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Abstract

Pelleting is a common technique used to process loose biomass into a densified form. Pelleting packs the feedstock mate-
rial tightly while forming a complex pore network between the solid constituents, which allows access of water and other
substances to the interior parts of pellets. The characteristics of this pore system depend on the raw material and pelleting
parameters. In pelleted recycled and organic fertilizers, the properties of the pore system partly determine the degrada-
tion of the pellets in soil and consequently the release of nutrients to plant available form. The fertilizer pellet structural
properties have rarely been studied quantitatively at the pore level, whereby we conducted a three-dimensional imaging
study using X-ray tomography to quantitatively analyse the pore characteristics of six pellet types, comprising three raw
materials and two compression ratios. The image analysis revealed that both the raw material and compression ratio
affected the internal pore structure of pellets. These findings suggest that the internal porous structure of fertilizer pellets
can be tailored on length scales which affect the interaction of fertilizer with the surrounding soil and consequently affect
the agronomic performance of the fertilizer.

Statement of Novelty

The loose and bulky structure of many recycled fertilizers complicates their exploitation. Therefore, densification of the
raw materials by pelleting can increase the agronomic use of recycled fertilizers. Little is known about how the properties
of raw material and processing parameters affect the pore system formed during pelleting. Previous studies have concen-
trated on energy pellets, whereas in the present work, the focus was on recycled fertilizers. Three-dimensional imaging
with X-ray tomography was used to quantitatively analyse the pore structure within pellets produced from three different
biomasses (sewage sludge, meat bone meal, straw). Our results showed that both the raw material and the compression
ratio in pelleting can have notable effects on the internal pore structure of biomass pellets.
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Introduction

Recycling and transitioning from a linear to a circular econ-
omy have attracted interest throughout society including
the agricultural sector, whereby various side streams and
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biomasses have been considered as fertilizers or soil condi-
tioners for improving nutrient circularity in the food system
[1, 2]. As the concentration of nutrients in recycled fertilizer
products is typically lower than in mineral ones, the use of
these products leads to increased demands and higher costs
for transportation and storage [3]. Recycled fertilizers also
often have loose and bulky structure complicating the han-
dling and spreading.

The physical and agronomical attributes of recycled fer-
tilizers can be processed to improve their storage, handling,
and spreading properties and reduce the associated costs [4—
6]. To create high-quality products and increase the use of
recycled fertilizers, it is beneficial to increase their density
and process them into compressed and granulated forms.
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Pelleting is a common technique for densification of bio-
masses [7, 8]. In pelleting, biomasses derived from a range
of organic sources [9], are compressed into cylindrical pel-
lets with regular shape and size, which can resolve several
drawbacks related to loose materials.

Pellets have varying internal structures depending on
the feedstock type and properties, possible additional bulk-
ing agents, and processing parameters, which affect the
mechanical properties of the pellets such as density, strength
and durability [10]. In general, as compared to loose feed-
stock material, the breakdown and decomposition rate of
pellets are slower. Regarding fertilizer pellets, the porous
structure also affects the dissolution of the pellet and the
pellet-soil-water interactions. Pelleting has been found to
reduce phosphorus availability in biobased fertilizer pellets
[11]. Larger pores allow water and microorganisms to eas-
ily enter the fertilizer pellet and enable nutrients to be easily
mobilized over time thus making them available for plant
uptake [12]. Thus, regulating the pore structure within fer-
tilizer pellets offers one possibility of adjusting the release
rate of the nutrients, which also provides the advantage of
pelleted fertilizers over bulk form [13].

To better understand the functioning of fertilizer prod-
ucts, it would be beneficial to investigate the internal pore
structure of the pellets, and how this structure is affected by
feedstock or how it can be engineered by processing param-
eters. X-ray tomography provides a powerful tool to image
the three-dimensional internal structure of porous materi-
als at micrometre resolution [14]. X-ray tomography has
been previously utilized in imaging various forms of energy
pellets, including studying the correlation between the
microscale properties of switchgrass pellets and the quality
of the end product [15], characterization of pore structure of
pyrolysed softwood pellets [16], development of cracks and
cavities during combustion of poplar and wheat-straw pel-
lets [17], and degradation of wood pellets and consequent
crack formation during storage [18]. The internal structure
of organic fertilizer pellets has been much less studied by
direct three-dimensional imaging. The only study that the
authors are aware of is the work of Valentinuzzi and co-
workers [12], which considered digestate pellets from bio-
gas production. Their study was limited to a small number
(3) of samples and used commercial pellets whereby pro-
cessing parameters were not reported. The imaged fertilizer
pellets had complex internal pore networks which empha-
sizes the importance of additional studies on the internal
structure of fertilizer pellets.

As the knowledge of the structure of pelleted organic
fertilizers is still incomplete, the present work aimed at
conducting a three-dimensional imaging study of pellets
produced from three different biomasses. We considered
two fertilizer products based on sewage sludge and bone
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meal. As a reference material, we considered barley straw.
Each feedstock was pelleted using two compression ratios
to consider the effect of varying process conditions. Our
study hypothesis was that both the feedstock and processing
have notable effects on the pellet pore structure. This study
provides information about the possibility of influencing the
pore structure within biomass pellets, which likely affects
their functioning as fertilizers or soil amendments.

Materials and Methods
Pellets

Pelleting experiments were conducted with an Amandus
Kahl 14-175 Laboratory Press, which operates with 175 mm
flat dies and 3 kW power. Trial runs were carried out with
three different materials (dried sewage sludge, meat bone
meal and barley straw) and two different 4 mm diameter
pellet dies with 4:1 (16 mm active pressing channel length)
and 7.5:1 (30 mm active pressing channel length) compres-
sion ratios. The dimensions of the pellet dies were the fol-
lowing: diameter 175 mm, thickness 30 mm and taper angle
40°. A total of six pellet types were thus produced. During
the operation, the temperature of the produced pellets was
followed with an infrared thermometer and the temperature
of the pellet die with the thermocouple of the pellet press.
The pellet temperatures were 56 °C and 64 °C for sewage
sludge (compressions 4:1 and 7.5:1, respectively), 30 °C
and 50 °C for meat bone meal, and 36 °C and 73 °C for
barley straw. The temperatures of pellet die were, in turn,
27 °C and 20 °C for sewage sludge (compressions 4:1 and
7.5:1, respectively), 19 °C and 28 °C for meat bone meal,
and 21 °C and 31 °C for barley straw. The physicochemi-
cal properties of the used feedstock and produced pellets
are given in Table 1. Regarding the particle size distribu-
tion of the feedstock, barley straw was milled through a
5 mm mesh prior to pelleting. The total concentrations of
C, H, N and S were analysed through dry combustion with
a CHN628+628 S Elemental Analyzer. The ash contents
were determined at 550 °C usingTGA701 Thermogravi-
metric Analyzer. The pellet densities were determined by
weighting sample pellets and measuring their diameter and
length using a digital vernier calliper to calculate the pellet
volume.

X-ray Tomography

The three-dimensional structural characterization of the
pellets was conducted with X-ray microtomography. Four
replicate samples were imaged from each six sample types.
Pellets were scanned with a Zeiss Xradia MicroXCT-400
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Table 1 Physicochemical properties of the used feedstock materials and produced pellets

Sewage sludge

Meat bone meal Barley straw

Ultimate analysis [%]

C 34.92+0.10
H 5.48+0.06
N 4.95+0.04
S 0.710+0.002
Ash content [%] 31.9+0.2
Particle size distribution [%]
>3.55 mm 23.4
1-3.55 mm 449
<1 mm 31.7
Pellet density [g cm ™3]
4:1 1.36+0.03
7.5:1 1.33+0.01

39.06+0.20 43.28+0.17
5.98+0.03 6.21+0.03
9.01+0.06 1.74+0.13
0.431+0.018 0.127+0.011
27.6+0.2 9.1+£0.2

3.6 nd*

9.6 nd*

86.8 nd*
0.97+0.05 1.12+0.13
1.37+0.04 1.25+0.06

*nd=not determined

(Zeiss, Pleasanton, USA) device using the same imaging
parameter values for all samples. Each scan consisted of
1601 2D projection images evenly distributed over a full
360° rotation. The exposure time was 5 s for each projection
image. A 10x objective was used with a binning of 2, which
resulted in a pixel size of 2.275 um. The source voltage was
80 kV and the source current was 125 pA. LE2 filter was
used in the imaging. The three-dimensional reconstructions
were created of the projection images using the device man-
ufacturer’s Zeiss XMReconstructor software (Zeiss, Pleas-
anton, USA), which is based on the filtered back projection
algorithm.

Image Processing and Analysis

The greyscale levels of the 16-bit images obtained from
X-ray tomography were normalized and converted to 8-bit
images using percentile stretching. The 1 and 99 percentiles
of the greyscale values were set to 0 and 255, respectively,
and the intermediate values were obtained with linear scal-
ing. The greyscale images resulting from X-ray tomography
were denoised with a three-dimensional variance-weighed
mean filter with a radius of 2 voxels [19]. After denois-
ing, images were segmented into pore and solid phases. A
range of automatic segmentation algorithms available in the
Imagel software [20] were tested, but they did not result
in satisfactory outcomes. Therefore, segmentation was done
by manual thresholding where the threshold greyscale value
was selected to give the best segmentation of pores and sol-
ids as compared to visual inspection. The same threshold
value was applied for all bonemeal and sewage sludge pellet
images. A different threshold value was used for the images
of straw pellets, as these images had different greyscale lev-
els than the other materials. The segmented images were
further filtered with majority filter with a radius of 2 voxels

and isolated solid objects smaller than 125 voxels were
removed from the images.

The segmented images were analysed for porosity and
pore size distribution. The pore size distributions of the
imaged pellets were determined with mathematical mor-
phology [21] by using a morphological opening algorithm
with a sphere-shaped structuring element [22]. Morphologi-
cal opening removes pores up to the size of the structuring
element from the pore space, whereby pore size distribution
is obtained by successive application of the opening process
by structuring elements of increasing radius. Median pore
diameters were determined from the pore size distribution.

Statistical Analysis

One-way analysis of variance (ANOVA) was carried out
to compare the median pore sizes for different pellet raw
materials and compressions. Multiple comparisons were
conducted using Tukey’s test. For pellet porosity, the
assumption of homogeneity of variances was violated
whereby the statistical comparisons for this quantity were
carried out with Welch ANOVA and the multiple compari-
sons with the Games-Howell test. A significance level of
p<0.05 was used in statistical testing. The normality of the
data was tested using Shapiro-Wilk’s test, and homosce-
dasticity using Levene’s test, both at a significance level of
p>0.05. Statistical analyses were performed with Python
using the Stats module in the SciPy library [23] and the Pin-
gouin package [24].

Results and Discussion
Visualizations of the internal structure of three selected

pellets representing different raw materials and imaged by
X-ray microtomography are shown in Fig. 1. Visualizations
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(a) (b)

Fig. 1 Three-dimensional visualizations of three pellets made of dif-
fering raw materials: (a) Sewage sludge, (b) meat bone meal, and
(¢) barley straw. Pores and solid material are shown with blue and
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grey colour, respectively. The shown subvolumes have a diameter of
2.3 mm and a height of 1.5 mm. The compression ratio of all shown
pellets was 4:1
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Sample type

Fig. 2 Image analysis results for different pellet raw materials
(SS=sewage sludge, BM=bone meal, BS=barley straw) and com-
pression ratios (4:1, 7.5:1). (a) X-ray visible porosities of the pellets.
(b) Median pore sizes determined from the computed pore size distri-

were done for segmented samples, and they thus show
the organization of solids and voids in the pellets. Visual
inspection indicates that pellets of different raw materials
had contrasting internal pore structures. The sewage sludge
pellet (Fig. 1a) had a lower number of pores and the porosity
inside the pellet was heterogeneously distributed as com-
pared with the meat bone meal pellet (Fig. 1b) which had a
more homogeneous pore structure. The porosity of the straw
pellet (Fig. 1c), in turn, was more anisotropic reflecting the
characteristics of the raw material.

Image analysis revealed quantitative differences in the
pore structure of different pellet types (Fig. 2). Statistical
analysis showed that there are statistically significant differ-
ences between the means of porosity (p<0.01) and median
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Sample type

butions. Separate data points are shown for replicate samples. Signifi-
cant differences (p <0.05) between pellet types are denoted by different
letters

pore sizes (p<0.00001) of the six different pellet types.
Pairwise comparisons resulted in more evident differences
in pore sizes compared to porosity. Considering porosity, for
meat bone meal pellets there was a statistically significant
difference between the two compression ratios, while for
the two other materials such difference could not be proven.
The porosity results were consistent with the measured pel-
let densities (Table 1). For sewage sludge, the measured pel-
let densities were almost the same for the two compression
ratios and statistical analysis did not show a significant dif-
ference between them (p=0.99). For meat bone meal, there
was a clear and significant difference between the pellet
densities (p<10~7) such that increased compression led to
increased density consistently with the observed decrease
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in the imaged porosity. For straw pellets, the density dif-
ference was merely marginally significant (p=0.054) and
again the increased compression led to increased density.
Median pore sizes confirmed that sewage sludge pellets had
the largest pores, while the pore size of meat bone meal and
straw pellets was smaller. These observations suggest that
raw material properties affect the pelleting. For instance,
a comparison of the particle size distributions of sewage
sludge and meat bone meal (Table 1) shows that the lat-
ter material had smaller particle sizes which likely leads to
smaller pore diameters.

While the results insinuate differences between raw mate-
rials and compression ratios, the small number of samples
(n=4) and high variance within each sample group hinder
drawing definite conclusions. The variance appeared to be
largest for sewage sludge pellets that probably resulted from
the iron present in the raw material, which as a high-density
material lowered the quality of the images and therefore
aggravated the identification of the pores.

To consider qualitative differences in the pellet pore
system, Fig. 3 shows cross-sections of meat bone meal
and straw pellets produced with different compressions
(greyscale images show the X-ray attenuation coefficient
inside the sample). These images show the differences
between the two raw materials: meat bone meal pellet has
granular structures and with higher compression, the inter-
particle porosity seems to diminish. Straw pellet, in turn,
has elongated pore shapes and the largest voids in the sam-
ple appear clearly less abundant with higher compression.
Straw pellet with lower compression has also remnants of
the cellular structures of the raw material, which are lesser
in the pellet produced at higher compression.

These results show that there are differences in how dif-
ferent raw materials are packed during pelleting. Essentially,
the pellet-forming abilities of different biomasses depend on
their chemical and physical structure governing the forma-
tion and strength of inter-particle bonding [25]. Comparing
the obtained porosity values with other research is hard as
the previous imaging studies are limited to the work of Val-
entinuzzi et al. [12], who reported X-ray visible porosity
values between 0.03 and 0.07 for digestate pellets imaged
with a voxel size of 2.0 pm. These values are similar to our
findings.

For different raw material types, variant pellet porosities
have been observed with three-dimensional imaging. Note,
however, that since compression ratio and pelleting param-
eters generally affect the pellet pore structure, comparison
between pellets resulting from different sources is possible
only on a qualitative level. Also, the imaging resolution
affects the pore sizes that are visible in the images. The
selected imaging resolution here was such that it allowed
imaging of the whole pellet and was able to account for

porosity responsible for water movement and storage in soil
and microbial colonization, which are essential in fertilizer-
soil-water interactions. The structure of pelleted and pyrol-
ysed softwood was studied by Srocke and co-workers [16],
who reported clearly higher porosity values (ca. 0.58). Their
pellets retained the cellular structure of the raw material,
which can explain the high porosity values. Pyrolysis has
also been found to increase the porosity of organic materials
[26]. Cutz et al. [18] studied pellets made of sawdust and in
this case, the detected porosities varied around 0.05, which
is comparable to the values observed in the present work.
Edeh et al. [27] studied several pelleted biomasses including
wheat straw and reported a porosity of 0.079. Their imaging
resolution was higher with a voxel size of 0.87 um which
may explain somewhat larger porosities than what we found
for barley straw pellets. Also, the typical pore size in the
study of Edeh et al. [27] was similar to those observed here
for barley straw pellets. However, we found clearly higher
median pore sizes for sewage sludge and meat bone meal
pellets which suggests that raw material impacts the pore
sizes. Kim et al. [28] observed that small pore sizes delayed
the uptake of water and release of nutrients from biochar-
lignin pellets.

Cutz et al. [18] also found that storage led to an increase
in the pellet porosity, which may reduce the pellet strength
but also affect the transport properties of water and other
substances. This finding suggests that changes in fertil-
izer pellet structure over time would be a topic for future
research. X-ray tomography has also been applied to study
the interaction of plant roots and mineral fertilizer granules
[29]. A similar analysis could be interesting future research
direction for pelleted organic fertilizers as the internal
micrometre-range porosity can be expected to affect the
root-fertilizer interaction.

Conclusions

Our results showed that both the raw material and the com-
pression ratio in pelleting can have notable effects on the
internal pore structure of biomass pellets and that there can
be moderate variation in the pore properties also within the
same pellet type. Here we considered pellets produced from
three different raw materials by using two compression rates
and the obtained results support our initial study hypothesis
that both the feedstock and processing have notable effects
on the pellet pore structure. Based on these findings, fur-
ther studies with a broader selection of raw materials and
processing parameters can be recommended. Understanding
the factors that influence the characteristics and variation
of the complex internal pore system of fertilizer pellets can
help in predicting which pelleting parameters and feedstock
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Fig. 3 Cross-sections of the grayscale images of selected pellets. A
darker colour indicates lower material density (e.g. air) and higher
densities are shown in a brighter colour. The diameter of each sample

properties are most suitable for producing fertilizer products
for different purposes from various feedstocks. The results
suggest that it is possible to tailor the internal porosity of fer-
tilizer pellets on length scales that are relevant for the func-
tioning of the fertilizer in soil with impacts on for example
the water transfer between the pellet and surrounding soil
and microbial colonization. These can affect the release of

@ Springer

is ca. 2.1 mm. The shown pellets are meat bone meal pellets with com-
pression ratios 4:1 (a) and 7.5:1 (b); barley straw pellets with compres-
sion ratios 4:1 (¢) and 7.5:1 (d)

nutrients for plants and affect the potential nutrient losses to
the environment.
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