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� FexMn1�x (x = 0. . .1) bimetallic carriers were investigated for chemical looping.
� Fe-rich carriers show an unusual, reversible de-alloying/re-alloying behavior.
� Mn-rich carriers show promise due to synergistic enhancement of their redox activity.
� Use of ceria as support results in stable operation.
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a b s t r a c t

Chemical looping combustion (CLC) is an emerging technology for clean combustion of fossil fuels with
inherent CO2 capture. In the present work, we investigate the use of iron and manganese based mixed
oxides (MnxFe1�x–CeO2) supported on CeO2 as oxygen carriers in CLC. The low cost and low toxicity of
iron and manganese make them interesting candidates for CLC, but both mono-metallic carriers suffer
from issues of low reactivity, and manganese is additionally prone to form undesired spinel structures
with typical oxide supports. Mono- and bimetallic oxygen carriers were synthesized across the entire
spectrum of compositions from pure Mn to pure Fe (with x = 0, 0.1, 0.33, 0.5, 0.8, 0.9, 1), characterized,
and tested in thermogravimetric and fixed-bed reactor studies using H2 and CH4 as fuels. We find that
the use of ceria as support results in stable operation for all compositions of the metal phase, including
pure Mn. Bimetallic carriers with high Fe content, which contain a FeMnO3 phase, exhibit an unusual,
reversible de-alloying/re-alloying behavior during cyclic redox operation, which precludes any synergis-
tic effects between the two metals and results in slowed reduction kinetics. However, Mn-rich carriers
show a pronounced increase in carrier reactivity and selectivity for total oxidation of methane due to
the addition of small amounts of Fe, indicating the promise of appropriately designed FeMn carriers as
low-cost, environmentally benign oxygen carrier materials for chemical looping combustion.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The development of technologies that allow for clean combus-
tion of fossil fuels with efficient and affordable CO2 capture is nec-
essary to enable their continued use as a primary source of energy
until cost-competitive alternate energy sources are ready for wide-
spread deployment. Chemical looping combustion (CLC) is one of
the most promising of these emerging technologies, offering a
highly efficient route for clean combustion of fossil fuels with
inherent CO2 capture [1–3]. In CLC, an oxygen carrier (typically a
metal oxide) is contacted with fuel in the first reactor (fuel reactor),
undergoing reduction while providing necessary oxygen for the
required combustion of the fuel (Fig. 1). After combustion, the
reduced metal is transferred to the second reactor (air reactor)
where it is re-oxidized in contact with air. The oxidized metal is
then circulated back to the fuel reactor, closing the materials ‘loop’.
In the fuel reactor, ideally a pure mixture of CO2 and H2O is formed
as combustion gases, from which high-concentration, sequestra-
tion ready CO2 streams can be readily obtained via condensation
of steam. Thus, CLC offers a unique and efficient route for NOx-lean,
flameless combustion of fossil fuels with inherent CO2 capture at
minimal efficiency penalty for CO2 capture, making it rather
unique among current and emerging CO2 capture technologies
[4–7].
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Fig. 1. Schematic for chemical looping combustion using CH4 as fuel.
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Although the concept has been demonstrated widely [8–13],
there is still room for improvement in the design of efficient oxy-
gen carriers with sufficient carrier stability and fast redox kinetics
as key issues. Depending on the reactor configuration used for CLC,
continuous cycling of particles between reduced and oxidized
states subjects the oxygen carriers to chemical, thermal and – in
transport reactor configurations – mechanical stress. Conse-
quently, vast efforts have been made to develop efficient oxygen
carriers that can cope with the harsh environment of CLC. Most
of the oxygen carriers reported in the literature are synthetic car-
rier materials. Cu-, Ni-, Fe-, Mn-, and Co-based oxygen carriers
have been investigated to evaluate their thermal stability and reac-
tivity [14–18], with the active metal typically rendered thermally
stable by supporting them on inert oxides such as Al2O3, SiO2,
ZrO2, and MgAl2O4 [19–24].

Among the various metals tested for CLC, iron has recently
emerged as an attractive candidate due to its low toxicity, low cost
and abundance. However, its poor reactivity with typical fuels and
limited oxygen transfer capacity (due to the limitation to the
Fe2O3, Fe3O4 transition at typical CLC operating conditions)
necessitates a high solid inventory. Beyond iron, manganese con-
stitutes another environmentally benign and low cost metal which
has been identified as possible oxygen carrier. Like iron, it also
exhibits multiple oxidation states that could be potentially utilized
for total oxidation of fuel. However, despite this, only few studies
have to-date investigated the use of Mn-based oxygen carriers,
and those studies have found low reactivity and tendency to react
with support oxides to form stable spinels to be limiting for the use
of Mn in oxygen carriers for chemical looping [18,19,23].

We have previously shown that combining low-reactivity iron
with highly active nickel through the use nickel ferrites, can
improve the carrier reactivity [25]. In the present work, we are
extending this approach towards investigating the effect of com-
bining iron with manganese – a non-toxic and significantly
cheaper alternative to nickel. Fe–Mn system would thus constitute
low cost, environmentally benign carrier materials. Moreover, both
metals naturally occur together in number of ores and minerals,
making them of interest not only for engineered carrier materials
but also potentially for use as natural ores.

The Fe–Mn system has been studied before, although almost
exclusively in the context of so-called chemical looping oxygen
uncoupling (CLOU) in which the combustion of the fuel does not
occur in a direct reaction with the lattice oxygen of the carrier,
but rather with gaseous oxygen that is released from the carrier
at the conditions of the fuel reactor. The FeMn system promises
favorable thermodynamics for gas phase oxygen release according
to 6 (Mn,Fe)2O3 = 4 (Mn,Fe)3O4 + O2(g) [26], as confirmed experi-
mentally [27–29]. Among a range of Mn bimetallics tested, includ-
ing Mn–Mg, Mn–Ni, Mn–Si and Mn–Fe, mixed oxides of iron and
manganese were found to show good oxygen release characteris-
tics [30,31], but in-situ X-ray studies of the phase evolution during
reduction and re-oxidation of FeMn carriers indicated phase segre-
gation during reduction [32].

In contrast to those previous studies, the present contribution is
focused on the investigation of Fe–Mn carriers for ‘‘conventional’’
CLC applications, i.e. for conditions where lattice oxygen rather
than ‘‘uncoupled’’ gas phase oxygen is utilized for the combustion
of the fuel. Towards this purpose, we specifically synthesized Fe–
Mn carriers over the entire range of Fe:Mn ratios in order to iden-
tify the impact of this ratio on the stability and activity of these
carriers in CLC. However the Fe–Mn bimetallic system has been
shown to undergo de-alloying during redox operation [32], and
such phase segregation would eliminate any possibility of syner-
gistic effects between the two metals. Based on our previous work
which showed that the use of reducible oxides as active supports
can not only strongly enhance the redox kinetics of oxygen carriers
[33] but also strongly enhance phase stability of supported bime-
tallic nickel ferrite carriers [25], we therefore again utilize ceria
as support for the Fe–Mn phases with aim of obtaining stable FeMn
bimetallic carriers with improved thermal and redox stability. All
carriers are synthesized by simple incipient wetness and charac-
terized to identify the bimetallic phases formed. With this under-
standing, the MnxFe1�x–CeO2 carriers are then subjected to CLC
tests using H2 and CH4 as fuels in a thermogravimetric analyzer
(TGA) to characterize the solid phase kinetics and then further
investigated in fixed-bed reactor tests to analyze gas phase (fuel)
conversion and selectivity. The combination of these investiga-
tions, allows us to obtain a rather complete picture of the stability,
activity, and selectivity of Fe–Mn carrier materials for CLC
applications.
2. Experimental section

2.1. Oxygen carrier synthesis

Synthesis of oxygen carriers using low-cost, scalable techniques
is critical in limiting the cost of oxygen carrier manufacturing.
Thus, in this study oxygen carriers were synthesized in a simple
and scalable two-step procedure. First the ceria support was syn-
thesized in a hydrothermal synthesis, and Fe and Mn were depos-
ited by incipient wetness technique.

CeO2 was prepared by a facile hydrothermal synthesis proce-
dure previously adapted in our research group [34] and used
before for the synthesis of Ni and FeNi based oxygen carriers
[25,33]. Briefly, 0.752 g of Ce(NO3)3�6H2O (99 + %, Sigma–Aldrich)
were dissolved in 8 ml DI water. 30 ml of NaOH (98 + %, Sigma–
Aldrich) solution (7 M) was rapidly added under vigorous stirring.
After 30 min of stirring, the slurry was transferred into a 50 ml
autoclave, heated to 100 �C under autogenous pressure for 72 h,
and then allowed to cool to room temperature. The product was
washed with DI water and collected via centrifugation to remove
any ionic remnants until the pH of the solution was 7. After drying
the powders at 100 �C overnight and calcination at 450 �C for 2 h,
the final product was obtained.

Mixed oxides of iron and manganese (MnxFe1�x–CeO2) with
40 wt.% FeMn weight loadings were synthesized by simple incipi-
ent wetness technique. MnxFe1�x–CeO2 carriers with x = 0, 0.1,
0.33, 0.5, 0.8, 0.9, and 1, i.e. with compositions ranging across the
entire spectrum from pure Mn to pure Fe, were prepared to inves-
tigate the effect of the Fe/Mn ratio on carrier reactivity and selec-
tivity towards total oxidation of methane. Briefly, the appropriate
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amount of the respective metal nitrates (Fe(NO3)3�9H2O and
Mn(NO3)2�4H2O, both 99+%, Sigma–Aldrich) were dissolved in
1 mL ethanol (200 proof, Decon Labs, Inc.) to obtain a clear solu-
tion. 200 mg of support material was added and stirred for 2 h.
The obtained slurry was dried in a vacuum oven at 80 �C overnight,
and calcined at 900 �C for 2 h to obtain the final form of the oxygen
carrier.

2.2. Oxygen carrier characterization

The carriers were thoroughly characterized at different stages of
the experiments, i.e. after synthesis, after reactive tests in TGA, and
after fixed-bed reactor tests. The specific surface area was deter-
mined via nitrogen sorption in a Micromeritics ASAP 2020 gas
adsorption analyzer using the BET method. Prior to the measure-
ment, the samples were degassed for 2 h at 200 �C under high
vacuum. After calcination at 900 �C for 2 h, all the carriers had a
surface area <5 m2/g as expected due to initial sintering of carriers
due to the relatively low thermal stability of ceria as support
[35–38].

X-ray diffraction (XRD) measurements were performed with a
powder X-ray diffractometer (Phillips PW1830) in line focus mode
employing Cu Ka radiation (k = 1.5418 Å) with typical 2h scans
between 15� and 90�. Crystal phases were identified based on
JCPDS cards. Average crystal lattice spacings were determined
using Bragg’s law.

A JEOL JEM-2100F high-resolution transmission electron micro-
scope (HR-TEM) was used to obtain TEM images and conduct elec-
tron energy-loss spectroscopy (EELS) to determine spatially
resolved local elemental composition in the sample.

2.3. CLC reactive tests

2.3.1. Thermogravimetric analyzer (TGA) tests
Pure H2 was used as a model fuel for initial characterization of

the carrier performance during redox cycles without the added
complexity of carbon formation that is associated with use of
methane as fuel. Kinetics and thermal stability of the carriers with
H2 as fuel were evaluated in thermogravimetric analyzer tests
(Perkin Elmer TGA-7). Subsequently, CLC redox cycles were con-
ducted (TA instruments, SDTQ600) with CH4 as fuel to test for car-
rier selectivity and thermal stability with a particular focus on
carbon formation on the carrier material that would result in unde-
sired carbon carry-over from the reducer to the oxidizer.

In a typical run, up to 15 mg of oxygen carriers were heated
inside the TGA cradle in an inert gas stream (N2 or Ar, Grade 5.0)
to the desired reaction temperature of 900 �C. Then, H2 (Grade
5.0) and air (Grade 0.1) were fed alternatingly at a flowrate of
20 sccm to simulate the periodic reduction–oxidation cycles of
CLC. Between reduction and oxidation phases, the TGA was purged
with N2 or Ar (20 sccm, Grade 5.0) to avoid formation of potentially
flammable gas mixtures inside the instrument. In CLC with CH4 as
fuel (Grade 2.0, 5 sccm), suitable reduction times were determined
by varying the duration of the reduction half cycle and the CH4

flowrate while monitoring the occurrence of carbon burn-off in
the oxidation half cycle. All other experimental conditions were
identical as above for H2. 5–10 redox cycles were conducted in
the TGA experiments in order to identify any obvious onset of
deactivation of the oxygen carrier. All experiments were conducted
at ambient pressure conditions.

2.3.2. Fixed-bed reactor tests
Oxygen carriers were evaluated in a fixed-bed reactor to inves-

tigate their reactivity in converting methane into steam and carbon
dioxide. 100 mg of MnxFe1�x–CeO2 powder was placed inside the
quartz-glass tubular reactor (1=4

00 ID), which was inserted into an
electric oven (Thermo Electron Corporation – Lindberg/Blue M). A
coking resistant high temperature stable thermocouple was
inserted into the carrier bed to measure the actual bed tempera-
ture. The oven was heated to 900 �C, and CH4 (1 sccm, Grade 2.0,
16.7 vol% in Ar, GHSV � 2274 h�1) and O2 (20 sccm, 20 vol% in
He) were flown alternatingly to simulate the periodic reduction
and oxidation in CLC. Depending on the reactivity of the various
FeMn carriers, reduction times in FBR varied from 10 to 45 min,
while the oxidation half cycle was conducted for 10 min to fully
regenerate the carriers and observe complete oxygen break-
through. In between reduction and oxidation of the carrier, the
reactor was again purged with argon (Grade 5.0) to avoid forma-
tion of explosive mixtures of air and CH4 inside the reactor. After
condensation of moisture, the effluent gases were recorded using
a mass spectrometer (Pfeiffer Omnistar QMS 200) and from these
measurements molar flowrates (ni) were determined for all species
observed during the reaction. A carbon balance was performed at
all measurements to assure the accuracy of the analysis and closed
within 5–10 % error for all reported experiments.

Carbon Balance:

nCH4;in
¼ nCH4;out þ nCO2;out þ nCOout þ nsolid carbon ð1Þ

nCH4;in
¼ nCH4;out þ nCO2;out þ nCOout þ 0:5� ðnH2;out � 2nCOout Þ ð2Þ

On-stream methane conversion (XCH4) and cumulative carrier
(Xcarrier) conversion were calculated according to:

XCH4 ¼
nCH4;in

� nCH4;out

nCH4;in

; XCarrier ¼
4
P

nCO2;out þ
P

nCO;out

Total mol of O in carrier
ð3;4Þ

Selectivity of various species (Si) viz. CO2, H2, CO and carbon (C)
formation by methane pyrolysis were calculated according to the
following equations:

SCO2 ¼
nCO2;out

ðnCH4;in
� nCH4;out Þ

; SCO ¼
nCOout

ðnCH4;in
� nCH4;out Þ

ð5;6Þ

SH2 ¼
0:5nH2;out

ðnCH4;in
� nCH4;out Þ

; SCarbon ¼
0:5ðnH2;out � 2nCOout Þ
ðnCH4;in

� nCH4;out Þ
ð7;8Þ

As expected, total oxidation, partial oxidation and catalytic
pyrolysis of methane are the dominant reactions occurring in the
system at all experimental conditions, which are shown below
for a generic oxygen carrier, where ‘‘MeO’’ is metal oxide and
‘‘Me’’ is the reduced metal:

Total Oxidation : CH4 þ 4MeO() 4Meþ CO2 þ 2H2O ð9Þ

Partial Oxidation : CH4 þMeO()Meþ COþ 2H2 ð10Þ

Methane Pyrolysis : CH4ðþMeÞ () 2H2 þ CðþMeÞ ð11Þ
3. Results and discussion

3.1. Formation of bimetallic phases and phase stability

Understanding the structural properties of oxygen carriers is
important to confidently establish structure-activity relationships.
In the context of Chemical Looping Oxygen Uncoupling (CLOU), the
ability to release oxygen of mixed metal oxides of iron and manga-
nese were shown to have strong dependence on the Fe/Mn ratio.
However, powder XRD results were inconclusive to determine
the exact composition of monometallic and bimetallic phase
[27,30]. Hence, a primary aim of the present study was the inves-
tigation of the effect of the Fe/Mn ratio on carrier phase composi-
tion, phase stability, and its impact on performance in CLC redox
cycles. Therefore, all oxygen carriers were carefully characterized
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to identify any bimetallic Fe–Mn phases present and their impact
on the carrier reactivity in CLC redox cycles.

MnxFe1�x–CeO2 carriers with x = 0, 0.1, 0.33, 0.5, 0.8, 0.9, and 1,
i.e. with compositions ranging across the entire range from pure Fe
to pure Mn were synthesized and characterized. The phase dia-
gram of binary Fe–Mn oxides in air is fairly well established and
shows that Fe2O3 and Mn2O3 exhibit mutual solubility up to tem-
peratures of approximately 1000 �C [26]. Depending on the Fe:Mn
ratio, Fe–Mn binary systems form a spinel solid solution (Fe3O4–
Mn3O4) with a 1:1 ratio of Fe and Mn, a mostly hematite containing
solid solution at the Fe-rich end (Fe2O3 with a small amount of
manganese oxide dissolved in it), and, for Mn-rich compositions,
Mn2O3 or Mn3O4 rich solid solutions (depending on temperature
either a-Mn2O3 or Mn3O4 with a small amount of dissolved iron
oxide) [26]. Thus, the literature data confirms that iron and manga-
nese show high affinity towards each other which can result in for-
mation of various bimetallic phases, depending on their relative
concentrations.

Fig. 2 shows the X-ray diffraction pattern of MnxFe1�x–CeO2

oxygen carriers subjected to calcination in air at 900 �C for 2 h.
For pure Mn–CeO2 (Fig. 2a), only peaks corresponding to Mn2O3

and CeO2 are detected with no signs of the formation of a spinel
phase between manganese oxide and ceria. Manganese has been
reported to have a strong tendency to react with oxide supports
forming spinel structures that are inactive for further redox cycles
[19]. Absence of such spinels with ceria as support thus confirms
the excellent suitability of ceria as support in oxygen carriers, in
agreement with our previous report that ceria plays a key role in
stabilizing Fe, Ni and NiFe2O4 [25,33]. Upon doping some iron into
manganese oxide (Fig. 2b, c), no separate peaks of Fe2O3 are
observed, indicating that iron is well dispersed in the Mn2O3 struc-
ture. With a further increase in Fe to a equimolar ratio of Mn:Fe,
Fig. 2. Typical X-ray diffraction patterns of MnxFe1�x–CeO2 carriers after calcination
at 900 �C for 2 h (0.2 SLM air) where (a) x = 1, (b) x = 0.9, (c) x = 0.8, (d) x = 0.5, (e)
x = 0.33 and (f) x = 0.1.
the bimetallic bixbyite phase (FeMnO3) is observed (Fig. 2d). Fe-
rich carriers (Fe:Mn > 1) shows the appearance of a Fe2O3 phase
in addition to bixbyite (Fig. 2e). Such behavior has been observed
before with ball milled samples [39]. Finally, bimetallic carriers
with only 10% Mn show only diffractions corresponding to Fe2O3

(Fig. 2f), suggesting the absence of a bixbyite phase and the disper-
sion of Mn2O3 in the predominant hematite phase.

While information of nominal weight loadings of iron and man-
ganese coupled with detection of the above discussed phases
allows for logical peak assignment in XRD analysis, determination
of relative quantities of FeMnO3 (JCPDS PDF #: 76-0076) and
Mn2O3 (JCPDS PDF #: 78-0390) is not possible, as both the bixbyite
and hematite show identical diffraction patterns with almost iden-
tical relative peak intensities. Below about 300 K, a-Mn2O3 trans-
forms from a cubic to an orthorhombic crystal structure [40,41],
while FeMnO3 exhibits cubic bixbyite phase [42]. However, despite
their different crystal structures at room temperature, distinguish-
ing between Mn2O3 and FeMnO3 by means of lattice parameters is
not possible, as they exhibit near identical values [41,42]. How-
ever, verification of the formation of the bimetallic phase is critical
to understand their reactivity in redox cycles.

Therefore, Mn0.5Fe0.5–CeO2 – i.e. a bimetallic carrier with equi-
molar amounts of iron and manganese – was chosen for further
tests to confirm the successful formation of the bimetallic FeMnO3

phase. Mn0.5Fe0.5–CeO2 was chosen due to the ease of analysis as
complete incorporation of one metal into the equimolar amount
of the other would only form FeMnO3 and would not result in
the formation of a separate monometallic Fe2O3 phase. Calcination
temperature variation was chosen as test parameter: As-synthe-
sized powders were first calcined at 800 �C for X-ray analysis,
and subsequently calcined at the CLC operation temperature of
900 �C. Fig. 3 shows the XRD pattern of Mn0.5Fe0.5–CeO2 after cal-
cination at (a) 800 �C and (b) 900 �C. It can be seen that the carrier
calcined at 800 �C clearly displays the presence of free Fe2O3 phase
in the sample, whereas the peaks corresponding to Fe2O3 disappear
upon calcination of sample at 900 �C. Thus, absence of Fe2O3 dif-
fraction peaks strongly suggests that all the iron oxide is incorpo-
rated into the cubic bixbyite structure of FeMnO3, and if there is
any residual free iron oxide present in the sample, it is under the
detection limit of the XRD analysis.

Furthermore, TEM equipped with electron energy loss spectros-
copy (EELS) was used to understand the spatial distribution of the
metals at the nanometer scale. Fig. 4 shows a typical TEM and ele-
mental maps of Mn, Fe and Ce in the Mn0.5Fe0.5–CeO2 sample. It can
be observed that iron and manganese are well dispersed in the
sample, and they are found in close vicinity of each other. No sep-
arate islands of iron (i.e. devoid of manganese) could be found.
Fig. 3. X-ray diffraction pattern showing the effect of calcination temperature (a)
800 �C and (b) 900 �C on Mn0.5Fe0.5–CeO2 (calcined in 0.2 SLM air for 2 h).
Calcination of carriers at 900 �C leads to loss of free Fe2O3 phase confirming
formation of bimetallic FeMnO3 phase.



Fig. 4. TEM image of a Mn0.5Fe0.5–CeO2 sample (a) without and (b) with superimposed EELS elemental maps; and c) elemental distribution of individual elements Mn (left),
Fe (middle) and Ce (right) after calcination at 900 �C in 0.2 SLM air for 2 h (scale of the distribution maps is �100 ⁄ 100 nm). The EELS analysis confirms occurrence of Fe and
Mn in close vicinity on the nanometer scale.
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Thus EELS analysis is in agreement with the formation of FeMnO3

in the Mn0.5Fe0.5–CeO2 sample.
Finally, Rietveld refinement was performed as an auxiliary test

using the commercially available software PANalytical X’Pert
Highscore Plus to determine quantitative phase composition of
Mn0.5Fe0.5–CeO2. The required high resolution data was obtained
by powder diffraction measurements using a Brukers D8 Discover,
equipped with LynxEye Detector. Rietveld analysis resulted in good
fitting, and the Mn0.5Fe0.5–CeO2 sample was found to contain 42.6%
FeMnO3, 0.2% Mn2O3, 0.4% Fe2O3 and 56.8% CeO2. Therefore Riet-
veld analysis also re-confirms that FeMnO3 is the major phase con-
taining iron and manganese (with only minimal trace amounts of
free Mn2O3 and Fe2O3). Furthermore, the metal weight loading cal-
culated is in close agreement with the nominal weight loading of
the carriers (40 wt.%).

Thus, having identified and confirmed the phase composition of
the bimetallic oxygen carriers, the carriers were next subjected to
CLC redox cycles to investigate their reactive properties.
Fig. 5. Stable CLC redox cycles of Mn–CeO2 in TGA at 900 �C with reduction in H2,
N2 purge, and oxidation in air. The dotted lines show the calculated sample weight
for various oxidation states of manganese (based on the nominal weight loading of
Mn).
3.2. Reactivity tests in TGA

As a first reactive test, all carriers were investigated using ther-
mogravimetric analysis (TGA) via periodically exposing them to
reducing (H2 or CH4) and oxidizing (air) environments at 900 �C
in order to test carrier stability, reactivity, and oxygen carrying
capacity. Higher oxidation state oxides of manganese (i.e., MnO2

and Mn2O3) are known to be thermally unstable at elevated tem-
peratures, i.e. depending on operating conditions like temperature
and oxygen partial pressure they thermally decompose to a lower
oxidation state under the release of gaseous oxygen [26]. As dis-
cussed in the introduction, the mechanism of this oxygen release
is a key principle behind CLOU. However, this aspect has been
studied in detail by the Chalmers group [27–30,43–50], and is
not the focus of the present work. Instead, we avoid the complica-
tions of simultaneous gas phase and gas–solid phase combustion
reactions by choosing the operation temperature of 900 �C where
Mn3O4 is the stable oxide in equilibrium with air [26], i.e. the car-
riers release excess oxygen upon the first heating to operating tem-
perature and cannot be oxidized beyond this oxidation state in
subsequent redox cycles, hence avoiding any ‘‘oxygen uncoupling’’
activity.

In the first stage of the experiments, hydrogen was used as the
model fuel to avoid complications due to undesired carbon forma-
tion. Following that, the carriers were exposed to redox cycles
using methane as fuel.

3.2.1. Reactivity tests with hydrogen as fuel
All TGA tests were conducted at 900 �C with carriers being

reduced in H2 (10–30 min) and then oxidized in air (10–15 min),
separated by a N2 purge in between the two half cycles. Fig. 5
shows six redox cycles for a monometallic Mn–CeO2 sample during
cyclic operation with H2 and air. The dotted lines in the figure
depict the expected sample weight corresponding to various oxida-
tion states of manganese (calculated based on the metal weight
loading). In the experiment, the Mn2O3–CeO2 carrier was first
heated to the operation temperature under an inert atmosphere
with 50 �C/min ramp rate. As expected and discussed above, the
sample thermally decomposes during this heating phase, releasing
oxygen and correspondingly losing weight, and the carrier weight
eventually stabilizes at the weight corresponding to Mn3O4–CeO2.
Following that, the carrier shows stable periodic operation over the



Fig. 7. Single redox cycle of Mn0.5Fe0.5–CeO2 in TGA at 900 �C with reduction in H2,
N2 purge, and oxidation in air. The dotted lines show the calculated sample weight
for various oxidation states of manganese and iron (based on nominal weight
loadings of Fe and Mn).

Fig. 8. X-ray diffraction pattern of Mn0.5Fe0.5–CeO2 after (a) reduction in H2

(20 sccm) and (b) re-oxidation in air (20 sccm) at 900 �C and (c) schematic
illustration of the unusual de-alloying and re-alloying of iron and manganese
observed during redox cycling of Mn0.5Fe0.5–CeO2 in CLC at 900 �C.
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duration of the experiment, as indicated by virtually identical car-
rier weight in the reduced and oxidized states over all cycles and
further confirmed in a direct comparison of the rates of weight
change during the 1st and 6th oxidation and reduction half cycles
shown in Fig. 6. Furthermore, the carrier shows high reactivity
with a rapid loss/gain of weight in reducing/oxidizing environ-
ment. The reduction of Mn3O4 is restricted to MnO (confirmed
via XRD, not shown here), which can also be deduced from the
proximity of the expected and actual sample weight in the post-
reduction purge phase. We speculate that the slight additional loss
of weight can be explained by some reduction of ceria, as observed
in our previous experiments [25,33]. Re-oxidation is rapid and is
limited to the Mn3O4 oxidation state at this temperature which is
in agreement with thermodynamic predictions. Thus, Mn–CeO2

shuttles between Mn3O4,MnO during redox cycling with hydro-
gen/air at 900 �C. Compared to manganese, the contribution of
ceria to the oxygen carrying capacity is limited, but the use of ceria
as support allows for stable operation of supported manganese
carriers. Moreover, the stable weight of oxygen carrier in the purge
phase preceding reduction indicates that Mn3O4 decomposition
does not occur at 900 �C, thus eliminating any complexity due
to CLOU-related activity in our experiments. Similarly, other
MnxFe1�x–CeO2 carriers that were tested for 5–10 cycles in CLC
under the same operating conditions and showed similar stable
operation (not shown here).

Compared to Mn–CeO2, the redox cycling of the mixed oxides is
more interesting to explore due to presence of the bimetallic
FeMnO3 phase. This is illustrated here again using the equimolar
bimetallic carrier: The last redox cycle in cyclic operation of
Mn0.5Fe0.5–CeO2 is shown in Fig. 7, where dotted lines again
represent the expected sample weights in various oxidation states
of the carrier. The materials characterization (Section 3.1) had
shown that Mn0.5Fe0.5–CeO2 is formed upon calcination at 900 �C
(Fig. 2d). However, similar to the monometallic Mn carrier, the
bimetallic carrier shows thermal decomposition to the lower
Fe3Mn3O8 oxidation state during the initial heating phase, and the
subsequent redox cycles do not exceed this oxidation state.

Reduction of the Mn0.5Fe0.5–CeO2 from the Fe3Mn3O8 oxidation
state is two-staged. In the initial stage, exposure to hydrogen
results in very rapid reduction in weight, and the subsequent
slower reduction stage is preceded by a distinct break in the reduc-
tion profile. The carrier weight corresponding to this break is in
close agreement with reduction of the carrier to a physical mixture
(i.e. de-alloyed phase) of FeO and MnO or possibly an alloy of the
kind (Mn,Fe)O. Furthermore, the sample weight during the post-
reduction purge correlates well with a mix of (MnO + Fe)–CeO2,

which was further confirmed via XRD (Fig. 8a). Thus, the bimetallic
carrier undergoes de-alloying during the reduction process and
Fig. 6. Comparison of rate of weight change between first and sixth redox cycle for Mn–C
H2 and air respectively.
phase-segregated iron oxide is reduced all the way to metallic Fe,
while the reduction of manganese oxide is still restricted to MnO
in the presence of iron.

Similarly, re-oxidation of the de-alloyed carrier consists of two
steps with different rates of oxidation. Once again, the sample
weight corresponding to the transition point between the two pro-
cesses is in good agreement with the break observed in the reduc-
tion profile and thus with a (FeO + MnO) phase. Remarkably, upon
eO2 carriers during (a) reduction and (b) oxidation half cycles in TGA at 900 �C using
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re-oxidation, the metals undergo re-alloying, re-forming the initial
Fe3Mn3O8 phase as confirmed in XRD (Fig. 8b). Absence of any
Fe2O3 peaks in the X-ray diffraction pattern suggests that the
phase-segregated iron is completely incorporated into the manga-
nese structure. Furthermore, similar to the re-oxidation of manga-
nese, which results in formation of Mn3O4 (rather than Mn2O3),
iron associated with manganese is also restricted to the Fe2+/3+

oxidation state.
Unlike in the equimolar Mn0.5Fe0.5–CeO2 carrier, the more

iron-enriched Mn0.33Fe0.67–CeO2 carrier shows the presence of free
iron which undergoes full oxidation to Fe2O3, resulting in a mix of
Fe3Mn3O8 and Fe2O3 (not shown here).

Thus, these MnxFe1�x–CeO2 carriers exhibit an unusual de-
alloying and re-alloying behavior, schematically summarized in
Fig. 8c. Although use of ceria stabilizes supported manganese by
avoiding the formation of a spinel phase, it cannot alter the ther-
modynamics of iron and manganese oxides and maintain the
integrity of the bimetallic phase during redox operation. Such
atypical large-scale migration of metals when exposed to redox
environment has been reported before, where reduction of the
bixbyite phase resulted in formation of a (Mn,Fe)O alloy phase
which subsequently bleed metallic iron [32]. Table 1 summarizes
the various iron and manganese phases detected by XRD at differ-
ent stages of redox cycling, i.e. post-calcination, post-reduction and
post-reoxidation, for all the carriers in the present study.

For very Fe-rich carriers, calcined Mn0.1Fe0.9–CeO2 only shows
the presence of Fe2O3 and no separate Mn-oxide diffractions are
observed in XRD (Fig. 2f). These carriers were also subjected to
redox cycling in H2-TGA, and XRD of the reduced sample confirms
the presence of metallic Fe along-with weak reflections of MnO
(Table 1). Thus, the sample shows some signs of de-alloying, and
after subsequent re-oxidation of the carrier only Fe2O3 could be
detected. In combination with the material balance in TGA, this
observation suggests that for very Fe-rich carriers, Mn is able to
freely bleed in-and-out of the Fe-oxide structure depending on
the reducing or oxidizing environment.

Finally, on the other end of the composition spectrum, Mn-rich
carriers (Mn0.9Fe0.1–CeO2 and Mn0.8Fe0.2–CeO2) show the presence
of only Mn2O3 after calcination. Surprisingly, carriers removed
from redox cycling in the reduced state confirm formation of
MnO with minor traces of metallic iron in XRD (Table 1). This sug-
gests that most of the iron is still dispersed in the MnO structure,
i.e. that the Mn-rich carriers do not undergo phase separation.
Re-oxidation of the carriers forms Mn3O4 and shows no signs of a
free iron oxide phase.
Fig. 9. Carrier utilization and rate of oxygen loss (d(no)/dt,avg; averaged over 0–80% o
MnxFe1�x–CeO2 carriers as a function of Fe-content in TGA redox cycles at 900 �C using
utilization for a linear superposition of the monometallic carriers (i.e. a physical mixtur
For a direct comparison of the behavior of all carriers in these
H2/air redox cycles, Fig. 9a summarizes the oxygen carrier utiliza-
tion and reduction kinetics as a function of composition [i.e. Fe-
content = nFe/(nFe + nMn)]. Here, carrier utilization is defined as
the ratio of oxygen consumed to total oxygen contained in the car-
rier. Thus, for pure iron or manganese carriers, shuttling between
Fe2O3, Fe and Mn2O3,Mn, respectively, would result in carrier
utilization of 1. The straight, solid line in Fig. 9a represents the car-
rier utilization obtained for a pure linear superposition of the oxy-
gen carrying capacity of a pure Mn and a pure Fe-based carrier (i.e.
for a simple physical mixture of iron and manganese carriers); the
line does not take into account any additional oxygen that might
be supplied by a reducible support like ceria. Since manganese only
shuttles between Mn3O4,MnO and thus only partially utilizes
the theoretically available lattice oxygen, it results in a rather
low carrier utilization of 0.22, as indicated by this line for
Fe = 0%. For pure Fe, carrier utilization is 1, since iron can undergo
complete redox cycling between Fe2O3, Fe. Hence, going across
from pure Mn to pure Fe, the carrier utilization represented by
the line increases monotonously with increasing iron content.

In the same graph, the rate of reduction is represented by the
rate of loss of oxygen (dno/dt)avg (in moles, averaged over the range
of 0–80% of relative carrier utilization), normalized by weight of
the oxygen carrier [Wox] in the oxidized state. Since the rate of oxy-
gen loss slows down substantially towards the end of the reduction
half-cycle due to exhaustion of active material, the rate of loss of
oxygen was averaged only over the range of 0–80% oxygen
consumption.

From Fig. 9a, it can be seen that carrier utilization obtained dur-
ing redox cycling of Mn–CeO2 is in agreement with a cycling
between Mn3O4,MnO. Similarly, as expected, Fe–CeO2 shows
complete carrier utilization. The slight increase in the carrier utili-
zation compared to the expected theoretical values can again be
attributed to a small contribution from reduction of the ceria sup-
port, as reported before [25,33]. For all bimetallic MnxFe1�x–CeO2

carriers, the carrier utilization is in close agreement with the val-
ues predicted from a linear superposition of the pure components.
This makes sense in view of the above discussed evidence for de-
alloying of iron and manganese during the reduction half cycle in
TGA, which results in the formation of free MnO and Fe (see also
Table 1). Although the two phases re-alloy during subsequent re-
oxidation, such large-scale de-alloying eliminates the possibility
of synergistic effects by combining iron and manganese with the
aim of altering the thermodynamic properties of the resulting
carriers.
xygen utilization and normalized by the weight of the oxidized carrier, Wox) for
(a) H2 and (b) CH4 as fuel. The gray solid line corresponds to the calculated carrier
e of Fe- and Mn-oxides).



Table 1
Iron and manganese phases detected in XRD for MnxFe1�x–CeO2 carriers subjected to calcination and redox cycling at 900 �C. Phases in parenthesis are minor phases in the sample
with only one or two low-intensity diffraction peaks detectable in the XRD spectrum.

Carriers Phases detected in XRD

After calcination After redox cycling in TGA at 900 �C

Reduced (H2 or CH4) Re-oxidized (air)

Mn–CeO2 Mn2O3 MnO Mn3O4

Mn0.9Fe0.1–CeO2 Mn2O3 MnO, (Fe) Mn3O4

Mn0.8Fe0.2–CeO2 Mn2O3 MnO, (Fe) Mn3O4

Mn0.5Fe0.5–CeO2 FeMnO3 MnO, Fe Fe3Mn3O8

Mn0.33Fe0.67–CeO2 FeMnO3, Fe2O3 MnO, Fe Fe3Mn3O8, Fe2O3

Mn0.1Fe0.9–CeO2 Fe2O3 MnO, Fe Fe2O3

Fe–CeO2 Fe2O3 Fe Fe2O3
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While pure manganese has a lower effective oxygen carrying
capacity than iron, the rate data in Fig. 9a shows that it has a sig-
nificantly higher rate of reduction. Additionally, doping small
quantities of iron into manganese further increases the rate of oxy-
gen consumption. As discussed above, iron is completely dissolved
into the Mn2O3 structure in these carriers and these results hence
suggest that the presence of this dopant might change the oxygen
activity in this oxide, making it more facile to react with the fuel.

In contrast to that, carriers with FeMnO3 as the major phase
show reduced rates of oxygen loss. This can be understood by
the de-alloying of the carriers, as the drastic drop in reduction
kinetics concurs with the occurrence of FeO + MnO (or a mixed
phase of (Mn,Fe)O; see Fig. 7), and subsequent reduction is quite
slow (and slower than that of pure iron oxide). This agrees with
a previous report that reduction of (Mn,Fe)O is slow and consists
of gradual bleed-out of iron atoms which form large iron particles,
which were large enough to be detected by XRD [32]. Thus the
strong drop in the average reduction rate can be attributed to the
large-scale migration of iron, i.e. the solid state diffusion of Fe is
becoming the slow, rate-limiting step in the reduction. On the
other end of the composition spectrum, for Fe-rich carriers, doping
of manganese shows only marginal effects.

Overall, the cyclic TGA tests with hydrogen as fuel show that in-
situ de-alloying of iron and manganese hampers any possible syn-
ergy between the two metals in these carriers. On the contrary, the
large-scale migration of iron results in slowed reduction rates. Sur-
prisingly, doping manganese with iron results in accelerated redox
kinetics. As a next step, we look to validate these results by
employing methane as fuel for CLC tests in TGA. Using this more
realistic fuel, the aim is to investigate carrier resistance against
coking, selectivity of the fuel oxidation for combustion products,
and potential differences in redox performance as a function of car-
rier composition.

3.2.2. Reactivity tests with CH4 as fuel
The objective of these experiments was to test the carrier per-

formance with methane (as the main component of natural gas)
while avoiding carbon deposition on the reduced carriers. Carbon
formation and subsequent carry-over into the oxidation half cycle
is not only undesirable from a process point-of-view, but also com-
plicates the evaluation of the TGA experiments due to concomitant
weight increase in the reduction half cycle. Thus, initial cycles were
conducted to determine the maximum possible reduction time
that can be used without significant coking the carriers. All carriers
were then tested in 5–10 redox cycles and showed stable operation
(not shown here).

Overall, the results obtained with methane as fuel closely match
those with H2 in TGA, and are shown only in their summary in
Fig. 9b. Once again we observe that Fe–CeO2 utilizes the full theo-
retical oxygen capacity, while Mn–CeO2 shows much low carrier
utilization. Fe-rich carriers and carriers with FeMnO3 as a major
phase show again the tendency to de-alloy during the reduction
half cycle and the carrier utilization is hence again in close proxim-
ity to the ‘‘Fe–Mn linear superposition line’’.

Independent of the type of fuel used, Mn–CeO2 shows a higher
rate of reduction compared to Fe–CeO2, confirming the relatively
high reactivity of manganese supported on ceria. Due to the de-
alloying of the FeMnO3 containing carriers, the average rate of
reduction decreases again for these carriers with respect to both
monometallic carriers—which can again be attributed to the slow
phase separation/reduction of (Mn,Fe)O oxide—and the slight dif-
ferences in trends between the curves for H2 and CH4 as fuel are
likely due to the differences in reactivity of the carriers with these
two fuels.

Similarly, for Mn-rich carriers, we see again an increase in the
rate of reduction with CH4 similar to that observed with H2 as fuel.
Since we do not observe a distinct phase of metallic Fe, most of the
iron is likely still in the Mn-oxide structure during the redox cycle,
and thus accelerates the oxygen release. Interestingly, unlike in the
TGA tests with H2, Mn–CeO2 and Mn-rich carriers show a clear
increase in the oxygen carrying capacity when redox cycles are
fueled with methane. This observation is counter-intuitive, as
methane is significantly less reactive than hydrogen. Moreover,
the oxygen carrying capacity (or carrier utilization) increases for
these Mn-rich carriers with increasing amount of iron. Interest-
ingly, Mn-rich oxygen carriers were also found to show higher
activity and oxygen release capacity in CLOU tests [27].

The unexpected increase in the carrier utilization for these car-
riers cannot be explained by a deeper reduction of ceria or com-
plete reduction of iron within the manganese structure alone and
was hence investigated further. Fig. 10a shows a single cycle in
detail for a Mn0.8Fe0.2–CeO2 carrier using CH4 as fuel at 900 �C.
Upon exposure to the reducing environment the sample rapidly
loses weight, forming the intermediate (Mn,Fe)O phase or mix of
FeO and MnO. Further reduction to MnO and Fe does not show a
distinct break in the weight curve, and the carrier loses much more
weight than estimated (with reduction rates significantly higher
than those of bulk ceria, the reduction of which is very slow
[33]). Moreover, the reduced sample shows no distinct Fe phase
(only a single very low intensity peak is observed, see Fig. 10b),
which indicates that iron is still present in the MnO structure. EELS
analysis (not shown here) also failed to detect any phase segre-
gated iron particles or islands, with iron found only concomitant
with manganese, supporting the interpretation of the XRD results.
Thus, one can hypothesize that during reduction of the (Mn,Fe)O
phase, Fe2+ occupying the Mn2+ sites in the fcc structure might
be undergoing reduction to form Fe0 centers. Formation of such
species would create vacancies in the oxygen lattice of the MnO
structure, possibly making it more facile to reduce. However, we
only observe the MnO phase in XRD (Fig. 10b), no metallic manga-
nese phase is detected. Nevertheless, detection of such an unstable
phase (e.g. MnO1�y) is difficult as it might undergo oxidation with



Fig. 10. (a) Single redox cycle of Mn0.8Fe0.2–CeO2 in TGA at 900 �C using CH4 as fuel
(5 sccm), argon purge (20 sccm) and air oxidation (20 sccm) and (b) XRD of
Mn0.8Fe0.2–CeO2 carrier after reduction in TGA using CH4 at 900 �C.
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ambient air during sample transfer from TGA to XRD, and, in the
absence of in-situ XRD characterization (which was not available
for the present studies) the attribution of the enhanced reducibility
to a deeper reduction of the Mn in the bimetallic phase remains
speculative.

Overall, the use of MnxFe1�x–CeO2 oxides with a bixbyite or
hematite phase do not show any synergistic effect due to the de-
alloying of the carriers during the reduction half cycle. On the other
hand, surprisingly, Mn-rich oxides containing small amounts of
iron are found to be much more reactive than pure manganese.
Fig. 11. Comparison of select MnxFe1�x–CeO2 carriers (x = 0: solid line; 0.1: dotted
line; 0.5: dot-dashed line; 0.8: short-dashed line; 1: long-dashed line) during
reduction with methane (16.7 vol%, 1 sccm) in fixed-bed reactor experiments at
900 �C: (a) rate of methane conversion, (b) CO2 selectivity and (c) rate of oxygen
consumption vs relative carrier reduction (in percent).
3.3. Reactive tests in fixed-bed reactor

While TGA tests provide important insights into carrier reactiv-
ity, oxygen carrying capacity and stability of the oxygen carrier
materials, the flow configuration (and hence gas–solid contacting
pattern) in a TGA is not representative for the conditions in fixed-
bed or fluidized bed reactors. Therefore, TGA tests cannot yield
any insight into fuel conversion or product selectivity in the gas
phase. However, selectivity for total combustion of the fuel is a crit-
ical parameter in comparing the efficacy of oxygen carrier in the
CLC process, as CLC aims to maximize carbon capture via complete
combustion of fuel to CO2 and steam. Side reactions, such as partial
oxidation and pyrolysis/cracking of the fuel, are undesired. Thus, as
a last step in the present investigation, MnxFe1�x–CeO2 carriers
were subjected to redox operation in a fixed-bed reactor
configuration.

In a typical experiment, the oxygen carrier bed was brought to
the reaction temperature of 900 �C under inert gas and then meth-
ane (16.7 vol% in Ar) was flown over the (initially oxidized) carri-
ers. Moisture was condensed from the product stream in a steam
trap and the product gases were then analyzed by mass-spectrom-
etry. Reduction was continued until the carriers were fully
reduced, easily monitored by a selectivity switch from total to
partial oxidation and finally to methane cracking on the reduced
metals. The reduction half cycle was terminated once methane
cracking was detected in order to avoid formation of excess carbon
on the reduced carriers. The reactor was then purged in Ar and the
carriers were re-oxidized in a stream of 20 vol% O2 in He. During
the oxidation, evolution of CO and CO2 was monitored as an indi-
cation for carbon burn-off. Oxygen break-through indicated com-
plete regeneration of the carriers.

Results from these periodic fixed-bed experiments are not
shown in detail here. Instead, Fig. 11 summarizes the performance
of select MnxFe1�x–CeO2 carriers during the reduction half-cycle
with methane in the fixed-bed reactor experiments with regard
to the methane conversion rate (Fig. 11a), CO2 selectivity
(Fig. 11b), and rate of oxygen consumption in the carrier
(Fig. 11c) as functions of relative carrier reduction (in percent).
For simplicity, the highest oxidation states of the two metals, i.e.
Fe2O3 and Mn2O3, is used as the fully oxidized reference state of
the carrier and the metallic state is used as the reduced reference
state. Hence, only the curves for pure Fe and the Fe-rich Mn0.1Fe0.9

carriers start at 0% reduction, i.e. at their fully oxidized states,
while more Mn-rich carriers can only be oxidized to the Mn3O4/
Fe3O4 states (see our XRD and TGA results discussed above),
resulting in a 11.1% loss of oxygen carrying capacity (i.e. the
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Mn2O3,Mn3O4 transition) and the carrier reduction hence starts
at 11.1%.

In the following discussion, we will use this data to (i) compare
the monometallic Fe– and Mn–CeO2 carriers, then (ii) evaluate the
impact of Mn on Fe-based carriers by comparing monometallic
iron and the Mn0.1Fe0.9–CeO2 carrier, (iii) evaluate the impact of
Fe on Mn-carriers by comparing monometallic manganese and
the Mn0.8Fe0.2–CeO2 carrier, and finally (iv) to compare the perfor-
mance of the bixbyite phase (Mn0.5Fe0.5–CeO2) with pure Mn–
CeO2.

For pure Mn–CeO2, the initial reduction of the carrier from
Mn3O4 to MnO is highly selective for total oxidation (see
Fig. 11b) and, in agreement with the high stoichiometric demand
for oxygen for this reaction path, also shows a relatively high rate
of oxygen consumption from the carrier compared to further
reduction of the carrier (see Fig. 11c). Under the reducing environ-
ment of methane, reduction of Mn-oxide below MnO is observed,
which can be seen from Fig. 11 where the conversion, selectivity,
and yield traces extend to carrier reductions well beyond 33.3%
(which corresponds to MnO). Both the observations are in good
agreement with TGA studies. In comparison to the monometallic
Fe–CeO2 carrier, monometallic Mn–CeO2 shows high CO2 selectiv-
ity during reduction of Mn3O4 to MnO (equivalent to �22% of oxy-
gen consumption), while Fe–CeO2 is only selective towards total
oxidation of methane during reduction from Fe2O3 to Fe3O4 (i.e.
for �11% of the available oxygen), i.e. Mn–CeO2 not only shows
higher carrier reactivity, but it also doubles the usable fraction of
the oxygen carrier in comparison to Fe–CeO2.

Comparing monometallic Fe– and bimetallic Mn0.1Fe0.9–CeO2

carriers, it can be seen that adding small amounts of manganese
into iron does not significantly affect the carrier reactivity. Both
the rates of fuel conversion and of oxygen loss from the carrier
show a marginal improvement for Mn0.1Fe0.9–CeO2. Similarly, the
highly selective range for total oxidation remains at �0–11% of car-
rier reduction, i.e. the transition from Fe2O3 to Fe3O4, and is not
affected by the addition of Mn. The Fe-rich carriers hence do not
show any benefit of Mn addition for total oxidation of methane,
which is the focus of the present report, albeit improved fuel con-
sumption and reduced CO2 selectivity during later stages of the
reduction could be promising for partial oxidation of methane via
chemical looping [51].

Increasing the Mn content to a Fe:Mn = 1:1 mixture, the bime-
tallic Mn0.5Fe0.5–CeO2 shows reactivity that is strongly different
from the Fe-rich carriers and instead closely resembles that of
the monometallic Mn–CeO2. The bixbyite phase shows virtually
identical rates of fuel and carrier conversion to the Mn carrier,
and a similar window for high CO2 selectivity. In agreement with
the results from the TGA experiments, we again see a slowdown
of the reaction kinetics for higher degrees of reduction, where
the de-alloying of the Mn- and Fe-phases appears again to be the
rate limiting step. Also as observed in TGA, de-alloying of the car-
rier during the reduction process allows formation of metallic iron,
therefore increasing the overall oxygen carrying capacity of the
bixbyite carrier over that of the monometallic Mn carrier (from
�70% to �80%).

Finally, on the Mn-rich end of the composition spectrum, a
strong effect of the addition of Fe into Mn-based carriers can be
seen: Mn0.8Fe0.2–CeO2 shows a sharp increase in the reactivity of
the carriers and a further improvement of the CO2 selectivity to
�100% during the conversion of (Mn,Fe)3O4 to (Mn,Fe)O, i.e. the
window of �11% to �33% carrier reduction. A similar increase in
the carrier reactivity has been previously observed in the context
of chemical looping oxygen uncoupling studies conducted in a
batch-fluidized bed reactor [27,28]. As discussed in the context of
our TGA results above, addition of iron into the manganese struc-
ture appears to make the release of lattice oxygen more facile,
and this seems to apply both to thermal decomposition and to
chemical reduction. Although the cause of this strong increase in
the carrier reactivity is not fully understood at this point, it sug-
gests a very promising direction for further development of man-
ganese-based carriers, as an improved understanding of the root
cause for this behavior would allow a rational, targeted engineer-
ing of the metal phase (as opposed to an Edisonian trial of a mul-
titude of compositions) and thus yield carriers with improved
reactivity for CLC.

Overall, both metals chosen in the present investigation (Fe and
Mn) are abundant, environmentally benign, and relatively inex-
pensive candidates when compared to more reactive metals like
nickel and copper. Among the two, as demonstrated in the present
work, manganese shows higher reactivity and twice the usable
oxygen carrying capacity compared to iron – currently considered
to be one of the most suitable candidates for CLC. This increased
oxygen carrying capacity and carrier reactivity can help reduce
the solid inventory of oxygen carrier in looping reactors, a signifi-
cant consideration in the most often investigated circulating fluid-
ized bed (CFB) configuration for CLC processes. Furthermore, use of
Mn–CeO2 carriers provides an opportunity to improve the heat bal-
ance between the exothermic air reactor and the reducer reactor,
which is an endothermic stage for virtually all currently investi-
gated CLC carrier materials (with the notable exception of copper,
a much more expensive and less environmentally benign metal).
The following set of equations (12 – 16) show the reaction along
with the respective heat of reaction at 900 �C for methane total oxi-
dation and carrier re-oxidation with air (oxygen) for monometallic
Fe- and Mn-based systems. It can be seen that use of manganese
(Mn3O4,MnO) results in an exothermic carrier reduction reac-
tion, which is not the case for iron (Fe2O3, Fe3O4), and thus splits
the heat load from the total oxidation reaction between the two
half cycles. (The net heat of reaction is of course identical for both
systems, as the net reaction yields in all CLC cases the conventional
total oxidation of methane.) This is particularly significant for
fixed-bed CLC concepts, where heat management constitutes the
most critical point in process operation [52,53]. Mn-based carriers
thus present an opportunity for more effective use of autothermal
fixed-bed reactors in chemical looping combustion, and addition of
relatively small amounts of Fe can further improve their operation
without significantly affecting the heat balance.

Iron (Fe2O3, Fe3O4):

Reduction : 12Fe2O3 þ CH4 ¼ 8Fe3O4 þ CO2 þ 2H2O
DHR ¼ þ149:2 kJ=mol ð12Þ

Oxidation : 8Fe3O4 þ 2O2 ¼ 12Fe2O3

DHR ¼ �950:6 kJ=mol ð13Þ

Manganese (Mn3O4,MnO):
Reduction : 4Mn3O4þCH4 ¼12MnOþCO2þ2H2O DHR ¼�103:0 kJ=mol

ð14Þ

Oxidation : 12MnOþ 2O2 ¼ 4Mn3O4

DHR ¼ �698:4 kJ=mol ð15Þ

Net reaction of combustion:
CH4 þ 2O2 ¼ CO2 þ 2H2O DHR ¼ �801:4 kJ=mol ð16Þ
4. Summary

We presented a comprehensive study of mono- and bimetallic
Fe- and Mn–CeO2 oxygen carriers for chemical looping combus-
tion. The two metals were chosen as they are among the most
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earth abundant metals, and are environmentally benign and rela-
tively inexpensive compared to more reactive and widely investi-
gated metals such as Ni and Cu. While Fe/Mn-carriers have
previously found some attention for CLOU applications [27–
31,49,50], their use for ‘‘conventional’’ chemical looping had to-
date not found much attention, and a systematic study of the
impact of the formation of mixed metal phases of these two metals
was entirely lacking. Extending our previous studies on bimetallic
FeNi systems, which had demonstrated the possibility of signifi-
cant benefits of alloys for CLC in combining the beneficial proper-
ties of the two parent metals [25], the intent of the present study
was to identify similar synergistic effects for the FeMn system.

Mono- and bimetallic Fe and Mn carrier materials were synthe-
sized using a low-cost, scalable technique using ceria as support
material. The obtained carriers were evaluated with regard to their
bimetallic phase stability, reactivity, oxygen carrying capacity, and
cyclic redox stability using H2 and CH4 as fuels in TGA and fixed-
bed reactor studies.

In agreement with our previous reports [25,33], the use of ceria
as support results in excellent phase stability and stable redox
operation of all carriers, which is particularly noteworthy for man-
ganese which has been shown to react with the support matrix of
many typical oxygen carrier supports (such as Al2O3, and many
others), forming spinel structures that are inert in further redox
cycling. For the two monometallic carriers, both TGA and fixed-
bed reactor studies confirm the significantly higher reactivity and
oxygen carrying capacity of Mn–CeO2 vs Fe–CeO2 (Fe2O3, Fe3O4;
�11% vs Mn3O4,MnO; �22%). Thus, improved kinetics and oxy-
gen carrying capacity coupled with low toxicity and favorable ther-
modynamics (exothermicity) of the reduction half process make
Mn-based oxygen carriers an attractive and pragmatic alternative
to iron.

For the bimetallic MnxFe1�x–CeO2 carriers, all carriers show sta-
ble redox operation, although carriers with a bixbyite FeMnO3

phase showed large scale migration of iron and manganese result-
ing in de-alloying of the metal phases. Remarkably, this de-alloying
during the reduction process appears to be completely reversible
during re-oxidation of the carrier (indicating that the de-alloyed
metals must remain in intimate contact). Nevertheless, the de-
alloying resulted in an absence of synergistic effects of combining
the two metals and in fact adversely affected the carrier reactivity
which appears to become rate-limited by the slow solid state dif-
fusion process underlying the de-alloying. Unlike for ceria-sup-
ported bimetallic FeNi systems [25], the persistent de-alloying/
re-alloying behavior thus negates the advantage of using ceria as
support for MnxFe1�x–CeO2 carriers with high iron content. In
contrast to that, for Mn-rich carriers with low iron content
(Mn0.8Fe0.2–CeO2 and Mn0.9Fe0.1–CeO2), a strong improvement in
the carrier reactivity over Mn–CeO2 was observed in TGA and
fixed-bed studies, which – combined with further enhanced selec-
tivity for total oxidation of the fuel and the advantageous heats of
reaction of Mn-based carriers – makes these carriers of great
interest for further investigation in CLC.

Overall, our results thus show that combining two relatively
low-reactive metals like iron and manganese can indeed yield syn-
ergistic effects: Rather than adding a highly reactive secondary
metal (like Ni or Cu), the addition of the low-cost, but low-reactivity,
Fe not only augments the carrier reactivity at reduced cost, but also
mitigates the environmental impact of oxygen carriers. Although
our results indicate that these bimetallic oxygen carriers can yield
significant improvement over monometallic ones, it is important
to gain a better mechanistic understanding of the impact of the sec-
ondary metal on the redox performance of oxygen carriers in order
to enable a rational tailoring of oxygen carriers. Nevertheless, the
present results demonstrate that systematic engineering of the
metal phase of oxygen carriers and the use of active, i.e. reducible,
support materials such as ceria can yield high-performance oxygen
carriers for chemical looping processes.
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