
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
Understanding the interaction of potassium salts with an ilmenite oxygen carrier under
dry and wet conditions
Hildor, Fredrik; Zevenhoven, Maria; Brink, Anders; Hupa, Leena; Leion, Henrik

Published in:
ACS Omega

DOI:
10.1021/acsomega.0c02538

Published: 15/09/2020

Document Version
Final published version

Document License
CC BY

Link to publication

Please cite the original version:
Hildor, F., Zevenhoven, M., Brink, A., Hupa, L., & Leion, H. (2020). Understanding the interaction of potassium
salts with an ilmenite oxygen carrier under dry and wet conditions. ACS Omega, 5(36), 22966-22977.
https://doi.org/10.1021/acsomega.0c02538

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 23. May. 2023

https://doi.org/10.1021/acsomega.0c02538
https://research.abo.fi/en/publications/5e95b3b9-fd65-489a-8d5a-dbdf026bf854
https://doi.org/10.1021/acsomega.0c02538


Understanding the Interaction of Potassium Salts with an Ilmenite
Oxygen Carrier Under Dry and Wet Conditions
Fredrik Hildor,* Maria Zevenhoven, Anders Brink, Leena Hupa, and Henrik Leion

Cite This: ACS Omega 2020, 5, 22966−22977 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This study describes how potassium salts represen-
tative of those in bio ash affect the reactivity of the oxygen carrier
ilmenite under moist and dry conditions. Ilmenite is a bench-mark
oxygen carrier for chemical-looping combustion, a technique that
can separate CO2 from flue gases with minimal energy penalty.
Different potassium salts were mixed with ilmenite to a
concentration of 4 wt % potassium. The salts used were K2CO3,
K2SO4, KCl, and KH2PO4. Experiments were performed at 850 °C
under alternately oxidizing and reducing conditions in a dry
atmosphere or in the presence of steam. Analyses of the oxygen
carrier regarding changes in reactivity, structure, and composition
followed the exposures. This study showed that salts such as
K2CO3, K2SO4, and KCl increase the reactivity of the ilmenite. For
the samples mixed with KCl, most of the salt was evaporated. KH2PO4 decomposed into KPO3, forming layers around the ilmenite
particles that lead to agglomeration. Additionally, the KPO3 layer was more or less nonpermeable for CO and decreased the
reactivity toward H2 significantly in both dry and wet conditions. This decreased reactivity indicates that the concentration of
phosphorus in biofuel may have a significant effect on oxygen carrier degradation. It was also observed that the presence of steam
changed the chemistry drastically for the nonphosphorus-containing salts. Alkali salts may react with steam, forming volatile KOH
that evaporates partly. KOH may also form K-titanates by reaction with the oxygen carrier, leading to segregation of iron and
titanium phases in the ilmenite.

1. INTRODUCTION AND BACKGROUND
The Paris Agreement aims to strengthen the global response
toward the threats of climate change, stating goals such as
remaining “well below 2 °C” and “pursuing efforts to limit the
temperature increase to 1.5 °C”, compared to preindustrial
temperatures.1 In order to achieve these goals, increased energy
efficiency and development toward a carbon-neutral society is
essential. In addition, CO2 might also be needed to be extracted
from the atmosphere.2 Using technologies such as carbon
capture and storage (CCS), anthropogenic CO2 emissions can
be reduced to zero or even become negative. A possibility to
achieve negative emissions is the capturing of CO2 from the
combustion of biomass fuels, so-called BECCSbioenergy with
carbon capture and storage (BECCS). Negative emissions might
have significant technical and economic importance in the future
in order to obtain a global CO2 concentration in the atmosphere
at a sustainable level.3

Combustion techniques using oxygen carriers such as
chemical looping combustion (CLC) may be excellent choices
for CCS or BECCS. In CLC, a solid oxygen carrier is used
instead of air to provide oxygen to the fuel. The fundamental
principle of CLC and similar techniques using oxygen carriers is
shown in Figure 1. The fuel is oxidized using two separate
reactor vessels, the air reactor (AR) and the fuel reactor (FR). A
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Figure 1. Principle of CLC and oxygen carrier-aided combustion
(OCAC), two examples of techniques where oxygen carriers like
ilmenite can be used.
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solid oxygen carrier in the form of metal oxide particles (MxOy)
transports oxygen between the two reactors. In the FR, the fuel
reacts with oxygen provided by the oxygen carrier particles and
CO2 and H2O are produced. In the AR, the oxygen carrier is
regenerated with O2 from the air. To maintain the process, the
oxygen carrier needs to be functional and not degraded by
physical stress or chemical reactions.
Compared to coal, biomass has a lower energy density, a

greater variety in composition, and a significantly different ash
composition.4,5 Generally, biomass fuels have substantial
amounts of the elements: Ca, K, S, P, Cl, Mg, and Si that end
up in the ash.5 Especially, alkali compounds are known to
contribute to agglomeration in fluidized bed combustion,4,6

whereas K andCl may contribute to corrosion of boilers as well.4

Ash compounds may also interact with oxygen carriers used in
chemical looping applications. They may either inhibit or
catalyze combustion reactions taking place and contribute to an

agglomeration of the bed. Therefore, it is essential to investigate
and find potential oxygen carriers that can operate under diverse
fuel conditions both from a technical, economic, and sustainable
point of view.7−9

Conversion techniques using oxygen carriers, such as CLC or
OCAC, for biomass conversion usually use low-cost oxygen
carriers. These oxygen carriers can be materials such as ores,
slags, or particles with active components such as iron or
manganese.10−13 An ore that has been investigated as an oxygen
carrier more deeply is ilmenite, whose main component is
FeTiO3.

9,14−16 Because it is so well studied, it can be considered
as a benchmark oxygen carrier and has therefore been used as a
model oxygen carrier for large-scale CLC.17 Based on the iron
content of ilmenite, the reduction capacity is theoretically
limited to 5 wt %. The reduction can be described by reaction 1,
where the oxidized phase is called pseudobrookite and the
reduced phase is called ilmenite.

· + + ⎯ →⎯⎯ · +Fe O TiO (s) TiO (s) CO(g) red 2FeO TiO (s) CO (g)2 3 2 2 2 2 (1)

Ilmenite, as an oxygen carrier, has been investigated in both
CLC pilot plants and conventional power plants operated under
OCAC conditions. These studies showed that Fe migrates
toward the surface of the OC and potassium from the ash
migrates to the center of the OC particles where it interacts with
titanium and forms K-titanates.18−21 This segregation is also
known as alkali roasting within the titanium dioxide industry,
where sodium hydroxide and potassium carbonate are utilized to
increase the separation rate between iron and titanium. During
alkali roasting, the alkali metal reacts with iron and titanium in
the ilmenite that separates the combined phase into two
different phases: alkali−iron oxide and alkali−titanium oxide.
This phase separation is needed to obtain pig iron and the
titanium oxide in the Becher process.22−27 Alkali impregnation
on ilmenite has also been indicated to increase the reaction rate
of the oxygen carrier in chemical looping applications.28,29

However, as have been observed in a 100 kWCLC reactor with a
mixture of ilmenite and manganese ore, a share of alkali is
evaporated and found in both the FR and AR when operated
under CLC.30 Nevertheless, it is unknown how different ash
components interact with ilmenite during CLC operation under
moist and dry conditions. Understanding these interactions is of
utmost interest because inhibition of oxygen carrier reactivity,
agglomeration, and alkali evaporation with resulting corrosion
may occur when combusting certain kinds of biomass.
Zevenhoven et al. (2018) studied the agglomeration tendency

of ilmenite ore in the presence of potassium salts under dry
oxidizing conditions. It revealed the interaction of these salts
with the bed material leading to molten or sintered phases and
possible defluidization of the ilmenite bed material in the
presence of K2CO3 and KH2PO4, respectively.19 Scarce
literature is available on more fundamental studies on the
interaction of ash compounds with ilmenite under reducing
conditions with the presence of steam.
The work presented here is a fundamental study focusing on

the reactivity and properties of ilmenite ore in the presence of
different potassium salts under reducing and oxidative
conditions. The reduction and oxidation are intended to
mimic the phase changes of the oxygen carrier that occurs in
CLC and other chemical looping applications. Both a dry and
wet atmosphere was used to investigate the importance of steam
for further interaction studies. Potassium salts were used

because potassium is the most common alkali metal in biomass,4

and sodium and potassium are considered to be interconvertible
regarding alkali roasting of ilmenite at temperatures below 860
°C.24,25 Potassium in biomass ash is present as carbonates,
sulfates, chlorides, and phosphates.4,31 Therefore, these
potassium salts have been used in this study.

2. EXPERIMENTAL SECTION
2.1. Materials Used. The oxygen carrier used was

Norwegian rock ilmenite provided by Titania AB. The same
material has been characterized and used for experiments in
previous studies.9,18,19,32 The ilmenite ore contained 94.3 wt %
Fe and Ti oxides and it had a size range of 100−300 μm. The
Fe−Ti ratio is determined to be roughly 1.07. The impurities in
the ore were mostly Si, Mn, and Mg.9 The ilmenite was heat-
treated at 950 °C for 6 h in a muffle furnace to fully oxidize the
material, as suggested by Adańez et al.33 It was this heat-treated
ilmenite that was used in the following experiments.
The potassium salts K2CO3, K2SO4, KCl, and KH2PO4 used

for the experiments were of high purity grade (>99%) and were
grounded in a mortar before use. Four samples of ilmenite
particles were mixed with the respective grounded potassium
salt so that the final samples contained 4 wt % potassium. This
value was chosen because 4 wt % potassium was the amount of
accumulated potassium found in the bed after three weeks of
operation in a semi-industrial biomass CFB boiler operated with
ilmenite under OCAC conditions.18 Important to notice is that
this resulted in that different amounts of salts were used for the
different samples to obtain 4 wt % potassium.

2.2. TGA Analyses of Mixtures of Ilmenite Ore with
Potassium Salts. A pressurized thermogravimetric analyzer
(TGA) was used in the atmospheric mode to investigate the
reactivity of the ilmenite and ilmenite−salt mixtures in a dry and
moist atmosphere, respectively. To avoid corrosion of the TGA,
samples containing KCl were omitted from TGA experiments.
However, KCl was used in all other experiments in this work.
100 mg samples were exposed to atmospheres that mimicked

the CLC process, that is, cycles of reducing and oxidizing
atmospheres. Heating from room temperature up was
performed under inert conditions with N2 with a ramp of 15
°C/min. At an operating temperature of 850 °C, a 900 s
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stabilization period was performed under inert conditions before
reductive gases were introduced into the TGA. For experiments
under moist conditions, the reduction was carried out in 5% CO
or H2 and 50% steam in N2, followed by flushing with N2.
Experiments in dry conditions were carried out with similar gas
flows with additional N2 instead of steam. Hereafter, the
oxidation took place in 20% O2 and 50% steam in N2 for wet
experiments and with only N2 for dry experiments. The total
flow rate was 1000mLN/min followed by flushing. Hereafter, the
cycle was repeated. Steam was generated by boiling a small flow
of liquid water. Because of experimental limitations, H2O was
also generated during the oxidation. This has no real application
into the chemical lopping processes because the AR is fluidized
with air. However, this should not have any greater effect on the
oxidation level of oxidized ilmenite because steam is not
affecting the pseudobrookite phase.
The reduction time was set to 60 min, that is, long enough for

a control ilmenite sample to reach a weight loss caused by the
reduction of 3 wt % in CO. 3 wt % was considered as the worst
case based on the 1000 MWth design of an ilmenite CLC plant
with an expected reduction rate of 1.5 wt %.17 Also, for other
applications such as chemical looping gasification, further
reduction is essential to limit the oxygen transport in the
FR.34 The oxidation time was set to 30 min, that is, the time
required to regain the original weight of a pure ilmenite sample.
To compensate for buoyancy effects in the equipment, reference
samples with silicon oxide were treated similarly as the samples
containing ilmenite and salts and the results were used for the
correction. Mean values collected every 40 s were used to
smooth fluctuations from the steam generator.
2.3. Interaction of Potassium Salts with Ilmenite in a

Tubular Furnace.The sample amount used in the TGA is only
100 mg; these samples were too small to be characterized with
X-ray diffraction (XRD). Therefore, experiments were carried
out in a tubular furnace, where 1 g sample was placed in an
alumina crucible and treated in a reducing atmosphere
containing 5% CO at 850 °C for 6 h, both in a dry atmosphere
and with 50% steam. In all experiments, a total gas flow of 1000
mLN/min was maintained. The steam was produced in a
preheater before the furnace. Here, the water was evaporated at
200 °C. Water to the preheater was supplied by a peristaltic
pump. The setup of the experiments using the tubular furnace is
shown in Figure 2.35 Thermocouples placed near the sample
registered the temperature in the furnace.

2.4. SEM/EDS and XRD Analysis. Particles from the
experiments were studied using a scanning electron microscope
coupled with an energy-dispersive X-ray analyzer (SEM/EDS).
The microscope used was a LEO Gemini 1530 with a Thermo
Scientific UltraDry silicon drift detector. The particles were
counted on carbon tape and the surface studied.

The cross section of the samples was analyzed by mounting
the samples in epoxy resin. Then, the samples were polished
until a cross section was visible for SEM/EDS analyses. The
surface was carbon-sputtered to increase conductivity. For each
sample, elemental maps facilitate the determination of the
elemental distribution over the analyzed cross section. A similar
investigation of the byproducts steel converter slag andmill scale
has been performed in the same equipment.35

XRD analyses of the samples were carried out using a Bruker
AXS D8 Discover instrument (Karlsruhe, Germany). The data
were collected between 20 and 80° 2θ; using a step size of 0.05°.
The X-ray tube was operated at 40 kV and 40 mA.

2.5. Global Equilibrium Analyses: Factsage 7. Thermo-
dynamic calculations were made to predict the stable
equilibrium phases at the experimental conditions in the
laboratory tests. The calculations were performed with the
thermodynamic software Factsage, version 7.0.36

The thermodynamic data for the calculations were taken from
the databases: FactPS for pure substances, FToxid for oxide
phases, and FTsalt for molten salts. All calculations were
performed at a temperature of 850 °C at a total pressure of 1 bar.
The input values for the carrier material and salt mixtures were a
total of 1 g mixture. The amount of the gas mixture was one mol
of the experimental atmospheres.

3. RESULTS AND DISCUSSION
3.1. TGA Studies. Results from the different TGA test

conditions are shown in Figures 3 and 4. In all tests, the weight

gain of the samples during oxidation was faster than the weight
loss in the reduction. This was not surprising when considering
the difference in O2 present in the atmosphere, that is, 20 versus
5% besides the higher kinetics for the oxidation reaction. Similar
to previous studies with other iron-based oxygen carriers and
ilmenite, potassium increases the reaction rate of the
reduction.23,37

3.1.1. Tests in CO.The results from the reduction cycles using
CO in the TGA are displayed in Figure 3. The initial reduction of
pure ilmenite seemed to be faster when steam was added to the

Figure 2. Setup for the tubular furnace where a 1 g sample wasmounted
in the center of the furnace in an alumina crucible.

Figure 3. TGA results from samples reduced with 5% CO. The
atmospheric conditions over time are marked in the top of the figure
divided into segments: “I”: inert, “R”: reducing with CO, with or
without steam, “O”: oxidizing conditions.
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atmosphere. The total reduction ended at around 4%weight loss
in both cases.
In the ilmenite−K2CO3 mixture, K2CO3 is believed to react

with the ilmenite forming K-titanates releasing CO2 under dry
conditions. The weight loss after reduction was far smaller in the
test runs containing steam, that is, 4% mass loss compared to
∼8%. In the wet test, the initial mass loss rate was larger when
compared to the reduction of pure ilmenite but both ended at
the same mass loss level of some 4%. It is important to notice
that samples in these conditions both decrease in weight because
of loss of oxygen and salts. Under dry conditions, it is possible to
reduce the pseudobrookite structure more than to the ilmenite
structure, that is, it is possible to over reduce the samples
forming an elementary iron. In relation to the theoretical mass
reduction of pseudobrookite, a 5% mass reduction of oxygen
should correspond to ilmenite and 15% mass reduction
correspond to the formation of elementary iron and titanium
dioxide.
The reduction of the ilmenite−KH2PO4 mixture showed no

major difference in reduction in either dry or moist atmosphere.
The KH2PO4 formed KPO3, and this inhibited the reduction in
both cases. KPO3 was indicated both using XRD and from the
detected weight loss during the heating, roughly 1.6 wt % where
the theoretical weight reduction was 1.9 wt %. The conversion of
KH2PO4 to KPO3 occurring during the heating is not shown in
Figure 3 but can be found in the Supporting Information. This
result indicates that the presence of phosphorus may lead to the
premature degradation of the oxygen carrier. Probably, the layer
of phosphorus compounds from fuel ash may not have the same
impervious property as KH2PO4 and a smaller effect of the total
degradation of the oxygen carrier may be expected than
encountered in the tests described above. Other compounds
that form a layer around the particle, such as calcium
compounds,18 or the presence of mechanical and chemical
stresses will break down the particles, as seen by Knutson and
Linderholm,9 which could reduce the effect of the phosphorus
layer. In a similar study with an oxygen carrier containing
calcium, the blocking of oxygen transport was much less
compared to this study.35

Under dry circumstances, the mass loss of the ilmenite K2SO4
mixture was ∼11%, whereas the mass loss was only ∼8% for the

ilmenite mixtures in wet conditions, indicating the release of
different sulfur compounds from the sample beside the loss of
oxygen caused by reduction of ilmenite. The wet run shows that
the mixture did not regain its original weight during oxidation.
This is because of the sulfur compounds released from the
mixture during the first reduction. This loss of sulfur is also the
reason why the first reduction reaction for the K2SO4 sample is
so much faster than the other sample containing potassium.
After the first reduction and oxidation, the sulfur is removed in
the sample resulting in that the rate of the second reduction is
roughly the same for the wet K2SO4 and K2CO3 samples.

3.1.2. Tests in H2.TGA results for samples reduced with H2 in
both dry and wet atmosphere are shown in Figure 4. When
considering dry conditions, the test results show that H2 reduced
all samples faster than CO, the same results that have been
obtained in previous studies.38 The second reduction showed a
faster reaction rate when comparing the two different
atmospheres.
The reduction of pure ilmenite was faster when using H2 in a

dry atmosphere and the mass loss was larger when compared to
the experiments using CO. Themass loss after the first reduction
was 8%, far larger than expected. This indicates the reduction to
elementary iron, also indicated in SEM/EDS. In wet conditions,
the mass loss was some 4%, that is, comparable to experiments
using CO. At this reduction level, it is most likely that the
ilmenite phase is present and further reduction is limited
because of steam. After the first reduction, ilmenite was oxidized
and gained its original weight back. The second reduction was
comparable to the first one.
Under dry conditions, the first reduction of the ilmenite−

K2CO3mixture yielded a greater mass loss compared to themass
loss in tests with pure ilmenite, that is, almost 10%. Under wet
conditions, the mass loss curves are comparable to the results
obtained from pure ilmenite and the runs using wet CO.
After the first reduction, the mass loss for the ilmenite−K2SO4

mixture was almost 12% in dry conditions. Hereafter, the
mixture was re-oxidized but did not reach its original mass.∼1%
of the sample was lost. The second reduction was similar to the
first one.
The mass loss curves look different for the experiment carried

out in wet conditions. Mass loss after the first reduction was only
∼8%. The sample does not regain weight to its original but some
5% remained lost, indicating the release of sulfur compounds.
The mass loss after the second reduction was much smaller, that
is, ∼3% was lost after the oxidation step, indicating a reduction
of probably pure ilmenite.
In the sample mixtures where K2SO4 was present, the mass

loss was greater in both the investigated atmospheres compared
to the other salts. This mass loss could be contributed to the loss
of S from the sample either as SO2 or as H2S. Some volatile KOH
may have formed as well. However, neither the amount of KOH
formed nor sulfur species could not be quantified. To determine
potassium loss to flue gas, analysis of KOH in gas or elemental
analysis of remaining oxygen carrier would be needed. However,
the sample volumes were too small for this. The formation of
volatile S species and KOH was also predicted from the global
equilibrium analyses.

3.1.3. Comparison of Test Atmosphere. Test runs with CO
and steam give similar results when compared to experiments
with H2 and steam. The CO shift reaction facilitates the
formation of CO2 and H2. Thus, these gases may be present in
the gas mixture as well. An exception is a test with pure ilmenite.

Figure 4. TGA results from samples reduced with 5% H2. The
atmospheric conditions over time are marked in the top of the figure
divided into segments: “I”: inert, “R”: reducing with H2, with or without
steam, “O”: oxidizing conditions.
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As in previous studies, in the CO atmosphere, ilmenite was
slowly reduced than in H2.

38

The initial mass loss of the samples was almost linear for
samples containing pure ilmenite, ilmenite−K2SO4, and
ilmenite−K2CO3, both CO and H2. At 4000 s in Figures 4
and 3, a slower rate appeared. This “breakpoint” could
correspond to the formation of Fe from ilmenite. Comparing
the weight reduction between the same samples reduced, with or
without steam, it can be concluded that the speed of weight
reduction is more or less the same if steam is present or not.
However, comparing the first reduction cycle with the second
reduction, for the same material, it can be concluded that the
reaction rate increased in the second cycle. The increased
reactivity is probably related to the segregation of iron and
titanium.33

In dry tests, it can be seen that the presence of K2CO3
increased the mass loss rate of the ilmenite mixtures. This
increased reaction rate was expected because K2CO3 can be used
as an element to increase the reduction rate in alkali roasting of
ilmenite ore for titanium dioxide production.24

For samples with KH2PO4, the formation of a KPO3 layer
resulted in a reduced reactivity toward the CO andH2. However,
although KPO3 could block the reduction of ilmenite by CO
more or less completely, this blockage was not seen to the same
extent using H2. Apparently, the smaller nonpolar H2 molecules
could penetrate the phosphate layer formed on the ilmenite.
3.2. Reaction Products. 3.2.1. XRD Analyses: Identifica-

tion of Reaction Products after the First Reduction Step. XRD
analysis was performed on all samples reduced in the tubular
furnace. These XRD results are displayed in Table 1.

Unfortunately, the intense background noise prohibited any
closer analysis of trace elements and only the major components
were identified. The results presented in Table 1 indicate that
several different phases of K-titanates might be present in a
sample. Most likely, the samples contained a mixture of different
K-titanate phases. In Table 1, only the best fitting compound is
presented. Also, because ores were used with content of
impurities, no quantitative analysis could be performed to
estimate the elementary iron generated during the reduction.

Comparing the TGA results in Figures 3 and 4 and the XRD
results in Table 1, they confirm the formation of CO2 from the
ilmenite−K2CO3 mixture and loss of carbonate when K-titanate
is formed.
In the ilmenite−K2SO4 mixture treated with steam, hydrated

potassium titanate was found. However, hydrated titanates are
not stable at high temperatures. It is postulated here that its
formation occurred during the cooldown in the presence of
condensed steam.
XRD results confirmed the formation of KPO3, which was

indicated from the weight reduction in TGA during the heating
of the ilmenite−KH2PO4 mixture.

3.2.2. Thermodynamics Equilibrium Calculations. Table 2
describes the findings of the thermodynamic equilibrium
calculations. Here, some similarities could be seen from the
XRD results in Table 1. Without steam, the reduction results in
elementary iron and with steam, there is a thermodynamic
limitation at ilmenite and ulvospinel (FeO)2TiO2. With steam, it
was also expected to form KOH in the gas phase for all reduced
samples and also KCl and HCl in gas for the KCl sample.
A major difference between the calculated phases and the

detected phases with XRD was for the KH2PO4 samples.
Indicated from the TGA and detected with XRD was the KPO3
phase. This indicates that the thermodynamic database or
conditions were not suitable for this mixture.

3.2.3. SEM/EDS Analyses. SEM/EDS analyses were
performed on both the samples retrieved from the tubular
furnace (once reduced in CO, with and without moisture) as
from the TGA experiments (twice reduced in either CO or H2
with or without moisture). Samples from the tubular furnace
were reduced only once compared to the TGA samples that
were reduced twice with an intermediate oxidation. The SEM/
EDS analyses showed similar elemental distribution comparing
tubular and TGA samples. SEM/EDS analysis of the tubular
samples can be found in the Supporting Information.

3.2.4. Heat Treatment of the Ilmenite. In accordance with
Adańez et al.33 and other studies of the same material,9,19 XRD
and SEM/EDS analyses of the fresh ilmenite showed that the
sample contained mainly ilmenite (FeO·TiO2) and some
magnesium silicate (MgSiO3). After the heat treatment, that
is, oxidation of the particles at 950 °C for 6 h, some structural
changes in and at the surface of the particles could be observed.
Internally, more small cracks crossed the otherwise still
homogenous particles. Meanwhile, towards the surface of the
particle, segregation of iron was observed, see Figure 5. The
appearance of the particles obtained in this study, both fresh and
pretreated, was in this respect similar to previous studies.19,33

According to XRD analysis, full conversion from ilmenite to
pseudobrookite was not obtained in this work because the
sample also contains hematite and iron titanium oxide,
Fe3Ti3O10. Iron−titanium oxide has a lower oxidation level of
iron compared to pseudobrookite which indicates that the
oxidation timewas too short to reach full oxygen carrier capacity.
The mass gain from the oxidation during the pretreatment was
3.2 wt % which is slightly lower when compared to other studies
with the same material from the same origin33

The heat treatment resulted in the sintering and adhering of
the particles to the ceramic crucible used. These agglomerates
were strong and hard to disintegrate. These tendencies during
heat treatment of ilmenite have also been observed in earlier
studies with ilmenite.39 Earlier studies and SEM/EDS analyses
suggest that it is the formation of the iron layer, hematite, around
the particles that lead to the sintering of the particles.40 This

Table 1. Results from the XRD Analyses of the Samples
Reduced in CO at 850 °C during 6 h in the Tubular Furnacea

gas
conditions without steam with steam

sample
iron and

titanium phases
potassium
phases

iron and titanium
phases

potassium
phases

pure
ilmenite

Fe, Fe2O3,
FeO·TiO2,
TiO2

no salt FeO·TiO2,
Fe2O3

no salt

K2CO3 Fe, FeO·TiO2,
TiO2

K-titanate FeO·TiO2,
(FeO)2·TiO2

K-titanate

KCl Fe, FeO·TiO2,
(FeO)2·TiO2,
TiO2

no K or Cl
detected

FeO·TiO2,
Fe2O3

K-titanate

K2SO4 Fe, TiO2 FeS,
K-titanate

FeO·TiO2, FexOy K-titanate

KH2PO4 Fe2O3·TiO2,
TiO2

KPO3,
P2O5

FeO·TiO2,
Fe2O3, TiO2,
Fe2O3·TiO2

KPO3,
P2O5

aThe results from the analysis are divided into two different groups:
(i) phases that contain only iron and titanium and (ii) potassium-
containing phases resulted from the interaction and reactions of the
potassium salts.
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agglomeration occurs during the first heat-up but does not
reappear during the following reduction−oxidation cycles
although the iron layer remained.
3.2.5. Reduction Cycles of Pure Ilmenite. A Fe-rich layer was

found on top of ilmenite particles in samples taken after the
tubular furnace tests (once reduced). After TGA experiments
(reduced−oxidized−reduced), this layer was clearly seen when a
dry H2 atmosphere was used; see Figure 6. A thin layer was also
found on ilmenite using H2 in a moist atmosphere; see Figure 7.
The Fe-rich layer was not as pronounced in the other runs using
moisture or CO. The ilmenite particles treated in CO and dry
conditions both in TGA and the tubular furnace seemed very

porous compared to the other samples analyzed (Figures S1−
S3).

3.2.6. Reduction Cycles of Ilmenite−K2CO3 Mixtures. SEM
analyses showed that potassium penetrated the ilmenite particle
forming K-titanates. The penetration was most pronounced
after the TGA experiments using a dry H2 atmosphere. Iron may
have migrated outward to the surface leaving space for
potassium to migrate inward and react; see Figure 8. When
moisture was present, K2CO3 may have reacted forming also
other compounds such as KOH and potassium may even have
evaporated from the sample. Evaporation can be expected from

Table 2. Thermodynamic Equilibrium Calculations of the Phases Found after Reduction or Oxidationa

reducing with CO reducing with H2 oxidizing

no salt no steam FeOTiO2, Fe FeOTiO2, Fe TiO2, Fe2O3

steam FeOTiO2, (FeO)2TiO2 FeOTiO2, (FeO)2TiO2 TiO2, Fe2O3

K2CO3 no steam Fe, FeOTiO2, K2Ti3O7, (FeO)2TiO2 Fe, FeOTiO2, K2Ti3O7 Fe2O3, K2Ti6O13, K2Ti3O7

steam (FeO)2TiO2, K2TiO3O7, KOH, K8Ti5O14 (FeO)2TiO2, K2TiO3O7, KOH, K8Ti5O14 Fe2O3, K2Ti6O13, K2Ti3O7, KOH
KCl no steam FeOTiO2, Fe, KCl FeOTiO2, Fe, TiO2, KCl TiO2, Fe2O3, KCl, K2Ti6O13

steam FeOTiO2, (FeO)2TiO2, KCl, HCl, KOH FeOTiO2, (FeO)2TiO2, KCl, HCl, KOH TiO2, Fe2O3, KCl, HCl, KOH
K2Ti6O13

K2SO4 no steam FeS, K2S, K4TiO4, K8Ti5O14 FeS, K4TiO4, K8Ti5O14, K2S K2SO4, TiO2, Fe2O3, K2Ti6O13

steam K2SO4, (FeO)2TiO2, K2TiO4, K8Ti5O14,H2S, KOH,
SO2

K2SO4, (FeO)2TiO2, K2TiO4, K8Ti5O14, H2S,
KOH

K2SO4, TiO2, Fe2O3

KH2PO4 no steam FeOTiO2, Fe, K2HPO4 FeOTiO2, Fe, K2HPO4 TiO2, Fe2O3, K2HPO4, Fe6P2O14

steam FeOTiO2, K2HPO4, Fe10P6O26, (FeO)2TiO2, KOH FeOTiO2, K2HPO4, Fe10P6O26, (FeO)2TiO2,
KOH

TiO2, Fe2O3, K2HPO4, Fe6P2O14

aConditions used: 1 bar, 850 °C, 1 g equimolar Ti−Fe ilmenite sample, 4% potassium in salt samples, 1 mol gas with either 5% CO or H2 in N2 for
reduction or 20% O2 in N2 during oxidation. For steam calculations, 50% of the total gas composition was H2O instead of N2. KOH is in the gas
phase. Bold phases are in the gas phase.

Figure 5. Back-scattered SEM images of cross sections of heat-treated ilmenite (950 °C). The X-ray maps show the sample taken from heat-treated
particles at 950 °C during 6 h. A Fe rich layer has formed on the surface of the ilmenite particle. Ti = turquoise; Fe = yellow.

Figure 6. Back-scattered SEM images of cross-sectioned ilmenite reduced, oxidized, and reduced in a TGA in dry H2. The X-ray maps show the thick
Fe-rich layer. Ti = turquoise; Fe = yellow.

Figure 7. Back-scattered SEM images of cross-sectioned ilmenite reduced, oxidized, and reduced in a TGA in moist H2. The X-ray maps show a thin
Fe-rich layer. Ti = turquoise; Fe = yellow.
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the lower amount of potassium observed in the samples;
compare Figures 9 with 8.
In a dry CO atmosphere, potassium penetrated far less into

the particles. Probably, CO cannot penetrate the pores or diffuse
through the ilmenite particles as well as H2. This is seen in less
segregation of iron to the surface and smaller penetration of
potassium. In a moist atmosphere, the water−gas-shift reaction
taking place may have led to the formation of H2. The presence
of H2 led to higher penetration of K into the particles compared
to CO.
The results from the tubular tests were comparable with the

TGA results. A moist atmosphere seemed to facilitate the
formation of volatile KOH. Thus, less penetration was seen after
reduction using moist CO.
When conducting alkaline roasting of ilmenite, NaOH is the

most common additive to obtain an increased separation of Fe
andTi. K2CO3 is also commonly used and has the same effects.25

There was, therefore, no surprise that the samples containing
this ash component showed greater segregation between iron
and titanium when compared to pure ilmenite. The presence of
potassium increased the frequency of nucleation sports where
iron has segregated. Similar findings have been seen in rutile
production from ilmenite.23

Figure 10 summarizes the possible reactions that may take
place when K2CO3 is present in CLC. This scheme is based on
the experimental findings from XRD, SEM/EDS, TGA, and
thermodynamic calculations in FactSage 7.0; see Table 2. It
should be noted that unstable K2O directly forms K-titanates. In

the presence of steam, KOH may form. The formed KOH may
either evaporate or react with the ilmenite to form K-titanates.
K-titanate formation results in the formation of iron oxides that
are more reactive than ilmenite resulting in an increased reaction
rate with CO.33

No quantification of potassium was performed on the samples
after exposure or on gases out from the tubular furnace or the
TGA. In the future, such gas analyses could shed more light on
the differences found between the two test setups.

3.2.7. Reduction Cycles of Ilmenite−K2SO4 Mixtures. All the
ilmenite−K2SO4 mixtures treated in dry atmospheres showed
similar results and were comparable to the findings of

Figure 8. Back-scattered SEM images of cross sections of an ilmenite−K2CO3 mixture reduced, oxidized, and reduced in a TGA in dry H2. The X-ray
maps show the thick Fe-rich layer. Ti = turquoise; Fe = yellow; K = green.

Figure 9. Back-scattered SEM images of cross sections of an ilmenite−K2CO3mixture reduced, oxidized, and reduced in a TGA inmoist H2. The X-ray
maps show some penetration of K into the ilmenite particles. Ti = turquoise; Fe = yellow; K = green.

Figure 10. Suggested reactions for reduction of ilmenite−K2CO3
mixtures in a dry or wet reducing atmosphere at 850 °C.
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Zevenhoven et al.19 SEM analyses showed that iron diffused
toward the surface of the sample. On samples reduced once in
the tubular furnace, elementary iron formed large structures on
the surface of the particles. These iron structures can be seen in

Figure 11. This feature may originate from the K2SO4 that
reacted with Fe and formed FeS on the surface of the particles.
The effect of the addition of sulfur is well known from the so-
called Becher process where sulfur addition during alkali

Figure 11. Secondary electron SEM image of the surface of an ilmenite−K2SO4mixture reduced in the tubular furnace under dry CO atmosphere. The
figure shows the particle surface in gray and the elementary iron structures in white that were formed during the reduction.

Figure 12. Back-scattered SEM images of cross sections of an ilmenite−K2SO4 mixture reduced, oxidized, and reduced in a TGA in dry H2. The X-ray
maps show the thick Fe-rich layer. Ti = turquoise; Fe = yellow; K = green, S = blue.

Figure 13. Back-scattered SEM images of cross sections of an ilmenite−K2SO4 mixture reduced, oxidized, and reduced in a TGA in moist H2. Ti =
turquoise; Fe = yellow; K = green, no sulfur could be detected with SEM/EDS analyses.
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roasting improves the synthetic rutile production. In the
reduction step in this process, FeS·TiO2 are formed that are
favorable for the following separation steps to maintain pure
rutile.27,41 The samples taken after the CLC cycles showed that
K penetrated the particles to a greater extent when compared to
the ilmenite−K2CO3 samples. Only some K2SO4 could be found
on the surface.
Also, ilmenite−K2SO4 mixtures treated with steam in either

CO or H2 showed similar results as the ilmenite−K2CO3
mixtures. As with K2CO3, the sample showed some increased
tendencies for the segregation of iron to the surface and
formation of potassium titanite compared to the control sample.
In conditions with steam, no sulfur could be detected with

SEM/EDS. Indicated from the weight loss and thermodynamic
calculation, H2S and SO2 might have been formed as gases
emitting from the experiment; see Table 2. Without steam,
sulfur was found and detected with XRD forming FeS on the
surface of the particles. Sulfur was detected on the surface of the
particles together with iron. Compare Figures 12 with 13 to see
the difference in especially iron distribution. The segregation is
very clear without steam, while with steam, the iron distribution
is still quite even throughout the particle.
A summary based on the experimental findings in XRD, SEM/

EDS, TGA, and thermodynamic calculations of expected
reactions of ilmenite−K2SO4 mixtures is presented in Figure 14.

3.2.8. Reduction Cycles of Ilmenite−KH2PO4 Mixtures.
Exposed to heat, KH2PO4 decomposed to KPO3 that has a
low melting temperature. KPO3 formed a coating around the
particles that caused agglomeration and decreased reactivity
when CO was used as reducing gas. The formation of KPO3
could also be seen from XRD, Table 1. The agglomeration, that
occurred for all tests using KH2PO4, can be described according
to the first agglomeration mechanisms. The salt forming a sticky
melt causes the particles to agglomerate.6,19,42,43 The coatings
and how these agglomerates particles stick together can be seen
in Figures 15 and 16. In comparison to real ash interaction,
phosphorus from bio ash has also been observed to accumulate
on the surface of the ilmenite particles used in large scale
experiments.44

KPO3 is also known to act as a fluxing agent that absorbed iron
and impurities such as manganese and aluminum but not
titanium. Within the titanium industry, this feature has been
used using phosphate to absorb impurities from titanium-rich
slags.45 The iron absorbed to the flux layer, see Figures 15 and
16, was assumed to originate mostly from the iron-rich layer
around the pretreated particles. This was indicated from the
interphase between the original particles and the potassium and
phosphorus-rich coating, where a layer of increased titanium
concentration was observed.
Possible reactions taking place at the ilmenite surface are

presented in Figure 17.
Important to notice here is that other interactions with, for

example, calcium that is also present to a large extent in bio ash
may be of importance for the phosphate interaction. In a similar
study, where the calcium-rich oxygen carrier steel converter slag
was investigated with KH2PO4, it was found that a calcium
phosphate phase was formed. This did not to the same extent act
as a barrier for CO interaction with the oxygen carrier and had a
higher melting temperature resulting in less agglomeration.35

3.2.9. Reduction of Ilmenite−KCl Mixtures. TGA experi-
ments with ilmenite−KCl mixtures are not available because of
experimental constraints. The tubular furnace experiments
rendered samples once reduced in either dry or moist CO.
From the weight loss after reduction and XRD analysis, it could
be concluded that the reaction rate was most likely increased
because elementary iron was found in the dry reduction
atmosphere. This is also in alignment with previous studies with
iron oxides using KCl to increase the reaction rate.46 NoKCl was
detected using XRD, indicating that it was evaporated.

Figure 14. Suggested reactions for reduction of ilmenite−K2SO4
mixtures in a dry or wet reducing atmosphere at 850 °C. The formation
of SO2 or H2S depends on whether the reduction is performed with CO
or H2 and if steam is present.

Figure 15. Back-scattered SEM images of cross sections of an ilmenite−KH2PO4 mixture reduced, oxidized, and reduced in a TGA in dry H2. The X-
ray maps show the thick Fe-rich layer and the molten layer in between the particles. Ti = turquoise; Fe = yellow; K = green, P = red.
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SEM analyses from samples taken after dry reduction in CO
show distinct segregation of iron to a few larger nuclei similar to
that of the reduced pure ilmenite. The iron was distributed
mostly toward the surface of the particles. Only small amounts of
potassium but no chloride was detected. Under dry conditions,
most KCl had evaporated from the sample after one reduction
cycle.
Ilmenite−KCl mixtures reduced in moist CO showed a larger

absorption of K into the sample. Phase analyses showed that K
and Ti existed in the same spots, indicating the formation of K-
titanate. This was confirmed by XRD analyses. Because no Cl
was detected, it is assumed that steam interacted with potassium
chloride and formed HCl and KOH. KOH in turn partly
evaporated and partly reacted with the ilmenite to form K-
titanates. The formation of HCl and KOH was also indicated
from the thermodynamic calculations; see Table 2.
Based on the experimental findings, XRD, SEM/EDS, TGA,

and thermodynamic calculations, the suggested reactions for
ilmenite−KCl mixtures under reducing conditions are summar-
ized in Figure 18.

4. CONCLUSIONS
Ash from biomass may cause defluidization of the fluidized bed
boilers because of alkali salts in the biomass interacting with the
bed material. Ilmenite has been considered to be a bed material
with oxygen carrier properties that also is extra resistant toward
agglomeration caused by potassium salts. However, previous
studies have not considered reducing conditions and the effect
of steam under CLC operation on the interaction of the oxygen
carrier and alkali salts. This study examined the interaction of
potassium salts present in bio ash, with ilmenite under CLC

(reduction−oxidation−reduction) conditions at temperatures
relevant for the conversion of biomass both in the presence and
absence of steam.
It was found that the anions in the potassium salts significantly

affected the reactivity and the faith of the salt components. It was
observed that the presence of moisture is an important factor
affecting the reactive features of the different potassium salts
together with ilmenite. In the presence of steam, it was expected
that KOH was formed and evaporated resulting in that less
potassium was found to interact with ilmenite.
K2CO3 and K2SO4 decreased the oxidation and reduction

time of ilmenite. Potassium was absorbed to a significant extent
to form K-titanates from K2CO3 and K2SO4. KCl evaporates,
and only a minor part of the potassium is absorbed in the
presence of steam at 850 °C. None of these three potassium salts
did contribute to an increased tendency for agglomeration.
KH2PO4 increased the tendency to agglomeration. KH2PO4

formed KPO3, which created a dense coating causing
agglomeration and acted as a fluxing agent that adsorbed iron.
This coating also acted as a barrier resulting in limited oxygen
transport when CO was used.
Because no other elements commonly present in ash were

studied, such as Ca and Si, other types of interaction with
ilmenite should be considered in future studies. The presence of
Ca may change the interaction of KH2PO4 with ilmenite
significantly.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c02538.

Figure 16. Back-scattered SEM images of cross sections of an ilmenite−KH2PO4mixture reduced, oxidized, and reduced in a TGA inmoist H2. The X-
ray maps show the molten layer in between the particles. Ti = turquoise; Fe = yellow; K = green, P = red.

Figure 17. Suggested reactions for reduction of ilmenite−KH2PO4
mixtures in dry or wet reducing atmosphere at 850 °C.

Figure 18. Suggested reactions for reduction of ilmenite−KCl mixtures
in dry or wet reducing atmosphere at 850 °C.
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