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Abstract: In order to increase the use of a variated raw material base for pellet production with a
maintained density level, knowledge of the biomaterials’ ability to counteract any springback effects is
essential. In this study, the springback effects were investigated for single press produced pellets from
cellulose, hemicelluloses, pectin, and two woods at different moisture contents. The change in pellet
coloring was also tested through a spectrophotometer for both xylan and carboxymethyl cellulose
(CMC) pellets. The results show that the density of xylan pellets is much higher than glucomannan,
for both green and cured pellets, and that the length of the pellets, as well as springback contribution,
differ between the hemicelluloses. The study also presents results showing that both xylan and CMC
pellets have a mutually identical spectrum and that the changes in the structure of xylan are not only
related to moisture content, but are also pressure-related. The study also postulates that the color
difference of the xylan pellets is a result of physical changes in the structure, as opposed to being of a
chemical nature.
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1. Introduction

For a successful transition to a fossil-free society, biomasses must be optimized towards new
product applications, as well as being used for energy production. The transport and manageability
of biomasses should also be considered in order to increase its utilization rate. However, biomass
inherently has a low weight per unit volume, so-called bulk density, and has irregular particle
and chips sizes, which leads to challenges when it is handled that leads to high-cost transportation.
For example, the bulk density of grasses is about 40–150 kg/m3, while it is 150–200 kg/m3 for commercial
woodchips [1]. By compression through pelletization, the bulk density increases to about 700 kg/m3 [1].
Apart from the density increase, pelletization offers other benefits, such as dryness and uniform sizes,
which leads to easier handling, a better mass volume dosage, and a decreased risk of the growth of
mold and other microorganisms. In general, the compression of biomasses involves the use of four
different types: bailing, briquetting, extrusion and pelletization [2]. This study relates to pelletization.

Pelletization occurs in a pellet press, when rollers force the biomass through die channels;
this process can be divided into three sub-steps: (I) compression, (II) flow and (III) friction [3].
The biomass in the first step is compressed into a thin layer. Then, this layer is pressed further
down an inlet cone through a flow step, where further compression occurs before friction occurs in

Appl. Sci. 2019, 9, 4302; doi:10.3390/app9204302 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-0446-4251
https://orcid.org/0000-0002-9707-8896
http://www.mdpi.com/2076-3417/9/20/4302?type=check_update&version=1
http://dx.doi.org/10.3390/app9204302
http://www.mdpi.com/journal/applsci


Appl. Sci. 2019, 9, 4302 2 of 15

the die channel as the last step. The friction step generates the temperature in the die, as well as a
backpressure that enables the rollers to create their pressure [3,4]. It is, however, important that there
is a balance between rollers pressure and the backpressure (which is generated by the flow and the
friction step). Such that the backpressure is sufficient to allow the roller wheels to produce a pressure
that generate strong bonds and at the same time allow for the release of the pellet. The solution is to
create an active part of the die channel [3], referred to as the die press length, and this press length is
determined by the specific feedstock [4,5]. This means that the technique for pelleting biomasses is
developed to handle different biomaterials separately or specifically for a specific mixture, meaning
that pellet producers target a feedstock with a chemical composition that is as uniform as possible,
which limits the utilization of a variated biomass stream for feedstock. A successful transition to a
fossil-free society would include the utilization of all types of biomasses, especially the use of biomass
for energy, which should be able to switch between available wastes and bi-products. However, this is
not currently possible, and one reason for this is that there is a gap in knowledge as to how pelletability
is correlated to the characteristics of the biomasses [1,6,7].

A general description of compression is that it can be consolidated through particle rearrangement,
slippage and particle deformation, see Figure 1. Initially, the pressure builds up slowly when the
particle rearrangement occurs, until all the air located in the pores between the particles is removed.
After a while, no further packing can be achieved and the particles undergo fragmentation, as well as
elastic and plastic deformation [1,8,9].
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Figure 1. Illustration of the powder compression curve divided into particle rearrangement,
fragmentation, elastic and plastic deformation and hardening. The figure has been modified from
Stelte, W. et al. [1].

Dried biomass contains large inner cavities that is filled with air, and the cell structure breaks up
when the cavities are compressed; at the same time, the cell wall compounds lignin and hemicellulose
are expected to be released and interact with their surrounding particles [10]. At the end of the
compression process, when the compaction pressure is the highest, the largest bonding surface area
is present.

However, even if the highest pressure generates the largest possible area for bonding to occur,
it is important that this area remains the same, even when the pressure is released; this depends on
whether the material has reached plastic deformation or not. The elastic deformation that occurs is
reversible, but fragmentation and plastic deformation are not, see Figure 2.

The springback effect not only releases energy directly after the pressure has been released,
it also displays a variation over time, and this variation has been tested periodically after the pellets
were ejected from the die [11], or on “green”- and “cured”-strength pellets [12,13]. Green strength
refers to the springback effect carried out immediately after production, while cured strength refers
to effects approximately one week later [12]. Other studies refer to the springback effect as the
expansion of relaxed pellets [11], and that springback affects both the durability and density of
pellets [11–13]. In addition, softwood tends to springback more than hardwood [13]. Thus, it is
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important to understand why springback occurs. Even if there have been studies that correlate the
springback effects of biomasses, there is a gap in the knowledge on which substances within a chemical
composition in biomass have more or less of an impact.
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Figure 2. Schematic illustration of elastic and plastic deformation, where some pellets can behave
elastically and thus expand when pressure is released—causing “springback”.

The diverse composition of biomass can be divided into two broad categories: macromolecular
and low-molecular-weight substances. The macromolecular category includes lignin, polysaccharides,
and proteins. Polysaccharides can be further divided into cellulose, hemicelluloses (mainly
glucomannan and xylan), and other polysaccharides, such as pectin, starch, and galactan.
The low-molecular-weight substances, including organic and inorganic substances, where organic
substances include extractives (such as fat, wax, and tannin substances) and inorganic substances include
ash substances [4,14]. The chemical composition of biomass is well defined in the literature [14–16],
where it can be seen that for hardwood, the main hemicellulose component is xylan, and for softwood,
mannan is the main component. Frodeson et al. studied the impact of polysaccharides (cellulose,
hemicellulose, and other polysaccharides) lignin, protein, and extractives and found that there is a
difference between how the substances behave during densification, particularly the difference within
the hemicellulose’s components—xylan and glucomannan [4,17], where xylan is more affected by
added water in comparison to mannan. However, the question of whether there is a variation between
these substances, especially the hemicelluloses, in correlation to springback, has not been studied.

Frodeson et al. further showed that the flexible polysaccharides—xylan and pectin
pellets—changed in terms of their color and structure during densification, especially when water
was added [17]. There was also a difference between the hemicellulose components, xylan and
glucomannan, correlated to these changes, where xylan changes in color from a light beige to a darker
brown and glucomannan shows no color changes [17]. Pellets undergoing changes in color have
also been seen when feedstock is steam-treated before pelletization [18,19]. Using steam-treatment
in a pellet process increases both the moisture, as well the temperature, and the fact that increased
temperature can change color in wood has been seen in techniques other than pelletization. When wood
is heat-treated on purpose to improve properties such as dimensional stability and durability against
biodegradation, color changes occur homogeneously throughout the wood [20–22]. Even if these are
two different techniques, steam-treatment of wood and pelletization, it is likely that theories behind
color changes can be based on the same parameters, where one theory is that hemicelluloses play an
important role.

The darker tonality of heat-treated wood is often attributed to the formation of colored degradation
products from hemicelluloses [23–25], where cellulose is less affected because of its semi-crystalline
nature [20]. One explanation for the color changes is that the hemicelluloses are degraded to a greater
extent than other cell wall components [22], due to the presence of the acetyl groups that are thermally
labile in the hemicelluloses and lead to the formation of acetic acid and subsequent acid-catalyzed
reactions [20]. The formation of oxidation products, such as quinones, is also stated as the reason for
color changes [26,27]. Heat treatment generally results in an increased proportion of lignin, which may
be attributed to a relative decrease in carbohydrate proportion and also to hemicellulose dehydration
and the subsequent condensation to form pseudo-lignin [21] that can result in color changes. It must
also be borne in mind that there is a difference in terms of where xylan and glucomannan are located
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in the secondary cell walls of wood. Xylan is found to be more associated and linked to lignin in
comparison to glucomannan, which is more linked to cellulose [28,29], and whether this affects the
color changes correlated to densification is unknown.

Another explanation is that a change in color results from polysaccharide degradation.
The formation of colored compounds from saccharides has been extensively studied in the field of food
chemistry. It was already known in the 1950s that monomeric sugars degrade into low-molecular-weight
sugar acids, as well as unknown polymeric compounds [30], both of which can contribute to color as
well as taste. Since then, the degradation reactions in question have been studied in numerous systems
of varying temperature, pH, concentration and with the inclusion of additional compounds. It turns
out that the formation of colored compounds proceed through α-dicarbonyl intermediates, also known
as osuloses [31], which can degrade into acids and aldehydes by means of α-dicarbonyl cleavage
or rearrange by means of benzilic acid rearrangement [32]. Additionally, it is thought that these
α-dicarbonyls can polymerise according to mechanisms that are still not elucidated [33]. The formation
of these α-dicarbonyl compounds can take place in the presence or absence of amino acids. In the
presence of amino acids, the formation of α-dicarbonyl compounds is catalyzed by means of the
Maillard reaction; in the absence of amino acids, α-dicarbonyl compounds are formed by means of
caramelization reactions [34]. Caramelization requires elevated temperatures and can be catalyzed by
the presence of either acids or bases [35]. The first step of caramelization is the formation of enediols
from sugars [36] after which α-dicarbonyls can form through β-elimination followed by keto–enol
tautomerization [32]. However, many of these reactions happen in the absence of moisture and involve
condensation reactions; this is in contrast to what has been seen during pelletization, which seems to
be stimulated by water [4,17].

Furthermore, when it comes to densification, pressure is an important parameter, and many of
these reactions describe above does not require a high pressure. According to Belkacemi et al. (1991),
hydrolysis of hemicelluloses is affected by pressure during treatment [37] and it has been shown
that high pressure changes the melting point and glass temperature point to a new equilibrium [8].
However, in these studies, hemicelluloses are mentioned as one component, thus it is unclear which
role xylan and glucomannan have. One parameter that affects the hydrolysis of hemicelluloses is the
formation, quantity and type of acids alongside the accessibility of the reactants [37]; and correlated
to acids, there is a difference between pectin, xylan and glucomannan. Pectin and xylan contain
uronic acid residues, whereas glucomannan does not. Uronic acids are known to be able to undergo
reactions such as beta eliminations [38], and one hypothesis that Frodeson et al. presented was
that this beta elimination could be the “starting point” of the reactions leading to color change [17].
However, Frodeson et al. only discuss possible explanations and no clarification is given as to where
these changes originate from.

The purpose of this study was to increase the understanding of how springback effects in pellets
can be linked to the polysaccharide substances of biomasses, and how these substances are affected
by pressure during densification. The aim was to investigate different maximum pressure, work for
compression and the pellet springback effect for cellulose, xylan, glucomannan, pectin and two woods
at different moisture contents. The aim was also to investigate whenever the changes in color are
chemically or physically linked, how pressure affects color changes and to clarify if these changes are
due to uronic acid.

2. Materials and Methods

The materials and methods section is divided into two parts: the first, Section 2.1, which details
the materials and methods for measuring compression and the springback properties of six different
materials, and the second, Section 2.2, which details the materials and methods for testing color
occurrence in xylan pellets.



Appl. Sci. 2019, 9, 4302 5 of 15

2.1. Compression, Springback and Mechanical Properties

The first part is based on six different materials, cellulose (Avicel test T1), two hemicelluloses
(xylan T2 and glucomannan T3), a polysaccharide (pectin test T4) and two woods, one soft (spruce
test T5) and one hardwood (beech test T6), see Table 1. All of the materials were evaluated at three
different moisture contents and two different maximal pressures to a total number of 36 test series,
for which 6 pellets were produced at each series.

Table 1. All test materials with name and their origin.

Test Name Origin and Comment

T1 Avicel
Sigma-Aldrich (Darmstadt, Germany), Avicel®PH-101 product number
11365; short-chain highly ordered cellulose from hydrolyzed hardwood
chemical pulp

T2 Locust bean gum mannan
Sigma-Aldrich, product number G0753; galactomannan polysaccharide
from locust bean seeds with large similarities to the hemicellulose
glucomannan

T3 Eucalypt xylan The hemicellulose xylan from a hardwood, delivered by KTH Royal
Institute of Technology

T4 Apple pectin Sigma-Aldrich, product number 93854; pectin from apples, probably
rather similar to wood pectin

T5 Spruce wood Norway spruce (Picea abies) representative reference from softwood

T6 Beech wood European beech (Fagus sylvatica) representative reference from
hardwood

All of the materials were evaluated at an equal particle size. To secure an equivalent particle size,
the wood materials were first sawn (Bosch GCM 8 SJL; Stuttgart, Germany) into sawdust. All of the
materials were ground in a Culatti Mikro Hammer Mill (DFH 48; Limmatstrasse, Zurich, Switzerland)
with a sieve size of 2 mm to attain a uniform particle size before the materials were sieved with a sieve
size of 0.350 mm to ensure that they were below 0.350 mm in size.

All of the wood material was dried for 48 hours in 50 ◦C, before the moisture content was measured
on all of the materials according to SS-EN 14774-1 (2009) on a wet basis, with the difference that the
amount of material was below 100 g. After the moisture content was measured, the material was
divided into three equal parts and water was added to obtain 5.0%, 10.0%, and 15.0% moisture content.
After adding water using a water sprayer and weighing to obtain the current weight, the materials were
sealed in plastic bags and stored for 24 hours before any tests were conducted. The actual moisture
during the tests was measured on the test powder in conjunction with compression.

2.1.1. Test Equipment

For evaluating the compression during the densification, a new type of single pellet unit was
designed, which enabled pellets to be picked out for further measurements directly after compression.
The die was a 100.0 mm vertically divided steel cube and the two parts were screwed together with
four bolts (Figure 3). In the middle there was an 8.2 mm cylinder bore, within which an 8.0 mm piston
compressed the biomass against a removable 8.0 mm diameter and 10.0 mm long steel plug at the
bottom. The bottom plug was used to facilitate when the pellet was removed from the die channel.
The press was mounted on a Form+Test Seidner testing machine (type 505/60B, Riedlingen, Germany)
that made it possible to control the speed and force through the control systems with a load cell.
The temperature of the steel cube was controlled with two heating coils.
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Figure 3. Test equipment; (a) a cross section of the steel cube and (b) a picture of the die disassembled
with a pellet ready to be picked out for further measurements.

2.1.2. Test Procedure

The die temperature was set at 100 ◦C and the compression of the piston was set to two
predetermined values, 5 kN and 14 kN, and occurred at a speed of 30 mm/min, which corresponds to
about 95 and 265 MPa respectively. The pressure was held for 10 s. These settings were chosen based
on previous studies [4,17]. After the compression moment was complete, the bolts were unscrewed,
then the die was split apart so that the pellet could be picked out and measured.

2.1.3. Measurements

During compression, the force, speed, length of the pellet and time was logged three times per
second. Six pellets were produced in each test series, and the data is presented as an average value.

The compression work was calculated by integrating the force and distance from the logged
data by using the numerical integration trapezoid method. The compression work was based on
the distance needed to increase the force from 0.2 to 5 kN for the series, with 5 kN as the maximal
force, and from 0.2 to 14 kN when 14 kN was the maximal force, at which level, the compression was
interrupted. The compression work was depicted as Wcomp (J/g).

The springback effect was measured through axial length variations and diameter variations,
as well as density. The length of the pellet during compression was measured when the force reached a
predetermined value and after a hold time of 10 s, depicted as “comp pellet”. The produced pellets
were analyzed by measuring the weight, length and the diameter of the pellet with a digital caliper
directly after compression, depicted as a “green pellet” and after one week, depicted as a “cured pellet”,
in accordance with previous studies [12,13]. The pellet’s solid density (g/cm3) 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). All of the hardness tests are presented as the average
value based on four pellets.

2.2. Color Occurrence in Polysaccharides

In order to test the earlier hypothesis [17] that uronic acid is the reason why the flexible
polysaccharides xylan and pectin change in color while others do not, carboxymethyl cellulose
(CMC) powder was used as a test material. CMC is a cellulose derivate with carboxymethyl groups
(-CH2COOH) bound to some of the hydroxyl groups, and xylan is characterized by β-1,4-linked
D-xylopyranosyl units that carries a variable number of neutral or uronic monosaccharide substituents
or short oligosaccharide as side chains. The CMC was pelletized in the same equipment as described in
Section 2.1.1 and pretreated as described in Section 2.1. Two pellets were produced at each test series,
resulting in a total of 24 pellets produced, see Table 2.
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Table 2. Tests matrix for eucalypt xylan pellets, carboxymethyl cellulose (CMC) pellets and powder
samples for spectrophotometer test at variated applied force (kN) and moisture content (MC).

Test Eucalypt xylan CMC

1 Pure original powder Pure original powder
2 5 kN 5% MC 5 kN 5% MC
3 5 kN 10% MC 5 kN 10% MC
4 5 kN 15% MC 5 kN 15% MC
5 14 kN 5% MC 14 kN 5% MC
6 14 kN 10% MC 14 kN 10% MC
7 14 kN 15 % MC 14 kN 15% MC
8 Heated 5% MC Heated 5% MC
9 Heated 15% MC Heated 15% MC

The nature of the emergent colors of these samples were investigated by dissolving the
pellets in alkali and measuring the absorbance of the resulting solutions using a UV-2550 UV-VIS
spectrophotometer (Shimadzu, Kyoto, Japan). Specifically, tests were carried out on one xylan and one
CMC pellet, each of which were produced with 5%, 10% or 15% moisture content, with a pressure of
5 or 14 kN. Additionally, control tests were performed on each of the respective untreated original
powders, as well as the original powder that was heat-treated at 225 ◦C for 30 min in a sealed container
at 5% and 15% moisture content. For each experiment, 10 mg of sample was dissolved in 4 mL of 1M
NaOH. In the case of the pellets, this required that the samples were mortared. Furthermore, in the
case of both pellets and powders, this also required thermomixing at 60 ◦C for a few minutes for each
sample, with the exception of the 5 kN 15% moisture content xylan sample, which was particularly
difficult to dissolve and which was instead thermomixed at 40 ◦C over 60 min. Then, each sample
was analyzed between 230–700 nm in a Shimadzu UV-2550 UV-VIS spectrophotometer with quartz
cuvettes from Hellma GmbH & Co. KG (Müllheim, Germany) being used for the analysis. A baseline
was taken on a pure 1M alkali reference. The slit width was 2 nm. Cuvettes with a 10 mm path length
were used for most samples, while 1 mm cuvettes were used for the heat-treated powders.

Because the molecular weights of the samples were unknown, absorption coefficients could not
be calculated. Instead, all results have been normalized to the equivalence of a 10 mg sample and a
10 mm path length. Thus, for instance, the samples analyzed in 1 mm cuvettes had their absorbances
multiplied by 10.

3. Results

3.1. Compression, Springback and Mechanical Properties

The results from six different materials compressed up to 5 kN and 14 kN for their moisture
content, energy required for compression, pellet weight, pellet diameter and pellet length, are shown in
Table 3 as: compressed, green pellets and cured pellets. The pellets correlated to T6 5 kN and 14 kN at
a 15% moisture content, swelled up immediately after the die was opened and fell apart, so no results
corresponding to these pellets could be obtained.

In Figure 4, representative compression curves from three test materials are shown, where it can
be seen that increased moisture produces shorter pellets, especially when the pressure is below 5 kN.

In Figure 5, the springback correlated to length expansion between cured and compressed length
is visualized, and as shown in Figure 5a,c, Avicel, mannan, and the woods show almost no variation
when the pressure increases from 5 to 14 kN in comparison to xylan and pectin (5b), which show
more variation.

Density and pressure correlate positively for all of the sample materials (Figure 6). However, in
the case of xylan, density is almost the same regardless of the pressure levels, especially for the green
and cured pellets compared to pectin, which shows a greater variation depending on whether the
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compressive force was 5 kN or 14 kN (see Figure 6). Xylan also has a higher pellet density in comparison
to mannan pellets (see Figure 6) for both the green and cured pellets.

Table 3. Test results corresponding to moisture content, energy required for compression, pellet weight,
pellet diameter, and pellet length for compressed, green pellets, and cured pellets.

Inlet MC
Pellet

Wcomp Weight Diameter (mm) Length (mm)

Test (%) (J/g) (g) Green Cured Comp Green Cured

T15kN5% 6.10 31.35 ± 1.88 0.970 ± 0.023 8.26 ± 0.0075 8.23 ± 0.0075 13.56 ± 0.43 13.87 ± 0.40 13.78 ± 0.41
T15kN10% 9.80 25.12 ± 1.66 1.001 ± 0.008 8.27 ± 0.034 8.26 ± 0.034 12.57 ± 0.11 13.44 ± 0.11 13.40 ± 0.09
T15kN15% 14.80 21.5 ± 2.88 1.001 ±0.010 8.27 ± 0.0082 8.23 ± 0.015 12.73 ± 0.20 13.44 ± 0.23 13.34 ± 0.23
T25kN5% 4.70 23.36 ± 6.56 0.789 ± 0.322 8.34 ± 0.070 - 14.75 ± 1.08 17.09 ± 0.68 -
T25kN10% 10.0 17.30 ± 0.62 1.015 ± 0.037 8.28 ± 0.047 8.28 ± 0.0098 13.35 ± 0.59 15.58 ± 0.65 15.23 ± 0.64
T25kN15% 14.90 9.77 ± 1.14 0.994 ± 0.031 8.23 ± 0.049 8.22 ± 0.029 12.48 ± 0.33 16.15 ± 0.47 16.25 ± 0.67
T35kN5% 3.10 16.46 ± 0.84 0.986 ± 0.059 8.28 ± 0.022 8.26 ± 0.021 14.45 ± 1.01 15.21 ± 0.99 15.14 ± 1.02
T35kN10% 10.30 25.21 ± 1.28 0.986 ± 0.034 8.28 ± 0.014 8.24 ± 0.012 11.62 ± 0.52 12.22 ± 0.48 12.16 ± 0.50
T35kN15% 15.20 15.40 ± 0.98 0.970 ± 0.032 8.29 ± 0.0084 8.25 ± 0.0075 11.58 ± 0.43 12.17 ± 0.42 12.13 ± 0.43
T45kN5% 4.80 22.93 ± 1.97 0.912 ± 0.039 8.35 ± 0.017 8.39 ± 0.023 16.28 ± 0.37 17.53 ± 1.68 16.25 ± 0.67
T45kN10% 10.50 19.92 ± 1.29 1.029 ± 0.043 8.28 ± 0.027 8.22 ± 0.023 15.10 ± 0.86 16.45 ± 0.82 16.27 ± 0.84
T45kN15% 14.80 15.06 ± 2.51 1.015 ± 0.037 8.22 ± 0.019 8.19 ± 0.012 12.96 ± 0.82 13.97 ± 0.79 13.91 ± 0.81
T55kN5% 4.90 24.80 ± 0.71 1.006 ± 0.019 8.34 ± 0.027 8.32 ± 0.023 14.57 ± 0.19 17.03 ± 0.23 16.93 ± 0.21
T55kN10% 10.10 20.25 ± 1.81 0.981 ± 0.018 8.40 ± 0.20 8.31 ± 0.017 13.27 ± 0.34 16.11 ± 0.31 15.92 ± 0.29
T55kN15% 15.0 16.69 ± 0.94 0.977 ± 0.015 8.46 ± 0.057 8.44 ± 0.063 13.16 ± 0.26 18.66 ± 0.71 18.43 ± 0.67
T65kN5% 5.10 29.19 ± 2.76 1.020 ± 0.025 8.29 ± 0.021 8.30 ± 0.021 16.31 ± 0.48 18.61 ± 0.69 18.67 ± 0.60
T65kN10% 10.0 15.65 ± 2.81 1.002 ± 0.012 8.34 ± 0.025 8.40 ± 0.039 14.20 ± 0.18 18.60 ± 0.33 18.34 ± 0.41
T114kN5% 6.10 55.70 ± 3.86 1.017 ± 0.025 8.28 ± 0.017 8.26 ± 0.016 12.96 ± 0.33 12.83 ± 0.35 12.75 ± 0.34
T114N10% 9.80 40.91 ± 1.97 0.989 ± 0.029 8.30 ± 0.053 8.30 ± 0.038 12.02 ± 0.38 12.61 ± 0.50 12.5 ± 0.48
T114kN15% 14.80 47.53 ± 5.67 0.900 ± 0.024 8.32 ± 0.063 8.33 ± 0.025 11.26 ± 0.51 11.55 ± 0.26 11.61 ± 0.27
T214kN5% 4.70 45.82 ± 1.93 1.000 ± 0.023 8.44 ± 0.037 8.39 ± 0.027 13.08 ± 0.33 14.76 ± 0.35 13.22 ± 0.78
T214kN10% 10.0 37.98 ± 0.58 1.035 ± 0.054 8.32 ± 0.031 8.30 ± 0.037 12.58 ± 0.66 15.03 ± 0.80 14.85 ± 0.82
T214kN15% 14.90 22.6 ± 1.03 0.981 ± 0.039 8.25 ± 0.015 8.19 ± 0.023 12.25 ± 0.56 16.05 ± 0.61 16.00 ± 0.71
T314kN5% 3.10 45.18 ± 1.90 0.960 ± 0.080 8.29 ± 0.018 8.29 ± 0.016 11.19 ± 1.10 11.70 ± 1.02 11.67 ± 1.04
T314kN10% 10.30 44.54 ± 2.32 0.930 ± 0.009 8.33 ± 0.015 8.31 ± 0.017 10.90 ± 0.10 11.36 ± 0.07 11.34 ± 0.08
T314kN15% 15.20 29.01 ± 1.74 0.820 ± 0.101 8.31 ± 0.072 8.29 ± 0.065 10.03 ± 1.11 11.69 ± 0.27 11.56 ± 0.39
T414kN5% 4.80 57.38 ± 11.59 1.009 ± 0.083 8.38 ± 0.0071 8.28 ± 0.057 14.49 ± 2.24 15.66 ± 2.57 14.60 ± 1.09
T414kN10% 10.50 38.84 ± 7.33 1.003 ± 0.044 8.27 ± 0.047 8.26 ± 0.043 12.23 ± 0.54 13.89 ± 0.72 13.82 ± 0.72
T414kN15% 14.80 37.16 ± 4.83 0.974 ± 0.016 8.22 ± 0.017 8.21 ± 0.019 11.64 ± 0.21 12.78 ± 0.18 12.77 ± 0.20
T514kN5% 4.90 47.65 ± 6.37 1.002 ± 0.016 8.32 ± 0.014 8.31 ± 0.0075 12.92 ± 0.22 15.04 ± 0.25 14.89 ± 0.28
T514kN10% 10.10 38.27 ± 1.53 1.007 ± 0.014 8.33 ± 0.017 8.33 ± 0.018 12.95 ± 0.20 15.83 ± 0.20 15.64 ± 0.20
T514kN15% 15.0 33.35 ± 1.80 0.972 ± 0.024 8.46 ± 0.043 8.43 ± 0.035 12.70 ± 0.32 17.64 ± 0.71 17.25 ± 0.70
T614kN5% 5.10 58.01 ± 1.77 1.004 ± 0.020 8.29 ± 0.022 8.35 ± 0.025 13.56 ± 0.43 13.87 ± 0.40 13.78 ± 0.41
T614kN10% 10.0 37.72 ± 2.59 1.000 ± 0.017 8.35 ± 0.032 8.34 ± 0.018 12.57 ± 0.11 13.44 ± 0.11 13.40 ± 0.09Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 15 
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The hardest pellet is produced by cellulose (Avicel) at a moisture content of 5% and for a pressure
of up to 14 kN, as shown in Figure 7c. In Figure 7b, it can be seen that both xylan and beech pellets
present low hardness when the moisture content is around 5% and the pressure is 5 kN, and the
opposite when the pressure is increased.
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Figure 7. Pellet hardness for all of the pellets at different moisture content levels, tested after 1 month
storage; (a) Locust bean gum mannan pellets and spruce pellets, (b) Eucalypt xylan pellets and beech
pellets and (c) Avicel pellets and Apple pectin pellets.

As shown in Figure 7b, the xylan pellets at a 5% moisture content show a variation in hardness—a
variation that cannot be seen when the moisture contents increase.
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3.2. Color Occurrence in Flexible Polysaccharides

In Figure 8, it is shown that the xylan pellets visually generated more color than the CMC pellets.
It can also be seen in Figure 8a that this visual color change in xylan seems to be connected to both
pressure and moisture, and these color changes do not occur in the CMC pellets, which show more
changes from white to a more white–gray scale.
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Figure 8. Picture of: (a) xylan pellets and (b) carboxymethyl cellulose (CMC) pellets. Pellets with a 5%
moisture content to the left in the picture and pellets with a 15% moisture content to the right, with 10%
moisture content pellets in the middle. The upper row are pellets pressed up to 5 kN and the lower row
were pressed up to 14 kN.

However, as shown in Figure 9, from the tests done in the spectrophotometer, both the xylan and
CMC pellets show a mutually identical spectrum. They can be seen as the lower group of experiments,
in Figure 9a for xylan pellets and Figure 9b for CMC pellets. The heat-treated powders for both xylan
and CMC resulted in a stronger color development and can be seen as the higher two data series in
Figure 9. However, in general, all of the tests of xylan generated a higher normalized absorbance in
comparison to CMC, but for the pelletized samples, the level of absorbance is equal.
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4. Discussion

The background to this study was to investigate the need for pressure and springback
effects linked to their chemical substances, especially the hemicelluloses, and to elucidate
why xylan changes color during densification. The study presents results showing that the
hemicellulose components—galactomannan and xylan—differ in terms of their springback properties.
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Additionally, the study can verify that both high pressure during compression and moisture can
generate color changes in xylan and that these changes are physical.

4.1. Compression, Mechanical Properties and Springback

This study postulates that the length of the pellet, as well as springback, differ between the
hemicelluloses. The pellet length that mannan and xylan reached under maximum pressure inside the
die varies by only a few millimeters, as shown in Table 3. However, as soon as the pressure is released,
mannan tends to springback more than xylan, and the variation in length for mannan increases much
more than for xylan pellets. As Table 3 shows, the length increase is in the range of 15%–20% for
mannan when the moisture content is 10%. When the moisture content is increased to 15%, the length
increase was over 30%, (independent of the pressure force). For the xylan pellets, this length increase
was only around 5% for all tests, except the test with 15% moisture content and at 14 kN that yielded
a length increase of about 20%. This variation between xylan and mannan can explain the results
of some earlier studies. Dhamodaran and Afzal tested compression and springback properties of
hardwood (hard maple) and softwood (white spruce) and found that the length expansion from comp
pellets to green pellets was 16.28% for hardwood, while for softwood pellets, the value was 20.56% [13].
This is a variation that can be explained by the type of hemicelluloses in each sample. The study
by Dhamodaran and Afzal presented a table of the chemical compositions showing the amount of
pentoses in hard maple as 17.1% and in white spruce as 12.1%. Maple has a high amount of xylan in
the hemicellulose, while the main hemicellulose component in spruce is mannan [28,39]. Thus, this
variation between xylan and mannan can explain the difference between different types of biomass
behaviors related to springback possibilities. However, more studies must be carried out to verify
these results, and this study can conclude that it is important to include data on the hemicellulose
components when studies correlated to springback in pellets are conducted.

This study can verify that biomasses with a high content of flexible polysaccharides are more
sensitive to the effect of having a low moisture content when the pressure is low than biomasses with a
high amount of stiffer polysaccharides. As shown in Figure 7, the hardest pellet was produced from
Avicel, followed by beech and then xylan. However, there is no big change in hardness at low moisture
content for Avicel and spruce whenever the material is compressed to 5 or 14 kN, but the opposite is
observed for xylan and beech wood at low moisture contents. In Figure 7c, it can be seen that Avicel
has small variations between 5 and 14 kN, meaning that cellulose as biomass is not so dependent on
high pressure, which is independent of moisture. At a 15% moisture content, pellet hardness decreases
for Avicel, despite any variation between 5 and 14 kN. Also, in Figure 7c, it can be seen that for pectin,
the variation in hardness at different pressures increases if the moisture is decreased. Pectin and xylan
also showed a large deviation at 10%, (see Figure 7) both of these materials visually exhibited cracks
in the pellets that resulted in a low level of hardness; these cracks were the reason behind the large
deviations. However, those pellets that were not cracked were very strong, meaning that xylan and
pectin have very good potential to act as strong bridges between fibers in a pellet and they generate
strong bonds to make pellets with high hardness. This information is important, because it explains
why biomasses with a high share of flexible polysaccharides, such as hardwood, are sometimes difficult
to pelletize and why they are sensitive to moisture content.

It is clear that moisture is related to the need for pressure during densification. This can be
attributed to a more plastic behavior of the material. As presented in Figure 1, a compression curve can
be consolidated through particle rearrangement, slippage, and particle deformation, and if the particles
reach elastic deformation, it is reversible, but for plastic deformation, it is not. Within this study, it is
likely that xylan reaches the level of plastic behavior. As shown in Figure 4c, xylan has a marked bend
on the compression curves for the tests carried out with 15% moisture contents, where the material
seems to lose its elastic resistance and the length reduction of the pellet has more or less stopped even
though the pressure rises markedly, and the curve slope is almost vertical. Mannan’s variation in
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length is still quite large, and for mannan, the internal resistance drops when the moisture is 10% or
above. This means that glucomannan needs moisture contents above 10% during densification.

In light of these results, together with other studies, we can postulate that the amount of xylan in
biomass must be taken into consideration during densification. As can be seen in Table 3, the Wcomp for
mannan and xylan is similar at a low moisture content; however, when the amount of moisture increases,
the Wcomp increases more for xylan compared to mannan, and it affects the densification properties
differently. The flexible polysaccharide, eucalypt xylan, demands more energy for compression and
follows the same pattern as previous studies on rice and beech xylan [4,17]. These results are consistent
with previous studies despite the fact that eucalypt xylan is tested on other test equipment, and this
strengthens the claim that the flexible polysaccharides, especially xylan, affect densification more than
stiffer polysaccharides. As shown in Table 3, xylan has increased Wcomp, when the moisture content
increases from 5% to 10%. This means that adding water to the pelletizing process affects the biomasses
differently if the hemicelluloses are mainly xylan or mannan.

4.2. Color Occurrence

In this study, it was verified that the changes in structure for xylan, as shown in Figure 8 and as has
been discussed in earlier papers [4,17], is related not only to moisture content but also, pressure. As can
be seen in Figure 8, xylan at a 5% moisture content, compressed with 5 kN, does not show changes in
structure, other than small changes on the top of the pellet. At 14 kN, the color goes from light beige to
a browner color and the structure changes at the same time. These changes also increase the hardness
of the pellet. As shown in Figure 7, the hardness increases from about 11 kg to about 48 kg. The length
of the pellet also differs between 5 kN and 14 kN at 5% moisture content, see Table 3; the green pellet
length is 15.21 mm compared to 11.7 mm for 5% moisture content after being pressed with pressure
forces of up to 5 kN versus 14 kN. This is important information, because the die presslength directly
affects the rollers’ pressure by its backpressure and thus, variations in presslengths or lubricating
media affect xylan components more than glucomannan components.

Based on the results of this study, we further claim that color changes in the xylan pellets are also
connected to applied pressure. It is clear that xylan pellets change in color to a much greater extent
than the CMC pellets do, as shown in Figure 9. These color changes have also been seen in earlier
studies, particularly from more flexible polysaccharides [4,17], where a hypothesis was that these
structural changes result from uronic acid residues [17]. Uronic acid is known to be able to undergo
reactions such as β-eliminations [38], which could be the reason behind the color change. However, as
shown in Figure 9, there are four tests that generate more normalized absorbance and these are the
heat-treated samples, not the pellet samples. The temperature treatment applied to the xylan and
CMC powders induced a caramelization reaction and is seen to have resulted in the formation of a
significant amount of color. Specifically, the xylan powder is seen to result in ten-times more color than
the CMC powder, as measured in normalized absorbance (see Figure 9). According to Kocadagh and
Gökmen, who compared the caramelization kinetics of glucose and wheat flour systems, enolization of
the saccharides is the rate-determining step of the caramelization pathway: in order for enolization to
occur and for caramelization to be initiated, a certain amount of molecular mobility is required [36].
Therefore, in that study, sugar compounds with lower melting points were found to achieve more color.
A similar trend can be observed regarding the powders in the present study: since CMC could be
speculated to have a higher melting point than xylan, it would not have been unreasonable to expect a
lower amount of normalized absorbance.

However, color changes in xylan pellets do not show the same trend as heat-treated powder
samples. While the xylan pellet samples do show a higher absorbance than their CMC counterparts,
this is seen even for their untreated variants (see Figure 9), and there are no significant differences in
color between samples of the same raw material. This was interesting, since it has been previously
observed in the literature [40] that both moisture and temperature have an effect on the formation of
color, the reason again being induced mobility, which mitigates the formation of the rate-determining
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enol intermediary. The lack of difference in color from these variables in the present study suggests,
however, that the color difference of the pellets is not chemical in nature at all. Instead, it would seem
to be the result of physical changes in the structure, perhaps due to increases in scattering as a result of
the applied pressure. One explanation of the innate difference in color between xylan and CMC may
be the potential presence of lignin residues in the xylan powder, and these very small amounts do not
affect the color in ordinary powder much; however, when the xylan is glassified and becomes more
fluent and compressed, then the lignin residues cause the color of the pellet to be brown. When the
pellet is dissolved back to powder and tested in the spectrophotometer, the color is no longer present.
This theory can also explain that pectin powder at high moisture contents in earlier studies tends to be
more brown in color during pelletization when they become more fluent [17]. This knowledge is very
important, especially considering the understanding of bonding properties in pellets. Studies have
postulated that lignin is the most important binding agent in pellets [41], based on lignin’s possibilities
to become fluent and create solid bridges when its glass transition temperature has been reached.
This study, together with previous studies [4,17], has shown that flexible polysaccharides, in particular,
xylan, at moisture levels used in traditional pellet production become fluent and create a glassier
character and thus can be at least equated with lignin as an important binding agent in pellets.

5. Conclusions

In this study, we have tested pure biomass components with the aim to understand their role
in chemical composition, and the main conclusion is that xylan has a greater role in the binding
properties in pellets than was previously known. The springback effects are reduced by pelletizing
biomaterials with a greater amount of xylan, and the possibility to create strong pellets increases when
the hemicellulose is mainly xylan. The study also postulates that the structure and coloring of xylan
pellets is a physical effect and not a chemical one, and this coloring is generated by the fact that the
pressure lowers the light scattering properties of the material.
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