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ARTICLE INFO ABSTRACT

Keywords: Oxygen carrier aided combustion is a combustion process that utilizes oxygen carrying particles in a fluidized bed

OCAC to transport oxygen from oxygen-rich to oxygen-poor regions in the reactor. A commonly used oxygen-carrying

Ilmenit(? . material is ilmenite (FeTiO3) which is a naturally occurring mineral. At higher oxygen partial pressures ilmenite
Ixsfnem separation can react to pseudobrookite (Fe,TiOs) and thereby take up oxygen. Upon reduction of pseudobrookite in oxygen-

lean locations the oxygen is released, which enhances the distribution of oxygen through the reactor.

Ilmenite was used as bed material in an industrial 115 MWy, circulating fluidized bed (CFB) boiler where
recycled waste wood and wood chips were utilized as fuel. Bottom ash samples were extracted after one and two
weeks and the samples were separated into two fractions by a magnetic separator. The magnetic fraction was
expected to be enriched in iron-containing oxides and was therefore aimed to be recirculated into the boiler.

The SEM-EDS analysis revealed that the non-magnetic fraction consists to the largest extent of feldspar
(KAISi3Og) particles. A significant amount of freshly introduced ilmenite particles was also classified as non-
magnetic by the magnetic separator. Characteristic for these particles was a lack of ash layer, suggesting they
had only recently been added to the system. In the magnetic fraction, several feldspar particles were found which
were covered by a layer rich in Ca, Fe, Ti, and Si. Comparing the XRD analysis of the ash prior to magnetic
separation with its magnetic fraction revealed a decrease of the peaks corresponding to feldspar. The removal of
feldspar particles by magnetic separation was further corroborated by XRF analysis, where the concentration of
K, Al and Si was significantly higher in the non-magnetic fraction, however, no changes were observed in the
concentration of Fe. The present analyses shows that prolonged exposure time of ilmenite increases its magnetic
susceptibility. Non-magnetic feldspar was shown to acquire significant magnetic susceptibility by formation of a
surface layer containing Fe-rich attrition products from ilmenite.

Layer formation

1. Introduction

The application of biogenic resources as a replacement for fossil fuels
for energy generation by thermal conversion, offers a possibility to
decrease the anthropogenic CO, emissions which is a necessary step to
limit climate change [1]. However, the inherent complexity of biogenic
fuels necessitates the application of a suitable technology for their
thermal conversion. Fluidized bed conversion (FBC) is a process that
utilizes sand-like mineral particles fluidized by a gas stream which in-
creases the heat distribution throughout the reactor [2,3]. Because of its
comparably low price, quartz (SiO2) sand is usually used as a material in
the FBC process. Despite fulfilling its function as heat carrier, quartz is
inactive towards oxygen distribution which can lead to the formation of
regions in the reactor which are oxygen-rich (near the gas inlet) or
oxygen-poor (near the fuel inlet) which diminishes the process’
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efficiency. This problem can be alleviated by the application of oxygen
carriers, together or instead of the quartz sand, which are minerals that
can undergo oxidation in the oxygen-rich regions of the reactor (air
inlet) and reduction in the oxygen-poor ones (fuel inlet). Due to the
oxygen transport provided by the oxygen carriers, less additional air
needs to be added to the process to achieve optimal combustion con-
ditions [4].

The fluidized bed combustion process utilizing an oxygen carrier is
called oxygen carrier aided combustion (OCAC). The particles that are
present in the reactor are prone to degrade during prolonged exposure
because of attrition and ash layer build-up and therefore need to be
replaced on a regular basis. The necessity of regular replacement has
placed ilmenite (FeTiO3) into the focus of several industrial applications
as it represents an economic and environmentally friendly oxygen car-
rier. Ilmenite is a naturally occurring mineral which is mostly used for
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pigment production. Ilmenite is interesting for OCAC, because the
contained iron atom can change its oxidation state from 2+ in FeTiOs3 to
3+ in FeyTiOs (pseudobrookite) at high oxygen partial pressure (air
inlet) and temperatures above 900 °C [5]. At lower oxygen partial
pressure (fuel inlet) the iron can change its oxidation state back from 3+
to 2+ [4,6,7]. The oxygen carrying capacity of ilmenite was found to
change throughout longer exposures, and an enrichment of Fe on the
surface of the particles is reported in the literature when ilmenite was
used in chemical looping combustion (CLC), a related FBC process [6-8].
The migration of Fe to the surface appears to be facilitated by cracks in
the particles and is associated to an increase in activity of the bed ma-
terial [3,8]. The reaction responsible for the oxygen carrying effect once
the Fe-rich layer has formed was suggested to be the reduction of he-
matite (FepO3) to magnetite (FesO4) at low oxygen partial pressure and
vice-versa at higher oxygen partial pressure [6,9] and both hematite and
magnetite were found to be present in aged ilmenite [3,7].

Ilmenite particles that are used as bed material interact with biomass
ash-derived species and the formation of a Ca-enriched layer on the
surface of the ilmenite particles was found [3,10]. This layer is expected
to decrease the oxygen carrying ability of the particles as it covers the
Fe-oxide layer. Thus, further reuse of ash-covered particles would
deteriorate the performance of the OCAC process. Furthermore, the Fe
that accumulates on the surface of the particles is prone to attrition
which could lead to an overall loss of oxygen carrying Fe from the bed
particles as fines [3]. To reduce the required addition of fresh ilmenite,
as well as the deposition of used bed material, magnetic separation of
oxygen carrying particles from particles that are introduced with the
fuel ash can be conducted. For this, the magnetic properties of Fe-rich
species can be exploited to separate the solid inventory with a mag-
netic separator. This can be achieved with different magnetic separation
devices, such as a magnetic drum which retains magnetic particles and
thereby separates them from the non-magnetic fraction [11-13]. As the
Fe-rich species are concentrated in the magnetic fraction, this fraction is
expected to have a higher oxygen carrying capacity than the non-
magnetic. Therefore, the magnetic fraction can subsequently be recy-
cled to the OCAC process, while the rest is deposited as a waste stream.
Magnetic separation was suggested by Adanez-Rubio et al. [14], for
synthetic oxygen carriers using CuO as an active phase and an Fe-Mn-
oxide as a magnetic support material. The authors were able to show
that the magnetic properties of the oxygen carriers are retained over
several oxidation and reduction cycles, which enabled their separation
from biomass or coal ash [15]. Furthermore, magnetic separation is
especially beneficial for ilmenite particles that have been activated
during their presence in the system. The efficiency of the magnetic
separation is dependent on the magnetic properties of the bed material,
which are dependent on its composition. The goal of this paper is to
characterise how the magnetic properties correlate with the changes in
particle composition and thereby select conditions for the magnetic
separation to optimize the properties of the fraction of the bed material
separated by the magnet. Recirculation of this magnetic fraction can be
crucial for the process as a major part of the costs can be attributed to the
required fresh bed material.

2. Materials and methods
2.1. Process and material

The process is conducted in an industrial plant which has a nominal
thermal capacity of 115 MWy, and is normally operated with quartz
sand. For the experimental campaign discussed in this paper, Norwegian
rock ilmenite was utilized with a composition as shown in Table 1. The
process is operated with 60 tonnes of bed material which initially was
quartz sand and was replaced by ilmenite stepwise to ensure continuous
operation. As fuel, a mixture of recycled waste-wood and wood chips
was used. Further information about this experimental campaign can be
found by Moldenhauer et al. [12] where a magnetic fraction of 70 %
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Table 1
Composition (in atomic percent on an oxygen-free basis) of the utilized Nor-
wegian rock ilmenite according to the supplier (Titania A/S).

Fe Ti Mg Si Al Mn Ca K Na

48.5 40.5 6.1 2.7 1.0 0.2 0.5 0.1 0.3

after 1 week and 90 % after 2 weeks was reported. The samples analysed
for this study were extracted after 1 week and 2 weeks after the addition
of ilmenite to the reactor was started. For the week 1 sample, the
complete ash and the magnetic fraction were analysed; for the week 2
sample, the non-magnetic fraction was investigated as well.

2.2. Analysis methods

Bed samples were extracted after one and two weeks. To elucidate
the consequences of the magnetic separator, samples were investigated
before and after the separation. The magnetic susceptibility of the
samples was measured with a Bartington MS2B magnetic susceptibility
sensor. The analyses were done with 12 ml of each sample, and the low
frequency mode (0.46 kHz) of the device was used. Because the bulk
density differed between the samples, the mass specific magnetic sus-
ceptibility was calculated. The recorded values were compared to values
from the literature [16,17] (pseudobrookite from [17], the other values
from [16]) which are shown in Table 2.

Qualitative crystallographic information was obtained with X-ray
diffraction (XRD) with a Siemens D8 diffractometer. Cu-K, radiation was
used (A = 0.15418 nm) and approximately 0.5 g of each sample was
analysed. Prior to recording the patterns, the particles were ground to a
fine powder. The results were compared to the PDF4 + 2021 database.

To obtain compositional information averaged over a comparably
large number of particles at the same time, X-ray fluorescence spec-
trometry (XRF) was conducted with a Malvern-PANalytical Axios spec-
trometer. Approximately 5 g of each sample were investigated. XRF was
utilized in the present study to gain insight on preferential distribution
of the elements in the outer shell or in the core of the particles. Note, that
in this case the ash layer is considered as the outer shell, which has a
thickness of around 50 pm after one week exposure [3]. In XRF, the
attenuation length (which describes the depth from which the signal of
an element is collected) is dependent on the element that is investigated,
where heavier elements emit higher energy X-rays which can escape
from deeper within the sample. Furthermore, a lower density of the
phase through which the X-rays must travel increases the attenuation
length, as less matter is present to absorb the X-rays. When performing
XRF measurements, a constant density of ilmenite (~4.5 g/cmS) was
assumed providing attenuation lengths between 10 and 20 um for K-
lines of the most abundant elements in ilmenite and wood ash (Ca, Ti,
Fe) which range between 3.69 keV and 6.4 keV. The compositional in-
formation can therefore be considered to preferentially originate from
the outer shell of the particles when the particles are analysed in their
original state. In comparison to that, grinding the particles to prior to
XRF analysis was used to acquire information of the bulk.

To further characterize morphology and composition of the particles,

Table 2
Mass specific magnetic susceptibility for the phases expected to form in ilmenite
used as bed material during OCAC [16,17].

Mineral/Material Mass specific magnetic susceptibility (10~ m3/
kg)

Iron (Fe) 276,000

Magnetite (Fe304) 390-1116

Hematite (Fe;03) 0.27-1.69

Ilmenite (FeTiO3) 1.7-2

Pseudobrookite (Fe,;TiOs) 0.6

Alkali-feldspar [(K,Na) —0.005

AlSiz0g]




R. Faust et al.

scanning electron microscopy (SEM) with a Phenom ProX was con-
ducted on particle cross-sections. These were created by embedding the
particles in epoxy resin and subsequent grinding and polishing with SiC
paper. Imaging was conducted by utilizing the back-scattered electron
(BSE) signal and compositional information was acquired with point
analysis using energy-dispersive X-ray spectroscopy (EDS). The BSE
contrast of the particles was utilized to group particles with similar
composition. The grouping was applied to count particles on five mi-
crographs (around 100 particles in total per sample) to obtain statistical
information on relative occurrence of ash and ilmenite particles.

2.3. Thermodynamic equilibrium calculations

Thermodynamic equilibrium calculations were conducted using the
FactSage 7.2 software [18]. The Equilib module was utilized to acquire
information on the phases which are in equilibrium at the specified
conditions. The compositional data was taken from SEM-EDS. The cal-
culations were conducted assuming 850 °C and ambient pressure
(101325 Pa or 1 atm). The partial pressure of oxygen was set to 0.1 atm.

3. Results and discussion

To follow the effect of exposure time and ash enrichment on the
magnetic separation, magnetic susceptibility measurements followed by
characterization of the different fractions received before and after the
use of the magnetic separator were performed.

3.1. Magnetic susceptibility results

The magnetic susceptibility of the samples was measured to evaluate
the influence of the conditions in the boiler on the magnetic charac-
teristics of the particles. The results are shown in Fig. 1. The measured
magnetic susceptibility for fresh ilmenite was around twice as high as
the literature value (Table 2), which could suggest mineral inclusions
with higher magnetic susceptibility. The higher value could for example
be explained by the presence of magnetite which is a component of the
mined rock [19]. The measured magnetic susceptibility increases
throughout the experiment, by a factor of 20 from freshly introduced
ilmenite until the sample collected after 1 week of exposure and further
doubled from 1 week to 2 weeks. This significant increase in magnetic
susceptibility requires the formation of phases higher in magnetic sus-
ceptibility than both ilmenite and pseudobrookite (see Table 2) which

T

[ Fresh limenite

Il Complete Ash

120 | EEMagnetic Fraction
Il Non-magnetic Fraction

140 ¢

100 ¢

80

60

401

Magnetic Susceptibility (*1 08 m3/kg)

20

Week 1

Fresh limenite Week 2

Fig. 1. Measured mass specific magnetic susceptibility of fresh ilmenite, as well
as ilmenite sampled from the reactor after 1 and 2 weeks and separated by
a magnet.
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most likely signals that magnetite was present in the beginning and
increased in share throughout the exposure. Comparing the values of the
samples before and after magnetic separation, a small increase in mag-
netic susceptibility could be observed in the magnetic fraction. It should
be noted that, even the fraction that was assigned to be the non-
magnetic fraction had a magnetic susceptibility higher than fresh
ilmenite, which has been found previously [12]. This confirms that fresh
ilmenite that is added to the process acquires a magnetic susceptibility
during prolonged residence in the process. For the magnet that was used
for this study, the susceptibility of fresh ilmenite was insufficient to be
classified as magnetic. Thus, based on these results, conducting the
magnetic separation too early poses a risk for the fresh ilmenite to be
discarded together with the non-magnetic fraction.

3.2. XRD results

To test the hypothesis of the development of magnetite or other more
magnetic phases in the material throughout the exposure, crystallo-
graphic phase characterization of the material was performed with XRD,
and the results are shown in Fig. 2. The impact of the magnetic sepa-
ration can be followed by the comparison of the XRD patterns before the
separation with its respective magnetic fraction. The two scans at the top
of Fig. 2 depict the complete ash (black) and the magnetic fraction (red)
of the sample extracted after 1 week. As expected from the magnetic
susceptibilities (Table 2), the major difference between the two fractions
is the lower intensity of the peaks that were assigned to feldspar (KAl-
Si3Og) in the magnetic fraction. The same can be observed for the sample
extracted after 2 weeks which is shown in the middle of Fig. 2. In both
cases, the difference in peak intensity for the other phases is virtually
unchanged. Similar to Corcoran et al. [3], the formation of perovskite
(CaTiO3) was found. Perovskites are known to form solid solutions with
a range of different cations, which is why an inclusion of Fe is likely
[20]. However, the magnetic susceptibility of perovskite is lower than
that of magnetite [21]. Over time, the development of a thicker ash layer
has been observed previously on ilmenite particles [3,11]. This would
mean an increase in the phases rich in ash-derived elements and thus a
decrease in the overall concentration of Fe in the bed material.
Comparing the week 1 samples with the week 2 samples, the intensity of
the peaks corresponding to perovskite increases, which supports this
concern. An increase in intensity of the peaks corresponding to
magnetite (Fe3O4) can be observed for the sample extracted after 2
weeks. This is in line with the previously mentioned increase in mag-
netic susceptibility of samples exposed for longer times and confirms the
hypothesis of an increase in the magnetite fraction with time. These
observations are in agreement with the results of Adanez-Rubio et al.
[14] where CuO-based oxygen carriers on (Fe,Mn),03 support became
more magnetic over time. This was attributed by the authors to the
formation of more magnetic spinel [(Fe,Mn)304] after several oxidation
and reduction cycles.

The bottom scan shows the results of the non-magnetic fraction from
week 2 of the experiment. The strongest peak was assigned to potassium-
rich feldspar, however, the differentiation between anorthite (CaAls.
Si»0g), albite (NaAlSi3Og), and orthoclase (KAISi3Og) by means of XRD
is challenging. Feldspars are the most common minerals in earth’s crust
and their presence in the ash fraction could be explained by contami-
nation of the fuel, most likely the waste wood. Other major peaks
correspond to pseudobrookite (Fe;TiOs) and ilmenite (FeTiOs). The
peaks corresponding to magnetite are significantly lower than in the
complete ash and the magnetic fraction of week 2, albeit not absent,
which explains the observed magnetic susceptibility. The relative
abundance of feldspar in the non-magnetic fraction supports the effi-
ciency of magnetic separation for reuse of oxygen carrying particles.
However, the presence of Fe-rich phases such as FeyTiOs and FeTiO3
suggests that even parts of the non-magnetic fraction exhibit oxygen
carrying abilities and are lost in the waste streams.
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Fig. 2. Normalised XRD results. Top: complete ash (black) and magnetic fraction (red) of the sample extracted after 1 week; middle: complete ash (black) and
magnetic fraction (red) of the sample extracted after 2 weeks; bottom: magnetic reject fraction (purple) extracted after 2 weeks. 1 — Fe,TiOs, 2 — KAlSi3Og, 3 — Fe30y4,

4 — CaTiO3, 5 - MgSiOs, 6 — FeSiO3,
3.3. XRF results

To obtain information about the chemical composition of the sam-
ples and relate them to the crystallographic phases, XRF was conducted.
The results from XRF analysis of the bed particles are shown in Fig. 3 (a).
The goal of magnetic separation is to recycle the Fe from the complete
ash which means its efficiency requires an increase in Fe concentration
in the magnetic fraction compared to the complete ash. However, from
Fig. 3 (a) it is deducible that the concentration of Fe remains nearly
unchanged between the complete ash and the magnetic fraction. In the
week 2 sample, the Fe concentration is even slightly lower in the mag-
netic fraction compared to the complete ash. While this could be caused
by statistic fluctuations when selecting the sample, it is noteworthy, that
no significant increase in Fe concentration in the magnetic fraction was

35

found. Instead, the age of the particle appears to have a greater impact
on their composition, most notably in a decrease in elements inherently
present in ilmenite (Fe and Ti) and an increase in elements commonly
found in woody ash (Ca, Si and Mg) which is found from week 1 to week
2.

The non-magnetic fraction consists to a significant amount of Si, Al
and K which are the elements found in K-feldspar (KAlSi3Og). This
confirms the previously discussed XRD results, where the impact of the
magnetic separation was mostly found in concentrating feldspar in the
non-magnetic fraction. However, XRD analysis also found FesTiOs as
well as CaTiO3 which could be the crystallographic phases containing
the Fe, Ti and Ca that were found with XRF. To investigate which ele-
ments are preferentially found on the outer shell compared to the bulk,
the samples were investigated after being ground and the result is shown

30

25

Normalized concentrationin at. %

I week 1 Ash
I Veek 1 MF 7|
I ek 2 Ash
I VVeek 2 MF |
IV eek 2 nMF

Normalized concentration in at. %

Fe Ti Ca Si Al

K

IV cck 2 Ash
[Iweek 2 Ashgr |
I WV eek 2 MF
[Iweek2MFgr |
I\ eek 2 nMF
[Iweek 2 nMF gr |

Mg Zn Na S Mn P

Fig. 3. XRF results showing the elemental compositions of the ilmenite bed particle samples exposed for 1 and 2 weeks (Ash) and separated in magnetic (MF) and
non-magnetic fractions (nMF) (a). A comparison is made when the particles were ground (gr) to powder prior to the analysis (b). The compositions were obtained as
oxides but for easier comparison with SEM-EDS, possible minor contents of carbon in the sample matrix were ignored in the analysis.
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in Fig. 3 (b). The difference in concentration between the two ash
fractions is most apparent in the concentration of Ca. The relative con-
centration of Ca is higher for both the complete ash and the magnetic
fraction when the sample is not ground. This is in accordance to previ-
ously discussed Ca-distribution because Ca is expected to be deposited
on the surface of the particles as it originates from the fuel ash. A similar
observation can be made for Mg. The contrary is true for Fe and Ti,
where the relative concentration becomes higher when the particles are
ground. This observation suggests that the ilmenite particles become
covered by a layer of Ca which decreases the relative concentration of Fe
on the surface. However, the magnetic properties of the particles appear
to remain unchanged, and they are present in the magnetic fraction after
the separation. This could be detrimental for the performance of the
process as a reduced concentration of Fe in surface vicinity might lead to
a reduced oxygen carrying ability of the bed material.

3.4. SEM-EDS results

To investigate morphology and composition of individual particles
and to provide further insight on the location of elements as found with
XRF, SEM imaging and EDS analysis were performed. The SEM micro-
graphs of the samples are shown in Fig. 4. Fig. 4 (a) depicts the fresh
ilmenite utilized for this study. It can be seen from the contrast in the
figure that the fresh material particles consist of a rather homogeneous
ilmenite phase. Only one particle on the left-hand side of the micrograph
contains a darker phase, which was found by EDS to have a composition
corresponding to K-feldspar (KAISi3Og). The BSE signal is dependent on
the average atomic number in each pixel, and a brighter contrast cor-
responds to a higher atomic number. It is thereby possible to differen-
tiate between ilmenite and feldspar by the BSE contrast. Feldspar is a
commonly found in the mine from which the ilmenite originates, and
small amounts of this phase are therefore expected. Furthermore, the
morphology of the fresh particles is rugged on the edges which is typical
for particles acquired from crushing of rocks [22].

Fig. 4 (b) shows the complete ash sample extracted after 1 week of
operation. From the contrast in the micrograph two types of particles
can be differentiated, where some particles appear darker in contrast
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and are covered by a layer of a brighter appearance. EDS analysis of
these particles reveal a composition corresponding to K-feldspar (KAI-
Si30g). The layer that has formed on the surface of these particles is rich
in Ca, Fe, and Ti, with minor amounts of Si, Mg, and Al. The particles
that appear homogeneous and brighter in contrast are of a similar
composition as the layers that formed around the feldspar particles. The
observations made on the sample extracted after 2 weeks [Fig. 4 (c)] are
similar, although the number of brighter particles in the studied sample
has increased.

The impact of magnetic separation can be followed in Fig. 4 (d)-(f).
The magnetic fractions of the previously discussed samples (week 1 and
2) can be seen in (e) and (f) respectively. Most of the particles appear
similar in morphology and contrast to the particles which are found in
the complete ash fractions. However, larger particles (similar to the ones
located in the centre of both images) can be seen which have an EDS
composition corresponding to ilmenite. Conversely, the non-magnetic
fraction of a sample extracted after 2 weeks consists of several parti-
cles which have a composition corresponding to that of feldspar. The
brighter layers that have formed on the surface are thinner than those
exhibited by feldspar particles which are found in the magnetic fraction
with similar exposure time [Fig. 4 (f)]. Furthermore, particles with a
composition corresponding to that of ilmenite can be found in the non-
magnetic fraction. This supports the previously discussed necessity of
particles to remain in the process to acquire sufficient magnetic sus-
ceptibility to be identified as ‘magnetic’ by the magnetic separator.
Feldspar particles which exhibit a layer containing Ca, Fe, and Ti are
present in the magnetic fractions, whereas feldspar particles without this
layer are in the non-magnetic fraction. Thus, the layer appears to have a
greater impact on the magnetic susceptibility than the bulk material of
the particle. This could be the reason why particles that are not
considered as magnetic based on their composition (feldspar) end up in
the magnetic fraction, once they have formed sufficiently thick layers.
Indeed, the composition of the layers is similar to the content of particles
that have been separated as magnetic, which supports this hypothesis.

To quantify the effect of magnetic separation, around 100 particles
were counted on several micrographs of the three samples from week 2.
The collected particles from each fraction were assigned to three

Fig. 4. SEM micrographs of cross-sections (back-scattered electron signal) of ilmenite bed material sampled after 1 and 2 weeks of exposure to combustion con-
ditions. The images correspond to: (a) fresh ilmenite, (b) week 1 complete ash, (c) week 2 complete ash, (d) week 2 non-magnetic fraction, (e) week 1 magnetic

fraction, (f) week 2 magnetic fraction.
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different categories based on their major composition: ilmenite, ash, and
feldspar. The results for the three fractions are shown in Fig. 5. From the
figure it can be seen that the relative fractions of ash particles and
feldspar particles are similar in the complete ash and the corresponding
magnetic fraction. Changes in the relative amounts could possibly be
assigned to statistic fluctuations, for example due to sample selection
and choice of location for the micrographs. The composition of the non-
magnetic fraction is significantly different, as many feldspar particles
were found, but also particles with a composition corresponding to
ilmenite. This agrees with the previously performed chemical analysis of
the samples, which confirms that the particle selection can be consid-
ered as representative.

More than 80 % of the bed material consists of ash particles which is
why their chemical composition was of special interest. The composition
was measured on the magnetic fraction of the week 2 sample by EDS
point analysis at the centre of cross-sections of 10 particles that were
identified as ash particles according to their back-scattered electron
contrast. The average composition of these particles is shown in Fig. 6.
The most abundant elements found in the ash particles are Ca, Ti, Fe,
and Si, of which Ca and Si are commonly found in wood ash and Fe and
Ti originate most probably from the ilmenite particles. The concentra-
tions of these elements are similar to what was previously observed with
XRF on the particles which were not ground. One could therefore
conclude that a phase rich in Ca, Ti, Fe, and Si is present as both ash
particles and as a layer around the feldspar and ilmenite particles.

3.5. FactSage thermodynamic calculation results

Moldenhauer et al. [12] measured that the temperature in the
furnace varied between 700 and 1000 °C, with a mean bed temperature
of 850 °C. To investigate the phases which are in equilibrium in the ash
particles under the conditions in the combustor, thermodynamic equi-
librium calculations were conducted at different temperatures and with
the average ash particle composition shown in Fig. 6. The results of the
calculations are shown in Fig. 7. According to the calculations the most
abundant phase found in the ash particles is CaTiO3, which agrees with
the crystallographic information obtained with XRD. Furthermore,
spinel was found to be thermodynamically stable phase which corre-
sponds to a solid solution consisting mostly of magnetite (Fe3O4) that
was found with XRD. The absence of pseudobrookite (Fe;TiOs) can be
explained by the high concentration of Ca which leads to the formation
of CaTiOs which is a thermodynamically more stable Ti-containing
phase. However, pseudobrookite was found with XRD and usually
forms when ilmenite is used as bed material [6-8,13]. The presence of a
molten phase at temperatures above 700 °C is of special interest, as a
molten phase facilitates the interaction of ash elements with the bed
particles. The high concentrations of Fe and Ti in the ash particles
suggest that some form of attrition has occurred which produced smaller
particles which then could have been picked up by the molten phase
formed on the surface of the bed particles thereby integrating the Fe and
Ti.

Based on the collected results on the magnetic susceptibility and the
influence of the chemical composition on it, the particles can be
distinguished as dominating in ilmenite, feldspar, or as ash particles — as
illustrated in Fig. 8. The figure shows schematically the development of

Complete Ash

Magnetic Fraction Non-magnetic Fraction

Feldspar
@ limenite
M Ash

Fig. 5. Composition of particles of the three samples obtained after 2 weeks.
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Fig. 6. Average composition of the collected ash particles based on EDS point-
analysis of particles extracted on week 2 (magnetic fraction). The data is pre-
sented on an O-free basis in atomic percent.

Mn,O,
MnO,
K,SO,
Ca,Fe,Si,0,,
NaAISiO,
N Slag
Spinel
CaTio,

Relative concentration [at. %]

100 200 300 400 500 600 700 900

800 1000
Temperature [°C]

Fig. 7. Relative concentration in atomic % of phases obtained by thermody-
namic equilibrium calculations with FactSage. The calculations correspond to
the average composition of the ash particles (Fig. 6). The oxygen partial pres-
sure was assumed as 0.1 atm and the total pressure as 1 atm.

the magnetic susceptibility of the different particles during the exposure.
4. Conclusion
Ilmenite bed material was obtained from an industrial-scale fluidized

bed reactor under OCAC conditions. The properties of the magnetically
separated ash fractions were investigated.

Freshly added ilmenite is not separated by the magnet that was used
in this study which can be explained by ilmenite’s low initial mag-
netic susceptibility. Longer exposure times at high temperatures in-
crease the magnetic susceptibility as magnetite is formed and the
particles are therefore separated into the magnetic fraction by the
magnetic separator.

Fuel-ash derived elements interact with the surface of ilmenite and
lead to the formation of perovskite (CaTiOg).

Attrition of the surface of the ilmenite particles leads to the tearing
off of the formed layer and the presence of Fe-rich fines in the system
which can accumulate and form larger particles. These ash particles
consist of elements found in ilmenite and biomass ash (Ca, Fe, Ti, Si)
and make up most of the particles found in the magnetic fraction.
Feldspar particles are introduced to the system, most likely together
with the fuel. These particles exhibit low magnetic susceptibility and
represent the main fraction of particles that are removed by the
magnetic separation.

e Fe-rich fines can be deposited on the feldspar particles and lead to the
formation of a layer with a similar composition as the ash particles.
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Fig. 8. Schematic depiction of the mechanism of development of magnetic properties of bed material particles under OCAC conditions with ilmenite used as an
oxygen carrier. Three different types of particles can be distinguished as formed during combustion based on their chemical content which develop magnetic

properties throughout exposure (red: ilmenite, grey: feldspar, green: ash).

Due to the Fe-content of the layer, an accumulation of a sufficiently
thick layer renders the feldspar particles magnetic.
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