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Abstract: The need to increase the use of renewable biomasses for energy supply, such as fuel pellets
is significant. However, different types of biomasses have different mechanical properties to be
pelletized, which entails a limitation in available raw materials for pellet producers. Within this study
eleven different pure substances from biomasses were separately mixed with European beech and
Scots pine, to identify its impact on the densification process. Beech and pine pellets were used as
control materials against their corresponding pellets mixed with substances representing: cellulose,
hemicelluloses, other polysaccharides, lignin, protein, and extractives. The mechanical properties
were investigated as well as FT-IR and SEM analyses on the pellets. The results showed that the
addition of the substances xylan and galactan created the hardest pellets for both pine and beech
and that adding extractives to wood affects pine more than beech in relation to hardness. The FT-IR
data could not provide clear explanations as to the variation in hardness and springback behavior
through the identification of major functional groups in each pellet. It can be concluded that biomass
residues rich in xylan and galactan increase pellet quality in terms of strength and durability without
affecting the production process.

Keywords: pellets; single pellet press; chemical composition; pelletization

1. Introduction

The need for a reduction in the use of fossil resources and an increase in the utilization
of all kinds of biomasses is clear [1]. However, biomasses can be difficult to handle for
logistical reasons and their transportation is also associated with high costs. This is because,
at their origin, biomasses have a low bulk density (weight per unit volume), molds and
other microbes can grow on humid biomasses, and non-uniform sizes of biomass particles
present logistical challenges. Biomass, such as sawdust, might present problems with
dust formation, which may lead to explosions. As dried pellet products, biomasses can
be transported in a more energy-efficient way, as they become both homogenous in size
and resistant to molds, with an increase in density [2], and the aforesaid problem related to
dust formation can be effectively minimized.

The demand for biomass pellets is increasing [3], and as the pellet market grows in
size, the need for raw materials also becomes greater. At the dawn of the pellet-industry era,
the raw material in vogue was mostly shavings. However, to date, more roundwood also
finds use as starting material for pellets [4]. The demand for roundwood can be explained

Energies 2021, 14, 5895. https://doi.org/10.3390/en14185895 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-0446-4251
https://orcid.org/0000-0002-4574-1713
https://orcid.org/0000-0002-9707-8896
https://orcid.org/0000-0003-4658-5596
https://doi.org/10.3390/en14185895
https://doi.org/10.3390/en14185895
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14185895
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14185895?type=check_update&version=1


Energies 2021, 14, 5895 2 of 16

by the industry’s need to procure vast quantities of raw material, and the pelletization
process calling for either a specific type of wood or a specific mixture of wood species.

The pellets are produced within the pelletizer by ground material being pressed
through 6−8 mm channels in a die, which creates cylindrical pellets. There is a com-
bination of factors related to the feedstock, pre- and posttreatment conditions, and the
performance of the pelletizing equipment, which produces pellets with different strengths
and durabilities [5,6]. Under the right conditions, strong bonds are created between parti-
cles in the pellets; the exact nature of these is not known [5,7–16]. This paucity of knowledge
causes pellet producers to strive for a feedstock with a chemical composition that is as
uniform as possible. This also prevents the possibility of varying the use of different types
of biomaterials as raw materials. If pellet producers can handle larger variations in raw
material flows, opportunities to bring onstream more wastes and byproducts will present
themselves, and seasonal residues will find a new application.

One way to increase the quantity and augment the quality of pellets is to use an addi-
tive in the production process. Using additives in fuel pellet production is quite common
globally, and several different additives have been tested in order to investigate how they
affect different pellet parameters and the power consumption of the pelletizer [17–20].
One of the most common additives used in conjunction with densification is starch; how-
ever, there is still a paucity of knowledge regarding how starch affects the densification
process and its correlation to moisture [17,21,22]. It is also not clear if starch only acts
as a binder or if it also strengthens the effect of the bound starch already present in the
chemical composition of the biomass used. Accordingly, if more knowledge about the
naturally-occurring substances within the biomass and their relation to additives were to
emerge, more possibilities to use new raw materials and suitable additives for pelletizing
can be unearthed.

The naturally-occurring substances within biomasses, whether they are lignocellulosic
or herbaceous, can generally be divided into five primary components: cellulose, hemicel-
lulose, lignin, extractives/volatiles, and ash, while the hemicelluloses can be categorized
as xylan, mannan, and sometimes galactan [23]. Frodeson et al. (2018; 2019) studied the
impact of these primary components and found that there is a difference between how
different substances derived from biomasses behave during densification [23–25]. In partic-
ular, the effects of hemicelluloses on pelletizing properties are still unknown, which could
explain the difference between pelletizing hard and soft wood [26,27]. Further, Larson
et al. (2020) found that the hemicelluloses mannan and xylan were important predictors for
target moisture content in a feedstock [27] when they tested the model and predicted the
pelletizing properties based on the chemical composition of the biomass. However, biomass
is composed not merely of hemicelluloses and to be able to predict pelletizing properties
based on chemical composition, more knowledge within this field is needed [26,27].

So, the naturally-occurring substances in biomasses play different roles during den-
sification, such as creating strong bonds between particles and interacting with water. If
the specific characteristics and roles of these substances correlated to pelletizing could be
clarified, it would be easier to mix, vary, and blend different types of biomasses based on
their chemical composition. By doing so, the raw material base for pellet production can
be widened. The purpose of this study is to gain an understanding of how the naturally-
occurring substances in biomasses affect pelletizing properties. The aim was to investigate
and present how compression work and backpressure are affected when pure substances of
naturally-occurring substances were added to woods. The effect on pellet length and hard-
ness was investigated, and bonding properties when eleven different naturally-occurring
substances in biomasses—cellulose, hemicelluloses, other polysaccharides, lignin, protein,
and extractives—were tested with beech and pine.
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2. Materials and Methods
2.1. Materials

Two wood species were used as raw materials: European beech (Fagus sylvatica) and
Scots pine (Pinus sylvestris). In general, the chemical compositions for these woods can
be expressed as carbohydrates 72.7%, lignin 24.8%, extractives 1.2%, and residuals 1.3%
for beech, and carbohydrates 68.5%, lignin 27.7%, extractives 3.5%, and residuals 0.3% for
pine [28]. The composition of the carbohydrates within the woods used in this study was
analyzed with the SCAN−CM 71 and IC methods and are presented in Table 1.

Table 1. The variation of carbohydrates within the woods in use.

The Variation of Carbohydrates in the Woods (rel.%)

Glucose Xylose Mannose Arabinose Galactose

Beech 67.7 27.9 1.9 0.8 1.7

Pine 66.4 11.4 16.1 3.0 3.1

The methodology behind the material treatment is based on earlier studies; first, the
beech and pine woods were sawn (Bosch GCM 8 SJL; Stuttgart, Germany) and the sawdust
was collected within a small cyclone mounted in front of the sawdust collector. The sawdust
was dried for 48 h at 50 ◦C to reach an equal dried starting point before the moisture content
was measured on all materials according to SS−EN_ISO_18134−1_2015 on a wet basis
(wb), with the deviation of the amount of material below 100 g. All materials were then
ground in a Culatti Micro Hammer Mill (DFH 48; Limmatstrasse, Zurich, Switzerland)
with a sieve size of 2 mm to attain uniform particle sizes before the materials were sieved
with a sieve size of 0.350 mm to ensure that they appeared in powder form [25,29].

The beech and pine were separately mixed with the substances at an amount of 10%
of weight on a dry basis (db). Eleven naturally-occurring substances in lignocellulosic
biomasses were used, which together with the control tests (pure wood) gave 24 different
tests. The substances that are presented in Table 2 are categorized as polysaccharides,
lignin, protein, and extractives. All the substances are equivalent materials commonly used
in research studies to reflect their properties in biomasses [23–26,30–32].

Table 2. The substances that were added to beech and pine by name and their origin.

Test Name Origin

Cellulose Avicel Sigma–Aldrich (Darmstadt, Germany), Avicel®PH−101
product number 11365

Mannan Locust bean gum mannan Sigma–Aldrich, product number G0753

Xylan Eucalypt xylan Delivered by KTH Royal Institute of Technology

Galactan Latch arabinogalactan Hunan Kangshou Pharmaceutical Co., Ltd. (Changsha, China)

Starch wheat Wheat starch Native wheat starch from Solam GmbH (Kristianstad, Sweden)

Starch potato Potato starch Native potato starch from Solam GmbH (Kristianstad, Sweden)

Pectin Apple pectin Sigma–Aldrich, product number 93854

Lignin Lignoboost lignin Dry Kraft lignin from the LignoBoost process
(Metso, Kristinehamn, Sweden)

Protein Protein (Soy) Sigma–Aldrich, product number S1674

Tannin Tannin Sigma–Aldrich, product number W304204

Resin Resin Claessons Trätjära (wood tar) AB (Gothenburg), Sweden,
product number 1211000
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The moisture content in all 24 tests was aimed to be 10% (wb). The hydrating process
has been described in an earlier study [25]. The moisture content during the tests was
measured in the test samples in conjunction with compression, as well as in the pellets one
week after production.

2.2. Densification, Measurements, and Quality Tests

Pellets were produced in a single pellet unit (SPP), described in [23,24,29], located
at the Environmental and Energy Systems at Karlstad University, Sweden. The SPP hole-
diameter and all operating parameters for the test procedure were the same as in [24] with
the deviation that no nylon plugs were used.

During densification, the force, piston speed, length of pellet, and time were logged
three times per second. At least ten pellets were produced in each test series, and the data
have been presented as an average value with standard deviation. The study evaluated
compression work and the maximum friction force and the methology for these two
calculations follows [24], with the deviation that the compression work was based on the
distance needed to increase the force from 0.2 to 14 kN. The compression work is depicted
as Wcomp (J/g), and the maximum friction force is depicted as Fmax (kN). Fmax represents
the maximal potential backpressure. The methology behind springback effect follows [25]
and was measured through variations in both axial length and diameter together with
density measurements. The lengths of the pellets during compression were measured
when the force reached a predetermined value after a holding time and are referred to as
“comp pellets”, i.e., compressed pellets. The produced pellets were analyzed by measuring
their weight, length, and diameter using a digital caliper directly after compression, which
are referred to as “green pellets”, and after one week, which are referred to as “cured
pellets”, following previous studies [25,33,34]. The solid density (g/cm3) of the pellets was
analyzed as comp, green, and cured pellet. The pellet hardness (kg) was measured using a
KAHL motor-driven hardness tester (K3175−0011; KAHL, Reinbek, Germany) on cured
pellets. All the hardness tests were presented as the average value based on six pellets with
standard deviation.

2.3. Fourier Transform Infrared Spectroscopic (FT-IR) and Scanning Electron Microscopic Analysis

Based on earlier studies [29,30,35], Fourier Transform Infrared (FT-IR) spectroscopic
analysis (FT-IR) was used to study structural changes through the identification of major
functional groups associated with the primary components of the pellet samples, as well
as to establish the role of these groups in springback behavior, in bonding, and for pellet
quality in terms of hardness. FTIR spectra were obtained using an Agilent Cary 630 FTIR
spectrophotometer (USA) equipped with the diamond ATR. Spectra were processed using
the MicroLab PC and Resolutions Pro software. Samples of pellets from the beech and pine
controls, and from mixed samples with eleven different substances added (Table 2), were
analyzed at wavenumbers ranging from 650 to 4000 cm−1 at room temperature.

Scanning Electron Microscopic (SEM) analysis was conducted to determine morpho-
logical features that are relevant to the springback effect, bonding, and pellet quality in
terms of hardness. The method for morphological characterization of the pellets was based
on earlier study and was conducted with a JEOL (JSM-6390LV) model SEM instrument
fitted with an EDX analyzer that was used for the analysis of major elemental components.
The method for sample treatment can be found in [29]. Multiple images of each pellet
sample were generated upon morphological analysis and a single image was selected for
each sample.

3. Results and Discussion

This section first presents the material data (Section 3.1), followed by quality data in
the form of hardness and springback effects (Section 3.2), and finally the chemical analyses
in the form of FT-IR and SEM (Section 3.3).



Energies 2021, 14, 5895 5 of 16

3.1. Material Data

In total, 24 different test studies were conducted: twelve each for beech and pine,
where the controls represent pure beech and pine, respectively. The following tests were
conducted by adding 10% of different substances (data in Table 2) (db). The moisture
content of the samples (1 g of test material used in the SPP) within this study aimed to be
10% (wb), but as shown in the sample column, the inlet moisture content had a variation of
10 +/− 1.85. The moisture content of the produced cured pellets varied from 7.23 to 10.24%
(wb). The mass of the produced pellet (green) was nearly 1 g, ranging from 0.962 ± 0.019
to 0.986 ± 0.004. The measured diameter of the pellets produced shows that the diameter
increases slightly for most pellet tests when the pellets have been stored for a week (see the
difference between green and cured pellets in Table 3). The difference in length between
comp, green, and cured pellets is discussed below in relation to springback effects.

Table 3. Sample moisture content and springback data for beech and pine pellets without substances (control) and with a
10% admixture of eleven different substances.

Test
Moisture Content (%) Pellet

Weight (g) Diameter (mm) Length (mm)
Inlet Pellets Green Green Cured Comp Green Cured

Control 9.60 7.73 0.982 ± 0.003 8.23 ± 0.012 8.23 ± 0.016 12.71 ± 0.13 15.62 ± 0.58 * 15.62 ± 0.58 *
Cellulose 8.95 7.80 0.983 ± 0.003 8.21 ± 0.006 8.24 ± 0.005 11.98 ± 0.12 15.44 ± 0.11 15.37 ± 0.12
Mannan 9.35 7.85 0.979 ± 0.004 8.22 ± 0.012 8.24 ± 0.008 11.84 ± 0.14 15.48 ± 0.07 15.38 ± 0.07

Xylan 8.85 8.07 0.980 ± 0.002 8.24 ± 0.006 8.22 ± 0.005 11.66 ± 0.10 15.21 ± 0.12 14.71 ± 0.09
Starch (w) 10.65 9.10 0.977 ± 0.006 8.20 ± 0.011 8.21 ± 0.000 11.88 ± 0.12 15.81 ± 0.06 15.70 ± 0.06
Starch (p) 9.60 2.70 * 0.980 ± 0.005 8.18 ± 0.009 8.19 ± 0.004 11.89 ± 0.12 15.21 ± 0.13 15.14 ± 0.14
Galactan 8.35 7.23 0.981 ± 0.004 8.30 ± 0.015 8.30 ± 0.003 11.58 ± 0.09 16.13 ± 0.09 15.94 ± 0.11

Pectin 11.95 10.24 0.979 ± 0.009 8.21 ± 0.009 8.22 ± 0.010 12.37 ± 0.17 16.71 ± 0.25 16.57 ± 0.22
Lignin 8.80 7.48 0.976 ± 0.006 8.24 ± 0.008 8.24 ± 0.008 12.68 ± 0.06 15.35 ± 0.16 15.27 ± 0.13
Protein 9.25 8.00 0.979 ± 0.004 8.25 ± 0.024 8.30 ± 0.007 11.88 ± 0.11 16.67 ± 0.09 16.73 ± 0.08
Tannin 9.55 8.09 0.974 ± 0.011 8.22 ± 0.019 8.22 ± 0.004 12.40 ± 0.18 14.75 ± 0.27 14.81 ± 0.21

Be
ec

h

Resin 8.51 8.35 0.979 ± 0.005 8.25 ± 0.014 8.27 ± 0.005 12.83 ± 0.07 16.40 ± 0.15 15.99 ± 0.17
Control 9.85 2.74 * 0.973 ± 0.008 8.23 ± 0.013 8.18 ± 0.008 12.36 ± 0.11 16.09 ± 0.04 15.92 ± 0.07

Cellulose 9.65 7.64 0.980 ± 0.003 8.20 ± 0.008 8.22 ± 0.005 11.90 ± 0.04 15.78 ± 0.04 15.62 ± 0.08
Mannan 11.85 9.36 0.978 ± 0.004 8.20 ± 0.019 8.25 ± 0.006 11.89 ± 0.10 16.92 ± 0.09 16.80 ± 0.06

Xylan 9.45 7.96 0.984 ± 0.003 8.22 ± 0.015 8.24 ± 0.006 11.85 ± 0.10 15.22 ± 0.11 15.20 ± 0.13
Starch (w) 10.35 9.02 0.973 ± 0.007 8.23 ± 0.005 8.20 ± 0.007 12.15 ± 0.09 15.22 ± 0.11 15.20 ± 0.13
Starch (p) 9.50 8.53 0.971 ± 0.012 8.23 ± 0.005 8.20 ± 0.007 11.73 ± 0.39 15.47 ± 0.24 15.20 ± 0.13
Galactan 9.44 7.47 0.985 ± 0.006 8.24 ± 0.009 8.27 ± 0.005 12.47 ± 0.08 16.05 ± 0.22 16.39 ± 0.12

Pectin 10.05 8.64 0.986 ± 0.004 8.20 ± 0.009 8.22 ± 0.005 11.92 ± 0.06 16.04 ± 0.12 15.87 ± 0.14
Lignin 9.70 8.11 0.979 ± 0.003 8.23 ± 0.003 8.25 ± 0.005 12.13 ± 0.08 15.68 ± 0.04 15.53 ± 0.04
Protein 10.15 8.81 0.968 ± 0.010 8.32 ± 0.007 8.30 ± 0.005 11.60 ± 0.15 16.13 ± 0.25 16.03 ± 0.29
Tannin 9.65 8.61 0.973 ± 0.018 8.25 ± 0.020 8.22 ± 0.010 11.73 ± 0.14 15.19 ± 0.33 15.01 ± 0.34

Pi
ne

Resin 9.90 8.54 0.962 ± 0.019 8.31 ± 0.015 8.29 ± 0.014 11.76 ± 0.27 16.34 ± 0.45 16.11 ± 0.43

* An error measurement seems to have taken place regarding pure beech control in the length measurements between green and cured
pellets and for moisture content of beech potato starch and pine control pellets.

Figure 1a reveals, that the compression work was generally higher for beech than
for pine, regardless of whether substances are added. The fact that hardwood, such as
beech, generates more friction, and needs a shorter press length compared to softwood,
such as pine, is well known within the industry. According to Figure 1a, it is also clear that
the energy utilised during compression was higher for beech. In Figure 1b, the change
in compression work is presented as a percent of change vis-à-vis the control samples
of pure beech and pine. An explanation for the lower compression work for pine could
be the amount of extractives, or the high amount of resin, which is higher in pine than
in beech. As shown in Figure 1b, the resin was one of the substances that decreased
the energy requirement for compression. Another explanation could be the difference
in the hemicellulose-content between pine and beech. As presented in Table 1, the main
hemicellulosic substances in the beech were the xyloses, which are the building blocks
of the xylan polysaccharide, while mannoses dominated in pine, as the units which form
the polysaccharide mannan. As shown in Figure 1b, xylan increased the energy need for
compression while mannan decreased it. The fact that the variation in the hemicelluloses,
mannan, and xylan, had differences when it came to pelletization has also been shown in
other studies [23–25,27].
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Figure 1. (a) Compression work (Wcomp) for all samples (J/g) and (b) change of Wcomp compared to pure beech and pine
[% (wb)].

Another result that stood out was the increase in compression work when potato
starch, lignin, and tannins were added to pine and a decrease in the same, when galactan
and protein were added to beech. Addition of xylan, lignin, and tannin to the pelletizing
process, resulted in an increase in the compression work, while the addition of mannan,
protein, and resins brought about a decrease in the same.

Trends very similar to the ones depicted in Figure 1, are seen in Figure 2 as well.
Hence, beech had higher values for backpressure than pine. Adding lignin and tannin in-
creased Fmax the most for both pine and beech (Figure 2b). It is well known that extractives
affect pelletability, whereof the most common effect is that extractives act as lubricat-
ing agents inside the die channels when they migrate to the pellet surface at elevated
temperatures [36,37], which leads to decreased friction [38–40].
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Figure 2. (a) Fmax for all pellets (kN) and (b) change of Fmax compared to pure beech and pine [% (wb)].

In this study, two different extractives, tannin and resin, were tested. It is clear that
resin acted as it did in earlier research studies and decreased the Fmax as shown in Figure 2b.
However, tannin countered the resin, by increasing Fmax.
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3.2. Quality Data

In general, the hardest pellets were produced from beech (Figure 3a) where the
substances xylan, potato starch, galactan, and tannin had the most positive effect on pellet
hardness. Related to pine, the substances xylan, galactan, tannin, and resin increased the
hardness the most, as shown in Figure 3b. Overall, the increase in hardness was greater
for pine than for beech when biomass substances were added. As shown in Figure 3b,
lignin in powder form increased hardness by approximately 50% in both pine and beech.
Lignin has been identified as the most important binding agent in pellets [6] based on its
capacity to become fluid and create solid bridges when its glass transition temperature
is reached [9,37,41]. However, in an earlier study by Frodeson et al. (2018), it was shown
that xylan, galactan, tannin, and resin also became fluid during pelletization, and created
hard pellets after cooling when they were pelletized as pure substances [23]. Waxes, similar
to resin, have glass transition temperatures of approximately 40–50 ◦C [42] and cannot
be pelletized as pure substances in ordinary pellet equipment [23]; however, as shown in
Figure 3, the resin’s capacity to form strong bonds was better in pine compared to beech.
And as Figure 3b shows, xylan, galactan, tannin, and resin (for pine) increased the hardness
much more than lignin did. It is likely, therefore, that lignin’s role as the most important
binding agent can be questioned. The study has also shown (Figure 3a) that when pure
beech (control) with a lower lignin content compared to pine, generated harder pellets,
which supports the hypothesis that lignin’s role as the most important binding agent can
be questioned. However, more research is needed to clarify this.
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Figure 3. (a) Hardness for all pellets (kg) and (b) change of hardness compared to pure beech and pine [% (wb)].

In Figure 3b, it can be seen that adding mannan to woods generated a weaker pellet
for both beech and pine. Mannan differs from the other polysaccharides used, most likely
mannan is stiffer and has a less flexible structure [28,43].

As far as wheat and potato starch are concerned, it can be seen in Figure 3b that there
was a difference between the effects they had on hardness as potato starch generated harder
pellets than wheat starch in both beech and pine. On the contrary, Ståhl et al. (2012) showed
higher durability for native wheat starch than for native potato starch [44].

However, mechanical hardness tests measure the point at which the pellets break,
whereas durability tests measure the ability of pellets to withstand vibrations and collisions.
This calls for more tests to verify the effect of different types of starch additives on the
mechanical properties of pellets.

Regarding the compression length, i.e., the length of the pellet inside the die before
the pressure is released, Figure 4a shows only small differences among all samples, and
almost regardless of which substance is used, beech showed a greater springback effect
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(Figure 4b), especially when galactan, pectin, and protein were added. However, for pine,
there was no springback when galactan was added.
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Figure 4. (a) Length for all compressed pellets (mm) and (b) change of length (green pellets) compared to pure beech and
pine [% (wb)].

There was a clear difference between the two extractives, tannin and resin, regarding
the springback effect. Tannin showed a negative springback and resin showed a relatively
high springback effect (Figure 4b). The negative springback for tannin could be due
to the fact that tannin has good binding properties, mainly with protein but also with
polysaccharides [45].

Comparing the results in Figures 1–4 shows that for pine the substances xylan and
galactan yielded interesting findings since they increased hardness without significantly
affecting the compression work and Fmax, and in addition, had a low springback effect.

3.3. Chemical Analyses

The FT-IR spectra of the samples of beech, pine, and their blends with various sub-
stances are presented in Figures 5 and 6, respectively. The spectra depicting pure beech
and pine pellets were used as controls against those of their blends containing a variety of
substances in order to determine any changes of major functional groups and how these
changes affected chemical bonding and pellet quality in terms of hardness. For clarity
and ease of interpretation, the plots were separated into regions by a thin line. On the
right-hand side of the spectra is the fingerprint region (below 1500 cm−1), which was not
considered in the interpretation of the spectra because of its complicated and overlap-
ping peaks; the opposite side of the spectra represents the functional group region (above
1500 cm−1) and is the region of interest. Due to the complexity that characterizes the FT-IR
spectra of lignocellulosic biomass in general, spectral interpretation was limited to the
regions in which structural modifications were most prominent and identification of the
functional groups associated with these modifications.

There were obvious similarities between the spectra of the pellet samples containing
substances and the beech control (Figure 5), which may be because beech was blended
with 10% of different substances. However, the spectral similarities do not necessarily
imply a similarity of the characteristics. A direct comparison of the spectra of the blended
substances and the control sample, revealed noticeable changes around 3335, 2750, 1850,
and 1650 cm−1, respectively, which are regions associated with the active bonding O–H,
C–H, C=C and C=O groups [29]. The changes were noticeable through the intensity of the
peaks (peak heights) representing the above-mentioned wavenumbers for all substances.
While the O–H group may have been due to the presence of phenolic hydroxyl groups
linked to certain carbohydrate and polymeric constituents of cellulose, hemicellulose,
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and lignin in the samples, the C–H and C=C groups are connected to the methyl and
methylene groups as well as the aromatics in lignin; the C=O is owing to the carbonyl
groups in hemicellulose; the C=O could also be present due to ester groups in some of the
substances, such as pectin and resin. A closer inspection of the spectra also showed (in
comparison to the spectrum of the control) that the intensity of the peaks for all substances
increased across the functional group region. Thus, according to Beer–Lambert’s law,
peak intensity (also an indicator of structural changes) is proportional to the number of
functional groups. This means that an increase in peak intensity is construed to mean an
increase in the concentration of functional groups. Lignin and pectin seemed to contain
higher proportions of –OH with reduced concentration of the C–H groups in comparison to
wheat starch and galactan. The hydroxyl (–OH) groups create cleavages of β-O-aryl ether
interunit bonds [46], and their presence is an indication of the presence of intermolecular
forces such as covalent and hydrogen bonding, as well as dipole–dipole interactions,
which may have been activated under the process conditions of the pellet press such as
temperature and compression force. Increased amounts of the C=O and C=C groups
introduce more intermolecular forces of attraction because of the polar nature of these
groups, particularly the C=O group [29]. Therefore, a combination of the attraction forces
creates stronger bond energies and bond strength; furthermore, the quality of biomass
pellets, in terms of hardness, is a function of the type and strength of attraction forces
holding particles together [9,29]. Nonetheless, because of too much peak overlap and
the complex nature of the infrared (IR) spectra of lignocellulosic biomass, direct spectra
interpretation in relation to why some substances, such as tannin, xylan, and galactan, gave
harder pellets and mannan resulted in weaker pellets according to the hardness plot in
Figure 3 could not be immediately determined and constitutes a major limitation of this
analysis. Perhaps special software that would allow for spectral peak deconvolution is
needed to overcome this challenge.
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Figure 5. FT-IR spectra results from beech pellets (control and when added with eleven different substances).
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Figure 6. FT-IR spectra results from pine pellets (control and when added with eleven different substances).

There were also spectral similarities between pine control and its added substances
presented in Figure 6. The reason for these similarities is the same as that given for the
previous samples (beech control and its added substances). The spectra were characterized
by two peaks in regions 3335 and 2750 cm−1, which are linked to the O–H and C–H groups.
It is worth mentioning that biomass moisture content can increase the amount of O–H
groups and facilitate interparticle hydrogen bonding as well as increase the availability of
bonding sites [40].

In comparison to the pine control, only three of the substances (wheat starch, mannan,
and protein) showed reduced peak intensity in terms of the height of the peaks around the
O–H region, and in the C–H region, five of the substances (pectin, galactan, tannin, lignin,
and resin) displayed increased peak intensity, which is an indication of a higher concen-
tration of the C–H groups. It should be noted that there is a relationship between peak
intensity and the concentration of functional groups (Beer–Lambert’s law), as previously
explained. Once again, why some substances produced harder pellets than others could
not be established from the spectral information for reasons given previously. However,
there seemed to be clear differences between the IR spectra of the Pine pellets in Figure 6
and those of the beech pellets previously presented in Figure 5. The spectra of both controls
(pine and beech pellets) with the same types and amounts of added substances typically
differed around the functional group region, which was noticeable in the number of peaks
(only two peaks for Figure 4) and the intensity of the peaks in terms of height. The two
peaks were displayed at around 3335 and 2750 cm−1, which, as indicated in Figure 6,
were linked to the O–H and C–H groups, respectively. Moreover, the intensity of the
peak depicting the C–H group in Figure 6 was lower than those for beech and its added
substances in the previous figure, coupled with the fact that no peaks could be observed
in the region associated with the C=O and the C=C groups (1850 and 1650 cm−1) as in
the case of Figure 5, which is an indication that not much interaction took place upon the
addition of 10% of various substances to the pine pellets. This simply means that the pine
control pellet sample was less susceptible to chemical changes induced by the addition
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of substances and less likely to form pellets with increased hardness than beech, which
agreed with the hardness data of the beech and pine pellets presented in Figure 3.

The SEM images of pellets made from beech, pine, and their corresponding blends
with different substances are presented in Figures 7 and 8, respectively. As in the case of
the previous FT-IR data, images of the beech and pine control were used as the basis for
comparison with the images of their corresponding substance blends. The images clearly
show some morphological similarities in terms of how particles are tightly packed and
entangled, which is an indication of the production of pellets with increased density.
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However, the density of the pellets varied according to the bonding between particles
and the type of substance. This was further explained in accordance with the SEM images
of the pellets. To make interpretation less complicated, a few important pellet samples
were considered.

Generally, in terms of surface morphology, significant differences were noted when
the images of the substances were compared with the image of the beech control. There
seemed to be differences in the surface appearance of the pellet samples, which were
probably caused by compositional differences and the processing conditions of the pellet
press. However, the images reveal the extent of adhesion/bonding between particles,
which varied with the type of substances, perhaps due to dissimilarities in the type and
number of moieties (functional groups) of the biopolymeric constituents of the samples
and may account for the varying degrees of hardness and springback behavior of the
pellets presented in a previous section (Figures 3 and 4, respectively). This may also be the
reason why there was a disparity in energy consumption and frictional force during the
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pelletizing process, according to the data in Figures 1 and 2, respectively. This is because
biopolymeric constituents respond differently under the processing conditions of the pellet
press [35,47]. These findings are supported by the findings of Nielson et al. (2010) and
Stelte et al. (2012) [40,48], who showed that biomass polymeric components on the pellet
surface strongly influence not only the appearance and unit density of pellets but also
their springback behavior, energy consumption, and the frictional force of the pelletizing
process. For instance, the surface morphology of the beech control is quite rough with
visible spherical pores that are almost invisible in most of the substances. The visible
pores were considered as areas of cohesive failure that may have been created by a lack
of biopolymer interpenetration or a lack of particle inter-diffusion attributed to pressing
at high temperatures. While the images of pellets with substances such as Avicel, wheat
starch, pectin, and resin reveal large gaps between particles (identified by the arrows in
the images) that reflect weak bonding, other substances show particles that are strongly
bonded to each other; these include xylan, potato starch, galactan, lignin, protein, and
tannin. This is an indication of structural differences supported by the FT-IR data presented
in a previous section and could also explain the variation in the quality of the pellets in
terms of hardness, considering the data in Figure 3. However, why specific pellet samples
such as xylan, galactan, and tannin gave harder pellets and mannan gave softer pellets
could not be immediately ascertained from this analysis. A possible explanation for the
gaps seen between particles in the images of the pellet samples mentioned above is that
although substances may function to improve bonding between particles, this depends
on the type and composition of the substance. Therefore, it is likely that the substances
that showed weaker inter-particle bonding may contain polyester substances that can limit
areas of interaction where strong bonding is likely to occur. These polyester substances
may act as a shield against the polymer chains of cellulose, hemicellulose, and lignin by
preventing participation in bond formation and consequently limiting particle-to-particle
bonding to weak van der Waals interactions and poor interlocking of fibers [40]. To prove
this theory, however, a compositional analysis of beech pellets and the substances used in
this study may be necessary.

The SEM images of pine pellet control and its corresponding blends with various
substances also revealed a compact surface morphology and particle entanglement across
all images (Figure 8).

The surface morphology of the pine control also appeared coarse with detached
particles that were randomly distributed, an indication of lower energy consumption, and
perhaps a result of van der Waals attraction forces between particles. The detached particles
from the surface of the pine control may have been caused by the springback effect during
pelletization or may be a result of how the pellet samples were manually cut before analysis.
In contrast, varying degrees of surface coarseness could be noted from the images of the
blends with particles more tightly held together. This change in surface morphology is
obviously due to reinforced biopolymeric constituents facilitated by the substances and
process conditions. While the images of some of the substances, such as Avicel (cellulose
powder) and proteins, revealed fairly smooth surfaces, the images of other substances,
such as mannan, clearly showed solid bridges that were thought to be evidence of the
presence of linear chains of 1.4-linked β-D-mannopyranosyl residues. The same is true
for xylan whose image revealed a lump around the solid bridges thought to be residues
of D-xylopyranose, which is a structurally fortified component with significant mitogenic
and comitogenic activities [49]. The particles on the surface of the SEM image of galactan
appeared as cell structures that were considered as tight polysaccharide networks that may
have been made prominent by the processing conditions of the pellet press. Tannin also
revealed thread-like linear particles that could be construed to also mean the presence of
solid bridges with an artefact on the surface. The artefact was considered a potential and
dynamic precursor structure that reflects the hidden tendencies of micromolecules. Again,
the morphological features of the pellet samples revealed key structural differences that
could account for the variations in not only the hardness and springback behavior of the
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pellets, but also their energy consumption and the frictional force of the pelletizing process
presented in previous sections.

4. Concluding Remarks

The purpose of this study was to gain a better understanding of how the naturally-
occurring substances in biomasses affect pelletizing properties of beech and pine. Eleven
different substances were considered in the analysis and pelletized in an SPP press with
as similar physical properties as possible between the control tests and those where the
various substances were added.

It can be concluded that, regardless of the substances used, beech acquires more
compression energy, has greater springback effect, and yields harder pellets than pine.
However, neither the FT-IR spectra nor the SEM images could prove this.

A conclusion is that more research is needed to clarify extractives substances’ role
during densification. As shown in the results, the extractives, tannin, and resin showed a
clear difference regarding the Fmax and the springback effect. Tannin showed a negative
springback and increased the friction within the die while resin showed a relatively high
springback effect and lubricating behavior within the die.

The FT-IR data could not provide a clear explanation for the variation in quality in
terms of hardness and the springback behavior of each pellet. This was because no direct
relationship could be established between the identified functional groups and the elastic
energy stored in the pellet samples. However, an alternative analysis involving molecular
dynamics simulation could help to establish such a relationship and subsequently be used
to understand the springback effect of biomaterials during pelletization. Additionally, spec-
tral peak deconvolution with special software is recommended to overcome the challenges
of peak overlap from FT-IR analysis and to ensure less complicated spectral interpretations.

Another conclusion is that biomass residues, rich with xylan and galactan, should be
tested as a mix in pellet production to explore its potential to increase pellet quality without
affecting the production process. When these substances, xylan and galactan, were added
to pine, the pellet quality in form of hardness increased without significantly affecting
the compression work and Fmax, these pellets also had a low springback effect. For xylan,
galactan, and tannin, SEM images showed particles that are strongly bonded to each other
while SEM images of pellets with substances such as Avicel (cellulose powder), wheat
starch, pectin, and resin revealed large gaps between particles.

As a final remark, adding biomass residues, rich with xylan and galactan, could mean
that raw materials that are difficult to pelletize can be used as raw material for pellet
producers, which could broaden the raw material base.
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