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IMPROVING THE UNDERSTANDING OF THE BONDING MECHANISM OF
PRIMARY COMPONENTS OF BIOMASS PELLETS THROUGH THE USE OF
ADVANCED ANALYTICAL INSTRUMENTS

Anthony Ike Anukam1 , Jonas Berghel1 , Elizabeth Bosede Famewo2 and
Stefan Frodeson1

1Environmental and Energy Systems, Department of Engineering and Chemical Sciences,
Karlstad University, Karlstad, Sweden
2Electron Microscopy Unit, Central Analytical Laboratory, Faculty of Science and Agriculture,
University of Fort Hare, Alice, South Africa

Previous studies have attempted to explain forces holding particles together in densified
biomass pellets using theories of forces of attraction between solid particles, forces
of adhesion and cohesion, solid bridges and mechanical interlocking bonds including
interfacial forces and capillary pressure. This study investigated the bonding mechanism
of primary biomass components in densified pellets through the use of advanced analyt-
ical instruments able to go beyond what is visible to the naked eye. Data obtained were
used to predict how primary biomass components combine to form pellets based on the
theory of functional groups and the understanding of structural chemistry. Results showed
that hydroxyl and carbonyl functional groups played key roles in helping to identify the
type of forces acting between individual particles, at a molecular level. At a microscopic
level, morphological examination of the pellet clearly showed solid bridges caused by
intermolecular bonding from highly electronegative polar functional groups linked to
cellulose and hemicellulose.

KEYWORDS. Biomass pelleting, bonding mechanism, functional groups, primary components,
structural chemistry

INTRODUCTION

The main goal of increasing the use of bio-
mass as a source of energy is often driven by
the desire to reduce CO2 emissions and to
mitigate dependency on fossil fuels. Typical
sources of biomass include wood and agricul-
tural residues, industrial residues and waste
products. However, an effective way to utilize
biomass as an energy source is in the form of
pellets, which drastically reduces the technical
limitations of using the biomass in its natural
form.[1,2] Biomass pellets such as wood pellets,

as a fuel source, offers safe and convenient
ways to bridge the energy gap in the transition
away from the use of fossil fuels. Advantages of
using biomass pellets include preservation of
the biomaterial to ensure value as a fuel, less
handling and storage issues due to its high
density (ca. 650 kg�1m�3), low moisture con-
tent (ca. 5–12%), standardization of the pellets
which allows for easier internal and global mar-
ket transportation, more cost-effective due to
uniform shape and size; which makes the pel-
lets suitable for small household heating
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systems such as stoves and boilers. The pellets
are also used in large scale power plants where
up to 300,000 tons of wood pellets are used
annually.[2] Biomass pellets are often made
from dry, untreated sawdust, wood chips or
shavings and its production are relatively cheap,
safe and the industrial development of pellet
producing plants is combined with low risk of
failure when compared to other technologies
that promote the use of biofuels.[2–4]

Biomass pelleting is performed by continu-
ously pressing finely ground biomass material
through die holes of the pellet press that are
about 6 to 8mm in size. This creates elongated
pellets with round cross-sections that are cut to
the desired sizes. Under the right pelleting con-
ditions, primary components (such as cellulose,
hemicellulose and lignin) are pressed together
by strong forces at elevated temperatures to ini-
tiate binding. In addition, strong bonds are gen-
erated between the compressing components
and, the exact nature of the created bonds
remains completely vague. In fact, how primary
biomass components combine to form densi-
fied pellets under optimum pelleting process
conditions have not been clearly explained
from a structural chemistry perspective. Several
studies[3,5–8] have attempted to explain the
binding forces acting between individual par-
ticles in biomass pellets using the theories of
attraction forces between solid particles, adhe-
sion and cohesion forces, interfacial forces and
capillary pressure, solid bridges including mech-
anical interlocking bonds. While this may be a
well-conceived idea, the correlation between
biomass characteristics and these physical/
mechanical events as well as pelleting process
conditions relevant to the production of good
quality biomass pellets have never been clearly
established from a chemistry perspective, where
the pellets are structurally diagnosed such that
the functional groups attached to their carbon
backbone are identified and their role in bond-
ing tacitly explained. A full understanding of the
structure and properties of biomass is a pre-
requisite to complete understanding of the
bonding mechanism of primary components of
the biomass in pelleting processes.[9–13]

The bonding mechanism of primary com-
ponents in densified biomass pellets is such a
complex event to comprehend, and previous
studies[14–16] have alluded to insufficient
knowledge about the interrelationship
between strong bonding mechanisms and bio-
mass characteristics. Biomass is diverse in
nature and this accounts for why there is still
uncertainty about how particles of the biomass
combine to form densified pellets. A way to
explain biomass diversity, perceived as a good
starting point, is to briefly describe biomass in
general. Biomass is composed primarily of cel-
lulose, hemicellulose and lignin, with varied
structural characteristics that are bound by
functional groups.[17,18] These primary compo-
nents, due to their polymeric nature, have
molecular structures with a carbon backbone
and functional groups attached to the carbon
chains. The entire carbon chain and its
attached functional groups are affected by pel-
leting processing conditions such as tempera-
ture and compression force; for example,
increased temperatures initiate chemical modi-
fications that are significant to pellet proper-
ties.[3] The functional groups are a collection
of elements that make up the biomass and
confer specific chemical characteristics.[17,19]

For instance, hemicellulose has the ability to
flow at elevated temperatures due to the pres-
ence of groups such as carbon-oxygen (C–O)
in its molecular structure; these groups have
low bond dissociation energies because of
their single bonds. Lignin changes its charac-
teristics to become glassified at high tempera-
tures for the same reason given for
hemicellulose; cellulose, due to its stiff nature
and its many glucose units with multiple
hydroxyl groups (–OH), softens at certain tem-
peratures and pressure to become amorph-
ous.[18,20–22] Studies have also shown that
even within the same individual component
of biomass, there are differences in functional
groups; for example, xylan has carbon chains
that are much more flexible than gluco-
mannans, both of which are monomers of
hemicellulose; xylan and mannan exhibit widely
different behaviors during compression.[23–25] It
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is vital to be able to identify functional groups
and the physical and chemical properties that
they afford organic materials.[26] This creates a
good starting point to understanding how pri-
mary components of biomass combine to form
densified pellets under optimum pelleting condi-
tions. In this regard, knowledge and understand-
ing of structural chemistry are required for
detailed explanation, which must be based on
the theory of functional groups and how to
measure and locate them through the use of
advanced analytical instruments.

Biomass pelleting is regularly met with a
lack of understanding of how primary compo-
nents combine to form densified biomass pel-
lets under optimum pelleting conditions. It is
anticipated that considerable quantities of
biomass utilization for future production of
energy will rely on fuel pellets made from
biomass. To achieve this goal, critical evalu-
ation of both the chemical relationships and
the specific structural modifications taking
place as biomass undergoes pelleting are
required, which of course requires the use of
advanced analytical instruments able to pro-
vide information beyond what meets the eye.
Therefore, the aim of this study was to inves-
tigate, from a structural chemistry perspective,
the bonding mechanism of primary compo-
nents of biomass in densified pellets using
advanced analytical instruments able to pro-
vide information beyond what is visible to
the human eye and use data obtained to pre-
dict how components combine to form pel-
lets based on the theory of functional groups
and the understanding of structural chemistry.
What brings about adhesion and particle to
particle bonding is believed to be concealed
in the structural characteristics of biomass
hence knowledge and understanding of struc-
tural chemistry are required to offer detailed
explanation.

MATERIAL AND METHODS

Sample Preparation

The biomass pellets used in this study
were industrially produced Norway spruce

pellets, otherwise referred to as industrial
spruce pellet throughout this article, obtained
from a local pellet plant (Stora Enso Gruv€on,
Grums) in Karlstad, Sweden. Wood remains
one of the most widely used raw materials
for the production of fuel pellets hence
industrial pellets made from Norway spruce
wood was chosen as reference sample for
this study. The pellets were produced under
industrial conditions hence no pretreatment
measures were undertaken. However, prior
to analysis, the pellets were stored in air-tight
vials to protect them from contamination and
their average sizes were 8mm in diameter
and 20mm in width. The conditions of
pelleting are presented in Table 1.

The strength and durability of densified
biomass pellets are dependent upon the
bonding attributes of major components of the
raw material.[6] As previously mentioned,
the bonding mechanism of primary biomass
components in densified pellet involves the
inter-play of many processes that cannot be
felt by hand or visualized by the naked eye
and justifies the need for the use of advanced
analytical instruments for diagnosis of the pel-
lets such that quintessential bonding properties
and pellet-forming abilities of each component
may be determined with certainty. The
instruments used for diagnosis were Energy
Dispersive X-Ray Spectroscopy (EDX), Fourier-
Transform Infrared Spectroscopy (FT-IR),
Thermogravimetric Analyzer (TGA), Scanning

TABLE 1. Pelleting conditions of industrial spruce pellets and
some physical properties before and after pelleting.

Parameter Pelleting conditions

Temperature 100 �C
Minimum compression force 16.0MPa
Maximum compression force 40.5MPa
Die configuration 8 L/D
Holding time 15 s
Additives No
Sample physical properties before and after pelleting
Property Value
Moisture content 10% and 6%
Particle size <5mm and 6 mm (D)
Bulk density 103 kg/m3 and

ca. 650 kg/m3

L, die length; D, die diameter.

BONDING MECHANISM OF PRIMARY BIOMASS COMPONENTS 17



Electron Microscope (SEM), and Confocal
Raman Microscopy (CRM). Restricted by the
sample holders of the instruments used for
analyses, industrial spruce pellets were manu-
ally cut into small sizes of < 2mg using a
razor blade. Because of the complex and
anisotropic nature of the sample, different
parts of the sample were manually cut into
small sizes and three measurements were
undertaken on each part with average results
presented. The procedures for analysis, as well
as motives for choice of analytical instruments,
are explicitly described.

Compositional Analysis

Assessment of the use of biomass in any
conversion process requires a good under-
standing of its basic composition, characteris-
tics, and performance.[17,27,28] The primary
components of industrial spruce pellet (cellu-
lose, hemicellulose and lignin) were quanti-
fied from the TGA plot presented in a
subsequent section and were measured in
accordance with the known decomposition
temperatures of each component,[29] after
the evaporation of moisture. Due to the
structural differences between the major con-
stituents of biomass, they are commonly dis-
tinguished and identified by the use of TGA,
and the temperature ranges for the thermal
decomposition of these constituents had
been previously reported.[29–32] EDX was
used to determine elemental components in
terms of the weight percentages of C, O and
S, while the weight fraction of H was deter-
mined by the carbon, hydrogen, nitrogen and
sulfur (CHNS) analyzer. Experiments were
repeated in triplicates and average val-
ues reported.

FT-IR Analysis

In FT-IR analysis, a sample is subjected to
infrared radiation (IR) such that specific parts
of the IR are absorbed by the sample in terms
of its chemical composition. The stretch and
deformation vibrations of specific molecular
bonds in the sample correspond to absorp-
tion bands at specific wavenumbers of the IR

spectrum, and the traditional unit for this
analysis is expressed in cm�1.[33]

FT-IR analysis was undertaken to identify
the functional groups in the carbon backbone
of the primary components of industrial
spruce pellets and to establish the role of
each group in the bonding properties of these
components. As such, spectra were recorded
using a Varian 680-IR FT-IR spectrometer
equipped with a DTGS detector. The system
was operated in an attenuated total reflect-
ance (ATR) mode. An ATR crystal of dia-
mond, having a contact area of ł2mm and a
penetration depth of 2mm, was used.
According to Perkin Elmer,[34] for FT-IR in an
ATR mode to be successful, samples must be
in direct contact with the ATR crystal,
because evanescent wave only extends
beyond the crystal at a penetration depth of
0.5 mm to a maximum of 5 mm, and diamond
is the best ATR crystal material because of its
durability. Background and sample spectra
were scanned at a spectral resolution of
4 cm�1 and a spectral range of 4 000 cm�1 to
650 cm�1; 32 scans were collected. Spectra
were ATR and baseline-corrected using
Varian Resolution Pro software. Spectra were
normalized at a signal of 1 160 cm�1.

TGA Analysis

When biomass is heated at elevated tem-
peratures, changes that will affect its chemical
structure and performance will occur, and
the extent of the changes will depend on the
temperature level and the duration of expos-
ure conditions.[29,35] Therefore, thermo-ana-
lytical techniques such as TGA can provide
information about chemical modifications in
a relatively simple and straightforward man-
ner without tedious sample preparation steps.
Thus, TGA is a technique used to describe
changes associated with a sample as a func-
tion of temperature as the sample is heated
in an inert atmosphere of nitrogen or argon
gas. It has been widely used to obtain infor-
mation, not just about the thermal behavior
of materials, but also to quantify the compos-
ition of biomass; it is a faster and less
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expensive technique to determine the com-
position of biomass than the wet chemical
technique.[36,37] In this study, TGA was used
for two major reasons: 1) to quantify primary
components of industrial spruce pellets
according to degradation temperature; 2) to
determine chemical modification/transition
temperature and its role in the bonding abil-
ities of primary components. Knowledge of
the chemical modification/transition tempera-
ture of biomass has fundamental importance
in estimating bonding attributes of major
components of the biomass.[6]

A Mettler Toledo TGA/DSC1 Star system
was used to evaluate changes occurring in
the sample as a function of temperature and
the procedure for analysis was such that the
sample was first placed in the combustion
chamber of the instrument and ignited
through software programing. The experiment
was conducted in an inert atmosphere of
nitrogen gas in such a way that sample
weight loss was monitored as it was com-
busted, cooled and isothermally held. The
nitrogen gas flow rate was at 100ml�1 min at
a heating rate of 10 �C min�1. The experi-
ment began at room temperature (25–30 �C)
to a maximum temperature of ca. 1 000 �C.

CRM Analysis

To provide a quick and easy method of
visualizing internal and surface structure of
industrial spruce pellet in thick hand-cut sec-
tions and to understand how primary compo-
nents are distributed, a confocal microscope
was used. The CRM was invaluable in helping
to achieve this goal and was basically used
to study particle distribution and orientation
as well as to uncover particle to particle
interactions initiated through changes caused
by pellet press conditions such as tempera-
ture and compression force.

A Leica SP8 confocal with a DMI 6 000
microscope was used to visualize hand-cut
samples of industrial spruce pellets. The Leica
TCS SP8 X was mounted on the Leica DMI 6
000 inverted microscope. Samples of the pel-
lets were placed (without mounting medium)

on a Petri dish with a coverslip bottom (cell
view from greiner). The pellets were excited
with a 405 laser, for ultra-violet (UV) fluores-
cence. Samples were illuminated at three
different wavelengths, which were most suit-
able for the type of sample under study;
a white light laser at 488nm for green fluores-
cence, at 579nm for a red fluorescence
and at 633nm for far-red fluorescence. Images
were obtained under experimental conditions
able to preserve the sample in its natural state.

SEM Analysis

A single imaging technique for visualizing
lignocellulosic biomass samples cannot pro-
vide all information required concurrently
with optimal temporal and spatial resolution,
hence complementary techniques are often
needed to achieve a full understanding of the
structural changes that occur in biomass
materials as they undergo physical, chemical
or biochemical processing. Nonetheless, it is
worthy to mention that each type of analyt-
ical instrument has its merits and demerits in
their application for structural diagnosis of
samples.[38] While the CRM has the ability to
track multiple biomolecular species in high-
resolution images over a large surface area,
SEM technique is able to image samples at
sub-nanometre resolutions and allow good
passage of light through the sample to make
visualization less complicated; the limitations
of the SEM technique include its inability to
simultaneously track multiple biomolecular
species, its inability to image large surface
areas, and the fact that the sample has
to be in close proximity with the analysis
chamber.[17,38,39] In spite of these limitations,
however, the SEM remains a high-resolution
analytical technique able to offer internal and
surface visualization of samples at higher
magnifications of up to 2 million times. It is
also worthy to mention that the limitations
of one technique are often compensated for
by the advantages of the other.

Cross-sections of manually cut industrial
spruce pellets were visualized under a JEOL
(JSM-6390LV) model SEM instrument fitted

BONDING MECHANISM OF PRIMARY BIOMASS COMPONENTS 19



with an EDX analyzer, which was used
to quantify elemental components. Prior to
examination, samples were prepared by
mounting them on a stub with a carbon
double-sided tape and sputter-coated with
gold (Au) in order to increase conductivity and
to make microscopic viewing less complex.
Sputter-coating with Au was also necessary to
reduce the possibilities of sample contamin-
ation. The sputter coater used was an Eiko IB3
Ion Coater, which uses argon gas and a small
electric field. After sputter-coating, samples
were loaded in the sample chamber of the
instrument for morphological examination.

RESULTS AND DISCUSSION

Content and Elemental Analysis

Biomass materials are composed of vary-
ing proportions of bio-polymers and differing
fractions of elements with significant proper-
ties that are relevant to the pellet-forming
abilities of the biomass.[17,39,40] Content ana-
lysis of industrial spruce pellet was under-
taken to determine primary components and
establish bonding characteristics as well as
pellet-forming abilities of each components
relevant to the production of good quality
pellet. It is worthy to mention that the elem-
ental constituents of industrial spruce pellet
are off-shoots of its primary organic compo-
nents. The role of the components in bond-
ing was established in accordance with the
properties of their polymeric constituents.
The primary organic and elemental constitu-
ents of industrial spruce pellet are presented
in Table 2.

According to the data presented in Table
2, the primary organic components of indus-
trial spruce pellet make up about 96.1% of its
total composition. This means that other
components such as extractives, proteins, ash,
etc., account for only about 3.9%, which was
considered insignificant hence they were not
reported in this study. The same applies to
elemental constituents, which shows carbon
as the major chemical element and supports
the fact that organic materials comprise

mainly of a carbon backbone with functional
groups attached to the chain, which help cre-
ate micro and macroscopic bonds with other
molecules.[26] The functional group analysis
data is presented in section ‘Determination
and Location of Functional Groups from FT-IR
Analysis’ and its role in the bonding of bio-
mass pellets explicitly described. However,
the goal of this compositional analysis once
more was to establish the role of primary
components in bonding and in pellet forma-
tion. The skeletal structures of the primary
components of biomass, from previous stud-
ies,[1,18,41] indicate a carbon backbone in
these structures. Therefore, carbon will form
a major part of results interpretation. What
makes organic materials ubiquitous is mainly
attributed to the chemistry of their carbon
backbone.[42] Carbon instigates the sharing of
electrons through particle to particle inter-
action and linkages to create an electrostatic
force of attraction that results into binding in
the process and cause particles to stick
together upon the application of compression
force. As particles interact during pelleting
and at points of contact, solid bridges are
formed by molecular diffusion due to the
application of high temperatures and com-
pression force.[6,43] Furthermore, as pellet
press temperature increases, melting of com-
ponents occur and solidifies upon cooling,
creating chemical modifications that confer
important properties to the pellets.[3] Thus,
due to the high oxygen content of industrial
spruce pellets (Table 2), components of the
pellets on solidification are held together by
hydrogen bonding as a result of oxygen-
hydrogen (O–H) bonds. The FT-IR analysis

TABLE 2. Primary organic and elemental constituents of
industrial spruce pellet.

Primary organic components (%) Standard deviation

Cellulose 42.3 —
Hemicellulose 23.2 —
Lignin 30.6 —
Primary elemental constituents Wt.% (db) Standard deviation
C 48.9 ±0.93
H 5.9 ±0.24
O 43.6 ±0.77
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data presented in a preceding section corrob-
orates the presence of these bonds in terms
of functional groups. A statement of fact in
chemistry which supports this theory is that
hydrogen bonding occurs in materials con-
taining highly electronegative elements (such
as oxygen) that are directly bound to hydro-
gen. The quality of biomass pellets is meas-
ured in terms of density (strength, durability
and hardness), which is largely dependent
upon the type of material pelletized and the
nature of the bonds holding individual com-
ponents of the material together as the mater-
ial undergoes pelletization under optimum
conditions such as those presented in a previ-
ous section.[3,4]

Determination and Location of
Functional Groups from FT-IR Analysis

FT-IR is an invaluable tool used in the
determination and verification of the struc-
ture of organic materials because the energy
that corresponds to the specific value of the
wavenumber allows identification of various
functional groups contained in the structure
of the material. The IR region is generally div-
ided into three regions: near (13 300–4
000 cm�1), middle (4 000–200 cm�1), and far
(200–3.3 cm�1) IR regions. However, the
widely used region is the mid-IR region
because organic materials have fundamental
vibration bands around this region of the IR
spectroscopy.[37] Figure 1 presents the FT-IR
spectra of industrial spruce pellet. Numbers
are assigned to each peak, which represents
absorption bands of specific func-
tional groups.

The chemical composition of biomass
plays an active role in the pelleting process of
the biomass and its bonding attributes.[44] For
clarity sake and to avoid spectra congestion
in assigning functional groups at points of
absorption, specific molecular bonds in the
sample and their corresponding absorption
bands at specific wavenumbers of the IR
spectrum are presented in Table 3. Spectral
interpretation from FT-IR analysis of certain
biomass samples such as wood is such that

one chemical component may absorb at sev-
eral frequencies and, on the other hand, two
or more components may contribute to the
same absorption band.[45]

ATR mode absorption bands in FT-IR
analysis of biomass usually relates to the con-
tents of cellulose, hemicellulose and lignin.[46]

A host of functional groups linked to the
three primary components of industrial
spruce pellet were identified according to the
data in Figure 1 and Table 3. To avoid ambi-
guity, the role played by a few important
functional groups in the bonding mechanism
of primary components of industrial spruce
pellet is discussed according to the presented
data. A strong wide absorption band at 3 335
is assigned to hydroxyl functional groups
(–OH) stretching vibrations caused by the
presence of phenolic hydroxyl groups linked
to certain carbohydrate and polymeric con-
stituents of cellulose and hemicellulose as
well as lignin. –OH groups create cleavages
of b-O-aryl ether interunit bonds.[47] This
implies that intermolecular forces associated
with covalent bonding, hydrogen bonding,
and dipole-dipole interactions were triggered
as particles combined under elevated temper-
atures and pressure during production of the
pellet. This is because –OH group is polar
hydrophilic in nature and typically charge-
polarized with the ability to form a variety of
intermolecular bonding when it interacts with
other polar substances like water (H2O) in
the form of moisture. –OH groups also form
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FIGURE 1. FT-IR spectrum of industrial spruce pellet showing
absorption bands that qualitatively identifies primary
functional groups.
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active binding surfaces that consist of residues
capable of forming bonds. However, for the
–OH group to be able to form active binding
surfaces, it must be able to do so at specific
material softening/transition temperature; all
three primary components of industrial
spruce pellet contain free –OH groups cap-
able of hydrogen bonding with itself and with
H2O; for cellulose, its polymer chains are
densely packed with –OH groups (with three
in each glucose unit) that are able to form
both intra and intermolecular linkages to
increase pellet stiffness,[2] which may imply
that the pellet used in this study as a refer-
ence sample is of good quality in terms of
density and corroborates the bulk density
data of the pellet presented in a previous sec-
tion. The amount of hydrogen bonding
between macromolecules and H2O is so large
that a gel capable of increasing the gluing
effect of components is formed.[2] It is worthy
to mention that the presence of –OH could
also be related to moisture content of the
sample because moisture absorbs energy by
O–H stretching vibrations in the IR region
between 3 000 and 3 700 cm�1.[48] The
C¼O group, also linked to the primary com-
ponents of industrial spruce pellet, is a car-
bon atom double-bonded to an oxygen atom
and equally a polar group responsible for
increasing material melting point. Cellulose
and lignin have several absorption bands
within the IR region, which can be used to
image their distribution in sections of the

biomass; the range of absorption of these pri-
mary constituents of biomass in the FT-IR is
between 1 530 cm�1 for cellulose, and 1
490 cm�1 for lignin, respectively.[49] The
C–O–C and C–C groups are associated with
lignin, a three-dimensional polymer with phe-
nyl-propane precursor monomer units as its
basic units, which are linked by C–O–C and
C–C bonds; because lignin is covalently
bonded to hemicellulose, it is able to cross-
link a variety of polysaccharides and confers
strength to the cell wall of plant biomass.[50]

The binding forces acting between
individual particles in densified spruce pel-
lets are described in accordance with the
theory of intermolecular bonding (covalent
bonding) because the structures of its three
primary components (cellulose, hemicellu-
lose, and lignin) are linked by carbon–car-
bon (C–C), carbon–hydrogen (C–H), and
carbon–oxygen (C–O) bonds, which forms
part of the functional groups that confer
specific properties and take part in bonding
as a single unit.[40]

Determination of Modification
Temperature Relevant to Bonding from
TGA Analysis

Knowledge of the thermal events that
occur when biomass is heated at elevated or
moderate temperatures create better ways to
identify any chemical modifications that may
lead to better understanding of how particles
combine to form pellets during pelleting of

TABLE 3. FT-IR absorption bands of industrial spruce pellet and assignment of functional groups.

Wavenumber (cm�1) Number in Figure 1 Peak assignment

808 1 Corresponding to mannan in hemicellulose
870 2 Glucomannan in hemicellulose
897 3 a-b-bonds corresponding to cellulose
1028 4 C–O str. in cellulose and hemicellulose
1160 5/6 C–O–C str. in cellulose and hemicellulose
1235 7 C–O str. in xylan and lignin
1370 8 C–H bend (uronic acid in hemicellulose)
1508 9 Aromatic skeletal vibration in lignin
1600 10 C¼O str. due to aromatic ring breathing in lignin
1731 11 C¼O str. Due to xylan in hemicellulose
2855 12/13 C–H str. of methyl group connected to lignin
3335 14 O–H str. vib. linked to all primary components

Str, stretching; Vib, vibration.
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biomass. As such, chemical modifications ini-
tiated by temperature and its relevance to
bonding were of interest in this analysis.
According to Back,[7] sufficient bonding areas
are created when wood components are
plasticized above their glass transition
temperatures. Figure 2, therefore, shows
typical thermogram of industrial spruce pellet
tested under the experimental conditions
described in section ‘TGA Analysis’.

The movement of gases as biomass
undergoes combustion is often determined
by biomass structure such as the develop-
ment of cracks, surface regression and pri-
mary fragmentation.[51] Additionally, the
weight loss process of biomass as a result of
combustion is typically controlled by its pri-
mary constituents (cellulose, hemicellulose
and lignin), which as previously mentioned,
degrades at different temperature ranges
under thermal treatment.[29–32,52] From
Figure 2, the degradation process of industrial
spruce pellet under thermal analysis is charac-
terized by three weight loss stages: numbered
1, 2, and 3, respectively. These weight loss
stages are indicative of the stages of chemical
modifications that the raw material undergoes
when temperatures soar during pelleting. The
first stage of modification (stage 1) occurred
typically at temperatures below 100 �C and
indicates the evaporation of moisture. At the
second stage (stage 2), a rapid weight loss is
noticeable at ca. 245 �C, a condition attrib-
uted to the release of an increased amount of

volatile gases emanating from polymeric con-
stituents linked to cellulose and hemicellulose
as well as partly to lignin. The third and final
stage of the degradation process occurred at
ca. 275 �C, a stage characterized by degrad-
ation of lignin components and which contin-
ues up to temperatures above 900 �C, leaving
residual ash (stage 3). Lignin is a major con-
tributor to the generation of residual char and
ash; hence it degrades at a much wider tem-
perature range, from 400 to 1 000 �C.[29,53]

As previously indicated however, the interest
in this analysis remains the temperature range
in which chemical modifications relevant to
bonding occur, which relates to the tempera-
tures between the first stage of weight loss
and the beginning of the second stage
(between 85 �C and below 100 �C). Beyond
200 �C, rapid degradation occurs due to the
release of volatiles, leaving the raw material
too flaky for a particle to particle bond-
ing.[2,39] The modification stage, also known
as the transition stage, which literally began
at temperatures around 85 �C to < 100 �C,
ushered in cleavages of a– and b– bonds
from cellulose with splitting of aliphatic and
aromatic side chains to create cleaved
carbon–carbon (C–C), carbon-oxygen (C–O)
as well as carbon-hydrogen (C–H) linkages
between structural units of primary compo-
nents, particularly lignin. Transition tempera-
tures of biomass under thermal analysis
create an increase in the potential for
bonding.[54,55] The cleavages and linkages
between these polymer chains constitute
active particle to particle bonding areas
where a variety of primary intermolecular
bonds such as covalent and hydrogen bonds
are formed as a result of compression force
and elevated temperatures. Particle to par-
ticle bonding surface areas were also predo-
minated by secondary intermolecular bonds
initiated by pelleting process conditions; the
modification stage temperatures ensure chain
mobility at the expense of intermolecular
bonds, which are considerably reduced to an
extent that chain ends and segments revolve
around their axis; at this point, polymer
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FIGURE 2. Thermogram of industrial spruce pellet showing
modification range temperatures.
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viscosity drastically drops to show noticeable
flow characteristics relevant to bonding.[2,7,21]

This facilitates the diffusion of polymer chains
and chain ends to stimulate bonding surface
areas, particularly when a compression force is
applied and temperature increases a little
above the modification temperature. All bonds
formed are therefore consolidated on cooling.[7]

Sample Visualization Using CRM

For bonding to occur during biomass
pelleting, components must be randomly
distributed across surface areas to create max-
imal surface molecular and particle to particle
interactions, particularly as temperature

soar.[56] Figure 3 presents the confocal images
of industrial spruce pellet showing
distribution and orientation of primary com-
ponents (cellulose, hemicellulose and lignin)
depicted by the various color reflections
in the images. The images were obtained at
a magnification of �100.

The images in Figure 3 were taken from
different parts of the pellet and generally
show that components are tightly connected
to each other and distributed in a somewhat
irregular manner. The images show fewer
distinguishing features; however, traces of
how primary components (cellulose, hemi-
cellulose and lignin) are distributed can still

FIGURE 3. Confocal images of industrial spruce pellet showing: (a) internal structure from a section of the pellet; (b) surface structure
from the same section as the previous; (c) internal structure from a different part of the pellet; (d) surface structure from same part
as c. The color interpretation of the images is such that deep blue indicates the presence of cellulose, yellowish-green depicts
hemicellulose, and reddish coloration implies the presence of lignin.
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be seen. The highlighted sections in the
images are points of components distribution
according to the defined imaging parts of the
pellet. The components appear as deformed
and shapeless particles reflected in bright
colors that are randomly distributed. The color
interpretation in the images are such that deep
blue reflection depicts cellulose distribution,
while hemicellulose and lignin can be seen as
yellowish-green and reddish color particles
that are superimposed in the deep blue color
reflection of cellulose with glossy surfaces that
are prone to intermolecular bonding due to
the presence of polar functional groups (such
as –OH and C¼O) activated by hot press-
ing.[2] Imaging, chemical and thermal techni-
ques can be used to detect lignin through a
brilliant red color development that indicates
the presence of coniferaldehyde groups,
which are components associated with lig-
nin.[57] The red color distribution could also
imply the presence of phenolic components,
which are equally polymeric constituents
connected to lignin; these components have
binding properties that can be activated by
moisture and temperature.[58] Furthermore,
from the images (Figure 3a–d), primary
components are distributed according to their
percentage composition, which corroborates
the percentage content data presented in
Table 1. Cellulose chains are straight elon-
gated rods that easily form organized fibers in
hierarchical microfibrils structure, which are
bundles of elementary fibers that stick
together in highly ordered crystalline regions
of woody biomass.[2] The distribution of
the primary components in the images is
evidence of particle to particle interaction.
For bonding to occur during pelleting of
biomass, components must be randomly
distributed in order to create maximal surface
interaction at the application of heat.[56]

However, judging by the color components
that are reflected in red, lignin is slightly less
distributed in Figure 3a than it is in b, which
supports the fact that lignin is heteroge-
neously distributed in cell walls of woody bio-
mass, according to Henriksen et al.[2] Figure

3b and c also show a multi-color reflection
and superimposition of components from
internal and surface imaging of industrial
spruce pellet. Because sample examination
under the CRM can be very subjective, the
analysis did not offer any definitive conclu-
sions on active binding sites and how par-
ticles are connected to each other through
bonding. The noticeable dark parts in the
images, mostly at the corners of the images,
could not be accounted for and were
assumed to result from emission/absorption of
light from the instrument.

Morphological Diagnosis with SEM

For a more comprehensive visualization
and understanding of sample composition
and bonding characteristics as well as for
studies of developmental changes caused by
process conditions of the pellet press, a cor-
relative microscopic technique that involves
SEM was used. Internal and surface morph-
ology of the pellet was undertaken and
images obtained at different magnifications
for better interpretation of results. Because
sample morphology was highly magnified,
and thus covers only a small area, it is vital
that the area selected for visualization is typ-
ical of bonded surface areas. The SEM images
of industrial spruce pellet are presented in
Figure 4. Included in each one of the images
were specific examination conditions.

Generally, from the SEM images in
Figure 4a–d, the first observable feature is the
way particles are densely packed, a proof of
high density and durability that defines good
quality pellets. The images also show how
severely distorted and deformed particles are,
which is a direct consequence of the applica-
tion of compression force. The compact
nature of the pellet seen under the SEM also
show surface structures that are entangled
and linked to each other, which is equally a
direct evidence of how bio-polymers migrate
to create active surfaces relevant to bonding
at the application of temperature and com-
pression force. However, parallel lines could
be noticed in Figure 4a, which becomes
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quite conspicuous at higher magnifications
of �200 (Figure 4b). This is an indication
of the formation of solid bridges created by
molecular diffusion as a result of particle
interaction and attraction to one another
during pelleting. This feature is usually made
prominent at the application of heat and
compression force during pelleting.[59–61]

One of the notable features of biomass pel-
leting is the formation of solid bridges stimu-
lated by rising temperatures and compression
force of the pellet press, a condition also
facilitated by chemical reactions, crystalliza-
tion of dissolved substances and solidification
of melted components.[59–61] The solid
bridges are also an indication of the presence

of strong intermolecular bonding linked to
covalent bonding, dipole-dipole interaction
and hydrogen bonding resulting from the
highly electronegative O–H bonds in the cel-
lulose and hemicellulose structure; these two
components of biomass have more –OH
groups in their molecular structure than their
lignin counterparts.[2] According to the adhe-
sion theory, chemical bonding is established
when maximum binding force reaches min-
imum potential energy. Compression force,
temperature and moisture content facilitate
adhesion with solid bridges formed between
combining particles as biomass undergoes
pelleting.[62] The internal microstructure of
the pellet, revealed at higher magnification

FIGURE 4. SEM images of industrial spruce pellet obtained at different magnifications: (a) �100; (b) �200; (c) �500; (d) �1000.
The images reflect internal and surface morphology taken from different parts of the pellet.
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(�500) shows how tightly connected particles
are to each other (Figure 4c), which is an
indication of adhesion and intertwining fiber
tracheid caused by crystallization and solidifi-
cation of softened components that were a
direct consequence of pelleting process com-
paction and/or compression force. Higher
magnification (Figure 4d) shows how smaller
particles bind to larger ones by entanglement,
exposing adhesive surfaces that are relevant
to bonding. Again, these were as a result of
compression force from the pellet press, and
the presence of highly electronegative polar
functional groups such as the –OH groups.
Particle entanglement and exposure of adhe-
sive surfaces stimulate particle to particle
bonding during pelleting of biomass.[63,64]

The stunning extent of organized and
compact structure seen in the SEM images is
a reflection of the carbon backbone that
characterizes organic materials and accounts
for the high density that constitutes one of
the features of pelletized biomass; the degree
of organized structure preserved in com-
pacted biomass in a pelleting process account
for the total density of the biomass pellet.[2]

In addition, the microscopic bonding of
particles revealed by the images was facili-
tated by the presence of functional groups
that are attached to the carbon chain.

Active binding sites were created by the
presence of polar functional groups (Figure 2
and Table 3) and these groups are affected
by pellet press temperature and compression
force, which stimulated variations in surface
properties and morphology of the pellet
sample. According to Liu et al.,[65] active
binding surfaces are created by the presence
of polar functional groups, pelleting tempera-
ture and compression force, which in turn
create variations in surface properties and
morphology of biomass. This was further
supported by the studies undertaken by
Johansson et al. and Bryne et al.[66,67]

Nonetheless, the morphological features of
the industrial Norway spruce pellet used in
this study can be compared with literature
data on its SEM image before pelleting,

which shows heterogeneity and variability of
particles as well as higher amounts of smaller
particles and fragments.[68–71]

CONCLUSIONS

This study investigated the bonding
mechanism of primary biomass components
of industrial spruce pellet using advanced
analytical instruments whose data provided
information at a molecular and microscopic
level based on the theory of functional groups
and the understanding of structural chemistry.
Much of the experimental procedures under-
taken in the study focused on factors that
could not be observed by examination with
the naked eye, an indication that factors con-
tributing to bonding in biomass pellets span
several microscopic, molecular and even
nanoscopic levels. Data obtained were used
to predict how primary components com-
bined to form pellet as a way to contribute to
the development of the fundamental under-
standing of how biomass is transformed from
powder to pellet during pelleting. However,
the study conclusively established that certain
analytical instruments are more favorable
than others in predicting how bonding occurs
in biomass pellets. Thus, the following con-
clusions were drawn from the study:

� At molecular level, satisfactory information
were obtained on the type of binding forces
acting between particles of industrial spruce
pellet according to the FT-IR data, which
revealed most important functional groups
that were used to predict forces holding
particles together. These forces included both
intra and intermolecular attraction forces.

� The TGA gave a clear indication of chemical
modification range temperatures where
primary structural polymeric constituents
soften to create flow characteristics that
were considered relevant to particle bonding.
During biomass pelleting, chemical modifica-
tions of bio-polymers, which can be of signifi-
cance to the features of biomass pellets, are
often initiated at elevated temperatures.[3,6]

� The CRM allowed visualization of industrial
spruce pellet over a large area, but proved
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quite challenging in creating internal and
surface images clear enough for conclusive
information to be drawn on particle bonding
mechanism and active bonding sites.

� The SEM instrument used in this study pro-
vided a clearer morphological view of internal
and surface structures of industrial spruce
pellet and how particles are connected to
each other than the CRM, which did not offer
much information on binding and bonding. In
addition, the parallel lines that were evidence
of the formation of solid bridges were also
distinctly seen under the SEM, which were
impossible to visualize with the CRM.

� Even though the SEM instrument provided
a clearer view of how particles were bound
to each other through noticeable entangle-
ments, there were no direct visual evidences
of how powder was transformed to pellet
at nanoscopic or even microscopic levels.

In view of the above conclusions there-
fore, further studies are required on the use
of complimentary advanced imaging techni-
ques at both microscopic and nanoscopic
levels for comprehensive visualization and
elucidation of how biomass is transformed
from powder to pellet. The study must
incorporate the use of a variety of industrial
pellets made from different biomass materials
and those made from a single pellet press
machine (as reference samples for examin-
ation) for the purpose of comparison in order
to conclusively establish how components
combine to form pellets under optimum con-
ditions of pelleting such as those presented in
Table 1.
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