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A B S T R A C T   

K-feldspar was utilized as bed material for fluidized bed combustion of bark, chicken manure, and their mixture. 
Bed samples were extracted after 4 and 8 h and the samples were analyzed with scanning electron microscopy to 
study the impact of P-rich chicken manure on the bed material. The results were compared to fixed bed exposures 
with different orthophosphates to investigate their influence in detail. 

The fresh bed material used for this study exhibited an uneven surface with many cavities which facilitated the 
deposition and retention of the fuel ash. Utilizing pure chicken manure as fuel led to the formation of Ca- and P- 
rich particles which accumulated in these cavities. At the same time, larger ash particles were formed which 
consisted of the elements found in chicken manure ash. The co-combustion of bark and chicken manure led to the 
interaction of the two ash fractions and the formation of a thicker ash layer, which consisted of elements from 
both fuel ashes, namely Ca, P, Si, K and S. The layer appeared to be partially molten which could be favorable for 
the deposition of ash particles and thereby the formation of a mixed Ca/K-phosphate. Fixed bed exposures of the 
K-feldspar particles with Na3PO4 or K3PO4 caused particle agglomeration which means presence of alkali- 
phosphates should be limited. 

The co-combustion of bark with chicken manure showed promising results both regarding a shift from Ca- 
phosphates to more bioavailable Ca/K-phosphates and an acceleration in ash layer formation. The formation 
of an ash layer after only 4 h of exposure with the mixture of bark and chicken manure could be advantageous for 
catalytic activation of the bed material.   

1. Introduction 

The change in global energy supply to meet the targets outlined by 
IPCC for maximum 1.5◦global warming by 2050 [1]. requires not only 
an increased use of bioenergy to replace fossil fuel dependency, but also 
a broader view on the sustainability of fuel feedstock. Important aspects 
linked to this are the planetary boundaries [2] and sustainable devel-
opment goals [3] where land use, water quality, and specifically phos-
phorus management are aspects intimately connected with biomass 
production and bioenergy. 

The global phosphorus application as fertilizers (14.2 Tg/year) is 
more than twice as high as the regional level planetary boundary (6.2 
Tg/year) (2). Phosphorus enrichment in fresh water due to runoff from 
fields is an environmental concern as accumulation of nutrients in water 

basins can cause eutrophication which can be devastating for water 
organisms [4–5]. At the same time, phosphorus was declared by the 
European Union as a critical raw material with 100 % import reliance 
and 0 % end-of-life recycling [6]. Thus, there is an increased need to 
recirculate the bioavailable phosphorus in a controlled way. 

Residual streams from biomass and food production have the pos-
sibility to play a key role in the implementation of bioenergy [7]. Some 
residual feedstocks could at the same time enable recycling of critical 
resources, like phosphorus, back into biomass production. One of these 
interesting residual streams is manure, which is a by-product from 
agriculture and farming and contains high amounts of nitrogen and 
phosphorus [8]. The combustion of such a phosphorus-rich feedstock 
can function as a pathway to concentrate the phosphorus present in the 
manure within the formed ash and even to contribute to an increase in 
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the bioavailability of phosphorus [9–13]. The ash accumulated during 
combustion could therefore be used for subsequent nutrient recovery 
which means that the combustion process can be seen as a sustainable 
process for handling manures without the loss of the valuable nutrient 
content. Ash from chicken manure combustion contained small amounts 
of toxic elements, however, the concentration was found to be within the 
limits for agricultural fertilizers [10]. According to Williams et al. [12] 
electricity production and subsequent use of fuel ash as fertilizer from 
turkey manure has had a positive effect on the environmental impact of 
manure utilization compared to the direct use on fields. 

Among the existing processes for thermal conversion of biobased 
fuels, fluidized bed combustion is a suitable method [14]. In a fluidized 
bed, a bed material, usually consisting of mineral particles of around 200 
– 250 µm diameter, is fluidized by a gas stream which enhances the heat 
distribution in the reactor. Conventionally, quartz sand is applied as bed 
material. Recent research attention has focused on alkali-feldspar [(K, 
Na)AlSi3O8] for fluidized bed applications with biomass, to limit the 
problems associated with agglomeration of quartz [9,15–21]. Additional 
to its agglomeration resistance, another advantage of feldspar is its 
inherent activity towards reducing the concentration of high molecular 
hydrocarbon species (i.e., tar). Tar represents an unwanted side-product 
occurring during the related fluidized bed gasification process [16–19]. 
Interactions of fuel ash and bed material lead to the formation of ash 
layers around the bed material particles. These layers have been 
assigned different properties depending on their composition – from 
increasing the agglomeration potential of the material [22–23] to 
enhancing its activity towards tar reforming and gasification reactions 
[17–18,24]. Bed material particle layer formation was compared in a 
review by Kuba et al. [25] for the most commonly employed bed ma-
terials, quartz, olivine, and feldspar. Outer layers formed on all materials 
by the accumulation of ash elements (i.e., inorganic elements origi-
nating from the fuel). Interactions between ash and bed material led to 
the formation of inner layers. Compared to olivine and quartz, the 
driving force for inner layer formation is weaker for feldspar, which is 
why differentiating between inner and outer layer was less clear [25]. A 
comparison between Na- and K-feldspar showed crack formation in Na- 
feldspar, which is why K-feldspar was deemed more suitable for fluid-
ized bed applications [20–21,25]. 

Layer formation on K-feldspar exposed to phosphorus-rich chicken 
manure was studied by Wagner et al. [15,26]. The difference to previous 
studies investigating layer formation on feldspar which was exposed to 
woody biomass [20–21,27], was the stronger tendency to form an outer 
ash deposition layer instead of an inner interaction layer. However, the 
authors found that utilizing a mixture of bark and chicken manure as 
fuel, amplified layer formation. This enabled a continuation of the 
experiment for the scheduled 40 h, whereas the experiment utilizing 
pure chicken manure had to be interrupted after 11 h, due to accumu-
lation of ash in the reactor. Layer formation analysis were in both cases 
conducted with samples at the end of the experiment (i.e., 11 h for pure 
chicken manure and 40 h for the mixture of chicken manure with bark). 
The difference in exposure time limits the comparability regarding layer 
formation. The same samples were utilized for the analysis of the fate of 
phosphorus performed by Häggström et al. [9] However, investigations 
on the catalytic activity of the same material conducted by Fürsatz et al. 
[18] could show that the strongest increase in surface area and H2 yield 
occurred within the first 8 h of the experiment. 

The aim of the present work is therefore to investigate the onset of 
layer formation mechanism on K-feldspar in fluidized beds. At early 
stages of the experiment, ash layers are thin and therefore challenging to 
investigate. The sample preparation method for electron microscopy 
analysis of particle cross-sections which is commonly conducted in 
studies on layer formation is embedding particles into epoxy and sub-
sequently grinding with SiC paper. The surface quality achieved by this 
technique is insufficient to study the thin layers formed after short 
exposure times. In the present study, a more sophisticated sample 
preparation method is employed which achieves a higher surface 

quality. Understanding if and how manures may present a challenge in 
thermal conversion will aid in their implementation in the fuel feedstock 
required for sustainable bioenergy. Furthermore, the specific morphol-
ogies and local conditions in the bed particles that lead to preferential 
accumulation of phosphorus are investigated. This knowledge can aid to 
facilitate a controlled layer build-up when accumulation of phosphorus 
together with layer activity is desired. Lastly, insight into the fate of ash- 
derived phosphorus could be beneficial for utilization of the ash for 
phosphorus recycling. 

2. Experimental set-up 

2.1. Bed material 

K-feldspar (87 % K-feldspar, 7 % Na-feldspar, 4 % quartz, 2 % clay 
substance) was used as bed material in the experiments. The material 
was provided by Amberger Kaolinwerke (Feldspar FS 900 S), and the 
reported bulk density was 1100 kg/m3. Prior to the experiments, the 
received particles were sieved and the range of 200 – 250 µm was 
selected. Finally, 550 g of the particles were filled into the reactor for 
each experiment. 

2.2. Fuel 

For the reported experiments, two biogenic fuels and a fuel mixture 
of those fuels were selected. Bark was chosen as a woody fuel as it is 
richer in ash compared to stem wood. Chicken manure is an especially 
ash-rich residue and contains considerable amounts of phosphorus, 
which is known to influence ash layer formation [28]. A fuel mixture of 
bark and chicken manure (0.7 kg/kg bark and 0.3 kg/kg chicken 
manure) was selected to further study the effect of phosphorus and its 
preferential accumulation during the formation of the ash layer. The 
main characteristics of the fuels are summarized in Table 1. 

2.3. 5 kW bubbling fluidized bed combustion experiments 

The combustion experiments were performed (Table 2.) in a 5 kW 
bubbling fluidized bed reactor, depicted in Fig. 1. Each experiment was 
performed with 540 g of virgin bed material and a primary airflow of 50 
NL/min and a secondary airflow of 30 NL/min to ensure full combus-
tion. The reactor was heated up electrically at a heating rate of 3 ◦C/min 
before starting the fuel feed at around 500 ◦C. The fuel feeding rate was 
around 0.7 kg/h and the aimed at operation temperature was between 
800 and 830 ◦C. A more detailed description of the fluidized bed can be 
found in the work by Öhman and Nordin [29]. For this study, bed ma-
terial samples were taken after 4 and 8 h. Samples taken at later periods 
focusing on long-term layer formation as well as ash speciation were 
reported previously [9,15,18] and will therefore not be part of this 
study. 

Table 1 
Main characteristics of the fuels and fuel mixtures, bark, chicken manure and the 
mixtures thereof which were used for this experimental campaign. [15].   

Ash content Lower heating 
value 

Deformation 
temperature 

Unit % dry basis kJ kg− 1 ◦C 
Norm EN ISO 

18122:2015–11 
EN ISO 
18125:2017–05 

CEN/TS 
15370–1:2006–12 

Bark 8.1 18,180 1160 
Chicken 

manure 
25.4 13,900 >1490 

70 % bark, 30 % 
chicken 
manure 

13.5 16,430 >1490  

R. Faust et al.                                                                                                                                                                                                                                    
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2.4. Fixed bed salt exposure experiments 

To study the impact of different alkali and alkaline-earth phosphates 
in a controlled environment, fixed bed exposures were conducted, where 
K-feldspar particles were mixed with different salts in an alumina cru-
cible. The amounts of salt added were selected to resemble the bed 
material-ash interactions as a result of ash accumulation. To gain 
comparability of the exposures, the same amount of alkali and alkaline 
earth metals (AAEM) on a molar basis was selected. 2 g of K-feldspar was 

exposed at 830 ◦C in ambient air conditions with different types of salt 
added according to Table 3. 

2.5. Materials analysis 

Scanning electron microscopy (SEM) was performed on both parti-
cles and cross-sections of the particles using a Phenom ProX SEM. For 
lower magnifications, cross-sections were prepared by embedding the 
samples into epoxy and subsequent grinding and polishing with SiC 
paper. Energy-dispersive X-ray spectroscopy (EDS) point analysis was 
conducted on several particles and the formed ash layers to obtain in-
formation about the elemental composition. For more in-depth analysis 
of the samples, cross-sections of the particles were created using broad 
ion beam (BIB) milling with a Leica EM TIC 3X. This method provides an 

Table 2 
Ash composition of chicken manure, bark, and the mixture of 70 wt% bark and 
30 wt% chicken manure. The values are presented in atomic % on an O-free 
basis. The data was obtained with XRF analysis, and the relative error of the 
given results is ± 2 %.   

Chicken Manure Bark 70B 30CM 

K  8.5  3.7  6.1 
Na  7.4  7.4  5.5 
Ca  26.4  20.5  27.5 
Mg  14.1  10.0  11.4 
Fe  0.7  4.3  2.1 
Al  2.2  12.4  6.7 
Si  5.7  36.3  20.0 
P  25.7  2.4  14.5 
S  2.8  1.4  2.9 
Cl  6.4  1.6  3.2  

Fig. 1. Schematic representation of the 5 kW bubbling fluidized bed used for the combustion experiments with indicated temperature and pressure measurement 
points. [9]. 

Table 3 
Type and amount of alkali and alkaline-earth salts (AAEM) added to 2 g of K- 
feldspar during the controlled fixed bed materials exposures performed to mimic 
the bed material-ash interactions. The selection was made on availability of 
orthophosphates.  

AAEM Salt Mass 

0.01 mol K+ K3PO4 0.73 g 
0.01 mol Na+ Na3PO4⋅12H2O 1.31 g 
0.01 mol Ca2+ CaHPO4 0.47 g 
0.01 mol Mg2+ Mg3(PO4)2⋅5H2O 1.22 g  

R. Faust et al.                                                                                                                                                                                                                                    
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improved surface quality which enables higher-resolution SEM analysis 
on around five typical particles. The particles are fixated between two 
silicon wafers with glue and polished with SiC paper prior to the BIB 
milling, as described previously [30–31]. The analysis of these samples 
was conducted with a FEI ESEM Quanta 200. To gain information on the 
composition of the formed ash layer, EDS line-scans were recorded 
which was done by recording several EDS points which were located in a 
line. Both electron microscopes were operated at 15 kV acceleration 
voltage and the back-scattered electron (BSE) signal was used for 
imaging. 

The thickness of the layers formed around the bed particles was 
investigated by using ImageJ [32]. The area of the layer was measured 
depending on the back-scattered electron contrast, as shown in Fig. 2. 
Assuming spherical particles and constant layer thickness, the radius of 
the particle without the ash layer (rp) was calculated by equation (1), 
where AT is the total area of the particle and AL the area of the layer. The 
layer thickness (dL) could then be calculated using equation (2). This 
analysis requires a sufficiently thick layer which is why it was only 
conducted for the samples exposed for 8 h to pure chicken manure and 
the mixture of chicken manure and bark. 

rp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
AT − AL

π

√

(1)  

dL =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
AL

π + r2
p

√

− rp (2) 

To obtain information about the amount of water leachable anions 
from the particles, 1 g of sample was immersed in 10 ml milli-Q water 
(L/S ratio 10) and stirred for 72 h. The solution obtained after leaching 
was analyzed by ion chromatography (Dionex ICS90) with an IonPac 
AS4A-SC IC column. 

2.6. Fact Sage calculations 

Thermodynamic equilibrium calculations were conducted with 
FactSage 7.2 [33]. The Equilib module was utilized to investigate the 
phases which are in chemical equilibrium at the conditions present in 
the system. Compositional data obtained from the EDS line-scans was 
used as input values and the elements were assumed to be present as 
oxides. To mimic the conditions, present during the combustion, the 
temperature was set to 830 ◦C and the pressure to 1 atm. 

3. Results & discussion 

3.1. Particle overview 

SEM top-views and cross-sections of fresh K-feldspar particles were 
recorded to investigate the morphology of the particles prior to exposure 

to biomass. Fig. 3 (a) and (b) show the SEM micrographs of the particles’ 
surface and cross-sections of the K-feldspar used as a bed material in the 
experiments with chicken manure initially performed by Wagner et al. 
[15]. For comparison, SEM micrographs of the particles’ surface and 
cross-sections of the alkali-feldspar used previously in similar studies in 
the dual fluidized bed gasifier at Chalmers University [16–17,20–21] are 
shown in Fig. 3 (c) and (d). As it can be seen from the micrographs, the 
K-feldspar from the current study exhibits a ragged structure [see Fig. 3 
(a)] with many cavities and a higher porosity compared to the alkali- 
feldspar used in a previous study [20–21]. A possible reason for the 
observed diverse morphology could come from the difference in 
geological origin of the two feldspar minerals. The particles depicted in 
(a) and (b) are obtained from a sedimentary deposit of kaolin and have 
undergone weathering [34]. Compared to that, the alkali-feldspar uti-
lized at Chalmers is mined from pegmatite rock from which the alkali- 
feldspar fraction is extracted [16]. The difference in morphology is re-
flected by the difference in reported bulk density which is 1100 kg/m3 in 
the present study, compared to 1400 kg/m3 for the material used in the 
Chalmers gasifier [16], which confirms the higher porosity of the ma-
terial in the present study. 

Bed material particles were collected after 4 and 8 h of operation 
with bark, chicken manure and a mix thereof. The morphology of the 
particles extracted after 8 h can be followed on the micrographs ob-
tained using SEM, shown in Fig. 4. Already after this short exposure 
time, a change in particle morphology can be observed, as the previously 
described ragged structure of the bed material is no longer visible. This 
effect seems to be independent of utilized fuel and is most probably a 
result of a combined effect of attrition and ash layer formation. The 
exposure of the bed material to chicken manure [see Fig. 4 (d)], led to 
the formation of around 20 % particles which are not original feldspar 
bed material. This can be distinguished by their morphology as well as 
their deviating back-scattered electron contrast. As their back-scattered 
electron contrast is different from the original feldspar particles, one 
could conclude that they originate from the fuel ash. They appear ho-
mogeneous in content, however, on their surface, areas containing 
multiple small particles can be seen. The addition of bark to chicken 
manure led to the formation of rounded structures at edges of the par-
ticles (e). The cross-sections of these particles reveal the absence of pure 
ash particles (f). This indicates that the addition of bark ash to chicken 
manure ash does not lead to the agglomeration of smaller ash particles to 
larger structures. Rather, the addition of bark results in a possible 
amplification of the interaction between the two ash fractions. These 
findings are in agreement with what has been observed previously, 
where the thickest ash layer was formed, in the case when bark and 
chicken manure were applied together [15]. 

Fig. 2. Illustration of the differentiation between particle and ash layer done with ImageJ: (a) shows the electron micrograph; (b) shows the total area (AT) of particle 
and ash layer; (c) shows the area selected as only the ash layer (AL); (d) provides an overview of the variables used for calculating the ash layer thickness. 

R. Faust et al.                                                                                                                                                                                                                                    
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3.2. BIB cross-sections 

Fig. 4 shows higher magnification SEM cross-section micrographs 
representing the ash accumulation on the particles’ edges after 4 and 8 h 
of exposure to bark, chicken manure and mixtures thereof. Fig. 5 (a) and 
(b) show the interaction of bark with K-feldspar after 4 and 8 h 
respectively. The figures show that bark, as a relatively ash-lean fuel 
(bark: 8.1 wt%, chicken manure: 25.4 wt%), does not lead to major layer 
formation. Instead, it can be observed that the ash interaction is mainly 
represented by accumulation of small particles in the cavities of the bed 
material which were present already in the fresh material (see Fig. 3). 
Inside the cavities, the back scattered electrons (BSE) contrast is brighter 
than in the bulk particles, which suggests the presence of compounds 
rich in heavier elements. From EDS analyses performed on the content 
inside the cavities, compounds characteristically originating from bark 
ash, such as Ca and Mg, could be found. 

Fig. 5 (c) and (e) depict the results of 4 h interaction with chicken 
manure ash and K-feldspar. The accumulation of small ash particles can 
be seen in (c) which occurs to the largest extent in the cavities, similar to 
what was observed for bark. As chicken manure contains a larger ash 
fraction than bark, more ash particles are collected within the cavities 
when chicken manure is used as fuel. The composition of the deposits 

was analyzed by EDS and an average over 10 points is shown in Table 4. 
The most abundant elements are Ca and P, which could be present as a 
calcium phosphate. Hydroxyapatite [Ca5(PO4)3OH] was previously 
found after thermal conversion of chicken manure [35–36] and is 
therefore expected even in the present case. In fact, the Ca/P ratio in 
Table 4 (1.65) is close to that of hydroxyapatite (1.67). Hydroxyapatite 
is a very stable compound and therefore only few interactions with the 
bed material are expected. Thus, only limited amounts of small ash 
particles should get retained in the bed material, as the ash particles are 
expected to only bind loosely into the cavities of the feldspar particles. 

In Fig. 5 (e), a different result for the bed material-ash interaction can 
be observed. Areas which are bright in BSE contrast can be found deeper 
inside the particle. EDS analysis revealed the presence of K and S in these 
areas, which could indicate K2SO4 formation. The presence of K2SO4 has 
been observed in previous studies with chicken manure [9,18,36–38] 
and in sewage sludge [39]. Similar structures can be observed also for 
the samples extracted after 8 h. Thus, it can be assumed that K2SO4 
forms during thermal conversion of chicken manure and accumulates 
preferentially within cavities and over time, migrates through the cav-
ities deeper into the particles. 

The addition of bark to chicken manure appears to inhibit the 
migration of K2SO4 into the particles, as can be seen in Fig. 5 (g) and (h) 

Fig. 3. SEM micrographs showing a top-view (a) and a cross-section (b) of the fresh K-feldspar particles used as bed material in the present study. For comparison, 
fresh alkali-feldspar analyzed in a different set of experiments conducted in the Chalmers gasifier [20–21] is shown as well: (c) top-view and (d) cross-section. 

R. Faust et al.                                                                                                                                                                                                                                    
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Fig. 4. SEM overviews (left) and SEM cross-sections (right) of the samples taken after 8 h of exposure to fluidized bed conditions, the used fuel being respectively: (a, 
b) 100 wt% bark, (c, d) 100 wt% chicken manure, (e, f) mixture of 30 wt% chicken manure and 70 wt% bark. 

R. Faust et al.                                                                                                                                                                                                                                    



Fuel 331 (2023) 125595

7

Fig. 5. SEM micrographs of cross-sections produced using BIB of the investigated samples. Left: 4 h samples, bark (a), chicken manure (c and e), mixture of 30 wt% 
chicken manure and 70 wt% bark (g). Right: 8 h samples, bark (b), chicken manure (d and f), mixture of 30 wt% chicken manure and 70 wt% bark (h). 

R. Faust et al.                                                                                                                                                                                                                                    
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where the brighter contrast is observed only in surface vicinity. Inter-
estingly, the water-leachable amount of SO4

2- remains constant between 
the samples exposed to chicken manure and the mixture (see Fig. 6). 
This is surprising, as the total amount of ash (and therewith the SO4

2- 

concentration) is higher in the sample where only chicken manure was 
used as fuel. This suggests that when bark is added to the chicken 
manure, the phase containing SO4

2- exhibits a higher water solubility or 
is more accessible to water during the leaching. This could be explained 
by the formation of thicker layers which was the case of the mixture 
instead of larger ash particles which were formed in the case of pure 
chicken manure. Ash compounds located as layers around the particles 
are expected to be more accessible for leaching than those located in 
larger ash particles. The formation of thicker layers possibly due to the 
addition of bark to chicken manure implies the formation of molten 
phases which could facilitate the retention of small ash particles. The 
formation of amorphous silicophosphates has previously been reported 
by Häggström et al. [9], where quartz was used as bed material. In the 
present study, the Si required for the formation of molten silicophos-
phates could have been provided by the bark which contains higher 
amounts of Si compared to chicken manure. Plant-derived Si is mostly 
present as an amorphous silicate which would facilitate its deposition 
onto the particles [40]. 

The speciation of phosphorus plays a major role regarding plant 
availability [41–43]. The formation of an amorphous phosphorus- 
containing phase could be interesting for the application of the used 
bed material as a fertilizer, because amorphous phosphorus showed a 
higher plant availability than crystalline phosphorus [10,37,44]. Alter-
natively, the formation of alkali-phosphates was found to increase the 
fertilization value of phosphorus-rich sewage sludge ash [45–46]. 
However, both the formation of amorphous phosphorus or alkali- 
phosphate could be limited if the available P is inherently bound in a 
stable Ca-phosphate [41]. This was investigated by Hannl et al. [47], 

where the addition of a K-rich fuel to P-rich sewage sludge was calcu-
lated to be beneficial for the formation of K-phosphates. The authors 
found that the formation of a molten phase could improve the kinetics 
required for the interaction of the stable Ca-phosphates originating from 
sewage sludge with K-rich fuel. Subsequent cooling would precipitate K- 
phosphates which exhibit higher plant availability than Ca-phosphates. 
In the present study, the formation of a mixed phase containing K, S, Ca, 
Si and P was found (see Fig. 7 and Fig. 8), when bark was added to 
chicken manure. The addition of Si from bark leading to the formation of 
a molten phase could therefore have facilitated the retention of Ca- 
phosphate particles and the subsequent interaction with K, which 
agrees with the mechanism described by Hannl et al. [47]. 

Based on the presented observations, depending on the content of 
ash and its speciation, the ash either accumulates and forms larger ash 
particles (as in the case of pure chicken manure) or forms layers on bed 
material either by adhesion or chemical interaction. This effect is 
amplified when ash-rich chicken manure is utilized together with bark, 
possibly because the Si from the bark interacts with the P from chicken 
manure to form silicophosphates. From the performed observations it 
can be assumed that the cavities inherently present in the bed material, 
which was utilized for this study, are the preferred sites for the onset of 
ash accumulation, including P-enriched compounds. Thus, geometrical 
artifacts and particle morphology seem to play a significant role for P 
retention. The feldspar obtained from the sedimentary deposit exhibits 
lots of cavities which appear to facilitate the deposition of ash particles. 
Therefore, if the formation of particles with a surface layer rich in P is 
aimed at, one has to exchange bed more frequently as the material loses 
its uptake capacity once the cavities are filled. When it comes to 
chemical affinity of Ca and K, P preferentially is found with Ca in the 
form of phosphates, whereas K forms predominantly sulphates. There-
fore, limiting the presence of Ca through uptake in additives or other 
forms of removal could enhance the formation of bioavailable K- 
phosphates. 

3.3. Layer analysis 

EDS line-scans were recorded on the cross-sections of the samples 
extracted after 4 h (see Fig. 9). The variations in composition within the 
ash layers is most likely caused by the heterogeneity of the fuel. The 
composition acquired from the EDS data was utilized as input data for 
thermodynamic equilibrium calculations with FactSage 7.2. The con-
ditions for the calculations were set to 830 ◦C and 1 atm and the ele-
ments were assumed to be present in the form of oxides. The results of 
the calculations are shown in the rightmost column in Fig. 9; for clarity, 
different Ca- and Mg-silicates [CaSiO3, CaMg(SiO3)2, Ca2SiO4, Mg2SiO4, 
Ca2MgSi2O7, and Ca3Mg(SiO4)2] were summarized as 
(CaO)x(MgO)y(SiO2)z. 

The figures in the first row shows the results obtained for 100 % bark. 
The SEM micrograph shows the formation of a thin layer characteristic 
for a short exposure with relatively ash-lean fuel. The deposition of 
several small ash particles can also be seen on the micrograph. The EDS 
line-scan reveals the presence of around 30 % Ca which originates from 
the fuel ash. At the same time significant amounts of elements present in 
K-feldspar (~40 % Si, ~10 % Al, and ~ 5 % K) can also be found. This 
suggests that some of the deposited particles originate from attrition of 
the bed particles. The FactSage equilibrium calculations suggest the 
formation of leucite (KAlSi2O6) and anorthite (CaAl2Si2O8) as well as 
different Ca-Mg-silicates phases. The formation of KAlSi2O6, and Ca-Mg- 
silicates is similar to what was found previously when wood was used as 
fuel and (K,Na)AlSi3O8 as bed material [20–21]. 

The result of the interaction of K-feldspar with the mixture of 70 % 
bark and 30 % chicken manure is shown in the second row of Fig. 9. In 
the recorded micrograph, a large number of small ash particles can be 
detected which are collected preferentially in a cavity on the surface of 
the bed material. Compared to the case with pure bark, the size of the 
ash particles appears bigger. The EDS line-scan shows around 20–30 at. 

Table 4 
Average EDS composition of 10 analysis points recorded on the outer deposits of 
particles exposed to chicken manure for 4 h (data normalized to an O- and C-free 
basis and shown in atomic percent).   

Na Mg Al Si P S K Ca 

Concentration [at.%]  0.2  10.1  3.4  12.7  25.9  2.1  3.2  42.4 
Standard deviation  0.4  4.1  1.1  2.7  2.3  1.1  0.9  2.9  

Fig. 6. Ion chromatography results of solubility obtained by leaching trials (L/S 
(liquid to solid ratio) = 10) of the samples of feldspar exposed to bark, a 
mixture of bark and chicken manure, and chicken manure (CM) and for 4, 
respectively 8 h. PO4

3- was not detected by the used instrument which is ex-
pected as it is less soluble and therewith less leachable with water. 
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% Ca, Si and P on the topmost 2 µm of the layer. The thermodynamic 
equilibrium calculations based on the EDS results, suggest the formation 
of Ca3(PO4)2 as a stable P-containing phase. Underneath the Ca3(PO4)2, 
the concentration of P decreases, and melt formation is found with 
FactSage. The formed melt phase could be beneficial for the deposition 
of ash particles and thereby amplify layer formation. A possible reason 
for the enhanced retention of ash-derived species could be the deposi-
tion of sticky Si which is originally in an amorphous state in biomass 
[40]. Furthermore, the formation of different sulfates was found on the 
surface of the particles, consisting of K-sulfate, Ca-sulfate, and a mix 
thereof. K-sulfate was previously found with X-ray diffraction (XRD) 
[9,18,48], and was suggested to be beneficial when utilizing the aged 

bed material as fertilizer. The addition of Na- or K-sulfate to the com-
bustion of sewage sludge is applied industrially to achieve the formation 
of Ca(Na,K)PO4 which is soluble in ammonium citrate and therefore 
plant-available [45]. 

The third row on Fig. 9 shows the result of interaction of K-feldspar 
with pure chicken manure. The previously mentioned deposition of 
small ash particles can be seen once more. Similar to the case with the 
mix of bark and chicken manure, a thin continuous layer can be detected 
on the feldspar particle. The composition of the deposited particles re-
sembles the one detected for the mix, however, when pure chicken 
manure is applied, the concentration of S in these particles is lower. This 
is unexpected, as the concentration of S is higher in the ash of pure 

Fig. 7. BSE micrograph and EDS intensity mapping of the cross-section of a particle exposed to 30 % chicken manure and 70 % bark for 8 h.  

Fig. 8. Average composition of five EDS point analysis recorded on particles exposed to 30 % chicken manure and 70 % bark for 8 h. The error bars indicate the 
standard deviation between the elemental composition of the EDS points. Points that were aggregated in the ‘Mixed Phase’ were recorded on the larger particles 
within the ash layer; ‘Deposited Ash’ denote the smaller particles in between (see Fig. 7). 
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chicken manure and a possible explanation for this could be the 
migration of K2SO4 deeper into cavities present in the particles. 
Furthermore, the measured compositions do not result in melt forma-
tion. This could hinder the deposition of ash particles and therefore be 
the reason for a comparably thinner average layer formation [15]. At the 
interface of the deposited ash particles and the bed particle, Ca5P2SiO12 
was calculated to form, which agrees with the previously suggested 
formation of silicophosphates occurring when different P-rich fuels were 
thermally converted [9,49–50]. 

The formation of a surface layer rich in ash elements after only 4 h of 
interaction time could be beneficial for the application for biomass 
gasification, where the presence of an ash-layer is required to decrease 
the concentration of tars in the product gas [16,18]. 

3.4. Thickness analysis 

To quantify the thickness of the ash layers formed around the bed 
particles, the ImageJ [32] software was used to differentiate between 
particles and layer. This was done for four particles of the samples ob-
tained after 8 h exposure to chicken manure and the mixture of chicken 
manure and bark (shown in Fig. 10). 

The results of the calculations are shown in Table 5. While the 
thickness of the ash layers formed around the particles exposed to the 
mixture were found to be around 30 % thicker, the variation is within 
the standard deviation. Furthermore, several assumptions had to be 
made (spherical particles, constant layer thickness), to calculate the 
thickness of the layer and only four particles were investigated for each 
sample. However, despite these limitations, the results can confirm the 
amplification of layer formation when the mixture of bark and chicken 

manure is utilized, because the total ash that was added to the reactors 
differs significantly between the two cases. After 8 h exposure to pure 
chicken manure, around 1.4 kg ash were added, whereas the amount of 
ash added from the mixture is about 0.76 kg. Thus, relative to the ash 
added to the system, the ash layer formation on the particles exposed to 
the mixture is about twice as thick compared to pure chicken manure. To 
achieve fast layer formation co-combustion of the two fuels appears to 
be beneficial. 

3.5. Fixed bed salt exposures 

To investigate the interaction of K-feldspar and phosphate salts of 
different alkali and alkaline earth metals (AAEM) in a more controlled 
environment, fixed bed exposures were conducted for 24 h at 830 ◦C. 
The two alkaline earth salts utilized for the exposure were CaHPO4 and 
Mg3(PO4)2⋅5H2O. Neither of the two salts showed any interaction with 
K-feldspar, which is why no micrographs are shown here. This agrees 
with the reported high chemical stability of Ca-phosphates [such as 
hydroxyapatite (Ca5(PO4)3OH)] which tend to form when fuels rich in 
Ca and P are thermally converted [35–36,44,47–48]. As apatites do not 
exhibit strong plant-availability, their formation should be avoided if 
utilization of the spend material as fertilizer is the aim [9,35,41]. The 
results of the interaction of K-feldspar with K3PO4 and Na3PO4⋅12H2O 
are shown in Fig. 11 (a) and (b) respectively. 

Although feldspar is generally considered resistant to agglomeration, 
agglomeration of the K-feldspar particles was observed in the performed 
experiments with K3PO4. The particles are agglomerated by a phase of 
brighter BSE contrast which is also present in the cavities found in the 
fresh bed material. The elemental composition of this phase has a ratio 

Fig. 9. BSE micrograph (left), EDS line-scan (middle) and thermodynamic equilibrium calculation results (right) of K-feldspar exposed to different conditions for 4 h: 
First row – 100% bark; second row − 70% bark and 30% chicken manure; third row – 100% chicken manure. 
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of K to P of about 2.5, which is close to the original K3PO4. This indicates 
that the agglomeration mechanism is melt induced as only minor in-
teractions occurred between salt and bed material [51]. As feldspar 
minerals are more prone to weathering than quartz, they exhibit more 
pores and cavities which could have been points of interaction with the 
concentrated K3PO4. A quartz particle can be found in the bottom left 
corner of the micrograph which exhibits only limited interaction with 
K3PO4, as the layer around the particle is rather thin. The limited 
interaction of SiO2 with K3PO4 is in agreement with the ash trans-
formation chemistry described by Boström et al. [52], where K prefer-
ably interacts with phosphate rather than silicate. In the case of Na3PO4, 
weaker interaction with K-feldspar is seen. Agglomeration can still be 
observed; however, the formed agglomerates are smaller in size than 
with K3PO4. According to publications on the plant-availability of 
phosphorus-rich ash, the formation of an amorphous phosphorus phase 
was found to be preferred (most available) [10,13,44]. The present re-
sults indicate that during the addition of K or Na to support the forma-
tion of an amorphous phosphate, agglomeration could be an issue. 

4. Mechanism 

The suggested interactions occurring for the three different cases of 
fuel and K-feldspar, used as a bed material that were investigated for this 
study, are schematically shown in Fig. 12. In the case of pure bark used 
as fuel (depicted on the left), Ca and Si present in bark ash led to the 
formation of a thin Ca-silicate layer, which can retain smaller particles 
caused by attrition of the feldspar particles. When chicken manure is 
added to the bark as a fuel (depicted on the top), the alkali-sulfates from 
the ash can interact with the Ca-silicate and amplify the layer formation. 
This layer is likely to be in a molten state which enables retention of Ca- 
phosphate particles from the ash. The Ca-phosphates are preferentially 
collected in the cavities present in the bed particles, where their reten-
tion enables interaction with the molten layer underneath. This inter-
action can cause diffusion of P into the molten layer. If solely chicken 
manure is utilized as fuel (depicted on the right), no Ca-silicate layer 
forms, which hampers the retention of P-rich ash particles and the ash- 
derived alkali-sulfate migrates deeper into the feldspar, where it fills 
pores and cavities. Due to the high amount of ash in the reactor, larger 
ash particles are formed consisting of phosphates and sulfates. 

Hence, the mechanism of early layer formation on the bed particles 
has a strong dependence on the fuel ash composition and the 
morphology of the bed material. The utilization of a bed material with a 
high number of cavities appears to facilitate retention of deposited ash. 
The short interaction time of the particles investigated in the current 
study led to the formation of layers consisting mostly of ash-derived 
elements and was insufficient for the formation of inner interaction 
layers. This agrees with the review on layer formation on bed material 
by Kuba et al. [25]. Feldspar was described to exhibit a weaker tendency 
to form an inner interaction layer compared to olivine and quartz [25]. 
Exposure of feldspar to P-rich fuel was found to only form outer layers on 

Fig. 10. Back-scattered electron micrographs of bed particles used for layer thickness calculations: (a) bed particles exposed to 70% bark and 30% chicken manure 
for 8 h; (b) bed particles exposed to 100% chicken manure for 8 h. 

Table 5 
Results of the ash layer thickness calculations on the samples extracted after 8 h 
exposure to the mixture of bark and chicken manure, and the samples exposed to 
pure chicken manure.   

Mixture (70 % bark, 30 % 
CM) 

100 % chicken 
manure 

Average Layer Thickness 
[µm]  

5.5  4.2 

Standard Deviation [µm]  1.4  0.7  
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bed particles [25], which was confirmed in the present study. This was 
explained by the reaction of P with fuel ash elements instead of the bed 
particles. In the present study, the interaction between ash of different 
fuels is elucidated and new insights were obtained regarding the influ-
ence of the morphology of the fresh material. 

5. Conclusion 

Based on the described results, the deposition and accumulation of 
fuel ash is dependent on the presence of uneven surfaces such as cavities 
within the particles. The presence of these cavities allows the enclosure 
of P in the form of calcium phosphate from the chicken manure ash. 
Depending on the ash composition, the calcium phosphate stays un-
changed or can further interact with the bed material. The addition of 
bark enhances the formation of an ash layer and therefore the retention 

of P on the particles. A possible reason for this could be the amorphous 
state of biomass ash-derived Si. The enhanced layer formation when the 
mixture of bark and chicken manure is utilized, can positively affect the 
development of catalytic activity of the particles. Furthermore, inter-
action of Ca-phosphate (originating from chicken manure ash) with K is 
required to obtain a more bioavailable amorphous K- and P-rich phase. 
This exchange is promoted as well by the co-combustion of bark and 
chicken manure. However, further research is required to investigate the 
bioavailability of the phosphates formed in the different cases. 

Based on the obtained results, if the goal is to accumulate P on the 
surface of the bed material, the co-combustion of chicken manure with a 
K- and Si-rich fuel is likely to be beneficial and the bed material should 
exhibit cavities which facilitate the deposition of ash particles. As the 
deposition of ash alters the morphology of the bed material, frequent 
replacement of the bed inventory is likely to augment P-retention. 

Fig. 11. SEM micrographs of the cross-section of K-feldspar exposed to K3PO4 (a) and Na3PO4 (b) in fixed bed laboratory conditions at 830 ◦C for 24 h.  

Fig. 12. Illustration of suggested mechanism of bed material/fuel ash interaction for the three different fuel cases (bark, bark/chicken manure, chicken manure).  
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The results obtained in this study are based on SEM employing a 
time-intensive sample preparation method. Therefore, only a limited 
number of particles can be analyzed which decreases the representa-
tivity of the results. However, the conclusions drawn in this study agree 
with the results obtained by previous research on the same samples. 
Thus, the details added by the methods utilized in this study provide 
valuable insight into the impact of bed particle morphology and the 
interaction of the ash fractions from bark and chicken manure. 
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