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Chemical looping combustion (CLC) is an innovative technology suitable for converting waste-derived fuels into
heat and power. The process inherently produces pure CO5, which is highly favorable for carbon capture and
storage and could be instrumental for achieving negative emissions. CLC operates by utilizing solid oxygen
carriers (OCs) to transfer heat and oxygen between two reactors. The OC play a crucial role in achieving an
efficient combustion. Manganese-based OCs are particularly interesting, due to their ability to release gaseous
oxygen. However, ash components from solid fuels could alter their oxygen transfer capacity, and cause problems
related to corrosion and agglomeration. The objective of this work is to obtain in-depth insights about Mn-based
OCs for CLC of waste-derived fuels. This is achieved by investigating phase transitions during CLC of solid fuels
when utilizing two manganese-based OCs: manganese oxide and a representative manganese ore. For this pur-
pose, thermodynamic modeling is employed, and a specific focus is given to K, Na, Cu, Zn, and Pb, due to their
important role in corrosion and/or agglomeration. Thermodynamic databases are expanded by calculating
properties from first-principles. It is shown that Mn-based OCs are suitable for effectively converting waste-
derived fuels while limiting corrosion. Furthermore, the iron in manganese ores is found to have positive im-
plications for oxygen-transfer reactions. In terms of alkali release to the gas phase, manganese ore seems to be a
more promising material compared to manganese oxide. The pathways for the heavy metals Zn, Cu, and Pb were,
meanwhile, independent of the OC type.

1. Introduction

To meet the climate targets agreed upon in the Paris Agreement,
significant reductions of greenhouse gas emissions are needed along
with large-scale removal of CO; from the atmosphere. [1] Specifically,
this will require neutral and even negative carbon emission technolo-
gies. [2] Carbon Capture and Storage (CCS) has been acknowledged as
an important strategy for climate mitigation. Even though CCS could be
applied to all types of fuels, including fossil fuels, CCS with biomass
could have the benefit of generating net-negative emissions. Bio-Energy
with Carbon Capture and Storage (BECCS) is an attractive option since it
allows for negative emissions while simultaneously producing heat and
power. [3,4] Even though biomass removes CO, from the atmosphere,
via photosynthesis, the same amount is released when it is burned.
However, if the released carbon dioxide is captured and stored there will
be a net flow out of the atmosphere, i.e., negative emissions.

One technology especially suitable for this purpose is Chemical
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Looping Combustion (CLC). One major benefit of CLC is that the cost and
energy penalties associated with CO capture are among the lowest. [5]
The principle of CLC is to use Oxygen Carriers (OCs), in the form of metal
oxides, and two interconnected reactors. The OCs transfer heat and
oxygen from the Air Reactor (AR) to the Fuel Reactor (FR). The OC is
first reduced in the FR by the fuel according to reaction (1) and then
oxidized in the AR by air according to reaction (2).

(2n 4+ m)Me, Oy + C,Hop—(2n + m)Me,Oy_; + mH,0 + nCO, (¢}
1
Me,Oy; +50,—Me,Oy (2

Thereafter, the reoxidized OCs are transported back to the FR and the
process is repeated. In this way, fuel is converted in a nitrogen-free
environment using oxygen from the metal oxides. Consequently, CO5
is obtained at high concentrations in the FR outlet, which is suitable for
CCS. Further, CLC could have some advantages in the case of complex
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fuel compositions. For instance, inorganic ash species are expected to be
concentrated in the FR, which is highly advantageous for limiting both
emission and corrosion. Since most of the heat-transfer surfaces are in
the AR, it is expected that corrosion phenomena should be lower for CLC
compared to conventional technologies. This is important because
transitioning to renewable energy is expected to result in an expansion
of the biomass resource base and the use of waste fuels. [6,7]

The conversion of solid fuels in CLC is complex and involves several
steps. First, the fuel is heated in the fluidized bed, and the moisture
content is evaporated. The fuel then undergoes devolatilization,
removing volatile species. Lastly, the remaining char, mainly C, is
gasified by the fluidizing steam or CO3 according to reactions (3)-(4).

C +H,0-CO +H, 3
C + C0,-2CO 4

The volatile end products from the gasification are oxidized by the OC.
Char gasification with steam as an oxidizing agent is a relatively slow
process at temperatures expected in the fuel reactor, i.e. < 1000 °C,
meaning that long residence times and reactor volumes may be needed
for complete char conversion. [8] However, there is a way around the
slow gasification step. Certain OCs can release gaseous oxygen at rele-
vant conversion temperatures, according to reaction (5). The char can
then directly react with gaseous oxygen in reaction (6), meaning that the
slow gasification step can be bypassed.

2Me,0,—2Me, 0, + 0, ©)

C+0,-CO, (6)

These reaction steps are referred to as Chemical Looping with Oxy-
gen Uncoupling (CLOU). [9] This mechanism avoids the gas-solid re-
action between OCs and volatiles. Instead, gaseous oxygen can directly
react with the volatiles and facilitate complete conversion, even though
the mixing between the OC and fuel is inadequate.

The solid fraction remaining after combustion of a fuel consists of
incombustible minerals, known as ash. The ash composition is highly
dependent on the type of fuel. Ash can be especially problematic for
waste-derived fuels due to elevated concentrations of the metals K, Na,
Zn, Cu, and Pb. These elements often combine to form compounds,
mainly in the form of metal chlorides, that can cause corrosion and
fouling. Furthermore, gaseous chlorides can also promote reactions with
silicates, which could cause agglomeration due to the low melting point
of alkali silicates. Interestingly, when OCs are used in combustion pro-
cesses, they can serve as a sink for some ash elements. This has positive
implications, as it can mitigate issues related to corrosion and
agglomeration.

CLC is a breakthrough technology for carbon capture, and it has been
demonstrated for over 11,000 h in more than 50 pilot units. [10] Only
limited work has concerned biomass and waste-derived fuels. Instead,
most work has focused on fossil fuels. While Mn-based OCs have been
studied, there is currently no knowledge on how they perform with
waste-derived fuels. The main objective of this study is to answer this
question.

1.1. Oxygen carriers with CLOU properties

There are several OCs with CLOU properties, including copper and
manganese oxides. Although both are interesting, the disadvantage of
copper is the high cost along with the low melting temperature while
manganese displays slow kinetics of reoxidation at low temperatures.
Rydén et al. [11] showed that the thermodynamic properties of man-
ganese oxides can be altered through combination with other metals
such as iron, silicon, calcium, nickel, magnesium, and copper. Azimi
et al. [12] tested combinations of Mn-Fe-O, Mn-Si-O as well as
Mn-Fe-Si and all showed promising results. There are several studies
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conducted on the performance of different manganese-based OCs
[13,14] but the literature regarding ash interactions is scarce. In fact,
only a few combined ash-OC phases have been reported for these oxide
systems. [15-17] Mineral ores are especially interesting OCs due to their
low cost and high reactivity. Besides manganese oxide, these also
contain other components such as Fe, Ca, Si and Mg. While manganese
containing minerals are distributed across all continents of the world
[18], their elemental composition can vary substantially [19,20]. Since
Mn ores are still abundant and relatively cheap, they could be highly
applicable for CLC, especially with solid fuels.

Single perovskites have the general formula ABO3.5 where A and B
are different cations. The oxygen deficiency varies depending on the
temperature and surrounding oxygen partial pressure. With decreasing
O, partial pressure, oxygen is released from the structure, resulting in a
higher §-value. This is taken advantage of during CLC, as the perovskite
will be oxidized in the AR and release oxygen in the FR. Manganese-
based perovskites, such as CaMnOsgs, in which Mn has been
substituted with other transition metals, have been examined exten-
sively as OCs and is of interest for both CLC and CLOU. [21,22] Several
perovskite-type OCs have been studied with solid fuels in 10 kW [23,24]
and 100 kW [25] CLC units.

1.2. Role of thermodynamic modeling

Multiphase multicomponent equilibrium calculations have been
applied to obtain a better understanding of the chemical transformations
during thermochemical conversion of fuels, and also for predicting ash-
related problems during fuel conversion. Such calculations are used to
determine stable chemical and physical forms in a system, as function of
parameters such as temperatures, pressures, and the elemental compo-
sition of input streams. By minimizing Gibbs free energy under an
elemental balance constraint, stable solid and gaseous phases can be
monitored, given that thermodynamic data for all possible phases and
compounds is available. [26] It is not uncommon to combine experi-
mental tests with thermodynamic predictions as done by Hildor et al.
[27]. A recent study by Stanici¢ et al. [28] investigated the fate of
several ash components in CLC of biomass and waste using two iron-
based oxygen carriers with help of the software FactSage 8.1™ [29]
and associated databases. The incorporation of first-principles thermo-
dynamic data of identified crystalline phases contributed to the most
comprehensive and updated thermodynamic study of these important
systems to date.

1.3. Aim of study

The main objective of this study is to investigate whether Mn-based
materials are applicable for CLC of waste-derived fuels. This study ex-
plores the phase transitions occurring in CLC of solid fuels utilizing
manganese-based OCs. Given the scarcity of prior research in the field,
this paper carries the novelty of reporting the expected phase transitions
occurring in CLC of solid fuels, and also the consequences of imple-
menting solid fuels with Mn-based OCs. The effect on OC performance
and possible regeneration is addressed together with correlations with
available literature. A deeper understanding is achieved by using
multiphase multicomponent thermodynamic equilibrium calculations to
monitor phases in the FR and AR while simultaneously studying the
effect of different fuels, ash contents in the bed, and two Mn-based OCs,
i.e., Mn-oxide and Mn-ore. These were chosen as the results with Mn-
oxide gives specific information about Mn-interactions, while manga-
nese ore is more realistic with respect to use as an OC since it contains
significant fractions of other elements. FactSage™ 8.2 is employed along
with the databases FactPS, FToxid, FTsalt and HSCA. The selected ele-
ments in focus are Cl, K, Na, S, Zn, Cu, and Pb. The influence of the OCs
on the solid phase distribution and elements is also considered together
with implications on CLC operation and possible remedies. In particular,
this study involved the following four steps: i) a comprehensive and
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detailed review of existing literature concerning manganese-based OCs,
ii) assessment of identified phases from the literature and correlations
with existing thermodynamic databases, iii) incorporation of results
from first-principles calculations of thermodynamic properties for
selected compounds, for which no thermodynamic data is available in
the literature, e.g. CaMnOs_s and iv) implementation of expanded da-
tabases to study manganese-based systems and correlations between
simulations and experimental observations.

2. Method

The CLC reactors were modeled in the software FactSageTM 8.2 [29]
using the databases FactPS, FToxid, FTsalt and HSCA. Specifically,
FactPS contains data for pure substances, FToxid data for pure oxides;
oxide solid solutions as well as molten solutions, and FTsalt data for pure
salts together with salt solutions. HSCA contains data for pure sub-
stances, which are not found in any of the aforementioned databases.
The data was collected from HSC Chemistry 9 and 10 [30] and has been
used in previous work.[31,32] A complete list of phases and abbrevia-
tions is provided in Table S 3 in the Supplementary Information (SI).

Two manganese-based OCs, in the form of Mn-oxide and a repre-
sentative Mn-ore, are investigated along with two fuels, specifically
branches and treetops (BT) as well as recycled waste wood (RWW). The
OC and ash compositions are presented in Table 1 and Table 2 respec-
tively. Data for the two fuels were obtained from [33] and they have
been used in previous work by Stanici¢ et al. [28]. The fuels were chosen
to represent different compositions found in both natural and waste-
derived biomass. Notably, RWW contains higher levels of inorganic el-
ements, particularly heavy metals, as observed in Table 2. Furthermore,
since the compositions of Mn-ore can vary widely depending on the
origin, mean values were calculated from 19 different ores reported by
Sundqvist et al. [19,20] and used in this study. The corresponding av-
erages and standard deviations for Mn-ore is presented in Table 1.

The solids circulation rate, an important parameter in CLC, is
determined by performing a heat balance given the requirement that the
transport of sensible heat from the AR to the FR is sufficient for a tem-
perature of 950°C to be maintained in the latter. Also, the reducing
potential of the atmosphere in the FR is set to logyo(po,) = —13.2atm,
see Stanicic et al. [28] for further details. According to the model, the FR
is adiabatic and fluidized with CO5 preheated to 400°C, while the AR is
fluidized with air preheated to 400°C. Also, the oxygen concentration in
the exhaust gas is 5 %. It is, furthermore, assumed that the OC entering
the FR is fully oxidized with a temperature of 1050°C, that the oxygen-
carrying phases in the Mn-ore are the major constituents Mn3O4 and
Fey;03, as well as that the temperature and reduction levels are ho-
mogenous in both reactors.

Accumulation of ash requires special attention in CLC of solid fuels. It
is expected that lighter ash particles will follow the FR exhaust gas and
that the ash will be separated from the OC before entering the AR. For
example, ash particles could be separated by a cyclone since they have a

Table 1

Composition of two manganese-based oxygen carriers used in this study. The
standard deviations indicated for manganese ore are based on an analysis of
compositions of different ores, obtained from Sundqvist et al. [19], (2017).

[wt%)] Mn-oxide Mn-ore
Mn304 100 56.1 + 19.6
Fe 03 20.5 +17.9
Si0y 7.6 + 4.5
Cao 5.6 £5.8
Al,03 2.9+ 3.6
K0 0.7 + 0.4
MgO 1.8+1.9
Na,O 0.3 +0.2
P,0s5 0.1 +£0.1
TiOo 0.2 + 0.3
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Table 2
Composition of ashes from branches and treetops (BT) and recycled waste wood
(RWW) obtained from [33].

Ash composition [wt%] Branches and treetops Recycled Waste Wood
Ca 19.2 6.8

Si 11.3 11.6
Al 2.0 2.7
Fe 0.8 2.3
Ti 0.1 1.8
Mn 1.6 0.2
Mg 2.1 1.2
Na 0.9 1.4

K 7.6 2.1

P 1.7 0.18
Ba 0.27 0.33
Cu 0.011 0.059
Pb 0.007 0.054
Zn 0.2 1.04

lower density than the OCs. Nevertheless, some ash may remain in the
system, especially when using fuels with high ash contents. Another
transportation path could be by interaction with the OC or the formation
of sticky compounds on the OC surface. Therefore, the fate of ash
components in the AR will also be discussed in this paper. More spe-
cifically, it is assumed that all solid ash particles in the FR will be
transferred to the AR. Though this is a worst-case scenario, it is useful for
illustrating the importance of effective ash separation. The maximum
amount of ash investigated is around 65-70 wt% of the total fluidized
bed, which is an extreme case that will likely not be achieved with
biomass fuels. Waste fuels, on the other hand, contain significantly
larger ash fractions compared to biomass. By investigating high ash
fractions in the bed, it is expected that a better picture of the possible
transformations, in the form of either ash-OC or ash-ash-based reactions,
is obtained. The ash concentration in the bed is calculated as the dif-
ference between the total mass of the solid phases and the total reduced
OC in the FR (the monoxide MnO) or oxidized OC in the AR (MnyOs,
Mn304 named Te-SPINA, Mn;SiO4, and CaMny04) divided by the total
mass of the solids. The ash concentration is represented by a white
dashed line in the diagrams. Phase formation with increasing ash con-
centrations will be presented for each fuel and OC to illustrate the effect
of ash components while the release of elements will be discussed based
on the initial calculation, with the lowest ash concentration.

2.1. First-principles calculations

The utilization of first-principles to obtain thermodynamic data has
been implemented in the first part of this study [28] and details on the
method have been published separately. [34] In short, this involved
computing reaction energies using density functional theory, as well as
the phononic contribution to the heat capacity under the harmonic
approximation. In accordance with the procedure presented by Benisek
and Dachs [35], the results from these ab initio calculations were
combined with experimental data from the NIST-JANAF thermochem-
ical tables to determine the enthalpy and entropy at room temperature
together with the temperature dependence of the heat capacity. For
reference, the same approach has previously been shown to yield
excellent agreement with experimental data when applied to FeTiOs.
[28,34] The discrepancy between the calculated and experimental data
for FeTiOj3 is below 2.8 J/molK, 0.89 kJ/mol, and 2.0 J/molK for the
heat capacity, formation enthalpy, and entropy, respectively. The pro-
cedure is further described in section 1 of the SI. This approach was
utilized for species identified experimentally in relevant CLC experi-
ments, but where data was lacking in the abovementioned standard
databases. The influence of these compounds on the thermodynamic
calculations will be discussed in detail.

Manganese-based perovskites, where Mn is partially replaced by
other transition metals, have been examined extensively as OCs. [36]
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The lack of thermodynamic data for systems other than stoichiometric
CaMnOs, and in particular oxygen-deficient perovskites, could lead to
significant discrepancies between experiments and calculations. To
address this issue, a semi-empirical model originally proposed by
Goldyreva et al. [37] was used to calculate the difference in heat ca-
pacity, formation enthalpy and entropy of CaMnOsg relative to
CaMnOs. This information was, in turn, combined with the data for the
stoichiometric phase found in the FToxid database, to obtain estimates
of the same properties for 31 discrete 8-values in steps of § = 1/64,
which are listed in Table S2. The procedure is described in detail in
Section 2 of the SI.

3. Results and discussion

A summary of crystalline phases reported for manganese-based OCs
used in chemical looping applications, which have all been identified in
laboratory-scale experiments, is presented in Table 3. Most of the re-
ported ash-induced crystalline phases in Mn-based materials stem from

Table 3

Identified crystalline phases of combined ash and manganese-based oxygen
carriers used in chemical looping applications. All studies are performed in
laboratory scale units. Compounds that are not available in thermodynamic
databases are presented in bold. Synthesized oxygen carriers are presented in
quotation with the main metal components.

Oxygen Ash Phases reported in the literature Ref
carrier compound ) ;g Reducing
Mn304 K2CO3 KMnO4 KoMnO4 [15]
CaCO3 (Ca,Mn)O
6 % SiOy + K2CO; K,MnO4 K,Mny03 [15]
Mn304 Ca3(POy)2 Ca;oMny(PO4)14
10 % SiOy + K2CO3 K,MnO, K>Mn,05 [15]
Mns0, Cas(PO4); Ca,Si0,
Ca;gMny(PO4)14
25 % SiOg + Caz(POy4)2 Caz(POy)2 Ca;9Mny(PO4)14 [15]
Mn304
Hausmannite CaCO3 CaMn,04 KoMn,Og [17]
K>CO3 CaMnO3; CaMn,0»
Si0, K>MnO,
KsMnO,
“MnSi” CaCO3 CaSiO3 CaMn4SiOo4 [16]
CaMn14Si024
K2CO3 K2Si409 K2Si409
KoMnOy4 KoMnOy4
K1.03Mn204
CaHPO4 Ca;oMny(PO4)14  CajoMny(POy)14
CaSiOs
“MnSiTi” CaCO3 CaTiO3 CaMn4SiO24 [16]
CaSiO3
K>CO3 KTisO9 K,Tis0s5
K4Si0g K»Si03
Ko;MnO4 KoMnO4
K.TiSigO1s
CaHPO4 Ca;oMny(PO4)14  CaioMna(PO4)14
CaMnTi,O¢
“MnFe” CaCO3 CaFe,04 CayMng oFe; gOs [16]
(Ca,Mn)O
CayFe,05
K2CO3 KFeO, KFeO,
K,FeO,
Ky;MnOy4
CaHPO4 CagFe(PO,); Cag 3sFe;.167(PO4)7
Ca;oMny(PO4)14  CajoMny(POy)14
(Fe,Mn,Ca)O
“MnFeAl” CaCO3 CasFe,05 CagFe,0s5 [16]
Cag 55A111017.05  CazAl; 3sFeq 6205
K>CO3 KFeO, KFeO,
KAIO, KAIO,
KyFeO4
K,MnO,
CaHPO4 CagAl(POy), CagFe(POy);
Ca;oMny(PO4)14  CagAl(PO,);
Ca;oMny(PO4)14
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one publication, [16]where FactSage 7.2 was utilized. It is worth noting
that the databases have since been updated, especially with respect to
the Mn-system. MnyOg3 has, for example, been optimized on several bi-
nary and ternary subsystems and added to the CaO-MgO-Al;03-SiO»-
FeO-Fe;03-MnO system. In FactSage 7.3, 18 new stoichiometric com-
pounds, amongst these Mn7SiO,, were added to the database. More
importantly, the slag and spinel phases now includes the Mn®*
component, which is significant in this study. However, there is still
experimental data missing for several relevant compounds and these
were obtained in two ways, as explained in more detail below.

3.1. Thermodynamic data from First-Principles

A comparison between phases reported in the literature and FactSage
databases FactPS and FToxid revealed the following inconsistencies:
Calgan(PO4)14, CaMn14Si024, KzMnO4, K3MI104, KMn204, and
CaMnOj3.5. Thermal properties for these compounds, with an exception
for CaMnOs._s, were calculated from first-principles, and are listed in
Table S1 in the SI. As is shown by Brorsson et al. [34], the first principles
data have an impact on the K-Mn-O system. For example, KMnOy4,
KoMnOy, and K3MnOy are all stable at 950 °C and 1 atm given that the
partial oxygen pressure is sufficiently high (py,210~!atm). As should be
expected, KMnyO4 dominates at a low K/Mn ratio (K/(K + Mn) 5 0.35).
K3MnOy also begins to form for a close to equal content of K and Mn. The
other phases, Ca;gMny(PO4)14 and CaMn;4SiO24, are not found to be
stable under reasonable CLC conditions. More details are provided in the
literature [34].

3.2. Thermodynamic data for CaMnOs_s

Though the stoichiometric compound CaMnOs is available in FactPS,
this phase is known to release and capture oxygen at different reduction
degrees, which is not accounted for in the solution phases. In this study,
31 compounds with varying &-values were therefore added to the
database to represent CaMnOs_s. Specifically, these were generated by
adding corrections, calculated via a semi-empirical model for & between
0 and 0.5 in steps of § = 1/64, to the thermodynamic data for stoi-
chiometric CaMnOs. The influence of these calculated compounds in the
Ca-Mn-O phase diagram is plotted in red and presented in Fig. 1. The
operating conditions and the range of temperatures and oxygen partial
pressures where the perovskite phase is stable can be seen in the figure.
Under oxidizing conditions, the perovskite CaMnOs is stable up to
809 °C. Different temperatures and reduction degrees are required for
the decomposition of the perovskite. A summary of possible decompo-
sition reactions and conditions based on the calculated data is presented
in Table 4. The reversible reduction from CaMnOs to CaMn;0O4 and
CapMnOy.s has been observed experimentally at 1000 °C by Bakken
et al. [38] which is consistent with the new data in Table 4 and Fig. 1.

Previous studies of CaMnOj3_; have determined the oxygen content,
given by 3-§, experimentally for different temperatures in air. Specif-
ically, Bakken et al. [38] report the oxygen content to be 2.929 + 0.003,
2.902 + 0.002, and 2.878 + 0.005 at 950 °C, 1000 °C, and 1050 °C,
respectively. On the other hand, Rgrmark et al. [39] report oxygen
contents of 2.956 and 2.93 at 950 °C and 1000 °C, respectively. The
results thus deviate significantly, which could be due to the differences
in the experimental approach as reasoned by Bakken et al. [38]. In this
study, the thermodynamic limit for the oxygen content at 950 °C,
1000 °C, and 1050 °C is 2.96875, 2.953125 and 2.921875 in pure Oo,
and 2.953125, 2.921875, 2.90625 in air. These results agree better with
the values reported by Rgrmark et al. [39]. However, it is important to
note that the choice of reference data influences the outcome. Here,
thermal data for the stoichiometric solid CaMnOs from FToxid was
utilized as it has been optimized with respect to other relevant Ca-Mn-
phases in the system.
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CaMnO,
1 atm
0 T T T T T T T
S’
ar CaMnO; < s =
X
2k 44 4
3+ 4
4 -
E 5|
= CaMn,d, + Ca7Mn;04,
S st
=N
Ei 7L Cahn,O, + CayMf,0; 1
8 \
CaMn,O, + Ca,MnO, \
9+
CaMn,0;, + (Mn,Ca)O
10 -
RTINS i
(Mn,Ca)0
-12 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000 1100 1200
T(C)

Fig. 1. Stable phases in the perovskite system, CaMnOs3 5, at 1 atm showing log;o(pO-) versus temperature before and after (red) implementation of the calculated
data. The phase transitions in red represent reductions (from left to right) in (3-8) in steps of 1/64. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Table 4

Summary of possible decomposition reactions of the perovskite CaMnOj3 5 ac-
cording to thermodynamic data obtained from first-principles presented in
Fig. 1. The temperature (T) interval in °C and oxygen partial pressure (po,) in
atm are presented in the table.

Thermodynamic Prediction of Decomposition Reactions Conditions
1 1 1 565 < T < 825
CaMn03,5—>gCaMn204 + gCa4Mn3010 + 1—002 1045 < Po, < 10-32
825 < T < 937

1 1 1
CaMn03,5—>ZCaMn204 + ZCagMn207 + §02

10738 < po, < 10732
937 < T < 1004
1077 < po, < 10738
990 < T < 1056
107°7 < po, < 10767
T > 1056

po, > 1077

1 1 1
CaMn03,5—>§CaMn204 + §Ca2MnO4 + gOz

1 1
5Ca0 + -0,

1
CaMnOg,g,aECaanO‘; + 3 7

1
CaMnO3_s—CaO + MnO + EOZ

3.3. Chemical looping combustion using manganese oxide

The major phase distribution in the FR and AR with increasing ash
content when using Mn-oxide is presented in Fig. 2 for BT (Fig. 2a-b) and
RWW (Fig. 2c-d). While the amount of ash increases along the x-axis, the
actual level is represented by the dashed white line and is shown on the
secondary y-axis. Regardless of the fuel, the main phase in the FR is
monoxide ((Mn,Ca)O), which has also been observed experimentally,
see Table 3. Olivine ((Ca,Mn)>Si04)), KAISiO4 and K2CasSi4O15 increase
with the ash content in the FR when using BT. The slag is also included
here, and its main components are K0, CaO, SiOj, P20s, and MnO. In
the AR, the most stable phases are tetragonal spinel (Te-SPINA - (Mn,Al,
Mg,Fe,Zn)304), CaMn,0y, leucite (Leu - K2Al2Si4012), and olivine (OlivA
- (Ca,Mg,Fe,Mn,Zn),Si04). Here, the slag composition is slightly
different and includes more SiO, as well as some K50, CaO, P,O5 and
MgO.

Comparable results are obtained for RWW, but in this case nepheline
((Na,K)AISiO4) and CaTiO3 are observed in the FR instead of KAISiO4
and K3CaySisO15, respectively. In this case, the slag consists of SiOj,

MnO, NaAlO,, CaO, KAlOy, and NayO. These discrepancies can be
explained by the fact that RWW contains less Ca but the same amount of
Si, which has implications for the chemistry. More substantial differ-
ences are found in the AR. Specifically, there is a tendency for Mn to
form Mn7SiO;, instead of CaMny0O4, especially at an intermediate ash
content. In addition, olivine (OlivA - (Mn,Ca,Mg,Fe,Zn);Si0O4) is more
abundant than leucite (Leu - K3AlySisO13), which is also partially
replaced by first CaTiO3 and then CaSiTiOs. The slag in the AR, mean-
while, consists of SiO5, MnO, NaAlO,, KAlO,, and CaO. These observa-
tions show that the fuel composition (see Table 2), affects the chemistry
not only in the FR but also the AR.

The influence of ash on the stability of OC phases can be followed in
Fig. 2. Though the oxygen transfer reaction occurs mainly between
Mn304 and MnO, it is affected by the ash. Specifically, olivine (OlivA -
(Mn,Ca,Mg,Fe,Zn),Si04) become stable in the FR with increasing ash
content. Still, at the highest ash concentration, 86 % and 64 % of the
total Mn remain in the monoxide phase for BT and RWW, respectively.
In the AR there is a combination of the spinel (Te-SPINA, Mn30y4),
CaMn304, and MnySiO;5 (only for RWW), the latter two of which form
because Ca and Si are introduced by the ash. At the highest ash level,
about 16 % of the total Mn is bound as CaMn;04 and 58 % as Mn3Oy,
while the maximum Mn;SiO;2 content is 20 %. Hence, it is clear that the
main oxygen transfer reactions occur via the main oxide system, even at
higher ash concentrations. Since Rydén et al. [11] has shown that the
phase Mn7SiO5 is a viable CLOU material, it should be an active OC
here as well. If the perovskite CaMnOs.s is used as an OC, it is generally
undesirable to have a transition to CaMn304 [40] but this phase could
still transform and release oxygen in the FR in monoxide systems as
predicted here.

3.4. Chemical looping combustion using manganese ore

Fig. 3 shows the major phase distribution in the FR and AR with
increasing ash content for BT (Fig. 3a-b) and RWW (Fig. 3c-d) when
using Mn-ore. As in Fig. 2, the amount of ash increases along the x-axis
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Fig. 2. Solid phase distribution during CLC utilizing Mn-oxides as the oxygen carrier. FR operates at 1 atm and 950°C for BT (a) and RWW (c). AR operates at 1 atm
and 1050°C for BT (b) and RWW (d). The ash content in the bed is presented in the secondary y-axis. The ash concentration is represented by a white dashed line in

the diagrams.

and the actual level is represented by the dashed white line, which
corresponds to the secondary y-axis. According to Fig. 3, the phase
distribution more or less follows the same trends when Mn-ore serves as
the OC instead of Mn-oxide, although a few additional phases can be
observed in the FR. Due to other elements present in the ore, olivine
(OlivA - (Mn,Ca,Mg,Fe,Zn),Si04), nepheline (Neph - (K,Na)(AlFe)SiO4)
and NayCasAl;¢04g are, for example, present in the bed from the start.
Another difference is that the slag is less stable in the FR for both fuels,
which is due to the inherent high fraction of Ca in the ore. Also, the
composition changes from MnS, FeS, MnO, FeO, SiO, and CaS at the
lowest ash concentrations to K0, CaO, P20s, SiO2 and MnO at higher. In
the AR, Mn;SiO;3 is not stable for RWW, which is likely due to the
concentration of Ca in the Mn-ore. For both fuels, an additional phase
appears, namely clinopyroxene (CaMgSi2Og)), at the lowest, and in the
case of BT also the highest, ash levels. At the same time, both slag and
olivine ((Mn,Ca,Mg,Fe,Zn),Si04) are more abundant in the AR, espe-
cially at low ash contents.

More significant changes are observed in the AR, of which the most
dramatic is the formation of a significant amount of (Fe,Mn);03 (M203)
at the cost of a major reduction of tetragonal spinel (Te-SPINA Mn3O4).
This is due to the high concentrations of iron in the Mn-ore, which al-
lows oxidation to not only (Fe,Mn)304 but also (Fe,Mn)203. This will
have positive implications for the oxygen transport as the material can
be further oxidized and reduced compared to the case with Mn-oxide,
and also have CLOU properties. One of the main drivers for the use of
Mn-ores has been the possibilities to inherently obtain combined Mn-

oxides with these types of properties. In the AR there is a combination
of the (Fe,Mn)304, (Fe,Mn);0O3, and CaMnyO4 along with smaller
amounts of olivine and slag. For both fuels, most Fe is found as (Fe,
Mn)203. With increasing ash contents, there are similarities between the
fuels because less Mn is bound to the spinel (Fe,Mn)304 and more is
associated with (Fe,Mn)»03 and CaMny04. At the highest ash concen-
tration 13 % and 4 % of the total Mn is found in the slag as MnO for
RWW and BT, respectively. Similar to the case with Mn-oxide, the higher
amount of slag can be attributed to the lower amount of Ca, but the same
amount of Si, in RWW.

The influence of ash on the stability of OC phases can be followed in
Fig. 3. The oxygen transfer reaction occurs mainly from (Fe,Mn)O to (Fe,
Mn)304 and (Fe,Mn);0s3, the latter of which forms due to the high
contents of iron in the ore. In the FR, 87 % of the total Mn is found as
MnO and 13 % in olivine, as MnySiO4 and partly CaMnSiOg4, for both
fuels. At the highest ash concentration, 87 % and 66 % of the total Mn
remain in the monoxide phase for BT and RWW, respectively. The rest
forms olivine, with an increasing fraction of CaMnSiOy.

3.5. Fate of ash components

The ash components Cl, S, K, Na, Zn, Cu and Pb are of particular
importance for the chemical processes occurring within the reactors. To
provide a more detailed view of the pathways of inorganic elements in
the CLC process, Sankey-diagrams are provided in Fig. 5 for branches
and treetops, with Mn-oxide and Mn-ore as OCs. Similar illustration for
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Fig. 3. Solid phase distribution during CLC utilizing Mn-ore as the oxygen carrier. FR operates at 1 atm and 950°C for BT (a) and RWW (c). AR operates at 1 atm and
1050°C for BT (b) and RWW (d). The ash content in the bed is presented in the secondary y-axis. The ash concentration is represented by a white dashed line in

the diagrams.

recycled waste wood (Figure S 3) can be found in the SI. These figures
illustrate the proportion of inorganic elements released into the gas
phase within the fuel and air reactors, as well as the resulting solids in
the latter. Specifically, the diagrams show the distribution of the fuel
components S, Cl, Na, K Cu, Pb and Zn, which have been normalized in a
way that maintains the same weight ratio between the elements as in the
fuel. Furthermore, it is assumed that all solids from the fuel reactor are
transferred to the air reactor, as described in Section 2.

Since the selection of OC can be vital to minimizing the adverse ef-
fects of the ash, it is interesting to compare the results from the study at
hand with data obtained from comparable calculations for Fe-based OCs
by Stanici¢ et al. [28]. A summary of the distribution between the
gaseous and solids phases is presented in Table 5 for the different
combinations of fuels (BT and RWW) and both Mn- and Fe-based OCs.
Since BT contains a lower amount of S, Cl, and ash compared to RWW
the total mass released can be higher for RWW, even at conditions where
the entire content is released to the gas phase for BT. This is illustrated
by the colors, where green corresponds to the highest mass released, red
is the lowest and clear cells represent values in between. It is evident
from Table 5 (and through comparative analysis of Fig. 5 and Figure S3
in SI) that CLC of RWW yields the highest concentration of inorganic
species within the gaseous phase in the FR. According to Table 5, which
includes previously published data for iron oxide and iron-titanium
oxide (ilmenite), there are substantial differences in terms of the
amounts of the most problematic ash elements that are released into the

gas phase depending on the fuel and OC. For example, the table shows
that CLC of RWW using Mn-ore as an OC will result in the least amount
of alkali metals and heavy metals released to the gas phase, closely
followed by ilmenite. On the other hand, Mn-oxide has the highest
release, followed by Fe-oxide. Furthermore, it is found that all chloride-
bearing compounds, which include HCI, KCl, NaCl, and PbCly, will be
concentrated in the FR outlet. Thus, the worst corrosion-related issues
are expected in the FR independent of the type of OC. Zinc also shows a
clear difference in behavior depending on the OC. For the Mn-based, Zn
is found in the monoxide (MeO) phase as (Zn, Mn, Fe)O, while for Fe-
oxide it is bound in the spinel (SPINA) as ZnFe,04, The release to the
gas phase is, thus, low in all cases except for ilmenite for which a large
share enters the gas phase since all iron is bound in ilmenite or titania
spinel (FeTiOgs or FeTiz04) and these solid solutions do not dissolve Zn.
Copper, on the other hand, is generally expected to remain in the solid
phase, while lead is released to the gas phase independent of the OC
type.

A summary of the phases in the AR and FR, and the influence of the
ash concentration on several essential elements is given below for the
Mn-based OCs. The elements Cl, K, Na, S, Pb, Cu, and Zn are in focus
because of their important role in melt formation and corrosion. A
separate discussion for Fe-based OCs can be found in literature [28]. The
raw data showing the phase distribution for each investigated element is
included in the appended Excel sheet.

Chlorine. Cl enters the gas phase in the FR primarily as KCl and some
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Fig. 5. Sankey-diagrams illustrating the distribution of selected elements (Cl, S,
Na, K, Pb, Cu and Zn) in the fuel and air reactors during chemical looping
combustion (CLC) of branches and treetops (BT) as fuel. Two oxygen carriers, a)
manganese oxide and b) manganese ore, are compared. The elements are
normalized but retain the same weight ratio as in the fuel.

HCl. The amount of NaCl is always lower than KCL. This indicates that
the most corrosive compounds will be concentrated in the FR outlet,
thus leaving the AR free from chloride compounds. This is true for both
Mn-based OCs as shown in Fig. 5 and Figure S3 in SI.

Sulfur. The primary reason for the difference in the gas phase release
for the Mn-based OCs is the solid phase MnS, which only forms for Mn-
oxide. For the ore, S is retained in the slag with the main components FeS
and MnS. As can be seen from Table 5 and Fig. 5, a significant amount
leaves with the gas in the form of H,S and PbS, for both Mn-based OCs.
For Mn-oxide, the proportion of gaseous compounds drops to less than
20 % as the ash content increases, and for Mn-ore even faster.

The situation is drastically different in the AR where most S is found
as SO, for both oxygen carriers and all fuels at the lowest ash content.

Fuel 369 (2024) 131676

For BT, and increasing ash contents, K2SO4 (alpha-K2504) dominates at
all ash fractions, except for the lowest. For RWW, different trends are
observed. For Mn-oxide the major solid phase is (Na,K)2SO4 (Salt-liquid),
which only forms at a low to intermediate, but not the lowest, ash
content. For Mn-ore all S that is carried over to the AR from the FR,
leaves with the gas, primarily as SO,.

Potassium. There are clear differences in the gas phase release for
the two Mn-based OCs as observed in Fig. 5. For Mn-oxide, KOH and KCl
are the two major gas components in the FR, while KsPO4 and K30 (in
the slag) is the principle solid phase when using BT. Nepheline ((K,Na)
(ALFe)SiO4) and K5CagSisO15 both increase with the ash concentration;
in the case of RWW the former dominates over KO except at the very
lowest ash level. In contrast to Mn-oxide, no K is released from the FR for
Mn-ore (Fig. 5). Instead, it primarily forms nepheline ((K,Na)(ALFe)
SiO4) together with a certain amount of K30 and KAlOs, in the slag. For
RWW, the concentrations of the latter two slag components are almost
negligible except at high ash contents, but in the case of BT the pro-
portion of K found as KyO reaches as high as 40 %.

In the AR, for Mn-oxide, most K forms K3SO4, of which some is
released as a gas, while the rest remains in the slag or as leucite
(K2Al,S14012). For Mn-ore, however, no gaseous K compounds form, and
instead, leucite and slag represent the main phases.

Sodium. Some similarities with K concerning the gaseous release can
be observed. In the FR, a small amount leaves with the gas phase as
NaOH, and in the case of RWW also NaCl. With BT as fuel, the rest is
mostly kept in the slag as NayO, although the amount of NapCaAl4Os,
and to a lesser extent nepheline ((K,Na)(ALFe)SiOy4), increase with the
ash content. For Mn-ore, the same phases are observed although at
different proportions; NayCaAl4Os is followed by NayO and Na(AlFe)O,
(in the slag) and finally nepheline ((K,Na)(AlFe)SiO4). For RWW,
nepheline and the slag components NaO and NaAlO; are stable for both
OCs. In the AR, less than 1 % is released as gaseous Na or NaSOy4, while
the primary form remains to be NayO in the slag for Mn-oxide, but also
Na(ALFe)O, for Mn-ore. In other words, almost no gaseous Na com-
pounds form in any of the reactors as observed in Fig. 5.

Lead. The situation in the FR is more or less the same for both OCs, as
illustrated in Fig. 5. Over 99 % of the total Pb leaves the FR as PbS (g)
and Pb (g), but this fraction drops below 40 % as the ash content in-
creases. The remaining part consists of PbO, which is absorbed by the
slag phase and carried over to the AR, where it is partially released as
PbO (g). In particular, the gaseous proportion decreases from about
99.9 % to 3.9 % as the amount of ash increases. For Mn-ore, no gaseous
compounds are formed in the AR; instead Pb is fully dissolved in the slag
as PbO.

Copper. Copper is primarily found in the solids for all investigated
cases, as shown in Fig. 5 and Figure S3 in the SI. For Mn-oxide, when
using BT, Cu is found in the slag as Cuy0 in the FR, except at the lowest
ash level where the monoxide CuO dominates. While the latter obser-
vation also applies to RWW, most of the CuyO is replaced by CugAs. By
contrast, CuyO forms almost exclusively in the AR for both fuels. These
observations also apply to the Mn-ore with a few minor differences.
More precisely, the only compound that forms in the FR when using BT
is Cus0. In the case of RWW, meanwhile, CusAs is the main phase even
though it coexists with a certain amount of CuO and CuO. Together, the
latter two contain up to 60 % of the Cu, but this proportion drops to
below 6 % as the ash content increases.

Zinc. For Mn-oxide and both fuels, Zn is encountered in the mon-
oxide phase as ZnO, but for a higher ash content, Zn becomes associated
with olivine (OlivA - (Mn,Ca,Mg,Fe,Zn);Si04). When these are carried
over to the AR, olivine becomes the most stable phase followed by slag,
while the monoxide is completely absent. In the case of Mn-ore and BT,
the same compounds are observed in the FR, in similar proportions. For
RWW, on the other hand, tetragonal spinel (Te-SPINA, (Mn,Al,Mg,Fe,
Zn)304), also forms at high ash contents, which eventually becomes
more abundant than olivine. The situation in the AR is reversed, as the
slag is the main phase, followed by olivine for both fuels.
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Table 5
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The weight percent of elements released to the gas phase in the FR, at the lowest ash concentration, for BT and RWW and the oxygen carriers Mn-oxide and Mn-ore.
Data for the oxygen carriers ilmenite and Fe-oxide presented in the table origin from a previous study by Stanici¢ et al. [28]. The release is illustrated by the colors,
where green corresponds to the highest mass released and red the lowest while clear cells represent values in between.

Release to the

gas phase
BT
[wt% of the
total amount]
Oxygen Mn- Fe-
Mn-ore
Carrier oxide oxide

Ilmenite

RWW
Mn- Fe-
Mn-ore Ilmenite
oxide oxide

82.7 99.98

99.97

3.6. Insights into Mn-based OCs

Understanding the stability of Mn-based OCs is crucial for effective
utilization in CLC. The insights gained in this study show that Mn-based
OCs can resist deactivation induced by ash. As observed in Figs. 2 and 3,
the oxygen transfer reactions occur mainly between Mn3O4 and MnO.
Even at the highest ash concentrations in the bed, a significant amount
of Mn remains in an oxygen-carrying phase. While ashes from waste-
derived fuels introduce phases that are inert with respect to oxygen-
carrying capability, they can also contribute to new OC phases. For
example, the two major ash components Ca and Si promote the forma-
tion of the two OC phases CaMn304 and Mn;SiO1,. This makes Mn-based
OCs suitable for CLC of waste-derived fuels since the main oxygen
transfer reactions occur via the main oxide system, even at high ash
concentrations. This shows that Mn-based OCs contribute to effective
fuel conversion in the FR, where a pure CO3 stream is produced suitable
for CCS.

As can be gathered from the results for both Mn-based OCs, none of
the compounds, for which thermodynamic properties were generated
via first-principles calculations, are predicted to form in any appreciable
amounts. However, there are subsystems where the K-Mn-O phases are
stable. In this study, the system is more complex, and the K-concentra-
tion significantly differs from the experiments where these compounds
were obtained (see Table 3). In addition, one should keep in mind that
the calculations are based on several assumptions. Kinetics are, for
instance, not considered and the resulting predictions will, hence, not
include any metastable materials. So, the stability of K-Mn-O com-
pounds in real applications should not be overlooked. Ash components
can, for example, stick to the OC surface, creating conditions favorable
for these phases.

For the non-stoichiometric compound CaMnOs.;, it is worth noting

that the relative stabilities of the phases are highly dependent on the
choice of reference data when 8 = 0. In particular, the corrections ob-
tained for § > 0, when applying the defect model described in Section 2
of the SI, were added to the thermodynamic properties for CaMnO3
available in the FToxid database. As a result, the operating conditions in
the FR fall outside the range of temperatures and partial oxygen pres-
sures where CaMnOs ;5 is stable, as can be seen from Fig. 1. This does,
however, not explain the absence of the perovskite in the AR where the
conditions are favorable, according to Fig. 1. Studying the phase tran-
sitions under oxidizing conditions, it was found that the ash, specifically
SiO,, prohibits the formation of the perovskite. This is because com-
bined Mn-Si phases, such as olivine (Ca,Mn);SiO4 and braunite
Mn;SiO; 5, are more stable; see the phase diagrams for the AR (Fig. 2b,
d and 3b,d). Based on these observations, it is debatable whether pe-
rovskites (CaMnOs ) have an advantage over other Mn-bearing OCs,
such as Mn-oxides and Mn-ores, for CLC of solid fuels because the
perovskite could lose its active phase due to the interaction with the ash
components. This should be closely considered before implementing
perovskites in CLC of solid fuels, and especially waste-derived fuels with
high ash contents. Perovskite systems where Mn-sites are substituted
with other transition metals could potentially resist such decomposition.
This prospect was, however, not possible to investigate in this paper due
to limitations in available thermodynamic data. Even so, it should be
noted that such perovskite OCs have been successfully employed with
gaseous fuels. [41-43] While this study has expanded thermodynamic
databases for manganese-based systems and provided valuable insights,
there still exists limited thermodynamic data for perovskite systems
where the Mn-sites have been substituted with other transition metals.
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4. Conclusions

This work shows that manganese-based oxides are highly interesting
for CLC of waste-derived fuels. Specifically, a key advantage is that
corrosive compounds will leave with the gas in the fuel reactor. This is
beneficial because problems related to corrosion and fouling are
completely avoided in and downstream of the air reactor, where the
majority of heat-transfer surfaces are located. Furthermore, CO> is ob-
tained in pure form from the FR, meaning that CLC can be integrated
with CCS and is thereby suitable for achieving negative emissions. This
study shows that Mn-ore and Mn-oxides are suitable materials for
effectively converting waste-derived fuels by CLC. The functionality of
the oxygen carrier is expected to be maintained during operation, even
with high ash fractions in the CLC system. Although new phases form,
such as CaMny04 and Mn;SiO;5, these evidently have a propensity to
transfer oxygen from air to fuel. Thus, Mn-based oxygen carriers show
resilience against deactivation when utilized in CLC of waste-derived
fuels. The iron content in manganese ore has positive implications for
oxygen transfer reactions as it allows for oxidation to (Fe,Mn);Os3, in
contrast to manganese oxide which only oxidizes to Mn3O4. Considering
the release of alkali in the FR there are clear differences between the
OCs. The highest alkali release is expected with Mn-oxide since the
impurities in Mn-ore can act as sinks for alkali metals. The fates of Zn,
Cu, and Pb on the other hand, are largely independent of the OC type. Zn
and Cu are expected to stay in the solid phase while Pb devolatilize
completely and is released to the gas phase in the fuel reactor. Addi-
tionally, due to the propensity to form slag under oxidizing conditions at
higher temperatures, this paper also illustrates the importance of ash
separation due to higher risks of agglomeration in the AR. Implementing
the new thermodynamic data for the oxygen deficient perovskite
CaMnOs3.5 showed that certain ash species, specifically SiO,, decrease
the stability of the perovskite due to the formation of combined Mn-Si-
phases. This indicates that the perovskite could lose its active phase due
to interaction with ash components. Thus, it is debatable whether the
perovskite CaMnOs_s has an advantage over other Mn-bearing OCs, such
as Mn-ore for CLC of solid fuels.
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