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 A B S T R A C T

Reduction of micron-sized Fe2O3 particles with hydrogen was investigated in a fluidized bed reactor (FBR), 
designed and developed as part of this study and equipped with X-ray transparent glassy carbon windows. 
Simultaneous in situ X-ray absorption spectroscopy (XAS) at a synchrotron source and quadrupole mass 
spectrometry (QMS) enabled correlated real-time monitoring of solid-phase transformations and gas-phase 
composition during isothermal reduction at 773K in a 1:1 H2/N2 atmosphere. Time-resolved XAS revealed a 
sequential transformation from Fe2O3 to Fe3O4 and metallic Fe, while QMS detected a corresponding increase 
and subsequent decay of H2O. A systematic temporal offset between solid- and gas-phase signals indicates that 
the diagnostics probe slightly different particle ensembles: XAS captures particles present in the freeboard, 
whereas QMS reflects the integrated H2O formation from the entire reacting bed. Temporary trapping of 
H2O within the evolving pore network, previously reported for reducing iron oxide particles, may further 
contribute to the delayed gas-phase response. No evidence for a persistent FeO phase was observed under 
the investigated conditions. The reduction proceeds rapidly during the initial stage and subsequently slows 
down, likely associated with the formation of passivating Fe/Fe3O4 layers that limit hydrogen access and 
hinder the transport of water from the particle core. The present work establishes an experimental framework 
for synchrotron operando studies of iron oxide reduction in fluidized bed reactors, enabling correlated XAS-
QMS measurements and providing the basis for upcoming systematic investigations of particle properties, 
morphologies and operating parameters.
Novelty and significance statement: Braun et al. [1] investigated quasi-single iron oxide reduction in inert-
particle-diluted fixed bed reactor cells under low hydrogen concentrations and varying temperatures. While 
providing kinetic insights, these experiments were limited to the solid phase and did not capture the multi-
particle interactions, improved temperature control, or enhanced mass transport characteristic of fluidized 
bed reactors (FBRs). This work presents real-time tracking of iron oxide reduction with hydrogen in an X-ray 
absorption spectroscopy (XAS)-compatible FBR designed in this study and operated under practically relevant 
isothermal conditions. The combination of in situ XAS and quadrupole mass spectrometry (QMS) enables, for 
the first time, simultaneous monitoring of solid- and gas-phase transformations and reveals their correlated 
evolution during reduction. The XAS-QMS approach addresses the scarcity of operando studies in FBRs and is 
transferable to different reaction conditions, particle properties, and iron ores, extending its relevance from 
energy storage to steelmaking, materials, and catalysis.
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1. Introduction

Micron-sized iron particles have gained attention as carbon-free 
energy carriers, enabling a Fe–H2-redox cycle for renewable energy 
storage systems [2,3]. In this concept, H2 reduces iron oxide particles to 
metallic iron, which can then be stored and transported as a stable, non-
toxic solid energy carrier over long periods and distances [4,5]. The 
stored energy can be released upon re-oxidation of the iron when de-
mand arises, producing heat and regenerating the oxides, thus closing 
the redox cycle [6–8].

Due to their high volumetric energy density and favorable storage 
and handling characteristics, iron powders are increasingly considered 
as dispatchable energy carriers alongside hydrogen, ammonia, and 
synthetic hydrocarbons [9]. System-level and techno-economic anal-
yses indicate competitive round-trip efficiencies and costs, leveraging 
existing metallurgical and power-generation infrastructure [10,11].

The reduction of iron oxide particles can be performed using various 
reactor concepts, most notably flash reduction (FR) and fluidized bed 
reactors (FBR). FR enables rapid reduction of fine particles at high 
temperature, elevated H2 concentration and short residence time [12–
15]. In FBRs, the upward gas flow suspends and mixes the particles, 
resulting in a homogeneous temperature distribution and high conver-
sion rates even at temperatures down to 773K. The reduction can be 
completed within reasonable time periods, provided that both H2 par-
tial pressure and fluidization quality are sufficient [16–19]. Optimizing 
gas-phase composition and flow can mitigate sintering and incomplete 
conversion, making FBRs well-suited for iron-based renewable energy 
storage [20–22].

Depending on temperature, the reduction of iron oxides with hydro-
gen can proceed via two distinct pathways [23]. Above 843 K, the full 
sequence is 
Fe2O3 ←←←←←←←←←←←←←←←←←→ Fe3O4 ←←←←←←←←←←←←←←←←←→ FeO ←←←←←←←←←←←←←←←←←→ Fe . (1)

Below 843 K, bulk FeO becomes thermodynamically unstable and 
results in the formation of Fe and Fe2O3 only, such that the reduction 
follows the two-step sequence 
Fe2O3 ←←←←←←←←←←←←←←←←←→ Fe3O4 ←←←←←←←←←←←←←←←←←→ Fe . (2)

In the present work, the temperature 𝑇  is restricted to 773 K, which 
falls below the FeO stability limit. Therefore, the reduction pathway is 
expected to follow Eq. (2). Each step exhibits distinct kinetic character-
istics and potentially different rate-controlling mechanisms [1,23–26]. 
Recent kinetic studies treat these transformations as consecutive reac-
tions with separate apparent rate coefficients and activation energies, 
often embedded in shrinking core or grain models to account for 
intraparticle transport limitations [23,27–29]. Depending on the chosen 
kinetic model, experimental configuration, and temperature range, the 
reported reaction parameters vary over a wide range [23], which limits 
the transferability of kinetic data across reactor configurations and 
motivates operando characterization under process-relevant conditions.

To address these limitations, recent advances in in situ and ex 
situ characterization have provided new insight into redox mecha-
nisms and phase transformations [1,24,25,30,31]. These X-ray-based 
and 𝛾-resonant spectroscopic diagnostics provide a more comprehen-
sive understanding of redox dynamics beyond the surface layer and 
have significantly advanced insight into the pathways and kinetics 
of iron oxide reduction, directly supporting process optimization for 
scalable renewable energy storage applications.

However, most of these mechanistic studies have been performed 
in small fixed bed reactors, with their insights now informing the 
development of FBRs. Notably, in this work, the simultaneous appli-
cation of in situ X-ray absorption spectroscopy (XAS) and quadrupole 
mass spectrometry (QMS) was implemented for the first time in a FBR 
equipped with X-ray transparent windows, developed as part of this 
study and operated at the Deutsches Elektronen-Synchrotron (DESY) in 
Hamburg at the PETRA III beamline P64. While XAS probes the solid-
state transformations of iron, QMS monitors the evolving gas-phase 
composition. Together, these methods provide correlated data linking 
solid- and gas-phase dynamics during iron oxide reduction with H .
2

2 
2. Methods and materials

This section describes the FBR used for operando XAS measurements, 
the reaction conditions and iron oxide powder investigated in this 
study, and the diagnostics applied for real-time tracking of the gas and 
solid phases as well as for ex situ analysis.

2.1. XAS-compatible fluidized bed reactor

The FBR used in this study is a downscaled version of the reactor 
introduced and characterized by Seitz et al. [19]. It features an inner 
diameter of 50mm and an effective length of 270mm, see Fig.  1. 
The inner diameter was selected as the largest diameter compatible 
with XAS measurements in transmission mode while still providing 
sufficient signal quality for reliable linear combination analysis (LCA), 
see Section 2.4. Preliminary tests further showed that smaller reactor 
diameters increase the relative influence of the reactor walls and can 
therefore promote fluidization instabilities and defluidization events.

The bed support consists of two fine mesh grids (15 μm pore size) 
mounted within the lower flange to ensure uniform gas distribution and 
retention of micron-sized particles. A powder reservoir is located above 
the upper flange and connected via a valve controlled feed, allowing 
solid material to be introduced into the preconditioned reactor during 
operation.

Two X-ray transmissive windows for XAS measurements are inte-
grated on opposing sides of the reactor wall, enabling an incident and a 
transmitted beam path. Each window is made of glassy carbon (0.5mm 
thickness, 180mm length, 6mm width), providing high X-ray trans-
parency and stability under reducing conditions at high temperatures. 
To prevent oxidation of the window material, a N2 purge is directed 
at the outer surfaces. The distance between the mesh support and the 
window is 35mm. The FBR is mounted on a linear stage, allowing 
alignment with the synchrotron X-ray beam.

Gas supply is regulated by thermal mass flow controllers, providing 
an adjustable mixture of N2 and H2 that is preheated before enter-
ing the reactor. The reactor is enclosed in a heating jacket capable 
of maintaining stable operation at temperatures up to 923K, while 
an additional heating wire around the lower conical section ensures 
uniform temperature in this region.

For process monitoring, differential pressure sensors and tempera-
ture probes are installed below and above the mesh supports, as well as 
above the fluidized bed. This arrangement enables the characterization 
of hydrodynamics and temperature during reactor operation.

2.2. Reaction conditions and iron oxide powder

Fe2O3 powder with a median particle diameter 𝑑50 of approximately 
70 μm, also used in [19], was employed in the experiments. Its volume-
based particle size distribution (PSD) was measured by laser diffraction 
and is shown in Fig.  2 as both the cumulative volume distribution 𝑄3(𝑑)
and the corresponding distribution density 𝑞3(𝑑) as functions of the 
particle diameter 𝑑. A scanning electron microscopy (SEM) image of 
the as-received powder is shown in Fig.  3, while additional powder 
properties are reported in [19].

In this study, 22 g of Fe2O3 powder were introduced into the 
FBR, resulting in a static bed height of 30mm, which was selected 
to match the bed height used in the complementary pilot-scale FBR 
experiments reported in Ref. [19]. The particles were loaded into the 
pre-heated reactor at the target temperature to avoid thermally induced 
morphological changes prior to the reduction reaction. The reduction 
was conducted at 773K with a total gas flow rate of 10 lmin−1 (@273K, 
1bar) using a 1:1 mixture of H2 and N2. The operating conditions 
were chosen based on pilot-scale FBR experiments with the same 
iron oxide particles, which showed that stable bubbling fluidization 
requires operation well above the theoretical minimum fluidization 
velocity, as commonly observed for cohesive powders [19]. Following 
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Fig. 1.  Schematic of the FBR designed for operando XAS measurements.

Fig. 2. Volume-based particle size distribution of the Fe2O3 powder used 
in this study, shown as the cumulative distribution 𝑄3(𝑑) and the density 
distribution 𝑞3(𝑑), with the characteristic diameters 𝑑10, 𝑑50, and 𝑑90.

Fig. 3. SEM micrograph of initial Fe2O3 particles.

this rationale, the superficial gas velocity was selected as the highest 
practicable velocity that still prevents significant particle discharge 
from the reactor. It was approximately 10 times the estimated minimum 
fluidization velocity under cold gas conditions, corresponding to about 
30 times the minimum fluidization velocity when accounting for gas 
expansion at the reaction temperature. This ratio is of the same order 
as reported in the pilot-scale FBR study [19]. The slightly higher value 
was chosen as an additional safety margin for the smaller XAS reactor 
geometry, where wall effects more strongly affect fluidization stability.
3 
Fig. 4.  Schematic of the X-ray beam path used for operando XAS in the FBR.

Stable fluidization was monitored by pressure drop sensing through-
out the experiment, with the pressure drop profile reproducing the 
characteristic trends reported by Seitz et al. [19]. The experiment 
was run for 120min to ensure full reduction. The selected conditions 
therefore provide a well-defined reference case for demonstrating the 
capability of operando XAS to track iron (oxide) phase evolution in real 
time during reduction with H2 under FBR operation.

2.3. Ex situ powder analysis

Powder X-ray diffractograms were recorded using an X-ray diffrac-
tometer equipped with Cu-K𝛼 radiation (Cu-K𝛼1 = 1.5406 Å) and a Ni 
filter, as reported in [19]. The scans were acquired with a step size 
of 0.017◦ over a 2𝜃 range of 10◦ to 100◦. The XRD reflections were 
compared with reference data and evaluated following the procedure 
described in [19].

2.4. Time-resolved solid phase analysis

In situ XAS at the Fe K-edge was employed to temporally resolve 
the reduction of iron oxide particles with H2 in the FBR. Time-resolved 
spectra capture the progressive transformation of Fe2O3 through Fe3O4
to metallic Fe, reflecting the evolving electronic structure and local 
coordination in real time.

XAS at the Fe K-edge provides element-specific sensitivity to oxida-
tion state and local environment [32,33]. The energy position and fine 
structure of the absorption edge therefore allow differentiation between 
metallic and the differently oxidized iron species.

In this study, in situ XAS was conducted in transmission mode. 
According to the Lambert–Beer law, the energy-dependent absorption 
coefficient 𝜇(𝐸) is derived from the incident and transmitted intensities 
𝐼0 and 𝐼1 via 

𝜇(𝐸)𝐷i = ln
(

𝐼0 𝐼
−1
1

)

, (3)

where 𝐷i denotes the optical path length, i.e., the inner diameter of the 
FBR, see Fig.  1.

The experiments were carried out at beamline P64 (DESY) [34] 
using a quick-scanning extended X-ray absorption fine structure (QEX-
AFS) monochromator [35] operated at 1Hz. Two ionization chambers 
recorded 𝐼0 and 𝐼1, while a passivated implanted planar silicon (PIPS) 
diode measured a simultaneously transmitted reference signal through 
an Fe foil for continuous energy calibration and drift correction. The 
X-ray beam path through the fluidized bed, including the detector 
arrangement used for transmission XAS measurements, is illustrated in 
Fig.  4.

The heterogeneous distribution of particles and gas bubbles can 
deviate from the homogeneous medium implicit in the Lambert–Beer 
law under bubbly fluidization. However, in hard X-ray absorption 
spectroscopy measured in transmission mode, scattering contributions 
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Fig. 5. XAS spectra at the Fe K-edge used as reference spectra for the LCA,
i.e., to decompose the recorded operando spectra into the temporal evolution 
of the corresponding molar phase fractions. Solid lines represent the spectra 
extracted by MCR-ALS. Dashed lines indicate the corresponding reference 
spectra of well-defined phases recorded with the same beamline optics. For 
clarity, spectra are vertically offset along the ordinate.

are effectively canceled out during averaging, and the remaining inho-
mogeneity effect manifests as spectral dampening of X-ray absorption 
near edge structure (XANES) features scaling with average particle 
size. As long as the particle size does not change substantially during 
the experiment, this dampening remains approximately constant, and 
its effect on the relative spectral shapes used for LCA is therefore 
limited [36]. In addition to this microscopic particle size-related effect, 
bubbly fluidization introduces spatial and temporal averaging due to 
the heterogeneous gas–solid distribution. The recorded spectra repre-
sent an integral measurement over the X-ray transmission path and 
across the approximately 1mm wide Gaussian beam profile. During 
the 1 Hz QEXAFS acquisition, transient changes in the gas–solid dis-
tribution are averaged in the recorded spectrum, yielding reproducible 
spectral signals, as confirmed by the absence of erratic jumps between 
consecutive spectra. The quantitative analysis was then performed on 
spectra averaged over 1 min intervals, which effectively results in 
very stable spectra without any discernible particle movement-induced 
artifacts.

To account for inhomogeneities and the associated dampening in 
the XAS data analysis, the initial and final solid-state phase compo-
sitions were determined by ex situ X-ray diffraction (XRD) analysis, 
as described in Section 2.3. XRD of the as-received powder confirmed 
Fe2O3 as the initial phase. After completion of the reduction, Rietveld 
refinement showed that the final solid product consisted of approxi-
mately 0.99 molar fraction of metallic Fe, with a minor residual fraction 
of about 0.01 Fe3O4 and only traces of Fe2O3. These experimentally 
confirmed boundary states were used to guide the extraction of internal 
reference spectra from the time-resolved operando XAS dataset. The 
first and last spectra were used directly as reference spectra for Fe2O3
and Fe, respectively. The reference spectrum for Fe3O4 was derived us-
ing the built-in multivariate curve resolution–alternating least-squares 
(MCR-ALS) algorithm implemented in Fastosh [37]. These extracted 
spectra were subsequently used as reference spectra in the LCA to 
decompose the recorded operando spectra into the temporal evolution 
of the corresponding molar phase fractions. Fig.  5 compares the internal 
reference spectra extracted by MCR-ALS from the operando FBR dataset 
with external reference spectra of well-defined Fe2O3, Fe3O4, and 
Fe recorded with the same beamline optics but without FBR-induced 
dampening.

The line-of-sight (LOS) probing height was selected at 𝐿LOS =
190 mm based on vertical XAS scans performed prior to the reduction 
experiments under FBR conditions. These scans identified this position 
as the best compromise between sufficient X-ray attenuation for well-
defined spectral features and avoidance of excessive absorption losses. 
As the LOS was located in the freeboard region, the probed particle 
ensemble may differ from the bulk bed material, and a moderate 
size-selective bias toward finer particles cannot be excluded.
4 
Fig. 6. XAS spectra recorded during the reduction experiment. The spectral 
shape evolves from Fe2O3 via Fe3O4 to metallic Fe. This progression is 
reflected by the color scale, which changes from red (Fe2O3) to blue (Fe). 
The spectra used as internal references for LCA, are shown in Fig.  5.

2.5. Time-resolved gas-phase analysis

Time-resolved gas-phase composition was monitored using a Hiden 
ExQ QMS. The system employed electron impact ionization. Ion cur-
rents were detected via a combined Faraday cup and secondary electron 
multiplier, providing high dynamic range for light gas quantification. 
The species analyzed were H2 (m/z = 2), H2O (m/z = 18), and N2
(m/z = 28). For this purpose, a partial gas stream was extracted directly 
from the reactor outlet through a heated capillary line maintained at 
423K and passed through a particle filter before entering the high-
vacuum sampling interface. This setup prevented condensation and 
minimized transport-related signal distortion. Based on the capillary 
geometry and applied flow rate, the gas transport delay was estimated 
to be in the order of one minute and was accounted for by temporal 
alignment of the QMS and XAS signals. Data acquisition at 59Hz 
was synchronized with in situ XAS measurements, enabling correlation 
between gas- and solid-phase evolution.

3. Results and discussion

Fig.  6 shows XAS spectra recorded during the reduction experiment. 
The spectra gradually evolve from Fe2O3 at the beginning to metallic 
Fe, indicating progressive reduction with increasing residence time 𝑡𝑟. 
This evolution becomes evident when comparing the spectral shapes 
with the reference spectra shown in Fig.  5.

The molar fractions of iron (oxide) phases quantified via LCA dur-
ing reduction are shown in Fig.  7, together with the simultaneously 
measured gas-phase composition, i.e., H2, H2O, and N2, obtained by 
QMS; additional MCR-ALS analysis including FeO as a potential phase 
indicated no detectable FeO accumulation under the selected reduction 
conditions. The Fe2O3 fraction decreases sharply at the onset of the 
reaction, accompanied by a concurrent rise in Fe3O4 and metallic Fe, 
indicating a fast initial reduction step. As the reaction proceeds, the 
gradient decreases markedly, which is consistent with the formation of 
passivating Fe and Fe3O4 surface layers illustrated in Fig.  8, hindering 
H2 access to and diffusion of formed H2O away from the particle 
core. This behavior is consistent with a gradual shift from a kinetically 
limited regime toward diffusion limitation [1,31]. In the gas phase, 
these phase changes are mirrored by an initially steep increase in the 
H2O signal, which then approaches a quasi-steady state as surface 
passivation develops. Toward the end of the experiment, the decrease 
in H2O confirms the depletion of reducible oxides and the completion 
of metallization.

The reduction degree 𝑋(𝑡𝑟), calculated from solid-phase transfor-
mation data derived via XAS, increases rapidly during the reaction. 
At a residence time of 28min, XAS indicates a reduction degree of 
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Fig. 7. Real-time tracking of iron oxide phase transformations via in situ XAS, 
along with quantification of the gas-phase composition via QMS during the 
reduction of micron-sized Fe2O3 particles.

Fig. 8. Schematic of the proposed reduction mechanism, modified from [1].

approximately 0.96. However, the reduction degree derived from gas-
phase data measured by QMS is about 0.80 at the same nominal 
residence time. This difference reflects a temporal offset between the 
solid-state signal measured in the bed and the gas-phase signal detected 
at the reactor outlet. First, even after accounting for the instrumental 
gas transport delay, the reduction degree inferred from the H2O signal 
remained delayed relative to the solid-phase evolution on the time scale 
of tens of minutes, indicating that this delay cannot be explained by 
gas transport through the sampling line alone. Second, QMS integrates 
over the entire reactor outlet, whereas XAS probes only a defined 
region within the FBR. Given that the LOS of in situ XAS was located 
in the freeboard region, the probed particle ensemble may not fully 
represent the bulk bed material. Under bubbling fluidization, particles 
are continuously projected above the bed surface by bubble eruption 
and may temporarily enter the LOS rather than being permanently 
elutriated. Nevertheless, smaller particles are more likely to reach this 
region, and a moderate bias toward finer particles can therefore not 
be excluded. Such a bias could also contribute to the faster apparent 
solid-phase conversion observed by XAS compared with the gas-phase 
response, though likely not to a large extent. Third, temporary trapping 
of H2O formed during reduction within the porous particle structure 
may contribute to the observed offset. A similar behavior was reported 
by Spielmann et al. who observed water trapping in reduced iron oxide 
samples using Mössbauer spectroscopy [25]. This effect could con-
tribute to the temporal offset between gas-phase and solid-phase data 
and was consistently observed throughout this and other experiments.

The time-resolved reduction degree 𝑋(𝑡𝑟), derived from the XAS 
phase fractions and shown in Fig.  9, further illustrates the temporal 
evolution of the reduction process and is consistent with a sequential 
reduction mechanism. To characterize the kinetics in the individual 
regimes, the Avrami exponents were determined for the three main 
conversion intervals, following the procedure of Stevens et al. [38], 
who applied the method proposed by Hancock and Clark [39]. The 
resulting exponents 𝑛1 ≈ 2.87, 𝑛2 ≈ 0.14, and 𝑛3 ≈ 2.12 for Regimes 1–3, 
respectively, shown in Fig.  9, are in line with the qualitative picture 
derived from 𝑋(𝑡𝑟). They indicate distinct kinetic regimes, compris-
ing a fast initial stage, a strongly slowed intermediate stage, and an 
accelerated late-stage conversion.
5 
Fig. 9. Reduction degree 𝑋 as a function of residence time 𝑡𝑟, derived from
in situ XAS phase fractions. Vertical dashed lines indicate transitions between 
three qualitatively distinct kinetic regimes.

Compared to previous studies in fixed bed reactors, the reduction 
observed in this work proceeds significantly faster, which can be at-
tributed to the high H2 concentration, i.e., a 1:1 mixture of H2/N2, and 
the enhanced mass transfer under FBR conditions. In contrast to our 
previous FBR study [19], the present results indicate a slightly accel-
erated reduction. This discrepancy may partly arise from differences in 
probed reactor region as well as from the transient thermal conditions 
during the heating phase. Nielsen et al. [24] performed in situ XRD 
experiments in a capillary fixed bed reactor using only 1.4% H2 and 
iron oxide nanoparticles. They reported slow kinetics, requiring about 
8h at 773K for complete reduction. Their results nonetheless confirmed 
an immediate transformation from Fe2O3 to Fe3O4, consistent with 
the initial reduction stage identified here, but also highlighted the 
strong passivating effect of Fe3O4 and Fe surface layers — likely even 
more pronounced for nanoparticles with their higher specific surface 
area. Braun et al. [1] likewise investigated micron-sized particles in 
a capillary fixed bed configuration via temperature-programmed re-
duction experiments and observed the transient formation of Fe3O4
with a maximum molar fraction of 0.44. In comparison, the maximum 
Fe3O4 fraction of approximately 0.66 obtained in the present FBR study 
points to a stronger build-up of the magnetite intermediate, despite the 
overall faster reduction. Ma et al. [31] investigated the reduction of 
iron oxide pellets with pure H2 at 973K and observed a similarly rapid 
initial reduction of Fe2O3. At this higher temperature, the formation of 
thermodynamically stable FeO impeded further reduction. Their results 
also revealed the development of a passivating iron layer on the particle 
surface. Similar reduction behavior has also been reported for micron-
sized iron oxide particles reduced with H2, see, e.g., Stevens et al. [38] 
and Frâdet et al. [28].

Recent investigations carried out in fluidized bed reactors further 
support a rapid initial reduction stage under conditions of efficient 
gas–solid contact. Jezernik et al. [40] demonstrated, based on in situ
XRD and SEM, that reduction of iron ore fines with H2 in a small-scale 
fluidized bed reactor operated under dynamically varying temperature 
conditions can reach complete conversion within short residence times. 
This behavior highlights the intrinsically fast reduction of Fe2O3 and 
Fe3O4 under fluidized bed conditions and is qualitatively consistent 
with the rapid early-time decay of Fe2O3 observed in the present 
work. Ren et al. [41] likewise employed a micro-scale FBR and showed 
that even small amounts of water vapor in the H2-containing gas can 
significantly slow down the reduction of iron ore, particularly at low 
temperatures such as 773 K, even though this inhibiting effect dimin-
ishes at higher temperatures [38]. This sensitivity to H2O is consistent 
with the pronounced plateau and the persistence of iron oxide phases 
observed in the present FBR experiments and suggests that locally 
accumulated water vapor within partially passivated Fe/Fe3O4 shells 
may contribute to the late-stage deceleration of the overall reduction.
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4. Summary, concluding remarks and outlook

In this study, micron-sized iron oxide particles were probed by in situ
XAS during reduction with H2 in a newly designed XAS-compatible FBR 
operated under isothermal conditions relevant to practical operation. 
Combined with QMS, this approach enables simultaneous monitoring 
of solid- and gas-phase transformations and reveals that the reduction 
of micron-sized Fe2O3 particles with H2 at 773K proceeds sequentially 
via Fe2O3 ←←←←←←←←←←←←←←←←←→ Fe3O4 ←←←←←←←←←←←←←←←←←→ Fe. The formation of passivating Fe and/or 
Fe3O4 shells likely limits H2 access to the particle core and the transport 
of H2O formed in the particle core to the gas phase. This behavior 
is consistent with a gradual shift from a kinetically limited regime 
toward increasing diffusion and transport limitation, reflected in the 
pronounced plateau and the slow consumption of the remaining oxide 
phases at high overall conversion.

Simultaneous gas-phase analysis links these solid-state transforma-
tions directly to the transient formation of H2O. The initially steep 
increase in the H2O signal, followed by quasi-steady levels, reflects the 
rapid early reduction and the subsequent slowing of oxide conversion. 
The systematic offset between the reduction degrees derived from XAS 
and QMS likely arises from the different ensembles probed by both 
diagnostics: XAS probes particles temporarily present in the freeboard 
region, potentially biased toward smaller and faster-reducing particles, 
whereas QMS captures the overall H2O formation from the entire 
reacting particle ensemble. Temporary retention of H2O within the 
porous particle structure may further contribute to the delayed gas-
phase response, consistent with observations by Spielmann et al. [25]. 
Compared with fixed bed configurations reported in the literature, the 
overall reduction observed here proceeds significantly faster, which can 
be attributed to enhanced particle mixing and improved gas–solid mass 
transfer characteristic of FBRs.

Beyond these mechanistic insights, the present work establishes an 
experimental framework for synchrotron-based operando investigations 
of iron oxide reduction in a downscaled pilot-scale FBR. The approach 
enables simultaneous and correlated monitoring of solid-phase trans-
formations via XAS and gas-phase composition via QMS, providing a 
correlated data set for resolving the reaction dynamics in fluidized bed 
reactors.

Building on this foundation, upcoming studies will investigate the 
influence of particle morphology, PSD, and initial oxide phase, as well 
as the effects of temperature and H2 concentration on the reduction 
dynamics. Particular attention will be given to the evolving particle 
morphology during reduction, including the development of porous 
iron particles, internal pore networks, and passivating surface lay-
ers, which are known to strongly affect reduction kinetics and mass 
transport within the particles [7,19,42,43]. Systematic operando studies 
under well-controlled fluidized bed conditions will therefore provide 
a consistent experimental basis for refining kinetic rate parameters 
and improving mechanistic models. Experimentally validated kinetics 
will enable the development of multi-scale reactor models coupling 
intrinsic reaction kinetics with fluidized bed hydrodynamics, gas–solid 
mass transfer, and particle–particle interactions, thereby supporting 
the design and optimization of reactors for carbon-free energy carriers 
based on the Fe-H2 redox cycle for renewable energy storage.
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