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A B S T R A C T   

Recycling phosphorus from waste streams for fertilization purposes could contribute to a sustainable society. The 
production in the pulp and paper industry results in several waste streams, among others nutrient-rich sludges in 
different forms. This study presents a detailed chemical and 3D characterization of ash from co-combustion of 
bark and two types of sludges from a paper mill; mixed sludge and biosludge. The combustion performance was 
investigated for these experiments and advanced analysis methods were used to characterise the ashes to 
correlate chemical and physical properties relevant for nutrient recycling. The elemental composition was 
determined by energy-dispersive X-ray spectroscopy; dominating crystalline phases by X-ray diffraction; and 
morphology, porosity, pore size distribution and active surface area of the slag were analysed with synchrotron- 
based X-ray micro-tomography and image analysis. Slag was formed in all combustion experiments to a large 
extent with increasing amounts with a higher proportion of sludge. Nutrient amounts indicate that slag particles 
from co-combustion of both biosludge and mixed sludge can be useful either as a soil improvement directly or for 
recovery processes. Slag from combustion of 30 wt% biosludge and 70 wt% bark contained the highest amount of 
phosphorus, 9 at% on a C and O free basis. Evaluation of tomography data showed that discrete and open pores 
could be distinguished on a micrometre scale. The porosity of the slag varied between the replicates and fuel 
mixtures, on average between 17 and 23 vol% for the bark and sludge mixtures. Open pore volume displayed 
large variations, on average 39–56 vol% of the pores were open pores connected to the surrounding volume. For 
all samples, 90 % of the pores were small, with an equivalent diameter under 30 μm, but the largest pore volume 
(80–90 %) consists of pores with an equivalent diameter over 75 μm. In soils, pores with a minimum equivalent 
diameter over 30 μm generally transmit water and the smaller pores store water. The slag particles have rela-
tively thick walls, with few pore openings to the surroundings, indicating that the slag needs to be pre-treated by 
milling or crushing before application in the soil.   

1. Introduction 

The pulp and paper industry is a large industry, the pulp and paper 
production in the world was 420 million tonnes in 2018, of which 90 
million tonnes were produced in Europe (CEPI 2019 [1]). For the pro-
duction, wood as raw material undergoes many mechanical and chem-
ical processes several residual streams are produced as by-products. 
Further, huge amounts of sludge in different forms are produced in 
wastewater treatment plants at pulp and paper mills. 

Landfilling has previously been a common way to treat the sludge 
after dewatering, but more stringent regulations promote the recovery 

of material and energy [2,3]. Regulations, environmental issues, and 
economical aspects promote the pulp and paper industry to apply 
feasible solutions for valorisation of residual streams. During the last 
decade, the industry sector has reduced landfilling and waste disposal 
rates [4]. Combustion is a common way to handle the sludge, recover 
energy and reduce the volume [5]. 

It has been challenging to find ways to recycle the ashes generated at 
different energy recovery systems [4]. Biosludge can contain large 
amounts of macro-and micronutrients, but the concentration varies for 
various production processes and different mills [6]. Increased knowl-
edge may open up for increased nutrient recovery from residual ashes 
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where phosphorus is of particular interest. Today, the supply of phos-
phorus is mainly based on phosphate rocks and minerals, which The 
European Commission has categorised as critical raw materials because 
of their economic importance and high supply risk [7]. For a sustainable 
society, it is crucial to recover phosphorus from bio-resources and re-
sidual streams. 

Biosludge has a high moisture content, high ash content and low 
calorific value. Therefore, it is necessary to co-combust sludge with 
another fuel to ensure the stability of combustion conditions. Bark is a 
typical residual stream from pre-treatment of wood at pulp and paper 
mill. Burning sludge in the bark boiler can be done with reduced steam 
generation and boiler efficiency [6]. Grimm et al. [8] have also shown 
that bark and chemical sludge mixtures were less prone to slagging 
during combustion than mono-combustion of bark. 

The objective of this study was to investigate possibilities for utilising 
nutrient-rich ash fractions from the combustion of five different fuel 
compositions consisting of bark and two types of sludges, which are 
residuals streams from the bioenergy sector. To clarify the potential of 
these residual streams, the combustion performance was investigated, 
and advanced analysis methods were used to characterise the ashes and 
correlate chemical and physical properties relevant for nutrient recy-
cling of the ashes. The characterisation includes evaluating morphology, 
porosity, pore size distribution and active surface area of ashes with 
synchrotron-based X-ray micro-tomography (XRT). Additionally, the 
samples were evaluated according to elemental composition by energy- 
dispersive X-ray spectroscopy (SEM-EDS) and crystalline phases by X- 
ray diffraction (XRD) of the samples. 

2. Material and method 

2.1. Materials and pre-treatment 

2.1.1. Raw materials 
Wastewater treatment sludge was collected from a paper mill in 

Hallstavik, Sweden. The sludges come from two sources: biological 
sludge and mixed sludge, which contains a blend of primary sludge 
(fibre sludge) and biological sludge. The mixed sludge contains about 
30–35 % biosludge. The fibre sludge is mainly fibre residues but also 
some inert material. Ferrous sulphate, approximately 15 kg/ton, is 
added to the sludges before dewatering. The ash content is more than 
twice as high in biosludge than mixed sludge (16.9 wt% compared to 
7.0 wt% on a dry basis). On a relative basis, the mixed sludge has a much 
higher Si content compared to the biosludge, while the biosludge has a 
higher content of Fe. Scots pine bark from a sawmill in the province of 
Västerbotten, Northern Sweden, was mixed with the biosludge. Bark is a 
typical residual stream from pre-treatment of wood at pulp and paper 
mills and its admixing with sludges generated on-site facilitates the 
thermal treatment of sludges on site. Such thermal treatment of sludge 

on the industrial site does not result in gate fees from waste transport for 
external processing. 

2.1.2. Fuel mixtures and pelletising 
The sludges were dried at 105 ◦C and then ground using a Kamas 

BAC-50 hammer mill fitted with a 5-mm sieve. The bark was ground 
with a Buhler DFZK-1 equipped with a 4-mm sieve. The fuels and the 
pellets were analysed using an accredited laboratory. The ash content 
was analysed according to EN 15403:2011 (ALS, ISO 18122) and the 
main elements C, H, and N with EN ISO 16948:2015 and EN ISO 
21663:2020. Cl and S were analysed according to the standard EN 
15408:2011 and other ash-forming elements with ICP-SFMS according 
to EN ISO 17294–1, 2 (mod) and EPA-method 200.8 (mod), and ICP-AES 
according to EN ISO 11885 (mod) and EPA-method 200.7 (mod)). The 
relative content of the main ash forming elements is compiled in Fig. 1, a 
complete list of all detected ash forming elements can be found in 
Table S1 in Supplementary material. 

Mixtures were designed based on the content of ash-forming ele-
ments in the raw materials and practical considerations (Fig. 1) to 
simultaneously improve combustion properties of sludges but also to 
facilitate the use of resulting ashes with particular focus on P. With 30 wt 
% sludge, the elemental contribution from the sludge to the ash forming 
elements were high, and the content of P was relatively large. A higher 
share of sludge is difficult to apply in practice due to the high ash content 
in the biosludge. 10 wt% of sludge was also chosen, then the elemental 
contribution from the bark is more prominent. In addition to P, one 
difference that may be important for phosphate formation is that of the 
alkali metals. The total relative amount is quite similar in the respective 
fuel mixture, but with more sludge, the amount of K decreases while Na 
increases. Fe and Ca are also affected, with Fe increasing while Ca de-
creases with more sludge added. The same ratio was selected for both 
types of sludges and calculated on a dry basis. The fuels were mixed with 
a ribbon mixer. 

The fuels were pelletised in a pilot-scale pellet press, SPC PP 150 
pellet mill (Sweden Power Chippers, Borås) with a stationary Ø8 mm 
ring die. A total of five pellet assortment were produced: 100 % bark 
(B100), 10 wt% mixed sludge and 90 wt% bark (MSB90), 30 wt% mixed 
sludge and 70 wt% bark (MSB70), 10 wt% biosludge and 90 wt% bark 
(BSB90), and 30 wt% biosludge and 70 wt% bark (BSB70). 

2.2. Combustion 

Each pellets assortment were combusted in a horizontal underfed 
pellet burner (Ecotec BioLine 50), installed in a boiler (Eryl, Falun, 
Sweden). The boiler has an integrated water-cooled heat exchanger. The 
boiler has previously been described elsewhere [8]. The feed rate varied 
between 8.5 kg/h for bark and 8.8–9.4 kg/h for the mixed bark and 
biosludge fuels. The combustion test lasted for 4–6 h. The temperature 

Fig. 1. The elemental contribution of the ash forming elements in at% for the fuel mixtures of a) bark and mixed sludge, and b) bark and biosludge. The share of bark 
in the fuel blend is indicated on the x-axis. The dashed lines indicate the fuel mixtures used in the present work. 
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was measured continuously during combustion with two shielded type N 
thermocouples in and just above the burner grate. A gas analyser (Ecom 
J2KN-pro Messtechnik GmbH, Germany) continuously measured O2, 
CO2, CO, NO, NO2 and SO2 in the flue gas, with sampling every second. 
The combustion procedure started with the feeding of softwood pellets 
until a steady state was obtained. A small amount of the collected ash 
and deposits may therefore originate from the softwood pellets; how-
ever, the maximum contribution would range between 2.6 % and 0.8 % 
of the ash residue for the different experiments (calculated values). 

After each experiment and cooling, the residual matters were 
collected, sieved and quantified. The ashes were classified and separated 
into a) slag particles (previously melted ash) from the burner grate, or 
particles pushed over the edge down to the bottom of the boiler, >3.15 
mm; b) particles in the burner grate at a size of 1.4–3.15 mm; c) non- 
melted ash in the burner, under the size of 1.4 mm; d) non-melted ash 
particles>3.15 mm at the bottom of the boiler (bottom ash); e) bottom 
ash particles at a size of 1.4–3.15 mm; and f) bottom ash under the size of 
1.4 mm. Deposit samples were collected from the heat exchanger of the 
boiler. 

2.3. Ash characterisation 

2.3.1. Scanning electron microscopy analysis (SEM-EDS) 
A variable-pressure scanning electron microscope (SEM; Carl Zeiss 

Evo LS-15) with an energy-dispersive X-ray spectroscopy detector (EDS; 
Oxford instruments, detector X-Max 80 mm2) was used to determine the 
elemental composition of the ashes. SEM-EDS analysis was performed at 
low vacuum mode at 50 Pa, with a beam accelerating voltage of 15 kV 
and probe current of 750 pA. The samples over 1.4 mm were milled prior 
to analysis to ensure that all parts of the particles were included in 
elemental analysis rather than only surfaces. A part of the resulting 
milled and powdery samples was transferred to carbon tape for subse-
quent analysis. Three replicates from each ash fraction were analysed, 
and from each replicate, four area analyses were performed (1.5 mm ×
1.1 mm) each. 

2.3.2. Powder X-ray diffraction (XRD) 
For determine crystalline phases in the samples, XRD analysis was 

performed with a PANalytical Xpert3 Powder XRD in θ-θ mode, with a 
Cu-Kα radiation and a Våntec-1 detector. The samples were continuous 
rotating during scanning in a range from 10◦ to 70◦. Collected dif-
fractograms were evaluated with the PDF-4 + database in Diffrac.EVA 
4.2 for identification of crystalline phases. 

XRD analysis was performed on grounded powder from the slag 
particles from the burner grate and on the bottom ash under the size of 
1.4 mm. These are the fractions with the largest amounts of phosphorus, 
and therefore most suitable for any ash recycling strategy. 

2.3.3. X-ray microtomography (XRT) and image analysis 
Analysis of morphological parameters and porosity were performed 

on slag particles at the beamline Anatomix of Synchrotron SOLEIL, 
France [9]. The scans were conducted with an electron beam current of 
100 mA in the storage ring and the polychromatic (’white’) X-ray beam 
used for the measurements had a central photon energy of around 40 
keV. The sample was mounted on a rotating stage, and the scans were 
performed over a range of 180◦. For samples not fitting inside the field of 
view, extended-field tomography was conducted over a range of 360◦. 
The field of view was 6.5 mm, and the pixel size 3.07 µm. 1600–5900 
projections were collected during each scan with a digital camera 
(ORCA Flash 4.0 V2), with a lens of 2 × magnification. The exposure 
time was 10–50 ms. Three particles originating from the slag in the 
burner grate from each combustion experiment were scanned, and 2–3 
scans were added vertically to cover the entire particle. 

Reconstruction of collected projections to create 2D images was 
performed with the reconstruction software PyHST2 [10], which uses 
the filtered back-projection algorithm for computing the slices of the 

reconstructed volume. A double flatfield algorithm was used for 
decreasing ring artefacts and the Paganin filter for semi-quantitative 
phase retrieval [11,12]. 

The data analysis was performed on the reconstructed 3D stack of 
image files at 8-bit, where each voxel contains a grayscale value between 
0 and 255, which corresponds to the X-ray attenuation that is affected by 
differences in density and atomic number of elements in the scanned 
object. Areas/voxels with low attenuation, such as pores and air, have a 
low number on the grayscale, resulting in dark levels on the images, 
while areas with high attenuation, in this case, the ash contain higher 
number on the grayscale and bright levels on the images (Fig. 2). The 
software packages Fiji (Fiji Is Just ImageJ) [13,14] and Avizo 9.3 (Fei 
VSG Inc., Burlingham, MA, USA) were used for image analysis. 

With image analysis, the porosity, open pore volume, number of 
discrete pores, pore size distribution, the thickness of the particle walls 
and active surface area were computed for all samples. A detailed 
description of the methods used is given in Strandberg et al. [15]. The 
images were first processed with binary segmentation, where each voxel 
in the volume was assigned to either pore/background or ash in the 
matrix (Fig. 2). This was performed with manual segmentation using 
visually selected threshold values. The samples contain pores that are 
completely enclosed in the ash particle (namned discrete pores), as well 
as pores that are connected to the surronding background (namned open 
pores). The pore volume and pore size (estimated by the equivalent 
diameter) has been calculated. 

The average particle wall thickness was determined with a distance 
map algorithm (Chamfer Distance Map). The average thickness of the 
material was then calculated between pores and/or particle surface. The 
surface area of the ash particle was achieved with a polygonal surface 
mesh, without smoothing or simplifications. Then the specific surface 
area was computed by dividing the surface area by the volume of the ash 
particle. The sphericity was also calculated for the pores. Pores that are 
not a sphere will have sphericity less than one. Sphericity show how 
spherical the pores are and can be represented by the following formula: 
φ = π1/3(6V)2/3

/A, where V and A are the volume respective surface 
area of a pore. 

Fig. 2. A XRT cross-section of BSB70 replicate 1, visualising the features used 
for image analysis. 
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3. Results and discussion 

3.1. Combustion performance 

The fuel feeding of pellets worked well for all assortments. The 
average oxygen level during combustion varied between 8.1 and 9.5 vol 
% (Table 1) and was relatively constant during the respective experi-
ment. The average temperatures measured in and above the burner grate 
are provided in Table 1 and indicate the temperature regimes during 
combustion. However, the exact maximum temperature will of course 
vary in different places in the burner grate and the boiler. 

Fig. 3 shows how the flue gas composition varied with the fuel. The 
CO concentrations were much higher during the combustion of 100 % 
bark compared to the mixed fuels, and the large error bars indicate a 
considerable variation during the run. The SO2 and the NO2 concen-
tration increased with a higher share of sludge, with the highest levels 
for biosludge. The concentrations of SO2 and NO were dependent on the 
content of N and S in the fuels, with higher levels for biosludge 
compared to the mixed sludge. 

Slag was formed in the burner grate after all experiments. The 
amount of slag formed varied between the fuels (Table S2, Supple-
mentary material). With 22 wt% of fuel ash that formed slag, bark was 
less prone to slagging than the sludge mixtures. These results diverge 
from Grimm et al. [16], who co-combusted bark and chemical sludge 
using the same combustion system. The difference is assumed to be due 
to the large amount of Al in the sludge of Grimm et al., which coun-
teracts slag formation. The amount of slag formed in this project 
increased with a higher share of sludge, with the highest percentage of 
fuel ash forming slag for the mixture BSB70 (64 wt%) followed by 
MSB70 (53 wt%). For MSB90 and BSB90, 41 wt% respective 37 wt% of 
the fuel ash formed slag. With a higher share of sludge, the relative Si 
content increase, while Ca content decreases (see Fig. 1 and Table S1, 
Supplementary material), which has previously been shown to increase 
slag formation [17–19]. Deposits were collected at the heat exchangers, 
but no cyclone ash could be found in the fly ash collector for any of the 
runs. The compositional values for the ingoing fuel ash in Table S2 
(Supplementary material) is calculated from the fuel used and the ash 
content (Table S1, Supplementary material). Unburned carbon 
remained in the ash fractions, except from the slag (see more in chapter 
2.3), explaining the higher amount of collected ash compared to ingoing 
fuel ash. 

3.2. Characterisation of ashes 

3.2.1. Elemental composition 
Fig. 4a shows the average relative composition in the slag. The slag 

contains significant amounts of Si, most in B100, MSB90 and MSB70. 
There is also more Si in the mixed sludge compared to the biosludge. The 
slag contains between 4 and 9 at% of P, with a higher amount for the 
biosludge than mixed sludge and an increased amount with more sludge 
in the fuel mixture. As a comparison, a compilation of untreated sewage 
sludge ash shows an average elemental concentration of 7.6 % [20]. Na 
is increasing with more sludge in the fuel mixture, almost with the same 
amount as for P. K, on the other hand, is decreasing with more sludge. 

Apart from B100 (with more Ca and K, and less Si), the relative 
composition of the particles in the burner grate at a size of 1.4–3.15 mm 
(Fig. 4b) is similar to that of larger slag particles. For the non-melted ash 
in the burner under 1.4 mm (Fig. 4c), relatively more Ca, K and S were 
found than for larger size fractions. Some remaining carbon was found 
together with the ash. There was notable amounts of unburned carbon 
from the fuel left in the bottom ash suggesting that fuel particles from 
which they originate have not undergone full conversion and therefore 
has experienced lower temperatures, explaining the relatively high 
proportion of S in Fig. 4d. A large part of the fuel S is usually released to 
the gas phase under the prevailing temperatures, where a part of it forms 
SO2 emissions, but often it is recaptured by the ash constituents in the 
flue gas [21,22]. The variance in composition increases from slag par-
ticles to bottom ash. It is likely that homogenization of ash forming el-
ements is more efficient in slag particles, where the presence of a melt 
has facilitated the mobility of various cations in the silicate or phosphate 
matrices (Fig. 4a-b). The ash particles, that are more powder-like as 
discrete small particles, may therefore resemble their original compo-
sition and will therefore have a higher inherent variance in the results 
obtained from analysis (Fig. 4d). The bottom ash below the size of 1.4 
mm contains less Si than the slag but higher amounts of K. Larger 
fractions of the bottom ash contained higher proportion of unburned 
carbon, possibly affecting the SEM-EDS analysis due to relative low 
levels of the ash forming elements (data not shown). 

Fig. 5 show the relative composition of the main ash forming ele-
ments from the deposits. Evidently, there was surface rust left on the 
heat exchangers causing high concentrations of Fe in deposits collected 
in the first two experiments. Fe is therefore removed and the other el-
ements are normalized. Data with Fe are found in Supplementary ma-
terial Figure S1. There is more Cl in the bark than in the sludges, and it is 
also more in MSB90 than the other mixtures (Fig. 1). But this does not 
explain the significant difference seen in Fig. 5. B100 and MSB90 also 
stands out with more S compared to the other samples. At the same time, 
a low level of SO2 concentration in the flue gas can be seen for these 
(Fig. 3), which indicates S in the fuel causes preferential formation of 
alkali sulphates over alkali chlorides [21]. With more S in the fuel 
(MSB70, BSB90, and BSB70), S probable reacts with alkali, and a sig-
nificant decrease in Cl in the deposits of the heat exchanger tubes can be 
seen, which is consistent with previous studies[19,23]. 

3.2.2. Dominating crystalline phases 
Slag particles and burner ash (>3.15 mm) were dominated by silicate 

compounds, primarily variants of åkermanite (Ca2MgSi2O7) which is a 
polymerized compound that likely has precipitated from a melt. The 
concentrations of quartz (SiO2) were generally very low – altogether, 
this indicates that the extensive melt observed occurred as a general 
reaction throughout the silicate matrix. As sludge were added, some 
whitlockite and merrillite phases were identified, which are phosphate 
compounds with a general structure of Ca10-x-y(K,Na)x(Mg,Fe)y(PO4)7. 
Some phosphates did therefore not only form with sludge addition but 
they also reached some degree of crystallinity, separating phosphates 
from the silicate-dominated slag matrix. With increasing amounts of 
slag, it was also clear that Fe formed magnetite (Fe3O4). 

The bottom ash displayed higher degrees of unreacted extrinsic 
material, found as quartz, feldspars and similar soil minerals with high 
crystallite sizes. Especially crystallite sizes suggest that these extrinsic 
particles were transported with the fuels and were transported to bottom 
ash – possibly by entrainment – without having sufficient time to 
participate fully in the formed slag. It was also noted that the low 
temperatures for bottom ash resulted in compounds more resembling 
coarse fly ash. CaCO3 was abundant, K2SO4 was commonly identified, 
and even KCl could be identified for some samples. These compounds 
are generally not stable at the burner temperatures shown in Table 1, 
indicated that they may not have experienced those high temperatures. 
There were some indications of mainly whitlockites and hydroxyapatite 
as phosphates. 

Table 1 
The oxygen level and temperature in and above burner grate for the respective 
experiment. The values are given as average during steady-state, with one 
standard deviation.   

B100 MSB90 MSB70 BSB90 BSB70 

O2 (vol%) 9.5 ±
0.5 

8.4 ± 0.6 8.5 ±
0.8 

8.1 ±
0.9 

9.1 ± 0.9 

T in burner grate 
(◦C) 

1135 ±
63 

1188 ±
72 

895 ±
66 

890 ±
49 

871 ± 66 

T above burner 
grate (◦C) 

803 ±
32 

790 ± 34 885 ±
50 

867 ±
37 

783 ±
117  
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3.2.3. Morphology, porosity and pore size distribution 
Morphology and the pore system of the slag from the combustion 

experiments were investigated with XRT, at a voxel resolution of 3.07 
μm. In Fig. 6, examples of cross-sections of particles from XRT are vis-
ualising the heterogeneity of the samples, both in form and content 
(grayscale). 3D reconstructions of the particles can be seen in Fig. 7. 

The calculated average porosity for the particles varied between 12 
and 23 vol% (Table 2). The variation between the replicates was large 
for some samples, which can be seen in the large standard deviation. 
Table S3, Supplementary material, shows values for each analysed 
replicate. Slag from pure bark combustion obtained the lowest porosity 
in average and the lowest average open pore volume. The average 
detected porosity was highest for MSB70, which also had the highest 
average open pore volume. Previous research on ash particles from 

wheat straw and sewage sludge shows a higher porosity and open pore 
volume; the average porosity was 62 vol% for wheat straw and 29–31 
vol% for the mixtures, and the average open pore volume was between 
72 and 99 vol% [15]. Pure wheat straw ash had the highest open pore 
volume. Wheat straw contains more Si compared to bark. An earlier 
study has shown that the composition of ash-forming elements in the 
fuel and the process conditions (e.g. temperature) influence slag for-
mation [18]. The composition (the (K2O + CaO)/SiO2 ratio) and the 
temperature affect the viscosity of the slag, which affect the behaviour 
[24], which in turn probably affects pore formation and thus the 
porosity, open pore volume and surface area of the slag. 

The pores are smaller compared to those observed in wheat straw 
and sewage sludge ashes. Those had an average mean equivalent pore 
diameter of discrete pores that varied between 24 and 31 μm, compared 

Fig. 3. Average concentrations of CO, SO2, NO, and NO2 in the flue gas as the average during steady-state, provided in ppmvol normalised against 10 vol% O2. Error 
bar show one standard deviation. 

Fig. 4. Relative composition in an average of main ash forming elements on a C and O free basis, in a) the slag found in the burner (>3.15 mm), b) the particles in the 
burner grate at a size of 1.4–3.15 mm, c) the non-melted ash in the burner under the size of 1.4 mm, and d) the bottom ash under the size of 1.4 mm. Error bars 
indicate one standard deviation. 
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with 13–19 μm for the samples in this study. However, the resolution 
was lower for the wheat straw and sewage sludge samples (6.4 μm 
compared to 3.07 µm in this study), which means that smaller pores 
could not be observed in the previous work. The number of discrete 
pores per particle volume is much higher for ash from bark and bio-
sludge mixtures (5827–1310 counts/mm3) compared to wheat straw 
and sewage sludge ash (580–232 counts/mm3). 

To estimate the durability of the ash particles if applied to the soil, 
the wall thickness was calculated. The slag particles had relatively thick 
particle walls. In average the walls was thickest for BSB70, and thinnest 
for B100 particles. The specific surface area varied in average between 
11 and 18 mm2/mm3 for the particles, with no clear trends between the 
samples. Comparing with ash from wheat straw and wheat straw/ 
sewage sludge mixtures, the specific surface area is larger for the wheat 
straw ash (31–34 mm2/mm3) while the mixtures was more of the same 
order of magnitude (17–27 mm2/mm3)[15]. However, the resolution 
was lower for those samples. As concluded by Hyväluoma et al. [25], the 
specific surface area is affected by the resolution and with lower reso-
lution, the visibility of smaller pores and pore wall roughness is limited. 
This might be a limitation for X-ray tomography. On the other hand, gas 
adsorption measures at a nanometer-scale resolution, which is of less 
importance for plant roots, microbes, and water transport [26–28]. 

Pore openings connected to the environment were examined to 
assess the ability of roots to penetrate particles and access nutrients. 
These were measured manually for each particle. As seen in Fig. 7 
(middle column with ash particle and pore volume in yellow together), 
the slag particles have sparse openings at the outer surface to the sur-
roundings, similar for all particles. The openings are also small, most of 
them with a size of 50–100 µm or less. Some of the particles had larger 
openings of 300–500 µm. Where the slag has been broken or crushed, 
there are areas with more and larger openings. Since P is not so mobile 
[29,30], the particle/root interaction is important for the P uptake. 
Given the few small openings, the assumption can be made that this type 
of slag particle needs to be milled or crushed to make it easier for roots to 
access nutrients. 

Pore size distribution has been classified, based on the equivalent 
diameter, following the definition of the Soil Science Society of America 
[31] and the criteria proposed by Cameron and Buchan [32], in size 
ranges of macropores (>75 µm), mesopores (30–75 µm), micropores 
(5–30 µm), and ultramicropores (0.1–5 µm). In Fig. 8, counts divided by 
the total amount of pores are shown in Y1, for all pores (a) respective 
discrete pores (b), and the volume distribution as the volume share of 
the total pore volume is shown in Y2 for all pores (a) respective discrete 
pores (b). According to this classification, the largest number of pores 
are found as micropores. However, the smallest pores here have an 
equivalent diameter of 3.8 µm as limitation of the resolution. With a 
higher resolution that could detect even smaller pores, a higher share of 
pores might have been classified as ultramicropores, which only hold 
pores up to 5 µm. Fig. 9 shows the pore size distribution for discrete 
micropores and ultramicropores for one sample, BSB90_1, but not 
divided into classes. This shows that the most significant numbers of 
pores are found with an equivalent diameter of 3.8 µm. The same applies 
to the other samples. By far, the largest part of the pore volume consists 
of macropores. B100 has a higher share of the pore volume in micro-
pores and mesopores compared to the other samples. The pore size 
distribution can be important for the water holding capacity; generally, 
in soils, pores with a minimum equivalent diameter over 30 µm transmit 
water, and the smaller pores store water [32]. The sphericity of the 
discrete pores decreases with the pore equivalent diameter. As an 
average, pores with an equivalent diameter of over 20–40 µm is not 
spherical. The average sphericity for different pore size ranges (equiv-
alent diameter) of the discrete pores is shown in Figure S2 in 

Fig. 5. Relative composition in an average of main ash forming elements in the 
deposits collected from the heat exchanger tubes on a Fe, C and O free basis. 
Error bars indicate one standard deviation. 

Fig. 6. XRT cross-section of the particle a) B100_1, b) MSB90_1, c) MSB70_1, d) BSB90_1, and d) BSB70_1.  
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Fig. 7. Image analysis of the XRT-data with a-d) B100_1, e-h) MSB90_1, i-l) MSB70_1, m-p) BSB90_1, and q-t) BSB70_1. The first column from left shows 3D re-
constructions of ash particles in grey-scale; the second column show first 3D pore volume (yellow), the third ash particles and pore volume in yellow together, and the 
right column shows a cross-section of the discrete pores in yellow, background and open-pore volume in blue, together with the ash particle in grey-scale in 3D. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Supplementary material (S1). 

4. Conclusions 

The amount of nutrients in the slag from the combustion of 30 wt% 
biosludge and 70 wt% bark indicates that the slag is a candidate material 
for further investigations on soil improvement, either directly or after 
further refinement. Slag from the combustion of 30 wt% biosludge and 
70 wt% bark contained the highest content of phosphorus, with 9 at% P 
on a C and O-free basis, followed by 10 wt% biosludge and 90 wt% bark 
(6.2 at%) and 30 wt% mixed sludge and 70 wt% bark (5.8 at%). 

Morphology of slag particles was analysed with synchrotron-based X- 
ray micro-tomography and image analysis. The porosity and open pore 
volume of the slag displayed a large variation between replicates and 
fuel mixtures, with an average porosity between 17 and 23 vol% for the 
bark and sludge mixtures and in average 39–56 vol% was open pore 

volume. The number of discrete pores per particle volume is overall high 
for ash from bark and biosludge mixtures. The largest relative number of 
discrete pores were classified as micropores (5–30 µm) or smaller, but 
the largest volume share of discrete pores consists of macropores (>75 
µm). Overall, the slag particles have relatively thick walls, many small 
discrete pores and with few pore openings to the surroundings, indi-
cating that the slag needs to be ground before application in the soil to 
improve the root access to the nutrients. 
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Table 2 
Results of image analysis for the particles, showing the average and standard deviation for each fuel mixture.   

Sample Porosity 
[vol%] 

Open pore 
volume [vol%] 

Median/Mean equivalent pore 
diameter of discrete pores [µm] 

No. of discrete pores per particle 
volume [counts/mm3] 

Average wall 
thickness [µm] 

Specific surface area 
[mm2/mm3] 

B100 12 ± 2 12 ± 3 10 ± 0/14 ± 1 5827 ± 2840 51 ± 11 14 ± 4 
MSB90 18 ± 3 48 ± 13 10 ± 1/14 ± 2 4267 ± 1758 59 ± 19 18 ± 4 
MSB70 23 ± 7 56 ± 24 8 ± 3/13 ± 5 1387 ± 317 75 ± 31 17 ± 5 
BSB90 18 ± 6 39 ± 14 11 ± 1/17 ± 3 1653 ± 910 82 ± 22 12 ± 4 
BSB70 17 ± 3 39 ± 13 12 ± 1/19 ± 0 1310 ± 330 110 ± 40 11 ± 1  

Fig. 8. Pore size distribution, showing the share of pores (lines to the left) and share of pore volume (bars to the right) as an average, where a) contains all pores and 
b) the discrete pores. The pore size is shown as equivalent diameter on the horizontal axis and is divided into size ranges. The error bars represent one stan-
dard deviation. 

Fig. 9. Pore size distribution among micropores and ultramicropores (discrete pores) for BSB90_1 in percent of the total number of discrete pores.  
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