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A B S T R A C T   

Oxygen carriers, in the form of metal oxide particles, are bed materials that transport oxygen in solid form in 
fluidized bed applications, such as in chemical-looping applications. In biofuel applications, it is well known that 
alkali from the fuel ash can react with the bed material and cause, among other operation issues, agglomeration. 
When using oxygen carriers in a fluidized bed, it is likely that the bed material is either a mixture of different 
metal oxide materials or partly diluted with sand. This is to improve or combine the chemical properties of the 
materials used or simply for economic reasons. 

This work investigates how three potassium salts K2CO3, K2SO4 and KH2PO4 interact with the oxygen carriers: 
Steel converter slag (LD slag), ilmenite, mixtures of the two and each carrier diluted with silica sand. The salts 
were used as model compounds that can occur in biofuel ash. The set-up used was a fixed bed where a small 
sample of bed material is mixed with a potassium salt equivalent to 4 wt-% of potassium. The mixture was then 
exposed to reducing (H2 in steam) conditions at 900 ◦C during several hours in a tubular furnace. This provides a 
worst-case scenario for solid–solid interaction in a fluidized bed. If a solid–solid reaction does not take place in 
this setup, it will most likely never occur in a fluidized bed. 

When LD slag and ilmenite were combined, the potassium from the salts would prefer to accumulate in the 
ilmenite rather than the LD slag. Ca from LD slag interacted with KH2PO4 resulting in a less severe agglomeration 
than when ilmenite was used separately with the same salt. When the oxygen carriers were diluted with silica 
sand, potassium salt interaction resulted in agglomeration for both the oxygen carriers with all potassium salts. 
K2CO3 and K2SO4 formed potassium silicates, while KH2PO4 formed a phosphorus-containing melt. When LD slag 
was present, phosphorus was located in a K-Ca-P phase that was not present if ilmenite was present.   

1. Introduction 

Chemical Looping Combustion (CLC) and related processes that 
facilitate Carbon Capture and Storage (CCS) play an important role in 
society’s efforts to pursue a sustainable future [1]. One way to deal with 
high levels of carbon dioxide in the atmosphere is to create negative 
emissions where the carbon dioxide from biomass combustion is 
captured and stored in the bedrock [2]. This can be achieved by 
combining the Chemical Looping Combustion (CLC) and Bioenergy with 
Carbon Capture and Storage (BECCS) processes [3,4]. Instead of air, 
oxygen carriers supply oxygen to the combustion process in CLC [5]. 
Therefore, nitrogen-free fuel gases can be collected, and carbon dioxide 
can be easily captured without energy consumption for the separation 
[6]. 

The CLC process consists of an air and a fuel reactor that can be both 
fluidized [7]. Oxygen carriers used in the CLC process can simply be 
shown as MxOy where M stands for a metal that can have different va-
lance states, and O stands for oxygen. In the air reactor, a reduced ox-
ygen carrier (MxOy-1) is oxidized by an oxidizing atmosphere, generally 
air. In the fuel reactor, this oxidized oxygen carrier (MxOy) is reduced to 
a metal oxide with a lower oxidation level (MxOy-1) by a reducing at-
mosphere[5]. Oxygen carriers can also be used as bed materials for 
conventional combustion in circulating fluidized bed (CFB) boilers, and 
this technology is referred to as Oxygen Carrier Aided Combustion 
(OCAC) [8]. The advantage of OCAC technology is the high technology 
readiness with over 12000 h operation at an industrially relevant scale 
[9]. OCAC is also relatively easy to implement by changing the bed 
material in already built conventional fluidized bed boilers and future 
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facilities designed in mind for CO2 capture. 
The reducing atmosphere can be a solid fuel, syngas or methane 

[10], and the selection of the oxygen carrier depends on the fuel 
attended for the process since oxygen carriers have different reactivity 
toward different fuels [11–13]. Even though fossil fuels are still the most 
used fuels to supply energy globally, biofuels are vital to sustain the 
supply and achieve negative emissions [14]. However, biomass-derived 
fuels generally contain a significant number of alkali-based compounds, 
along with other ash-forming matters which gives a highly reactive 
nature [15]. After the complete combustion of the fuel, there is an 
inorganic mixture remains that is called ash. The composition of the ash 
depends on the source of the fuel, and biomass generally contains Si, Al, 
Ti, Fe, Ca, Mg, Na, K, S, and P in its ash [16]. 

Oxygen carriers can be selected from metal oxide-based synthetic 
spinel structures, perovskites, minerals, and transitional metal oxide- 
bearing wastes [17–19]. Instead of a single type of metal oxide, some-
times a mixture of oxygen carriers or a mixture of oxygen carriers 
diluted with sand can be used to improve the chemical properties or to 
decrease the cost of the bed material [20]. Fe and Mn are among the 
most used transitional metals for oxygen carrier purposes due to their 
abundance, low-cost and high performance [21,22]. Especially Fe-based 
oxygen carriers can be generated from natural minerals such as ilmenite 
or from wastes such as steel slags. Ilmenite is an abundant natural 
mineral. Steel slags can be utilized in different applications to reduce 
waste, and its high Fe content [23] makes it also suitable for OCAC 
applications. Especially steel converter slag, also called LD (Linz-Dona-
witz) slag, which is a by-product of the basic oxygen steel production 
process, has been reported as a successful oxygen carrier [22,24]. 

Alkali-based compounds are well known to interact with silica pre-
sent in the bed material or in the fuel to form low-melting-point alkali 
silicates [25–27]. Therefore, a major challenge during the utilization of 
biomass-derived fuel is ash-related issues [16,28,29]. During operation, 
the formed ash may deposit on tube walls and superheaters and clog the 
operation lines and heat transfer areas [27]. On the superheaters, it may 
cause corrosion due to the corrosive compounds in the ash [21]. In a 
fluidized bed, the ash may cause agglomeration of the bed material or if 
oxygen carriers are used, the reaction with ash may cause deactivation 
of the oxygen carriers [30,31]. Agglomeration of beds can occur when 
compounds with low melting point stick the particles together leading to 
the collapse of the fluidized bed. Two different mechanisms are observed 
for agglomeration: i) ash reacts with the bed material forming a new 
compound with low melting temperature or ii) the ash is inert towards 
the bed material, but has by itself a low melting temperature [32]. 

As the oxygen carrier will be directly affected by the formed ash, the 
selection of the oxygen carrier for a specific fuel should be done care-
fully, considering the known interaction between them [33,34]. For 
example, it is known that pure Fe oxides have tendency to agglomerate 
with the interaction of potassium chloride and phosphates [25,35]. 
Several studies have reported the interaction between ilmenite or LD 
slag and some potassium salts in lab scale [36,37] and with biofuel ash 
in a semi-industrial scale [21,38,39]. However, there is no systematic 
study that shows the effect of potassium salts on the combination of 
ilmenite or LD slag or when the oxygen carriers are diluted with sand. 
From a process perspective, mixtures of oxygen carriers or dilution with 
sand could be interesting both for cost savings and process management. 
Cost savings since e.g. silica sand and LD slag are less expensive than 
ilmenite [40,41]. Process management for adjusting the oxygen transfer 
in a chemical looping process [42] or adding e.g. LD slag as a source of 
lime to the process for sulfur control and ash interaction [43]. 

Investigation of the effect of potassium salts on the sand combined 
oxygen carrier is not only important for economic reasons but also for 
understanding the interaction mechanism as LD slag and ilmenite have 
relatively poor ability to absorb alkali compared to sand [22,39,44]. 
Therefore, ilmenite, LD slag and sand were combined as oxygen carriers 
to study the effect of the most commonly observed potassium salts under 
reducing atmospheres. 

2. Experimental procedure 

Ilmenite (provided by Titania AB) and LD slag (provided by SSAB) 
were used as the main oxygen carriers in the study. K2CO3 (Sigma 
AldrichTM), KH2PO4 (Alfa AeasarTM) and K2SO4 (MerckTM) were used as 
potassium-based salts. Oxygen carriers were sieved into a 100–300 µm 
size range prior to use. Salts were simply ground with the use of agate 
mortar and pestle. The chemical analysis of ilmenite and LD slag is given 
in Table 1. Elemental analysis was performed with X-ray fluorescence 
(XRF) using a Panalytical Axios equipped with holders for powders. 
0.5–1 g samples were pulverized using marble mortar and pestle before 
being analyzed. The column with SUM indicates the estimated amount 
of all identified species in their stable oxide, MgO, Al2O3, SiO2, CaO, 
TiO2, V2O5, P2O5, MnO and Fe2O3. If the SUM does not add up to 100, it 
is an indication that the elements are not present in an oxidized form or 
contain elements that are not detected using XRF, e.g. such as carbon-
ates, hydroxides or crystalline water. 

To mimic the conditions in an air reactor, LD slag and ilmenite were 
first oxidized separately at 900◦ C for 24 h to achieve complete oxida-
tion. After the oxidation, the oxygen carriers were sieved into a 
125–250 µm particle size range. Each tested batch in the study is given in 
Table 2 with the abbreviations as a sample name. 

For each sample, oxygen carriers, either single or mixture were used 
with or without a potassium salt resulting in a total weight of 5 g. 
Samples were simply mixed with a potassium salt, and the amount of K 
in the sample was set to 4 wt-% of the oxygen carrier. This value was 
chosen as remained K in a bed of ilmenite used in a large-scale fluidized 
bed boiler and was reported as a maximum 4 wt-% [21]. When the 
samples were prepared, they were placed in an alumina boat crucible 
and inserted into a horizontal tube furnace. Each sample was reduced at 
900 ◦C for 3 h under a reducing atmosphere consisting of 50 ml/min of 
nitrogen bubbled through a water bath and cooled to obtain a flow with 
nitrogen and saturated with steam at 60 ◦C (partial pressure of ≈20 vol- 
% H2O) and 50 ml/min of Ar diluted H2 gas mixture (5 vol-% H2). The 
heating and cooling rate was set to 400 ◦C/h. An illustration of the 
experimental setup can be seen in Fig. 1. 

After the reduction experiments, the samples were characterized by 
X-ray diffraction (XRD) (Bruker D8, Cu Kα, 40 kV, 40 mA) in the range 
2θ = 15 − 75◦ with a step size of 0.01. For morphological investigation 
and elemental mapping, scanning electron microscopy (SEM) − energy- 
dispersive X-ray spectroscopy (EDX) (FEI Quanta 200 FEG ESEM and 
PhenomTM Pro-X) were used. The samples were embedded in an epoxy 
mold and polished to investigate the cross-section of the particles. In this 
way, it would be possible to reveal the phases that caused agglomeration 
and bridging between particles. 

3. Results and discussion 

3.1. Effect of potassium salts on ilmenite diluted sand 

Since samples only containing ilmenite and salts have already been 
investigated in a previous study [37] where the method, samples and 
results were almost identical, the unique part of this study is studied in 
this section. The results of experiments with ilmenite and salts in this 
work were coherent with the previous study [37]. In summary, when 
ilmenite (IL) was mixed with K2CO3 and K2SO4 no agglomeration was 
observed while agglomeration was observed for KH2PO4. Potassium 
from K2CO3 and K2SO4 did migrate into the structure of ilmenite while 
KH2PO4 decomposed forming KPO3 that was associated with the surface 
of the particles. This melt acted as a flux containing small amounts of Fe. 
The phase analysis of i) oxidized, ii) reduced ilmenite and iii) K2CO3 
mixed reduced ilmenite was analyzed with XRD. i) In oxidized ilmenite, 
the main phase was pseudobrookite, Fe2TiO5 along with some Ti- 
substituted hematite-structured ilmenite, Fe2-xTixO3. ii) After the 
reduction, ilmenite (Fe2-xTixO3) was the most dominant phase. iii) When 
K2CO3 salt was mixed with ilmenite and reduced in the horizontal 
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furnace, the main phases were Fe2-xTixO3 (where 0,1 < x < 0,8)along 
with rutile (TiO2) and priderite-based compounds (K-Fe-Ti oxide) was 
observed. Even though a homogeneous distribution of potassium was 
observed along with the ilmenite particles, higher concentrations of 
potassium could be observed in impurities containing Al and Si, most 
likely forming potassium aluminum silicates. However, no neck forma-
tion or bridging between the particles was observed which was consis-
tent with the previous studies [37]. 

When the ilmenite was diluted with sand and reduced in presence of 
K2CO3, only minor concentrations of potassium were detected in the Al- 
Si-rich regions and inside the ilmenite particles. The highest 

concentration of potassium was found associated with silicon and sug-
gesting the formation of a melt of potassium silicate that also resulted in 
severe agglomeration. This melt can be seen in Fig. 2 between the 
ilmenite and sand particles. As can be observed in the figure, some 
particles are broken due to the force of extracting the particles from the 
crucible. 

When ilmenite (IL) was reduced in the presence of K2SO4, the sample 
behaved similarly to the ilmenite sample reduced with K2CO3. Potas-
sium preferred to locate in Al-Si-rich regions and potassium could be 
detected throughout the ilmenite particles. Sulfur from the sulfate 
formed gaseous compounds and could not be detected with SEM-EDS. 
This was also coherent with previous studies [37,45]. 

When ilmenite was diluted with sand (ILSA) and reduced with 
K2SO4, agglomeration of the sample was observed. In SEM-EDS (Fig. 3) a 
phase connecting the particles containing potassium and silica was 
observed, forming a melt that coated the particles (C in Fig. 3). Potas-
sium most likely forms potassium silicates that have a low melting point 
and causes bridging between particles[32]. Sulfur could not be detected 
in the sample suggesting that volatile sulfur species such as H2S and SO2 
were formed due to the presence of steam [37]. This forms at the same 
time reactive KOH [37] that could react with the sand particles forming 

Table 1 
Elemental analysis using XRF of the initial materials after heat treatment given in wt-%. Impurities that are lower than 0.3 wt-% were not included. SUM indicates if the 
amount of the oxides of the quantified elements adds up to the sample weight.   

SUM Mg Al Si Ca Ti V Mn Fe 

LD slag  84.8  1.9  0.6  4.6  29.3  0.6  1.8  2.2  14.7 
Ilmenite  100.0  2.1  0.6  1.6  0.3  25.4  –  0.16  33.8  

Table 2 
Tested samples in the study and this composition are given in wt-%.  

Sample Material Composition (wt-%) 

IL Ilmenite 100 
ILLD Ilmenite and LD slag 50/50 
LD LD slag 100 
ILSA Ilmenite and sand 50/50 
LDSA LD slag and sand 50/50  

Fig. 1. Schematic layout of the horizontal tube furnace and the gas conditioner unit for saturated nitrogen with water.  

Fig. 2. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced ilmenite/sand (ILSA)-K2CO3 mix sample. A: Ilmenite particle, B: 
Sand particle. C: Melt of potassium silicate. 
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potassium silicate. 
Potassium and phosphorus containing salts are reported to have the 

harshest effect on Fe-oxides used as an oxygen carriers [25,36,46]. 
Consistent with the literature studies, potassium phosphate agglomer-
ated the ilmenite particles without forming any silicate species. As 
KH2PO4 has a low melting point (252 ◦C), it decomposes into KPO3 
(melting point at 807 ◦C) via Reaction (1) [47,48]. When KPO3 formed, 
it coated the ilmenite particles which caused an agglomeration. This 
observation was also reported in the literature [37]. When ilmenite was 
diluted with sand (Fig. 4), a similar case was observed. KPO3 formed a 
melt coating the particles resulting in agglomeration. Iron was detected 
in the KPO3 as iron had migrated into the flux, also seen in previous 
studies [37]. The silicon did not migrate nor react with the KPO3, the 
KPO3 only formed a layer on the particles. 

KH2PO4→KPO3 +H2O (1) 

Among these three salts, the most significant agglomeration was 
observed when KH2PO4 was used as a salt with ilmenite oxygen carriers; 
and sand dilution did not change the behavior of the salt. The agglom-
eration observed for K2CO3 (Fig. 2) and K2SO4 (Fig. 3) was associated 
with the agglomeration mechanism where the alkali salt reacts with the 
sand particles forming potassium silicate. This is in contrast to the 
samples with KH2PO4 where the agglomeration was caused by the 
decomposition of the salt to KPO3 which has a low melting temperature. 

Both K2CO3 and K2SO4 are known to increase the reactivity of ilmenite 
toward carbon monoxide [37]. The reactivity are not monitored in this 
study, so the formation of potassium silicate on the surface of the par-
ticles has an unknown effect of the reactivity. In studies using coal ash 
containing silicon and minor amounts of alkali, no decrease in the 
reactivity of the iron-based oxygen carriers could be observed, even 
though most ashes were very well known to deactivate the bed material 
[49]. Therefore, it cannot be known for certain how the potassium sil-
icate will affect the reactivity of the oxygen carrier. 

3.2. Effect of potassium salts on LD slag diluted with sand 

The phase analysis of LD slag via XRD showed that the main observed 
phase after the oxidation was Srebrodolskite (Ca2Fe2-xMnxO5), Mn 
substituted Magnetite (Fe3-xMnxO4) along with Ca bearing phases such 
as Ca-silicates. After the reduction, srebrodolskite-based phases with 
different stoichiometric ratios were the main phases along with others. 
As the amount of salt was low in the system, no significant and reliable 
difference was observed related to alkali salt-based formation. 

Since samples only containing LD slag and salts have already been 
investigated in a previous study [36] where the method, samples and 
results were almost identical to this work, only the results unique for this 
study are treated in this section. 

Like ilmenite samples, potassium was located along with Si-rich 

Fig. 3. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced ilmenite/sand (ILSA)-K2SO4 mix sample. A: Ilmenite particle, B: 
Sand particle. C: Melt of potassium silicate. 

Fig. 4. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced ilmenite/sand (ILSA)-KH2PO4 mix sample. A: Ilmenite particle, B: 
Sand particle. C: Melt containing potassium and phosphorus- KPO3- with traces of Fe, Ti and Si. 
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regions when K2CO3 was used as salt with LD slag oxygen carriers 
diluted with sand. As with ilmenite, the salt and sand formed potassium 
silicate resulting in a severe agglomeration due to the melt between the 
particles (Fig. 5). However, this strong interaction between silica and 
K2CO3 may deactivate the oxygen carriers since LD slag may consist of 
several different Fe-bearing silicates [36,50]. 

When K2SO4 was used as a salt in the LDSA system, a significant 
agglomeration was observed which was most likely caused by low 
melting point potassium silicate formation (Fig. 6). Active oxygen car-
riers were surrounded by this alkali silicate formation which may reduce 
the gas permeability of the bed material and decrease the redox capacity 
of the oxygen carrier. The interaction of the potassium-bearing species 
with silica in the LD slag may take time; however, if there is unbound 
silica in the system, the formation of potassium silicate will be easier. As 
sand dilution would increase the amount of silica in the system, it may 
also increase the risk of agglomeration. Sulfur could only be detected 
together with calcium in the sample suggesting partial formation of 
CaSO4. 

Like the ilmenite system, KH2PO4 was the harshest salt among the 
tested potassium salts on the LD slag. However, compared to the IL and 
ILSA systems where potassium and phosphorus were located together as 
KPO3 the phosphorus interacts will the calcium in the LD slag. Phos-
phorus was concentrated together with calcium and potassium around 
the LD slag. This has been observed for LD slag in previous studies and 
was observed to not affect reactivity towards carbon monoxide as 
significantly as KH2PO4 with ilmenite [36,37]. In the LDSA-KH2PO4 
system displayed in Fig. 7, there was also potassium silicate formation 
observed free of phosphorus (C in Fig. 7). This indicates that the calcium 
in LD slag acts as lime addition to prevent agglomeration in boilers 
operated with high phosphorus fuel forming high melting temperature 
Ca-K-P phase (D in Fig. 7) [51,52]. However, these samples were 
agglomerated as the previous samples with melts either of potassium 
silicates or melts containing Ca-K-P. 

3.3. Effect of potassium salts on ilmenite diluted with LD slag 

The interaction of K2CO3 and mixed LD slag/ilmenite oxygen carriers 
was like the previous cases in this study. When the combination of these 
two different oxygen carriers was used, potassium was preferentially 
located in the ilmenite particles (Fig. 8). The same phenomena were also 
observed when K2SO4 was used as a salt (Fig. 9). Potassium was mainly 
associated with the ilmenite particles and Al-Si impurities. In the 
ilmenite particles potassium iron titanates were formed that were also 

detected in the XRD pattern of the related samples as in previous studies 
[37] as with samples with only ilmenite with either K2CO3 or K2SO4. 

Sulfur originating from K2SO4 was only detected in minor amounts 
and mostly together with calcium in the LD slag particles, the same as 
observed in the LD slag diluted with silica sand sample. Besides this 
minor sulfur content, no major differences could be detected between 
the carbonate and sulfate salts. 

KH2PO4 was the harshest salt on both ilmenite and LD slag-based 
oxygen carriers when these oxygen carriers were mixed with KH2PO4 
individually. The same results were also observed for the mixed oxygen 
carrier test (Fig. 10). A significant agglomeration formed due to the 
formation of a K-Ca-P containing phase when the mixed oxygen carriers 
were combined with KH2PO4. Some potassium was observed to be in-
tegrated into the ilmenite particles, but the majority was in the Ca-K-P 
phase (C in Fig. 10). This potassium phosphate layer coated each indi-
vidual particle regardless of the type of oxygen carrier. This formation 
behaved as a network to connect the ilmenite and LD slag particles via 
covering the outer layer of the oxygen carriers. 

3.4. Overview of agglomeration and elemental composition 

An overview of the agglomeration behavior of the tested samples can 
be observed in Table 3. Here it can be observed that, as in previous 
studies, phosphate-induced agglomeration to all tested materials 
[36,37]. With K2CO3 and K2SO4 it was only the samples containing sand 
that agglomerated. In the table “severely agglomerated” particles were 
defined as the particles that were so fused to the crucible that they were 
not possible to retrieve the entire sample. “Agglomerated” particles were 
possible to recover but with some mechanical force. 

All samples were analyzed with XRF to determine the elemental 
composition of the sample after furnace exposure. The results can be 
seen in Table 4. Important to notice is that all samples analyzed were in a 
reduced state. So even if only 4 % potassium was added, the amount of 
potassium detected using XRF may be higher due to the weight reduc-
tion of the reduced sample besides the decomposition of the carbonate, 
sulphate and phosphate ions. Here it can be concluded that the overall 
concentrations of potassium in the samples are similar to each other. 
Compared to previous studies, the potassium concentration was ex-
pected to be lower in LD slag samples compared to ilmenite and mixtures 
with sand. This since LD slag doth during operation in boiler [53] and in 
laboratory scale experiments [36] has indicated that LD slag does not 
bind as much potassium to in a stabile structure compared to ilmenite 
and sand. This could indicate that the evaporation rate of potassium is 

Fig. 5. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced LD slag/sand (LDSA)-K2CO3 mix sample. A: LD slag particle, B: Sand 
particle, C: Melt of potassium silicate. 
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slow in this reaction setup where there is only a small flow of gases 
passing over the sample. 

4. Conclusion 

In this study, the material behavior of ilmenite, LD slag and their 
sand-diluted mixtures was investigated when exposed to three different 
potassium salts common in ash from biofuel. The exposures were 

executed in a fixed bed in a horizontal tubular furnace at 900 ◦C under 
reducing conditions with H2 in presence of steam. The three potassium 
salts used in this study were K2CO3, K2SO4 and KH2PO4. From the ex-
periments in this study, it was observed that potassium accumulated in 
ilmenite to a greater extent than in LD slag when LD slag and ilmenite 
were exposed together in the presence of either K2CO3 or K2SO4, no 
tendency of agglomeration could be observed. Then the mixture of ox-
ygen carriers was exposed to KH2PO4, Ca from LD slag interacted with 

Fig. 6. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced LD slag/sand (LDSA)-K2SO4 mix sample. A: LD slag particle, B: Sand 
particle, C: Melt of potassium silicate. 

Fig. 7. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced LD slag/sand (LDSA)-KH2PO4 mix sample. A: LD slag particle, B: 
Sand particle, C: Melt of potassium silicate, D: Ca-K-P phase. 

Fig. 8. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced LD slag/ilmenite (ILLD)-K2CO3 mix sample. A: LD slag particle, B: 
ilmenite particle. 
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the formed phosphate phase forming a K-Ca-P phase. This made the 
agglomeration less severe compared to when only ilmenite was exposed 
to KH2PO4 in the same conditions. 

When silica sand was used to dilute either of the tested Fe-based 
oxygen carriers, a significant agglomeration was observed with all po-
tassium salts. The agglomeration for both K2CO3 and K2SO4-containing 
samples was a result of the formation of potassium silicate with a low 
melting point. All samples with KH2PO4 agglomerated, but in different 
ways for the two oxygen carriers. When LD slag was diluted with silica 
sand, phosphorus was associated to a K-Ca-P phase while some potas-
sium interacted with silica sand forming potassium silicates. With 
ilmenite, the agglomeration was a result of the formation of KPO3, the 
same as without the presence of sand. 

To summarize, a mixture of LD slag and ilmenite could be beneficial 
for ash interaction due to the presence of additional lime. Sand for 
dilution should however be carefully evaluated if high alkali fuels are to 

Fig. 9. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced LD slag/ilmenite (ILLD)-K2SO4 mix sample. A: LD slag particle, B: 
ilmenite particle. 

Fig. 10. Back-scattered SEM and elemental mapping micrographs of cross-sections of the reduced LD slag/ilmenite (ILLD)-KH2PO4 mix sample. A: LD slag particle, B: 
Sand particle, C: Melt of Ca-K-P phase. 

Table 3 
Agglomeration of samples exposed to reducing atmosphere in a horizontal 
furnace.   

No 
salt 

K2CO3 K2SO4 KH2PO4 

LD None None None Agglomerated 
IL None None None Severely 

Agglomerated 
ILLD None None None Agglomerated 
LDSA None Severely 

Agglomerated 
Agglomerated Agglomerated 

ILSA None Severely 
Agglomerated 

Agglomerated Agglomerated  

Table 4 
Elemental composition given in wt-% detected with XRF of the samples after 
exposures in the tubular furnace. SUM indicates if the amount of oxides of the 
quantified elements add up to the sample weight.   

SUM Si P K Ca Ti Fe 

LD-ref  84.7  4.5  0.2  0.0  29.0  0.7  15.2 
LD-K2CO3  84.2  4.2  0.2  3.2  27.9  0.6  14.2 
LD-K2SO4  86.5  3.8  0.2  4.4  26.5  0.6  13.7 
LD-KH2PO4  87.8  3.6  3.8  4.1  25.9  0.6  13.5 
IL-ref  88.8  1.6  0.0  0.0  0.3  22.6  29.6 
IL-K2CO3  85.9  1.3  0.0  2.9  0.2  20.7  28.3 
IL-K2SO4  91.4  1.2  0.0  5.3  0.2  20.7  26.4 
IL-KH2PO4  90.6  2.6  4.7  4.6  13.4  10.5  18.5 
ILLD-ref  91.8  3.5  0.2  0.1  16.4  12.5  22.0 
ILLD-K2CO3  87.7  2.8  0.1  3.0  15.3  11.3  21.1 
ILLD-K2SO4  89.3  2.7  0.1  4.3  14.5  11.0  19.4 
ILLD-KH2PO4  90.6  2.6  4.7  4.6  13.4  10.5  18.5 
ILSA-ref  88.4  21.8  0.0  0.3  0.1  11.3  13.9 
ILSA-K2CO3  87.3  20.4  0.0  3.5  0.1  10.8  13.1 
ILSA-K2SO4  90.1  18.5  0.0  4.5  0.1  11.4  13.7 
ILSA-KH2PO4  81.5  14.3  4.5  4.7  0.1  9.3  11.6 
LDSA-ref  77.6  18.4  0.2  0.3  14.7  0.4  7.3 
LDSA-K2CO3  81.5  19.1  0.1  3.8  14.7  0.3  7.1 
LDSA-K2SO4  84.7  18.6  0.1  4.1  15.0  0.3  7.3 
LDSA-KH2PO4  84.9  15.4  4.5  4.5  14.4  0.3  6.8  
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be used due to the risk of agglomeration with either oxygen carrier. 
However, as potassium containing species showed a tendency to interact 
with sand rather than the Fe-based oxygen carriers, the use of sand could 
also be used to prevent the alkali interaction of the oxygen carriers by 
the formation of potassium silicate. 
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