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Stabilizing Particles of Manganese-iron Oxide with
Additives for Thermochemical Energy Storage
N. C. Preisner,*[a] T. Block,[b] M. Linder,[a] and H. Leion[c]

Manganese-iron oxide particles are a promising candidate for
both chemical-looping combustion (CLC) and thermochem-
ical energy storage. In CLC, the ability of metal oxides to
oxidize fuels in an oxygen-free atmosphere and re-oxidize in
air is addressed. Whereas, reaction enthalpy is the main focus
of thermochemical energy storage for, e. g. concentrated solar
power or an industrial process that requires high temperature
levels. Sufficient mechanical strength of the particles while
they endure chemical, thermal, or mechanical stress is a
crucial factor for both concepts. Particle stability is inves-
tigated here by adding 20 wt.% of TiO2, ZrO2, or CeO2 as a
supportive material to (Mn0.7Fe0.3)2O3. Thermal cyclization
and temperature shock tests are conducted in a packed bed

reactor to identify chemical stability as well as the effect of
chemical and thermal stress. A subsequent particle size
distribution analysis is performed to determine the relevant
breakage mechanism. Attrition resistance is tested with a
customized attrition jet cup to estimate the mechanical
strength of particles. It is found that the high tendency of
unsupported manganese-iron oxide particles towards agglom-
eration can be improved with any of the chosen additives.
The particles with CeO2, and especially with ZrO2, as an
additive indicate an increase in resistance towards attrition.
However, adding TiO2 has a severe negative impact on the
chemical reactivity of the manganese-iron oxide.

Introduction

The characteristic redox reaction of metal oxides is applied in
several research fields, which are motivated by the necessity
to mitigate global warming. Metal oxides are currently
investigated for example as thermochemical energy storage
material, for solar fuel production, and for chemical looping
combustion. All of these applications utilize metal oxides in
the form of particles and thus rely on a sufficient stability of
the particles. Chemical looping combustion (CLC) is based on
the ability of metal oxides (oxygen carriers) to oxidize in a
reactor with air and carry oxygen to a fuel reactor, where the
metal oxides react with gas-phase combustibles.[1] In chemical
looping with oxygen uncoupling (CLOU), the metal oxide
releases gaseous oxygen in the fuel reactor, which is needed
to oxidize not only the gas phase but also liquid and solid
fuels.[2] The exhaust gas of the fuel reactor consists of CO2

and H2O, which can be easily separated. The only exhaust
from the air reactor is depleted air. Usually the concept is
implemented in the form of two interconnected fluidized beds
to allow a continuous operation with biomass, coal, methane,
or any other fuel. Reactor setups are tested that range from
lab-scale units,[3,4] a 100 kWth unit at Chalmers in Sweden,[5] to
a 1 MWth pilot plant at TU Darmstadt, Germany.[6] Recent
promising metal oxide candidates are perovskites[7] and Mn-
combined oxides, e. g. manganese-iron oxides.[8] Natural ores
are successfully tested.[9] Another application of metal oxides
is the production of solar fuels, namely H2 and CO, by
splitting H2O and CO2 with metal oxides.[10] The produced
syngas can be further processed to denser liquid fuels via the
Fischer-Tropsch process. The high temperature needed for
reducing metal oxides in air is supplied by renewable sources,
e. g. a concentrating solar power plant. Implemented reactor

concepts focus on porous structured metal oxides[11] in a
rotary kiln,[12] moving particles in a fluidized bed reactor,[13] a
cavity reactor,[14] a moving bed reactor,[15–17] and a packed bed
reactor.[18 - 20]

Sustainable fuel conversion is the main objective of
chemical looping and solar fuel research. However, the
reaction enthalpy of the redox reaction is the main objective
of thermochemical energy storage research. Thermochemical
storage (TCS) systems are a promising way to increase the
flexibility of concentrated solar power plants (CSP) or
industrial processes operated at high temperature (700–
1000 °C).[21–26] Especially weather instability and expandable
operation time can be addressed with TCS systems to lower
the cost of CSP and provide dispatchable power generation.[27]

The reaction enthalpy of a chemical reversible gas-solid
reaction stores heat in the endothermic reaction path and
releases heat in the exothermic path. Solid gas redox reactions
of metal oxides in air are suitable candidates for exploiting
the accessible high temperatures of CSP. Besides applicable
reaction temperature, the metal oxide should feature suffi-
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cient mechanical strength, fast kinetics, high reaction enthal-
py, and cycle stability.

Since oxygen from ambient air can be used as the reaction
gas for a thermochemical reaction, no separate gaseous
storage is necessary. The concept of two interconnected
reactors for continuous charging and discharging is presented
by Schrader et al.[28] with CoO as thermochemical storage
material and heat transfer medium. A solar reactor for
reduction and an oxidation reactor are combined with cold
and hot storage tanks to feed an air Brayton cycle. For this
reason, the storage capacity and power are decoupled,
allowing the separate adjustment of both power and capacity.
In these continuous reactors, it is possible to extract
thermochemical and sensible thermal energy and, thus,
increase the energy density of metal oxide particles. So far,
solar receivers for the reduction of metal oxide particles by
direct solar radiation apply rotary kiln,[29,30] gravity-driven
particle receivers[31,32] or packed bed reactors.[33] A fluidized
bed reactor[35] and packed bed reactors[25,34] were investigated
for reactors that are able to oxidize metal oxide particles and
extract heat to a working fluid. A further development of the
packed bed to a moving bed as a reactor concept for
continuous heat extraction combines two main advantages.
First, thermochemical as well as sensible heat can be
extracted from the metal oxide particles to improve overall
efficiency, while a stable temperature of a working fluid is
allowed. Second, no moving reactor components at high
temperatures need to be handled since particles are trans-
ported by gravity in contrast to continuous reactors like rotary
kiln or sintering bands.

Manganese-iron oxides have an equilibrium temperature
in air atmosphere between 900 °C and 1400 °C, depending on
the manganese-to-iron ratio. Thermodynamic investigations
of the manganese-iron-oxygen system in air identify the cubic
bixbyite phase [(Fe3+,Mn3+)2O3], and the trigonal hematite
phase (Fe2O3) at low temperatures and the cubic spinel phase
[(Fe2+,Mn2+)(Fe3+,Mn3+)2O4], and tetragonal hausmannite
phase [(Mn2+)(Mn3+)2O4] at high temperatures as thermody-
namically stable phases.[36–39] The oxides are non-toxic and
show acceptable reaction time for oxidation and reduction as
well as cycle stability. Several studies have investigated the
redox behavior of manganese-iron-oxide systems with differ-
ent manganese-iron ratios for thermochemical
applications.[22,40–42] Equation (1) presents the global reaction
of manganese-iron oxides between bixbyite and spinel, which
can be initiated by changing oxygen partial pressure or/and
temperature.

6 ðMnxFe1-xÞ2O3 Ð 4 ðMnxFe1-xÞ3O4 þO2 ðgÞ ð1Þ

A stoichiometric weight change caused by the redox
reaction of 3.340 to 3.378% with the Mn-cation content (Mn/
Mn+Fe) x between 0 and 1 can theoretically be achieved.
However, agglomeration and particle stability problems occur
after a number of redox reactions of (Mn0.75Fe0.25)2O3 granules
in a packed bed reactor.[34] Under chemical looping condi-
tions, similar problems with manganese-iron-oxide particles in

a fluidized bed reactor have been reported.[43] A reactor
concept with moving particles, such as a reactor with a moving
bed or a fluidized bed, induces even greater stress on the
particles than a packed bed. The attrition of particles results
in the loss of material when small particles must be removed
and a recycling or filtration system becomes necessary.
Moreover, decreasing particle size causes higher pressure
losses and, thus, lowers the performance of a reactor setup.

Particles undergo several kinds of stress in a reactor, such
as chemical, mechanical, and thermal stress. As a conse-
quence, particles may split, become fatigued, fractures may
spall, or the surface may be smoothed due to attrition or
abrasion, leading to a shift in particle size distribution.
Mechanical stress includes particle-wall or particle-particle
collision. When the kinetic energy of a collision at high
velocity is absorbed, particles may fracture or be abraded. A
low velocity collision causes surface abrasion resulting in very
fine particles by smoothing the small edges on the particle.
Particles endure thermal stress in the form of high heating or
cooling rates, temperature gradients inside the particle, or
different thermal expansion coefficients of multiphase par-
ticles.[44] Chemical reactions can cause stress when phases with
different densities or molar volumes are formed, resulting in
intraparticle stresses, e. g. the reduction of Fe2O3 caused by
the expansion of ferrite oxide crystals.[45] A change in pore
structure may weaken the overall particle,[46] and the release
of gas during a reaction can cause an internal pressure
gradient in gas-solid reactions.

The agglomeration tendency of particles is an important
criterion for the expected useful lifetime of any thermochem-
ical storage material. Agglomeration can be caused by a
temperature exceeding the onset sinter temperature, chemical
reactions, or particle-collision-induced melting.[45,47,48] Since
any change in particle size distribution may have a tremen-
dous impact on reactor performance, possibilities to improve
the particle stability of chemically reacting Manganese-iron
oxides are addressed in this paper.

Particle strength can be improved by adjustments made in
the particle preparation, for instance, by choosing sol-gel
granulation, spray drying, using precipitation methods, or by
adding binders. Coating with a strong porous material can
also strengthen particles as well as introducing compressive
stresses by rapid heating and cooling of particles to harden
the particle surface without sintering or phase changes.[44]

The fluidized bed concept utilized in CLC can cause the
severe attrition of oxygen carrier particles. Thus, in the
research field of chemical looping, great effort has been put
into improving, measuring, and predicting the strength of
metal oxide particles and their agglomeration tendency.[50]

Adding supportive inert material, optimizing the calcination
temperature, or choosing an adapted preparation method
have shown promising results. Azimi et al.[51] have inves-
tigated the effect of different additives (40 wt.%) to spray-
dried (Mn0.75Fe0.25)2O3 particles on mechanical strength and
reactivity under chemical-looping conditions. Attrition resist-
ance was found to be substantially improved with the addition
of ZrO2 (monoclinic), depending on the calcination temper-
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ature of the particles. For this reason, the use of a rather low
calcination temperature is recommended.[51] A fixed amount
of 7 wt.% TiO2 was added by the authors of[52] for its
reactivity and magnetic properties to manganese-iron oxides
with a Mn:Fe ratio between 0 and 1 and under chemical
looping conditions. An increase in crushing strength was
found compared to particles without the addition of Ti.

Particle stability and the modification of metal oxides
have been comprehensively investigated by the chemical-
looping research community.[46,53–55] However, operation con-
ditions and applied reactor concepts differ between chemical-
looping and thermochemical storage applications. In CLC,
isothermal reaction conditions are mainly applied in O2

depleted air for the oxidation of metal oxides, and a fuel
atmosphere for the reduction of metal oxides.[2] In contrast, in
the thermochemical storage concept, the reduction in O2-
depleted air and oxidation in air are initiated thermally by
exceeding the equilibrium temperature or by changing the
partial pressure of O2 under isothermal conditions.[34] Particle
size may vary depending on the applied reactor concept. For
these reasons, it remains uncertain if the findings from
particle stability investigations under chemical-looping con-
ditions can be applied to thermochemical storage applications.
This paper presents an investigation of the effect of the
addition of ZrO2, CeO2, or TiO2 to manganese-iron oxide on
reactivity, agglomeration, and attrition behavior under the
specific conditions relevant for thermochemical storage using
a moving bed reactor.

Results and Discussion

Characterisation of the Material

A manganese-iron oxide with a Mn/Mn+Fe ratio of 0.7 was
chosen as a promising thermochemical storage material due
to its suitable redox reaction time and temperature, cycle
stability and reaction enthalpy.[22,41,42] To further improve the
mechanical strength of the material, ZrO2, CeO2, or TiO2 was
added as a support, each equaling 20 wt.% of the particle
composition. Detailed composition and material properties
are given in Table 1. The composition specifies the weight
fraction of raw materials used for producing the particles.

Scanning electron microscopy was used to characterize the
microstructures of all untreated samples (Figure 1). Internal
imperfections are visible in the polished microsections in the
figure. Further investigation with EDX indicated iron-rich,
manganese-rich, and additive-rich regions. A bimodal grain
distribution with larger Fe-rich regions and smaller Mn-rich
regions was identified in the (Mn0.7Fe0.3)2O3 particles. The
internal distribution of the additive material seemed to
increase in heterogeneity from Zr-cation, Ti-cation, to Ce-
cation. Detailed data can be found as supporting information.

Effect of Additives on Energy Storage Density

A modification with inert additives potentially lowers the
total energy density, since inert additives do not contribute to
the thermochemical share in energy density. Regarding the
sensible thermal energy stored in the particles, a supportive
material with high heat capacity should be favored in case of
thermochemical energy storage application, whereas a lower
heat capacity is beneficial in case of CLC application. Rutile
(TiO2) offers the highest mean heat capacity of
934.04 Jkg� 1K� 1 for temperatures between 600 K and 1300 K,
followed by ceria (CeO2) with 603.56 Jkg� 1K� 1 and zirconia
(ZrO2) featuring 450.24 Jkg� 1K� 1.[56] However, the bulk
density of manganese-iron oxides with the addition of ZrO2 is
slightly higher than with the addition of TiO2, which affects
the volumetric energy density of the storage material. When
inert, the support material does not contribute to the
thermochemical share of energy density.

According to reaction equation (1), a stoichiometric mass
loss of 3.366% can be calculated for pure (Mn0.7Fe0.3)2O3.The
additive, when behaving inert, reduces the stoichiometric
mass loss to 2.693% for (Mn0.7Fe0.3)2O3 with 20 wt.% of ZrO2,

Table 1. Composition and bulk density of manganese-iron-oxide materials.

Acronym[a] Molar
Composition

Composition of
raw materials
(wt.%)

Bulk
density
(kgm� 3)

Mn70Fe30 (Mn0.7Fe0.3)2O3 69% Mn3O4

31% Fe2O3

1330

Mn70Fe30_Zr20 (Mn0.7Fe0.3)2O3/ZrO2 55.2% Mn3O4

24.8% Fe2O3

20% ZrO2

1539

Mn70Fe30_Ce20 (Mn0.7Fe0.3)2O3/CeO2 55.2% Mn3O4

24.8% Fe2O3

20% CeO2

1366

Mn70Fe30_Ti20 (Mn0.7Fe0.3)2O3/TiO2 55.2% Mn3O4

24.8% Fe2O3

20% TiO2

1193

[a] The acronym describes the molar ratio of Mn and Fe cations and the
weight fraction of added ZrO2, TiO2, or CeO2.

Figure 1. SEM profile image with 5.0 kV acceleration voltage and working
distances of 8.0 mm (a, c, d) and 7.9 mm (b) of untreated Mn70Fe30 (a1),
Mn70Fe30_Ce20 (b1), Mn70Fe30_Ti20 (c1), and Mn70Fe30_Zr20 (d1).
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TiO2, or CeO2. Thermogravimetric measurements with
Mn70Fe30, Mn70Fe30_Zr20, or Mn70Fe30_Ce20 confirmed
the stoichiometric mass loss of equation (1) with a deviation
of 0.04–0.06 wt.%. Whereas Mn70Fe30_Ti20 showed a higher
mass loss during reduction than pure Mn70Fe30, indicating
that equation (1) is not the predominant reduction reaction
under the given conditions.

Effect of Thermal Cyclization

The effects of chemical and thermal stress on supported
manganese-iron oxide particles were investigated and quanti-
fied in the study. The experiments were conducted in a
packed bed reactor to inhibit any friction of the material.

The effect of chemical stress on the particle stability and
the reactivity of pure manganese-iron oxide and manganese-
iron oxide with the addition of CeO2, ZrO2, or TiO2 were
investigated with thermal cyclization tests. The reduction and
oxidation was initiated by changing the set point temperature
of the oven between 850 °C and 1050 °C for 30 cycles.

The ability of manganese-iron oxides with different
supporting additives to perform reversible redox reactions in
air is illustrated in Figure 2 with the exemplary 25th cycle. An
increase in O2 concentration denotes the reduction to
(Mn0.7Fe0.3)3O4, and a decrease in O2 concentration denotes
the oxidation to (Mn0.7Fe0.3)2O3 for Mn70Fe30 according to
equation (1). The O2 concentration in the exhaust gas of
Mn70Fe30_Ti20 during thermal cyclization indicated no
relevant reduction or oxidation of the material, whereas pure
(Mn0.7Fe0.3)2O3 and the samples supported with CeO2 and

ZrO2 were reduced and oxidized in air atmosphere. The
increase in O2 concentration up to a peak of around 23.5% or
reduction down to around 17% was similar for the three
remaining compositions, but varied in time and in temper-
ature. The area under the O2 line correlates to the extent of
conversion. During the reduction of the 25th cycle, Mn70Fe30
reached the highest reduction conversion, even though the
reactive mass was identical for the three samples. A detailed
analysis of the oxidation conversion is given in Figure 3. The
endothermic reduction started at around 971 °C, which limited
the bed temperature during heating and the subsequent
isothermal phase. The initiation temperature of reduction,
however, seemed to decrease between Mn70Fe30_Zr20,
Mn70Fe30_Ce20 to Mn70Fe30. The exothermic oxidation
began slowly at around 966 °C and led to a temperature
plateau in the range of 895 °C for Mn70Fe30 and Mn70Fe30_
Zr20 and around 889 °C for Mn70Fe30_Ce20 during the
cooling phase. The initiation temperatures of reduction and
oxidation of Mn70Fe30 and Mn70Fe30_Ce20 were stable
during 30 temperature cycles and were in agreement with
reported equilibrium temperatures in phase diagrams.[36,37,39]

The initiation temperature of reduction and oxidation of
Mn70Fe30_Zr20 showed a slight increase during cyclization
from 975 °C to 983 °C in case of reduction and from 960 °C to
972 °C in case of oxidation. The conversion presented in
Figure 3 was calculated as oxygen loss in the gas stream due
to the oxidation of the particles relative to the stoichiometric
oxygen uptake of the active manganese-iron oxide content,
for the 2nd and last performed oxidations.

Only 28 cycles could be performed for Mn70Fe30_Zr20
due to practical reasons, while 30 cycles were conducted with

Figure 2. Measured bed temperature and set point temperature of the 25th cycle (upper curves) and O2 concentration (lower curves) of 25th cycle of thermal
cyclization in lab-scale packed bed reactor with pure (Mn0.7Fe0.3)2O3 or supported with TiO2, ZrO2, or CeO2.
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the other displayed compositions. Each sample has been
cooled to ambient temperature in air between the two
displayed cycles, because the cyclization was performed on
two consecutive days. The given time started at the end of the
isothermal step at 1050 °C. No conversion calculations were
performed for Mn70Fe30_Ti20 since the O2 concentration in
the exhaust gas indicated only minor reduction and oxidation
after one reduction during the first cycle. A detailed depiction
of the occurring phases is presented in Figure 8–11. The
manganese-iron oxides with the addition of CeO2 and ZrO2

showed a lower conversion than Mn70Fe30. While 85.2% of
the pure Mn70Fe30 sample could be oxidized during the 2nd

cycle, Mn70Fe30_Ce20 and Mn70Fe30_Zr20 reached a total
conversion of 80.8% and 65.5%, respectively. The length of
the temperature plateaus in Figure 3 reflects the discrepancy
between achieved conversion values, and the plateau forma-
tion is directly related to the highest oxidation rate. The
conversion trend of Mn70Fe30 and Mn70Fe30_Ce20 declined
with increasing cyclization number and showed no continuous
effect of the prolonged oxidizing conditions while the reactor
was cooled to ambient temperature after one day of experi-
ments. In contrast, the cooling-down phase of a Mn70Fe30_
Zr20 packed bed significantly improved the conversion of the
redox reaction, resulting in an increase in conversion for the
28th cycle of 70.75%. Furthermore, the reaction time needed
to achieve 0.1% to 50% conversion increased for Mn70Fe30
and Mn70Fe30_Ce20 from the 2nd to the 30th cycle. Up to this
point, Mn70Fe30 and Mn70Fe30_Ce20 seemed to be the most
promising candidates as energy storage material with respect
to oxidation behavior. It should be noted that the oxidation
conversion of Mn70Fe30_Zr20 benefited most of the pro-

longed oxidation during the cooling of the packed bed
between day 1 and 2. For this reason, a longer isothermal step
may improve the cycle stability.

To eliminate the influence of the experimental conditions
on the conversion results, the mass loss during 30 cycles of
each material was measured with a simultaneous thermal
analyzer. The temperature profile and the gas atmosphere
was adjusted according to thermal cyclization conditions. The
conversion of the 2nd, 15th, and 30th cycle was normalized with
the stoichiometric mass loss (Table 2). After a mass loss of

1.40% during the first reduction of Mn70Fe30_Ti20, only
minor mass changes were observed in subsequent cycles. All
materials, except Mn70Fe30_Ti20, showed stable conversion
rates over 30 cycles with thermal cyclization conditions.

A particle size distribution analysis can reveal the
predominant breakage mechanism. Therefore, the distribu-
tion before and after a treatment that caused stress to the
particles was compared.[58] In the differential particle size
distribution plot (Figure 4), positive weight fractions denote
an increase in the weight fraction for the given particle size,
whereas a negative value corresponds to a decrease in the
weight fraction for the given particle size. All samples were
treated in a vibrating machine for 10 minutes to separate the
different particle sizes according to the mesh sizes of the
sieves.

The particle size distribution of untreated Mn70Fe30_
Ce20 is included to illustrate the original particle size
distribution of all the tested materials, which showed a very
similar distribution. The Mn70Fe30 sample showed a high
tendency towards agglomeration as indicated by particle sizes
above the original 2–3 mm. In addition, the disintegration
mechanism led to the production of fines for Mn70Fe30 after
30 cycles, which is displayed enlarged in the right corner. An
image of a Mn70Fe30 agglomerate and Mn70Fe30 fines is
presented in Figure 5 and Figure 6, respectively. The bed
volume of Mn70Fe30 particles increased by 17%, which could
represent a particle “swelling” and result in an increased
amount of particles in the diameter range of 3–4 mm. Wokon
et al.[42] have reported a similar effect for (Mn0.75Fe0.25)2O3

particles in the size range of 1–3 mm after 100 redox cycles. In
addition, Brown et al.[46] have described an increase in the
swelling effect for pure iron oxide particles, when they
performed continuing redox reactions between Fe2O3 and
Fe3O4 phase. The authors identified the formation of a porous
instead of a lamella magnetite as the crucial point, and this

Figure 3. Oxidation conversion of Mn70Fe30 (blue), Mn70Fe30_Ce20 (green),
and Mn70Fe30_Zr20 (red), relative to the stoichiometric oxygen uptake of the
active manganese-iron oxide content in the sample, during the 2nd (-) and
28th (Mn70Fe30_Zr20) or 30th (- -) cycle of thermal cyclization in a packed
bed reactor. The bed temperature (-* -) is displayed for the 2nd cycle of each
composition as well as the set point temperature of the kiln.

Table 2. Conversion stability of pure and supported manganese-iron-oxide
particles. 30 Cycles were performed with a simultaneous thermal analyzer
with conditions similar to thermal cyclization experiments in a packed bed
reactor.

Material Cycle 2 Cycle 15 Cycle 30
Red. Ox. Red. Ox. Red. Ox.

Mn70Fe30 92.4% 91.5% 92.1% 91.8% 92.4% 91.2%
Mn70Fe30_Zr20 92.8% 92.1% 91.3% 91.7% 92.1% 91.3%
Mn70Fe30_Ce20 92.1% 92.1% 91.7% 91.4% 91.4% 89.9%
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resulted in fragile particles with a tendency towards fragmen-
tation. Carrillo et al.[41] suspect that sintering processes, or
more precisely, a complete morphology change caused by
high temperature conditions for the reduction and oxidation
of Mn2O3/Mn3O4 or (Mn,Fe)2O3/(Mn,Fe)2O3 systems, are
responsible for low re-oxidation rates. Those authors present
sintering as a combination of densification and coarsening
phenomena. They suggest that the sintering process impedes
oxygen diffusion through Mn3O4 layers because of reduced
active surface or particle aggregation.

In contrast to Mn70Fe30, all supported manganese-iron
oxides showed no rise in bed volume height after 30 temper-
ature cycles. All the supportive materials obviously impeded
the agglomeration phenomenon to a minimum. Mn70Fe30_
Ce20 and Mn70Fe30_Zr20 particles showed a redistribution
of particle size from the lower end of original particle size to
slightly larger particles. Some particles must have agglom-

erated, since no “swelling” effect could be observed. In
contrast, Mn70Fe30_Ti20 particles tended towards breakage
instead of disintegration and showed no agglomeration
phenomenon.

In order to better understand and support the above
findings, a detailed analysis of the morphology of the samples
was performed. SEM images showed enlarged grains with
irregular morphology in a comparison of the particle surface
after thermal cyclization of Mn70Fe30, Mn70Fe30_Ti20,
Mn70Fe30_Ce20, and Mn70Fe30_Zr20 (Figure 7) with un-
treated material.

The addition of ZrO2 in particular seemed to reduce grain
growth on particle surface during thermal cyclization (Fig-
ure 7 c1-c2). In a comparison of manganese-iron oxide with
the addition of CeO2, ZrO2, or TiO2, Mn70Fe30_Ce20
developed the largest and most irregular surface grains and
the most agglomerates, which is in agreement with the
agglomeration tendency after redox reactions in air, indicated
by the differential particle size distribution (Figures 4 and
12a).

XRD analyses of samples after thermal cyclization
(Figures 8–11) suggested that ZrO2 and CeO2 are mostly inert
additives to (Mn0.7Fe0.3)2O3. This is in agreement with Bhavsar
et al.[48] However, the CeO2-supported manganese-iron oxide
sample was not completely oxidized after thermal cyclization
with subsequent cooling to ambient temperature in air.
Furthermore, the TiO2-supported manganese-iron oxide sam-
ple formed an iron-titanate phase, detected as pseudobrookite
(Fe2TiO5) with XRD, which also detected bixbyite (Mn2O3)
and hematite (Fe2O3). According to Anovitz et al.,[62] pseudo-
brookite is formed from hematite (Fe2O3) and rutile (TiO2)
and remains stable above 585 °C, which explains the poor
reactivity of this sample (see Figure 2). Therefore, pseudo-
brookite could have been already formed during the prepara-
tion process of the Mn70Fe30_Ti20 particles.

Thermal cyclization experiments focused mainly on chem-
ical stress, but it must be noted that by initiating the redox

Figure 4. Differential particle size distribution of pure (Mn0.7Fe0.3)2O3 and manganese-iron oxide with supporting additives after 30 cycles of thermal cyclization
(TC) in a packed bed reactor compared to untreated particle size distribution with a close up of 0 to 1.2 mm particle size in the upper right corner. The values
display the difference between the weight fraction of each measured particle size range before and after particle treatment in a packed bed reactor. The green
dotted line symbolizes original particle size distribution before any treatment. The plotted particle size was calculated as arithmetic mean particle size of the
sieve sizes.

Figure 5. Mn70Fe30 agglomerate after 30 temperature cycles.

Figure 6. Mn70Fe30 bulk after 30 temperature cycles.
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reaction over temperature variation, instead of oxygen
pressure variation, chemical and thermal stresses cannot be
separated completely. For this reason, additional “temper-
ature shock” experiments were performed.

Figure 7. SEM images with 5.0 kV acceleration voltage and working distances
8.0 mm (a1, b1, b2, c1, c2 and d1, d2) and 7.9 mm (a2) of Mn70Fe30 (a1,
a2), Mn70Fe30 Ti20 (b1, b2), Mn70Fe30_Zr20 (c1, c2) and Mn70Fe30_Ce20
(d1, d2) particle surface: untreated (1) and after thermal cyclization (2)

Figure 8. XRD pattern of the manganese-iron-oxide sample after thermal
cyclization. Mn2O3 (space group: Ia3) can be detected. This pattern overlaps
the Fe2O3 pattern (ICDD; PDF-2; #39-0238) (space group: Ia3), so that pure
Mn2O3, pure Fe2O3, or (Mn,Fe)2O3 cannot be distinguished.

Figure 9. XRD pattern of the manganese-iron-oxide sample with the addition
of CeO2 after thermal cyclization. Mn2O3 (space group: Ia3), CeO2 (space
group: Fm3m), and Mn3O4 (space group: I41/amd) can be detected. As
described in Figure 8 overlap with the Fe2O3 pattern (ICDD; PDF-2; #39-0238)
(space group: Ia3) is possible, so that pure Mn2O3, pure Fe2O3, or (Mn,Fe)2O3

cannot be distinguished.

Figure 10. XRD pattern of the manganese-iron-oxide sample with the addition
of TiO2 after thermal cyclization. Mn2O3 (space group: Ia3) and Fe2TiO5

(space group: Cmcn) can be detected. As described in Figure 8
overlap with the Fe2O3 pattern (ICDD; PDF-2; #39-0238) (space group: Ia3) is
possible, so that pure Mn2O3, pure Fe2O3, or a (Mn,Fe)2O3 cannot be
distinguished.

Figure 11. XRD pattern of the manganese-iron-oxide sample with the addition
of ZrO2 after 30 temperature cycles. Mn2O3 (space group: Ia3) and ZrO2

(space group: P21/a) can be detected. As described in Figure 8 overlap with
the Fe2O3 pattern (ICDD; PDF-2; #39-0238) (space group: Ia3) is possible, so
that pure Mn2O3, pure Fe2O3, or a (Mn,Fe)2O3 cannot be distinguished.
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Effect of Temperature Shocks

The effect of thermal strain on Mn70Fe30, Mn70Fe30_Ce20,
and Mn70Fe30_Zr20 samples was investigated by applying
high cooling rates to the packed bed. Fifteen subsequent
cycles in air and in N2 were performed. Since Mn70Fe30_Ti20
showed no stable redox reaction in the previous cyclization
test, it was excluded from further examination. A nitrogen
atmosphere prohibits the re-oxidation of previously reduced
manganese-iron oxide particles, whereas an air atmosphere
allows a re-oxidation reaction. It must be noted that due to
the fast average cooling rate of 110�4 Kmin� 1, a complete
conversion was not reached in air. In general, conversion
decreased with cycle number for all samples. While a
conversion of 77.7% for reduction and 76.9% for oxidation of
Mn70Fe30 was achieved in the first cycle, the conversion
dropped to 26.9% for reduction and 31.1% for oxidation in
the 15th cycle. Mn70Fe30_Ce20 and Mn70Fe30_Zr20 indicated
a similar behavior with a decrease of oxidation conversion of
64.4% to 21.2% and 48.8% to 5.1% respectively.

However, a direct comparison with the experiments
performed in N2 showed clear effects that could be ascribed
to the chemical reaction. The differential particle size
distribution after a temperature shock test in air atmosphere
showed an agglomeration of Mn70Fe30_Ce20 and, especially,
Mn70Fe30 particles (Figure 12a). In contrast, thermal strain
seemed to provoke splitting of Mn70Fe30_Zr20 particles to
nearly half the original diameter.

The particle size distribution for Mn70Fe30_Ce20 and
Mn70Fe30 showed no direct splitting effect when the air
atmosphere allowed a redox reaction. In contrast, the temper-
ature shock test in the nitrogen atmosphere (Figure 12b) did
not initiate any agglomeration of any of the tested composi-
tions. This means that the agglomeration of (Mn0.7Fe0.3)2O3/
(Mn0.7Fe0.3)3O4 -based compositions is strongly related to the
phase change caused by the redox reaction in the oxygen
atmosphere and was not influenced by heating or cooling
rates up to 110 Kmin� 1. An apparent higher splitting of the
Mn70Fe30_Zr20 sample in the nitrogen atmosphere than in
the air atmosphere could be caused by a stronger reduced
phase or experimental variance in sieving due to a rather low
mass of 10 to 12 g of sample. However, Mn70Fe30_Ce20 and
Mn70Fe30_Zr20 developed higher particle splitting due to
thermal stress than Mn70Fe30 particles (Figure 12b). It can
be speculated that there could be a superposition of splitting
and subsequent agglomeration process for Mn70Fe30_Ce20
because Mn70Fe30_Ce20 indicated minor particle splitting
during the temperature shock test in the nitrogen atmosphere
but no particle splitting when the air atmosphere allowed for
a redox reaction. In the end, the chemical reaction seemed to
provoke the agglomeration of unsupported manganese-iron-
oxide, and thermal gradients induced the splitting of ZrO2-
upported manganese-iron-oxide particles.

The morphology on the particle surface especially of
Mn70Fe30 and Mn70Fe30O_Ce20 changed with the 15
temperature shocks in air or nitrogen (Figure 13 a1–b2). An
EDX analysis of Mn70Fe30 after 15 temperature shocks in air

Figure 12. Differential particle size distribution after 15 temperature shocks in
air (TS-Air) (a) and nitrogen atmospheres (TS-N2) (b) with Mn70Fe30,
Mn70Fe30_Ce20, and Mn70Fe30_Zr20 in a packed bed reactor.

Figure 13. SEM images with 5.0 kV acceleration voltage and working distances
8.0 mm (a1, a2, b1, c1, c2) and 8.1 mm (b2) of Mn70Fe30 (a1, a2),
Mn70Fe30_Ce20 (b1, b2) and Mn70Fe30_Zr20 (c1, c2) particle surface: after
15 temperature shock in air (1) or in nitrogen (2)
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indicated Mn-rich areas as well as areas with an equal
distribution of Mn and Fe cations. Whereas an even cation
distribution was detected at the EDX measuring points of
Mn70Fe30 after 15 temperature shocks in nitrogen. EDX
analysis of Mn70Fe30_Zr20 after the temperature shock test
in nitrogen revealed an irregular distribution of Mn, Fe, and
Zr cations at the measuring points, whereas the EDX
measuring points indicated an equal cation distribution in
Mn70Fe30_Zr20 after the temperature shock test in air.
However, optically, the surface morphology of Mn70Fe30_
Zr20 seems to be the most stable one compared to the other
compositions after all experiments (Figure 7 c1–c2 and Fig-
ure 13 c1–c2). Detailed EDX data can be found as supporting
information.

Particle Stability Investigation

An attrition jet cup was utilized to estimate the tendency
towards abrasion of all four compositions in untreated form
and after the experiments above. The device was designed for
quick screening tests with a low sample weight of 5 g. The
mechanical stress in this attrition jet cup is much greater than
the stress found under moving bed conditions but may give an
indication of the mechanical properties of the sample. The
particle size distribution before and after an attrition rig test
showed, that the test rig caused both abrasion and fragmenta-
tion. Previous examinations of oxygen carriers in the attrition
jet cup indicated that the fine production follows either a
linear trend over time or a logarithmic trend with a stabilized
attrition rate after around 30 min.[54] Therefore, a total
attrition Atot (eq. 2 in Experimental Section) and the attrition
rate Ai (eq. 3 in Experimental Section) are used to describe
the attrition behavior. The attrition rate corresponds to the
slope of the attrition curve over time between 30 min and 1 h
operation. The total attrition Atot and the attrition rate Ai in
Figure 14 clearly demonstrate the improved attrition behavior
of processed material with the addition of ZrO2 and CeO2.

Mn70Fe30_Zr20 promised high particle stability. In
comparison to untreated particles, thermal stress, induced
with temperature shock test in air or nitrogen, had only a
minor effect on particle stability according to the attrition test

method. Fifteen temperature shocks even improved the
attrition resistance of Mn70Fe30_Zr20 (Figure 14b). In con-
trast, 30 temperature cycles increased the total attrition and
attrition slope of all material compositions, especially of the
unsupported manganese-iron oxide samples. Again, ZrO2 was
found to be the most promising supportive material regarding
attrition resistance. However, the attrition rate after thermal
cyclization tests with Mn70Fe30_Ce20 is in the range of the
Mn70Fe30_Zr20 sample (Figure 14b). In ceramic research,
ZrO2 is known to significantly improve the toughness of
alumina due to its high fracture toughness, which describes
the resistance of a material to the propagation of preexisting
flaws.[60,61]

The attrition values over time are displayed in Figure 15
with silica sand as a reference material. The Mn70Fe30

sample indicates a linear attrition rate, while the logarithmic
attrition curves of Mn70Fe30_Ce20 and Mn70Fe30_Ti20
reach a stable but high level in the figure.

The strong agglomeration tendency and low particle
stability (abrasion and disintegration) of Mn70Fe30, which is
mainly caused by the chemical stress, can be ameliorated by
supporting the manganese-iron oxide with ZrO2 or CeO2.
From a technical point of view, the choice of modified
material depends mainly on the mechanical and thermal stress
the particles will experience in the chosen reactor and process
concept. In applied reactor concepts, which cause high
mechanical stress, e. g. a fluidized bed reactor, Mn70Fe30_
Zr20 is the favored composition of the investigated materials
in this paper. The attrition test and the 30 temperature cycles
proved strong particle stability. However, in comparison to
the other compositions, Mn70Fe30_Zr20 indicated a tendency
to particle splitting when high temperature gradients oc-

Figure 14. The total attrition (a) and the slope of the attrition curve of the last
30 min (b) of 1 h operation in the attrition jet cup of untreated particles and
processed in thermal cyclization (TC) or temperature shock (TS) in air or
nitrogen.

Figure 15. Attrition test of manganese-iron-oxide samples after thermal
cyclization. Silica sand is the reference.
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curred. Considering reactor or process concepts with lower
attrition risk, e.g. a packed bed, Mn70Fe30_Ce20 showed
advantages over Mn70Fe30_Zr20 particles since it reached
the highest oxidation conversion of all the modified particles.
Even though Mn70Fe30_Ce20 shows the highest attrition in
total numbers for the supported manganese-iron oxides, the
slope of the attrition curve (tendency for stabilization) is
similar to the results found using Mn70Fe30_Zr20 and a
major improvement over Mn70Fe30 particles. In conclusion,
supporting Mn70Fe30 with ZrO2 or CeO2 promises a
prolonged mechanical particle lifetime. However, it must be
noted that the production process influences the overall
stability behavior of the particles. In future research, an
optimal ratio of active manganese-iron-oxide particles to inert
ZrO2 or CeO2 content will be addressed in terms of particle
stability, agglomeration tendency, and reaction conversion.

Conclusions

The reactivity and particle stability of (Mn0.7Fe0.3)2O3 as an
active material supported by 20 wt.% of either CeO2, ZrO2,
or TiO2 was tested in a packed bed reactor and with an
attrition test rig. From a technical engineering standpoint, the
following conclusions can be drawn:
* Mn-Fe oxides are very well suited as thermochemical

storage material and oxygen carrier material for chemical-
looping combustion.

* Pure (Mn0.7Fe0.3)2O3 showed the highest reactivity and
redox conversion. However, it also showed a great
tendency towards agglomeration and low particle stability,
which reduces the expected lifetime of the particle. There-
fore, a modification of this material is mandatory, despite
the drawback of reduced energy density.

* The addition of TiO2 led to a deactivation of the
manganese-iron oxide by forming pseudobrookite.

* Pure (Mn0.7Fe0.3)2O3 and (Mn0.7Fe0.3)2O3 supported with
CeO2 or ZrO2 showed sufficient cycle stability. The
reaction rate was faster with the addition of CeO2 than with
ZrO2 under the experimental conditions, but was still
slower than with pure (Mn0.7Fe0.3)2O3. Consequently, the
operational conditions must be adjusted (e.g. a longer
reaction time) to avoid incomplete conversion.

* All investigated additives hindered or clearly decreased the
agglomeration and improved the particle strength of
manganese-iron-oxide particles. Especially ZrO2 promises a
higher resistance towards attrition. A variation of the CeO2

or ZrO2 content should be addressed in future research to
optimize the particle from the attrition, agglomeration, and
reaction rate standpoints for use as thermochemical storage
material or oxygen carrier.

Experimental Section

Materials Preparation

The Flemish Institute for Technological Research (VITO) in
Belgium produced the particles with a build-up granulation
technique by mixing the raw materials Mn3O4 (Chemalloy,
Trimanox), Fe2O3 (Alfa Aesar, 99%) and one of the supports
TiO2 (Venator, Hombikat™ M211), CeO2 (American Elements,
99%) or ZrO2 (Saint Gobain, 99.9% ZrO2 +HfO2). A pretreat-
ment in air at 800 °C for 10 h allowed Mn3O4 and Fe2O3 to change
into the bixbyite (Mn,Fe)2O3 phase. After granulation, the
particles were sieved to a size between 2 and 3 mm.

Materials Characterization

The weight loss due to reduction was measured with a simulta-
neous thermal analyzer from Netzsch (STA 449 F3 Jupiter®) to
confirm equation (1). Two particles with a total mass of 30 mg
were oxidized at 850 °C for 5 h in a Pt/Rh crucible without a cap
in an atmosphere containing 20% oxygen (Linde, 99.995%) and
80% nitrogen (Linde, 99.999%). The reduction was initiated by
increasing the temperature with a heating rate of 20 Kmin� 1 up to
1050 °C in a nitrogen atmosphere and maintaining the temper-
ature for 5 h. A total gas flow of 100 mlmin� 1 was kept constant
for the entire test.

An analysis of crystalline phases of manganese-iron-oxide
particles was performed with an X-ray diffractometer (Bruker D8
Advance with Cu-Ka1,2 radiation). Scanning electron microscopy
(Zeiss Ultra 55) gave information about the shape and morphol-
ogy of the particles and their polished microsection in combina-
tion with energy dispersive X-ray point measurements (Oxford
Inca Penta FETX3). EDX measurements were performed with
the secondary electron detector at a working distance of 8 mm
with accelerating voltage of 15.0 kW and are listed as supporting
information. Oxygen has been detected with EDX but is not
listed in the supporting information, due to inaccuracy of the
EDX measuring method in case of oxygen.

The bulk density was measured by filling and weighing a 50 ml
glass cylinder with 2–3 mm particles.

A customized jet cup is available at Chalmers University of
Technology in Gothenburg, Sweden, to evaluate the attrition
resistance of the oxygen carriers used for chemical looping
combustion. A detailed description of the attrition rig setup can
be found in.[54] A sample mass of 5 g was fit into an attrition cup
and was fluidized with a moisturized air flow entering the cup
through a nozzle. The particles were fluidized into a settling
chamber above the cup. A minimal gas flow of 16 Nlmin� 1 carried
fines with a diameter below 10 μm through the settling chamber
to a particle filter at the top of the chamber, since the terminal
velocity of the densest particles equals the gas velocity in the
widest part of the settling chamber. The change of filter weight at
the gas exit corresponded to the fine production during the
measuring time. The total fine production Atot caused by attrition
for a measuring period of 1 h was calculated according to
equation (2).

Atot ¼ 100*
mf ;1h � mf ;start

ms

ðwt:%Þ ð2Þ

The attrition rate is describes the trend of the attrition curve
between 30 min and 1 h operation and is calculated according to
equation (3).
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Ai ¼ 100*
60

30
*

mf ;1h � mf ;30 min

ms

ðwt:% h� 1Þ ð3Þ

In equations (2) and (3), ms is the sample weight placed in the
cup and mf,t equals the filter weight for a given operation time t.

Experiments in a Packed Bed Reactor

Thermal cyclization tests and temperature shock tests were
performed in a packed bed reactor. Particles were placed on a
porous quartz plate in a glass tube, and gas was introduced at the
bottom of the reactor (Figure 16). A detailed description of the
reactor setup can be found in.[51]

The set temperature for the oven was controlled by two
thermocouples (Pentronic CrAl/NiAl with inconel-600), each
enclosed in a quartz thermowell. One was placed 25 mm above
the quartz plate (T1), and one was placed 5 mm below the plate
(T2). The bed height always exceeded 25 mm and thermocouple
T1 was employed to determine the bed temperature. The reactor
could be used as a packed bed or fluidized bed depending on gas
velocity. A gas flow of 3 Nl min� 1 was chosen for all experiments,
which resulted in a packed bed operation since the flow was well
below the minimum fluidization velocity.

Thermal cyclization was conducted by varying the temperature
with a heating rate of 20 Kmin� 1 between 850 °C for oxidation
and 1050 °C for reduction in the packed bed reactor. The redox
reaction was initiated by changing the temperature. An isother-
mal step followed each heating and cooling phase for 12 min at
1050 °C and for 6 min at 850 °C. 30 redox cycles were performed
with a mass of 21 g manganese-iron oxide material or 26 g
supported manganese-iron oxide material to compensate for the
possibly inert additive. The thermal cyclization experiments were
executed on two consecutive days, and the packed bed reactor
was cooled to ambient temperature in air at the end of the first
day.

The fast cooling rates for the temperature shock tests were
achieved by opening the oven circa 4 cm to permit effective
cooling rates of 110�4 Kmin� 1. A sample of 10 g manganese-
iron-oxide particles or 12 g manganese-iron-oxide with an
additive was placed on the quartz plate for temperature shock
test. The temperature shock tests were performed 15 times in air
for an oxidizing environment and 15 times in a pure nitrogen
atmosphere for a reducing environment.
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Particle degeneration and agglomer-
ation is one challenge for an appli-
cation of metal oxides in the disci-
pline of thermochemical storage
and chemical-looping combustion.
By supporting manganese-iron
oxide granules with additives, such
as e.g. ZrO2 or CeO2, the tendency
towards agglomeration and attrition
can be minimized tremendously.
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