combusted iron particles in aqueous oxalic acid (0.45 mol/L) is experimentally investigated.

Elsst‘?l;ltwn - The combusted iron particles were produced with various fuel-to-air equivalence ratios during combustion. Unlike
article mo: 010, . . . . . . . . . .. .
Metal fuel Tpotosy previous dissolution studies on single-phase iron oxides, these particles comprise a heterogeneous mixture of iron

oxides — primarily hematite and magnetite. In situ video recordings revealed the evolution of the particle size
and morphology during dissolution. Increasing the temperature accelerated the reaction rate, and an additional
light-induced enhancement became significant only above 40°C for the duration of the experiments. This
behavior differs significantly from that observed for hematite/maghemite mixed oxides and is attributed to the
internal hematite and magnetite structure of the combusted iron particles. At 80 °C under short-wavelength light
irradiation, a sudden decrease in the reaction rate was observed owing to solid ferrous oxide formation. Although
the fuel-to-air ratio affected the iron oxide composition inside the particles, it did not significantly affect the

Combusted iron particles
Iron electrowinning

dissolution rate of the combusted iron particles.

1. Introduction

Over 80% of the energy required for steel production is derived
from fossil fuels, with 75% being coal-based [67]. Consequently, the
steel industry is a significant contributor to CO, emissions, which will
continue to be a concern for the foreseeable future. Processes such as
electrowinning (EW), smelting [86], and electric arc furnaces [55,56]
could significantly lower future carbon emissions, especially consider-
ing the scale of steel production (reaching 1.9 Gt in 2023 [133]). For
future iron EW, slurry electrolysis is the most widely pursued method
(see Appendix A). In this process, the electrolyte also serves as a leaching
agent [79,112] by dissolving suspended iron oxides while the resulting
iron ions are simultaneously deposited at the cathode. Electrowinning
also aligns with the concept of an iron energy cycle, where iron dust
combustion releases energy, and the resulting iron oxide particles are
later reduced again to iron [14,15,32,37,125]. In such a system, the
metal acts as a chemical energy carrier for renewable energy, a process
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also denoted as Metal-enabled Cycle of Renewable Energy (MeCRE).
During the combustion process, the particle size, temperature, and oxy-
gen availability determine whether heat and mass transfer in the parti-
cle boundary layer, intra—particle processes, or condensed phase equi-
librium conditions govern the oxidation rate of the particles [87,88].
Most combusted iron particles (CIPs) are spherical, some containing
internal pores [24,35,76,96] that comprise mostly hematite («-Fe,03)
and magnetite (Fe;0,) with traces of wiistite (FeO) and uncombusted
iron [21,24]. The focus of this study is on the dissolution of these CIPs
as part of the electrochemical reduction process.

Increasing the dissolution rate is desirable for an acidic EW pro-
cess because it allows for higher limiting currents and deposition rates.
Experiments were performed in aqueous oxalic acid (OxA) because it
provides one of the highest tested dissolution rates [9,18,122] along
with a high reducing power [74] compared to other organic acids and
high iron oxide solubility (OxA/iron molar ratio of approximately 1.82
[105]). The dissolution of the iron oxides in OxA can be controlled
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Fig. 1. Schematic overview of the occurring reaction mechanisms and influencing factors. The lateral position indicates the associated dominant process (left -
non-reductive; right - reductive). After protonation, all subsequent mechanisms can operate concurrently. The oxidation number of a lattice ion is represented using
Roman numerals, while Arabic numerals are used for all other forms. The figure cites the references: [29,64,70,82,92,108,118,119,135].

by tuning temperature and the presence of Fe?* ions in the solution.
Light irradiation can influence the latter due to photoactive complexes
in solution. Unlike pure iron oxides commonly investigated in the litera-
ture, CIPs exhibit distinct macroscopic and microscopic features. There-
fore, the combined effects of thermal and radiative conditions and CIPs
properties on the dissolution rate and intermediate reactions are sys-
tematically analyzed. Developing a comprehensive understanding of the
dissolution mechanisms within aqueous systems may enable the trans-
fer of these insights to non-aqueous processes. OxA can also be part
of non-aqueous electrolytes, such as deep eutectic solvents [1,113],
which suppress the hydrogen evolution and yield high—quality metal
deposits. Although iron experiments remain to be conducted, choline
chloride:OxA mixtures have shown promising results for the EW of bis-
muth, tellurium [4,116], and gold [115].

Generally, the rate at which a particle dissolves is controlled ei-
ther by solute transport (within the particle or across its concentration
boundary layer) or the surface reaction [95,100]. For the dissolution
of iron oxides in OxA, the overall dissolution process is usually mod-
eled to be controlled by surface reactions [17,77,119,121] and thus
depends only on the reaction kinetics and available surface area. Con-
sequently, the dissolution rate per unit surface area is independent of
the particle size, and hydrodynamic conditions do not directly affect
this rate. However, they can indirectly influence dissolution by promot-
ing particle break-up and altering available surface area [70,138]. The
assumption of surface-reaction controlled dissolution may become in-
valid for particles at the nanometer scale, where the anisotropy of the
terminally coordinated Fe ions and the connection between single crys-
tal faces [64,135] due to the semiconducting properties of iron oxides
becomes more important.

Many studies detail the interactions between OxA and iron oxides and
classify the related reaction mechanisms [70,82,92,119]. Fig. 1 shows
an overview of the occurring reactions and influencing factors that
are known from the literature. The dissolution of iron oxides in OxA
can proceed via two pathways [77,92], which are distinguished by the
reduction of iron in the crystal before dissolution. Numerous factors
influence the contribution of the two pathways to the overall dissolu-
tion reaction through related reaction mechanisms and the formation of
iron-oxalate complexes, including temperature, pH, light exposure, and
the concentration of ferrous ions in the solution [82,92]. The associated
equations and references are provided in Appendix B. For the dissolu-

tion of CIPs specifically, the formation of solid iron oxalate dihydrate
(FeHC204 - 2H,0) is relevant, because it is an undesirable byproduct
that binds some of the iron and needs to be converted to Fe e.g., through
pyrolytic reduction [104]. The solubility limit of this ferrous oxalate in
water at room temperature is cgc,o, ~ 447.2uM [58, p.487].

Given their significance for this study, a detailed summary of the in-

fluence of temperature and light on the dissolution process is provided.
Many studies consistently demonstrate that an increase in temperature
accelerates dissolution regardless of the iron oxide used [75,84,102,103,
128]. Owing to the activation energy required for the surface complex to
detach from the oxide Panias et al. [92] propose that non-reducing dis-
solution is inactive at lower temperatures. An increase in temperature
thus shifts the balance towards the non-reducing pathway [92]. How-
ever, this conclusion is based on the goethite («a—FeOOH) dissolution
experiments of Rueda et al. [101] using aqueous ethylenediaminete-
traacetic acid (EDTA); a aminopolycarboxylic acid that shares many of
the dissolution mechanisms of OxA. This non-reducing mechanism is il-
lustrated on the left side of Fig. 1, where roman numerals indicate the
formal oxidation states of solid iron, and arabic numerals refer to iron
ions in solution. Even at elevated temperatures, the reducing mecha-
nisms on the right side of Fig. 1 are not fully suppressed. Santawaja
et al. [105] for example analyzed the ferric (Fe3") to ferrous (Fe>") ion
ratio for the dissolution of various iron oxides and found that, under dark
conditions at 75 °C with 0.5 M OxA, reducing dissolution still partici-
pates to the dissolution. However, for hematite (x-Fe,O3) and goethite
(a — FeOOH), the contribution was small and decreased with increas-
ing molar OxA/Fe ratio.
While increasing temperature enhances the contribution of the non-
reducing pathway, the overall dissolution rate is also contingent on the
concentration of Fe?" in solution. Complexes formed with ferrous ions
initiate an autocatalytic mechanism that further accelerates dissolution.
Thus, a complete suppression of the reducing pathway can lead to slower
overall dissolution rates. This has been shown for iron oxides that exclu-
sively contain Fe'll in their crystal [70]. In that autocatalytic mechanism,
a ferrous aqueous oxalate complex transfers an electron to the surface
Fell', and the subsequently reduced surface complex detaches from the
solid [78,92]:

DFeMox™ ] + [Fe* Ox| " — JFelOx™ . Fe*Ox™  (la)
YFe Ox"™ ... Fe?* Ox™ - )FelOx"...Fe** Ox™~ (1b)
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Temperature indirectly influences the activation of the autocatalytic
mechanism by altering the OxA equilibrium constants. For example,
pKa; and pKa, shift from 1.05 and 4.26 at 25°C to 1.73 and 4.71 at
90 °C, respectively [65]. As shown by Lausch et al. [70], these changes
modify the distribution of iron oxalate species available for reaction (see
Fig. E.20). Since the activation of Eq. (1) depends on the Fe?" concentra-
tion in solution, the oxidation state of the iron oxide must be considered.
Some iron oxides, such as magnetite or wiistite, naturally contain Fel.
In these cases, Fe?* is released during dissolution, leading to acceler-
ated dissolution [78,105,129], and the reducing pathway described in
Eq. (B.5a) becomes less significant. Consequently, in these cases, the ef-
fect of temperature on the balance between reducing and non-reducing
pathways is diminished, as the autocatalytic cycle can be activated even
for primarily non-reducing mechanisms at elevated temperatures. Fer-
rous salts may also serve as an external source of Fe?* and have been
shown to increase reaction rates [9,121,123]. Finally, ferrous ions re-
quired for the autocatalytic cycle can be generated via an alternative,
light-induced pathway.

Light irradiation influences dissolution based on both the light’s in-
tensity and wavelength A. Generally, the interaction can be classified
into two different mechanisms. The first interaction mechanism is the
reduction of stable aqueous iron—oxalate complexes. To determine the
number of reactions a photon triggers at a specific wavelength A, the
molar absorption coefficient ¢(4) and the quantum yield @(4) must be
considered. The quantum yield describes the ratio of the number of
events to the number of absorbed photons at a given wavelength over
the same period of time [68]. An overview of reported molar absorption
coefficients and quantum yields for selected aqueous iron oxalate com-
plexes is presented in Fig. 2 (b). While ferrous oxalate complexes absorb
light, particularly in the UV spectrum, the photo-induced reduction is
limited to ferric ions. A photo-induced further reduction of Fe?" is un-
likely since Fe!™ is rarely stable and Fe>* and Fe3* species are far more
prominent [85]. Nonetheless, Mayer et al. [85] observed a stable Fel*
at millimolar OxA concentrations, yet its interaction with light is un-
clear. Additional information regarding the photoreduction of aqueous
iron-oxalate complexes is provided in Appendix C.1.

The second mechanism is the direct photoreduction of iron within the
particle, which depends on particle properties. The crystal structure and
oxidation state determine the semiconductor behavior of iron oxides via
electronic states in the valence and conduction bands [82]. The band gap
is the energy difference between these two bands, representing the min-
imum energy required for an electron to transition from a bound state in
the valence band to a mobile state in the conduction band. An absorp-
tion of a photon with an energy greater than the band gap energy leads
to a charge separation and a corresponding hole (oxidation of the O*~)
in the valence and an electron in the conduction band, which can lead
to a subsequent reduction of Felll to Fe!! [108]. At the surface of the iron
oxides, the hole in the valence band can be refilled by the oxidation of
adsorbed molecules, such as water or organic ligands [78,108]. Without
ligands, the photoreduction of hematite and magnetite is unlikely due to
the fast hole-electron recombination [16,82]. Supplementary informa-
tion regarding the direct photoreduction of surface iron can be found in
Appendix C.2. Ligand—promoted reduction may occur when an oxalate
ion bound to a surface iron is photoreduced, transferring an electron
into the particle [119]. Mukherjee and Gao [89] showed that immedi-
ate irradiation of the suspension produces significantly more Fe?* than
irradiating the pure liquid given the same UV light exposure, suggesting
that ligand-to-metal charge transfer from adsorbed oxalate to surface
iron plays a key role in building up the Fe?* concentration. In EDTA,
magnetite and maghemite are more easily photocorroded than hematite,
which showed only negligible photoactivity [78]. However, even for
magnetite and maghemite the quantum yield was estimated to be only
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in the order of ©@(107°). Litter and Blesa [78] estimated that the reduc-
tion of aqueous complexes eventually outweighs the ligand—promoted
reduction of surface iron. In OxA, Litter et al. [77] note that the forma-
tion of the ferrous oxalate precipitates complicates the interpretation of
their obtained results. Once reduced, Fe!l is more readily released into
solution than Fe!l [120], and the reduced Fe!! becomes even more re-
active than native lattice Fe'l, as shown by Buxton et al. [22] for the
dissolution of magnetite in EDTA.

Research on the dissolution of pure iron oxides has been extensive
over several decades, with some of the earliest detailed investigations
conducted more than 40 years ago [13,17,107]. However, the under-
standing of the iron oxide dissolution remains incomplete, owing to
the complexity of the interconnected mechanisms and the multitude
of adjustable boundary conditions. Changes in either OXA concentra-
tion, cgya, OF temperature alter the dominant dissolution pathways and
the equilibrium of iron oxalate complexes, thereby influencing both the
reaction mechanisms and the dependence on short-wavelength light
exposure. Many experimental studies primarily focused on clarifying
the fundamental dissolution mechanisms. These were performed ei-
ther at temperatures below 40°C with low cg,, (in the mM range)
[89,111,121] or at similar temperatures but with higher cqo,, — for
example, Cornell and Schindler [28] used cpp = 0.025 M and Baum-
gartner et al. [13] and Blesa et al. [17] reached values up to 0.1 M and
0.3 M, respectively. Additionally, experiments with nickel chromium
ferrites [107] promise a significant increase in reaction rates even at
low ¢, for temperatures above the boiling point (up to 140 °C), but
require a pressure-tight reactor. Notably, conditions of higher temper-
ature and cp, 4 remain less explored.

Lee et al. [74] investigated the dissolution at c¢g,, up to 0.381 M at
100 °C for pure hematite and found that increasing c, 5 accelerates the
dissolution rate, although a passivation mechanism appears to hinder
the process if cg,, > 0.29 M. Salmimies et al. [102] studied hematite
dissolution at 35 °C and 50 °C in 0.6 M OxA to derive a fitting rate law
and found that the equilibrium concentration is unaffected by tempera-
ture. Similarly, Salmimies et al. [103], Vehmaanperé et al. [128] fitted
existing rate laws for systems containing mixtures of OxA and sulfu-
ric acid at 35 and 50 °C with ¢y, = 0.33 M. Their results indicate that
trace amounts of OxA enhance the solubility limit and that the measured
Brunauer-Emmett-Teller specific surface area can increase again after
an initial decrease during the reaction, either due to particle disintegra-
tion or formation of a solid product. In a related study, Vehmaanpera
et al. [129] examined the dissolution of hematite or magnetite in mix-
tures of nitric acid and OxA (with cg,, = 0.33 M) at 35 and 50°C.
Kinetic experiments were conducted at 35°C, while a higher temper-
ature was used for solubility measurements; they found that nitric acid
effectively prevents the formation of a solid ferrous oxalate precipitate.
In all of these studies at elevated temperatures and OxA concentra-
tions, however, the influence of light remains ambiguous because the
experimental setups were not explicitly characterized regarding light
exposure. Given that some experiments lasted for hours, any light—
induced effects could have compounded over time. There are few studies
at higher cy,, and temperatures that consider light effects. Santawaja
et al. [104] dissolved natural iron ores at 98 °C in 1 M OxA, allowed
the slurry to cool, and then subjected the decant to high-intensity light,
which produced solid ferrous oxalate products. The continuous irradia-
tion caused the Fe?* fraction in the decant first to increase due to the
reduction of aqueous, ferric oxalate complexes until Fe3* /Fe?* ~ 2. It
followed the precipitation of the ferrous oxalate and a corresponding
decrease in both Fe?* and Fe?" concentration. In a subsequent study,
Santawaja et al. [105] examined the dissolution of «-Fe, 03, FeOOH, and
Fe;0, at 47 °C, 75°C, and 92 °C in the dark with ¢y, up to 1 M. They
determined the Fe solubility limit in OxA (OxA/iron molar ratio approx.
1.82) and confirmed that magnetite dissolves faster than the other ox-
ides due to the natural presence of Fe!! but also reported ferrous oxalate
precipitates. Other investigations have addressed additional influences.
Litter et al. [77] studied the acceleratory effect of Fe?* by adding fer-
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rous salts during the dissolution of hematite and maghemite (y-Fe,03)
at cg,p = 0.016 M. For maghemite, a faster dissolution was observed
at 70 °C without added Fe?". They also found that exposure to short-
wavelength light at 30 °C increased the reaction rate but promoted the
formation of a ferrous oxalate precipitate that impeded further dissolu-
tion. Taxiarchou et al. [122] investigated hematite dissolution in 0.5 M
OxA over the temperature range 50-90 °C and demonstrated that the
influence of dissolved oxygen decreases with lower pH. Furthermore,
they observed that light exposure at 80 °C shortened the induction pe-
riod of slow dissolution rates by enabling an additional pathway for
Fe2t generation. Lastly, Lausch et al. [70] studied the combined ef-
fect of light and temperature on Fe,O5 particles, finding that short—
wavelength light’s influence diminishes with increasing temperature as
the process shifts toward primarily non-reducing mechanisms. At 40 °C,
short-wavelength light exposure led to an increase in mean particle size,
likely due to ferrous oxalate precipitation.

Particle properties further influence dissolution mechanisms beyond the
discussed effects of oxidation state on autocatalysis and crystal structure
on the photo-induced reducibility of iron oxalate complexes. For exam-
ple, the crystal structure of iron oxide polymorphs affects dissolution
rates: spinel-phase maghemite (y-Fe,03) dissolves faster than rhombo-
hedral hematite («x-Fe,03) [78]. Moreover, under suppressed autocat-
alytic conditions at approximately 60 °C, hematite dissolves exclusively
via non-reducing pathways, whereas magnetite follows a reducing path-
way [72]. Vehmaanperd et al. [127] further suggested that iron oxalate
dihydrate forms inherently during hematite dissolution. The influence of
particle properties further complicates the dissolution of the CIPs. These
exhibit anisotropic features — such as hollow structures and layered com-
positions of different iron oxides (primarily hematite and magnetite, see
Sec. 2.1) — which expose diverse surfaces and alter the dominant dis-
solution mechanisms. The behavior of mixed-phase particles remains
underexplored, as most studies in that field focus on applications such
as clay purification [9,84,123] or rust removal [74], where different iron
oxides coexist but lack Fe>"-bearing oxides, which are present in CIPs.
The effect of such mixed iron oxide dissolution was demonstrated by
Lee et al. [75] where the addition of approximately 10 wt% magnetite
can enhance the reaction rate and reduce the initial incubation period
at 100 °C under controlled pH 3.0 (adjusted via ammonium hydroxide).
For the dissolution of CIPs specifically, a recent systematic study in 0.5
M OxA at around 60 °C under suppressed autocatalytic conditions con-
cluded that the rhombohedral phase (hematite) predominantly drives
the dissolution, despite the presence of magnetite [72]. However, this
study was limited to a single set of temperature and light conditions,
leaving their broader influence unexplored.

In summary, despite decades of research on iron oxide dissolution,
significant gaps remain. The lack of systematic studies investigating the
combined effects of high cq,,, elevated temperature, and controlled
light exposure on reaction mechanisms for mixed-phase particles moti-
vates the present study.

2. Materials and methods
2.1. Chemicals

Combusted iron particles were obtained from iron powder-air flames
in a tube burner at a constant mean outlet velocity of 35 cm/s [45]
with three different fuel-to-air equivalence ratios ® of 0.67, 1.0 and
1.5 (assuming full conversion to Fe,03 for calculation). The analyzed
particles mostly contained hematite and magnetite with traces of «-Fe
and FeO of less than 3wt% and are covered in oxide nanoparticles [21].
While no analysis of the iron oxide phases in these nanoparticles
was performed, nanoparticles recovered from the fumes during the
combustion of sponge iron were shown to contain mainly maghemite
(v-Fe,03) [132]. A decrease in @ also results in a higher degree of ox-
idation with an increase in the weight fraction, w, of hematite (w(® =
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1.5) =0.26 + 0.03, w(® =0.67) = 0.49 + 0.03) and a corresponding de-
crease in magnetite (w(® = 1.5) = 0.64 + 0.03, w(® = 0.67) = 0.49 +
0.03), wiistite, and ferric iron fractions [21]. Non-combusted iron can
be embedded inside oxide particles or exist as separate particles [35,72].
Similar to a previous study [70], the particles are used to prepare a
2.5g/L stock solution of the respective iron oxide. A stock solution of
5 wt% Pluronic F127, a nonionic surfactant (Merck, Germany), was pre-
pared to inhibit the agglomeration of hydrophobic particles and their
adhesion to the walls of the reaction vessel. Bidistilled water (CarlRoth,
Germany) was employed in the preparation of all stock solutions. OxA
was sourced from a 0.5 M stock solution (Chem-Lab, Belgium). The re-
action was initiated by the addition of 15 ul of Pluronic F127 solution
into the cuvette, corresponding to approximately 0.25wt%, followed
by 35 uL of bidistilled water, 2.25 mL of OxA stock solution, and finally
200 pL of iron oxide suspension. This preparation yielded a total cuvette
volume of 2.5mL. The resulting OxA concentration is cg, = 0.45M.

2.2. Experimental setup and methodology

To assess the influence of reaction temperature T, light irradiation,
and @ on the dissolution rate of the CIPs in 0.45 M OxA, a previously
developed and validated experimental setup was used [70]. The setup
consisted of a fused-silica macro—cuvette (CV10Q35FE, Thorlabs) in
which a stirring motion induced by a rotating cylinder kept the particles
suspended. The upper edges of the cuvette are coated with a hydropho-
bic material (Degussa, Tegotop 210) to prevent capillary forces from
drawing particles out of the solution. The cuvette is preheated to the
desired temperature using a water jacket. The fused-silica cuvette trans-
mits light from the UV range to the infrared, which allows the use of two
different light sources, shown in Fig. 2 (b).

One light source — a combined Deuterium/Halogen lamp (Ocean Op-
tics, DH-2000-S-DUV) - provides a broadband spectrum between 190
and 2500 nm with a nominal output power of 585 pW/990 uW, respec-
tively. A fused-silica window is installed in the water jacket to prevent
UV absorption by the polymethyl methacrylate (PMMA) of the jacket.
This light source is used to examine the influence of short-wavelength
light. The second light source is a pulsed LED (ILA5150 LPSv3, peak 630-
640 nm) employed for particle illumination as part of a video system.
Because both the quantum yield and the molar absorption coefficients
tend to zero at A > 550 nm (shown in Fig. 2 (a)), the LED used for par-
ticle illumination (shown in Fig. 2 (b)) is assumed to have a negligible
effect on photo-induced reduction.

At the start of the experiments (¢ = 0), CIPs were added to the solu-

tion, and cylinder rotation and image acquisition (using a IDS Imaging
U3-3080CP-C-HQ video camera, spatial resolution 0.4 um/pixel) were
immediately activated. An experiment was considered complete when
no particles were visually detected (the optical resolution limit was in-
tentionally set at 5 um during the postprocessing, corresponding to the
area—equivalent particle diameter) or when the reaction time reached
10 h. The cylinder was then cleaned in an ultrasonic water bath for 3 min
and rinsed with bi-distilled water. Finally, the hydrophobic coating on
the top edges was renewed.
Post—processing of the data obtained from the video system under dif-
ferent boundary conditions yielded the projected area A of each de-
tected particle and its Feret diameter ratio F = F,,, / Fy,i, (Where F =1
corresponds to a circle and higher values indicate needle-shaped ob-
jects). The geometric descriptors are presented in Fig. 3. The values of
A obtained from the recorded images of all particles were then used
to calculate the area—equivalent particle diameter d = 1/4A/z. The to-
tal number of particles n in each of the 60 discrete time intervals was
then used to estimate the median particle diameter d. A bootstrap pro-
cedure with 4000 bootstrap samples yielded an estimation of the 95%
confidence interval of the non-normal distribution dos p,, in each time
interval [70].

The discrete values (levels: such as 40 °C) of the controlled param-
eters (factors such as reaction temperature 7) were selected such that
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Fig. 2. (a) Molar absorption coefficients for ferric and ferrous oxalate complexes along with selected experimentally determined quantum yields. Unless otherwise
specified, the quantum yields refer to the [Fe3+(C204)3] - complex or the complex distribution is not considered. The standard deviation reported by Demas et al. [34]
is smaller than the used marker size. The continuous fit provided by Straub et al. [117] is based on experimental data from refs. [48,57,93]. (b) Relative intensities,
as specified by the manufacturer, for the combined Deuterium/Halogen lamp (Ocean Optics, DH-2000-S-DUV) used for continuous broadband light irradiation and
the pulsed LED (ILA5150 LPSv3) used for particle illumination. The figure cites the references: [34,44,73,97,117,131].

they were consistent with previous experiments, and a significant size
effect was expected, defined as the difference between the mean level
values per variance [38]. The equidistant-level distribution also com-
plied with a full factorial design, which allowed the determination of
the significance of each factor and resolved the interactions between
the factors without confounding. To determine the significance of a fac-
tor, the mean of each level was first calculated using all experimental
runs with that level, irrespective of other factor-level conditions. Be-
cause of the symmetric level distribution of the experimental runs, the
influence of all other factors on the mean was eliminated (orthogonal-
ity). For single—factor and two-level conditions, the significance can
be determined using a simple two-sample t-test. In the case of three
systematically varying parameters as in the present study, three-way
analysis of variance (ANOVA) was performed. The discrete values of
the parameters used in this study are summarized in Table 1.

There were 18 possible combinations of these sets of parameters.
Each combination of parameters was repeated twice, resulting in 36
experimental runs. In addition, three experiments were conducted at ap-
proximately 25 °C without broadband light. Despite our best efforts to
set T exactly at the specified level, variations of approximately +0.35K
(with a maximum deviation of 1.5K) from the target temperature were

Table 1

Mean values of experimental parameters varied during experiments. For conve-
nience, the light irradiation level values are denoted no broadband light (Level 1)
and broadband light (Level 2) in the manuscript.

CONTROLLED PARAMETERS LEVEL 1 LEVEL 2 LEVEL 3
Stirring speed in rpm 1000
Particle loading in g/L 0.2
OxA concentration cg,, in M 0.45
Light wavelength A in nm 630-640 630-640 +

(peak) 190-2500

(broadband)

Fuel-to-air equivalence ratio @ of CIPs 0.67 1.0 1.5
Reaction temperature Tin°C 40 60 80

observed. The experimental T values are presented in Fig. 8. Thus, the
@ and light irradiation factors were treated categorically in the statisti-
cal analysis, and T was assumed to be a continuous variable. However,
treating T also categorically does not change the outcome of the statis-
tical analysis in Sec. 3.1.
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3. Results and discussion

The evolution of the median particle diameter for all the combina-

tions of temperature, light irradiation, and @ is shown in Fig. 4. As the
particles dissolve, their average size decreases, as observed from the evo-
lution of d(f). At the beginning of the experiment, d and the maximum
dyax varies between approximately 7.5 um and 9.7 um. In agreement
with the literature [21,72], d,,,, increases slightly with increasing @
from approximately 8.1 um (® = 0.67), to 8.3 pm (® = 1.0), and finally
8.5um (® = 1.5). However, as shown in Fig. D.19, the scatter in the
data is high, and subsequent one-way ANOVA reveals that this trend is
insignificant at the a = 5% significance level.
Changing the boundary conditions, as specified in Table 1, results in dif-
ferent dissolution rates. In this section, the main trends and significant
parameters for dissolution are identified, and the observed evolution in
particle morphology is discussed. Subsequently, a detailed investigation
of the influence and interaction of significant factors is presented, and
recommendations for optimizing future dissolution processes are pro-
vided.

3.1. Variance analysis of the influencing parameters

To identify the significant parameters influencing the dissolution
process, the rate of change in particle size, C := dd/dt, was calcu-
lated. Subsequently, the significance of the factors outlined in Table 1
was evaluated using three-way ANOVA. In most CIP dissolution exper-
iments, C remains almost constant. However, closer inspection of the
data presented in Fig. 4 shows that most experimental runs exhibit a de-
viation from a linear trend in the early stages. This is partially attributed
to the gradual suspension of the particles as the spinning cylinder ac-
celerates at the start of the experiment and clusters of particles start to
break up, as discussed in detail in Sec. 3.2. The influence of gradual
suspension was expected to be greater for experiments with shorter du-
rations, owing to the shorter elapsed time per interval. In addition to
these initial fluctuations, a distinct change in C is observed towards the
end of some experimental runs, particularly those performed at higher
temperatures (Fig. 4 (a) and (b)). The evolution of d(f) contrasts with
that observed for mixed-phase Fe,O5 particles [70], which exhibited a
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distinct change in C at the beginning of the experiment due to a shift
from a breakup—dominated phase to a dissolution—-dominated phase.

The dissolution rate was determined from the data presented in
Fig. 4; the initial d(1) values were outlier-filtered and the data linearly
fitted using a robust iterative procedure based on the Huber loss function
(MATLAB fitlm) [59]. The weights were taken as the inverse variance
derived from the dys ., () values. Thus, both outliers and d(f) values
with higher uncertainty contributed less to the fit. To account for the
change in C observed in some of the experimental runs, the experimen-
tal data were split into two segments based on the inflection point of
the first derivative of the data. Thus, for certain experimental runs with
segmented data, two rate values were obtained, denoted as ¢; and ¢,. In
subsequent statistical analyses, only the initial rate ¢, was used. How-
ever, for a detailed discussion on the influence of temperature and light
on the dissolution process in Sec. 3.3, both ¢; and ¢, are considered.
The fit shown in Fig. 5 (a) provides an example of non-segmented exper-
imental data. Although most d values closely follow a linear trend, there
is a deviation in the initial d(f ~ 13.7 min), where the initial particle
suspension process is expected to exert the greatest influence. Fig. 5 (b)
shows a representative fit of segmented data. In this case, d(t) deviates
from the ideal linear trend, as reflected by the > 95% confidence in-
terval (CI) of the fit. Although it may be tempting to use higher-order
polynomials to fit these experimental data, some of these models also do
not fit the data well, suggesting that increased complexity does not nec-
essarily yield a better model. Therefore, a simple first-order polynomial
was deemed more appropriate for the data presented in Fig. 5 (b). The
inaccuracies introduced using a linear fit were mitigated by including
the 95% CI of the fit parameters in the analysis.

The ¢, values extracted from the fitting procedure were used to
determine the significant factors. The significance of an effect or inter-
action effect on the measured response was determined by performing
an ANOVA with a null hypothesis to prove that there was no effect on ¢,
at the @ = 5% threshold. ANOVA requires mutual independence, normal
distribution, and equal variances of the error variable for any inference
to be valid. In addition to the inspection of factor-level variance, this can
be tested by examining the standardized residuals. Standardized resid-
uals are obtained by calculating the difference between the measured
c; and the value predicted by ANOVA for that factor-level combina-
tion divided by its estimated standard deviation [31, pp.143-144]. As
described in Appendix D, the violation of some requirements necessi-
tated c; data transformation. The subsequently obtained ANOVA model
for the transformed rate E includes insignificant terms that must be ex-
cluded systematically. This was achieved through an adjusted backward
elimination procedure in which the term with the highest p—value (most
insignificant) was iteratively excluded, and the ANOVA results were
recalculated using the reduced model. After each step, if the reintroduc-
tion of any excluded model term results in a p—value below the a =5%
threshold, the term is included in the next model step and ANOVA is re-
peated. After completing the procedure, only significant terms remain
in the model, and the standardized residuals are again inspected. Af-
ter this procedure, normality, homoscedasticity, and independence were
all deemed suitably met, as shown in Figs. D.14, D.15, and D.16. The
significance of each term in the initial and reduced ANOVA models is
graphically presented in blue and red, respectively, in Fig. 6. The null
hypothesis was rejected and an effect was considered significant when
the standardized effect strength, represented by the t-value defined in
Eq. (2), was above the threshold associated with a global significance
level of 5%. Note that this threshold is dependent on the degrees of
freedom of the ANOVA model, and thus varies slightly depending on the
number of terms included in the model. Following a previously reported
method [71], the t-values in Fig. 6 were calculated as the inverse cu-
mulative distribution function (CDF) of the Student’s t-distribution for
a given ANOVA p-value p, as:

t-value = F,_l < 1- Pa
2

DFE> , ©)
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where FI‘1 denotes the inverse Student’s t CDF and DFg denotes the
degrees of freedom of the error. For terms with more than one degree of
freedom (e.g., @), DFg equals the total degrees of freedom of the model
(number of experiments minus one) minus the sum of the degrees of
freedom of each included term. If a term has only one degree of freedom
(e.g., light irradiation), then DF equals the total number of degrees of
freedom of the model minus two, thus reverting to a simple two-sample
t—test.

In addition to the significant effects of T and light, which were
deduced from the raw data in Fig. 4, ANOVA reveals an interaction be-
tween the factors. Therefore, the effect of temperature on ¢; depends on
the state of light irradiation. Interestingly, the results presented in Fig. 6
also indicate that ® does not affect =, nor does it participate in any sig-
nificant interactions (see Fig. D.18). This is surprising, considering that
increasing ® generally increases the Fe!l content, which is expected to
enhance the autocatalytic pathway (Eq. (1)) and thus affect E. These
findings indicate that @ does not affect the dissolution mechanisms for
reaction times exceeding the three-hour period observed in previous
X-ray absorption spectroscopy measurements [72], even with the acti-
vation of the autocatalytic mechanism in the current work compared to
the previous study. The observed lack of influence of ® may be because
the effect is too small to be detected using the current method or could
be due to hematite interstitials blocking access to the magnetite core re-
gardless of the fraction of magnetite in the particle. In the latter case,
ferrous ions can still influence the dissolution process once the hematite
shell is dissolved (see Sec. 3.3). However, if hematite interstitials block
the access to the magnetite core, the influence of the increased reaction
rate of spinel-type magnetite is suppressed. This decreases the differ-
ences in C between the various ® conditions. Previous studies [21,72]
showed that d is a function of ® and a slight dependency is observed
in the experimental data in Fig. D.19. Therefore, the potential corre-
lation between d,,, and E was investigated, because it could obscure
the potential influence of ®. This effect was analyzed by plotting the
standardized residuals against d,,,. As shown in Fig. D.17, there is no
discernible trend, indicating that d,,,, has no significant effect on the
statistical analysis presented in Fig. 6.

3.2. Particle clustering

The detected objects in the recorded images exhibit various mor-
phologies, which were generally non-spherical, consistent with the
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F > 1values in Fig. 7 (a). In general, the median F = 1.54 (95% CI [1.50,
1.55]) for all experiments indicates elongated or irregularly shaped
particles. These irregular shapes observed in the recorded images do
not agree with the scanning electron microscopy images of spherical
CIPs in Fig. 7 (b), which is consistent with various reports in the litera-
ture [24,76,96,126,132]. This implies that most of the detected objects
are clusters of spherical particles rather than single non-spherical parti-
cles, as shown in Fig. 7 (c). However, as shown on the right of Fig. 7 (c),
some objects with almost perfectly spherical morphologies are observed,
which are probably large single particles. Although the particles clus-
tered in solution, no residue was observed on the cuvette walls during
or after the experiment, owing to the use of the F127 surfactant. The
evolution of F over time suggests that different fragmentation mech-
anisms occur during dissolution. While F' fell continuously for Fe,O,
particles in a previous study [70], indicating their gradual breakup, the
detected CIPs in the present study first became more needle-shaped be-
fore transitioning toward rounder shapes.

The observed clustering of the particles is attributed to the exper-
imental methods. As described in Sec. 2.2, owing to the small sample
weights used in the experiment, the particles were suspended in wa-
ter before they were introduced into the setup. Large particle clusters
were observed in the dry by SEM measurements and during the sam-
ple preparation in water. The evolution of the Feret diameter ratio of
these clusters also depends on the flow state of the system. The experi-
mental configuration - a rotating cylinder in a cuvette - is a variant of
a Taylor-Couette system that employs a square outer container rather
than a concentric cylinder. The flow in a such a system has rarely
been studied [110]. Unlike the classical case of concentric cylinders,
this configuration breaks the axis symmetry, leading to a distinct flow
state characterized by additional vortices in the corners of the con-
tainer. According to Esser and Grossmann [39] and Chandrasekhar [23,
pp.-272-324], toroidal (Taylor) vortices appear when it becomes ener-
getically favorable for concentric fluid rings to exchange positions. The
onset of the centrifugal instability occurs when the Reynolds number Re
surpasses a critical threshold and small disturbances in the flow are am-
plified rather than damped. This centrifugal instability then ultimately
leads to the formation of the torodial Taylor-vortices. For a fixed outer
cylinder, the Reynolds number is defined as [39]:

(ro —ry) Qr;

Re= ———, 3
%

where r; and r, represent the inner and outer cylinder radii, Q is the
angular velocity, and v is the kinematic viscosity. In the square con-
tainer variant, the flow remains qualitatively similar to the classical
case, prompting Snyder [114] and Sierra-Espinosa et al. [110] to use
the Reynolds number for the smallest gap as an approximate indica-
tor of the first bifurcation producing Taylor vortices. Following their
approach and using the equation by Esser and Grossmann [39], the crit-
ical Reynolds number for the present setup is Re, ~ 73, corresponding to
a rotational speed of ~ 117 rpm (assuming 20 °C viscosity values from
[11, pp.762-763]). At the operating speed of 1000 rpm, Re =~ 626 per
Eq. (3). Depending on the radius ratio of the inner and outer cylinder
n :=r;/r,, another critical Reynolds number would indicate a transi-
tion to a flow state with azimuthal waves superimposed on the vortices
that propagate with the flow [36,511; however, the wide gap (maximum
n =0.6) in the present system precludes this instability [36]. Moreover,
the flow remains below the threshold for turbulence onset at Re = 1218
[511.

Taylor vortices influence the fragmentation and morphology of the clus-
ters, contributing to the evolution seen in Fig. 7. For example, Ruan
et al. [99] employed discrete—element method computations to investi-
gate fragmentation mechanisms for dense agglomerates in simple shear
flows and Taylor—Green vortices without wall effects. In both flow types,
the agglomerates first stretched into a chain-like structure, increasing
the aspect ratio of the cluster. The fluid stress then surpassed the weak-
ened connections, causing an initial breakage that triggered a cascade of
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Fig. 7. (a) Evolution of the Feret diameter ratio at T ~ 59.9 °C, without light, and ® = 1.5. Median F ~ 1.54 with a 95% CI of [1.52, 1.55]. (b) SEM images of CIPs
with @ =1.5. (c) Representative images of the particles and clusters detected in this study.

further fragmentation until a steady-state size distribution was reached
that consisted of clusters of smaller aspect ratio compared to the chain—
like structure. Although the fragmentation mechanism remained consis-
tent between vortex and shear flow conditions, the location—dependent
shear stress within the vortex led to a greater scatter in fragment size dis-
tributions. In Taylor—Couette systems, Wang et al. [130] demonstrated
that latex particle aggregates in NaCl solutions initially form intricate
structures that subsequently restructure and fragment into more com-
pact clusters. Likewise, Guérin et al. [52] showed that although hy-
drodynamic conditions determine aggregate size, the morphology ulti-
mately reaches a steady state following cycles of lower and higher shear
rates in turbulent Taylor-Couette flow. These findings indicate that the
increase in F in Fig. 7 may be attributed to the gradual elongation of the
larger clusters caused by the hydrodynamic shear imposed on the solu-
tion by the movement of the cylinder. Once the shearing and breakup
of the clusters proceed to form a higher fraction of individual spherical
particles and more compact cluster fragments, F decreases. In addition,
the individual particles in the clusters dissolve, leading to a decrease in
their size. Therefore, the stable cluster fragments are again subject to
restructuring as the reaction progresses.

Although the observed clustering of the particles may more accu-
rately reflect their initial state during the dissolution process as a part of
electrochemical reduction, this phenomenon complicates the estimation
of the dissolution state. The effects of cluster breakup and dissolution
were confounded using optical techniques, since both lead to a decrease
in d. To avoid particle clustering, the surfactant concentration was in-
creased in preliminary tests, but this degraded the image quality due to
the formation of streaks, which led to excess bubble formation and foam-
ing induced by cylinder rotation. The clusters were observed in the dry
powder, possibly due to tribological forces during transport or particle
collection, so changing the surfactant conditions will not prevent these
initial clusters. The use of a surfactant during the preparation of stock
solutions would introduce an additional source of variability in the ex-
periments and the interaction time between the particles and surfactant
would have to be controlled. Furthermore, an ultrasonic cleaner could
destroy some of the hollow structures of the particles. Thus, to separate
the effects of cluster breakup and particle dissolution, the mean cluster
breakup rate was estimated.

3.3. Influence of temperature and light on the dissolution process
To estimate the influence of particle breakup on c;, the temperature

was lowered to room temperature (approximately 25°C) for ® = 1.5
without broadband light, whereas the other parameters specified in Ta-
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Fig. 8. Estimated dd /df (c,) as a function of temperature both with and without
broadband light, fitted by an exponential function. The gray shaded marks the
minimum and maximum ¢, CI value of fragmentation.

ble 1 were kept constant. The evolution of d(t) and i(f)/ Apax is shown
in Fig. F.23 and Fig. F.24 in the Appendix. This adjustment aimed
to maintain the state of the governing interparticle forces responsi-
ble for the formation and breakup of clusters, including the pH, ionic
strength, dielectric constant of the solvent, particle concentration, and
hydrodynamic shear rate. Similarly, the reported low reaction rates at
temperatures below 35 °C [129] significantly reduced the influence of
dissolution on c;. As shown in Fig. 8, the rates obtained for fixed bound-
ary conditions at T <40°C are statistically indistinguishable from those
obtained at T ~ 40 °C. This indicates that, up to 40 °C, cluster breakup
is still the dominant mechanism rather than particle dissolution. This
finding is further supported by the increasing number of detected par-
ticles n/n,,, up until the end of the experiment (see Figs. F.22, F.24).
Cluster fragmentation contributes indirectly to the dissolution profile by
increasing the total available surface area [70].

Interestingly, at 40 °C, light did not contribute significantly to ¢,
and the influence of light became apparent only at higher tempera-
tures. Consequently, the higher ¢, values at higher temperatures cannot
only be caused by the higher activity of the surfactant, which is a func-
tion of temperature alone. The interaction between temperature and
short-wavelength light is a surprising result considering that Fe,O5
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particles dissolve faster under the same light exposure at lower tem-
peratures [70]. In addition, the Fe,O5 particles used in the previous
experiments were a combination of rhombohedral and spinel crystal
structures [72], similar to CIPs. Considering the schematic overview of
reaction mechanisms in Fig. 1, in the present case, the internal struc-
ture of the iron oxides is the decisive factor rather than the bulk crystal
structure. As shown by Choisez et al. [24], the particles were composed
of a hematite shell surrounding a perforated core of magnetite inter-
spersed with hematite spikes. At 40 °C, the reaction rate associated with
the hematite shell may be so low that the concentration of dissolved
iron in the solution is insufficient for the additional light-induced re-
duction of some complexes, resulting in a negligible influence on the
dissolution rate. As the temperature increases, so does the concentra-
tion of Fe3™ complexes, which can be reduced by short-wavelength
light. Consequently, at 60 °C, a shift towards higher rates was observed
(¢; = —0.63 - 10~2 um/min), which is significantly different from the
fragmentation rate of ¢; ~ —0.29 - 1072 um/min. This trend continues
at 80 °C, where the greatest difference is observed between the rates
with and without broadband light. There is also a compounding effect
for increased Fe3* concentration, since increasing concentrations also
increase the Fe?* quantum yield [131] due to a secondary reduction of
ferric complexes by the CO, radicals. This secondary reduction pathway
of the aqueous iron complexes is significant, as its contribution also ex-
plains the lower quantum yields observed under continuous irradiation
compared to flash photolysis [131]. Consequently, a higher concentra-
tion of ferric oxalato complexes results in an increased quantum yield,
which elevates the production of ferrous ions. This, in turn, accelerates
the reaction rate and leads to a higher overall iron ion concentration in
solution.

Both the OxA concentration and the pH affect the resulting distribu-

tion of iron oxalate complexes. In addition, increasing the temperature
reduces the pH, as discussed previously [70]. An overview of the ferric
and ferrous complex distribution is provided in Fig. E.20 in the Ap-
pendix. From the rate data presented in Fig. 8, it can be concluded the
presence of Fe?* is beneficial for accelerating the dissolution process in
the beginning of an experiment and is desirable in the context of iron
oxide reduction via an electrochemical pathway. The addition of Fe?*,
either directly [9,17,78,121,123] or in the form of Fe!l-containing ox-
ides [75], to achieve a targeted increase in reaction rate is known from
the literature.
For the OxA concentration used in this study, approximately 6% of Fe?*
existed in the form of Fe''C,0, at equilibrium (Fig. 9 (b)). The figure
shows that Fel'C,0, is the only stable Fe?* complex in solution that can
participate in the autocatalytic pathway (Eq. (1)), because all remaining
ferrous ions are non—-complexed.

If the pH is adjusted independently, as in the experiments conducted
by Lee et al. [74], the maximum reaction rate coincides with the peak of
Fe?"C,0, in equilibrium with the OxA concentration (Fig. E.21 in the
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Appendix) and decreases with increasing pH. Therefore, even if other
ferrous complexes are present, Fe?"C,0, remains the dominant com-
plex participating in the autocatalytic pathway. Thus, it is proposed that
Eq. (1) can be reformulated to Eq. (4) for the known oxidized complex:

[yFe™ 0x™] + [Fe** C,0 4](aq) - HFMOx" ... Fe’* C,0,>  (4a)
YEeOx"™ ... Fe?* C,0, — )Fe"Ox" ...Fe’*C,0,2~  (4b)
JFeTOX"™ . Fe™* C,0,27  — )FellOX" + [Fe?* C,0,] . (40)

JFe'Ox™™ - [Fe** Ox] (2;; (4d)

Given that the fraction of [Fe3+ C204]+ is only = 0.03% at cop =
0.45 M, this complex in Eq. (4) c is transformed into more stable species,
as shown in Fig. 9 (a). For the present case, approximately 8§2% of the

ferric oxalate complexes in solution is [Fe3+ HC204] 2+, which also sug-
gest that photoreduction in the solution predominantly occurs via this
complex. Note that information regarding the quantum yield for the
reduction of uncomplexed Fe3* is limited. However, it is also only avail-
able in negligible amounts; therefore, even in the unlikely event of a high
quantum yield (see Appendix C.1), its contribution to the photochemical
reduction process is assumed to be minor.

Although the presence of Fe?*C,0, accelerates the dissolution pro-
cess, it has an adverse effect once its solubility limit is reached, leading
to the precipitation of a solid product. When oxide particles act as nucle-
ation points, a solid product layer forms around them, hindering further
dissolution. In this case, the particle dissolution rate could be limited by
diffusion of the reactants through that product layer rather than the
reaction kinetics, as proposed by Lee et al. [75]. Even in the case of
homogeneous precipitation, iron is still lost to the solid phase, com-
plicating subsequent processing steps in the context of EW. As shown
in Fig. 9, the fraction of ferrous oxalate in the solution remains sub-
stantial at higher pH values because of the higher proportion of doubly
deprotonated oxalate ions C,0,2~. To completely prevent the formation
of ferrous oxalate, the pH can be lowered toward zero, at which point
the fraction of non-complexed ferrous iron approaches one. However,
this would likely result in slower reaction rates because Fe?*C,0, ap-
pears to be the dominant complex driving the autocatalytic mechanism.
To mitigate these effects, the concentration of OxA can be increased
to its solubility limit (approximately 1 M at room temperature [105]).
However, this does not address other potential influences such as the
dynamic nature of the process, which renders the equilibrium diagrams
shown in Fig. 9 invalid. Furthermore, the pH changes during the reac-
tion depending on the initial OxA concentration and initial pH because
the formation of oxalate-containing complexes leads to the subsequent
dissociation of OxA (Eq. (B.1)), as discussed in detail by Santawaja
et al. [105]. There may also be local effects, as suggested by Vehmaan-
peri et al. [129], where the depletion of H* near the particle surface



M. Lausch, Y. Ruan, P. Brockmann et al.
1072
0.5
0
¢ ¢ °
h e Pf“ \ ° ‘0’
o ¢ +
=05 *
[} +.+ H HO
5 + [
£ 4
g
E 1 *
o
2 -5
3
] H
-2
—e— Final rate ¢, (without broadband light)
-2.5 =4 Final rate c, (with broadband light)
©— Initial rate ¢; (without broadband light)
=—4— Initial rate ¢, (with broadband light)
3l L I |

25 40 60 80

Temperature 7 in °C (categorical)

Fig. 10. Estimated dd/dt (¢, and c,) as a function of temperature both with
and without broadband light irradiation. For better visibility, the data has been
distributed and ordered according to the c; value at each temperature.

leads to a local pH that is higher than the bulk solution pH. Although
it is possible to adjust the concentration of iron oxide in the solution
such that the maximum ferrous oxalate concentration remains below its
solubility limit, this approach is inefficient from an industrial perspec-
tive. Additionally, estimating the exact concentration of ferrous iron can
be challenging owing to dynamic and interconnected boundary condi-
tions. Another method for suppressing the formation of ferrous oxalate
precipitate is the use of an OxA/nitric acid mixture, as described by
Vehmaanpera et al. [129]. Their study reports experiments with an ex-
cess of iron oxide to determine solubility limits, and the pH at the end of
dissolution reached 0.6 for both magnetite and hematite. Thus, by com-
bining these results with the species distributions shown in Fig. 9 (b), it
appears that the role of nitric acid in preventing ferrous oxalate forma-
tion extends beyond lowering the pH because the reported pH values
still fall within the stability range of Fe?*C,0,.

Further insights into the role of ferrous iron in the dissolution of
CIPs are provided by the segmented experimental runs, which have been
fitted using two linear models, as described in Sec. 3.1. The majority of
segmented rates occurred at experiments at 80 °C, however there are
also two experimental runs at lower temperatures, as shown in Fig. 10.

At the elevated temperature of 80 °C, almost all experiments with
light exposure exhibit two significantly different rates, as also evident
from the unfitted data in Fig. 4. Given the complex species distribution
and the internal iron oxide structure of the CIPs, it is likely that the for-
mation of a solid product layer of ferrous oxalate products is responsible
for the decrease in reaction rate.

In the present study, Fe?" for this formation can originate from multi-
ple sources; however, at the beginning of the dissolution experiments,
the most significant influence is likely the short-wavelength light ex-
posure because the hematite shell of the CIPs contains no Fell. As de-
scribed in Sec. 1, short-wavelength light can reduce terminal Fe! in the
hematite shell directly through a surface-attached complex through a
ligand-to-metal charge transfer, or reduce the stable ferric complexes.
However, if ligand-promoted reduction as described in Sec. 1 were the
dominant interaction with short-wavelength light, then the rates ¢, in
Fig. 10 should vary significantly at lower temperatures. In that scenario,
the effect of short-wavelength light would be directly tied to the surface
area of the particles available for forming surface complexes. Particu-
larly at T ~40°C, clusters fragment at the same rate regardless of light
irradiation, thereby providing a consistent available surface area. Con-
sequently, if ligand-promoted reduction significantly contributes to the
Fe?" concentration, a pronounced difference in ¢; should be observed
under these conditions. Similarly, if the ligand—promoted reduction of
surface iron primarily led to the formation of a ferrous oxalate product
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layer, there would be a higher likelihood of segmented experimental
runs for experiments with broadband light at temperatures of T ~ 40°C
and T »~ 60°C. As evident from both the unfitted data in Fig. 4 and
the fitted rates in Fig. 10, this is not observed. Thus, the influence
of broadband light exposure appears to arise from the activation of
Eq. (4) through the reduction of aqueous ferric complexes, predomi-
nantly [Fe3+,HC2O4]2+.

As the reaction progresses and the magnetite cores of the particles are
exposed to OxA, Fe!l within the particles becomes available, eliminating
the need for Fe3* or Felll reduction to form ferrous complexes. To form
Fe2+C204, doubly deprotonated oxalate ions are required (Eq. (B.7)). Al-
though the fraction of C,0,2~ in equilibrium diagrams is only ~ 0.01%
at the oxalic acid concentration used (see e.g. [70]), the absolute concen-
tration of coyx = 0.45 M yields €c,02 in the order of @(10~>) M. This is

comparable to the concentrations employed in experiments with lower
OxA concentration in the mM range, such as those by Litter et al. [77],
where solid ferrous precipitates formed under short-wavelength light
exposure. Consequently, C,0,2~ can still react with the Fe' ions of
magnetite to form Fe?"C,0, directly at the particle surface. Magnetite
dissolution was shown in a previous study [72] to occur via the re-
ducing pathway. In that study, reaction products were continuously
removed from the site, suppressing the autocatalytic mechanism. The
observations in that study indicate the formation of an amorphous iron—-
oxalate structure. This in contrast to other studies [105,128,129] that
reported the formation of crystalline iron oxalate dihydrate (humbold-
tine, (Fe”C204 -2 Hzo)). This difference suggests that interactions with
reaction products are essential for the formation of solid, crystalline fer-
rous oxalate.

The CIP dissolution observed by Lausch et al. [72] proceeded via a
non-reducing pathway — similar to the hematite sample — when the au-
tocatalytic pathway was suppressed. In the present experiments, where
the interaction with the reaction products per Eq. (4) is permitted,
Fig. 8 indicates that the absence of a crystalline precipitate in ref. [72]
may also result from the reaction not having progressed sufficiently to
expose the magnetite core. Should the magnetite core be exposed at
different times across particle sizes, one would expect a gradual transi-
tion from rate c; to c,. However, based on the results of Goursat and
Smeltzer [50], Mi et al. [87] state that the solid—state growth rate of
the irregular hematite layer depends mainly on the ambient oxygen
concentration during the combustion process. Consequently, a uniform
hematite shell thickness is expected across all particle sizes when cur-
vature effects are neglected. Under surface-reaction—controlled dissolu-
tion, the particle radius decreases at a rate independent of its initial size,
causing most particles to expose their magnetite cores nearly simulta-
neously. Electron-backscatter diffraction data from Choisez et al. [24]
(cf. Fig. 9) was analyzed to estimate that the shell thickness of com-
busted iron particles ranges between 2.0 and 2.5 um. This finding aligns
with experimental data that smaller particles exhibit higher degrees of
oxidation [21] because a constant shell thickness would form a larger
proportion of their total mass. Given that most particles are approx-
imately 8-10 um in diameter [21], even variations in hematite shell
thickness across particle size are expected to have only a limited impact
on the change from c; to ¢, because the magnetite core in the ma-
jority of particles becomes exposed nearly simultaneously through dis-
solution. Assuming that fragmentation is not temperature—dependent,
one can estimate the time most of the shell will have dissolved un-
der 80 °C broadband light exposure—the condition observed in most
segmented experimental runs. By subtracting the fragmentation rate
from the shrinkage rate, an effective dissolution rate of approximately
1.51 - 102 um/min is obtained. Consequently, the shell should be com-
pletely dissolved between approximately 265 min and 332 min for initial
shell thicknesses of 2.0 and 2.5 um, respectively (i.e., particle diame-
ters of 4.0 pm and 5 pm). However, as shown in Fig. 4, these predicted
times far exceed the experimentally observed transition in C (123 + 31
min), despite significant scatter in the data (earliest onset = 82 min; lat-
est ~ 148 min). This discrepancy may reflect an overestimation of shell
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thickness, inhomogeneous shell morphology, or a dominant contribu-
tion from homogeneous precipitation in solution instead of exposure of
the magnetite in the particles’ core. Moreover, the abrupt decrease in
reaction rate is likely driven by overlapping processes once a substan-
tial fraction of the particles has dissolved: light-assisted reduction of
ferric iron-oxalate complexes promoting ferrous oxalate precipitation,
exposure of the magnetite core to OxA once the shell is dissolved, or a
combination of both.

4. Conclusion

This study examined the effects of temperature (40-80°C) and
broadband light exposure (190-2500nm) on the dissolution rate of
CIPs at three different fuel-to-air equivalence ratios (®: 0.67, 1.0, and
1.5) in OxA (0.45 M). The optical analysis revealed that the particles
existed as clusters, which fragmented during dissolution due to interac-
tions with the fluid flow, other clusters, and walls of the reaction vessel.
The combined effects of cluster breakup and dissolution resulted in an
almost linear decrease in median particle diameter over time. Statisti-
cal analysis revealed that both broadband light exposure and increased
temperature enhance the particle dissolution rate. A temperature above
40 °C is required to achieve a particle shrinkage rate that significantly
differs from the baseline cluster fragmentation rate, leading to a diam-
eter decrease of approximately 0.29 - 102 um/min. Furthermore, the
effect of broadband light on dissolution intensifies with rising temper-
ature. At 80 °C under broadband light irradiation, a shrinkage rate of
approximately 1.8 - 1072 um/min can be achieved, albeit with consider-
able data scatter. This temperature-dependent influence of broadband
light is attributed to the slow light-and temperature-dependent dis-
solution reaction of the hematite shell of the CIPs. Once a sufficient
concentration of ferric oxalate complexes is available in the solution for
effective photo-reduction, there is a subsequent acceleration of dissolu-
tion through activation of an autocatalytic mechanism. Because the ef-
fect of broadband light exposure is negligible at 40 °C, ligand-promoted
reduction at the particle surface appears to play only a minor role in
the overall dissolution process. Although the literature suggests that in-
creasing @ enhances the magnetite fraction, statistical analysis revealed
that ® does not significantly affect the dissolution rate. This is surpris-
ing considering that magnetite increases the reaction rate through both
its spinel-type crystal structure and ferrous ions that activate the auto-
catalytic pathway. The observed lack of influence of ® may be because
the effect is too small to be detected using the current method or could
be due to hematite interstitials blocking access to the magnetite core,
regardless of the fraction of magnetite in the particle. At 80 °C, particu-
larly under light exposure, a sudden decrease in the particle shrinkage
rate was observed during dissolution. This may be a result of the homo-
geneous formation of solid ferrous oxalate once the solubility limit was
reached, with the remaining particles serving as nucleation sites for the
solid precipitate. Additionally, a solid product layer may form owing
to the exposure of the magnetite core, leading to a sudden increase in
available ferrous iron directly on the particle surface. These two mech-
anisms are not mutually exclusive and may simultaneously contribute
to the observed behavior. The formation of a solid precipitate is unde-
sirable in electrowinning processes because it reduces the reaction rate
and results in the conversion of iron to a product requiring further pro-
cessing.

Considering these results and the stable iron—oxalate complexes, it
is concluded that the efficient dissolution of CIPs requires a tempera-
ture above 60 °C and the maximum concentration of OxA, which has
a solubility limit of approximately 1 M at room temperature. If inde-
pendent pH adjustment is feasible, lower values are preferable to limit
the formation of ferrous oxalate below its solubility threshold. How-
ever, the complete suppression of ferrous oxalate is not advisable, as
this would significantly slow down dissolution because of the need for
ferrous iron to activate the autocatalytic mechanism that increases the
dissolution rate via a self-reinforcing process. Considering the structure
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of the studied CIPs, this initial activation may require short-wavelength
light or the addition of ferrous salts because the hematite shell obstructs
access to the magnetite core.
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Appendix A. Iron electrowinning

Alkaline slurry electrolysis has emerged as the dominant research
pathway, with an European Union initiative starting in 2004 with the
ULCOWIN project [41, p.32]. In that process, alkaline suspensions con-
taining pure iron oxides or residues from industrial processes are used.
Alternative approaches are less frequently explored, such as using iron
oxide pellets as cathodes [54]. In pursuit of decarbonizing ironmaking,
several European Union projects aimed at enhancing the technological
maturity of iron EW through projects like IERO [40] and, more recently,
Siderwin [12]. The targeted market entry for this technology has been
pushed back from 2040 [63, p.20] up to 2045 [42, p.26]. Outside Eu-
rope, the U.S. ARPA-E ROSIE program [2] has very recently launched
initiatives to optimize iron EW [3].

Generally, most research has focused on alkaline electrolytes, typi-
cally at temperatures around 100 °C. Studies by Allanore et al. [5,6,7,8]
in a 50 wt% NaOH-H,O electrolyte reveal that direct solid-state reduc-
tion occurring during particle collisions with the cathode is the domi-
nant pathway. This mechanism yields current efficiencies up to 98% for
hematite, whereas iron hydroxide and magnetite achieve much lower
efficiencies (as low as 5% for magnetite [47]; see also [53]). More-
over, if solid-state reduction is inactive, the low solubility of iron in
NaOH (approximately 2 - 1073 M, as cited in Allanore et al. [7] from Pi-
card et al. [94]) can impair efficiency. This solubility decreases further
at lower temperatures or NaOH concentrations [60]. Thus, novel elec-
trolytic cell designs are needed to exploit the solid—state reduction effect
(see e.g. [40, p.70]).

In contrast, acidic electrolytes enable dissolution without solid—state
reduction but face two challenges: poor deposit quality (brittle, felt—
like deposits) and reduced current efficiency [83]. The lower efficiency
arises primarily from the dominant hydrogen evolution reaction (HER)
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at the cathode and the cycling of Fe?* and Fe®* ions due to the coexis-
tence of ferrous and ferric species [81]. Comparative studies by Majid
et al. [83] showed that concentrated NaOH outperforms hydrochloric
acid (HCD), yielding higher current efficiencies and more manageable de-
posits with fewer hematite particles. Although HCl enhances dissolution
through Fe-Cl complex formation [109][29, p.301], its performance
leaves room for improvement. As stated in Sec. 1, OxA is a promising
option due to its high dissolution rates, reducing power, and iron oxide
solubility limit. Lopes et al. [81] concluded that the rapid dissolution
and complexing ability of the OxA are key for enhancing the deposition
step. However, they observed the formation of ferrous oxalate products
at the iron and platinum cathode in sulfuric and oxalic acid mixtures at
23°Cand 50 °C. They also reported brittle, dendritic deposits and a high
HER contribution, resulting in current efficiencies capped at 36%. Pal
et al. [90] observed ferrous oxalate formation at a lead anode and im-
proved efficiency when leaching at 90 °C followed by EW of the leachate
at room temperature using a lead anode and steel cathode. Importantly,
they employed a polymer diaphragm to compartmentalize the cell to
reduce iron re-oxidation due to the oxygen evolution reaction at the
anode. Their experiments indicated that higher OxA concentrations in-
crease current efficiency (up to approximately 19% at 0.33 M).

In summary, only a limited number of studies have explored the EW
of iron in acidic media. When utilizing OxA, it appears that higher OxA
concentrations and elevated temperatures improve current efficiencies
and enhance the dissolution rate (see also Sec. 1). Additionally, the pre-
cipitation of solid iron oxalate products is to be avoided by a suitable
choice of boundary conditions.

Appendix B. Occurring reaction mechanisms

Diprotic OxA dissociates in two steps:
H,Cy044q < HC04 o) +H (ag)

- 5 (B.1)
HC2 04 (aqQ) And C2 04

- +
@ TH @

The first step in the dissolution process involves the protonation of a
surface Lewis base oxide, resulting in a positively charged surface. This
protonated surface serves as the starting point for the formation of a
complex with an oxalate ion from solution [78,92].

Ve -0 +HY & YFe"-0...H* (B.2)

YFelll — OH* + Ox™ + H*  [)Fe™ 0x]* ™ + H,0 (B.3)

An additional non-reducing dissolution pathway involves the iron
oxalate surface complex, which reacts with an additional proton and
desorbs into solution, as shown in Eq. (B.4) [78,92]:

3-n

[YFe"™ Ox""] + H* — [Fe™* Ox] @)

+)H (B.4)

For the reducing pathway, an electron transfer occurs as shown in
Eq. (B.5) (). If the doubly deprotonated oxalate forms the surface com-
plex at low concentrations of OxA, the subsequent desorption process
can be described as shown in Eq. (B.5) (b) [92]:

[Fe™ Ox""] & [)Fe't Ox~"*!] (B.5a)

2[)Fe" = C,0;| +2H" - 2Fe(2;;l) +2C0, +C,0;” +2)H (B.5b)

Light-driven homogeneous photolysis of the tris—oxalato ferrate
complex in solution is described in Eq. (B.6) [97]. However, as sum-
marized in Sec. 1 and Appendix C, other photoactive complexes may
exist in solution. Note that formed CO, radicals may react with other
unphotolyzed ferric complexes.

3+ 3— Ephoton 24 2- 2-
2[Fe?*(C,04);] —— 2[Fe**(C,0,),]" +2C0O, +C,0,> . (B.6)

The pH, OxA concentration and presence of ferrous ions controls the

formation of a solid precipitate, iron(II) oxalate dihydrate [129], once
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its concentration surpasses its solubility limit (cg.c,0, ~ 447.2 M [58,
p-487] in water at room temperature):

Fe?* +C,0%™ +2H,0 « (Fe''C,0, - 2H,0) (B.7)

(s)”’
Depending on the presence of dissolved oxygen in the solution, the
ferrous ions in solution can be re-oxidized [122]:

4[Fe* (C,0,),]7 +Oyq +4H +4C,02

o 4[Fe™ (C0,),] +2H,0. (B.8)

Appendix C. Interaction of light and iron oxides
C.1. Aqueous iron oxalate complexes

The photoreduction of the tris—oxalato ferrate(Ill) complex,
[Fe3+(C2 04)3] 3_, has been used in actinometers for nearly 70 years [57]
and is well documented in the literature. Its e(4) decreases from
about 9(10*) mol~! em~! in the UV to ®(10~!) mol~! ecm~! at 500
nm. As shown in Fig. 2, fewer oxalate ligands yield lower UV ab-
sorption [97,131], though at 436 nm the bis—oxalato complex (~ 62
mol~! em~!) absorbs more than the tris—oxalato complex (~ 24 mol~!
cm™1) [44]. Reported values of ¢(A) vary in the literature. Despite some
discrepancies (e.g. @(220 nm) = 1.57 + 0.02 [48] vs. (222 nm) = 0.5
[46]), it is generally accepted that for [Fe3+(C2O4)3]3_, @ > 1 for
A <400 nm (e.g. 1.25 at 300 nm [57], 1.27 at 308 nm [131], 1.24 at
313 nm [48]). This is due to the formation of two Fe>" ions per photon
when sufficient unphotolyzed complexes enable secondary reductions
via CO, radicals (CO;) [131] (see also Eq. (B.6)). Consequently, the
quantum yield is concentration-dependent, which may account for dis-
crepancies in reported values. Moreover, @(4) decreases rapidly with
wavelength, nearing zero between 580 and 590 nm [117]; at A =436
nm, values of ¢ =1+ 0.25 for [Fe3+(C204)2]_ and ¢ = 0.6 + 0.46 for

[Fe3+(C204)3]3_ have been reported [44]. Dissolved oxygen can re-
duce these yields [34,93] up to tenfold in air-saturated solutions [44],
particularly at pH < 4 due to hydrogen peroxide formation [139]. How-
ever, as shown by Jeong and Yoon [62], the effect of oxygen also
depends on the concentration of Fe3* in solution. At Fe3* concen-
trations of 1073 M the rate of Fe?™ generation in oxygen—-saturated
solution was nearly indistinguishable from that of nitrogen-saturated
solution due to the higher contribution of the reaction involving CO}"

and [F63+(C204)3] *~ Data for mono-oxalato complexes remain limited;
while Cooper and DeGraff [27] stated that mono-, bis—, and tris—oxalato
complexes have similar quantum yields, they also assumed that pho-
toaquation plays a dominant role during photoexcitation [33]. However,
Pozdnyakov et al. [97] reported that photoaquation does not occur. Sim-
ilarly, Longetti et al. [80] investigated the photoexcitation mechanisms
of ferrioxalate in detail and found that after a ligand-to-metal elec-
tron charge transfer there is a detachment of CO, and CO, radicals that
triggers secondary reduction, with no indication of photoaquation mech-
anisms. Beyond these complexes, information on uncomplexed Fe3*
is limited. In aqueous solution, hexaaquairon(IIl) is the predominant
species at low total Fe3* concentrations (< 5 mM) and under acidic
conditions (pH < 3), where [Fe**(H,0)4]>* and [Fe(OH)(H,0)5]>* are
the dominant iron(IIl) aqua ions [30]. These species have molar ab-
sorption coefficients about one order of magnitude lower (200-350
nm in aqueous perchloric acid [124]) than the ferric oxalate complexes
and quantum yields on the order of (‘)(10‘3) [43,69]. Therefore, the
photo-induced reduction of uncomplexed Fe3" is assumed to contribute
insignificantly to the Fe?* concentration.

C.2. Direct interaction

In hematite the energy required for an Fe?*, Fe** pair is approx-
imately 2 eV [49], with a value of 2.2 eV commonly reported in the
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literature [108,134]. This corresponds to a wavelength of 4 < 564 nm
required to reduce Fe'l in hematite. This value increases for decreasing
pH and is relatively unaffected by temperature except for the indirect
influence of temperature on pH [134]. In contrast to the hematite semi-
conductor, magnetite is metallic at room temperature [49]. The small
band gap (approximately 0.1 eV [134]) leads to a broad absorption
across the light spectrum, explaining the black color of magnetite [49].
Depending on the band gap of the iron oxide, the reducing dissolution
of iron can occur if the half-cell potential of this dissolution reaction
is higher than the potential of the conduction band [108]. For smaller
particles in the nanometer scale, the band gap further increases with de-
creasing size [25]. For the CIPs, there can be additional effects on the
band gap due to the contact between metallic iron and magnetite, and
semiconducting hematite such as band bending [137]. Band bending
can also occur at the solid/liquid interface depending on the solution
pH [119]. For pure hematite, the direct photoreduction is improbable
despite its semiconducting properties, attributed to a fast recombina-
tion of holes and electrons from the valence and conduction band [82].
Similarly, pure magnetite is also not directly reduced by light [16].

Appendix D. Statistical analysis

As stated in Sec. 3.1, ANOVA requires mutual independence, normal
distribution, and equal variances of the error variable for the results to
be valid. The test for mutual independence was performed by plotting
standardized residuals versus run order, normal distribution was tested
using a normal probability plot, and equal variances were tested by in-
specting standardized residuals versus their absolute fitted value from
ANOVA. As visible in Fig. 8, the ¢, variance increases with increasing
temperature and is a function of light irradiation (heteroscedasticity).
This was also confirmed by the significant fanning of non-normally
distributed standardized residuals (see Fig. D.12 and D.13). This invali-
dates the inferences drawn from the ANOVA results [38], although the
robustness of the ANOVA against the violation of the prerequisites is de-
bated [61,106], and alternative criteria for the requirements have been
explored [66]. Data were transformed to account for non-normality
and heteroscedasticity. Numerous methods for data transformation have
been developed (see [20, pp. 317-329], [26, pp. 316-331], and [136])
with the general goal of stabilizing variance and restoring a normal dis-
tribution. As the data do not include |¢,| =0, the widely used Box-Cox
transformation technique [19] is feasible. This transformation is defined
as [10,19]:

1)
c|” -1 #0
- {(| =) ¢ o)
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_3 ;
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where the optimal exponent { = —0.048 is the maximum-likelihood
estimate of the profile log-likelihood obtained using MATLAB-based
statistical software [98]. Owing to the requirement of positive data, the
absolute value of ¢; was used. Because all ¢, values are smaller than zero
and none of the values are exactly zero, this does not influence the va-
lidity of the interpretation. After inspecting the standardized residuals,
ANOVA was computed again using E.

To investigate the direction and magnitude of the change, the values
of E are presented as functions of the significant terms in Fig. D.11. The
error bars indicate the transformed uncertainties of ¢; using Eq. (D.1).
Note that for ANOVA calculations, the factor levels of the rates were
decisive, as indicated by their respective markers. Focusing first on
Fig. D.11 (a), increasing the temperature generally results in an increas-
ing rate, which further increases under light irradiation. The effect of
light was mainly visible at T ~ 80 °C, as shown in Fig. D.11 (a) and (b).
An increase in the reaction rate in the presence of light was expected,
given its influence on some of the mechanisms (Fig. 1).

1
With
broadband light

1
Without
broadband light

Fig. D.11. (a) Effect of temperature on E. For better visibility, the data has been distributed and ordered according to the value of E at each temperature. The
measured values of T are shown e.g., in Fig. 8. The effect of broadband light at a given temperature can be inferred from the color coding. (b) Effect of broadband

light on E, color—coded for each temperature.
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Appendix E. Speciation of iron oxalate complexes

Fe?* [Fe*(C,0,),]"
Fe?*C,0,

[Fe**(C,0,),]” I [Fe**HC,0,] *
[Fe**(C,0,);] =

Unadjusted pH
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@ (b)
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0.6

0.4

Relative species
distribution
Relative species
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0.2
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Fig. E.20. Relative species distribution of (a) ferric and (b) ferrous complexes as a function of pH and cq,,. In (a), non—complexed Fe’* were omitted due to their
negligible contribution. The black lines represent the unadjusted pH at that OxA concentration.
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Fig. E.21. Relative distribution of (a) ferric and (b) ferrous species as a function of pH, calculated using the equilibrium constant values from Panias et al. [91] and
Pozdnyakov et al. [97]. The pH at ¢y, =0.19 M was calculated assuming the dissociation constants pKa, = 1.25 and pKa, =4.21 at 25°C [92]. The data points
represent the measured fraction of total dissolved iron as a function of pH at ¢,,, =0.19 M, obtained from Lee et al. [74]. Reproduced with permission from Elsevier.
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Appendix F. Supplementary experimental data
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band light irradiation for ® = 0.67.
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