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Chemical Looping Combustion (CLC) allows CO, capture at low cost. This technology is based on solid oxygen
carriers which supply the oxygen required for combustion of the fuel while they experience successive reduction-
oxidation cycles. Oxygen carriers based on minerals or industrial residues present the advantage of their low cost
but complete combustion of the fuel is not always achieved. Manganese-iron mixed oxides doped with titanium
can improve combustion efficiency due to its oxygen uncoupling capability. Moreover, they present the
advantage of their magnetic properties. The objective of this work was to produce this type of oxygen carriers
from minerals/residues instead of from synthetic materials. Four oxygen carriers with a fixed Mn-Fe molar ratio
were produced with a 7 wt.% TiO; addition. Two manganese-based (MnSA and MnGBMPB) and one iron-based
(Tierga) minerals were used as source of Mn and Fe, respectively. As source of Ti, the mineral ilmenite was used.
After characterization of the materials, their reactivity was analysed in a TGA. The reactivity to the main
combustion gasses was lower than that corresponding to similar oxygen carriers obtained from synthetic sources
although they maintained their magnetic properties. Thus, its use as magnetic support of oxygen carriers was
recommended. In this respect, first tests were conducted using CuO as active phase supported on one of the low-

cost support materials produced in this work.

1. Introduction

The European Union (EU) has set the objective to be climate-neutral
by 2050 which implies net-zero greenhouse gas emissions. This objec-
tive is the core of the European Green Deal [1] and it aligns with the
global climate action under the Paris Agreement [2]. Becoming climate
neutral means reducing greenhouse gas emissions as much as possible,
but also compensating for any remaining emissions. Carbon capture and
storage (CCS) is one of the technologies capable of achieving both ob-
jectives. CCS involves the capture of COy, from large point sources like
power generation facilities that use either fossil fuels or biomass as fuel,
delivering negative CO3 emissions with bioenergy (BECCS) in the latter
case. CCS can tackle emissions in hard-to-abate sectors, particularly
heavy industries like cement, steel or chemicals. CCS also enables
low-carbon hydrogen production, which can support the decarbon-
isation of other parts of the energy system, such as industry, trucks and
ships [3].

Chemical Looping Combustion (CLC) is an advanced CCS technology

* Corresponding author.
E-mail address: tmendiara@icb.csic.es (T. Mendiara).

https://doi.org/10.1016/j.jaecs.2023.100232

which could play a significant role in addressing the cutting of CO»
emissions since it significantly reduces the energy penalty associated to
carbon capture [4]. CLC has experienced a significant development in
the last decades, covering a wide range of fuels [5]. In the CLC concept,
the oxygen required for the combustion of the fuel is supplied by a solid
oxygen carrier [6] circulating between two interconnected reactors.
Thus, the direct contact between fuel and air is avoided and the capture
of the CO4 generated during combustion is intrinsic to the process. Fig. 1
shows the scheme of the CLC process.

In the fuel reactor, the fuel is oxidized to CO; and HyO while the
oxygen carrier is reduced. Then, it is transferred to the air reactor where
it is regenerated in air. Nevertheless, the energy released is the same as
in conventional combustion of the fuel.

The cornerstone in the advance of CLC is the development of
adequate oxygen carriers. Metal oxides based on nickel, copper, iron and
manganese have been extensively tested as oxygen carriers for CLC,
together with mixed oxides formed as combination of the previous and
also perovskite-type materials [7]. CLC oxygen carriers should present a
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Fig. 1. Scheme of the CLC process.

compendium of properties to be considered suitable. Among the most
important, sufficient reactivity/selectivity and a high lifetime, in addi-
tion to being environmentally sustainable.

Manganese-iron mixed oxides were identified as suitable oxygen
carriers for the CLC process [8-10,]. Their cost is not comparable to that
of nickel or copper or even more complex perovskites. Moreover, they
present an interesting property which is the fact that they show mag-
netic properties in the spinel phase, which makes them especially
applicable to the combustion of fossil fuels.

Manganese-iron mixed oxides allow the combustion of a fuel by two
mechanisms in parallel. One of the mechanism implies reaction with
gaseous oxygen released (oxygen uncoupling) when bixbyite phase,
(MnyFe; )03, is reduced to spinel phase, (MnyFej 4)304.

3 (MnyFe;)203 < 2 (MnFe_,)304 + 0.5 Oy (1)

The other implies reaction with lattice oxygen when bixbyite phase
(BIX) is reduced to spinel phase (SP), and then to manganowidistite phase
(MW), (MnyFe;_,)O:

3 (MnyFe;x)203 + Ha — 2 (MnyFe | x)304 + H,O (r2)
3 (MnyFe|4),03 + CO — 2 (MnyFe|.4)304 + CO, (r3)
12 (MnyFe,)»03 + CHs — 8 (MngFe;)304 + CO5 + 2 HoO (t4)
(MnyFe.4)304 + Hy = 3 (MnyFe;.0)0 + HO (r5)
(MnyFe | )304 + CO - 3 (MnyFe )0 + CO, (r6)
4 (MnyFe|.x)304 + CHy — 12 (MnyFe; )0 + CO; + 2 H,0 7)

The possibility of further reduction to MnO+Fe is feasible, but not
recommended since thermodynamic restrictions would prevent com-
plete combustion of the fuel to CO3 and H»0. In any case, when Fe-based
oxygen carriers are used in CLC, only the transformation to Fe3Oy4 is
recommended [11]. Under CLC conditions, manganese-iron mixed ox-
ides have shown high reactivity [12] even higher than other low cost

Table 1
Mn, Fe and Ti content of the minerals, as received, by ICP.
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oxygen carriers already tested in the combustion of solid fuels [13]. In
order to increase the mechanical stability of the manganese-iron mixed
oxides, titanium oxide (TiO5) has been used as a dopant. The addition of
TiO2 sought the formation of crystalline phases of Fe-Ti mixed oxides
(ilmenite type) that improved mechanical strength of the
manganese-iron particles [14]. Moreover, the addition of TiO3 improved
the cyclability with respect to the oxygen uncoupling while maintaining
the magnetic properties of these materials [15] which reinforced their
use in the combustion of solid fuels [16].

In the combustion of solid fuels, ashes are generated and remain in
the oxygen carrier bed. Ash could have an inhibition effect resulting
from ash melting/agglomeration and also deactivation of the oxygen
carrier [17]. Alkali and alkaline-earth metals (AAEMS) in biomass ashes
have been identified to cause this inhibition effect [18]. Thus, ashes
must be periodically removed from bed, to avoid their accumulation in
the CLC system and the consequences associated to it. In the drain, part
of the oxygen carrier may be lost together with the ashes and this rep-
resents and extra-cost for the CLC process. Rotating fluidized beds have
been proposed as a separation technique for oxygen carriers and fuel
ash, but further investigation is required to apply this technology to the
CLC process [19].

The magnetic properties of manganese-iron oxygen carriers would
facilitate the separation of the oxygen carrier from the ash and its reuse
in the system. Previous experience with this type of materials indicate
that they can keep their magnetic properties after their use in the process
at high temperature, under oxidizing or reducing environments. Thus,
oxygen carrier particles could be recovered after cooling at room tem-
perature using a magnetic separator and then be recycled back to the
bed [20]. In a step further, it has been recently proposed the design of
low reactive MnFe-based materials with magnetic properties as a sup-
port material for other highly reactive and active phase, such as CuO
[21]. First tests in the combustion of both coal and biomass with this
CuO oxygen carrier on a MnFe-based support indicated that the effi-
ciency in the separation of oxygen carrier particles from fuel ash in the
bed was higher than 99 % [22].

Most of the MnFe-based oxygen carriers that can be found in the
literature have been prepared with commercial reagents from which
formulations with different Mn-Fe molar ratios have been tested. Since
one of the main costs in the CLC operation is the cost of the oxygen
carrier, low-cost materials such as minerals or industrial residues are
preferred to synthetic oxygen carriers [23]. However, the reactivity of
low-cost materials is not always adequate to obtain high combustion
efficiencies. Some studies tested specific minerals composed of
manganese-iron mixed oxides. Those minerals were grinded and then
directly tested as oxygen carriers. However, most of them performed
poorly since they rapidly decreased their oxygen uncoupling capability
and their mechanical strength with the number of cycles [24].

Considering all the above, the objective of the present work is the
preparation of manganese-iron mixed oxides reinforced with titanium
oxide from minerals enriched in the corresponding individual oxides (i.
e. Mn3O4, FesO3 and TiOy). Physicochemical characterization of

Sample Description/Origin % Mn % Fe % Ti Other major compounds
MnSA Mn-ore from South-Africa 42.1+5.6 12.7 + 3.0 <1% si
Supplied by FerroAtlantica del Cinca S.L.
MnGBMPB Mn-ore from Gabon 50.7 £ 2.3 25+ 1.1 <1% Si, A1V
Supplied by Mario Pilato Blatt
Tierga Fe-ore from Spain 0.06+0.03 5241.6 <1% Si, Ca, Al, Mg *
Supplied by Promindsa
Ilmenite Ore from Norway <1% 34.5+2.7 25.7 £ 3.1 si, Mg ¥

Supplied by Titania AS

M Minor amounts (0.1-1 %) of Ca, K, Mg, Na, and Ti [35].
@ Minor amounts (0.1-1 %) of Cr, K, and Ti [36].
® Minor amounts (0.1-1 %) of Al, Ca, Cr, Mn and V [36].
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Table 2
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Amounts of Mn-based minerals, Tierga and ilmenite used in the preparation of the samples and particle size after mixing and grinding.

Sample MnSA MnGBMPB (g) Tierga Ilmenite (g) Mn/(Mn-+Fe) Mn304:Fe;05:TiO, Particle size
® ® molar ratio mass fraction (average/mode) pm
M1 40.3 - 3.3 6.4 0.66 0.60:0.33:0.07 4.2/3.4
M2 - 32.6 11.3 6.1 0.66 0.60:0.33:0.07 4.9/18
M3 43.6 - - 6.4 0.7 0.64:0.29:0.07 5.1/19.8
M4 - 43.9 - 6.1 0.87 0.80:0.13:0.07 8.7 /19.8

manganese-iron oxygen carriers with different Mn-Fe molar ratios and
doped with 7 wt% TiO, will be done. Their reactivity will be also ana-
lysed in order to evaluate their use as oxygen carriers or as a magnetic
support for more reactive active phases, as it has been previously done
with synthetic oxygen carriers of this type.

2. Materials and methods
2.1. Material preparation

Four manganese-iron oxygen carriers doped with titanium were
prepared from different minerals. As a source of Mn304, two minerals
from South Africa (MnSA) and Gabon (MnGBMPB) were considered
since they showed high reactivity in the combustion of different types of
biomass [25]. The source of FeoO3 was a Fe-ore denoted as Tierga that
demonstrated good performance in the combustion of both coal and
biomass [26,27]. Finally, the source of titanium was the mineral
ilmenite, extensively used in chemical looping applications with a
remarkable reactivity and durability [28-34]. Table 1 shows the ICP
analysis of the minerals.

Based on results previously obtained in the research group on syn-
thetic manganese-iron oxygen carriers, the one denoted as Mn66FeTi7
was selected to be produced from minerals due to its good performance
to date [16,37]. Thus, the preparation of particles consisting of a mixed
oxide with manganese to iron (Mn:Fe) molar ratio of 66:34 and doped
with titanium (7 wt% TiO,) from the abovementioned minerals was
intended. Samples of manganese-iron doped with titanium were deno-
ted as M1 to M4. M1 was produced from MnSA, Tierga and ilmenite,
while sample M2 used MnGBMPB as Mn3O4 source. However, since
ilmenite presents high iron content, it could replace Tierga as a source of
Fey0s3, although in this case, the Mn:Fe molar ratio would be higher (see
Table 2). Under this consideration, two more samples were prepared by
mixing MnSA (sample M3) and MnGBMPB (sample M4) with ilmenite,
respectively. In all cases, 50 g of the corresponding mixture was
prepared.

Table 2 indicates the amounts of each mineral used in the prepara-
tion of samples M1 to M4, calculated according to the ICP composition
shown in Table 1. Original mineral particles presented a particle size
distribution between 100 and 300 ym. Once the corresponding mixture
of minerals was done, it was mixed and grinded in a planetary ball mill
RETSCH PM 100 in order to decrease the particle size of the mixture to
less than 20 um. It has been previously observed that pre-grinding of the
mixture to low particle size was needed to form the corresponding
manganese-iron mixed oxide [38].

Then, pellets of samples M1-M4 were produced by cold compression
at 16 MPa for 60 s using a hydraulic press (HJE 5-5model). Cylindrical
pellets (ca. 10 mm diameter, 20 mm height) were obtained and further
calcined at 1050 °C for 2 h to increase their mechanical strength. Then,
they were crushed and sieved to 100-300 um.

2.2. Physic-chemical characterization of the samples

Samples M1 to M4 were characterized using different techniques.
The identification of the crystalline chemical species was carried out by
X-ray diffraction (XRD) in a Bruker D8 Advance X-ray powder diffrac-
tometer equipped with an X-ray source with a Cu anode working at 40

kV and 40 mA and an energy-dispersive one-dimensional detector. The
diffraction pattern was obtained with a scanning rate of 0.02° over the
20 range of 10-80°. The composition of the different materials was
determined by inductively coupled plasma mass spectrometry (ICP-MS)
using an ICP Jobin Ybon apparatus. Particle size distribution (PSD) of
the materials was obtained in a Beckman Coulter LS13320 particle size
analyzer by applying the laser diffraction technique (ISO13320 stan-
dard). The magnetic permeability was measured using a Bartington
single frequency MS2G sensor connected to a magnetic susceptibility
MS3 meter. Mechanical strength of the particles was determined using a
Shimpo FGN-5X crushing strength apparatus. The average value of the
force used to fracture the particles was obtained after at least 20
measurements.

2.3. Thermogravimetric analyzer (TGA)

The oxygen transport capacity (Roc) and the oxidation and reduction
rates of the samples M1 to M4 were determined using a thermogravi-
metric apparatus (TGA), CI Electronics type operating at atmospheric
pressure. A more comprehensive description of the apparatus can be
found elsewhere [39]. In all tests, approximately 50 mg of sample was
used. In all cases, reduction and oxidation cycles proceed until the
sample was completely reduced or oxidized, respectively.

The oxygen uncoupling capability of the MnFeTi samples was
analyzed through decomposition-regeneration cycles using highly-pure
Nj (<2 ppm O) and air at 870 and 950 °C, respectively. The capa-
bility of the oxygen carrier materials to react with reducing gasses was
also evaluated. In this case, the material can be reduced up to mangano-
wiistite (MW). For that, once the desired temperature (950 °C) was
reached three consecutive redox cycles were conducted alternating
reduction with 15 vol.% Hs, CO or CH4 and oxidation in air. These
conditions were selected in order to compare the reactivity of the
MnFeTi oxygen carriers prepared in this work with those materials
prepared from highly pure Mn, Fe and Ti oxides. In order to prevent the
reduction of mangano-wiistite to a mixture of MnO and metallic Fe,
experiments using 5 vol.% Hp together with a high HoO concentration
(40 vol.%) were performed. For steam addition, the gas flow was
bubbled through a saturator containing water at the required tempera-
ture. The oxygen transport capacity, Roc, is defined as the mass fraction
that can be used in the oxygen transfer.

m—m,

R()C =

(€]
0
where m, and m, are the mass of oxidized and reduced sample,
respectively.
The solid conversion for the reduction, X;, and oxidation, X, of the
MnFeTi oxygen carriers was calculated from the mass variations regis-
tered in TGA, according to:

my —m

X, =M™ 2

Rocm, @
m—m,

X, = L 3

* " Rocm, )

where m is the instantaneous mass of the sample.
Reactivity to CO and CH4 was determined in 15 vol.% CO + 20 vol.%
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Physic-chemical characterization of oxygen carrier particles: ICP and XRD analysis, molar Mn/(Mn-+Fe) ratio in the mixed oxide, purity grade of the mixed oxide in the

spinel form, magnetic permeability and crushing strength.

Sample % metal® Mn/(Mn+Fe) molar % metal oxide Purity”  XRD main crystalline phases® Magnetic Crushing
, ratio X permeability strength
Mn Fe Ti Mn3O4 Fe304 TiO,
©) N)
M1 31.8 21.1 3.1 0.61 44.2 29.2 5.2 78.5 (MnyFe;.4)304, FeoTiO4, CasTia(Si,FeO2) 2.0 5.0
O12
M2 371 220 34 0.63 51.5 30.4 5.7 87.6 (MnyFe; x)304, Fe304, (MnyFe; 4)203 1.9 5.5
M3 36.1 194 33 0.65 50.1 26.8 5.5 82.4 (MnyFe;.4)304, Fes04, Fe,TiO4, CasTix(Si, 1.6 4.9
Fe03)0;2
M4 486 107 3.5 0.82 67.5 14.8 5.8 88.1 (MnyFe; 4)203, Mn3O04 1.0 6.1

# Note that the sum of other metals different to Mn, Fe and Ti (i.e. Al, Ca, K, Mg, Na and Si) is < 10 %.

b Purity by ICP, calculated as % Mn3O4+ % Fe304+ % TiOa.

¢ (MnyFe;_,)304: Jacobsite/Spinel; Fe30,4: Magnetite; Mn30,4: Hausmannite; (MnyFe;,)203: Bixbyite; Fe,TiO4: Ulvospinel; CasTia(Si,FeO2)O012: Schorlomite.

Table 4

Theoretical and experimental oxygen transport capacity for the oxygen uncoupling reaction during Ny/air cycles performed at 870 °C and 950 °C.

Sample Roc,crou (%) Roc,crou (%) Theoretical Roc,crou (%)
870 °C 950 °C
N, 0, (air) Ny 0, (air)
Cycle 1 Cycle 3 Cycle 1 Cycle 3 Cycle 1 Cycle 3 Cycle 1 Cycle 3

M1 0.14 0.15 0.21 0.20 0.17 0.13 0.14 0.12 2.67

M2 0.31 0.24 0.26 0.23 0.18 0.21 0.26 0.30 2.98

M3 0.21 0.10 0.19 0.13 0.21 0.10 0.06 0.07 2.80

M4 0.67 0.68 0.55 0.75 0.61 1.08 1.19 1.08 2.99

CO9, or 15 vol.% CH4 + 20 vol.% H,O mixtures, balanced by Ny
respectively. CO5 and HoO were added to CO and CH4 to prevent carbon
formation in the TGA reactor [15]. The concentration of 15 vol.% was
used to facilitate the reactivity comparison between different materials
following the methodology based on the calculation of the rate index
(RI) proposed by Johansson et al. [40]. In the case that a different gas
concentration was used, the reactivity was normalized to a concentra-
tion of 15 vol.% following the same methodology. To evaluate the re-
action rate of the MnFeTi-based oxygen carriers, the normalized rate
index (RI) was calculated as:

RI( % ) —60-100.- 0 L (d’">

min Prga mo \ dt

4

where Py is the partial pressure of the reacting gas in TGA and P is
the reference partial pressure of the reacting gas (0.15 atm for the
reduction (Hy, CO2, or CHy4) and 0.10 atm for the oxidation (O3). The
reaction rate (dm/dt) was calculated at the beginning of the reaction.

3. Results and discussion

3.1. Characterization of the MnFeTi oxygen carriers prepared from
minerals

Main results for the characterization of MnFeTi samples M1 to M4
are summarized in Table 3. ICP analysis to calcined samples allowed
calculating the Mn/(Mn-+Fe) ratio. As it can be seen, Mn/(Mn+Fe) ratios
for samples M1 to M2 were lower than the 0.66 originally intended. Also
the ratios for M3 and M4 were lower than those initially considered (0.7
and 0.87, respectively). These deviations are due to the very nature of
the starting minerals where there may be a lack of homogeneity in some
of their fractions. From the composition determined by ICP, the sum of
Mn304, Fe304 and TiO, was calculated and considered as the estimated
purity of the sample. In the XRD diffractograms of samples M1 to M3, the
existence of the spinel phase was observed. However, in sample M4
bixbyite was detected. Spinel phase is magnetic. Then, the identified
phases would explain the magnetic permeability values shown by the
prepared samples in Table 3. Samples M1 to M3 present values greater

than 1, indicative of their magnetic properties associated with the
presence of spinel. However, sample M4 is not magnetic, since the
presence of spinel is not observed. Regarding mechanical strength,
samples M1 to M4 presented quite high values (> 5 N).

3.2. Evaluation of the oxygen uncoupling capability

As it was mentioned, the oxygen uncoupling capacity of the MnFeTi
materials was evaluated in three successive reduction-oxidation cycles
performed at 870 and 950 °C. This allowed the comparison with the
previously developed synthetic materials. The oxygen transport capacity
(Roc,crou) of the first and third cycle was evaluated for each sample and
results shown in Table 4 together with theoretical oxygen transport
capacity values and values obtained for similar synthetic oxygen
carriers.

Regardless the temperature, the capacity for oxygen uncoupling and
subsequent oxidation of samples M1 to M3 was very low, especially in
the case of sample M3. Values of the oxygen transport capacity were far
from the theoretical values estimated. Based on this result, it will be
considered that the spinel phase is not regenerated to bixbyite during
oxidation and samples M1 to M3 will be further analyzed considering
that spinel is the most oxidized phase. However, the behavior of sample
M4 was different. It should be reminded that in this case, the Mn/
(Mn+Fe) molar ratio was the highest (0.82). Sample M4 was capable of
decomposing bixbyite and regenerating it at both 870 and 950 °C during
the successive No-air cycles performed, although the oxygen transport
capacity shown was almost one third the theoretical. A first indication of
this capability of the sample M4 was the fact that, after calcination,
sample M4 was mostly composed of bixbyite. Thus, the spinel formed
during calcination at 1050 °C during 2 h was converted to bixbyite
during the cooling down in the muffle in the presence of air, which
would explain its lack of magnetism after calcination. Results in Table 4
for samples M1 to M4 can be compared with values in the third cycle
obtained for synthetic samples with similar Mn/(Mn-+Fe) ratios, i.e.
Mn66FeTi7 and Mn87FeTi7 [14]. For these synthetic materials, values
of Roc,c oy obtained at 950 °C were 1.3 % for Mn66FeTi7 and 1.9 % for
Mn87FeTi7, higher than those obtained for samples M1-M3 and M4, but
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Table 5
Oxygen transport capacity for the spinel-mangano-wiistite redox system (data
correspond to the third cycle).

Sample Roc (SP-MW) Roc,theoretical X sp-mw(-)
M1 4.4 5.5 0.80
M2 4.1 6.1 0.67
M3 5.9 5.8 1.00
M4 5.7 6.2 0.92

also far from the theoretical for Mn66FeTi7 and Mn87FeTi7 (3.6 and 2.8
%, respectively). Although these synthetic materials presented a higher
value of the molar ratio Mn/(Mn+Fe), and this was linked to a higher
value of Roc,crou, this fact alone does not explain the low oxygen
transport capacity for CLOU found for the materials prepared from
minerals.

3.3. Evaluation of the reactivity with gaseous fuels

In CLC applications, reduction of spinel (SP) to manganowiistite
(MW) is recommended to mostly convert the fuel to CO5 and H30. In
order to prevent further reduction to a mixture of MnO and metallic Fe,
experiments using 5 vol.% Hp together with a high HyO concentration
(40 vol.%) were performed at 950 °C and the oxygen transport capacity
(Roc) of the samples calculated in Table 5. Theoretical values were also
included. The highest conversion in the transformation to man-
ganowiistite was obtained with the samples M3 and M4, where the iron
source considered was not Tierga, only iron in the corresponding man-
ganese oxide (MnSA and MnGBMPB) and ilmenite. Thus, it seems that
the spinel formed from these sources was more reactive than that formed
in samples M1 and M2 in which Tierga was added.

In addition to the oxygen transport capacity of the samples, the rate
index at 950 °C in the reaction with Hy, CO, CH4 and O, was also
calculated with the aim of comparing the samples with synthetic ma-
terials previously developed. Results are presented in Table 6 and Fig. 2.
Rate indexes for the first and third cycle are shown in the table. As it can
be seen in Table 6, in all cases, the first cycle always presented a lower
rate index than the third, which may indicate an undergoing activation
of the samples, a very common phenomenon previously observed in
oxygen carriers with mineral origin [41]. This activation leads to an
increase in reactivity with the number of redox cycles. The reactivity
with Hj of all the samples was of the same order, but M2 presented the
lowest rate index. Similar trend was observed regarding the reactivity to
CO; again, M2 was the sample with the lowest value. The reactivity to
CH4 was very low in all the cases. This has implications regarding the
consideration of these materials as oxygen carriers since methane is the
main volatile species present in the combustion of different types of solid
fuels [42]. Thus, it is especially important that the reactivity to methane
of the oxygen carrier is high to avoid the presence of unburned products
at the fuel reactor outlet, which determines the efficiency of the com-
bustion. In the case of the rate index in the reaction with oxygen, no
significant differences were observed between the samples.

Fig. 2 compares the rate indexes in the third cycle obtained with M1-
M4 samples with the corresponding values obtained for reference syn-
thetic materials, i.e. Mn66FeTi7 and Mn87FeTi7 [14], considering their

Table 6
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similarity in the Mn/(Mn+Fe) ratio. Thus, samples M1 to M3 are
compared to results from sample Mn66FeTi7 and sample M4 is
compared to Mn87FeTi7. Reactivity of samples M1 to M4 to Hy was
similar to that corresponding to synthetic materials although all of them
were significantly more reactive to CO than the samples considered as
reference. The reactivity to CH4 and Oy was much lower than that of
synthetic Mn66FeTi7 and Mn87FeTi7. This fact, together with the low
ability of the samples to regenerate from spinel to bixbyite compromise
the use of the materials as oxygen carriers. Taking into account their
notably high mechanical strength shown in Table 3 and principally their
magnetic properties, these samples should then be also evaluated under
the perspective of using them as support for other highly reactive active
phases in the CLC process. As it was previously mentioned in the
introduction section, the magnetism of these supports would facilitate
the separation of the oxygen carrier from the fuel ashes during CLC of
solid fuels. In this regard, the inertness of the support should be guar-
anteed, which implies assessing the lowest reactivity possible of the
support under different environments [20]. In a recent study from these
authors, a synthetically prepared MnFe-based mixed oxide was chosen
among a portfolio to be used as support for other more reactive active
phases. The selection was made based on mechanical properties and
reactivity under oxidizing and reducing environments. Rate indexes for
decomposition-regeneration of the bixbyite at 880 °C and for spinel
reduction to mangano-wiistite with Hy at 950 °C were calculated for all
the MnFe-based materials considered. The material finally chosen as
potential magnetic support (MnFe50-1200) presented rate values of 0.3
%/min for bixbyte regeneration at 880 °C and 6.5 %/min at 950 °C in
the SP-MW reduction at 950 °C. Besides, its value of crushing strength
was 4.0 N. Taking the previous rate indexes as reference of inertness for
a potential MnFe-based magnetic support, the sample from M1-M4 that
better combines high inertness under oxidizing and reducing conditions
is sample M2. This sample was not capable of significantly oxidize from
spinel to bixbyite at 870 °C (very low oxygen uncoupling capability) and
showed the lowest reactivity in the conversion of spinel to

s Hy BN CO I CH4 Il 02

10 A
| h
0 d
M1 M2 M3

Fig. 2. Rate index /%/min) with different gasses at 950 °C of samples M1 to
M4. Results for similar synthetic materials included for comparison [14].

Rate index (%/min)
[« [e]

ES

Mn87FeTi7

Rate index of MnFe materials prepared from minerals with different gasses at 950 °C.

Sample Rate Index (%/min)
H, co CH, 0,
Cycle 1 Cycle 3 Cycle 1 Cycle 3 Cycle 1 Cycle 3 Cycle 1 Cycle 3
M1 2.1 9.7 2.2 6.8 0.1 0.3 2.6 4.1
M2 2.5 7.4 1.3 4.3 0.2 0.5 3.3 4.3
M3 1.6 10.5 2.1 5.6 0.1 0.8 2.1 3.4
M4 3.4 8.0 1.9 7.7 0.1 1.0 4.2 4.6
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Table 7
Main physical properties of Cu30_MIN and Cu30_Support_1030.
Sample Crushing Magnetic Rate index”  X.*
strength permeability (%/min) )
N) ©)
Fresh  Used Fresh  Used
Cu30_MIN 2.2 1.6 2.4 1.5 1.24 0.84
Cu30_Support_1030 2.0 - 2.6 - 0.4 0.62

# After 3 Ny-air cycles in TGA at 950 °C.

manganowiistite in the reaction with the main gasses in combustion at
high temperatures. As it was shown in Table 3, M2 also presented high
values of mechanical strength and magnetic permeability. Thus, sample
M2 was selected as potential support material.

3.4. Preparation of a Cu-based oxygen carrier with sample M2 as support

As it has been previously mentioned, in CLC of solid fuels, the use of
oxygen carriers with magnetic properties has been proposed as one
alternative to easily remove the fuel ashes from the oxygen carrier bed
and facilitate the recovery of the oxygen carrier material lost in this
drainage [20]. Moreover, CLC of solid fuels is facilitated when oxygen
carriers with the ability to release molecular oxygen are used. Oxygen
carriers operating under the Chemical Looping with Oxygen Uncoupling
(CLOU) mechanism release oxygen that directly reacts with both vola-
tiles and the fuel char, significantly reducing the amount of unburned
products of combustion and therefore enhancing both combustion effi-
ciency and CO5 capture efficiency [42]. Among the oxygen carriers
commonly used in CLOU, CuO-based materials have demonstrated high
oxygen release rate and high CLOU transport capacity [43,44]. Recently,
CuO-based oxygen carrires were prepared using a magnetic MnFe-based
support with good performance in the combustion of both coal and
biomass [22]. Then, in order to assess the possibility of replicating this
type of materials using a magnetic MnFe support prepared from min-
erals, sample M2 was used as support in the replication of this
CuO-based oxygen carrier previously developed by the authors from
exclusively synthetic sources.

The new oxygen carrier was prepared mixing sample M2 with CuO
from CHEMLAB so that CuO represented 30 wt.%. Thus, the corre-
sponding amounts of MnGBMPB, Tierga and ilmenite were mixed with
CuO particles and mixed/milled in a RETSCH mill at 90 rpm. The final
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size of the mixture was <10 pm to facilitate the formation of spinel
phases. The mixture was then pelletized by compression and the ob-
tained pellets calcined at 1050 °C during 2 h. After calcination pellets
were milled to fluidizable size (100-300 um). The oxygen carrier ob-
tained was noted as Cu30_MIN,

As it is shown in Table 7, the oxygen carrier Cu30_MIN presented
high mechanical strength after calcination (2.2 N) and magnetic prop-
erties (magnetic permeability is 2.4). Values obtained for Cu30_MIN
were also compared in Table 7 with those found for a similar CuO-based
material (30CuO_Support_1030) also prepared by pelletization by
Adénez et al. [21] but using synthetic sources. The previously
mentioned 30CuO_Support_1030 presented similar values of crushing
strength and magnetic permeability to Cu30_MIN.

XRD patterns of both Cu30_MIN and 30CuO_Support_1030 were

—— Cycle1 —— Cycle 3 —— Cycle 10
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Fig. 4. Reduction conversion with time for Cu30_MIN in 10 Ny-air cycles
at 950 °C.
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Fig. 3. XRD patterns of Cu30_MIN and Cu30_Support_1030.
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obtained and compared in Fig. 3. The main mixed oxides identified by
XRD according to a reference pattern database compiled from the
Crystallography Open Database (COD) and The Powder Diffraction File
(PDF) were CujsMn;sO4 and CugsMnFe; 504. Both are thought to
release Oy under CLOU conditions. As it can also be seen in Fig. 3, some
unidentified peaks appear in the XRD pattern corresponding to
Cu30_MIN. They are thought to be phyllosilicates present in this sample
due to its mineral origin. Despite the intensity of these peaks they can be
considered only as impurities and they do not participate in the oxygen
transfer during CLC.

The reactivity of the Cu30_MIN oxygen carrier was evaluated in ten
Ny-air cycles at 950 °C. Fig. 4 shows the evolution of the reduction
conversion with time for the Ny-air cycles performed.

The reactivity of the sample increased with the number of cycles. The
conversion reached by the sample Cu30_MIN in the tenth cycle and after
ten minutes of reaction was 0.94. The rate index increased with the
number of cycles from 0.61 %/min in cycle 1, to 1.24 %/min in cycle 3
and to a final rate index of 1.44 %/min in cycle 10. Table 7 also shows
how this increase in reactivity was accompanied by a decrease of the
crushing strength to 1.6 N. It should be reminded that values higher than
1 N are necessary for operation in a fluidized bed. If reactivity results for
Cu30_MIN are compared to those of Cu30_Support_1030 in Table 7, it
can be observed that the rate index at 950 °C for Cu30_MIN was three
times higher than the corresponding value reported for the synthetic
oxygen carrier. Moreover, if the third cycle is compared for both
Cu30_MIN and Cu30_Support_1030, after 10 min of reaction in Ny, the
first reached a reduction conversion value of 0.84 and the latter 0.62.
Finally in Table 7, the magnetic permeability of Cu30_MIN also
decreased after TGA Nj-air cycles, but the used sample kept its magnetic
properties. This decrease in the magnetic susceptibility has also been
observed in used synthetic samples of similar composition to that of
Cu30_MIN [22]. Thus, it can be concluded that the synthetic material
30CuO_Support_1030 could be replicated using a support developed
from the combination of minerals enriched in manganese, iron and
titanium.

5. Conclusions

Four samples composed of manganese-iron mixed oxide doped with
titanium were developed from minerals enriched in manganese, iron
and titanium, using molar Mn/(Mn+-Fe) ratios between 0.61-0.82. The
samples aim at replicating similar manganese-iron based synthetic ma-
terials previously developed by the authors and successfully tested as
oxygen carriers in the combustion of mainly solid fuels.

The mechanical properties and the reactivity of the samples pro-
duced from minerals was evaluated. All of them showed high crushing
strength and magnetic properties. The reactivity was evaluated in a
TGA. Nj-air cycles were performed to analyze the oxygen uncoupling
capability of the materials. Reaction with Hp, CO and CH4 was also
investigated. The samples showed very low oxygen uncoupling capa-
bility and also low reactivity in the reaction with Hy, CO and CH4. Thus,
their use as magnetic support for other active phases was considered. In
this regard, a CuO based oxygen carrier was prepared supporting 30 wt.
%. CuO on one of the manganese-iron materials developed from min-
erals (Cu30_MIN). The Cu30_MIN oxygen carrier showed similar prop-
erties and reactivity to a previously developed synthetic material
(Cu30_Support_1030), which opens the possibility of developing low-
cost magnetic oxygen carriers with oxygen release capacity.
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