Proceedings of the Combustion Institute

Micron-sized iron particles as energy carrier: Cycling experiments in a fixed-bed

Manuscript Number:
Article Type:
Section/Category:
Keywords:

Manuscript Classifications:

Corresponding Author:

First Author:
Order of Authors:

Abstract:

Additional Information:

Question

Are you submitting for consideration as an
Oral Presentation or Poster Paper

Presentation?

Please highlight the novelty and
contribution of this paper in 3-5 brief

statements:

reactor
--Manuscript Draft--

Vol. 40: Manuscript

413: Low-Carbon Technologies

Energy storage; Iron particles; Oxidation behavior; Cyclization; Fixed-bed reactor
413: Low-Carbon Technologies

Olaf Deutschmann, Dr.
Karlsruhe Institute of Technology
Karlsruhe, GERMANY

Carola Kuhn

Carola Kuhn

Marco Kirn

Steffen Tischer, Dr.
Olaf Deutschmann, Dr.

Iron is a promising energy carrier with the potential to store substantial amounts of
energy over extended time periods with minimal losses. For instance, the energy from
green hydrogen sources can be used to reduce iron oxides, be stored or transported,
and thus be regained by exothermic oxidation of the iron. This work explores the
influence of oxygen partial pressure and temperature on the oxidation process in a
fixed-bed reactor. Furthermore, the analysis extends to the reduction of oxidized iron
particles at varying temperatures. The experimental findings highlight that both
oxidation and reduction progress through the fixed-bed reactor as distinct reaction
fronts. In the oxidation process, the speed of the reaction front increases with rising
oxygen content and temperature, resulting in a higher reaction rate and a
correspondingly increased heat release. Conversely, the reaction rate for reduction
experiences a notable decrease for 600 °C and 700 °C. The reprocessability of the iron
powder was validated for up to 16 cycles under the optimal reaction conditions
established. Furthermore, it was demonstrated that the performance improves with an
increasing number of cycles. This improvement is attributed to the formation of pores
due to density changes and the subsequent creation of a larger surface area,
mitigating the negative effects of sintering and agglomeration.

Response

Oral Presentation

In-depth analysis of micron-sized iron powder in a fixed-bed reactor, considering
oxidation, reduction and cyclization

Oxidation and reduction progress through the fixed-bed reactor as reaction fronts
Formation of pores counteracts the decreased reaction rate due to sintering

Improved performance with increasing number of cycles

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript

Click here to view linked References

Micron-sized iron particles as energy carrier: Cycling
experiments in a fixed-bed reactor

Carola Kuhn?, Marco Kirn?, Steffen Tischer®, Olaf Deutschmann®?*

@ Institute for Chemical Technology and Polymer Chemistry, Karlsruhe Institute of Technology,
Engesserstr. 20, 76131 Karlsruhe, Germany
b Institute of Catalysis Research, Karlsruhe Institute of Technology,
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

Abstract

Iron is a promising energy carrier with the potential to store substantial amounts of energy over extended time
periods with minimal losses. For instance, the energy from green hydrogen sources can be used to reduce iron
oxides, be stored or transported, and thus be regained by exothermic oxidation of the iron. This work explores the
influence of oxygen partial pressure and temperature on the oxidation process in a fixed-bed reactor. Furthermore,
the analysis extends to the reduction of oxidized iron particles at varying temperatures. The experimental findings
highlight that both oxidation and reduction progress through the fixed-bed reactor as distinct reaction fronts. In the
oxidation process, the speed of the reaction front increases with rising oxygen content and temperature, resulting
in a higher reaction rate and a correspondingly increased heat release. Conversely, the reaction rate for reduction
experiences a notable decrease for 600 °C and 700 °C. The reprocessability of the iron powder was validated
for up to 16 cycles under the optimal reaction conditions established. Furthermore, it was demonstrated that the
performance improves with an increasing number of cycles. This improvement is attributed to the formation of
pores due to density changes and the subsequent creation of a larger surface area, mitigating the negative effects
of sintering and agglomeration.
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Information for Colloquium Chairs and Cochairs, Editors, and Reviewers

1) Novelty and Significance Statement

This study’s uniqueness lies in the in-depth investigation of iron powder as an energy carrier within a fixed-bed
reactor. The obtained results significantly contribute to an enhanced comprehension of the processes occurring
during oxidation and reduction. Moreover, this work demonstrates the feasibility and efficiency of iron powder
cyclization on a larger scale.
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* C.K.: Conceptualization , analyzed data, writing - original draft
* M.K.: Performed research, analyzed data
e S.T.: Writing - review & editing

¢ O.D.: Designed research, supervision, writing - review & editing

3) Authors’ Preference and Justification for Mode of Presentation at the Symposium

The authors prefer OPP presentation at the Symposium, for the following reasons:

* Consideration of the entire process, i.e. energy storage and release, for the utilization of iron as energy
carrier.

¢ In its concluding evaluation of the cyclization, the study builds upon the previously obtained results for
oxidation and reduction.

¢ The results hold significant relevance for the expanding community researching metal fuels, particularly iron.
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1. Introduction

The group of reactive metals, including aluminum,
silicon, and iron, has received much attention in
recent years as carbon-free, recyclable fuels [1-3].
They can store vast amounts of energy with minimal
losses for extended periods, thus making them ideal
for seasonal energy storage [4]. The corresponding
charging and discharging process can be spatially and
temporally separated. Energy storage in iron occurs
through thermochemical reduction of iron oxides us-
ing green hydrogen produced by electrolysis [5]. This
is feasible in regions with low-cost renewable energy,
notably North Africa or Australia [6]. Energy release
is accomplished in regions with high energy demand.
Iron is combusted with air, and the resulting heat can
be harnessed directly or used to generate electricity
[7]. The iron oxides produced during combustion are
solid at standard conditions, easily collected, and re-
cyclable. This combination of processes satisfies the
demand for a carbon-free energy carrier and supports
the principles of the circular economy [8]. Iron pow-
der is of particular interest among reactive metals due
to its high volumetric energy density, non-toxicity,
ease of transportation, low hazard potential and af-
fordability [3]. Initial studies are exploring the poten-
tial of iron particles in energy storage systems. Nu-
merous studies are dedicated to a comprehensive un-
derstanding of the processes during oxidation, exam-
ining the oxidation of iron particles under mild con-
ditions, on small scales, and within a narrow param-
eter range [9—-11]. The crucial aspect of the oxida-
tion process is marked by an initial rapid phase, fol-
lowed by a subsequent decrease in the reaction rate.
This behavior is ascribed to the development of a
dense iron oxide layer, causing a shift in the oxidation
mode from the kinetic regime to the diffusion-limited
regime [12, 13]. Several studies in literature explore
the reduction behavior of iron oxides with hydrogen.
However, there is significant variation in the findings
of these studies, highlighting the crucial role played
by particle properties in the reduction process [14].
Therefore, it is necessary to thoroughly investigate the
reduction behavior of oxidized iron particles, which
are used in the metal fuel cycle. Nevertheless, re-
search on this topic remains scarce in literature. First
studies revealed that the reduction process of com-
busted iron particles exhibits a pronounced tempera-
ture dependence [15, 16]. Additionally, it was demon-
strated that the reduction induces changes in particle
morphology. Previous studies indicate that alterations
in particle morphology, can significantly impact both
oxidation and reduction behavior [13, 17]. The ob-
jective of this work is to conduct a comprehensive in-
vestigation of the oxidation and reduction processes
within the iron/iron oxide system using a fixed-bed
reactor. The results will be employed to determine
the ideal conditions for cyclization. Furthermore, the
effects of repeated oxidation and reduction on particle
properties will be explored through long-term experi-
ments.
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2. Experimental
2.1. Fresh iron powder

The analyzed iron powder has an average particle
diameter of 23 um. Figure 1 presents the particle size
distribution of the powder. Recent research indicates
that oxidation and reduction of iron particles results
in sintering and agglomeration of the particles [9, 18].
To prevent sintering, the iron powder was mixed with
ball-milled quartz sand, in a 1:8 ratio. To investi-
gate the oxidation of iron particles, a 20 mm bed fixed
with quartz wool was obtained by diluting 200 mg of
iron powder with 1600 mg of quartz sand and placing
this mixture in a quartz glass tubular reactor (8 mm
i.d.). For the reduction and cyclization experiments,
400 mg of iron powder diluted with quartz sand (1:8)
were loaded into a reactor with an inner diameter of
26.4 mm, resulting in a bed length of 2 mm.
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Fig. 1: Particle size distribution of the investigated powder
sample. It is taken from [9] as the same powder batch is
used.
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Fig. 2: SEM image of the evaluated iron poder,

2.2. Analysis of the iron powder performance

The loaded reactor was placed in a furnace (HTM
Reetz GmbH) for uniform heating. For all experi-
ments, the temperature was monitored by two ther-
mocouples placed upstream and downstream of the
fixed-bed. Reactor heating and cooling was con-
trolled by Eurotherm controllers using the thermo-
couple located upstream of the fixed-bed. Reaction
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gases were dosed by Bronkhorst Mass Flow Con-
trollers. The reduction product water was monitored
by a FTIR spectrometer (MKS Instruments). Oxi-
dation experiments were performed at a flow rate of
150 mL min~*, unless otherwise noted. The oxygen
content was varied from 5 % to 30 % balanced with
nitrogen. To minimize errors in the analysis of prod-
uct gases via FTIR, a higher volume flow is utilized.
Therefore, all reduction experiments were conducted
with a total volume flow of 500 mL min~" and 5%
H, in N,. In the cyclization experiments each oxi-
dation and reduction was followed by purging with
500 mL min~"' of nitrogen for 15 min. Additionally,
the cycling behavior was analyzed based on thermo-
gravimetric experiments (Netzsch STA409). Around
10 mg iron powder were used for each experiment.
Oxidation was performed at 650 °C with synthetic
air and reduction at 500 °C with 5% H, balanced
with N both with a volume flux of 100 mL min~".
Transition between oxidation and reduction was per-
formed at 15 K min~" with 200 mL min~" N,.

3. Results and discussion
3.1. Oxidation

Due to the exothermic nature of iron oxidation, the
rise in temperature enables the monitoring of the pro-
cess. The temperature was measured with a thermo-
couple located 5 mm downstream of the fixed-bed.
In order to improve the comparability of the individ-
ual measurements, the actual measured temperatures
were normalized by subtracting the average tempera-
ture prior to the start of the oxidation. The effect of
temperature on oxidation is shown in Figure 3. This
was investigated at a total flow rate of 50 mL min "
and an O, concentration of 10 %. All measurements,
except the one taken at 500 °C, indicate a decrease
in temperature following the initiation of the reac-
tion. The cause of this phenomenon is attributable
to the structure of the control circuit. The reference
thermocouple is positioned in front of the fixed-bed.
When oxidation begins, the temperature upstream of
the fixed-bed initially increases. This causes the con-
trol circuit to counteract the registered temperature in-
crease by slightly reducing the furnace power. The
subsequent temperature rise is dependent on the ini-
tial temperature. A higher initial temperature results
in a higher maximum temperature of the exhaust gas.
At 500 °C, oxidation causes a temperature increase
of 1.5 K, while at 750 °C the increase is 9.5 K. The
increase in temperature of the exhaust gas is followed
by a prompt and significant decrease to its original
temperature, indicating a distinct drop of the reac-
tion rate. This may be caused by a transition from
the kinetically controlled reaction regime to the diffu-
sion controlled reaction regime. This phenomenon is
likely due to the formation of an iron oxide layer in
the initial oxidation stage, resulting in the diffusion of
iron cations through the Fe,O3/Fe;O4 layer being the
rate-limiting step. The delay in reaching the highest
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exhaust air temperature, which correlates with the ox-
idation temperature, may be attributed to the forma-
tion of a reaction front. The initial oxidation occur-
ring in the front section of the fixed-bed reduces the
amount of oxygen reaching the rear section of the bed.
The higher the temperature, the more of the available
oxygen is consumed. However, as the oxygen flow
remains constant, the oxidation front takes longer to
reach the end of the fixed-bed at higher temperatures.
Near the end of the bed, the heat dissipation is high
enough to heat the exhaust stream sufficiently to mea-
sure a temperature difference.
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Fig. 3: Temperature increase during iron powder oxidation
at temperatures ranging from 500 °C to 750 °C with a total
volumetric flow of 50 mL min—1 and 10 vol.-% O».
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Fig. 4: Temperature profile during iron powder oxidation at
650 °C with a total volumetric flow of 150 mL min~?! and
21 vol.—=% O>.

In order to better understand the processes occur-
ring in the fixed-bed during iron powder oxidation,
a temperature profile of the fixed-bed was obtained
by repeating the experiment under identical condi-
tions (650 °C, 150 mL min~*, 21 % 0,). A type K
thermocouple with a width of 0.25 mm was inserted
into a capillary placed in the center of the fixed-bed.
The temperature was measured at four positions with
a distance of 5mm. The results are shown in Fig.
4. The temperature profile substantiates the hypoth-
esis regarding the formation of a reaction front. Evi-
dently, the temperature within the bed exhibits a tem-
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poral offset along the longitudinal axis, indicating the
progression of the reaction. Moreover, the observed
temperature peak rises proportionally with the bed
length. This phenomenon can be ascribed to the ef-
fective transfer of heat generated by the ongoing re-
action to successive particles. Consequently, the oxi-
dation initiates at a higher initial temperature, result-
ing in enhanced conversion rates and, consequently,
augmented heat release. Notably, a temperature dif-
ference of 60 K is observed between position 1 and
position 3. Furthermore, temperature measurements
within the fixed-bed reveal a substantial disparity be-
tween the temperature increase recorded in the ex-
haust gas and the actual temperature rise. While a
maximum temperature increase of merely 15 K is de-
tected in the exhaust gas, the internal fixed-bed expe-
riences a remarkable temperature rise of 190 K. This
phenomenon can be ascribed to a significant radial
heat loss. In addition to temperature variations, the
impact of oxygen partial pressure on the oxidation
of iron particles was investigated. Maintaining a to-
tal volume flow of 50 mLmin~"' and an oxidation
temperature of 600 °C, the oxygen content was sys-
tematically varied from 5% to 30 % (Fig. 5). The
study revealed that the heat released by the reaction
increased with higher O, concentrations. Concur-
rently, the time required to reach the maximum tem-
perature decreased as the oxygen concentration in-
creased. The oxidation conducted with 5 vol.-% O,
does not exhibit a measurable temperature increase.
After 120 min of oxidation, a noticeable color differ-
entiation becomes evident within the fixed-bed (Fig.
5). XRD analysis of the lower section of the fixed-bed
revealed clear diffractions corresponding to ov—Fe,
Fe304 and Fe;Os3. In contrast, the upper half dis-
plays diffractions exclusively related to a—Fe. This
implies that the oxidation front has completely con-
sumed the available oxygen in the feed gas during the
initial oxidation. A direct correlation is observed be-
tween the oxygen availability and the released heat,
with a corresponding increase of the degree of oxi-
dation. Furthermore, an excess of oxygen accelerates
the advancement of the oxidation front within the re-
actor, attributable to the increased oxidation rate in-
duced by the surplus oxygen.

3.2. Reduction

The recycling of iron oxide particles and energy
storage occurs through their reduction with hydro-
gen. The effect of temperature on the reduction pro-
cess was investigated on oxidized iron particles. The
oxidation parameters were carefully selected to en-
sure complete conversion of iron to iron oxide. In
order to achieve this, the iron powder was oxidized
for 120 min at a temperature of 650 °C, using a vol-
umetric flow rate of 150 mL min~* with 21 vol.—%
0O,. The reduction using a gas mixture of 5% Hy
in N, was performed at temperatures ranging from
400 °C to 900 °C. The progression of the reduction
can be observed through the generation of H,O and
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Fig. 5: Development of the exhaust gas temperature as oxy-
gen content varies between 5 % and 30 % at 600 °C with a
total volumetric flow of 50 mL min—!. The image shows
the fixed-bed after 120 min of oxidation with 5 vol.—% O;.

measured via FTIR. The results are shown in Fig.
6a. At 400 °C, the water concentration in the gas
stream rises to 0.2vol.—% and maintains a consis-
tent level throughout the entire reaction. At 500 °C
and 600 °C, the reduction process follows a distinc-
tive two-step behavior. Initially, there is a rapid in-
crease in water concentration, corresponding to an ac-
celerated reduction rate. At 500 °C, the peak water
production reaches 1%, whereas at 600 °C, it rises
to 2.6 %. Subsequently, the reduction rate experi-
ences a steep decline, particularly at 600°C. The
water concentration stabilizes for both temperatures
during the latter phase. However, at 600 °C, it grad-
ually decreases and approaches zero after approxi-
mately 50 min. An additional plateau is observable
at elevated temperatures, particularly at 700 °C and
800 °C. Furthermore, the maximum water concentra-
tion reaches up to 4.1 % at 800 °C and 900 °C, with
a slightly lower value of 3.8 % at a reduction tem-
perature of 700 °C. A comparable pattern in the re-
duction of iron oxides within fixed-bed reactors was
noted by Hertel at al. [19]. In their study, however,
the investigation was limited to the reduction process
starting from Fe3O4. They characterized this behav-
ior as a typical breakthrough phenomenon observed in
fixed-bed reactors. The reduction of Fe,O3 can be di-
vided into a two- or three-stage mechanism depending
on the reduction temperature. At temperatures below
570 °C, Fe,0s5 is reduced to iron via Fe;O4 serving
as an intermediate. At temperatures above 570 °C,
FeO is formed as an intermediate prior to the forma-
tion of Fe. Hertel et al. [19] suggests that the re-
action steps within a fixed-bed reactor can be cate-
gorized into distinct reaction zones separated by re-
action fronts. The measured concentrations of water
can then be linked to the breakthrough of these reac-
tion zones, such as Fes0; —— FeO. The concentra-
tion between the reaction fronts should correspond to
the equilibrium concentration of the gas phase. Ap-
plied to the results of this study, it can be deduced
that the reduction process at 700 °C comprises three
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Fig. 6: a) Water content in the exhaust gas for the isothermal reduction with 5 % Hp at temperatures from 400 °C to 900 °C and

b) the resulting conversion degree.

distinct stages. The initial peak corresponds to the re-
duction of Fe,0O; to Fe3zOs, the subsequent peak cor-
responds to the reduction of Fe3;O4 to FeO, and the
final peak represents the complete reduction to Fe.
Nevertheless, upon closer examination of the water
concentrations, it is evident that they are significantly
lower than the equilibrium concentration [20], indi-
cating kinetically or transport limited reduction. This
suggests that the reduction occurs stepwise but is in-
fluenced by other processes, e.g. solid state diffusion
processes. To obtain a more comprehensive under-
standing of the ongoing reduction process, the con-
version degree of Fe,O3 over time was calculated for
each experiment. The degree of conversion is de-
termined by the ratio of the actual quantity of water
generated to the theoretically maximum amount of
water that would be produced by a complete reduc-
tion. The results are shown in Fig. 6b. Significant
temperature-dependent differences are evident when
comparing the conversion degree. At 400 °C, the
conversion degree increases approximately linearly
over time. In the range of 500 °C to 700 °C, there
is a noticeable rise in the initial degree of conver-
sion as the temperature increases. For the 600 °C and
700 °C plots, a marked drop in the conversion rate
occurs at around 60 % conversion, indicating that, de-
spite a 300 min reduction period, complete reduction
was not achieved. The conversion rate at the highest
temperatures of 800 °C and 900 °C primarily follows
a linear pattern, deviating only shortly before full re-
duction is attained. The abrupt decrease in the reduc-
tion rate at 600 °C and 700 °C results in a compar-
atively higher conversion rate being achieved at the
lower temperatures of 400 °C and 500 °C within the
same time frame. Similar observations regarding the
reduction of combusted iron particles were reported
by Hessels et al. [16]. They noted a shift in the re-
duction behavior for temperatures higher than 600 °C
compared to lower temperatures. At lower tempera-
tures, they observed a gradual but continuous reduc-
tion, while at T > 600 °C, the reduction displayed
a significantly reduced reaction rate, similar to the
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findings in this study. They proposed that the re-
duction slowdown is a consequence of FeO formation
and a shift of the reaction mechanism from boundary-
controlled to a mechanism limited by nucleation and
growth processes.

3.3. Cyclization

The potential for cyclization without substantial ef-
ficiency losses is a crucial factor for utilizing iron as
energy carrier. Cyclization is studied through short
and long-term experiments, using optimal process pa-
rameters for high reversibility and efficiency. Oxi-
dation is conducted at 650 °C with a volume flow
of 150 mLmin~" and 21 % O,. A temperature of
500 °C is selected for the reduction phase due to its
superior reduction rate compared to higher tempera-
tures. Cyclization experiments were conducted with
1,2, 4, 8, and 16 cycles to ensure reproducibility and
enable the analysis of particle morphology in relation
to the cycle number. The results are shown in Fig.
7a. The black line represents the quantity of water
formed during the reduction in the experiment involv-
ing 16 cycles. The symbols correspond to the degree
of conversion during the reduction process of all cy-
clization experiments. A conversion degree of one
corresponds to the maximum amount of water the-
oretically achievable through the complete reduction
of the weighed iron powder. The experimental results
suggest a high degree of consistency in the conversion
rate. The initial peak of the water content consistently
rises with each cycle, whereas the reduction time no-
tably decreases only in the first two cycles. Following
that, the final conversion degree is achieved slightly
earlier in the subsequent cycles. The attained conver-
sion degrees demonstrate a sharp decrease of over 7 %
in the second cycle but rapidly recover, approaching
the maximum achievable degree of conversion within
four cycles. From the 7th cycle onward, complete
conversion is consistently achieved without any dis-
cernible loss of reactivity. From the obtained results,
it cannot be definitively concluded whether the de-
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Fig. 7: a) Water content in the exhaust gas flow during the cyclization of iron powder and the degree of reduction achieved
over time. b) Evolution of the weight change during oxidation and reduction in thermogravimetric experiments and the resulting
oxidation conversion (orange symbols) and reduction conversion (blue symbols) over time.

cline in the second cycle is attributed to incomplete
reduction or if the preceding oxidation process was
not fully completed. Based on this, thermogravimet-
ric experiments were conducted under identical con-
ditions, involving oxidation at 650 °C with 21 % O,
followed by reduction at 500 °C with 5% H,. These
experiments enable the tracking of both reduction and
oxidation processes. The outcomes for 8 cycles are
illustrated in Figure 7b. The black line illustrates the
variation in mass during the reaction, where 0 % cor-
responds to pure iron, and 100 % represents a fully
oxidized sample, i.e. pure Fe,Os. The abrupt change
in mass increase/decrease observed between oxida-
tion and reduction can be attributed to the cooling or
heating of the furnace. For each oxidation and re-
duction segment, the conversion degree is calculated
relative to the initial iron mass. This is depicted in
Fig. 7b, with the oxidation conversion degree repre-
sented by the orange symbols and the reduction con-
version degree in blue. The reduction times were
shortened for the TGA experiments, accounting for
the generally lower degree of conversion. However,
a decrease in conversion in the second cycle is also
observable in the TGA experiments. The conversion
degree increases after the second cycle and stabilizes
at approximately 0.9 for the reduction from the 6th
cycle onwards. To enhance the overall understand-
ing of the process, Fig. 8 displays the superimposed
results of each cycle. The results reveal that the sec-
ond oxidation results in a notably lower oxidation de-
gree, in contrast to the first cycle. Subsequent oxi-
dations achieve a degree of conversion that increases
with the number of cycles in the same time frame and
approximately the same initial state. The oxidation
process undergoes a shift whereby the rapid initial
oxidation observed in the first cycle is followed by
a nearly linear increase in sample mass from the sec-
ond cycle onwards. The conversion degree achieved
during the initial oxidation rises with increasing cycle
number. The reduction curves demonstrate minimal
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variance across cycles. Only a marginal rise in the
reduction rate is perceptible with an increasing num-
ber of cycles. Moreover, the reduction for each cy-
cle experiences a significant slowdown at a conver-
sion rate of 0.1 and complete reduction is not attained
for any cycle. This illustrates that the decrease of the
conversion degree in the second cycle and the subse-
quent increase are influenced by processes that have
a greater impact on oxidation than on reduction. The
decrease in conversion in the second cycle might be
caused by sintering. Calvo et al. [17] examined the
cycling performance of undiluted iron powders. Their
results indicated a substantial improvement in conver-
sion during the first four cycles. In contrast to the
present study, however, the conversion degree con-
sistently declined in the subsequent cycles and could
only be increased by extending the oxidation time.
The authors attributed the diminishing reactivity to
an increasing sintering effect and the potential for in-
creased agglomeration.
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Fig. 8: Cyclization of the iron powder sample in a TGA.
The oxidation is conducted in synthetic air at 650 °C and
the reduction with 5 % H» at 500 °C.
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Fig. 9: SEM images of iron particles after a) one and b) eight cycles. Cross-sectional image of a reduced particle c) after one

cycle and d) after eight cycles.

For a more comprehensive understanding and de-
tailed insight, SEM images of the reduced particles
were taken after one and eight cycles. The images
are presented in Figure 9. The SEM images reveal
that cyclization induces a substantial alteration in the
surface structure. The surface of the initial particles
appears smooth with no evident pores (Fig. 2). After
one cycle, the particles exhibit a rough surface struc-
ture, and smaller pores become discernible, suggest-
ing a sponge-like structure. Comparing particles af-
ter one and eight cycles shows no significant differ-
ences in the surface structure (Fig. 9a and b). Some
particles with open structures were identified in the
samples. Figure 9c and d depicts the cross-section
of a particle after one cycle and the internal struc-
ture of a particle after eight cycles. The cross-section
of the particle in Fig.9c demonstrates that numerous
pores of varying sizes are present inside the particle
after the first cycle. Additionally, larger cavities and
pores are observed in the particle core compared to
the outer area. Superficial pores extend deep into the
particle, forming channels that interconnect internal
pores. These pores and channels enhance gas accessi-
bility in subsequent cycles, creating a higher surface
area for heterogeneous reactions. This effect is more
prominent for oxidation than for reduction, given the
higher diffusivity of hydrogen compared to oxygen.
Figure 9d shows an open particle after eight cycles.
Its interior features notably large cavities compared
to the particle after one cycle. This indicates that cy-
clization results in an increased porosity, reducing the
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particle fraction that is not directly accessible to reac-
tive gases. Consequently, with an increasing number
of cycles, a larger portion of iron can be converted be-
fore the reaction is impeded by solid-state diffusion.
The results indicate that the loss of reactivity induced
by sintering can be mitigated by an increase in poros-
ity with rising cycle number. This effect is likely to be
more pronounced at lower temperatures, as sintering
effects tend to intensify with increasing temperature
[18].

4. Conclusion

In this study, an in-depth investigation was con-
ducted to analyze the performance of iron as energy
carrier. The influence of various parameters on the
oxidation behavior was determined in a fixed-bed re-
actor. The experimental results revealed that oxida-
tion progresses through the reactor as a reaction front,
with the speed of the moving front being dependent
on temperature and oxygen partial pressure. Addi-
tionally, the reduction behavior of oxidized iron par-
ticles was investigated. The appearance of a reaction
front progressing through the reactor is also observed
for the reduction. The characteristics of the reduc-
tion, influenced by the formation of the intermediates
Fe;04 and FeO, vary with temperature. The exper-
iments indicated a significant decrease in the reduc-
tion rate at temperatures above 600 °C, presumably
attributed to the formation of FeO. Building upon
these experiments, the optimal conditions for the cy-
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clization of iron powders were determined. Cycliza-
tion experiments involving up to 16 cycles were con-
ducted, revealing that the formation of pores and the
resulting larger surface area of the particles can coun-
teract the reduction in the reaction rate due to sin-
tering, thereby increasing the conversion with an in-
creasing number of cycles.
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