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A B S T R A C T   

The fate of phosphorus concerning its distribution in the thermal process and chemical speciation was studied 
during the co-combustion of sewage sludge with wheat straw and sunflower husks in powder combustion con-
ditions. Co-combustion experiments were performed in a lab-scale entrained flow reactor (EFR) at 1000 ◦C and 
1400 ◦C. SEM-EDS and ICP-OES analyses were used for studies of deposits collected on a probe, bottom ash, and 
particulate matter samples collected during experiments. Deposition probe samples were further studied and 
interpreted using powder X-ray diffraction (XRD) and thermochemical equilibrium calculations (TECs). The 
inorganic material in the different fuel particles mainly interacted through a molten phase observed on depo-
sition probes. Crystalline P was mainly identified in β-Ca3(PO4)2 whitlockites. TECs support the experimental 
findings and suggest that a mostly homogenous melt occurs at 1400 ◦C, whereas Fe-oxides and Ca-phosphates 
precipitate during the cooling of the formed deposits. It was found that <5 % of incoming P was collected in 
fine particulate matter (<1 µm), indicating that the majority of P can be found in deposits and bottom ash. This 
outcome implies that P recovery efforts should be focused on these ash fractions.   

1. Introduction 

Traditionally, suspension firing has focused on coal combustion, and 
as large amounts of heat and electricity have been produced by coal, this 
practice has contributed greatly to CO2 emissions. With increased 
concern for global warming, this resource must be replaced with alter-
native fuels if power plants are still to be operated. In order to lower the 
release of fossil CO2 in power and heat production, there have been 
strategies focusing on partial substitution of coal with biomass in 
existing infrastructures [1]. More recently, the complete replacement of 
coal with biomass has shown the potential for continued use of the 
power plant infrastructures while mitigating greenhouse gas emissions 
[2]. 

Residual biomass resources such as agricultural waste streams pre-
sent a global potential for heat and electricity production. However, 
agricultural residues such as straws and husks are considered problem-
atic for fuel use, mainly because of ash-related problems such as slag-
ging, fouling, and bed agglomeration [3]. Practically applicable 

methods such as additives and co-combustion have been utilized to 
decrease these problems [4,5]. 

Another material of biogenic origin is sewage sludge (SS) produced 
in wastewater treatment plants (WWTP). In a traditional sense, the fuel 
quality is low, with usually low heating value, high moisture content, 
and a large amount of inherent ash-forming inorganic elements [6]. One 
of those elements is phosphorus (P), which is interesting to recover for 
use in agriculture as fertilizer [7]. SS is also a waste material that needs 
to be properly disposed of, usually at a high cost for the WWTP owner 
[8]. Thus, thermal conversion offers the benefits of valorizing the sludge 
for both energy and resource recovery [9]. Further, hazardous organic 
material in sludges, such as pathogens and pharmaceutical residues, are 
destroyed in the process. 

Previous research has highlighted the beneficial effects of co- 
combusting SS with other fuels in order to decrease the effects of low 
heating value, high moisture, and ash-related problems [6,10,11], e.g., 
with potassium-rich fuels such as straws and husks [12]. Co-combustion 
of biomass has been studied in powder combustion for straw and woody 
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biomass mixtures [13]. The results show that reactions involving 
condensed phases are kinetically limited compared to reactions between 
gaseous ash compounds. One study was found investigating the depo-
sition behavior of wood and straw co-fired with SS [11]. 

Integrating P recovery with thermal conversion reduces the depen-
dence on mining P-rich ores and thus the overuse of these limited re-
sources. In the European Union, the potential amount of P that could be 
recovered from waste and residual materials amounts to 17–31 % of the 
annual demand [14]. The form of P determines the water solubility and 
thus the potential for a run-off with rainwater into adjacent streams and 
rivers, causing eutrophication of aquatic ecosystems [15]. Previous 
work on co-combustion of SS and agricultural residues at temperatures 
relevant for fluidized bed combustion showed that P was found in mixed 
K-Ca-phosphate compounds attributed to higher plant availability 
[16,17]. Further, previous studies of P-recovery from SS combustion 
indicate that P can exist in amorphous phases present in the ash [16]. 

Thermochemical equilibrium studies of SS and agricultural residues 
suggest the formation of mixed Ca- and K-phosphates, and possible 
precipitation from melts, at temperatures up to 1200 ◦C [18]. In a 
powder-fired boiler operating in slagging mode, i.e., at temperatures 
above the ash melting point, there may be a potential to recover P from 
the formed slag. However, if the same system is operating in dry mode, P 
would likely end up in various fly ash fractions that could cause issues by 
being only partially molten. The authors have not found studies inves-
tigating this distribution or chemical speciation of P in ash fractions 
formed during powder combustion of sewage sludge and agricultural 
fuels. 

The objective of this work is to investigate the fate of P concerning its 
distribution and resulting chemical speciation in powder co-combustion 
of sewage sludge and agricultural residues. The interaction of P with 
other ash-forming elements in ash deposits, bottom ash, and particulate 
matter was studied experimentally. The recovery potential of P was 
further assessed with support from thermochemical equilibrium 
calculations. 

2. Methods 

2.1. Materials 

The raw fuels used in the study were digested sewage sludge (SS), 
wheat straw (WS), and sunflower husks (SH). The sludge was chemically 
precipitated and coagulated using the addition of iron(II)sulfate and 
polyaluminumchloride. It was dried and sanitized at 120 ◦C in a rotary 
drier. The wheat straw was chosen as a representative agricultural res-
idue straw fuel with high amounts of K and Si. Sunflower husks were 
chosen as a potentially interesting agricultural residue for co- 
combustion because of their high K content and relatively low amount 
of Si. The fuels were hammer milled and sieved to a size fraction < 1 
mm. This size fraction was further sieved to collect a fraction between 
300 and 850 µm used in the experiments. 

Two powder blends of SS and agricultural residues were prepared: 
one consisting of 10 wt.% Sewage sludge and 90 wt.% wheat straw 
(WSS10) and the other with 15 wt.% sewage sludge and 85 wt.% sun-
flower husks (SHS15). The fuel mixing ratios were selected based on the 
stoichiometry of the ash-forming elements, as the resulting ash com-
positions allow for the formation of orthophosphates only containing 
Na, Mg, Ca, and K. Both were mixed on a dry basis (d.b.) prior to the 
experiments. The elemental analysis of the original fuels SS, WS, and SH 
with respect to their ash content (AC) and major ash-forming elements 
was performed by an accredited laboratory, where main ash-forming 
elements were determined by inductively coupled plasma with atomic 
emission spectroscopy (ICP-OES) based on ISO 16967 and ISO 16994 
with the exception of Cl that was measured using ion chromatography 
(IC) according to ISO 16994. The concentrations of inorganic elements 
in the pure fuels and the calculated ash composition of the fuel mixtures 
are presented in Table 1 on a mmol/kg basis to permit direct comparison 

between elements. Additionally, Table 1 displays the results of a CHN- 
analysis performed according to ISO 16948 by an external laboratory. 

2.2. Combustion experiments 

Combustion experiments were performed at a global air/fuel ratio 
(λ) of 1.3–1.5 in an entrained flow reactor (EFR) system previously 
described in by Wagner et al. and shown in Fig. 1 (left) [19]. It consists 
of an electrically heated reaction tube made of alumina (DEGUSSIT 
AL23), the inner diameter is 70 mm and total length 2100 mm. The 
bottom of the tube was positioned in a cooling jacket to prevent me-
chanical failure of the support. The tube was externally heated by 
electrical wall heaters controlled by a computer. Two process temper-
atures were used in this study, 1000 and 1400 ◦C, set by the electrical 
wall heaters. These temperatures were selected to represent boundary 
conditions for the comparison with previous experimental studies in this 
and other pulverized conversion systems [20–22] and to compare the P- 
recovery potentials in the generated ash and residue fractions with 
previous studies using the same fuels [16–18]. 

Fuel particles and gas were introduced at the top of the reactor 
through a McKenna-style burner, although no support flame was used in 
these experiments. The burner setup consisted of a central tube of 6 mm 
where fuel and carrier gas were added. Fuel was fed at a calibrated rate 
of 225 g/h together with carrier gas N2 at 0.75 ln/min. Outside this tube, 
a 50 mm primary air zone added combustion air at 24 ln/min sur-
rounding the fuel. An additional gas flow of 1.0 ln/min N2 was added to 
the shroud to protect the reactor tube. The burner setup and the reactor 
functionality with respect to the relevant parameters for studying the 
ash transformation chemistry are outlined and described further by 
Wagner et al.[19]. 

2.3. Sampling procedure 

A sampling port located 700 mm from the reactor exit was used for 
the insertion of a deposition probe, similar to the description by 
Holmgren et al. and schematically shown in Fig. 1 (right) [22]. The 
probe consisted of a circular 25 mm diameter alumina plate mounted on 
an alumina rod. Under the plate, a thermocouple was mounted to 
measure the temperature simultaneously. Typically, the measured 

Table 1 
CHN-analysis, ash content (AC), and main ash-forming elements in the pure fuels 
and the fuel mixtures. The standard deviation is based on an entire population of 
three ICP-OES samples per raw fuel ().  

Parameter Unit SS WS SH WSS10 SHS15 

C wt.% d.b. 37.9 47.5 51.3 46.5* 49.3* 
H 5.2 5.8 6.3 5.7* 6.1* 
N 5.1 0.4 0.7 0.9* 1.4* 
AC 32.8 ±

0.0 
4.1 ±
0.0 

2.8 ±
0.1 

7.0* 7.3* 

Na mmol/kg d. 
b. 

104 ± 2 2 ± 0 < 0.5 12* 16* 
Mg 155 ± 1 29 ± 0 72 ± 2 42* 84* 
Al 561 ± 2 6 ± 0 1 ± 0 62* 85* 
Si 1023 ±

5 
330 ±
6 

11 ± 0 399* 163* 

P 934 ± 5 19 ± 0 23 ± 1 111* 160* 
S 378 ± 5 20 ± 0 39 ± 1 56* 90* 
Cl 27 ± 0 57 ± 0 10 ± 0 54* 13* 
K 100 ± 1 210 ±

3 
190 ±
3 

199* 177* 

Ca 678 ± 5 69 ± 1 89 ± 3 130* 177* 
Ti 88 ± 2 1 ± 0 1 ± 0 9* 14* 
Fe 951 ± 4 2 ± 0 2 ± 0 97* 145* 
Zn 8 ± 0 < 0.5 < 0.5 1* 1* 
Other 13 ± 0 1 ± 0 1 ± 0 2* 3* 
Ash sum mmol/kg 

d.b. 
5020 747 441 1174* 1128* 

* Calculated value based on the measured average values of SS, WS, and SH. 
Adapted from [16,17] 
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temperature was 20 ◦C below the set temperature of the wall heaters. 
The circular probe surface was mounted perpendicular to the flow to 
maximize the collection of falling particles. The probe was kept in the 
flow for 30–60 min in order to collect ~ 1 g of material depending on the 
ash content of the fuel mixture. After this time, the probe was withdrawn 
from the reactor tube and quench cooled in a nitrogen atmosphere for 
15 min. For analysis, the circular deposition probe samples were split 
into 4 pieces and prepared according to the analysis procedure. 

Samples collected in the bottom ash collector vessel comprised 
partially converted char and ash residues; henceforth, this fraction is 
referred to as bottom ash. Each bottom ash sample was split into frac-
tions and prepared specifically for each performed analysis. Elemental 
analysis was performed using ICP-OES/MS (ISO 16967 and ISO 16994) 
and IC for Cl (ISO 16994) on the bottom ash and deposit probe material 
to determine the distribution of main ash-forming elements. Bottom 
ashes were characterized with an elemental analyzer (Eurovector 
EA3000) to determine the carbon content. 

A 13-step DEKATI low-pressure impactor was used to collect par-
ticulate matter (PM) from the exhaust gases through an isokinetic 
sampling point located in a horizontal section after the reactor outlet 
and bottom ash collection. One impactor sampling was performed per 
fuel and temperature setting due to the limitation of time for reaching a 
steady temperature of the impactor within the experiment period suit-
able for deposit collection. The impactor was heated to 110 ◦C to prevent 
water condensation during sampling. Prior to each impactor measure-
ment, a total PM filter measurement was conducted to estimate the 
appropriate sampling time to prevent the overloading of impactor 
stages. The resulting sampling times were 2–5 min, depending on the 
particle loading of the total PM sampling. The different stages separate 
ash particles according to the aerodynamic diameter in the range of 
0.03–10 μm. Aluminum foils were used as substrates. The 13 stages were 
further categorized into fine PM (stage 1–7) and coarse PM (stage 8–13) 
based on the bimodal particle size distribution. Stages 1–7 consisted of 
submicron ash particles (<1 μm), and stages 8–13 contained particles >
1 μm. 

2.4. Scanning electron microscopy 

The morphology and elemental composition of collected samples 
were analyzed by scanning electron microscopy using a JSM-IT300 
(JEOL, Japan) with a backscattered electron (BSE) detector operating 
in low-vacuum mode (100 Pa). It was equipped with an X-Max 80 de-
tector (Oxford Instruments, UK) for energy-dispersive X-ray spectros-
copy (EDS) analysis for elemental quantification. The included elements 

were K, Na, Ca, Mg, Ti, Fe, Zn, Al, Si, P, S, and Cl, excluding C and O due 
to their presence in sample mounting materials. 

Deposition probe samples were encased in epoxy and subsequently 
polished for analysis of cross-sections. Bottom ash and PM were instead 
mounted on adhesive carbon tabs prior to analysis. The elemental ana-
lyses were performed by collecting points, areas, and maps over the 
sample surface at low (80×) and high magnification (500× or 2000×). 
For the PM, elemental analyses were performed on material collected at 
stages 5 and 10, representing material below and above 1 µm, 
respectively. 

Representative sites for analysis of the bulk of the sample were 
chosen according to spatial distribution over the sample surfaces at the 
lowest magnification level. The average of several (≥5) elemental maps 
over these sites was used to determine the bulk composition. For a 
detailed analysis of the local composition, point analyses of specific sites 
were performed at the higher magnification levels. 

2.5. X-ray diffraction analysis 

Crushed samples from the deposition probe samples were the subject 
of structural analysis using X-ray diffraction analysis employing a 
PANalytical Empyrean diffractometer using Cu Kα radiation and a Pix-
el3D array detector. The scan was performed in a 2θ-range from 10 to 
70◦, with a scanning interval of 0.007◦. The scan was repeated twice to 
reduce the effect of noise signal. The PANalytical software HighScore 
Plus 4.9 with the ICDD PDF-4 database was used for the qualitative 
evaluation of diffractograms, i.e., the crystalline phase identification. 
The quantification of the crystalline phases was performed applying 
Rietveld analysis for the identified phases, a mathematical pattern- 
fitting method integrated in the software. Bottom ash samples were 
also analyzed, but the amount of amorphous signal made certain iden-
tification of compounds in the inorganic matter impossible. 

2.6. Quantification of P and K release 

The fractions of fuel P and K found in fine and coarse PM were 
calculated using the mass and element concentration of collected par-
ticles in the impactor, together with the flow of elements in the fuel 
based on fuel feed rate and element concentration. The fraction of 
extracted flue gases was normalized to the calculated flue gas flow using 
the flow of fuel, air, and auxiliary gases. The release was calculated 
through: 

Fig. 1. CAD rendering of the entrained flow reactor (left, adapted from [19], with the permission of AIP Publishing) and the probe inserted via the optical port in the 
lowest vertical position (right, adapted with permission from [22]. Copyright 2018 American Chemical Society). 
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Ri = 100 ×

(
mr

mf
×

wr
i

wf
i

)

where the release rate of element i (Ri) during the combustion process is 
calculated using the mass and the concentration of element i in the fuel 
fed into the reactor (mf, wi

f) as well as the mass and the concentration of 
element i in the resulting collected ash in the impactor (mr, wi

r). The 
resulting P and K fractions in the fine PM are assumed to originate from 
elements condensed from the gas phase, i.e., directly corresponding to 
the P and K released during thermal conversion. 

2.7. Thermochemical equilibrium calculations 

FactSage 8.0 was used to perform thermochemical equilibrium cal-
culations (TECs) evaluating the equilibrium state of the ash-forming 
elements on the deposition probe. The TECs are performed for both 
investigated process temperatures and as cooling calculations employ-
ing the FactSage-integrated tools of equilibrium cooling (EC) and Scheil- 
Gulliver (SG) [23]. While both cooling models use the oxide melt as 
target phase, the total mass balance during equilibrium cooling is con-
stant while phases precipitated during Sheil-Guliver cooling are 
removed from the total mass balance. Both models were employed to 
identify effects of solid-melt interaction on the precipitation behavior. 

The database setup used GTOX (stoichiometric solids, solution pha-
ses, gas phase) as the primary database and SGPS (stoichiometric solids, 
gas phase) as the secondary database. GTOX was selected due to its 
improved applicability in P-rich systems [24]. As the GTOX model is 
based on the pure substance data of SGPS, the latter was selected as the 
secondary database for compatibility reasons. The element input for the 
TECs represented the results of the EDS analysis of the deposition probe 
samples in combination with the flue gas of a lean combustion system 
with λ ≈ 1.2, i.e., 61. vol.% N2, 20 vol.% CO2, 15 vol.% H2O, and 4 vol.% 
O2. The considered elements, solid solutions, and the corresponding 
database source are shown in Table 2. 

3. Results and discussion 

3.1. Elemental distribution 

The bulk compositions of the ash deposition probe samples are 
shown in Fig. 2. Al was excluded from the analysis since it was noticed 
that alumina from the probe surface had reacted with the deposits to 
varying degrees for the different fuels. This possibly results from sample 
preparation where the ash material was fused to the alumina surface. 

P concentrations in the deposition probe samples are slightly lower 
at 1400 ◦C compared to 1000 ◦C for SS, likely caused by an increased P 

volatilization at 1400 ◦C, although the change is small. The co- 
combustion cases display similar P concentrations at both tempera-
tures, indicating that any P that will be volatilized has already been 
removed from solids and liquids at 1000 ◦C. The temperature depen-
dence of the K concentration followed the opposite trend by fuel 
composition as K concentrations in SS remained similar, but WSS10 and 
SHS15 displayed a higher depletion at 1400 ◦C. The low degree of K 
volatilization from SS suggests that K is already largely bonded in stable 
compounds in the fuel, such as K-Ca-phosphates or K-aluminosilicates. 
In WSS10 and SHS15, it is likely that the anion formers Si and P react to 
bond K in silicate and phosphate structures that may decompose at 
1400 ◦C, thereby reducing the K present in those deposits. For SHS15, 
this effect can mostly be attributed to the phosphate formation since Si is 
present in lower relative amounts. Observing that the Si concentration 
increases slightly with temperature for SHS15 and WSS10 could indicate 
relative retention of Si in comparison to volatile elements. Na and Mg 
were slightly enriched at higher temperatures for most samples, and a 
similar trend was observed for Ca. However, the shares and trends for Na 
and Mg are within a range where the effect of volatilization of other ash- 
forming elements and analysis uncertainty are in the same order of 
magnitude. Cl and S could not be found above the detection limit, 
indicating complete volatilization at these temperatures. Overall, the 
results show that the pronounced trends for element depletion are in line 
with previous experiments for Cl and S [16]. For K, the origin from 
agricultural residues seems to play a larger role than seen in thermo-
dynamic equilibrium, possibly because parts of K are unable to react 
with the anion-rich SS ash [18]. 

The elemental concentration trends observed in the ash deposition 
probe samples are similar to those identified in the bottom ash material 
(see Fig. 3). There is a clear trend of increasing Si concentration with 
temperature, indicating the volatilization of other elements. Although 
small, this trend can also be observed for WSS10 and SHS15, where K 
and P decreased with higher temperature, again indicating release to the 
gas phase. Similarly, S and Cl were volatilized to a higher degree at the 

Table 2 
Elements, databases, and solution models considered in the thermochemical 
equilibrium calculations (TECs).  

Elements H, C, N, O, Na, Mg, Al, Si, P, S, K, Ca, Ti, Fe 

GTOX (primary) SLAG: oxide melt containing O, Na, Mg, Al, Si, P, S, K, Ca, Ti, and 
Fe 
ALPM: ALPO4 with solubility for SiO2 

CMP: Ternary (CaO, MgO, P2O5) phase 
C3PL: β-Ca3(PO4)2 with solubility for MgO 
CORU: (Al, Fe, Ti)2O3– phase 
FSPA: Feldspar in Al2O3-K2O-Na2O-Fe2O3-SiO2 system 
PSBR: Pseudobrookite-Titanate incl. Ti3O5, FeTi2O5, Fe2TiO5, 
MgTi2O5, Al2TiO5 

KN2P: K4P2O7-Na4P2O7 solid solution 
RUTI: TiO2-Ti solid solution 
SIOM: SiO2 with solubility for AlPO4 

GARN: Ca3(Al,Fe)2Si3O12-phase 
MULL: Binary Al2O3-SiO2 phase with solubility for FeOx 

SGPS 
(secondary) 

Pure stoichiometric gas and solid phases  

Fig. 2. Elemental composition (wt.%) of ash deposition probe samples and the 
reference fuel ash, presented on a C-, O- and Al-free basis, based on ICP-OES 
and IC analysis. 

Fig. 3. Elemental composition (wt.%) of bottom ash material and the reference 
fuel ash, presented on a C- and O-free basis, based on ICP-OES and IC analysis. 
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higher temperature as well for all fuels. In SS, the concentration of K 
increased with temperature, potentially being captured in aluminosili-
cate compounds. Partial presence of S and Cl indicates that the bottom 
ashes are not fully converted. An evaluation of the compositional trends 
in the bottom ashes suggests that SS-ash in the mixtures SHS15 and 
WSS10 is overrepresented, leading to an overall increased share of Al, 
Fe, and P in comparison to the fuel ash composition. 

The elemental composition of the coarse PM fraction is presented in 
Fig. 4. The concentration of P increases with increasing temperature, 
possibly a result of volatile P-species condensing on or being captured by 
larger particles. The same, but to some extent weaker correlation can be 
seen for K and Na. S and Cl concentrations decreased with temperature 
indicating vaporization to gaseous compounds or dilution by the higher 
concentrations of P present at a higher temperature. Their presence in-
dicates a condensation of S and Cl species during the cooling of the 
particles. The decreasing concentrations of Ca, Mg, Si, Al, Zn, and Fe 
with temperature indicate a relative enrichment of some species (Na, K, 
and P). 

The fine PM fraction contained elements assumed to originate from 
volatilization. The elemental composition is presented in Fig. 5. It can be 
noted that Na and P experience a relative enrichment with temperature, 
while S and Cl concentrations decrease with temperature. K concen-
tration also decreases with temperature for the K-rich WSS10 and 
SHS15. This is likely not an absolute decrease but an effect of increasing 
P amounts. The trends indicate that at lower temperatures K and Na 
mainly associate with Cl and S, while at the higher temperature, the 
association with P increases. This could possibly also release Cl and S as 
acid gases condensing with water at lower temperatures. Somewhat 
unexpected, Si concentrations in SS at 1000 ◦C appear inconsistent with 
the commonly low volatilization of Si should volatilize at 1000 ◦C. As 
expected, only small concentrations of Mg, Al, Ca, Ti, and Fe were found 
in the fine PM. Compared to the coarse fractions (deposits, bottom ash, 
and coarse PM), it is apparent that K, Cl, and S were enriched to a greater 
extent, indicating that these elements volatilize to a larger extent than 
the others. 

3.2. Morphology and spatial element distribution 

The morphology of ash collected on the ash deposition probe (Fig. 6) 
was significantly affected by the process temperature. Ash deposited at 
1000 ◦C appeared as discrete particles that sintered together. This 
formed disc-shaped agglomerates where the fuel composition affected 
the degree of sintering, although all of them could easily be broken apart 
by hand force. SS appeared most heavily sintered with a clear red hue, 
likely originating from hematite present in the ash. WSS10 appeared as 
an inhomogeneous mixture of different color particles, possibly indi-
cating separate ash particle deposition from WS and SS. SHS15 was 
clearly distinguished by red particles, likely originating from SS, and 
yellow particles attributed to the SH. The yellow particles were 

noticeably smaller in size and did not adhere to the red particles. At 
1400 ◦C, the deposits appeared as solidified melts with no presence of 
individual particles, indicating complete melt formation inside the 
reactor. During cooling, the melt was separated into regions of different 
colors. The surfaces were convex and beaded, indicating a high viscosity 
of the molten material. 

The samples collected from the bottom ash were not fully converted 
and still contained visible carbon material. Bottom ash samples con-
tained individual particles with no obvious signs of interconnected ag-
glomerates. At 1400 ◦C compared to 1000 ◦C, more particles had a fully 
converted exterior indicating a slightly higher carbon conversion. This 
indicates that full fuel conversion was not achieved for all fuel particles 
during the particle residence time for the reactor. However, the carbon 
content of the material was low (see Table 3), suggesting close to full 
conversion, with the highest one at 10 % for SHS15 collected at 1000 ◦C. 

The typical morphology of collected ash deposition samples is pre-
sented in Fig. 7, Fig. 8, and Fig. 9. At 1000 ◦C, all the collected samples 
appeared as agglomerates with interlinking particles in the size range of 
200 – 400 µm. Agglomerates in WSS10 and SHS15 appeared with more 
linkages compared to SS. The particles clearly contained voids and 
bubble inclusions, indicating a limited amount of plasticity at the con-
version temperature. In all samples, Fe was found in exclusions at a 
higher concentration close to surfaces and grain boundaries, potentially 
driven by an oxygen concentration gradient. On the microscopic scale, 
the SS showed a highly inhomogeneous appearance. In most regions, Ca 
was positively correlated to P, while in others, P, Al, Si, and Fe were 
found together with smaller amounts of Ca. Regions highly enriched in 
Si were also noted, most likely originating from quartz in the SS. Except 
for the Fe-exclusions, Si was present in significant amounts at all points. 
The obtained spatial distribution shows that phenomena seen in previ-
ous single pellet studies occur also in the EFR system [16]. For WSS10 
and SHS15, similar trends were found, with the addition of regions high 
in P and K in addition to the areas enriched in P, Si, Ca, Al and Fe. K also 
appeared in regions with Al and Si, possibly in aluminosilicates. In the 
WSS10 sample, regions exclusively containing K and Si were found as 
coatings on other particles, most likely derived from the WS. Some areas 
in SHS15 were found highly enriched in Mg, likely originating from the 
SH fraction of the fuel not interacting with the SS fraction. This can also 
be seen in Fig. 6 as yellow powder between the red SS-derived particles. 

At 1400 ◦C, all samples appeared as mostly homogenous slags with 
potential crystal inclusions spread over the cross-sections. At the edges 
that had previous contact with the alumina sample holder, higher 
amounts of Al were detected, possibly originating from material inter-
action or contamination. 

When the deposition samples collected at 1400 ◦C were examined at 
higher magnification levels (Fig. 9), it was clear that crystallization and 
precipitation occurred, most likely during cooldown. In all samples, 
there were areas with 2 different compositions in close proximity in 
addition to the crystals. They appeared as banded structures with clear 

Fig. 4. Elemental composition (wt.%) of coarse PM fraction and the reference 
fuel ash, presented on a C- and O-free basis, based on ICP-OES and IC analysis 
(fuel ash) and EDS measurements (coarse PM fraction). 

Fig. 5. Elemental composition of fine PM (<1 µm) fraction and the reference 
fuel ash, presented on a C- and O-free basis, based on ICP-OES and IC analysis 
(fuel ash) and EDS measurements (fine PM fraction). 
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contrasting regions. This indicates that a congruent melt is separated 
into two incompatible melts during the cooling process. 

In SS, the large bright, hexagonally shaped areas were characterized 
by high Fe levels, most likely iron oxides in the form of hematite. The 
slightly darker grey areas were characterized by high shares of Ca, Fe, 
and P, together with smaller amounts of Si, Al, Mg, and K (presented in 
the order of abundance on a molar basis). The darkest area, the back-
ground, consisted of higher levels of Si and Fe, while P, Ca, and Al 
existed in lower concentrations. This should be interpreted as a possible 

crystallization pathway, where the initially homogenous melt was 
cooled down, precipitating a Fe-oxide phase together with a Ca-P-rich 
phase. The remaining part likely contains an amorphous Si- and Fe- 
rich material. It is also possible that the Ca-P-rich phase and Si-rich 
phase represent congruent components that are amorphously solidify-
ing in the vicinity of each other. Observing the smooth shape of the light 
grey area in SHS15 (Fig. 9) and its linear orientation could be the result 
of the Fe exclusion changing the composition and thus causing the 
phases to separate. Since the areas are very small and in the range of the 
interaction volume of the electron beam, exact elemental quantification 
of these areas was omitted in this paper. 

For WSS10, the trends were similar to SS. Bright parts also consisted 
of highly Fe-enriched areas. The slightly darker grey areas were enriched 
in Ca and P, with smaller amounts of Si, Fe, Al, Mg, and K. The dark grey 
bulk of the sample was highly enriched in Si, together with smaller 
fractions of Al, P, Ca, K, Fe, and Mg. 

In SHS15, again, the same general trends were observed. However, in 

Fig. 6. Appearance of ash deposition probe samples for different fuels and temperatures.  

Table 3 
Carbon content in bottom ash material as measured with an elemental analyzer, 
presented as the average of 3 measurements.  

Carbon content (wt.%) SS WSS10 SHS15 

1000 ◦C  5.0  4.6  10.5 
1400 ◦C  2.4  2.3  6.8  

Fig. 7. BSE-SEM micrographs and EDS-mappings (P, Si) for cross-sections of ash deposition probe samples generated at 1000 ◦C of the fuels SS, WSS10, and SHS15 
displaying structures/regions with distinct characteristics. 
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this sample, the Fe-rich bright area was clearly arranged in a dendritic 
cubic pattern, indicating that the iron phase might be different from the 
previously observed hexagonal one. Like the other samples, the light 
grey areas were enriched in Ca and P, with lower amounts of Si, Al, Fe, 
Mg, and K. The darkest areas had the highest amount of Si, followed by 
Al, P, K, Ca, Fe and Mg. 

Studies of the bottom ash material in a more detailed view, as 

depicted in SEM micrographs in Fig. 10 & Fig. 11, showed that the 
dominant carbonaceous matrix had grains of partially molten material. 
In the SS-derived material, some areas with molten structures were rich 
in Fe, P, and Ca. In mixtures, molten areas with increased levels of K and 
Si were found, indicating a WS or SH origin. In all samples, discrete 
particles with either SS, WS, or SH elemental composition were found, 
meaning that limited interaction occurred during the fuel conversion. In 

Fig. 8. Overview BSE-SEM micrographs for polished cross-sections of ash deposition probe samples generated at 1400 ◦C of the fuels SS, WSS10, and SHS15 dis-
playing structures/regions with distinct characteristics. The sample edges were facing the alumina plate. 

Fig. 9. BSE-SEM micrographs and EDS-mappings (P, Fe) depicting typical close-ups of the ash deposition probe sample cross-sections generated at 1400 ◦C of the 
fuels SS, WSS10, and SHS15. 

Fig. 10. BSE-SEM micrographs for typical appearance in the bottom ash material for all fuels at 1000 ◦C.  
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some areas, molten ash with a composition resembling WS and SH was 
found smeared on SS-derived particles. Since the material appeared 
mostly inhomogeneous, it can be assumed that the element interaction is 
limited to interaction volumes of these areas. The appearance of a 
different kind of molten material was found in SS at 1000 and 1400 ◦C 
and WSS10 at 1400 ◦C, where hollow cenospheres rich in Fe, P, Ca, Si, 
and Al appeared to a larger degree. These likely stem from the com-
bustion of SS particles, as previously reported in literature [25]. The 
spatial distribution of ash-elements across the bottom ashes shows that 
its mainly the distribution of Si that impacts the presence of these 
cenospheres. Notably, Si in the SHS15 bottom ash was mostly found as 
discrete particles embedded in the ash matrix, and cenospheres in SS and 
WSS10 were enriched in Si compared to the bulk ash. 

3.3. Phase composition in ash deposition probe samples 

The identified and quantified crystalline compounds in the deposi-
tion probe samples are presented in Table 4. P was found mainly as 
whitlockite β-Ca3(PO4)2 structures at both temperatures for all samples 
except SS at 1400 ◦C, where hydroxylapatite was also found. The 
whitlockites identified in SS samples were associated with Fe- and Fe- 
Mg-substitutions in the whitlockite structure. Similarly, Mg-substituted 
whitlockite was found in SHS15 samples. In the case of WSS10 at 
1000 ◦C, K-Mg-substituted whitlockite was found. In experiments per-
formed with the same fuels at a lower temperature of 800 and 950 ◦C 
[16] in fixed bed pellet combustion, CaKPO4 was found in SHS15 at both 
temperatures and WSS10 at the lower one. The explanation for its 
absence in these experiments might be the limited interaction time for 

discrete particles entrained in the flow and little particle interaction in 
the deposits. Interaction in the molten deposits seems to favor the 
crystallization of other P compounds richer in Ca. One clear difference 
between the temperatures for all samples is the lack of silicates and 
aluminosilicates at higher temperatures. This trend indicates that Si 
ends up in the amorphous phase. Another difference is the shift from 
hematite at 1000 ◦C to magnetite at 1400 ◦C for WSS10 and SHS15. This 
observation further supports the assumption that quadratic Fe crystal 
structures seen in the SEM were magnetite crystals. The finding of the 
MgFeAlO4 spinel indicates that in this relatively Mg-rich composition, 
spinel and magnetite might exist in solid solutions. It should be noted 
that the quantified amounts refer to crystalline matter, and comparisons 
between temperatures and samples are not straightforward. The 
amounts of orthophosphates were higher in samples collected at 
1400 ◦C, which is likely not an absolute increase, but originated from the 
dissolution of Si and Al compounds into the amorphous phase. 

3.4. Thermochemical equilibrium calculations 

The results of the TECs for the ash on the deposition probe confirmed 
the observations obtained in the experimental analyses. Table 5 shows a 
large difference between both process temperatures in melt quantity and 
predicted melt composition. For SS at 1000 ◦C, the melt coexists with 
large quantities of orthophosphates, i.e., AlPO4 and β-Ca3(PO4)2, as well 
as feldspars and Fe2O3. At 1400 ◦C, solid phases are mostly incorporated 
in the melt, and only residual feldspar structures are predicted in the 
solids. WSS10 starts with >99 % of P already in the melt at 1000 ◦C, 
leaving mostly Fe2O3, nesosilicates, and feldspars in the solids. Except 

Fig. 11. SEM micrographs for typical appearance in the bottom ash material for all fuels at 1400 ◦C.  

Table 4 
Phases identified and quantified in ash deposition probe samples using XRD.  

Ash deposition probe 1000 ◦C 1400 ◦C 

samples SS WSS10 SHS15 SS WSS10 SHS15 

Ca5(PO4)3OH (hydroxylapatite)    15–20   
β-Ca3(PO4)2 (whitlockite)     70–75  
Ca9Fe(PO4)7 (Fe-whitlockite) 50–55      
Ca9KMg(PO4)7 (K-Mg-whitlockite)  45–50     
Ca2.71Mg0.29(PO4)2 (Mg-whitlockite)   40–45   60–65 
Ca18.53Fe0.4Mg1.6(PO4)14 (Fe-Mg-whitlockite)    45–50   
SiO2 (quartz) 5–10 5–10  0–5   
SiO2 (cristobalite)  0–5     
K(Fe,Al)Si3O8 (sanidine)   10–15    
KAlSi2O6 (leucite)  20–25 20–25    
Na1.7Al1.9Si92.4O192     *  
MgFeAlO4      20–25 
α-Fe2O3 (hematite) 40–45 20–25 20–25 30–35   
Fe3O4 (magnetite)     20–25 10–15 
* denotes that the compound was identified but not quantified  
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for feldspars, all condensed phases are part of the melt at 1400 ◦C. For 
SHS15, the TECs at 1000 ◦C indicate a similar melting behavior as the SS 
1000 ◦C case, with elevated shares of K and Ca in the melt. Even with the 
compositional difference between SS 1000 ◦C and SHS15 1000 ◦C ash on 
the deposition probe, a mixed system of orthophosphates, feldspars, and 
Fe2O3 remains in the solids. At 1400 ◦C, all condensed phases are part of 

the melt, except for parts of the feldspars. 
The suggested stability of feldspars at 1400 ◦C when most other ash- 

forming elements are part of the melt is a direct consequence of the 
temperature-dependent changes for an individual fuel ash composition, 
i.e., the decreased share of K and an increase in the Al-share at 1400 ◦C. 
The calculations showed that the decreased share of K in the deposition 
samples must be expected as K in the fuel ashes of WS and SH is vola-
tilized up to 80 % during the combustion if it cannot be bound in the 
condensed phase by fuel ash elements in the SS-fuel. 

Cooling of the formed melts at both temperatures showed large dif-
ferences between the individual fuels and in dependence on the chosen 
cooling model. The precipitation curves of the deposition probes at 
1400 ◦C are shown in Fig. 12. In all cases, the SG-model, which excludes 
solidification through the interaction of solid and molten compounds, 
showed a lower temperature for the final disappearance of melt than the 
EC-model. All melts formed at 1000 ◦C display their final solidification 
in the EC-model around 780 ◦C. Melts formed at 1400 ◦C disappear 
between 980 and 1020 ◦C in the EC-model. As the EC-model may form 
the most stable phases using the entire elemental composition (gas +
solids + melt), the discrepancy in the melting behavior is caused by the 
compositional difference in the deposition probes for an individual fuel. 
The SG-model displays a larger difference in the final solidification 
temperatures, ranging from 500 to 620 ◦C for melts formed at 1000 ◦C 
and from 520 to 1020 ◦C for melts formed at 1400 ◦C. 

Comparing the results of SG- and EC-cooling calculations for an in-
dividual deposition probe composition shows that the precipitation of 
SG-melt at lower temperatures is hampered by a deficiency of cations in 
the melt to form stable solid compounds. While the EG-model utilizes 
silicates and Ca-rich phosphates in the solids to enhance the solidifica-
tion of anion-formers in the melt, SG-melts may deplete in cation- 

Table 5 
Melt characteristics in thermochemical equilibrium of the deposition probe 
samples at the process temperatures.  

Fuel Process 
temperature 
(◦C) 

Melt share of 
the condensed 
phases 
(wt.%) 

Melt 
composition  

(wt.%, O-free) 

Initial 
immiscibility 
gap? 

SS 1000  27.5 26 Si, 26 Fe, 25 
P, 9 K, 7 Al, 6 
Mg, 1 Ca 

No 

1400  93.3 31 Fe, 19 P, 19 
Ca, 13 Si, 10Al, 
3 Mg, 2 K 

Yes 

WSS10 1000  62.4 35 Si, 23 K, 17 P, 
11 Ca, 8 Fe, 5 
Mg 

Yes 

1400  83.9 29 Si, 22 Fe, 17 
Ca, 12 P, 7 K, 7 
Al, 3 Mg 

Yes 

SHS15 1000  27.1 24 P, 21 Si, 20 K, 
14 Ca, 13 Fe, 7 
Mg 

Yes 

1400  89.3 27 Fe, 20 Ca, 17 
P, 11 Si, 10 Al, 8 
K, 5 Mg 

No  

Fig. 12. Precipitation curves of the melts formed at 1400 ◦C and the precipitated compounds for the different ash deposit sample compositions. The compound 
classification for solid solutions refers to the dominant stoichiometric phase (>90 %). The slag denotation states the dominating anion-former (P/Si) in the dual melt 
temperature range. 
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formers throughout subsequent precipitation. Especially the depletion of 
Ca causes high SG-melt stability at lower temperatures, which is most 
pronounced in SS- and SHS15-melt formed at 1000 ◦C, where the Ca- 
share in the melt is below 1 % from the start. Although the final 
disappearance of melt is shifted towards lower temperatures in the SG- 
model, the remaining melt quantity stabilizes at levels below 2 % of the 
condensed phases. Most of the precipitated compounds in the lower 
temperatures were subsumed as other compounds. 

The TECs also show that every melt except the one formed by SS at 
1000 ◦C starts out or runs through a temperature interval where two 
immiscible melts are thermodynamically favored. As a result, a Si- 
dominated melt that is also enriched in Al and a P-dominated melt 
also enriched in Ca and Fe are present simultaneously. During the 
cooling process, these immiscible melts are unable to merge again based 
on their chemical composition. However, the dual melt system disap-
pears due to the continuous solidification of compounds from the melt. 
In all formed dual melt systems, the precipitation trend shows that so-
lidifying phosphate compounds initiate the steep declining trend of the 
P-rich melt quantity. Melts formed at 1000 ◦C for WSS10 and SHS15 are 
already in this declining trend. Melts formed at 1400 ◦C display a trend 
where the P-rich melt disappears due to compound solidification in a 
narrow temperature interval (see Fig. 11). Especially solidifying phos-
phates and Fe-oxide promote the disappearance of the P-enriched melt 
fraction. The Si-rich melt increases in quantity during this solidification 
process due to the partial incorporation of elements from the P-rich melt. 
The compositional changes during cooling due to solidification are 
largest with respect to Ca, as the residual melt after the disappearance of 
the secondary melt is depleted in Ca (<2 mol.%, O-free). 

The results of the TECs support the interpretation of the SEM/EDS 
analysis with respect to the precipitation characteristics of compounds 
from the melts formed on the deposition plates. The most significant 
similarity is the suggested precipitation of phosphates and Fe-oxides in a 
small temperature interval during cooling, while a residual Si-rich ma-
trix remains molten during this process. The practical observation of P- 
rich and Fe-rich areas in the cooled melt samples indicates the same 
trend, i.e., the solidification of such compounds embedded in the Si-melt 
matrix. A comparison of the two precipitation models also showed that 
most of the melt formed at 1400 ◦C may precipitate based on the melt 
composition itself and doesn’t require interaction with solid compounds. 
Due to substoichiometric incorporation of Ca in melt formed at 1000 ◦C, 
the solidification process is hindered in the SG-model. 

From a stability point of view, Ca-phosphates were likely initially 
formed during the cooling since the abundance of Ca is preferably 
associated with P, forming whitlockite-type structures. The remaining 
elements likely end up in the silicate-rich slag or precipitate as crystal-
line compounds. 

3.5. Release of P and K 

In the coarse PM fraction, shown in Fig. 13, a weak increasing trend 

of K and P with temperature can be seen, indicating that some of the K 
and P might end up in compounds condensed from the gas phase. For all 
fuel mixtures and temperatures, these amounts sum to <1 % of incoming 
P and <2 % of incoming K. 

In the fine PM fraction, shown in Fig. 14, the trend of P release is 
more obvious for WSS10 and SHS15, while for SS, the relative release is 
less at the higher temperature. A possible explanation for this is the 
release of volatile K-P species such as KPO3 facilitated by the increased K 
amounts in SH and WS. The formation of volatile K-P species may also 
arise from the organically bound P-share, since 12 % (SHS15) to 15 % 
(WSS10) of P are introduced with the agricultural residues and 17 % of P 
in SS are also organically bound [17]. For SS and WSS10, more K was 
found released at the higher temperature. Contrary to the expectation, a 
slightly lower amount of K was released at the higher temperature for 
SHS15. Given the measurement uncertainty and the association of K in 
the fuel this indicates close to constant K-release in the temperature 
range. Possibly, some K is unable to react with Si and P and already 
volatilized at 1000 ◦C. 

Overall, the release of P in co-combustion of SS with WS and SH was 
low, <6 % for all cases, including both fine PM and P potentially 
captured on the coarse PM fractions. While this indicates a P-retention at 
1400 ◦C of about 98 % in the condensed phase for SS, the retention is 
lower for WSS10 (95 %) and SHS15 (96 %). The measured P-release at 
1000 ◦C was negligible (<1 %). Since SS has a considerably higher share 
of P in the ash, the volatilization rate of P was still highest during the SS- 
combustion. The maximum amount of released K was up to 12 %, 
notably the highest during SS-combustion at 1400 ◦C. However, the 
volatilization rate of K was highest when combusting SHS15, with little 
variation between 1000 ◦C and 1400 ◦C. For both P and K, the quantities 
in the fine PM where generally higher than in the coarse PM. 

3.6. Practical implications for P recovery 

Based on the results, no or small interaction in the entrained flow 
between the coarse ash particles formed from the individual fuel parti-
cles could be seen. Since no K-bearing phosphates were found, there is 
reason to assume that the global equilibrium calculations previously 
made for the same fuels [18] are unable to predict the fate of P in a non- 
slagging powder combustion system. Compared to results from single 
pellet co-combustion of the same fuels performed at lower temperatures 
[16], it appears as if the reactions between inorganic elements in 
different fuels mainly occur in the deposit probe samples. 

The shorter residence times and dispersion of fuel particles are un-
favorable for interactions; thus, reactions are mainly limited to gaseous 
ash compounds, as previously suggested in the literature [13]. This in-
dicates that a powder combustor operating in slagging mode could 
potentially be a more feasible strategy for P recovery. On the hot wall, 
the interaction potential between the formed individual coarse ash 
particles increases compared to gas–gas interactions between entrained 
particles. Then, it is also important that the viscosity of the slag allows a 

Fig. 13. Fraction of ingoing K (left) and P (right) with the fuel found in the coarse PM.  
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fluid flow, preferably below 20 Pas. If the amount of K or Na is increased, 
it might be beneficial for both viscosity and increasing the amount of 
alkali available for phosphate formation. The results show that only 
small amounts of P end up in fine PM ash fractions, where volatile heavy 
metals such as Hg and Cd would likely accumulate, which means that 
the main part of P should be recovered from coarser ash fractions and 
slags. The results are to some degree also applicable for slags formed in 
fixed bed combustion of the same fuels. Both would contain the full 
elemental pool from the different fuels, and both would experience a 
significant time within the high temperature, promoting final slag and 
ash compositions near chemical equilibrium. 

Comparing the fate of P obtained in this study to previous studies 
may link aspects seen in practise and in modeling outcomes. The trend 
for Fe that is spatially correlated to P in the fuel to form mostly pure 
oxides after combustion was seen before [16,17,26]. Notably, this also 
occurs when Fe precipitates from the melt and it is favored in thermo-
dynamic equilibrium cooling. A major difference between practice and 
model is the P-association with Ca, which is seen to higher degree in 
practise. The morphology and the calculations suggest that the com-
pounds precipitating first are Ca-rich phosphates. This could hamper the 
subsequent precipitation of K-bearing phosphates, additionally to the K- 
capture in the silicate matrix. The favored association of P with Ca must 
be considered for the application or post-processing of the ashes [27]. 

One topic that could not be investigated based on the results pre-
sented here is the effect of Al in the slag. It may be integrated into Si- 
slags and form K-aluminosilicates by interaction with K-compounds, 
thereby reducing the amount of K available for phosphate formation. On 
the other hand, TECs suggest the formation of mixed alkali-alkali earth 
phosphates of higher plant availability, which gives reason to study this 
further [18]. Possibly, fast cooling of the slag in a water quench could 
freeze the melt in an amorphous state with P less associated with Ca. 
This, in turn, provides an opportunity for utilization of P if the material 
weathers when applied to agricultural land. However, an assessment of 
the plant availability for amorphous material may require additional 
analysis technologies [28,29]. 

4. Conclusions 

Powder co-combustion of sewage sludge (SS) with residual agricul-
tural materials (WS, SH) was conducted at 1000 and 1400 ◦C to study 
the fate of P in the ashes collected on a deposition probe, in the reactor 
bottom, and in a flue gas impactor. The ash fractions were analysed by 
SEM/EDS, XRD, ICP-OES. Additionally, thermodynamic equilibrium 
calculations were conducted to predict the precipitation behavior of 
formed melts. 

The analysis results show that only limited interaction occurs be-
tween separate coarse ash particles in the entrained flow conditions. The 
formed deposit probes at 1000 ◦C were mostly heterogeneous and 
partially molten, whereas the bottom ash showed little interaction be-
tween the individual fuel ashes. The effect of co-combustion on ash 

composition with respect to the interaction of ash-forming elements was 
most clearly noticed in the molten deposits collected at 1400 ◦C. P was 
mainly associated with Ca in all studied coarse ash fractions that 
comprised the absolute majority of P fed in with the fuel, and only a 
small share (<5 %) of P was found in fine PM under the studied 
conditions. 

In samples collected on the deposition probe, the majority of crys-
talline P was found in whitlockite structures resembling β-Ca3(PO4)2, 
with substitutions of Fe, Mg, and in one case (WSS10 at 1000 ◦C) also by 
K. In addition to these compounds, SS combusted at 1400 ◦C resulted in 
the formation of hydroxyapatite. In contrast to previous single pellet 
combustion results at 950 ◦C with the same fuels, no P could be found as 
CaKPO4. In agreement with the thermodynamic equilibrium calcula-
tions, a preference for the initial precipitation of Ca-rich phosphates was 
observed. A crystallization pathway of Fe-oxides and Ca-phosphates in 
the Si-rich amorphous ash matrix was identified using the results from 
both experiments and calculations. With regards to the P-recovery po-
tential, the results show that compound formation during precipitation 
from molten ashes favors phosphates with little plant availability. 
However, quickly cooled slags originating from the higher temperature 
processing and an enhanced study of the fertilizer quality of amorphous 
P could potentially reveal suitable properties if studied further. 

CRediT authorship contribution statement 
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