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Abstract
Carbon capture and storage (CCS) is an economically attractive strategy for avoiding carbon
dioxide (CO2) emissions from, e.g., power plants to the atmosphere. The combination of CCS
and biomass combustion would result in a reduction of atmospheric CO2, or net negative
emissions, as plant growth is a form of sequestration of atmospheric carbon. Carbon capture
can be achieved in a variety of ways, one of which is chemical looping. Chemical-looping
combustion (CLC) and chemical looping gasification (CLG) are two promising technologies for
conversion of biomass to heat and power or syngas/methane with carbon capture. There have
been significant advances made with respect to CLC in the last two decades for all types of fuel,
with much less research on the gasification technology. CLG offers some interesting opportu-
nities for production of biofuels together with carbon capture and may have several advantages
with respect to the bench mark indirect gasification process or dual-bed fluidized bed (DFBG) in
this respect. In CLG, an oxygen carrier is used as a bed material instead of sand, which is
common in indirect gasification, and this could have several advantages: (i) all generated CO2 is
present together with the syngas or methane in the fuel reactor outlet stream, thus in a
concentrated stream, viable for separation and capture; (ii) the air reactor (or combustion
chamber) should largely be free from trace impurities, thus preventing corrosion and fouling
in this reactor; and (iii) the highly oxidizing conditions in the fuel reactor together with solid
oxide surfaces should be advantageous with respect to limiting formation of tar species. In this
study, two manganese ores and an iron-based waste material, LD slag, were investigated with
respect to performance in these chemical-looping technologies. The materials were also impreg-
nated with alkali (K) in order to gauge possible catalytic effects and also to establish a better
understanding of the general behavior of oxygen carriers with alkali, an important component in
biomass and biomass waste streams and often a precursor for high-temperature corrosion. The
viability of the oxygen carriers was investigated using a synthetic biogas in a batch fluidized bed
reactor. The conversion of CO, H2, CH4, and C2H4 was investigated in the temperature interval
800–950 °C. The reactivity, or oxygen transfer rate, was highest for the manganese ores,
followed by the LD slag. The conversion of C2H4 was generally high but could largely be
attributed to thermal decomposition. The K-impregnated samples showed enhanced reactivity
during combustion conditions, and theMangagran-K sample was able to achieve full conversion
of benzene. The interaction of the solid material with alkali showed widely different behavior.
The two manganese ores retained almost all alkali after redox testing, albeit exhibiting different
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migration patterns inside the particles. LD slag lost most alkali to the gas phase during testing,
although some remained, possibly explaining a small difference in reactivity. In summary, the
CLC and CLG processes could clearly be interesting for production of heat, power, or biofuel
with negative CO2 emissions. Manganese ores are most promising from this study, as they could
absorb alkali, giving a better conversion and perhaps also inhibiting or limiting corrosion
mechanisms in a combustor or gasifier.

Keywords Chemical-looping combustion . Chemical-looping gasification . Oxygen carrier .

Manganese ore . Negative emissions

1 Introduction

Biomass growth removes carbon dioxide (CO2) from the atmosphere through photosynthesis.
When the biomass is burnt, the carbon is returned to the atmosphere. However, if the CO2

formed in the combustion is captured and subsequently stored in geological formations, there
is a net reduction of CO2 from the atmosphere, i.e., net negative emissions of CO2. This
concept is commonly referred to as Bio-energy carbon capture and storage (BECCS), and it is
one of the most promising negative emission technologies (NETs). The attractiveness of
BECCS is due to a combination of very high potential, reasonable costs, and high security
of storage (IPCC 2014).

The key technologies currently being evaluated and developed for CO2 capture, e.g., pre-
combustion, post-combustion, and oxy-fuel, all suffer from the inevitable need of significant
gas separation work. These steps involve added operational costs as well as large energy
penalties. Gas separation processes are generally mature technologies, and no major technol-
ogy breakthrough is foreseen. This is in great contrast to chemical-looping combustion (CLC),
a form of unmixed combustion and the focus of this paper. Here, CO2 separation is inherent to
the process, see Fig. 1 (left). CLC is probably the only technology we know today where a
significant breakthrough could be envisaged for avoiding the large costs and energy penalty of
gas separation in CO2 capture. A variant of normal CLC is chemical looping with oxygen
uncoupling, or CLOU. Here, the oxygen carrier releases oxygen to the gas phase in the fuel
reactor, enhancing fuel conversion (Abad et al. 2012; Mattisson et al. 2009). In addition to full
combustion for heat and power production, the chemical-looping technology can also be
adapted for gasification purposes, see Fig. 1 (right). Here, only partial oxidation is achieved
in the fuel reactor, with the aim of maximizing the conversion to syngas, i.e. CO and H2, a
common feed-stock for fuels and chemicals (He et al. 2013). This is similar to the more
conventional Dual-Fluidized Bed Gasification (DFBG) or indirect gasification, where sand or
olivine is normally used as the bed material, and used for transferring heat from the combus-
tion chamber to the gasification reactor (Larsson et al. 2014; Marinkovic et al. 2015). Another
similar application using oxygen carriers is chemical-looping reforming of tars, here denoted
CLTR, a down-stream conditioning system (Lind et al. 2011).

The use of an oxygen carrier in chemical-looping gasification (CLG) could have several
advantages in comparison to conventional indirect gasification:

& All generated CO2 can be formed in the fuel reactor, see Fig. 1 (right). In normal indirect
gasification, the carbon dioxide is generated primarily in the combustion chamber, or air reactor
and hence diluted with nitrogen. Thus, in CLG, amore concentrated stream of CO2 is generated
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togetherwith the syngas, applicable for separation and storage. It should be pointed out that even
in indirect gasification, there will be someCO2 generated in the gasifier, hence a carbon removal
step is always going to be needed prior to the fuel production.

& Partial oxidation of the fuel with the oxygen carrier could enhance conversion of hydro-
carbons to syngas.

& The higher H2O and CO2 concentrations in the fuel reactor in comparison to indirect
gasification will likely mean less tar formation (Larsson et al. 2014).

& Oxygen carrier particles may provide additional sites for catalytic reforming reactions.

As biomass is a limited resource, sources of decreased quality will likely be the most
applicable to use in chemical-looping systems, including refuse, and municipal and agricul-
tural wastes. From a carbon utility point of view, it would also be beneficial to use wastes,
rather than pure woody biomass. However, these types of fuel often include highly aggressive
and toxic impurities, e.g., K, Cl, Pb. These species are problematic in normal thermal
conversion systems with respect to fouling, corrosion, and toxic emissions. This leads to an
additional important advantage of using chemical looping:

& Chemical looping could provide a solution for much cleaner conversion of wastes, as the
fuel reactor may provide a sink for the impurities, keeping the air reactor—and hence the
main exhaust gas flow—clean and free from corrosive components, see Fig. 1. This is
likely especially important for alkali and chlorine compounds, common precursors for
high-temperature corrosion in biomass-fired systems (Boström et al. 2012).

Most operational experience with respect to chemical-looping combustion and chemical
looping with oxygen uncoupling (CLOU) have been conducted with fossil-based fuels, such
as coal or natural gas (Mattisson et al. 2018). Research with biomass as fuel has increased
during the last few years, likely as a result of the possibility to achieve negative emissions, e.g.,
Adánez-Rubio et al. 2018, Schmitz and Linderholm 2018. However, some earlier operational
experience has been reported, e.g., Mendiara et al. 2013, Shen et al. 2009. With respect to
CLG-utilizing biomass, also here, there is limited operational experience. The CLG of biomass
(rice husk) was investigated in a continuous setup with two interconnected fluidized beds
using natural hematite mixed with sand as an oxygen carrier and steam as a gasification agent
in the fuel reactor (Ge et al. 2016a, b). A high yield to syngas was reported in these studies.
Almost all of the reported operation of CLC and CLG with biomass have used natural ores or
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Fig. 1 Chemical-looping combustion (left) and chemical-looping gasification (right)
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wastes based on Fe or Mn as oxygen carriers, although some operation has also been
performed with manufactured materials (Mattisson et al. 2018). A recent review of
chemical-looping technologies with biomass has been provided by Mendiara et al. (2018).

This work provides an investigation of manganese ore and an iron-based oxygen carrier
with respect to chemical-looping combustion and chemical-looping gasification. These mate-
rials were evaluated with respect to conditions important for these systems, such as reactivity
with CH4, CO, and H2 at different degrees of solid and gaseous conversion. In addition, the
reactivity with tar-precursors C2H4 and C6H6 were established at different degrees of oxidation.
Further, several of the materials were impregnated using potassium, in order to establish the
effect of such components on the gas conversion, but also to establish how the alkali behaves
in the oxygen carrier during the redox process.

2 Experimental

2.1 Materials

The bed materials used in the experiments included two manganese ores, Sinaus and
Mangagran, previously used in CLC experiments using continuous units, (Linderholm et al.
2017; Schmitz et al. 2016) and in batch fluidized beds (Sundqvist et al. 2017). Further, LD
slag, a by-product from the steel production process, and delivered by SSAB Merox, was
investigated in this study. This material has also been investigated previously with respect to
chemical-looping tar reforming (Keller et al. 2014). All samples were calcined at 1070 °C in
air. Three samples were also impregnated with K2CO3, indicated by the denotation sample-K
in Table 1. This was done in order to establish possible effects of alkali during the redox cycles
with fuel and oxygen, but also to establish the fate of the alkali in the solid sample. The
elemental analysis of the test samples can be found in Table 1. Evidently, the impregnation
resulted in samples with K in the range 4–7 wt%. All samples were sieved to a size range of
125–180 μm before use in the batch fluidized bed reactor, see the next section.

2.2 Experimental setup and procedure

The experiments were carried out in a single fluidized-bed quartz reactor. An overview of the
system can be found in previous works (Keller et al. 2016). In brief, the reactor inner diameter
is 22 mm with the oxygen carrier particles placed on a porous plate in the middle of the reactor.
This plate also acts as the distributor plate, as the reducing and oxidizing gases are introduced

Table 1 Elemental analysis of oxygen carriers, given in wt%

Material Mn Fe Si Al Ca K

Sinaus 53.1 8.1 3.5 2.4 0.9 0.9
Sinaus-K 49.3 7.9 3.2 2.3 0.8 5.6
Mangagran 59.7 3.6 1.6 2.6 0.2 0.4
Mangagran-K 54.5 2.6 1.3 2.1 0.1 6.6
LD slag 2.4 13.9 5.1 0.5 29.7 0.0
LD slag-K 2.7 13.9 5.0 0.5 26.5 4.0

All analyses were performed using ICP-MS
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from the bottom of the reactor. The entire reactor is enclosed in a furnace, and the temperature
was measured inside the bed with a K-type thermocouple enclosed in a quartz cover. The
pressure drop over the reactor was measured by Honeywell pressure transducers.

The experiments were conducted with 10 g of bed material with a size range of 125–
180 μm. Experiments with an empty reactor were conducted in order to understand the gas
phase reactions, i.e., to gauge possible non-catalytic and thermal-induced conversion of tar
precursors in the gas. In all the experiments, the bed material was exposed to cyclic reducing
and oxidizing atmosphere to emulate the circulation in a real chemical-looping unit.

The experiment started with heating in the inert (N2) flow of 1.0 Ln/min. When the temper-
ature reached 800 °C, the inert flow was replaced with a flow of 0.6 Ln/min synthetic air. The
oxidation period was 1000 s and even longer sometimes to ensure the material was fully
oxidized. After full oxidation and another period of inert gas flow, the bed material was exposed
to a synthetic gasification gas flow of 1.0 Ln/min and the oxygen carrier here was reduced. This
period lasted for 600 to 800 s to ensure that the conversion of gasification gas at different
oxidation potentials of bed material was established, from very oxidized to totally reduced
material. This was then followed by an inert and an oxidizing period; the latter was approxi-
mately 400 s in length. This procedure was repeated for three cycles at different temperatures.
The composition of the synthetic gasification gas mixture is listed in Table 2. Clearly, there are
several species, whichmay be common in a bulk fuel reactor including biomass, i.e., CO,H2, and
CH4. The latter is an important component, as it is likely harder to convert compared to syngas
components. In addition, the inlet gas includes C2H4, previously used to investigate how different
oxygen carriers will behave with respect to the conversion of tar components (Keller et al. 2014).

The bed material which showed the best conversion of CH4 and C2H4 was investigated also
with benzene (C6H6) in the fuel gas feed. Thus, the majority of the experiments were conducted
without benzene present. The benzene was introduced to the reducing gas by passing a N2 gas
stream through a flask containing C6H6 after which the gas mixture was cooled to 6 °C to obtain
the saturation concentration of C6H6 in N2 at this temperature. Hence, condensation of C6H6 at
room temperature could be avoided. The gas stream of N2 + C6H6 was then mixed with the
gasification gas mixture and steam, and the flow of N2 was adjusted to keep the concentrations
of all other gases constant.

All experiments were carried out at atmospheric pressure, and 3 cycles were performed at
the same temperature to establish repeatability. The temperature was varied between 800 and
950 °C for both oxidation and reduction. In order to obtain a good resolution of the activity as
a function of time, degree of oxidation, and solids reduction, all gaseous components were
measured every 4 s during the experiment. In the paper, results for the second cycle will be
shown, unless otherwise indicated.

Table 2 Gas used during the reduction period

Compound Concentration (mol%)

H2O 25
CO 10.75
CO2 3.73
H2 5.78
CH4 3.5
C2H4 1.25
C6H6 0 or 1.4%
N2 Balance
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2.3 Gas analysis

All the pipes before the cooler were heated with heating bands to avoid condensation. The wet
flue gas was sent to the heated gas cell of a Thermo-Scientific IS50 FTIR system first. The
concentration of CO, CO2, CH4, C2H4, C6H6, and H2O were measured by FTIR which was
carefully calibrated for the quantitative experiments. After the FTIR, the flue gas was cooled to
remove the steam and then analyzed by a dry gas analyzer (NDIR) to measure the concentra-
tions of H2 and O2.

2.4 Material characterization

For all solid materials, the BET surface area and pore volume were measured by N2 adsorption
using a Micromeritics, TriStra 3000, both prior and after the experiments. The major phases of
the bed materials were determined using powder X-ray diffraction (Bruker D8 advance) with
CuKα radiation. The samples were also analyzed by scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM/EDX) in an FEI Quanta 200 Field Emission
Gun ESEM equipped with the Oxford Inca EDX system.

2.5 Data evaluation

The conversion of the various hydrocarbons CxHy, γCxHy
, is calculated from a molar balance of

the inlet CxHy and the outflowing CxHy as determined by FTIR measurement as:

γCxHy
¼ xCxHy;in ṅin−xCxHy;out ṅout

xCxHy;in ṅin
� 100% ð1Þ

where ṅin and ṅout are the inlet and outlet molar flow rates to the reactor, respectively. The
outlet flow rate was determined from the inlet flow rate as well as knowledge of the gas
expansion due to hydrocarbon conversion. The degree of gas oxidation φ, which describes to
which degree the synthetic gasification gas is oxidized by oxygen supplied by the bed material,
is calculated from the following equation:

φ ¼ 1−

1

2
xCO;out þ 1

2
xH2;out þ 2xCH4;out þ 3xC2H4;out þ 7:5xC6H6;out

� �
� ṅout

1

2
xCO;in þ 1

2
xH2;in þ 2xCH4;in þ 3xC2H4;in þ 7:5xC6H6;in

� �
� ṅin

ð2Þ

From the outlet gas components and flow, it is also possible to establish the degree of solid
reduction, Xred, here defined as:

X red ¼ mox−m
mox−mred

ð3Þ

where m is the actual mass of sample, mox is the mass of the sample when fully oxidized, and
mred the mass of the sample in the reduced form. In the batch FB, the degree of reduction can
be calculated as a function of time from:
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X red ¼ ṅinβ
no

∫t1t0φdt ð4Þ

where β is the oxygen demand of the incoming gas for full combustion and no is the number of
active moles of oxygen in the solid sample. The oxygen capacity, Ro, was also calculated for
the investigated samples:

Ro ¼ mox−mred

mox
¼ noM o

mox
ð5Þ

where MO is the molar weight of oxygen. The coke formation on the bed material during the
reducing period is calculated as the percentage of carbon detected in the oxidation period in
relation to the total amount of C2H4 feed (considering C6H6 if there is C6H6 in the feed),

Coke formation ¼ ∫treoxidation;endtreoxidation;start xCO;out þ xCO2;out

� �
ṅout dt

∫treduction;endtreduction;start 2xC2H4;in þ 6xC6H6;in

� �
ṅin dt

� 100% ð6Þ

3 Results

In Fig. 2, the outlet gas concentrations are presented for an experiment with Mangagran-K as
bed material at 900 °C in the batch fluidized bed reactor. In the beginning of the experiment,
the material is exposed to air and can be considered fully oxidized, when the air is replaced
with nitrogen. Evidently, the oxygen concentration drops rapidly, but does not completely
disappear before the gases are switched to syngas. This is likely due to the capability of the
material to release oxygen to the gas phase, or the so-called oxygen uncoupling (CLOU). This

Fig. 2 Gas concentration profile of second redox cycle using Mangagran-K at 900 °C
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has been seen previously for manganese ores (Sundqvist et al. 2018), but has not been reported
earlier for LD slag. Still, looking at the elemental composition in Table 1, it is evident that the
presence of Mn and Fe could result in the formation of mixed oxide phases capable of oxygen
uncoupling. After the inert period, the oxidized bed material reacted with the reducing gas,
resulting in high peaks of H2O (not shown) and CO2, also associated with a high degree of
oxidation, as calculated in Eq. (2). This part of the experiment was considered to be of interest
for chemical-looping combustion (CLC) because of the considerable oxygen transfer from the
bed material to the gas phase. The degree of oxidation decreases as a function of time, until
there is no oxygen transfer to the gas phase, i.e., only catalytic reactions are occurring. This
period, where there is little or no oxygen transfer, is related to partial oxidation processes, such
as chemical-looping reforming (CLR) or chemical-looping gasification (CLG). At the end of
the reduction period, there was no oxygen transfer to the gas phase at all, and all reactions can
be considered to be catalytic or thermally activated. Afterward, the reactor was flushed with N2

and then the bed material was oxidized by synthetic air. The breakthrough of O2 happened
after the coke formed during the experiment that had been oxidized to CO2. The amount of
coke formation was relatively small in all experiments, less than 3% as calculated from Eq. (6)
for non-impregnated samples, and it is expected that most coke is formed during the stage
when the oxygen carrier is highly reduced.

3.1 Comparison of reactivity of the three untreated oxygen carriers

Figure 3 compares the results of the three different non-treated bed materials at 900 °C. The
two manganese ores, Mangagran and Sinaus, displayed similar reactivity, as seen with respect
to the oxygen transfer to the gas phase, or degree of gas phase oxidation as a function of the
degree of solid reduction, Xred, in Fig. 3 a. Here, an oxygen capacity, Ro, defined in Eq. (5)
was found to be approximately 0.06 for both manganese ores at this temperature. This should
be compared to the theoretical R0 of 0.07 for the system Mn3O4/MnO (Johansson 2007). Still,
it should be realized that these oxides are not pure, and that mixed oxides are present, and
hence, some difference is expected. For the Fe-based material, LD slag, the oxidation rate is
considerably lower during the entire reaction, as is clear from Fig. 3 a. The calculated R0 was
around 0.02, a value which is considerably lower than that of all pure Fe-oxide systems
(Johansson 2007). This is expected, considering the low content of Fe in the sample, see
Table 1. It should also be pointed out that the reducing potential (pH2/pH2O) of the incoming gas
is not sufficient to reduced iron oxides to the metallic phase Fe. The C2H4 conversion at this
temperature is 30–50%, and highest at higher degrees of oxidation. The methane conversion is
very low for all materials as is evident in Fig. 3 c. In fact, it is slightly negative for all materials
at lower oxidation degrees, perhaps suggesting that the C2H4 is being converted to CH4 and C,
through decomposition. In fact, this was confirmed through analysis of the carbon which was
oxidized during the oxidation period. Here, it was seen that there were small amounts of
carbon formed for all materials, ranging from 0.5–2.5 wt%, as calculated from Eq. (6). The
highest fraction was found to deposit on the LD slag. It is likely that this carbon is formed
during the more reducing part of the experiment, in agreement with Fig. 3 c. Still, it should be
mentioned that in a real system, it is not expected that the oxygen carrier will be reduced fully,
even in a gasification system, and hence, it is not certain that there will be any problems with
carbon formation.
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b

c

Fig. 3 a The degree of oxidation as a function of the degree of solids reduction, Xred, b C2H4 conversion and c
CH4 conversion of three untreated bed materials at 900 °C

Mitigation and Adaptation Strategies for Global Change (2020) 25:497–517 505



3.2 Effect of impregnation with potassium

From Fig. 4 a, it can be seen that all these three materials obtain a substantially better oxygen
transfer rate through impregnation of potassium, here indicated by the initial degree of gas
oxidation, as calculated from Eq. (2). The degree of improvement differs, with the Mangagran
showing the largest improvement. Figure 4 b shows the catalytic conversion of C2H4 as a function
of temperature, as determined by the conversion when no oxygen is transferred by the particles.
As can be seen,Mangagran-K exhibits the highest conversion, although the effect of impregnation
is minor on the conversion of C2H4 when no oxygen is transferred from the particles.

Figure 5 shows some more detailed results for the most reactive material, the Mangagran
manganese ore. Here, the degree of gas oxidation is plotted versus the degree of solid
reduction, Xred. The amount of active oxygen was assumed to be constant, with an oxygen
capacity, R0, of 0.06, which was calculated for the untreated material at 900 °C, see Fig. 3 a. It
is clear that the impregnation of potassium makes a significant improvement in the reactivity,
with an increase in the oxygen transfer rate. The reactivity of Mangagran-K at 800 °C is even
better than the reactivity of the untreated Mangagran at 950 °C. There is some difference in the
oxygen capacity, which seems to depend on both the temperature and also the alkali, with the
highest oxygen capacity seen at low temperatures with alkali present in the sample. The reason
for this enhanced capacity is not clear and could be due to both direct and indirect chemical
effects of the alkali components.

The increased reactivity seen with the alkali-impregnated materials is due to enhanced
conversion of hydrocarbon components, but could also be due to an enhancement in the
water–gas shift reaction. The parameter Qwater–gas shift = [H2][CO2]/[CO][H2O] was seen to be
enhanced for all materials in comparison to the inlet value for the reactant gas, with the alkali
materials showing the highest value for Q during the entire reaction, i.e., during the non-
catalytic part where the metal oxide provides oxygen, but also during the catalytic part of the
reaction. Hence, the increased concentration of H2 may be beneficial for reaction with the
oxygen carrier materials, as the species is well-known to react at a fast rate with manganese
and iron-based materials.

Figure 6 shows the conversion of C2H4 and CH4 for Mangagran-K, in comparison with
Mangagran as a function of the degree of gas oxidation. Again, it is clear that the impregnation
resulted in different behaviors in different periods. The impregnation increases the maximum
degree of gas oxidation and, as pointed out previously, also the oxygen capacity at low
temperatures. The conversion of C2H4 and CH4 is thus also enhanced at higher oxidation
degrees, but the increase at the same degree of gas oxidation did not vary extensively, when
compared with the untreated materials at the same temperature. Thus, the major effect is
related to the increased transfer of oxygen, likely a result of enhanced hydrocarbon conversion
and water–gas shift reaction.

3.3 Conversion of benzene (C6H6)

Benzene is well-known to form during biomass gasification and could be formed through
different mechanisms, including cracking and reforming of a higher hydrocarbon, or tars.
Here, experiments with C6H6 feed were carried out using Mangagran and Mangagran-K as bed
materials, chosen because of their promising behavior with the normal gas mixture. Conver-
sion of C6H6 as a function of the degree of oxidation is compared between these two materials
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in Fig. 7. The conversion of C6H6 is improved significantly in the CLC period by the
impregnation, similar to C2H4 and CH4, and full conversion of the benzene is possible at the
highest temperature. In the CLR period, the conversion is relatively low compared with C2H4,
and the impregnation plays only a minor role. A higher temperature can increase the conver-
sion a little bit but obviously, C6H6 is more stable than C2H4. The effect of C6H6 feed on the
catalytic conversion of C2H4 and CH4 are presented in Fig. 8. The conversion of C2H4

increases somewhat, and the formation of CH4 almost doubles. This indicates that CH4 is also
a product of C6H6 decomposition.

a

b

Fig. 4 The comparison of impregnation effect on three different materials—a initial value of the degree of
oxidation and b catalytic conversion of C2H4
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3.4 Characterization

One major motivation for this study was to identify not only the effect of alkali on the
reactivity, but also to establish the fate of the alkali during the redox testing. Hence, analysis
of particles before and after testing was performed using a number of tools. It is important to
consider that the particles are natural and waste materials, and SEM/EDX analysis showed that
the materials were very heterogeneous, both on a intra- and inter-particle level. As an example,
Fig. 9 shows a SEM/EDX mapping for a number of Sinaus-K particles after testing. Table 3
shows the phases of the six samples as determined from the XRD analysis, for both the fresh
sample before the experiment and the used samples after the experiment which was finished
after an oxidation cycle. Although the phase characterization was difficult due to overlapping
and uncertain peaks, it seems as if the potassium is combined within several phases. However,
after the experiments, the most prevalent K-compound identified in the manganese ores was
KAlO2. For the LD slag, the alkali compounds KAlSiO4 and K3P3O9 are identified, but highly
uncertain. Interestingly, the LD slag does seem to contain a number of mixed phases of Fe–
Mn, which may explain the small CLOU effect seen in the experiments during the period with
nitrogen in the gas phase.

Table 4 shows the results of the BET surface area and pore volume analysis. The BET
surface area and the pore volume increased significantly after impregnation for Mangagran and
Sinaus, but not for LD slag. The redox cycles result in an increased pore volume and surface
area for both untreated and impregnated samples.

To obtain a better understanding of the changes after impregnation, the particles were
analyzed using a scanning-electron microscopy (SEM) and energy-dispersive x-ray diffraction
(EDX). The analysis was performed on the manganese-based materials only, as these seemed
most interesting from an application point of view. Both the surface and interior of the particles
were analyzed. With respect to the latter, the particles were cast in epoxy and polished in order

Fig. 5 The degree of gas oxidation as a function of Xred for Mangagran and Mangagran-K at different
temperatures
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to expose the interior of the particles. Images of Mangagran and Mangagran-K before exper-
iment are compared in Fig. 10. Also, the EDX results are presented in a way of line scan over
the selected particle surface. As shown in Fig. 10 (left), the surface of Mangagran is quite
compact, corresponding to a small surface area and pore volume, and the potassium content is
close to zero, while the K is well-distributed across the surface for the Mangagran-K, although
with a few points with lower concentrations. A comparison of the untreated and impregnated
surface shows major difference, and the impregnated sample shows increased grain size of the
crystals in comparison to an untreated particle (Fig. 10, right). The BET surface area and pore
volume have also been increased greatly by impregnation, as seen in Table 4.

Besides the surface, the cross-section area of the Mangagran-K and Sinaus-K were also
investigated, with the main aim to understand the potassium distribution inside the particle.

a

b

Fig. 6 The C2H4 and CH4 conversion of Mangagran-K and Mangagran. a C2H4 conversion. b CH4 conversion
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Figure 11 shows the cross-section morphology and the EDX results for these materials before
the experiment in the batch fluidized bed. With respect to the latter, entire elemental maps of
Mn and K (small images) in addition to line scans were retrieved, here also including Al and
Si. For Mangagran, it is evident that the potassium is abundant on the external parts of the
particle, while the concentration is generally lower in the central regions. From the mapping
images, a similar distribution is evident also in the Sinaus material, although less pronounced

Fig. 7 C6H6 conversion for Mangagran and Mangagran-K

Fig. 8 Catalytic conversion of CH4, C2H4, and C6H6 for Mangagran-K
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in the particle in Fig. 11. From the line scan analysis, the K seems to be associated with Al and
Si in both materials. Thus, it can be concluded that the impregnated potassium is mainly
associated with the outer regions of the particles, and then mainly with Al and Si. The surface
area of the manganese ores were magnified significantly in comparison to the untreated ores,
which indicates that the impregnation and subsequent calcination have resulted in a physical
change, but from these microscopy results, these changes seem to be associated mainly with
the surface of the particles. But for LD slag-K, these types of changes were not significant.

Fig. 9 SEM image of cross section of Sinaus + K after experiment with EDX mapping (below)
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A similar type of analysis with SEM/EDXwas also performed on the twoMn-based materials
after the redox experiments at high temperature, Fig. 12. Evidently, there is a major difference in
the microstructure as well as the alkali distribution between the two samples. It is obvious that
there is a lot of potassium distributed in the entire cross section of the Mangagran-K after the
experiment, which suggests potassiummigration during the redox cycles. For Sinaus-K, however,
potassium is distributedmainly on the surface, but no significant penetration to interior parts of the
particle has occurred. The EDX line scan results clearly show the enhanced alkali content in the
central parts for Mangagran, while Sinaus has very low concentrations in the interior (except for
one analysis point) while much higher at the edges. As with the fresh sample, the K in the particles
seem to be quite closely associated with the Al and Si content.

In order to establish if there is a loss of total alkali from the oxygen carriers, elemental
analysis was performed before and after the redox testing, see Fig. 13. As can be seen, there is
potassium loss during the experiment for all three materials, although the relative loss varies
considerably. For LD slag-K, most of the potassium escapes from the particle to the gas phase.
Sinaus-K retains approximately 96% percent, and Mangagran-K keeps 84% percent of the
potassium. The loss of potassium may be explained by the presence of unstable phases,
including phases with low melting points and high volatility, such as K2O, K2O2, and KO2,
which have melting points of 878 °C, 490 °C, and 535 °C, respectively. For the two
manganese ores, most of the potassium remains in the particle, likely due to a stable phase
like KAlO2 or K–Al–Si phases, as suggested by the combined XRD and SEM/EDX study.

Table 3 Major phases identified by XRD before and after the experiments

Sample Before experiment After experiment

Mangagran Mn3O4, Mn2−xFexO3, Ca1−xMnxO, Mn7SiO12,
α-KAlO2

Mn3O4, (Mg1−xFex)SiO4, Ca3−xMnxSi2O7

Mangagran-K Mn3O4, α-KAlO2, K1.39Mn3O6, K < Al, Fe >
Si2O8, K2CO3

M0.95O, α-KAlO2

Sinaus Mn7SiO12, Ca1−xMnxO, MnFeO3, Mn3O4,
Fe3−xMnxO4

(FeO)x (MnO)1−x

Sinaus-K Mn3O4, Fe3−xMnxO4, α-KAlO2 (FeO)x (MnO)1−x, α-KAlO2

LD slag CaO, Ca2SiO4, Ca3SiO5, Mg0,99Fe0,01O,
Ca2FexMnyMgzSiwO5, Mg0,6Mn0,4Fe2O4,
K3P3O9, SiO2

CaO, Ca2SiO4, Ca3SiO5, Mg0,99Fe0,01O,
Ca2FexMnyMgzSiwO5, Mg0,6Mn0,4Fe2O4,
K3P3O9, SiO2

LD slag-K Ca2SiO4, Ca3SiO5, Mg0,99Fe0,01O,
Ca2FexMnyMgzSiwO5, Mg0,6Mn0,4Fe2O4,
K3P3O9, SiO2

Ca2SiO4, Ca3SiO5, Mg0,99Fe0,01O,
Ca2FexMnyMgzSiwO5, Mg0,6Mn0,4Fe2O4,
K3P3O9, SiO2, KAlSiO4

Table 4 Results of BET surface area and pore volume measurement

BET surface area (m2/g) Pore volume (mL/g)

Name Before experiment After experiment Before experiment After experiment

Mangagran 0.16 0.89 1.8 6.3
Mangagran-K 0.94 1.55 6.8 11.0
Sinaus 0.072 0.84 1.2 5.7
Sinaus-K 0.46 0.97 5.1 7.4
LD slag 0.42 0.39 3.2 2.9
LD slag-K 0.46 0.44 3.8 3.8
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4 Discussion

Chemical-looping combustion and chemical-looping gasification are two technologies for the
production of heat and power or syngas respectively using biomass as fuel. The fact that CO2

is obtained in a relatively concentrated form in the fuel reactor makes the process highly
applicable for carbon capture and hence an effective process for achieving negative emissions.

Fig. 10 SEM images and EDX mapping and elemental analysis for Mangagran (left) and Mangagran-K (right)
before experiments

Fig. 11 SEM images and EDX mapping of the interior for Mangagran-K (left) and Sinaus-K (right) before
experiments
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It is likely that such a process will utilize biomass fuels which may contain high fractions of
alkali, for instance, agricultural wastes or marine biomass. As ash components could result in
deactivation or loss of oxygen carriers with ash flows, it is likely that the most applicable
oxygen carriers would be natural materials or waste products. In this work, two manganese
ores and one Fe-based waste product were evaluated with respect to use in such a process. The
materials were impregnated with alkali (K) which was done in order to gain a better
understanding of how oxygen carriers are affected by this compound in a chemical-looping
environment. During the experiments, the bed materials were fully reduced to understand its
behavior both in the CLC and CLG period. The latter is characterized by a higher degree of
oxidation to CO2 and H2O in CLC compared with CLG/CLR where only small amounts of
oxygen are to be transferred to the gas phase. In the batch reactor, the material was reduced to a
point where there is only homogeneous or catalytic reactions occurring. In a real unit, it is
expected that there will be some oxygen transfer from the particles as the particles from the air
reactor will be oxidized, and it is likely an advantage with respect to obtaining a proper syngas.

Fig. 12 SEM images and EDX mapping of interior for Mangagran-K (left) and Sinaus-K (right) after
experiments
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Fig. 13 Weight percentage of potassium in the three impregnated materials before and after the high-temperature
experiments
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Generally, the impregnation of potassium can improve the reactivity of the chosen bed
materials a lot in the CLC period. In the CLG period, there is no oxygen transfer, and the effect
of potassium impregnation on C2H4 conversion was not significant. Among the three mate-
rials, two manganese ores exhibit higher reactivity than LD slag, with higher CH4 and C2H4

conversion and lower coke formation. This can be explained by a higher degree of oxygen
transfer for the manganese ores. From the characterization of materials before and after the
experiment, it is found that impregnation did not result in a big change to the LD slag. No
stable phases were formed and the surface area did not change significantly. What’s more, LD
slag-K lost most of the potassium during the experiment, likely due to a lack of higher
fractions of inert species such as Al and/or Si, which can bind the alkali to stable phases.

For both manganese ores, the reactivity in the CLC period is enhanced greatly after
impregnation with alkali, and the reactivity with tar precursors was significantly improved
here as well. This could be due to several reasons. It is likely that alkali enhances the water-gas
shift reaction, producing H2, which usually reacts quite quickly with manganese ores. Further,
there is an enhanced reactivity of the hydrocarbon components in the fuel. The enhanced
reactivity could in part also be explained by the change of the porosity. The surface area and
pore volume become much larger after impregnation. This could help increase the reaction
surface for the gas–solid reaction and perhaps also catalyze gas phase reactions. The oxidation
reaction of reducing gases and water–gas shift reaction is enhanced in this way.

What is more interesting here is the comparison between the twomanganese ores. Actually, the
untreated ores behaved in quite a similar way with respect to reactivity. They share a similar
increment of surface area and almost the samemajor phases, as determined fromXRD. However,
Mangagran-K shows better reactivity than Sinaus-K, converting hydrocarbons better and cata-
lyzing the water–gas shift reaction to a larger extent. The explanation for this difference could be
the different behavior of potassium transfer. The elemental analysis shows that Mangagran-K lost
more potassium than Sinaus-K. SEM image and EDX line scan of the cross-section area indicates
that potassiummigrates into the interior of theMangagran-K particles, thus perhaps enhancing the
active sites for catalysis. For Sinaus-K, the migration of potassium is not so extensive. As the
mapping suggests that the K is correlated to alumina–silicates, the migration pattern could be
associated with the accessibility of these species in the particle.

The transfer of potassium to the gas phase is likely not optimal because of its corrosivity.
Thus, the ability to fix potassium element is vital in practical application. This may have
implications also for a chemical-looping system utilizing biomass fuels with high alkali. If the
oxygen carrier has the ability to absorb the alkali inside the reactor, this could be beneficial for
downstream corrosion. Results in this study indicate that most of the potassium remains in the
form of KAlO2 or some type of alumina–silicate clay after the experiment. These type of
compounds may have relatively high melting points and thus remains stable during the
experiment. Comparatively, LD slag has a much lower aluminum content and this may explain
why it lost most of the potassium during testing. Hence, it could be an advantage to use
manganese ores with relatively high fractions of Al and Si in these systems.

5 Conclusions

Chemical looping is highly applicable for use with biomass and biomass wastes and is thus a
highly applicable technology to achieve negative emissions. In this paper, three oxygen
carriers were investigated with respect to reactivity with biomass-derived gas, including tar
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precursors. Further, the effect of important alkali components was investigated. The main
conclusions of this work were:

& The two manganese oxygen carriers showed the highest degree of oxidation in comparison
to LD slag, a waste product from the steel industry.

& The impregnation of alkali resulted in improved reactivity during the period where there
was oxygen transfer, especially for the manganese ores.

& The increased oxygen transfer also resulted in a higher conversion of tar precursors C2H4

and C6H6, and the latter was converted completely by Mangagran-K.
& The fate of alkali in the oxygen carrier during testing varied extensively. For the

Mangagran-K, most alkali remained in the particle, but was transferred throughout the
particle. For Sinaus manganese ore, most alkali remained after testing but remained near
the surface. Finally, the LD slag lost most of the alkali during redox testing.

& Certain oxygen carriers could likely be beneficial for use with high-alkali fuel, as they may
react with alkali in the CLC/CLG reactor, which may not only decrease corrosion, but
enhance reactivity.
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