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Summary of Results

Two types of sludges from a paper mill has been co-combusted with bark, with two different
degrees of admixture for respective sludge. The amount of P in the slag particles indicate that the
ash from biosludge and mixed sludge combustion can be useful either as a soil improver directly
or for a further refinery. Slag from the combustion of 30 % biosludge and 70 % bark contained
the highest content of phosphorus, 9 % on a C and O free basis, followed by 10 % biosludge
and 90 ,.% bark (6.2 »%) and 30 ,.% mixed sludge and 70 % bark (5.8 .%).

Morphology of slag particles was analysed with synchrotron-based X-ray micro-tomography and
image analysis. Discrete and open pores could be distinguished on a micrometre scale. The bark
och sludge mixtures had comparable porosity (18-23,,%) and had an open pore volume of 39 to
48 ,0%. Slag from the combustion of pure bark had lower porosity (12 %) and lowered open
pore volume (12 vw%). For all samples, 90% of the pores are small, with an equivalent diameter
under 30 pum, but the largest pore volume (80-90%) consists of pores with an equivalent diameter
over 75 um. In soils, pores with a minimum equivalent diameter over 30 pm generally transmit
water and the smaller pores store water.

Overall, the slag particles have many small discrete pores and relatively thick walls, with few pore
openings to the surroundings, indicating that slag particles need to be grounded before
application in the soil for improving root access to the nutrients.

Introduction

Phosphorus (P) is vital for all living organisms. Today, the recycling of P is low, and the supply
comes mainly from phosphate rocks and minerals. The European Commission has also identified
P as critical raw material [1]. For a sustainable society, it is crucial to recover P from bio-
resources and residual streams.

With pulp and paper production in the world of 420 million tonnes (2018), the pulp and paper
industry is a large industry sector (CEPI 2019 [2]). The production also results in several residual
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streams, amongst which sludges in different forms are produced to a large amount in the
wastewater treatment plants. Landfilling has been, and still is in many places, a common way to
treat the sludge after dewatering, but more stringent regulations promote material and energy
recovery [3, 4].

Through the combustion of phosphorus-rich residual streams, it is possible to utilise, among other
things, the phosphorus-bound fraction in the produced ash for further reprocessing and recycling
of nutrients, and at the same time recover the energy [5-9]. It has also been found to partially
control combustion processes whereby elements that are not suitable for recycling (e.g. copper
and lead) end up in a finer-grained and particulate ash fraction, where most phosphorus
compounds are not found [10].

The purpose of the study was to contribute to a circular society by investigating 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
and from pulp and paper mills. The combustion performance was investigated for these residual
streams, and advanced analysis methods were used to characterise the ashes and link together
chemical and physical properties relevant for nutrient recycling of the ashes. The elemental
composition of ash fractions was evaluated by energy dispersive X-ray fluorescence (ED-XRF)
and energy-dispersive X-ray spectroscopy (SEM-EDS), and crystalline phases by X-ray diffraction
(XRD) of the samples. Morphology, porosity, pore size distribution and active surface area of the
slag were characterised with synchrotron-based X-ray micro-tomography (XRT).

Experimental Methods

Materials and pre-treatment

Two types of sludges from a paper mill in Hallstavik, Sweden, was used in this study, mixed
sludge and biological sludge. Mixed sludge contains fibre sludge (fibre residues and some inert
material) and about 30-35 % biological sludge. The sludges also contain Ferrous sulphate
(approx. 15 kg/ton). The biosludge has higher ash content (16.9 wt%) than mixed sludge

(7.0 wt%) on a dry basis. The mixed sludge contains relatively much more Si compared to the
biosludge. The sludges were dried at 105°C and grounded with a 5-mm sieve.

The bark used in this study was Scots pine bark that came from a sawmill in Northern Sweden.
The bark was ground with a 4-mm sieve.

Five fuel mixtures were used and designed based on the composition of the ash forming elements
in the fuel and practical issues due to the high ash content in the sludges. The fuels were 100 %
bark (B100), 10 % mixed sludge and 90 % bark (IMSB90), 30 % mixed sludge and 70 % bark
(MSB70), 10 % biosludge and 90 % bark (BSB90), and 30 % biosludge and 70 % bark
(BSB70). The fuels were pelletised in a pilot-scale pellet press with a stationary @8 mm ring die.
The fuels and the pellets were analysed in an accredited laboratory for ash content, main
elements C, H, N, Cl and S and ash-forming elements (26 trace metals in biofuels).

Combustion experiments

Combustion experiments have been performed in a horizontal underfed pellet burner (Ecotec
BioLine 50), installed in a boiler (Eryl, Falun, Sweden), with an integrated water-cooled heat
exchanger. A detailed description is available elsewhere [11]. The combustion experiments lasted
4-6 hours, starting with stem wood pellets until a steady state was reached. After that, respective
pellet sorts were fed with an 8.5 kg/h for bark and 8.8-9.4 kg/h for the mixed fuels. During
combustion, the temperature in and just above the burner grate and the O,, CO,, CO, NO, NO,
and SO; in the flue gas was measured continuously.
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The ash residues were collected after the boiler had cooled down and were sieved and quantified.
The ashes were separated between ash in burner grate and bottom ash, and after size fraction:
slag particles from the burner grate at a size larger than 3.15 mm, particles in the burner grate at a
size of 1.4-3.15 mm, non-melted ash in the burner under the size of 1.4 mm, non-melted ash
particles larger than 3.15 mm at the bottom of the boiler (bottom ash), bottom ash particles at a
size of 1.4-3.15 mm, and bottom ash under the size of 1.4 mm. No fly ash was found in the fly
ash hopper, but deposits were collected from the heat exchanger.

Ash characterisation

Elemental composition

Elemental investigation of the ash fractions was performed with Energy-dispersive X-ray
fluorescence (ED-XRF). A Niton XL3t energy-dispersive XRF analyser (Thermo Scientific
Niton, Billerica, MA, USA) collected spectra. Before analyses, samples over 1.4 mm were
grounded.

A variable-pressure scanning electron microscope with an energy-dispersive X-ray spectroscope
(SEM-EDS; Carl Zeiss Evo and Oxford instruments, detector X-Max 80 mm2) was also used to
determine the elemental composition at low vacuum mode at 50 Pa. A beam accelerating voltage
of 15 kV and probe current of 750 pA was used. A part of the powdery samples was transferred to
carbon tape, and three replicates from each ash fraction were analysed. Four area analyses were
performed (1.5 mm X 1.1 mm) on each sample, giving 12 analyses in total for each ash fraction.

Powder X-ray diffraction (XRD)

XRD analysis was performed with a Bruker-AXS D8Advance X-ray diffractometer in 6-6 mode
for identification and semi-quantitative distribution of crystalline compounds. Cu-Ka radiation
and a Vantec-1 detector were used with continuous rotating scans in a range from 10° to 70°.
Collected diffractograms were evaluated with the PDF-4+ database in Diffrac. EVA 4.2.

X-ray microtomography and image analysis

The X-ray microtomography imaging was performed on slag particles at the beamline Anatomix,
of Synchrotron SOLEIL, France [12] ], with an electron beam current of 100 mA in the storage
ring. The polychromatic ('white') X-ray beam used for the measurements had a central photon
energy of around 40 keV. The samples, mounted on a rotating stage, were scanned over a range
of 180 degrees respective 360 degrees for samples not fitting inside the field of view, with a field
of view of 6.5 mm and a pixel size of 3.07 um. 1600-5900 projections were collected on each scan
with an ORCA Flash 4.0 V2 digital camera, 2 x magnification lens, and 10-50 ms exposure time.
Three slag particles from each combustion experiment were scanned, and 2-3 scans were added
vertically to cover each particle.

The software PyHST?2 [13] with a filtered back-projection algorithm was used for reconstruction.
A double flatfield algorithm was used to reduce ring artefacts, and a Paganin filter was used for
semi-quantitative phase retrieval [14, 15].

The data analysis was performed on the reconstructed 3D stack of image files at 8-bit with the
software packages Fiji (Fiji Is Just Imagel]) [16, 17] and Avizo 9.3 (Fei VSG Inc., Burlingham,
MA, USA). Each voxel contains a grayscale value corresponding to the X-ray attenuation (0-255
for 8-bit images). The X-ray attenuation depends on the differences in density and the atomic
number of the elements in the object. Dark levels in the images are areas with low attenuation
(low number on grayscale), such as pores and air, and bright levels are the ash with the highest
attenuation for iron-rich melts (see Figure 1).

Porosity, open-pore volume, pore size distribution, the thickness of the particle walls and active
surface area were investigated with images analysis. A brief description is given here, and a more
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detailed description of the methods used for image analyses is provided in Strandberg et al. [18].
The images were processed with binary segmentation, which transforms the grey level images
into a binary model. Each pixel within the threshold gets a value of 1, and all other pixels get 0.
The thresholding was selected with manual segmentation using visually selected threshold values,
and the samples were divided into a solid material (ash) and air (pores and background). The
pore volume consisted of pores connected with the background (named open pores) and closed
pores (named discrete pores) completely encased in the ash particles.

To study the average particle walls thickness, a distance map algorithm (Chamfer Distance Map)
was used on the ash. The average distance was calculated between pores and/or particle surfaces.

A polygonal surface mesh was generated for the ash without smoothing or simplifications before
surface area analysis. A specific surface area was calculated by dividing the surface area by the
volume of the ash.

Air (background)

Air (pores)

Discrete pores

|-——| Solid material (ash) ~ Brightest spots
(iron-rich melt)
1 mm

Figure 1. A microtomography slice showing a cross-section of BSB70 replicate 1, with arrows
pointing to features discussed in the text.

Results and discussion

Pellets were fed into the burner without any problems. During sludge combustion, there were
higher levels of SO, and NO; in the flue gases. It was dependent on the content of N and S in the
fuel, with the highest measured levels for biosludge. Slag was formed in all combustion
experiments. The amount increased with a higher proportion of sludge. BSB70, with 64 % of
the ash in the form of slag, had the highest level, followed by MSB70 with 53 .%. The slag
particles from the burner grate and the bottom ash under the size of 1.4 mm were the fractions
with the largest amounts, which therefore are the ones that would dominate in any ash recycling.
Significant quantities of unburnt material (carbon) were found in the bottom ash, especially for
the larger fractions. There was no cyclone ash at any of the runs, but deposits were found on heat
exchangers.

Table 1 and Table 2 display the average relative composition in the slag respective bottom ash
fraction ash under the size of 1.4 mm. A high amount of P was found in the slag from the mixed
fuel, with a higher amount in the biosludge than mixed sludge and an increased amount with
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more sludge in the fuel mixture. Bottom ash had lower P content overall, with less clear trends

between fuel mixtures. High alkali content (K, Na) was found for all fuels.

Table 1. Average relative composition of the main ash forming elements in the slag formed in the
burner on a C and O free basis.

B100 MSB90 MSB70 BSB90 BSB70

Average Stdev Average Stdev Average Stdev Average Stdev Average Stdev
K At% 9.8 1.1 9.7 0.9 7.0 0.2 9.0 0.1 6.6 0.1
Na 1.7 0.1 4.1 0.3 6.5 0.2 5.4 0.1 9.9 0.2
Ca 324 0.6 24.8 0.4 21.1 0.5 24.8 0.1 21.1 0.2
Mg 5.3 0.3 3.8 0.2 2.9 0.0 3.6 0.1 2.4 0.1
Mn 1.3 0.1 1.0 0.1 0.8 0.1 1.5 0.0 1.7 0.1
Fe 2.0 0.1 7.6 0.2 12.1 0.4 12.8 0.3 19.6 0.3
Al 10.4 0.5 9.7 0.6 9.4 0.1 8.1 0.1 6.4 0.6
Si 334 1.1 33.9 1.6 33.7 0.9 28.0 0.2 22.5 0.2
P 3.3 0.2 4.4 0.4 5.8 0.1 6.2 0.1 9.0 0.1
S 0.1 0.1 0.7 0.7 0.5 0.2 0.4 0.1 0.7 0.1

Table 2. Average relative composition of the main ash forming elements in the bottom ash under the

size of 1.4 mm on a C and O free basis.

B100 MSB90 MSB70 BSB90 BSB70

Average Stdev  Average Stdev  Average Stdev = Average Stdev = Average Stdev
K At% 20.5 1.1 15.9 5.3 12.6 2.3 18.3 2.3 12.9 2.2
Na 2.2 0.2 3.7 1.3 6.1 1.4 3.6 0.5 7.8 1.8
Ca 38.6 2.1 28.7 9.7 26.3 2.1 31.8 2.9 22.8 1.9
Mg 7.0 0.5 5.4 1.9 4.9 0.6 6.6 1.2 4.5 0.7
Mn 2.0 0.2 1.6 0.5 1.6 0.2 2.3 0.2 2.2 0.3
Fe 3.0 0.5 8.4 6.2 12.6 3.3 6.7 1.2 15.8 2.3
Al 8.1 0.8 6.6 2.2 6.3 0.6 3.3 0.7 3.7 0.5
Si 10.5 2.7 10.7 5.1 15.0 39 14.5 5.1 13.0 1.9
P 4.8 0.4 5.0 1.7 5.1 0.7 3.9 0.3 5.6 0.8
S 2.2 0.3 5.2 1.8 8.7 1.2 6.8 0.9 10.1 1.3
Cl 0.9 0.2 0.7 0.8 0.8 0.4 2.3 0.7 1.5 1.3

With XRT, the slag particles could be investigated in 3D with high resolution. Examples of ash
particle cross-sections are shown in the left column in Figure 2, discrete and open pores in the

middle column, and a 3D reconstruction in the right column.
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Figure 2. Results from XRT scanning of slag particles from the combustion of a-c) B100, d-f) MSB90,
g-i) MSB70, j-1) BSB90, and m-0) BSB70. The left column shows X-ray tomography cross-sections of
ash particles; the middle column cross-section shows the pores, where the ash particle is black, and
the background and open pores are coloured bright blue and discrete pores yellow. The right column
shows 3D reconstructions of the particles. Grayscale is set after X-ray attenuation (optical density),

where brighter parts have high optical density.
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The specific surface area was calculated as the surface area per volume to enable comparison
between different sizes of particles. No clear trends were seen for the surface area, with the
average specific surface area varying between 11 and 18 mm?/mm?®. The specific surface area
seems to be slightly lower than previous work on wheat straw and sewage sludge ash and
mixtures of those; mixed wheat straw and sewage sludge had a specific surface area of 17—

27 mm?/mm?® and pure wheat straw 31-34 mm?/mm? [18]. This despite a lower resolution in that
study, which according to Hyvédluoma et al. affects the specific surface area by limiting small
pores and wall roughness visibility [19].

The porosity was calculated for each particle and averaged for each type of slag. MSB70 had the
highest average porosity with 23 % and the highest open pore volume (56 v04%). The other
mixed samples had comparable porosity of 17-18 4%, and B100 had the lowest porosity with a
12 va% on average. B100 also had the lowest open pore volume with 12 ,4%. Wheat straw ash
and ash from wheat straw and sewage sludge had higher porosity, with an average of 62 4% for
wheat straw and 29-31 4% for the mixtures[18]. The open-pore volume was also high for those
samples (72-99 vol%). While B100 had the lowest porosity and open-pore volume, it had the
most significant number of discrete pores per particle volume, indicating many tiny pores. The
number of discrete pores per particle volume is high for ash from bark and biosludge mixtures
with 5827-1310 counts/mm?®.

Unlike the previously examined wheat straw and sewage sludge ash, these particles have few and
small pore openings at the outer surface, most of them with a size of 50-100 um or less, and
relatively thick particle walls. For some particles, there were some larger openings of 300-500 um.
There are larger openings in areas where the ash has been broken, some of them in size of 300-
500 um. Based on this, it can be assumed that roots have difficulty getting into particles that are
not crushed in their search for nutrients.

Table 3. Results from image analysis, as average from three replicate, with the specific surface area,
sample porosity, open-pore volume, number and size of discrete pores, and average wall thickness.

No. of Mean
. equivalent
Specific Sample Open dlscr/ete ; pore Wall
surface area Porosity pore pores/per diameter thickness
) p 0 volume particle .
[mm?/mm°’] [vol%)] o of discrete [um]
[vol%] volume ores
[counts/mm?] I[)um]
B100 14 12 12 5827 14 51
MSB90 18 18 48 4267 14 59
MSB70 17 23 56 1387 13 75
BSB90 12 18 39 1653 17 82
BSB70 11 17 39 1310 19 110

The distribution of the size of discrete pores has been evaluated based on the equivalent diameter
and classified by the definition of the Soil Science Society of America [20] and the criteria
proposed by Cameron and Buchan [21]. The pores were divided into size ranges were 0.1-5 pm
are classified as ultramicropores, 5-30 um as micropores, 30-75 pm as mesopores, and >75 um as
macropores. Table 4 shows the counts divided by the total number of discrete pores and the
volume distribution as the volume share of the total pore volume of discrete pores. The most
significant relative number of pores were classified as micropores. However, due to the
resolution, the smallest pores here has an equivalent diameter of 3.8 um. The share of the number
of pores might look different with a higher resolution and then reach even smaller pores. In terms
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of volume, the largest volume share of pores consists of macropores. Soil research has shown that
small pores with a minimum equivalent diameter under 30 um store water while larger pores
transmit water [21].

Table 4. Pore size distribution for discrete pores, divided into size ranges, showing the relative
number of pores and relative pore volume as an average.

B100 MSB90 MSB70 BSB90 BSB70
EgDiameter Average Stdev Average Stdev Average Stdev  Average Stdev Average Stdev
Relative number of pores
0.1-5 um 0.16 0.01 0.19 0.03 0.34 0.21 0.15 0.03 0.12  0.01
5-30 um 0.76 0.01 0.74  0.01 0.58 0.04 0.73  0.01 0.74 0.01
30-75 pm 0.06 0.01 0.06 0.02 0.06 0.03 0.10 0.02 0.12  0.00
> 75 um 0.01 0.00 0.01 0.00 0.01 0.02 0.02 0.01 0.02  0.00
Relative pore volume
0.1-5 um 0.00 0.00 0.00  0.00 0.00 0.00 0.00  0.00 0.00  0.00
5-30 um 0.06 0.01 0.06  0.02 0.04 0.02 0.02 0.01 0.02  0.00
30-75 pm 0.13 0.02 0.13  0.02 0.11 0.05 0.08 0.02 0.08 0.02
> 75 ym 0.81 0.03 0.81 0.03 0.85 0.08 0.90 0.03 0.90 0.02

Conclusions

Nutrient amounts indicate that the slag from the combustion of 30% biosludge and 70% bark can
be useful as a soil improver directly or for a further refinery. The P content was 9 at% on a C and
O free basis. Morphology of the slag particles was analysed with synchrotron-based X-ray micro-
tomography at a micrometre scale. The porosity of the slag varied between 17-23 4% for the bark
and sludge mixtures, and 39-56 % was open pores connected to the surrounding 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 pm),
but the largest volume share of discrete pores consists of macropores (>75 um). The slag particles
have relatively thick walls, with few pore openings to the surroundings, indicating that the slag
needs to be grounded before application in the soil for improving the roots accesses to the
nutrients.

Project Outcomes

This result will be published in a scientific article in the coming months. One more paper is
planned based on tomography data gained at the Synchrotron SOLEIL of the ash at higher
resolution and phosphate distribution. The results were also intended to be presented at a
conference, with participants from academia and from industry and/or the public sector. Due to
the pandemic, this has not been possible, but we plan to do so in the future.
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