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Abstract

Abstract
Palm kernel shells are one of the waste products in the palm oil industry. This work
was focused on investigating the properties of pellets made from the palm kernel
shells for use in syngas generation through gasification. The strength of the pellets
increased with compaction pressure but the strength reached a plateau when the
pellets achieved no or near-zero porosities, indicating that the maximum strength
was achieved. High compaction speeds and short hold time during the compaction
process; high humidity conditions and long storage time during post-production were
found to result in lower pellet strengths. These effects were mainly related to the
porosities of the pellets, and new modifications of the Ryshkewitch-Duckworth
model have been proposed to describe the relationships between the strength and the
porosity. The strength of binary pellets made of palm kernel shell and HZSM-5
zeolite decreased with increasing zeolite composition. This decrease was associated
with higher porosities and elastic rebound of the pellets in the presence of the zeolite
particles. Modifications of the Ryshkewitch-Duckworth model have been proposed
to predict the strength of the binary mixture pellet, based on strength at zero porosity
and the bonding capacity of zeolite and palm kernel shell.

In the gasification studies, the pellets achieved a higher conversion rate from
biomass to gaseous products compared to raw palm kernel shells and ground shell
powder. The gasification of binary palm kernel shell and HZSM-5 zeolite pellets was
proven to be feasible but not as effective in reducing tar from the gaseous products
as zeolite added in-situ with raw palm kernel shells. For the same amount of catalyst
used, the amount of tar reduced was less when the pelletised form was gasified,
compared to that when the raw, ungrounded form was gasified in situ with zeolite.
This was probably due to zeolite being trapped within the binary pellet and hence not
all the zeolite was available to crack the tar.
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Chapter 1: Introduction

1 Introduction
1.1 Introduction
Malaysia’s total energy demand in 2003 was 33.9 Mtoe (million tonnes of oil
equivalent) and this energy demand is expected to grow at 5.4% per annum to reach
83.5 Mtoe in 2020 (Ahmad et al., 2011). In order to meet this increasing demand of
energy, Malaysia needs to seek an effective and sustainable source of energy.
Alternative energy sources that are renewable and sustainable have received
extensive public and scientific attention in recent years. Biofuels, such as those
gained from energy crops like palm oil, are becoming an important alternative source
of energy. Since 2006, Malaysia is the world’s second largest palm oil producer and
exporter; wastes from the indigenous palm oil industry can be easily acquired (Shuit
et al., 2009) and have been identified as one of the biggest renewable energy
resource potential (Sumathi et al., 2008). Another advantage associated with using
palm oil wastes for energy generation is that the source is obtained without having to
compete with the food chain, thus biofuels gained from palm oil crops are considered
‘green’ and sustainable (Hall and Scrase, 1998).

Palm oil mills in Malaysia use boilers for electricity generation and palm oil
extraction processes (Mahlia et al., 2001). Residues from the palm oil crop such as
fibre, shell, empty fruit bunch (EFB) and palm oil mill effluent (POME) have been
used as fuels for these boilers in palm oil mills. Higher energy conversions are
normally obtained from fibre and shell due to their high carbon content and calorific
value (Vijaya et al., 2004). EFB needs to be pre-treated by shredding and
dehydrating in order to render it more combustible. As such higher pre-treatment
costs are incurred. Hence palm fibre and shells are attractive and convenient to use
as biofuels compared to EFB.
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There are several ways to obtain biofuels from biomass. They include converting the
biomass into a bioalcohol, a biogas or a syngas. Syngas is a mixture of carbon
monoxide and hydrogen and provides more energy than burning of the biomass itself
(Speight, 2008). In addition, the utilisation of syngas is flexible as it may be burned
directly in an internal combustion engine or converted into other synthetic fuels.
Biomass gasification converts solid fuels to synthesis gas (syngas) using gasification
agents such as oxygen, air, steam, or combinations of these oxidising agents.
Gasification is considered one of the most promising thermochemical technologies
for wide applications such as power generation through gas turbines, production of
liquid fuels using Fischer Tropsch synthesis, and production of hydrogen, ethanol
and methanol (Belgiorno et al., 2003; Faaij et al., 1997).

The product gas from gasification, which consists of a mixture of carbon monoxide,
carbon dioxide, methane, hydrogen and water vapour, is applicable for heat and
power generation, production of syngas, and less pollution problems are associated
with the downstream applications compared to combustion (McKendry, 2002). For
these reasons, gasification of biomass wastes has received worldwide attention as a
potential source of biofuels. Typical wastes studied for gasification include pine,
olive oil wastes, wood, rice husk, grapevine prunings, sawdust wastes and empty
fruit bunch from palm waste (Hernandez et al., 2010; Mohammed et al., 2011a;
Velez et al., 2009).

However, there are several difficulties encountered during the gasification of
biomass materials. For example, the biomass material may have a highly complex
chemical and physical composition and its combustion may take place in an
uncontrolled environment (Gil et al., 2010). In addition, the heterogeneity in terms of
size and shape of the biomass leads to difficulties in achieving steady-state
gasification and transportation processes. Irregular and oversized biomass materials
may form bridges which prevent smooth flow of the feed while those that are too
fine may clog available air voidage, leading to a high pressure drop and subsequently
shutdown of the gasifier (McKendry, 2002). The irregular sizes of the biomass also
result in channelling and uneven rates of gasification (Feng et al., 2011; Moghiman
et al., 2007). A solution to the heterogeneity in terms of size and shape involves
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converting the biomass into a uniform, densified solid via pelletisation. Pelletisation
can be achieved by a number of processes, such as extrusion, roll briquetting and
compaction under high pressure within a cavity (Tumuluru et al., 2011).

To improve the strength of densified biomass products, process parameters that
affect strength and durability need to be studied. Kaliyan and Morey (2009)
presented a review on some factors that could affect the strength and durability of
densified biomass products and these include the composition of the material,
moisture content, particle size of the material, pre-compaction treatment (e.g. heat or
steam conditioning), presence of binders, densification equipment variables (e.g.
compaction pressure, compaction speed, conditioning time) and post-production
conditions such as storage time, post-heat conditioning and storage conditions.

The pelletisation and briquetting of oil palm wastes has previously been performed
for animal feed (Dahlan et al., 2000) rather than for converting the wastes into
efficient biofuel pellets. In particular, interest in the pelletisation technology of palm
wastes has arisen lately due to the potential of palm pellets as a fuel substitute to
wood pellets (Daily Express, 2009). An improved understanding of the properties of
palm pellets will lead to more efficient recovery of the waste.

Research in the pelletisation of raw oil palm kernel shell is still very limited.
Previous studies on the pelletisation of palm oil wastes typically involved binders
such as starch, caustic soda and calcium carbonate (Husain et al., 2002; Razuan et
al., 2011). The addition of binders does improve agglomeration and strength of the
pellets (Razuan et al., 2011). However, the presence of binders may reduce the
combustion characteristics of the pellet and increase the pellet’s vulnerability to
biological decay (Finney et al., 2009). In particular, the combustion efficiency was
found to be reduced and high concentrations of alkali metals were found in the ash
which could induce slagging or fouling (Finney et al., 2009). As no work has been
carried out on the study of pellets made from oil palm kernel shells alone, this
research was performed to characterise the mechanical strength of binderless oil
palm kernel shell pellets which are compacted under high pressure. The effects of
processing parameters such as compaction pressure, compaction speed, hold time,
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particle size and binary mixtures on the mechanical properties of oil palm kernel
shell pellets were characterised. Storage conditions during post-production of the
pellets were also studied for their effects on the strength of palm kernel shell pellets.

Azali et al. (2005) concluded that using palm oil fibres and shells for gasification are
feasible but highlighted that the main problem encountered is with cleaning the gas.
The syngas from all gasification reactors contain particulates, and organic
contaminants (tar) (Anis and Zainal, 2011, Wang et al., 2008) which, if not removed,
would damage the engine or gas turbine and incur high maintenance costs. The
efficiency of a gas cleaning technology step is therefore fundamental to the
successful operation of power plants.

The use of catalysts is the most effective approach in order to reduce the tar content
in the syngas (Sutton et al., 2001; Tomishige and Asadullah, 2005). Catalytic
processes operate at temperatures similar to those during gasification to remove the
tar by converting it to lighter combustible gas components (Anis and Zainal, 2011;
Han and Kim, 2008). The catalysts may be applied separately from the biomass fuel
stock or are impregnated into the biomass before gasification (Frosch, 1981). So far,
no studies have been conducted to investigate the gasification of biomass palm
kernel shells pellets. In this project, the effect of different forms of palm kernel shell
feedstock, and pellet size on rate of conversion of biomass to gaseous products and
amount of tar produced will be studied. Zeolite is chosen as the catalyst in this study
because of its potential to eliminate tar from fuel gas (Abu et al., 2004).

An improved understanding of the mechanical properties of palm kernel shell pellets
will lead to a more efficient recovery of the waste, stronger and more durable pellets,
as well as better gasification characteristics. The focus of the current work is on the
compaction of palm kernel shell wastes based on different process conditions and
formulation and how these factors affect the resulting mechanical strength and
gasification behaviour of the pellets.

This project was divided into two parts. The first part involved the study on the
effects of processing parameters such as compaction speed, hold time and
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compaction pressure, and post-production conditions such as storage time and
humidity level, on the strength of palm kernel shell pellets. Palm kernel shell in
different forms namely shells, powder and pellets were gasified to determine the best
feedstock form for efficient gasification. In the second part of this work, the strength
of palm kernel shell pellets formulated with binary mixtures that incorporate the
catalyst was evaluated and gasification studies were carried out to evaluate the
effectiveness of the binary pellets in gas cleaning.

1.2 Objectives
The overall aim of this work was focused on investigating the properties of pellets
made from the palm kernel shells for use in syngas generation through gasification.

The objectives for the research were as follows:
i) To establish an experimental setup for the production of pellets, measurement
of strength and measurement of gasification behaviour and tar amount
ii) To study the effects of compaction pressure, compaction speed, hold time,
particle size, porosity, humidity and storage time on the mechanical strength
of the pellets
iii) To study the rate of biomass converted to gaseous products during
gasification process with respect to the variation in feedstock forms
iv) To study the effects of adding catalysts to the pellets on the mechanical
properties and gasification behaviour.

This thesis is organised as follows. In the following chapter, some background
information on biomass oil palm kernel shells and their potential will be provided.
The mechanisms involved in the compaction of powders or pelletisation as well as
empirical model and theories for the evaluation of mechanical strength of pellets will
also be presented. Theories related to biomass gasification and literature review on
factors affecting pellet strength will be elaborated. Chapter 3 includes detailed
descriptions on the production of pellets and compression tests. Descriptions of the
experimental setup for gasification will also be introduced.
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In Chapter 4, detailed experimental results and discussion pertaining to pellet
strength formulated from 100% palm kernel shell and gasification will be presented.
The following Chapter 5 will discuss the results obtained from the strength tests and
gasification of pellets produced from binary mixtures. Lastly, in Chapter 6, the thesis
will conclude with a summary comprising all results obtained from the series of
experiments conducted.
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2 Background
2.1 Potential of Palm Kernel Shell as Sustainable Energy Source
Increases in prices of fossil fuels and growing environmental concerns regarding
their impacts have driven the increased use of biomass worldwide (Dam et al., 2008).
In Malaysia, the hot climate encourages oil palm cultivation and this development
has made Malaysia a major global oil palm biomass producer (Yusoff, 2006). Under
the Tenth Malaysia Plan (2010), the government highlighted palm oil and related
products as one of the nation’s key economic areas and to attain energy security
through the development of alternative sources by 2015. The rapid growth in the
palm oil industry is expected to see a corresponding growth in the amount of
agricultural waste generated (Ng et al., 2012).

The oil palm (Elaeis guaineensis) has become the most important economic
plantation crop in Malaysia. The reddish coloured fruits of the oil palm are used for
the extraction of edible oil. Figure 2.1a shows the cross-section of an oil palm fruit
(Corley and Tinker, 2003). There is a single seed inside each fruit, known as the
palm kernel, surrounded by the soft pulp. The oil extracted from the pulp is the
edible oil used for cooking while that extracted from the kernel is used mainly in the
soap manufacturing industries.
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Figure 2.1 (a) Cross-section of an oil palm fruit (source: Corley and Tinker, 2003) (b) Palm
kernel shells

The fresh fruit bunch contains 21% palm oil and approximately 27% moisture, while
the rest consists of 6-7% palm kernel, 14-15% fibre, 6-7% shell and 23% empty fruit
bunch (EFB) are left as biomass residues which can be used as raw materials for
value-added industries (Basiron and Simeh, 2005; Umikalsom et al., 1997). During
crude palm oil processing, the fresh fruit is melted through a steaming treatment. The
residual nuts are further mechanically crashed to extract kernels. The crushed shells
are virgin biomass called palm kernel shells (PKS) (Figure 2.1b). One hectare of
palm oil plantation produces 50-70 tonnes of palm oil biomass residues annually
(Shuit et al., 2009). These palm oil residues include fibre, shell, empty fruit bunches
(EFB) and palm oil mill effluent (POME). The proximate and ultimate analysis of
fibre, shell, EFB and kernel are shown in Table 2.1 and Table 2.2 (Husain et al.,
2002). Table 2.3 (Vijaya et al., 2004; MPOB, 2006) shows the quantity, moisture
content and calorific value of some palm oil residues generated in Malaysia.

Fibre

Shell

EFB

Volatile matter (wt%)

72.8

76.3

75.7

Fixed carbon (wt%)

18.8

20.5

17

Ash (wt%)

8.4

3.2

7.3

Table 2.1 Proximate analysis of some palm oil residues (Husain et al., 2002)
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Component (wt%)
Hydrogen
Carbon
Sulphur
Nitrogen
Oxygen
Ash

Fibre
6
47.5
0.3
1.4
36.7
8.4

Shell
6.3
52.4
0.2
0.6
37.3
3.2

EFB
6.3
48.8
0.2
0.7
36.7
2.3

Table 2.2 Ultimate analysis of some palm oil residues (Husain et al., 2002)

Quantity (million tonnes)
Moisture content (%)
Calorific value (kJ/kg)

Fibre

Shell

EFB

9.66
37.00
19068

5.20
12.00
20108

17.08
67.00
18838

Table 2.3 Amount of palm oil residues generated in year 2005 with their moisture content
and calorific values (Vijaya et al., 2004; MPOB, 2006)

Biofuels derived from oil palm wastes are a renewable source of energy that helps
reduce the amount of carbon content in the atmosphere through zero carbon
emission, thus qualifying for carbon credit under Kyoto Protocol to mitigate global
warming (Shuit et al., 2009). Among the palm oil residues, palm shell has the
highest carbon content and calorific value which makes it an attractive solution for
biofuel. Therefore, palm kernel shell pellet is of great potential as a renewable and
sustainable energy source in Malaysia.

2.2 Pelletisation
Pelletisation or the compaction of biomass into pellets is one solution to convert oil
palm biomass into solid fuel. The compaction process involves compressing a
material under high pressure into a fixed shape and size to increase the bulk density.
Before subjecting to compaction, the biomass needs to be ground to a desired
particle size and pretreated to reduce moisture level (Cheng, 2010; Kaliyan and
Morey, 2009; Rhen et al., 2005). During the compaction process, pressure is applied
to the biomass particles within a confined space and when these biomass particles
are compressed, bonds are established between particles, thus conferring a certain
mechanical strength to the compact (Rhen et al., 2005; Stelte et al., 2011).
9
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The pelletisation of biomass are often done for the benefits of higher energy density,
lower transportation and storage costs, and standardised sizes and composition to
allow for automatic feeding in domestic and industrial sized boilers (Nasrin et al.,
2008; Ng et al., 2012; Shuit et al., 2009). The compaction process is also commonly
applied in pharmaceutics to make tablets. In particular, extensive research has been
conducted and results on tablet strength and some models and theories proposed will
be very relevant to the area of study in this project. These will be further discussed
below.

2.2.1 Volume Reduction Mechanisms
When pressure is applied to a powder bed, the bulk volume of the powder is reduced
and the amount of air within is decreased. During compaction, particles rearrange
themselves and come into closer proximity with each other at lower pressures. As the
pressure increases, space becomes more limited thus preventing further
rearrangement of particles. At this point, subsequent volume reduction is achieved
by plastic and elastic deformation or fragmentation of the particles (Duberg and
Nystrom, 1986). Plastic deformation is an irreversible and permanent change in
shape or size of the particle while elastic deformation is a reversible process whereby
particles resume their original shape after the applied stress is removed.
Fragmentation refers to the breakage of particles into smaller units and this normally
occurs in particles that are brittle. However, brittle materials are generally
undesirable to form pellets as they undergo extensive fragmentation which results in
a large number of irregular bonding points that prevent further volume reduction
(Maganti and Celik, 1993).

The degree and ease of volume reduction depend on mechanical properties of the
powder such as particle shape and size (Bacher et al. 2007; Johansson and
Alderborn, 2001; Fell and Newton, 1971) and time dependent factors such as
compaction speed and hold time (Armstrong, 1989; Fell and Newton, 1971; Marshall
et al., 1993).
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2.2.2 Bonding Mechanisms
To a great extent, the strength of the formed pellets depends on physical forces that
bind the particles together (Tabil and Sokhansanj, 1996). There are five major groups
of binding forces that act between individual particles in densified products
(Alderborn, 1996; Bhattacharya et al., 1985; Grover and Mishra, 1996; Li and Liu,
2000). They are solid bridges, interparticulate attraction forces, mechanical
interlocking bonds, adhesion and cohesion forces and interfacial forces and capillary
pressure. These binding forces have been observed for the densification of
pharmaceutical powders (Alderborn, 1996; Nystrom and Karehill, 1996), animal
feeds and biomass compacts (Tabil and Sokhansanj, 1996).

Solid bridges form upon particle-particle contact under certain prerequisites based on
the chemical and material structure of the particles. If binders or other ingredients are
added to the biomass, solid bridges may form due to chemical reaction, hardening of
binders or crystallization and solidification of added ingredients (Kaliyan and
Morey, 2009; Stelte et al., 2011). Solid bridges are more commonly formed after
cooling or drying of the densified product (Kaliyan and Morey, 2009).

Interparticulate attraction forces such as hydrogen bond, van der Waals forces of
attraction and electrostatic forces are short-range forces that cause particles to adhere
to each other if the particles are brought close enough together (Kaliyan and Morey,
2009). During compaction, fibres and bulky particles can also hook or twist with
each other resulting in mechanical interlocking bonds (Kaliyan and Morey, 2009).
Mechanical interlocking is possible due to shape irregularities and surface roughness
of particles (Fuhrer, 1977). The addition of binders may also contribute to smoothing
out surface roughness and increasing the inter-particle contact area or by decreasing
the inter-particle distance, thus allowing the interparticulate attraction forces to
participate in the bonding mechanism (Stelte et al., 2011).

There are usually three stages during compaction (Holman, 1991). During the first
stage, particles rearrange themselves to form a closer packing at lower pressures. At
the second stage when pressure is higher, elastic and plastic deformation occurs,
allowing particles to flow into smaller void spaces, thus increasing inter-particle
11
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surface contact area (Nystrom and Karehill, 1996). As a result, van der Waals forces
of attraction become prominent (Pietsch, 1997). Plastic deformation also causes
particles to deform into irregular shapes, which help to promote mechanical
interlocking of the particles (Hoag et al., 2008). If the material is brittle, mechanical
interlocking then results from the bonding between fragmented particles (Gray,
1968). During the last stage if cooling or chemical reaction is introduced, strong
solid bridges are formed (Ghebre-Sellassie, 1989). The rigidity of the compact is thus
a result of the formation of new permanent bonds between particles.

2.2.3 Porosity
Powder beds consist of void spaces known as porosity. The compacted powder bed
is a heterogeneous system comprising solid particles and air. Typically, porosity
decreases during compaction due to the decrease in the amount of air as particles
move closer to each other. The value of porosity can range from 0 to 1 or expressed
as a percentage from 0% to 100%. The true density and bulk density is determined
prior to the calculation of the porosity of a compacted powder bed. The true density
(ρT) can be calculated using:

T 

mP
VP

(2.1)

where mP is the mass of the powder and VP is the powder volume. The true density
of the powder is commonly measured by the pycnometer (Igathinathane et al., 2010).

The bulk density is defined here as the density of a pellet after the compaction
process and the volume of the pellet is based on the shape of the pellet. For a
cylindrical pellet, the volume as a whole is calculated by V  r 2 L , where r is the
radius of the pellet and L is the relaxed or final length of the pellet. The relaxed
length is defined as the length of the pellet after ejection from the production die.
Compacted bulk density is defined as the bulk density of the pellet during
compaction. The compacted bulk density (ρc) of a cylindrical pellet can be calculated
by the following equation:
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c 

m
r 2 L0

(2.2)

where m is the mass of the pellet and L0 is the length of the pellet at maximum
compaction pressure as illustrated in Figure 2.2a. The final bulk density is defined as
the final density of the pellet after ejection from the production die. The relaxed or
final length L is used for the calculation of final bulk density. The final bulk density
(ρB) of a cylindrical pellet can be calculated by the following equation:

B 

m
r 2 L

(2.3)

where L is the relaxed or final length of the pellet after ejection from the production
die as illustrated in Figure 2.2b.

Figure 2.2 Measurement of the length of pellet (a) during compaction, at maximum
compaction pressure for the calculation of compacted bulk density (b) after ejection from the
die for the calculation of final bulk density

Porosity (  ) of a compacted powder bed during compaction can be determined by
the following calculation (Paronen and Ilkka, 1996):

  1

B
T

(2.4)
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where  B is the compacted bulk density of the powder bed and  T is the true
density of the solid particles that make up the powder. Equation (2.2) can be
substituted into equation (2.4) to determine the porosity of a pellet during
compaction. Equation (2.3) can be substituted into the following equation (2.5) to
determine the final porosity (εf) of the pellet after ejection from the die.

 f  1

B
T

(2.5)

Since compaction is a process which involves a reduction in the bulk volume of the
pellet, the corresponding bulk density of the pellet will increase and hence its
porosity is reduced. General studies found that as the porosity of the powder bed
reduces, the strength of a pellet increases (Adolfsson and Nystrom, 1996). In
addition, it was shown that when the porosity of a powder during compaction
approaches almost zero or zero porosity, the strength of the pellet does not show
signs of increment and it can be said that maximum strength is achieved (Adolfsson
and Nystrom, 1996; Goh et al. 2008).

The porosity of a material also influences its thermal conductivity, thus affecting
heat transfer rates (Carson et al., 2005; Francl and Kingery, 1954; Raghavan et al.,
1998; Schlichting et al., 2001; Vincent et al., 2012). A decrease in porosity not only
improves the mechanical strength of a pellet but also the combustion characteristics
(Pabst and Gregorova, 2007). Sugawara and Yoshizawa (1961) concluded that the
thermal conductivity of a porous material decreases with increasing porosity. Hamel
and Krumm (2008) studied biomass wood chips and reported that a decrease in
porosity increased the interstitial airflow velocity and brought about changes in heat
and mass transfer conditions which ultimately improved the combustion parameters
such as heat conductivity and burning rate, and led to a higher conversion efficiency
(Igathinathane et al., 2010).

Carson et al. (2005) distinguished between two basic types of porous material.
External porosity materials are defined as particulate materials in which air (for
instance) comprises a continuous phase as opposed to internal porosity materials
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such as foams or sponges in which air is dispersed within a continuous solid or
solid/immobilized-liquid phase (Carson et al., 2005). For external porosity materials,
the optimal heat conduction pathway is through the particles and different solid
materials vary in terms of thermal conductivities due to non-identical void fractions
or porosities (Sugawara and Yoshizawa, 1961; Tavman, 1996). Hence the heat
conduction pathways for external porosity materials depend strongly on the contact
between neighbouring particles (Carson et al., 2005). The extent of contact between
neighbouring particles is material specific and affected by its packing (Felske, 2004).
For internal porosity materials, the optimal heat conduction pathway avoids the air
voids within the material and travel along the continuous medium. Hence with a
lower number of pores within the material, the heat conduction is improved due to
increased heat pathways (Carson et al., 2005). So far there have been no reported
values on the thermal conductivities of palm kernel shells.

2.2.4 Elastic Recovery
Elastic recovery or porosity expansion is quantified as the increase in pellet height or
volume after compaction (Doelker, 1993). Maarschalk et al. (1996a) suggested that
elastic recovery is the result of two phenomena namely a decrease in pellet bulk
density and an increase in pellet porosity. The increase in pellet porosity occurs
during and after the release of compaction pressure from the pellet. The elastic
recovery (ER) can be calculated according to the following equation (Adolfsson and
Nystrom, 1996):

ER 

L  L0
100%
L0

(2.6)

where L is the relaxed length of the pellet after ejection and L0 is the length of the
pellet at maximum compaction pressure as illustrated in Figure 2.2.

Adolfsson and Nystrom (1996) recorded that an increase in compaction pressure
increased the elastic deformation of the particles, which were observed as the elastic
recovery of the formed compact. Elastic recovery was thought to be affected by
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processing parameters such as die-wall friction during ejection of the pellet from the
die due to the rupture of bonds between particles (Adolfsson and Nystrom, 1996).
An increase in elastic recovery may lead to a decrease in pellet strength because of
the reduction in interparticulate bonding due to bond rupture (Maarschalk et al.,
1996b; Rees and Tsardaka, 1994; Zuurman et al., 1999).

2.2.5 Die-Wall Friction
Die-wall friction refers to the friction at the interface between the powder or pellet
and the die wall during the compaction process and such die-wall friction hinders
pressure transmission, therefore reducing the amount of energy passed on towards
the deformation of the particles during compaction (Briscoe and Evans, 1991). This
causes non-uniform packing densities within the powder compact which may in turn
affect the final strength of the pellet. High wall friction may also create high stress
gradients within the powder, causing significant density fluctuations to occur
(Briscoe and Rough, 1998).

To overcome the problems associated with die-wall friction, lubricants may be used
(Michrafy et al., 2004; Wang et al., 2010). Briscoe and Evans (1991) studied wall
friction and lubrication of agglomerated ceramic powder and reported that in an
unlubricated die, the changes in wall friction is predominantly affected by the
variation in transmitted radial stresses with compaction pressure. However, for a
lubricated die, both friction coefficient and transmitted radial stresses are equally
important in contributing to wall friction. Train (1956) studied the effects of wall
friction and lubrication on density distribution and ejection force of an inorganic
powder and found that the lubricated die produced a more uniform density
distribution within the compacts compared to the unlubricated die. The ejection force
was also found to be significantly reduced due to a reduction in die-wall friction.

Generally, lubrication is used to enhance stress transmission in the axial direction
and to minimise the density variation within the compact. However, it is often
reported that the increase in axial stress transmission will inadvertently increase the
radial stress transmission as well (Dimilia and Reed, 1983; Sixsmith and McCluskey,
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1981). Such increase in radial stress transmission may result in an increase in friction
force and shear deformation which fractures the tablet during ejection (Hiestand et
al., 1977). Wu et al. (2008) pointed out that sufficient bonding and densification
during compaction do not guarantee strong pellet products. Both decompression and
ejection play a crucial role in deciding whether a compact would retain adequate
strength to withstand further handling.

There are a few possible ways to introduce lubrication. One way is to incorporate the
lubricants into the powder formulation; another way is to lubricate the die. It was
proposed that the powder-lubricant mixture mode of lubrication is more practical at
high production rates compared to the die lubrication mode (Michrafy et al., 2004).
However, one major disadvantage with the powder-lubricant mixture is that the
lubricant reduces the strength of the pellet. It was reported that magnesium stearate,
a lubricant used in the pharmaceutics, forms an adsorbed lubricant film around the
particles during powder mixing which interferes with the bonding properties of the
particles, resulting in low interparticle attraction that resulted in poor tablet strength
(Bolhuis and Holzer, 1996; Zuurman et al., 1999). Unlike pharmaceutical tablets, no
suitable lubricants have been proposed for incorporation into biomass pellets and
knowledge in this area is still very limited. Applying external lubrication on the die
is feasible but is not cost-effective as tool surfaces need to be treated and coated to
reduce their coefficient of friction (Wang et al., 2010).

2.2.6 Mechanical Properties
Elastic deformation: In general, a material deforms elastically at the initial stage of
compaction. A change in shape caused by the applied stress is completely reversible
and the material returns to its original shape upon release of the applied stress.
During elastic deformation, the stress-strain relationship for the specimen is
described by the following equation:
stress  E  strain

(2.7)

where E is the Young’s modulus of elasticity.
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The elastic deformation region for a specimen is shown graphically in Figure 2.3.
Elastic strain results from a change in intermolecular spacing and is reversible for
small deformations. Young’s modulus of elasticity is calculated by the gradient of
the slope in the elastic region.

Figure 2.3 Stress-strain curve

Plastic deformation: This relates to the permanent change in shape of the specimen
due to the applied stress. The region is denoted by the curved section in Figure 2.3.
Plastic deformation is important because it enables powder particles to establish
large true contact areas during compaction that can remain after decompression
(Hoag et al., 2008; Nystrom and Karehill, 1996).

Brittle and ductile fracture: Materials may either fail in brittle fracture or ductile
fracture. Brittle fracture occurs by the rapid propagation of a crack through a
specimen whereas in ductile fracture, the specimen will undergo an extensive plastic
deformation before reaching the fracture point. Typically, ductile fractures are not
observed in pharmaceutical tablets as tablets snap upon hardness testing, which
indicates brittle fracture.
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Viscoelastic properties: Viscoelasticity reflects the time-dependent nature of stressstrain. During elastic deformation, particles move when stress is applied. With time,
particle rearrangements occur. The stress-strain relationship can therefore depend on
the time duration over which the test is conducted. Hence processing factors
associated with rates such as compaction speed and hold time are noted to have an
impact on the mechanical properties of tablets or pellets (Armstrong, 1989; Kaliyan
and Morey, 2009).

2.3 Evaluating the Mechanical Strength of Pellets
Mechanical strength tests are carried out to ensure that pellets produced are
sufficiently strong to withstand handling procedures as well as to characterise the
mechanical properties of pellets. The method of evaluating mechanical strength is
usually undertaken by the application of a mechanical stress until the pellet breaks.
The value at which the pellet breaks depends on the type of stress applied, direction
of application and the shape and dimension of the pellet (Newton et al., 2000).

Uniaxial compression tests are commonly used in pharmaceutics, polymeric
structures and biomass applications to determine the strength of a tablet, pellet or
material (Fell and Newton, 1970; Jerabek et al., 2010; Mani et al., 2006).

2.3.1 Compressive Strength
Compressive strength or compressive fracture stress can be determined by crushing
the pellet in the same direction as during compaction, i.e. parallel to the cylindrical
axis, and obtaining the force value. The force obtained is then used to calculate the
compressive strength ζ (Nystrom et al., 1978) according to the following equation:



F
A

(2.8)

where F is the crushing force recorded and A is the initial contact area.
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2.3.2 Tensile Strength
The tensile strength (  T ) or radial tensile strength of a pellet is typically determined
by subjecting the pellet to diametrical compression (Fell and Newton, 1970), i.e.
perpendicular to the cylindrical axis as illustrated in Figure 2.4 and by the following
equation:

T 

2F
DL

(2.9)

where D is the diameter of the pellet and L is the final length of the pellet.

Figure 2.4 View of pellet (a) subjected to diametrical compression (b) dimensions after
ejection from production die

To calculate the radial tensile strength, the stress conditions have to be such that the
pellet fails in tension. Most pellets are weaker in tension than in compression
(Newton et al., 1992). In the radial tensile strength test, the fracture occurs through a
diametrical cross section of the pellet hence the measured radial tensile strength
reflects an average strength of the pellet.

A pellet that exhibits different mechanical strength values when measured in
different orientations is said to be anisotropic (Malamataris et al., 1996; Newton et
al., 1993; Nystrom et al., 1978). It has been suggested that mechanical property
anisotropy in pellets is important as it contributes to pellet manufacturing failures

20

Chapter 2: Background

(Nystrom et al., 1978). Consequently, an understanding of the compressive and
tensile strength of the pellet might lead to improved pelletisation.

2.3.3 Ryshkewitch-Duckworth Equation
There are a few compaction models proposed to describe the strength of particles
from the compaction process such as Heckel (1961), Cooper and Eaton (1962) and
Kawakita and Ludde (1971). The Heckel and Cooper-Eaton models are still in use to
study the compaction mechanism of pharmaceutical and cellulose materials while the
Kawakita-Ludde model was proposed for soft and fluffy materials (Kawakita and
Ludde 1971).

Ryshkewitch (1953) found that the logarithm of pellet strengths is inversely
proportional to the porosity. Since then, the Ryshkewitch-Duckworth (Duckworth,
1953) equation has been commonly used to study the bonding capacity in compacted
materials. The Ryshkewitch-Duckworth equation is as follows:


 exp( k )
0

(2.10)

where ζ is the strength of the pellets,  the compacted porosity and ζ0 the strength at
zero porosity. The constant k represents the bonding capacity and higher values of k
correspond to stronger bonding of particles (Maarschalk et al., 1996b; Steendam and
Lerk, 1998).

2.4 Factors Affecting Pellet Strength
2.4.1 Particle Size
Particle size has been demonstrated to affect compressibility and compactibility of a
material (Bacher et al., 2007; Freitag et al., 2004). Generally, it was found that a
decrease in particle size increases a tablet’s mechanical strength (Alderborn 1996;
Hoag et al., 2008; Patel et al., 2007).
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According to Alderborn (1996), the increase in strength with a decrease in particle
size is due to a lower probability of defects in the crystal structure of the particle. As
particle size decreases, there exists more contact points between adjacent particles
for bonding. This facilitates the compressibility or ease of consolidation of a
material. A study by Kaerger et al. (2004) on paracetamol and microcrystalline
cellulose reveals that smaller particle sizes exhibit higher compressibility than larger
particle sizes. This results in an improvement in bulk density and hence pellets with
greater strength. For brittle materials, it has been found that compressibility increases
with a decrease in particle size whereas for a plastically deforming material,
compressibility is independent of particle size (Leuenberger and Jetzer, 1984).

Kaliyan and Morey (2009) defined pellet quality in terms of strength and durability
of the pellets. Durability is defined as the abrasive resistance of a densified product
(Kaliyan and Morey, 2009). Generally, in the compaction of biomass products,
especially on animal feed, finer grind leads to a higher durability of pellet.
Furthermore, large particles are fissure points for cracks and fractures in pellets thus
affecting pellet quality (Kaliyan and Morey, 2009). Stevens (1987), on the other
hand, observed that particle size did not have much impact on the pellet quality of
corn grind. Such inconsistencies in observations on how particle size affects the
strength of various biomass pellet products indicate a need for characterisation of
pellets made from different biomass.

2.4.2 Compaction Speed and Hold Time
Compaction speed refers to the distance moved per unit time for the pellet making
machine piston. This speed is then transferable to the plunger during contact with the
machine piston. Compaction speed is also known as the punch velocity and can be
preset before the compaction process. During compaction, the plunger comes into
contact with the particles and there exists a contact time between plunger and
particle. Jones (1981) divided the compression event into a series of time periods and
proposed a number of definitions:
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1. Consolidation time: time required to achieve maximum compaction force.
2. Contact time: time for compression and encompasses the starting time from
the application of a pressure to the point when maximum pressure is reached
and released immediately.
3. Hold time: time at maximum compaction force.
4. Ejection time: time during which ejection occurs.
5. Residence time: time during which the formed compact is within the die.

Figure 2.5 shows Jones’ (1981) definitions in diagrammatic context. For a hold time
of 0 s, only a peak is obtained with no plateau. However, if the maximum force is
maintained for prolonged periods, a plateau will be observed.

Figure 2.5 Events during the compression process

A longer holding time was found to increase the density and the compressive
strength of compacted oak sawdust (Li and Liu, 2000). It was also noted that when
holding time was beyond a certain duration, the effect diminished (Li and Liu, 2000)
and both the density and the strength no longer changed due to near-zero or zero
porosity (Adolfsson and Nystrom, 1996; Maarschalk et al., 1997a).
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The effect of compaction speed or punch velocity on the compaction of materials has
been commonly studied for pharmaceutical compacts and the relationship differs for
different materials. Some researchers (Baba and Nagafuji, 1965; Marshall et al.,
1993) found that the strength of the compacts decreased with increasing compaction
speed and explained that this was due to a decrease in plastic deformation as a result
of a reduction in time available for stress relaxation and thus bond formation
(Hiestand et al., 1977). Maarschalk et al. (1996b) pointed out that the fact that
compaction speed affects the consolidation mechanism of the compact is indicative
of the viscoelastic nature of the material. The elastic recovery was also found to
increase with increase in compaction speed due to the decrease in stress relaxation
and bond formation, leading to weaker pellets (Akande et al., 1997). Other
researchers observed that the strength of perfectly elastic-brittle particles showed no
dependence on compaction speed (Rees and Rue, 1978; David and Augsburger,
1977).

Very few studies had been carried out on the effect of compaction speed on the
quality of biomass compacts. Li and Liu (2000) studied the effect of compaction
speed on the densification of oak sawdust and found that the final density of the
compact decreased with increasing compaction speed and levelled off beyond a
certain speed. When the compaction speed was further increased beyond this speed,
the compaction speed effect became negligible. However, Stevens (1987) reported
that compaction speed did not affect the quality of corn and wheat pellets.

2.4.3 Compaction Pressure
Compaction pressure has typically been found to have an impact on the density of a
pellet during maximum compaction pressure. Mani et al. (2006) observed that an
increase in compaction force or pressure significantly increased the density of
biomass pellets from grasses. In addition, Adapa et al. (2009), Li and Liu (2000),
Stasiak et al. (2010) and Yusof et al. (2010) all recorded an increase in compact
density of the pellet or tablet products as a result of increased compaction pressure.
However, the density of a compact does not increase indefinitely with continued
increase in compaction pressure. Adapa et al. (2009) reported that application of
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pressures beyond a certain value did not lead to further increase in compact density
of the biomass pellet as the pellet has approached its true density. This point
corresponds to very low or zero porosity and maximum mechanical properties of the
compact is said to be achieved (Goh et al., 2008; Maarschalk et al., 1997a).

The relationship between pressure-density has been determined by many researchers.
O'Dogherty and Wheeler (1984) suggested that the pressure-density relationship of
straw pellets followed a simple power law equation whereas Husain et al. (2002)
found an exponential increase in density with increasing pressure for palm fibre and
shell briquettes. Razuan et al. (2011) also established an exponential relationship
between pressure and density of palm kernel cake pellets. As far as palm kernel shell
pellets are concerned, no studies had been conducted before on the effect of
compaction pressure on the pellet.

2.4.4 Humidity and Storage Time
Post-production conditions such as the humidity level of the surroundings and the
duration of storage may affect the mechanical strength of pellets (Kaliyan and
Morey, 2009; Mani et al., 2006; Mollan and Celik, 1995; Rhen et al., 2005). The
strength values of wood, alfalfa and hay briquettes were found to decrease after a
period of storage, compared to the strength value obtained immediately after
production (Mohsenin and Zaske, 1976). During storage, it was also discovered that
the briquettes dried and expanded which resulted in a lower strength. Lehtikangas
(2000) reported that storage led to negative effects on the durability of pelletised
sawdust, logging residues and bark. Water absorption tests showed that the pellets
were hygroscopic and had tendencies to attain equilibrium with ambient moisture
during storage. It was thus suggested that ambient moisture content or humidity level
should be taken into consideration if pellets were to be stored after production.

Li and Liu (2000) studied on wood pellets and observed that when moisture content
was higher than 13%, pellets had low densities and easily disintegrated when
subjected to small handling forces. Even though high density pellets were achieved
at 4% or less moisture content, the pellets could not sustain their good quality after 3
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days. Similar to Lehtikangas’ (2000) observation, these pellets also had the
tendencies to absorb moisture from the air and expand significantly, becoming
fragile in a few days. The densities of the pellets were found to decrease with
increasing moisture content.

There is a lack of literature on the mechanism behind strength changes particularly
for biomass compacts. However, mechanisms for post-compaction changes in
mechanical strength of compacts were studied and proposed by researchers in
pharmaceutics (Eriksson and Alderborn, 1994; Mollan and Celik, 1995), which may
help explain some observations related to biomass compacts. At high humidities,
Lordi and Shiromani (1984) discovered that the strength of tablets made from
crystalline salts decreased and attributed this phenomenon to the dissolving of
interparticulate bonds which resulted in separation of contact points, leading to a
decrease in molecular forces of attraction. Such hypothesis may be applicable to
powder that adsorb large amount of water at high humidity conditions. On the other
hand, Ahlneck and Alderborn (1989) and Eriksson and Alderborn (1994) found that
fluctuations in the humidity of the environment can also cause desorption of water
which can lead to crystallisation of material dissolved in sorbed water.
Consequently, formations of interparticulate bonds occur and increase in compact
strength was achieved.

Two mechanisms were proposed for changes in tablet strength with storage time and
humidity for non-hygroscopic materials (Nystrom and Karehill, 1986; Rees and Rue,
1978). The first mechanism was associated with the continuing deformation of
particles within the tablet during storage time after compaction. This visco-elastic
behaviour would lead to formations of new interparticulate bonds that result in
increased coherency of the tablet. The second mechanism described formations of
new bonds due to the repositioning of amorphous surface material that result in
concentration of the material at interparticulate junctions (Ahlneck and Alderborn,
1989). The second mechanism was shown to be related to the relative humidity of
the storage environment and the role of the sorbed water at the particle surfaces was
to increase mobility of the particles for repositioning.
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Thus, various investigators have suggested differing observations and this indicates
that the effect of humidity and storage could depend on the nature of the material and
its degree of the hygroscopy.

2.5 Binary Mixtures and Binders
Pellets or tablets may sometimes comprise more than one component. The
mechanical strength of pellets and tablets then depends not only on processing
parameters but also on the formulation. During densification, the compaction
properties of the formulation are strongly influenced by the characteristics of the
mixture, in particular the particle size fractions of the components (Kasa et al.,
2009).

In most cases, the strength of tablets with binary mixtures was lower than the
strength calculated from the interpolation of the strength of tablets prepared from
pure materials (Adolfsson et al., 1998; Garr and Rubinstein, 1991; Mattsson and
Nystrom, 2001). Currently, no single model may be considered as being the best to
predict binary behaviour from data of individual powder (Hadzovic et al., 2011;
Michrafy et al., 2007).

Binders are materials added to a formulation to improve the mechanical strength of a
compact. When binders are added to a powder and compacted, they form a binary
mixture comprising more than one component of the formulation. Binders are
suggested to be effective because they create large surface areas available for
bonding which in turn improves the mechanical strength of a tablet (Mattsson and
Nystrom, 2001; Nystrom et al., 1993). However, too much binder may adversely
lead to a drop in tablet strength (Veen et al., 2000). Selecting a suitable binder
requires knowledge of its functionality and its strength enhancing properties.
Furthermore, an understanding of how different materials interact with each other in
the mixture is also important in this aspect.

In biomass pelletisation, starch, protein, fibre, fat and lignin are commonly used as
binders (Kaliyan and Morey, 2009), but with different results when combined with
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different biomass. Previous studies on the pelletisation of palm oil wastes typically
involved binders such as starch, caustic soda and calcium carbonate (Husain et al.,
2002; Razuan et al., 2011). The addition of binders improved the agglomeration and
strength of the pellets (Razuan et al., 2011). However, its downsides include reduced
combustion characteristics of the pellet and an increase in the pellet’s vulnerability to
biological decay (Finney et al., 2009). In particular, the combustion efficiency was
found to be reduced and high concentrations of alkali metals were found in the ash
which could induce slagging or fouling (Finney et al., 2009).

2.5.1 Model Description for Binary Compacts
Most of the models proposed to predict the mechanical properties for compacts
containing two components or binary tablets originate from the field of
pharmaceutics. Michrafy et al. (2007) and Wu et al. (2005) investigated the tensile
strength of binary tablets comprising silicified microcrystalline cellulose (SMCC)
and lactose, and strength of binary tablets comprising microcrystalline cellulose
(MCC), hydroxypropylmethyl cellulose (HPMC) and starch respectively using an
extended Ryshkewitch-Duckworth model:
 
ln  m   k m m
 
 0, m 

(2.11)

where ζm is the strength of the binary pellet, ζ0,m is the strength of the binary pellet at
zero porosity, km is the bonding capacity of the binary pellet and εm is the porosity of
the binary pellet. This predictive model (2.11) for the strength of binary pellets is
based on the accessible properties of constituent components using the linear mixing
rule. The linear mixing rule (Wu and Seville, 2009) assumes that the volumes of the
components do not undergo notable changes in a fully densified material and the
strength at zero porosity can be approximated as:

 0, m  V1 0,1  V2 0, 2

(2.12)
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where ζ0,m, ζ0,1 and ζ0,2 are the strengths of the binary mixture, constituent powder
component 1 and component 2 respectively at zero porosity. V1 and V2 are the
volume fraction of the powder component 1 and component 2. They are related to
the mass fraction ξ1 of the powder component 1 or mass fraction ξ2 of component 2,
the true densities ρT,1 and

ρT,2 of powder component 1 and component 2

respectively, and the true density of the binary mixtures ρT,m through the following
equations:

V1 

1  T , m
T ,1

(2.13)

V2 

 2 T , m
T , 2

(2.14)

The true densities of the binary mixtures ρT,m can be determined by using the mixing
rule as a function of the true densities of the constituent single component powders,
ρT,1 and ρT,2 (Wu and Seville, 2009):

1

T , m



1

 2
T ,1 T , 2

(2.15)

Equation (2.16) (Michrafy et al., 2007) can be used to estimate the bonding capacity
km of the binary pellet:

km  V1k1  V2k2

(2.16)

where k1 and k2 are the bonding capacity of the powder component 1 and 2
respectively.

Michrafy et al. (2007) achieved predictions with the model that were close to the
experimental results but concluded that the proposed model had its limitations as it
may not be systematically generalized to other powders due to the dependence on the
powders used and the range of porosity measurements. Wu et al. (2006) commented
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that the proposed model might overestimate the strength of high-density tablet (i.e.
≥0.85) produced at high compaction pressures due to the occurrence of significant
plastic deformation of primary particles in the powder bed. Since plastic deformation
of a material is non-recoverable, this resulted in the reduction in the volumes of
powder particles which contradicted with the assumption that the volumes of the
components do not undergo notable changes in a fully densified material.
Nevertheless, the proposed model was found to give good predictions of the strength
of multi-component tablets based on the properties of the constituent singlecomponent powders since most pharmaceutical tablets have relative densities of 0.70.9 (Hancock et al., 2003).

On the other hand, Hadzovic et al. (2011) and Veen et al. (2004) concluded that
although the same process parameters (e.g. compaction speed, hold time, compaction
pressure) may be used, the strength of some tablets compacted from the binary
mixtures may not be predicted from the compaction properties of its individual
materials. This phenomenon may be due to the material particles interaction during
the compaction process (Veen et al., 2004). Veen et al. (2004) adopted the equivalent
box model proposed by Kolarik (1994) that was built upon two possible coupling of
two components namely parallel and series for bicontinuous structures. A schematic
representation of the structure-dependent fit based on the equivalent box model is
shown in Figure 2.6. Each block was presumed to have the mechanical property of
the component it represented in relation to its volume fraction.

Figure 2.6 Schematic representation of the structure-dependent fit. (Veen et al., 2004)
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In the study by Veen et al. (2000), it was found that the tensile strength reduction
was related to the percentage of starch incorporated into sodium chloride tablets. The
decrease in tensile strength was a result of reduced interparticulate bonding, caused
by low adhesive forces or low interfacial interaction between the particles of the
components (Hadzovic et al., 2011; Veen et al., 2004). Veen et al. (2004) proposed
the following equation based on the structure-dependent fit to predict the strength of
binary mixtures:

 m  ( 1V1 p   2V2 p )   2Vs

(2.17)

where ζm is the strength of the binary mixture, ζ1 and ζ2 are the strengths of
components 1 and 2 respectively, V1p and V2p are the volume fractions of
components 1 and 2 respectively in parallel coupling, δ is the interaction factor and
Vs is the volume fraction in series coupling. δ has a value between 0 and 1 that
indicates the adhesive interfacial interaction between the particles of the two
components. Vs has the following relationship:

V1 p  V2 p  V1s  V2 s  V p  Vs  V1  V2  1

(2.18)

At present, no universal model to predict the mechanical properties of binary
mixtures exists (Patel and Bansal, 2011).

2.6 Biomass Gasification
Gasification is the main technology for biomass conversion to energy and an
attractive alternative for thermal treatment of solid waste (Ayhan, 2005; Belgiorno et
al., 2003). The number of different uses of its product gas shows the flexibility of
gasification and therefore allows it to be integrated with several industrial processes
and power generation systems. In a gasification system, there are three fundamental
elements namely (1) the gasifier, for producing the combustible gas (2) the gas
cleanup system, to remove harmful compounds from the combustible gas (3) the
energy recovery system.
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Combustion, gasification and pyrolysis are thermal conversion processes available
for thermal treatment of biomass. Pyrolysis is defined as the thermal destruction of
organic materials in the absence of oxygen. If pyrolysis is carried out in the presence
of small quantity of oxygen, the process is known as gasification. Gasification
involves the thermochemical conversion of a solid or liquid carbon-based feedstock
into a combustible gas by the supply of a gasification agent (air, oxygen or steam).
Figure 2.7 shows a schematic of the gasification process.

Figure 2.7 Schematic of gasification process (Stassen et al., 2002)

There are two types of gasification: direct and indirect. Direct gasification occurs
when an oxidant gasification agent is used to partially oxidise the feedstock. These
exothermic reactions supply the energy necessary to keep the temperature of the
process up. In contrast, if the process does not occur with an oxidising agent, it is
known as indirect gasification and an external energy source will be required
(Cheng, 2010).

During the gasification process, a number of exothermic and endothermic reactions
take place. Heating and drying are endothermic and require a source of heat to drive
them. This heat can be supplied by an external heat source in a process of indirect
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gasification and typically happens during the pyrolysis stage. During pyrolysis, char,
tar and gases as shown in equation (2.19) (Lv et al., 2007) are produced:
Biomass  char + tar + gases (CO2, CO, H2O, H2, CH4, CnHm)

(2.19)

When gasification agents are introduced, oxidation reaction of biomass pyrolysis
products proceed to provide the required heat for the whole gasification process as
presented in the following reactions (Higman and Burgt, 2008).

Combustion reaction:

1
C  O2  CO
2

(2.20)

1
CO  O2  CO2
2

(2.21)

1
H 2  O2  H 2O
2

(2.22)

C  CO2  2CO

(2.23)

C  H 2O  CO  H 2

(2.24)

C  2H 2  CH 4

(2.25)

CO  H 2O  H 2  CO2

(2.26)

Boudouard reaction:

Water gas reaction:

Methanation reaction:

Water gas shift reaction:
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Steam methane reforming reaction:
CH 4  H 2O  CO  3H 2

(2.27)

The gasification agent allows the feedstock to be converted to gas by means of the
above heterogeneous reactions. The combustible gas will contain CO2, CO, H2, CH4,
H2O, trace amounts of higher hydrocarbons, inert gases present in the gasification
agent, and various contaminants such as char particles, ash and tars (Bridgwater,
1994).

The resulting product gas from gasification is more versatile than the original
biomass feedstock because it can be burnt to produce heat or used in gas turbines to
produce electricity (Ayhan, 2005). Introducing steam at high temperatures during
gasification will produce synthesis gas or syngas. Syngas comprises carbon
monoxide and hydrogen and it may be burned directly in an internal combustion
engine or converted into other synthetic fuels. Its heating value is typically 10-18
MJ/Nm3 via oxygen gasification, which is lower than that of natural gas (35
MJ/Nm3) (Ayhan, 2005; Bridgwater, 1995). However, biomass gasification has the
advantage of creating less pollution problems than the combustion of natural gas,
because the carbon dioxide released during biomass utilisation is recycled as an
integral part of the carbon cycle (Shuit et al., 2009), thus contributing to the
reduction in carbon dioxide emission.

Air is widely used as a gasification agent as it is cheap. However, air contains a large
amount of nitrogen which reduces the heating value of the syngas produced (Wang
et al., 2008). Using oxygen as gasification agent could produce better syngas with
medium heating value but this would mean higher costs as the oxygen supply has to
be pure (Ni et al., 2006). If steam is used as the gasification agent, the heating value
and hydrogen content in the syngas can be increased but operational costs will
simultaneously increase due to the requirement of an external heat source for steam
production (Rapagna et al., 2000).
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There are some challenges faced in gasification. Wastes such as paper mills waste,
forest industry wastes and agricultural residues are directly suitable for gasification,
however, their irregularity in shapes, sizes and densities lead to difficulties in
achieving efficient, steady-state gasification and transportation processes (FAO,
1986). Moreover, the syngas produced contains harmful compounds which, if not
removed, would damage the engine or gas turbine and incur high maintenance costs
hence the gas cleanup system is essential. Oil palm wastes such as EFB, fibre and
shells has been investigated for gasification but one of the problems highlighted was
the cleaning of the product gas (Azali et al., 2005; Mohammed et al., 2011a; Yong
et al., 2007). In addition, the gasification of oil palm wastes is still in the early stage
of research in Malaysia (Sulaiman et al., 2011). It is therefore vital to look into ways
to improve the efficiency of gasification and gas cleaning for the gasification of
biomass oil palm kernel shells, which are part of the objectives in this project.

2.6.1 Gasifier
The gasifier is the reactor in which the conversion of a feedstock into fuel gas takes
place. Gasifiers can be classified based on the flow pattern between the gas and the
biomass, the method of contact between the fuel and gas, and the heating mode used.
The major types of gasifiers are fixed bed and fluidised bed.

Fixed bed gasifier has a stationary reaction zone, typically supported by a grate and
is usually fed from the top (Cheng, 2010). Fixed bed reactors are subdivided into
updraft and downdraft gasifiers. The updraft gasifier has the simplest design and can
be constructed of carbon steel shells with a grate at the bottom (McKendry, 2002).
An air manifold is used to feed the air through the grates at the bottom. The biomass
is introduced at the top of the gasifier and supported on the grate while air is taken in
through the grate openings at the bottom and leaves with the syngas at the top (Balat
et al., 2009; Zhang et al., 2010). Figure 2.8 shows the various processes taking place
in an updraft fixed bed gasifier. Some features of an updraft gasifier include high
amounts of tar, low amounts of ash and dust in the gas (Balat et al., 2009;
McKendry, 2002). The advantages of updraft gasifier are that the gasifier design is
simple and involves low capital costs; the gasifier is also able to handle biomass with
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a high moisture and high inorganic content and it is a proven technology
(Bridgwater, 1995). The primary disadvantage of updraft gasification is that the
syngas contains high amount of tar which requires extensive gas cleanup before
utilising for engine, turbine or fuel synthesis (Anis and Zainal, 2011).

Figure 2.8 Comparison of the zones in an updraft and downdraft gasifier (Cheng, 2010)

Downdraft gasifiers are more complex because it is constructed using two concentric
shells (Cheng, 2010). The biomass is fed from the top and the gas leaves at the
bottom. The zones of the updraft and downdraft gasifiers are the same but in
different orders as shown in Figure 2.8 (Cheng, 2010). The gas contains low amount
of tar because the long-chained molecules are broken down when the gas is vented
through the combustion zone; however, high amounts of ash and dust can still be
found, in contrast with updraft gasifier (McKendry, 2002; Zhang et al., 2010).
Owing to the low tar content in the gas, minimal gas cleanup is required; hence this
gasifier is generally favoured for small-scale electricity generation with an internal
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combustion engine (Bridgwater, 1995). To perform biomass gasification in a
downdraft gasifier, the moisture content in the biomass should be less than 25% and
the size of the biomass should be uniformly sized between 4 and 10 mm, a more
stringent fuel requirement compared to updraft gasifier and this has become one of
the disadvantages associated with downdraft gasification due to higher pre-treatment
costs (Cheng, 2010; Quaak et al., 1999). In addition, the gas exit temperatures are
also significantly higher than that from an updraft gasifier, therefore a secondary
heat recovery system and flue gas cleanup will be required (Quaak et al., 1999).

2.6.2 Biomass Pellets for Gasification
In order to maximise energy conversion from biomass, it is important to utilise the
biomass efficiently. Gil et al. (2010) highlighted that combustion processes of
biomass materials are complicated for three main reasons. Firstly, the fuel may have
a highly complex chemical and physical composition. Secondly, its combustion may
take place in an uncontrolled environment and thirdly, the moisture content, density
and heterogeneity of the biomass have a negative effect on the efficiency of
combustion. Densification of biomass materials would contribute to improving their
behaviour as a fuel by increasing their homogeneity. The fabrication of biomass
pellets has attracted increasing interest and pelletised biofuel is rapidly becoming an
important renewable source of energy production (Larsson et al., 2008).

The use of any biomass for conversion to energy will be affected by its
characteristics such as (1) moisture content, (2) proximate analysis, (3) ultimate
analysis, (4) heating value, (5) bulk density and (6) alkali metal content (Kirubakaran
et al., 2009). Moisture content in the biomass has a significant impact on the
conversion process. High moisture content will reduce the temperature achieved in
the oxidation zone, resulting in incomplete cracking of the hydrocarbons released
from the pyrolysis zone (Demirbas, 2007; Zhang et al., 2010). Increasing the
moisture from 0% to 40% was found to decrease the heating value in MJ/kg by about
66% (Cheng, 2010). In gasification, some moisture is desirable for the production of
hydrogen which will increase with higher moisture content in the biomass
(McKendry, 2002). However, decreasing the moisture content beyond 30% gives
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only marginal improvements in overall efficiency (McKendry, 2002). Oil palm
residues have moisture content on a wet basis of about 15% to 63% (Quaak et al.,
1999). The proximate and ultimate analyses of oil palm residues are summarised in
Table 2.1 and Table 2.2.

The bulk density and uniformity of a biomass is an important characteristic that
affects transportation costs, size of fuel storage and handling equipment (Gil et al.,
2010). Irregularity in biomass sizes can lead to technical challenges in gasification as
oversized biomass materials may prevent the feed from moving down smoothly and
fine biomass materials may clog and damage the gasification equipment (McKendry,
2002).

It is therefore vital to understand the characteristics of palm kernel shells for the
optimum design of pellets that can maximise energy conversion in biomass
gasification. Using palm kernel shells as feedstock for pyrolysis to increase bio-oil
yield (Islam et al., 1999; Kim et al., 2010; Li et al., 2007) had been studied before
but these investigations were based on fluidised bed gasification with palm kernel
shells as wholes rather than in pelletised form.

2.6.3 Gas Cleanup
Before using the syngas for other applications, it has to be cleaned to remove
contaminants. Typical contaminants in syngas and their potential problems are
summarised in Table 2.4 (Bridgwater, 1995).
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Contaminant

Problems

Cleanup method

Tars

Deposits on pipes, clogging of

Tar cracking, tar removal

equipment, hinders removal of
particulates
Particulates

Accumulation on engine parts,

Filtration, scrubbing

erosion of equipment
Alkali metals

Nitrogen

Corrosion of filters, turbine

Cooling, condensation,

blades, catalyst deactivation

filtration, adsorption

Environmental emissions

Scrubbing, selective
catalytic reduction

compounds
Sulphur, chlorine

Environmental emissions,

Lime or dolomite

compounds

corrosion

scrubbing or absorption

Table 2.4 Typical contaminants in syngas, problems and cleanup processes (Bridgwater,
1995)

One of the main problems in utilising syngas is the high amount of tar in the gas
which require removal if engines, turbines or compressors are to be used to process
the gas (Bridgwater, 1994). Biomass volatises as it thermally decomposes and the
volatised materials can undergo further decomposition to permanent gases (CO, CO2,
H2, light hydrocarbons), or it can undergo dehydration, condensation and
polymerisation reactions to form tar. Tar is a complex mixture of condensable
hydrocarbons, which includes single ring to 5-ring aromatic compounds along with
other oxygen-containing hydrocarbons and complex polyaromatic hydrocarbons
(PAH) (Devi et al., 2002). It has a molecular weight greater than benzene and its
actual composition is complex and dependent on the gasifier operating conditions
(Cheng, 2010). The continual build-up of tar present in the syngas can cause
blockage and corrosion in downstream equipment, and reduce overall efficiency of
the gas yield (Anis and Zainal, 2011). Internal combustion gas engines can tolerate
tar content up to 50-100 mg/Nm3 while gas turbines work better when tar content is
less than 5 mg/Nm3 (Milne et al., 1998).
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Tars can be removed by physical or chemical methods. Physical methods involve
cooling the syngas in a condenser on the outside which causes the tar to condense on
the inside and drained out from the bottom. Tar can also be removed by cooling the
gas by spraying water into the gas stream with a venturi scrubber which causes the
tar to condense into water droplets. The resulting wastewater stream then requires
treatment before disposal. However, these methods were reported to be poorly
efficient and treatment may be too costly (Bridgwater, 1995).

Another way to remove tars is through thermal cracking. Biomass tars are refractory
to cracking via thermal treatment with high temperatures of 1000-1300°C
(Bridgwater, 1994; Depner and Jess, 1999; Quaak et al., 1999). This can be done by
high temperatures in the hearth zone of a fixed bed gasifier and/or increase the gas
residence time. Thermal cracking is simple to control and involves low cost.
However, thermal cracking alone is lowly efficient and subjected to lower heating
value (LHV) losses (Belgiorno et al., 2003).

Catalytic cracking is a form of chemical method for tar removal by converting the tar
into light combustible gases in a bed of catalyst, such as dolomite or nickel at high
temperatures, usually around 800-900°C (Belgiorno et al., 2003; Bridgwater, 1995).
Catalytic processes can operate at much lower temperatures compared to thermal
processes, alleviating the need for expensive alloys for reactor construction
(Belgiorno et al., 2003). The biggest advantage of this method is that no waste
streams are produced that require treatment before disposal and the LHV remains
unchanged. However, costs are involved to construct the catalytic cracking unit for
the system and cracking process may be difficult to control (Belgiorno et al., 2003).

To remove other contaminants such as dust and particulates from syngas, physical
methods such as cyclones, barrier filters and electrostatic precipitators can be used
(Anis and Zainal, 2011). However, tars still pose the greatest challenge to gas
cleanup due to its impact on downstream equipment and syngas utilisation hence it is
worth looking into efficient methods that reduce tar. Moreover, elimination of tar by
a suitable and cheap method will enhance the economic viability of biomass
gasification.
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2.6.4 Catalytic Cracking
There are several methods to remove tar: (1) scrubber, (2) thermal cracking and (3)
catalytic cracking. The interest on the catalytic cracking in biomass gasification has
grown over the past three decades (Mohammed et al., 2011b; Xu et al., 2010).

Catalysts are used in two main ways in a gasification system: (1) to improve the
quality of the product gas by cracking tars that result from the incomplete
gasification of pyrolysis products and (2) to improve the quality of the product gas in
terms of composition to allow for more efficient and cost effective synthesis of
higher value products, for example changing the ratio of carbon monoxide to
hydrogen (Lv et al., 2007; Xu et al., 2010). The selection criteria for the catalyst
should preferably fulfil the following points (Sutton et al., 2001): (1) effective in
removing tar, (2) capable of reforming methane if the desired product is syngas, (3)
provide a suitable syngas ratio for the intended process, (4) inexpensive, (5) strong,
(6) easily regenerated and (7) resistant to deactivation.

The catalysts may be incorporated in the gasification reactor (primary catalysts) or
added as a secondary process (secondary catalysts). Primary catalysts can be added
directly into the gasifier with the biomass prior to gasification via wet impregnation
of the biomass or dry mixing with it. Primary catalysts have the main purpose of
reducing tar content but little effect on the conversion of methane and C2-3
hydrocarbons in the product gas (Sutton et al., 2001). They operate at the same
conditions as the gasifier and are usually non-renewable. Hence primary catalysts
that are selected should consist of cheap disposable material. Secondary catalysts are
placed in secondary reactors downstream from the gasifier; therefore they can
operate at conditions different from the gasifier. When the raw gas passes over the
catalyst, hydrocarbons may be reformed on the catalyst surface with either steam or
carbon dioxide to produce additional carbon monoxide and hydrogen. Secondary
catalysts thus have the advantage of synthesising more valuable products in the
downstream catalytic process. Figure 2.9 shows the catalytic processes in a
gasification system (Bridgwater, 1994).
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Figure 2.9 Catalytic processes in gasification (Bridgwater, 1994)

There are three main groups of catalysts used in catalytic cracking to reduce tar in
syngas: (1) naturally occurring catalysts, (2) alkali metals and (3) nickel-based
catalysts. Table 2.5 summarises some common catalysts used (Wang et al., 2008).

Catalyst group

Examples

Main advantages Technical challenges

Naturally

Dolomite, olivine, Cheap

Moderate reforming

occurring

clay, zeolite

efficiency, easily eroded
and broken

catalyst
Alkali metal

KOH, KHCO3,

Highly reforming

Increased plugging and

K2CO3, NaCO3

efficiency,

deactivation of other

increased

metal catalysts at high

hydrogen in

temperatures

syngas
Nickel-based

NiO/Al2O3,

Highly reforming

Expensive, metals are

catalyst

Ni/CeO2/Al2O3

efficiency,

easily deactivated by

increased

coke, poisoned at high

hydrogen in

temperatures, require

syngas

hot-water-resistant
support materials

Table 2.5 Common catalysts for tar reduction in syngas (Wang et al., 2008)
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Natural dolomite is the most popular catalyst used for tar elimination (Delgado et al.,
1997; Perez et al., 1997; Rapagna et al., 2000). Apart from being a cheap disposable
catalyst, it is successful in significantly reducing the tar content in syngas. According
to Delgado et al. (1997), dolomite used in fixed bed biomass gasification at a
reaction temperature of 910°C could convert 98% of tar. When catalysts Ni/zeolite
were used in fixed bed biomass gasification at a reaction temperature of 750°C, tar
conversion was 99% (Buchireddy et al., 2010).

2.6.5 Zeolite
Although dolomites are cheap, they are not active for reforming the methane present
in the product gas; hence dolomites are not suitable catalysts if syngas is required
(Sutton et al., 2001). The main function of dolomite is to act as a guard bed for the
removal of heavy hydrocarbons prior to the reforming of the lighter hydrocarbons to
produce a product gas of syngas quality. As such, another common and naturally
occurring catalyst, zeolite, was selected as the catalyst for gas cleanup in this project.
Currently, the research on using zeolite as a catalyst for gasification of oil palm
kernel shells is still very limited.

Zeolites are crystalline silicates and aluminosilicates linked through oxygen atoms,
producing a three-dimensional network containing channels and cavities of
molecular dimensions (Corma, 2003) as shown in Figure 2.10 (Weitkamp, 2000).
Figure 2.11 shows the physical appearance of white zeolite powder. Zeolite have
particle sizes ranging between 0.1 to 1.1 µm (Martinez and Lopez, 2005; Ren et al.,
2010). Zeolites are acidic catalysts and available in various natural or synthetic
forms. They are classified according to their compositions and structure. The
advantages of zeolites are related to their acidity, better thermal/hydrothermal
stability, better resistance to nitrogen and sulphur compounds, tendency toward low
coke formation, and easy regenerability (Buchireddy et al., 2010). In addition,
zeolites had been successfully applied in fluid catalytic cracking (FCC) units (AlKhattaf, 2002). However, the main disadvantage is their rapid deactivation due to
coke formation (Anis and Zainal, 2011).
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Figure 2.10 Structure of HZSM-5 zeolite from (a) top view (b) side view (Weitkamp, 2000)

Figure 2.11 Physical appearance of HZSM-5 zeolite powder

In the case of tar reduction, various commercially available zeolites were tested by
some researchers (Buchireddy et al., 2010; Horne and Williams, 1995; Olazar et al.,
2008; Radwan et al., 2000; Vitolo et al., 2001). Olazar et al. (2008) investigated the
effect of HZSM-5, H-Y and H-beta zeolites on scrap tyre pyrolysis under fast
heating conditions and found that HZSM-5 was more efficient for gas formation and
increasing the yield of gases. Buchireddy et al. (2010) investigated the catalytic
activity of ZY, Zβ and ZSM-5 zeolites on tar removal and found that zeolites with
larger pore size and higher acidity had better catalytic activity. Chin et al. (2010)
studied the effect of HZSM-5 zeolite on tar reduction for palm shell gasification and
achieved 75% reduction in tar compared to the non-catalytic process.
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HZSM-5 zeolite can be obtained from the thermal decomposition of the NH4exchanged form of ZSM-5 via calcination (Koningsveld and Koegler, 1997; Nayak
and Choudhary, 1983). HZSM-5 was used in the pyrolysis of biomass and helped
increased the aromatic fraction in the bio-oil (Carlson et al., 2009). The acid sites of
HZSM-5 promote a series of dehydration, decarbonylation, decarboxylation,
isomerisation and dehydrogenation reactions, converting the oxygenated products
generated in the pyrolysis process into more stable aromatic compounds (Perego et
al., 2011). The effect of HZSM-5 on tar reduction for palm shell gasification had
been investigated by Chin et al. (2010). The catalyst was added into the gasifier with
the palm shells.

2.7 Conclusion
The biomass palm kernel shell is of great potential as a renewable and sustainable
energy source in Malaysia due to its abundance, high carbon content and ability to
reduce carbon emissions into the atmosphere. Biomass palm kernel shells can be
converted to useful energy via biomass gasification. However, the shape and size
heterogeneity of raw palm kernel shells often leads to difficulties in gasification and
transportation processes (Chok et al., 2010; Lu et al., 2010). To resolve this problem,
pelletised palm kernel shells has been proposed to solve the challenges in
gasification. Characterisation of its mechanical properties is a major focus of this
thesis.

In addition, a major problem associated with biomass gasification is the presence of
contaminants such as tar in the gaseous products which, if not removed, would
damage the engine or gas turbine and incur high maintenance costs. The use of
catalysts is the most effective approach in order to reduce the tar content in the
syngas (Sutton et al., 2001; Tomishige and Asadullah, 2005). Thus the incorporation
of catalyst into the pellets has also been studied.
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3 Experimental Procedures
3.1 Introduction
In this section, the preparation of powder from raw palm kernel shells and the
production of pellets based on varying processing parameters using the universal
testing machine; followed by crush test procedures will be outlined and explained.
The experimental setup for gasification and descriptions on data collection steps will
be presented.

3.2 Preparation of Materials
Raw oil palm kernel shells were donated by Bintulu Lumber Development Sdn.
Bhd., Malaysia. The shells were milled (Disk mill FFC-23, China) at a rotational
speed of 5800 rpm into powder form. The resulting powder was passed through a 1.2
mm sieve screen and only particles with sizes lower than 1.2 mm were collected.
Binders will not be added to the palm kernel shell powder in this project so as not to
compromise the combustion characteristics of the pellet and conflict with the
objective on gasification studies.

The powder was sieved using a sieve shaker (Endecotts Sieve Shaker EFL2000, UK)
and woven wire mesh sieves of nominal aperture sizes 75 μm, 150 μm, 300 μm and
425 μm. Sizes of oil palm kernel shell powder – 75-150 μm, 150-300 μm and 300425 μm were used for the experiments.

The powder was dried in an oven (Memmert Universal Drying Oven UNB 500,
Germany) at a temperature of 120°C for 5 hours until the water activity level of 0.3
as measured using a water activity meter (Decagon Aqualab Lite, US) was achieved.
The powder was then transferred to an enclosed chamber for at least 24 hours prior
to any testing. A relative humidity of 11% in the chamber was achieved by using
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saturated lithium chloride solution (Greenspan, 1977). These steps were taken to
ensure that the initial conditions of the powder were consistent in all experiments.

3.2.1 Measurement of True Density of Powder
The true densities of each powder size were determined using a 100 ml pycnometer
(Technico, England). Water was found not to be suitable as the working liquid
because the powder tended to agglomerate and float on water. Instead, kerosene was
used as the floating tendency was reduced. The powder was added into the
pycnometer and its mass was recorded. Kerosene was then added into the
pycnometer and the volume occupied by the powder was calculated. The density of
kerosene was separately determined by a hydrometer (Zeal, England). Finally, the
true density of the powder was calculated.

3.2.2 Microscopy and Particle Size Analysis of Powder
Slide samples of the powders were viewed using Leica, EZ4D stereo microscope
with a zoom magnification of 35×. Micrographs of the samples were captured using
a camera attached with the microscope.

750 g of powders were sieved using the sieve shaker for 15 to 20 minutes and the
weight of each powder size range was measured using a weighing balance. This
procedure was repeated for three batches of powders to obtain data for weight
analysis.

Figure 3.1 shows the overall weight distribution of the various particle sizes obtained
after sieving. The highest weight fraction was for particle size >425 μm. However,
palm kernel shell powder with size >425 μm was found to be unsuitable for
compaction as the particles were too coarse and hard to be compressed into pellets.
Particle size <75 μm had the lowest weight fraction and the amount was insufficient
for experimental use. Particle sizes 75-150 μm, 150-300 μm and 300-425 μm were
therefore selected for further experiments due to their ease of compaction and
abundance.

47

Chapter 3: Experimental Procedures

Figure 3.1 Overall weight distribution of various particle size range after sieving

3.3 Production of Pellets
The individual pellet produced was cylindrical in shape with a nominal diameter of 6
mm, length of 6 mm and a nominal weight of 0.19 g. Each pellet was produced using
a universal testing machine (Lloyd LR10K, UK) with a load cell of 10 kN. The
compaction process was performed using a set of custom-made stainless steel die.
The die comprised a detachable base, a die case and a plunger. The die case had an
outer diameter of 50 mm and a cylindrical cavity of a 6 mm diameter. The
cylindrical plunger was 20 mm in length and 6 mm in diameter. The die assembly
and components are shown in Figure 3.2. The compaction speed, compaction
pressure and hold time were independently set by the machine’s control unit.

The same universal testing machine was used to eject the pellet. The detachable base
was removed and the remaining assembly was placed on the ejector base, which
collect the pellet after the ejection.
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Figure 3.2 (a) Components of die assembly (b) Compaction die assembly (c) Ejection die
assembly

The weight of each pellet was measured after ejection on an analytical balance
(Ohaus SPS202F, US). In addition, the final length of the pellet L was also measured
using a vernier calliper immediately after the pellet was ejected.

3.3.1 Water activity
To ensure that the palm kernel shell powder remained at the same level of moisture
before tests were conducted, a preliminary drying test was carried out. Two batches
of powder were dried in separate ovens (Memmert Universal Drying Oven UNB
500, Germany) for 10 hours; one at 60°C and the other at 120°C. The temperatures
selected were less than 140°C such that the melting point of lignin (140°C) was not
exceeded (Mani et al., 2006). Lignin is present in biomass materials and when the
biomass is heated, lignin becomes soft and melts. Since the powder was required to
make the pellets, the melting of lignin was not desirable at this stage.

The water activity a w of the powder was measured using a water activity meter
(Decagon, Aqualab Lite). The meter with an accuracy of ±0.015 and a range from 0
to 1.000 was calibrated with 0.5M of sodium chloride (NaCl) solution before
measurement. Water activity of the powder was measured every 1 hour interval
during drying in the oven. Three samples of 1 g powder were extracted from each
batch for every water activity measurement.
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Figure 3.3 shows the water activity in the powder at different time intervals during
the drying process. It is noted that the water activity of the powder at both drying
temperatures reached a plateau at ~0.3 after 10 hours. As the temperature doubled,
the time taken to dry the powder to the required water activity was halved. This
preliminary study shows that a period of 5 hours and drying temperature of 120°C
was sufficient to dry the powder for subsequent experimental tests.

Figure 3.3 Level of water activity in powder at different drying time intervals

3.3.2 Compaction Pressure
The compaction of the pellets was carried out at 25±2 °C and in an environment with
relative humidity of 60%. The three powder size ranges (75-150 µm, 150-300µm and
300-425 µm) were used to study the effect of compaction pressure. Each powder size
was compacted using the universal testing machine at pressures ranging from 130 to
200 MPa in the absence of lubrication. The universal testing machine was preset to
compaction forces ranging from 3800 to 5800 N to achieve this range of compaction
pressures. Equation (2.8) was applied to translate the compaction forces to
compaction pressures. The compaction speed and hold time were preset at 100
mm/min and 3 s respectively. After the pellet was formed, it was ejected from the die
at a speed of 10 mm/min and subjected to either compressive or diametrical
compression tests at a speed of 10 mm/min. Force-displacement data were recorded
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by the testing machine itself. The relaxed or final length of the ejected pellet was
measured with a pair of vernier callipers in order to determine the elastic recovery
according to equation (2.6) and the mass of the ejected pellet was measured on an
analytical balance. Equation (2.4) was used to calculate the porosity of the pellet.
The strengths of the pellets compacted with different compaction pressures were
plotted against their corresponding porosities to observe if the trend followed the
Ryshkewitch-Duckworth empirical model. Each compact was prepared in five
replicates for each pressure value.

3.3.3 Compaction Speed and Hold Time
The effect of compaction speed was studied using the three different particle sizes to
make pellets at a compaction pressure 164 MPa with zero holding time. The
compaction speed was varied from 1 mm/min to 100 mm/min. Thereafter, the
formed pellet was ejected at a speed of 10 mm/min and subjected to compression
tests to measure the strength. The speed of the piston was set at 10 mm/min for the
compression test. Three replicates were taken for each set of test.

The effect of hold time during compaction was studied at a compaction pressure of
164 MPa and compaction speed of 100 mm/min at different holding times ranging
from 0 to 300 s.

3.3.4 Humidity and Storage Time
The initial storage condition of the powder was at a relative humidity of 11%. Pellets
produced under the same process conditions (compaction pressure 188 MPa,
compaction speed 100 mm/min and hold time 3 s) were stored at humidity levels
11%, 43% and 57% for a period of 30 days. 43% and 57% humidity levels were
achieved using saturated potassium carbonate and sodium bromide solutions
(Greenspan, 1977). Pellet strength was tested immediately after production and after
1, 5, 15 and 30 days of storage at a piston speed of 10 mm/min and 5 mm
displacement. The length of each pellet was also measured with vernier calipers to

51

Chapter 3: Experimental Procedures

determine the degree of elastic recovery. Three replicates for each crush test were
conducted.

3.4 Mechanical Strength Test
The same universal testing machine (Lloyd LR10K, UK) was used to perform the
compression tests. Polished steel plates (Figure 3.4a) were used as the compression
platens. The tests were conducted at a constant speed of 10 mm/min. The
compressive strength was determined in the axial direction, i.e. parallel to the
cylindrical axis (Figure 3.4b). The tensile strength was determined by subjecting the
pellet to diametrical compression (Figure 3.4c), i.e. perpendicular to the cylindrical
axis. Figure 3.5 shows the orientation of a pellet during axial compression and
diametrical compression tests. Figure 3.6 shows a detailed view of the outcomes
from the compression tests.

Figure 3.4 (a) Uniaxial press and experimental assembly (b) Axial compression test (c)
Diametrical compression test

Figure 3.5 Orientation of the pellet during (a) axial compression test and (b) diametrical
compression test
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Figure 3.6 Views of pellet after breakage (a) axial compression (b) diametrical compression

The compressive strength was calculated by equation (2.8) and the radial tensile
strength was determined by equation (2.9).

3.5 Binary Pellets Compaction
ZSM-5 (Zeolite Socony Mobil-5) zeolite was selected as the catalyst for catalytic
cracking of tar in the gasification of oil palm kernel shell pellets. ZSM-5 is a highsilica synthetic zeolite catalyst that is widely used in the petroleum industry as a
heterogeneous catalyst for hydrocarbon isomerisation reactions. It has a pore size of
5.1-5.6 Å (Sadeghbeigi, 2000). The shape selectivity of ZSM-5 allows preferential
cracking of long-chain, low octane normal paraffin, as well as some olefins, in the
gasoline fraction (Sadeghbeigi, 2000). Due to its low cost, using ZSM-5 is claimed
to be the cheapest way to achieve octane enhancement with the additional advantage
of the formation of C3-C5 alkenes for alkylate feed and oxygenate formation and
widely used in industries (Olah and Molnar, 2003).

The binary mixtures of zeolite and palm kernel shell (PKS) powder (size 150-300
µm) were mixed in varying weight percentages. The zeolite used was ZSM-5 (CBV
3024E, supplied by Zeolyst International, USA). It has a SiO2/Al2O3 mole ratio of 30
and its nominal cation form is ammonium. HZSM-5 zeolite was obtained from the
calcination of ZSM-5 zeolite at a temperature of 600°C for 4 hours in a furnace. This
was done to activate the catalytic properties of zeolite (Kunkeler et al., 1998). After
calcination, the zeolite was stored in a humidity chamber at a humidity level of 11%
for at least 24 hours prior to mixing.
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The weight percentage of zeolite in each binary mixture was varied between 5-50%
(i.e. 5% Zeolite + 95% PKS, 10% Zeolite + 90% PKS, 15% Zeolite + 85% PKS,
25% Zeolite + 75% PKS and 50% Zeolite + 50% PKS). The percentage of zeolite
incorporated in the binary mixture in this study was selected to be below 50%
because it was not desired to include high amounts of catalyst during gasification
due to high costs. The true densities of binary mixtures palm kernel shell and zeolite
were measured using a 100 ml pycnometer (Technico, England).

10 g of each formulation was prepared and mixing was performed with a kitchen
blender (Pensonic blender, PEN-PB330). The binary mixtures were stored in a
humidity chamber with humidity level of 11% for at least 24 hours prior to
pelletisation. The pellets with varying formulations were compacted at different
compaction pressures ranging from 135 to 198 MPa. Pellets with 100% zeolite
composition were also compacted at different compaction pressures ranging from
135 to 198 MPa. The individual pellet produced was cylindrical in shape with a
nominal diameter of 6 mm, length of 6 mm and a nominal weight of 0.19 g. Each
pellet was produced using a universal testing machine (Lloyd LR10K, UK) with a
load cell of 10 kN. The compaction was made at the speed of 100 mm/min with a 3 s
hold time at an ambient temperature of 25±2°C. The same universal testing machine
was used to eject the pellet at a speed of 10 mm/min. The weight of each pellet was
measured after ejection on an analytical balance (Ohaus SPS202F, US). In addition,
the final length of the pellet L was also measured using a vernier calliper
immediately after the ejection. The compact was prepared in three replicates for each
formulation. The compression test was conducted immediately after the production
of each pellet.

The same universal testing machine (Lloyd LR10K, UK) was used to perform
compression tests on the pellets. The tests were done at a constant speed of 10
mm/min. Only axial compression tests were performed to determine the compressive
strength of the pellets. The strengths and corresponding porosities were calculated
according to equation (2.8) and equation (2.4) respectively to determine the
Ryshkewitch-Duckworth relation between the strength and porosity for each binary
mixture.
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3.6 Gasification
3.6.1 Experimental Setup
Gasification studies were conducted in a laboratory-scale updraft fixed bed reactor
(Chin et al., 2010). A laboratory-scale updraft fixed bed reactor was used due to its
simple design and fabrication on small-scale. The experimental setup consisted of
two parts: (1) gasifier and (2) tar collection section. Figure 3.7 shows a schematic of
the overall experimental setup for gasification. The gasifier was designed for
operation under atmospheric or pressurized conditions. The test facility consists of
the gasifier and the liquid trap for the condensation and collection of tar. The fixed
bed gasifier with an internal diameter of 60 mm and height of 280 mm was made of
stainless steel 304 and an external heat source was located at the dense bed zone. The
gasifier was insulated with ceramic fiber insulation (supplied by Progresif Kukuh
Sdn. Bhd., Malaysia) to minimise heat loss from the reactor. Two K-type
thermocouples (T1 and T2) were installed across the reactor: the probe T1 in the
dense bed zone, defined as the gasification reaction zone (at a height of 20 mm
above the distributor) and probe T2 in the freeboard zone (at a height of 140 mm
above the distributor). The pelletised feedstock was added manually. Air and
nitrogen were supplied by a compressor. Air was chosen as the gasification agent in
this project due to its low cost and availability. As the gasification system did not
have a steam reforming component, the production of syngas with high hydrogen
content was not looked into. Rather, the focus was on the gas cleaning stage
(reducing tar from the gas) and the gasification efficiency of the pellets.

The gaseous products from the gasification were channeled to the liquid trap to
separate the condensed tar from the gas. For tar sampling, the method developed by
Hasler and Nussbaumer (2000) was adopted because this method is applicable to
atmospheric fixed bed gasifiers and allows for a longer duration of sampling for gas
contaminants. The tar collection section comprised 4 condenser or absorption traps
(250 ml each) filled with 200 ml of distilled water. The four condenser traps were
immersed in a water bath at room temperature.
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Figure 3.7 Schematic diagram of the experimental setup for gasification

3.6.2 Preparation of Feedstock
The feedstocks for the gasification experiments were oil palm kernel shells, powder
and pellets. Oil palm kernel shells powder was prepared and stored according to the
method described in Section 3.2. The powder size selected for use was 150-300 μm.
To prepare the palm kernel shells as the feedstock, the shells were first sieved into
the following size range 2.36-4.75 mm, dried and stored according to the method
described in Section 3.2.

A 25-ton XLP-series hydraulic press (Enerpac, USA) was used to produce palm
kernel shell pellets as feedstock. The powder was compacted at 195 MPa and each
pellet had an aspect ratio of 1. The pellets were stored in fixed humidity chambers
with a humidity level of 11% for at least 24 hours prior to gasification.

The bulk density of each feedstock was measured by pouring the feedstock into a 50
ml or 50 cm3 measuring cylinder. The mass of the feedstock that occupies the
volume of 50 cm3 was then weighed by an analytical balance (Ohaus SPS202F, US).
The bulk density was calculated by dividing the mass of the feedstock by the
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occupied volume of 50 cm3. 5 replicates were performed for each feedstock to
determine the bulk densities.

3.6.3 Experimental Procedures
At the start of each experimental run, the pellets were fed manually into the gasifier
and the reactor was heated up by the external heat source. At a temperature of
250°C, the palm kernel shell biomass started to decompose to volatile gases and
solid char. At this point, the air and nitrogen compressors were turned on to force the
air and nitrogen through the distributor into the reactor. Air and nitrogen were
introduced at a gas flow rate of 5 and 3 LPM respectively, which is equivalent to
13% oxygen. The gaseous products leaving the gasifier were channeled to the 4
liquid traps whereby the tar product was trapped. The experiment was stopped five
minutes after the first drop in temperature was observed. This drop in temperature
corresponded to the cessation of reaction between the volatile gases and the
gasification agents. The five minutes rule was observed to confirm that the drop in
temperature was indeed due to the cessation of reaction between the volatile gases
and gasification agents and that the temperature will no longer increase thereafter.
This was applied to all gasification tests to ensure consistency. Three runs were
conducted for each test.

Condensed tar from the gaseous products in the liquid traps were collected and
separated from the water by filtration (Advantec filter paper, 125 mm diameter, 6 μm
particle retention) and left to dry for at least 12 hours. The tar was then weighed on
an analytical balance (Ohaus SPS202F, US).

The rate of conversion (R) of biomass to gaseous products, measured in g/min was
calculated according to the following:

R

Mi  M f
tg

(3.1)

where M i is the initial mass of the biomass (g), Mf the final mass of the feedstock
remains and tg is the time taken for gasification (min). The time taken for
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gasification tg is the time between the introduction of gasification agents to the time
the experiment was stopped, five minutes after the first drop in temperature was
observed.

The amount of tar (%) was calculated by:

mT
100%
Mi

(3.2)

where mT is the mass of tar (g) and M i is the initial mass of the biomass (g).

3.6.4 Variation of Feedstock Form
Palm kernel shells with size 2.36-4.75 mm, powder with particle size 150-300 μm
and pellets compacted from powder with particle size 150-300 μm (6 mm diameter
with aspect ratio 1 and compacted at 195 MPa) were used as feedstock to study their
effects on the rate of conversion of biomass to gaseous products during gasification.
20 g of biomass feedstock was used for each test and all tests were run based on the
experimental steps described in Section 3.6.3. The rate of conversion of biomass to
gaseous products was calculated according to equation (3.1).

3.6.5 Gasification of Binary Palm Kernel Shell and Zeolite
Pellets
Pellets with varied concentration of zeolite catalyst incorporated (5% zeolite-95%
PKS, 10% zeolite-90% PKS and 15% zeolite-85% PKS) were used as feedstock to
study the effects of the amount of catalyst on the tar amount produced and the
effectiveness of the catalyst in reducing tar. The mass of the biomass was fixed at
100 g while the amount of zeolite was varied.

ZSM-5 zeolite was calcined in the furnace at 600°C for 4 hours. Nayak and
Choudhary (1983) discovered that the acidity, catalytic activity and product
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selectivity of the zeolites were strongly affected when the temperature was increased
above 600°C. Hence the temperature for calcination of ZSM-5 was set at 600°C for a
duration of 4 hours in the furnace.

The calcined HZSM-5 zeolite was mixed with palm kernel shell powder (150-300
μm) using a blender to achieve homogeneity. The mixes comprised zeolite in
different percentage by weight (5%, 10% and 15%). For every concentration, the
mass of the biomass palm kernel shell powder was fixed at 100 g. As such, the
composition of each concentration was: 100 g palm kernel shell powder + 5.3 g
zeolite (95% PKS + 5% zeolite), 100 g palm kernel shell powder + 11.1 g zeolite
(90% PKS + 10% zeolite) and 100 g palm kernel shell powder + 17.6 g zeolite (85%
PKS + 15% zeolite).

The pellets were compacted to a compacted porosity of 15%. To determine the
compaction pressure to produce binary pellets at a desired porosity or relative
density, the Heckel model (Heckel, 1961) was used:

 ln   aP  c

(3.3)

where a is a constant that is dependent on the composition of the pellet and c is the
logarithm of reciprocal porosity when P = 0. This method has been widely used to
relate the logarithm of reciprocal porosity to the applied compaction pressure (P)
(Buckner et al., 2010; Roopwani and Buckner, 2011; Veen et al., 2000).

Figure 3.8 shows the Heckel plot using the compaction pressure and porosity data
from the binary compaction studies and this was used to determine the compaction
pressure to obtain binary palm kernel shell and zeolite pellets at a compacted
porosity of 15%. Compaction pressures of 170 MPa, 185 MPa and 199 MPa were
used to compact binary pellets containing 5%, 10% and 15% zeolite respectively.
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Figure 3.8 Heckel plot to relate the logarithm of reciprocal porosity during compaction to
compaction pressure

A 25-ton XLP-series hydraulic press (Enerpac, USA) was used to produce the binary
pellets. Each pellet had an aspect ratio of 1 and fabricated die with 15 mm diameter
was used to produce the pellets. Preliminary data (not shown) showed that there was
no notable difference in the strength of the pellets made from different diameter
sizes.

Each pellet weighed nominally 2.97 g. The produced pellets were stored in fixed
humidity chambers with a humidity level of 11% for at least 24 hours prior to
gasification.

Gasification was carried out according to the same experimental procedures as
described in Section 3.6.3. The ratio of the mass of tar collected to the mass of tar
when pellets with 0% zeolite were gasified was calculated by the following equation:

mT x
mT0

(3.4)
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where mT0 is the mass of tar (g) when pellets with 0% zeolite were gasified. mTx is
the mass of tar (g) when pellets with x% zeolite, where x = 5, 10 or 15, were
gasified.
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4 Strength and Gasification of Palm
Kernel Shell Pellets
4.1 Introduction
In this chapter, the characterisation of biomass oil palm kernel shell powder in terms
of true density and particle size analysis, as well as discussion on some of the factors
that affect the strength of palm kernel shell pellets are reported. Both processing
parameters during compaction and post-production conditions which could impact
on the pellet strength were investigated. These findings could possibly be used to
recommend optimum processing and storage conditions for palm kernel shell pellets
in terms of compaction speed, hold time, compaction pressure and humidity
conditions so as to enhance the pellet strength for handling and durability. Results
from the gasification of various feedstock forms and sizes of palm kernel shell are
also presented.

4.2 Characterisation of Powder and Pellet
4.2.1 Microscopy and Particle Size Analysis
Figure 4.1 shows the micrograph images of the three powders with particle size 75150 μm, 150-300 μm and 300-425 μm. The particles of palm kernel shells were
observed to be of irregular shapes and fibres (shown by the arrows) were noticeably
present in the powder with size ranging from 300-425 μm as shown in Figure 4.1c.
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Figure 4.1 Micrographs of (a) 75-150 μm (b) 150-300 μm (c) 300-425 μm.

4.2.2 True Density of Powders
Table 4.1 summarises the true densities of the powders. The average densities of
palm kernel and palm shell reported in literature (Luangkiattikhun et al., 2008) were
1.39 g/cm3 and 1.42 g/cm3 respectively hence the measured densities values were
consistent with the literature. These densities values were used in the subsequent
calculations in this work.

Sample

Measured True density (g/cm3)

75-150 μm (A)

1.42±0.01

150-300 μm (B)

1.37±0.01

300-425 μm (C)

1.30±0.01

Table 4.1 A summary of true densities of powders measured using the pycnometer

4.2.3 Physical Appearance of Pellets
Figure 4.2 shows an optical image of the physical appearance of the pellets produced
with particle sizes 75-150 μm, 150-300 μm and 300-425 μm while Figure 4.3 shows
the micrograph images of the diametrical view of the pellets. It can be seen that the
surface of the pellets made from the smallest particle size was smoother than the
pellets made from the largest particle size. From Figure 4.2, there is noticeable
difference in the physical appearance of pellets made from the three different particle
sizes. The pellet made with the smallest particle size had a finer surface appearance
and no chipping was observed. Chipping is a crack or flaw caused by the removal of
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a small piece which occurs mostly at the edges (Ford et al., 2009). The pellet made
with the largest particle size had a coarse surface and the edges of the pellet showed
the most chipping. The pellet made with the medium particle size has relatively less
chipping compared to the pellet made from the largest particle size. It should also be
noted that since the surface of the pellet was not smooth, there could be possible
errors in relaxed length measurement after the pellets were ejected from the die.

Figure 4.2 Optical image of the physical appearance of three pellets made from different
particle sizes compacted at 188 MPa

Figure 4.3 Micrographs of the diametrical view of pellets produced with particle size (a) 75150 μm (b) 150-300 μm (c) 300-425 μm

4.3 Effect of Compaction Pressure on Pellet Strength
Figure 4.4 shows the relationship between the axial compressive strengths and the
compaction pressure. The highest compressive strengths obtained were about 8.8
MPa and were similar for pellets made with particle size 75-150 μm and 150-300
μm. At the same compaction pressures, the compressive strength for pellets made
with particle size 300-425 μm was evidently the lowest. A plateau in the strength
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was observed at compaction pressures of approximately 190MPa although this was
not evident for the pellets made with the largest particles. This plateau appears to
correspond to no or near-zero porosities in the pellets during the compaction process
as indicated in Figure 4.5. Some negative porosity values were obtained and this
could probably be due to the deformability of the die at high compaction pressures
which was not taken into account in the calculations. From a total of 24
measurements made for each particle size, the average elastic rebound of pellets
made from 75-150 μm, 150-300 μm and 300-425 μm were (21±2)%, (24±3)% and
(29±3)% respectively (Figure 4.7), i.e. pellets made from the largest particles
exhibited the largest elastic rebound.

The radial tensile strengths of the pellets made from different particle sizes and
compacted at various compaction pressures are shown in Figure 4.6. The range of
radial tensile strength was between 0.07 MPa and 0.26 MPa, with the lowest values
obtained for pellets made from the particle size of 300-425 μm. These radial tensile
strength values were much lower compared to the compressive strengths. In addition,
the radial tensile strength appeared to be increasing monotonically with increasing
compaction pressures and there was an absence of a plateau at high compaction
pressures.

Figure 4.4 Influence of compaction pressure on compressive strength. Solid lines represent
moving average of the ten data points for each particle size.
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Figure 4.5 Variation of porosities during compaction with compaction pressure. Solid lines
represent moving average of the ten data points for each particle size.

Figure 4.6 Tensile strength of palm kernel shell pellets compressed at various compaction
pressures. Lines are best fits to the data.
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Figure 4.7 Average elastic recoveries of pellets made from different particle sizes

This study shows that pellets made from 100% raw ground kernel shells can be
obtained through the compaction process. The compressive strength in the axial
direction of the pellets was found to increase with compaction pressure and reached
a maximum when no or near zero porosity during the compaction process was
achieved. Thus, in the absence of any additional binders, the strength of the pellets
did not exceed this maximum limit. Figure 4.8 shows the relationship between the
compressive strengths of the pellets and the corresponding porosities in the pellets.
The data was fitted with the Ryshkewitch-Duckworth empirical model (see equation
(2.10)) which has been applied to a variety of systems to determine the strength at
zero porosity and the bonding capacity constant (Etzler et al., 2011; Maarschalk et
al., 1997b; Michrafy et al., 2007; Patel and Bansal, 2011; Wu et al., 2005).
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Figure 4.8 Relationship between porosity and compressive strength (natural logarithm)

The fitted parameters for the Ryshkewitch-Duckworth model for the palm kernel
shell pellets are presented in Table 4.2. There do not appear to be any similar
characterisation of palm waste in the literature, but the bonding capacities of the
palm kernel shell pellets appear somewhat lower than those of sorbitol (Maarschalk
et al., 1996b), lactose (Maarschalk et al., 1997b; Michrafy et al., 2007) and some
binary

systems

such

as

microcrystalline

cellulose/lactose

microcrystalline cellulose-HD/lactose (Michrafy et al., 2007).

and

silicified

The maximum

compressive strength obtained for the three particle sizes were generally higher than
that of palm biomass briquettes with binders (7.9 MPa as found by Nasrin et al.,
2008). Pellets made with particle size 300-425 μm gave the lowest values of ζ0 and k
while similar values were obtained for the pellets made with particle size 75-150 μm
and 150-300 μm. The lower strength and bonding capacity in the pellets made from
particle size 300-425 μm could be due to the presence of fibrous content in the
powder (Figure 4.1c). The fibres were present in the sieved powder and were not
possible to separate. Such fibres, which were also observed in the pellets after
breakage, may have occupied spaces within the pellet and devoid the bonding
between the particles, leading to weaker bonds. The bonding capacity may also be
associated with the elastic rebound as the elastic rebound results in the breakage of
bonds that are already formed during compaction (Maarschalk et al., 1996b). Thus,

68

Chapter 4: Characterisation and Strength of Palm Kernel Shell Pellets

the low bonding capacity of pellets with the largest particle size 300-425 μm is
consistent with the observation that these pellets showed the largest elastic rebound.
Particle size (μm)

k (-)

σ0 (MPa)

75-150

9.55

9.12

150-300

9.14

9.03

300-425

7.23

6.36

Table 4.2 Fitted parameters from Ryshkewitch-Duckworth relation to the data in Figure 4.8

The radial tensile strengths obtained for the palm kernel shell pellets were of much
lower values compared to their compressive strengths at the corresponding
compaction pressures.

This was also observed by Newton et al (1993), who

conducted compressive and tensile strength tests on lactose and microcrystalline
cellulose compacts and concluded that the radial tensile strength of these compacts
were lower than compressive strength. Large differences between the compressive
(7.9 MPa) and tensile strength (0.34 MPa) were also observed in palm biomass
briquettes with sawdust added as binders (Nasrin et al., 2008). For the palm kernel
shell pellets with a diameter of 6 mm, the maximum strength corresponds to a
compressive breaking force in the axial direction of approximately 250 N, which is
sufficiently high to withstand handling loads. However, the radial tensile strength,
which corresponds to the strength in the diametrical direction, was found to be much
lower and the peak breaking force obtained from this study corresponds to a value of
approximately 6 N. Thus, it is expected that the pellets would fail, not in the axial
direction due to compressive stresses, but in the diametrical direction due to tensile
stresses. Additional reinforcement, such as steam conditioning (Kaliyan and Morey
2009) may be required to strengthen the pellets. Pretreatment of the shells may also
be beneficial as has been shown in some wood products (Yasin and Qureshi, 1990).

4.4 Effect of Compaction Speed on Pellet Strength
The compressive strength of the pellets were found to decrease with increasing
compaction speed for the two smallest particle sizes as shown in Figure 4.9.
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Although there is considerable scatter in the data, the changes seem to be significant
when comparing the compaction speed of 1 mm/min and 100 mm/min. For the
largest particle size, the changes due to different compaction speeds were within the
scatter in the data. The increase in the compaction speed also resulted in an increased
elastic rebound for the pellets as shown in Figure 4.10. At a compaction rate of 1
mm/min, there was considerable difference between the elastic rebound for the
largest particle size and the other sizes. However, at 100 mm/min, the effect of the
compaction speed was much lower. The significant scatter in the elastic rebound
could be attributed to some degree of error in obtaining the length of the pellet
during compaction through indirect measurement. Nevertheless, the mean values
obtained were reasonable and showed a trend between elastic rebound and
compaction speed.

Figure 4.9 Variation of compressive strength with compaction speed for pellets with particle
sizes 75-150 μm, 150-300 μm and 300-425 μm compacted at 164 MPa
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Figure 4.10 Effect of compaction speed (in logarithmic scale) on elastic rebound of pellets.
Lines are best fits to the data.

Studies on the effect of compaction speed on the strength of tablets generally found
that as the compaction speed increases, the strength of tablet decreases (Akande et
al., 1997; Baba and Nagafuji, 1965). A similar trend was observed for the palm
kernel shell pellets in this work. Armstrong (1989) suggested that materials which
deform under stress are more sensitive to changes in the compaction speed as the
consolidation mechanism depends on the time-dependent properties of the material.
On the other hand, for materials which are brittle, the strength typically shows little
dependence on the compaction speed (David and Augsburger, 1977; Rees and Rue,
1978). This study shows that palm kernel shell powders are possibly viscoelastic
materials since they were sensitive to changes in compaction speed.

4.5 Effect of Hold Time on Pellet Strength
Figure 4.11a and Figure 4.11b show the variation of the porosity and volume with
the hold time at maximum compaction. All pellets showed a decrease in both the
porosity and volume during compaction with increasing hold time. Correspondingly,
the strength of the pellets during compaction increased with increasing hold time
(Figure 4.11c). These changes appeared to reach a plateau after a hold time of 60 s as
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no or near-zero porosities in the pellets were reached. The study was conducted for
pellets compacted at a compaction pressure of 164 MPa and compaction speed of
100 mm/min. As such, it would be expected that the hold time at which a plateau is
reached may change if different processing parameters such as compaction pressure
and compaction speed were used.
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Figure 4.11 (a) Final volume achieved during compaction with increasing hold time. The
plateaus corresponded to close-to-zero porosities (b) Changes in porosity during compaction
with hold time (c) Variation of compressive strength with hold time for pellets compacted at
164 MPa at a compaction speed of 100 mm/min. Solid lines represent moving average of the
data.
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During the hold time, the porosity during compaction (ε) can be expressed as a
function of hold time t by an exponential function in equation (4.1):

   0 exp(t )

(4.1)

where 0 and λ are constants. The values of 0 and λ as obtained from the fitting of
equation (4.1) to the porosity data in Figure 4.11b are shown in Table 4.3. 0
represents the porosity during compaction when hold time is zero and λ is a fitted
parameter that is dependent on particle size. The variation of porosity with hold time
may be included in a modified Ryshkewitch-Duckworth model such that:


 exp[ k 0 exp( t )]
0

(4.2)

Equation (4.2) shows good agreement when fitted to the strength data as shown in
Figure 4.12, which suggests that during the holding time, the porosity of the pellets
decreased with time until the pellets achieved no or near-zero porosity. When this
condition was reached, the maximum strength was achieved and the holding time no
longer affected the strength of the compact.
Particle size (μm)

0



75-150

0.22

0.09

150-300

0.19

0.10

300-425

0.17

0.04

Table 4.3 Fitted parameters from the Ryshkewitch-Duckworth model for hold time
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Figure 4.12  /  0 against hold time for different particle sizes with the fitted model. The
points represent experimental data for each particle size. Solid and dotted lines represent the
fitted model of equation (4.2) for each particle size.

This observation has some practical implications as it suggests that the maximum
strength of the pellets could be achieved at low pressures, as long as the hold time is
increased to allow gradual compaction of the particles until the condition of no or
near zero porosity is achieved. Similar observation was obtained by Li and Liu
(2000) for compacted oak sawdust. However, the increase in hold time may not be
favourable as a means to increase the strength of the pellets in practice as this would
reduce the production rate of the pellets.

4.6 Effect of Humidity and Storage Time on Pellet Strength
The compressive strength of the pellets decreased with increasing storage time, with
significant loss in strength after one day (24 hours) of storage and relatively minor
changes thereafter (Figure 4.13a). This trend was observed at all humidity
conditions, with the greatest decrease in strength being observed for pellets stored at
the humidity level of 57% (note that the pellets were made with feedstock stored at a
humidity level of 11%). The pellets appeared to take up moisture within the first day
of storage, with relatively little change in the water activity thereafter (Figure 4.13b).
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The volume of the pellets also appeared to gradually increase with time (Figure
4.13c).

Figure 4.13 (a) Effect of storage conditions at three humidity levels on the strength of pellets
(b) Changes in water activity in the pellets (c) Volume change of the pellets with storage
time and humidity level. Volume change is the difference between the final and initial
volume as a percentage of the initial volume. Solid lines represent moving average of five
data points for each humidity level.
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Storage at ambient temperature drastically decreased the strength of the pellets and
this could be attributed to the gradual elastic rebound that occurs during the storage
period. As the final porosity increases during the elastic rebound, and assuming a
linear relationship between the compacted porosity and the final porosity, the
relationship between the porosity during compaction (ε) and the storage time may be
modelled using equation (4.3):

   ln t s  

(4.3)

where  and  are constants, t s is the storage time in days, and t s  0 .  is a
constant that is dependent on the storage condition such as humidity level and β
represents the porosity of the pellet after 1 day of storage, ts = 1. Similar to the hold
time effect, equation (4.3) may be used to modify the Ryshkewitch-Duckworth
equation such that:


 exp[ k ( ln ts   )]
i

(4.4)

where  i is the strength of the pellet at t s  0 . k is the bonding capacity of the palm
kernel shell particles from the results in Table 4.2 . Figure 4.14 shows the fit of
equation (4.4) to the experimental data of Figure 4.13a and a good agreement is
found, with the fitted parameters as shown in Table 4.4. These relationships
indicated that the storage time affected the porosity adversely which negatively
impacted on the strength of the pellets. The changes in porosity over the period of
storage time were caused by the higher water activity or moisture level in the pellet
(Figure 4.13a) and consistent with observations noted by other researchers (Shi et al.,
2011; Sun, 2008). The gradual increase in porosity is also observed in some wood
products (e.g. Hann et al., 1963) where ‘springback’ causes a decrease in density as
well as a reduction in the mechanical locking of compressed particles.
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Figure 4.14  /  i against storage time, at various humidity levels with the fitted model. The
points represent experimental data for each particle size. Solid and dotted lines represent the
fitted model of equation (4.4) for each particle size.

Humidity level (%)





11

0.011

0.06

43

0.003

0.08

57

0.006

0.09

Table 4.4 Fitted parameters from the modified Ryshkewitch-Duckworth model for storage
time

Based on the results from Figure 4.12 and Figure 4.14, it is proposed that equation
(4.2) for the hold time (t) to produce the pellets when storage time ts = 0 can be
combined with equation (4.4) as follows:


 exp  k  ln t s    exp  k 0 exp( t )
0

(4.5)

Equation (4.5) can be further simplified as follows to estimate the strength based on
hold time and storage time:
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 exp  k  ln t s      0 exp( t )
0

(4.6)

In addition to the storage time, the humidity at which the pellets were stored
additionally influenced the extent of reduction in strength of the pellet. The strength
differences of pellets stored under different humidity conditions were probably due
to the presence of water which influenced the bonding within the pellet. Mollan and
Celik (1995) suggested two possible reasons for the lower compressive strength for
pellets stored in high humidity conditions. Firstly, hydrodynamic resistance might
occur from the water during compression and this energy might then be released on
decompression, thus disrupting the bonds. Secondly, water may dissolve some bonds
and weaken others so the pellets had low strength due to porosity expansion.

The storage tests suggest that the pellet quality may deteriorate during storage.
Pellets with poor quality fracture easily and this will create difficulties in handling
and transportation. In addition, long-term storage also has a negative impact on the
combustion characteristics of biomass pellets. The increase in moisture content in the
pellets due to long-term storage may result in pellets with lower reactivity and peak
temperature during combustion when utilized as a biofuel (Casal et al., 2010). It is
recommended that dry storage conditions, possibly vacuum-packed pellets or low
relative humidity of less than 11% are necessary to minimize the deterioration of the
pellet quality.

4.7 Gasification of Palm Kernel Shells, Powder and Pellets
Figure 4.15 shows the temperature and time profile for the gasification of the three
feedstock forms. During pyrolysis, between time 0 to approximately 50 minutes, the
temperature and time profile in Figure 4.15 show a gradual increase in temperature
with time. At this stage, some fluctuations in the temperature were observed when
shells and powder were gasified but a more steady increase in temperature was
observed when pellets feedstock was used. When the temperature reached 250°C, air
and nitrogen were introduced to react with the volatile matter released by the
biomass feedstock and the temperature increased sharply at this stage of gasification.
When gasifying palm kernel shell in the pelletised form, the time taken for
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gasification (tg) was approximately 10 minutes and relatively shorter compared to the
raw, ungrounded and powder form which took approximately 16 minutes and 18
minutes for gasification respectively.

Figure 4.15 Temperature and time profile for the gasification of (a) raw, ungrounded palm
kernel shells (b) palm kernel shells in grounded form (powder) (c) palm kernel shell in
pelletised form (pellets)

Figure 4.16 compares the conversion rate of the three forms of the feedstock to
gaseous products during gasification. The conversion rate of the pellets was found to
be the highest, followed by those for the powder and raw, unprocessed feedstock.
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Figure 4.16 The conversion rate of the biomass to gaseous products for the three different
forms of the feedstock

One possible explanation for the observations in Figure 4.16 could be taken from a
heat transfer perspective. During gasification, heat is transferred from the source to
the feedstock and propagated by heat or thermal conduction through the solid phase
(solid particles of the feedstock). The total heat transfer may be described by two
mechanisms (i) fluid-to-particle heat transfer and (ii) particle-to-particle heat
transfer, whereby heat conduction occurs between points of contact of the solids. The
differences in rate of conversion of biomass to gaseous products between the various
feedstock may be due to the differences in heat conduction of the feedstock which
affects the thermochemical performance (Onyekonwu, 1988; Pabst and Gregorova,
2007).

The palm kernel shells, powder and pellets can be classified as external porosity
material as air makes up the continuous phase between the palm shells and powder
particles. In addition, the porosity within each palm kernel shell and powder particle
may be assumed to be zero. On the other hand, there is non-zero porosity within the
pellets. However, the porosities within pellets are quite small hence the pellet may be
treated as a consolidated granular material that is made up of discrete particles to
form a larger solid and thus also considered as an external porosity material, where
air is the continuous phase between the pellets. This classification for pellets is

81

Chapter 4: Characterisation and Strength of Palm Kernel Shell Pellets

similar to sandstone, a consolidated granular material that behaved like an external
porosity material as found by Carson et al. (2005).

The bulk density of palm kernel shell, powder and pellets were found to be
(0.49±0.02) g/cm3, (0.50±0.03) g/cm3 and (0.65±0.02) g/cm3 respectively. The bulk
density values of palm kernel shells and powder are relatively close and it may be
deduced that the packing of palm kernel shells and powder particles might be similar
to each other. As such, the heat transfer pathways for palm kernel shells and powder
particles are comparable and both cases will have relatively similar rate of
conversion of biomass to gaseous products, as depicted in Figure 4.16. On the other
hand, pellets had a higher bulk density compared to shells and powder feedstock.
More pellets occupy a given volume and hence more heat transfer pathways to
facilitate heat transfer are available as compared to shells and powder particles.
Since the heat conduction pathways for external porosity materials depend strongly
on the contact between neighbouring particles (Carson et al., 2005; Felske, 2004),
the close packing of pellets led to better thermal conductivity and heat transfer in the
pellet feedstock, thus the rate of biomass conversion to gaseous products was higher.
Such observations are consistent with other research which found that factors such as
porosity and thermal conductivity of the fuels could affect thermochemical
performance (Onyekonwu, 1988).

The physical appearances of the three forms of feedstock before and after
gasification are shown in Figure 4.17. The black solid carbonaceous residue after
gasification is char while the grey solid residue is ash. Char is the carbon remains
from the biomass after devolatisation and when char is gasified in limited oxygen,
gaseous products, tar and ash are produced (Hwang et al., 2008). The main
difference between ash and char is that ash may not preserve any of the original
morphology of the precursor and it may have a higher concentration of inorganic
components due to the complete consumption of the organic matrix (Alvin, 1995).
More char residue of palm kernel shells and powder were observed in the residues
after gasification whereas mainly ash was observed in the residues after the pellets
were gasified. These observations indicate that the gasification of pelletised
feedstock was more complete. The contaminant tar was concluded to be present in
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the gaseous products when palm kernel shell biomass was gasified as condensed tar
was collected in the liquid traps as shown in Figure 4.18. Hence gas-cleaning
processes would be necessary in order to remove the tar from the gaseous products.

Figure 4.17 Physical appearances of (a) raw, ungrounded palm kernel shells (b) grounded
palm kernel shells in powder form (c) palm kernel shell pellets before and after gasification
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Figure 4.18 Collection of condensed tar from the gaseous products in the four liquid traps

4.8 Conclusion
In summary, the characterisation of palm kernel shell powder and pellets as well as
factors that affected the strength of binderless palm kernel shell pellets were
presented and discussed. It has been established that oil palm kernel shell powders
without binders can be pelletised to relatively low porosities. The optimum
compaction pressure was found to be approximately 188 MPa which produced the
strongest pellets from 75-150 μm and 150-300 μm particle sizes with a maximum
compressive strength of around 8.5-9 MPa. However, the tensile strengths of the
pellets were found to be much weaker than the compressive strengths when
compacted at the same compaction pressure. Porosity was found to be a primary
factor influencing the strength of a pellet and an empirical model was proposed to
predict the strength of the pellets, given the hold time (t) and storage time (ts)
information:


 exp  k  ln t s      0 exp( t ) .
0

Low speeds and increased hold time could enhance the strength of the pellet,
however these would reduce the production rate of the pellets. Exposure of the
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pellets to higher humidity levels caused the pellets to become longer, more porous
and weaker and the decrease in strength of the pellet was most significant after one
day of storage. It is recommended that dry storage conditions are necessary to
minimize the deterioration of palm kernel shell pellet quality over time and thermal
treatment of pellets may be considered to further enhance the strength of the pellet.
These results are expected to be useful in the selection of the appropriate conditions
necessary for efficient gasification. A higher density of the biomass would also
provide benefits in terms of transportation costs, size of fuel storage and handling
equipment.

From the gasification studies, it was found that the pelletised form of the feedstock
increases the efficiency of the gasification process as compared to raw ungrounded
and powder forms of palm kernel shells. Tar was found to be present in the gaseous
products from the gasification of palm kernel shell biomass hence gas cleaning
processes are necessary and will be looked into in the following Chapter 5.
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5 Strength and Gasification of Binary
Palm Kernel Shell Pellets
5.1 Introduction
In Chapter 4, it was established that oil palm kernel shell powders without binders
can be pelletised to relatively low porosities and oil palm kernel shell pellets can
increase the efficiency of gasification. However, tar was found as a contaminant in
the gaseous product when palm kernel shell biomass was gasified. The effect of
HZSM-5 zeolite on tar reduction for palm shell gasification had been investigated by
Chin et al. (2010). The catalyst was added into the gasifier with the palm shells. In
extension to the previous work, the catalyst would now be incorporated into palm
kernel shell powder and compacted into binary pellets. Thereafter, these pellets
would be gasified to study their effectiveness in tar reduction. Perego et al. (2011)
commented that the next generation of biofuels should be produced by more
sustainable avenues to ensure competitive energy supplies for transportation, bearing
in mind that the biofuel should also have emission compliance, low environmental
impacts and carbon balance. Incorporating the catalyst into palm kernel shell pellets
may then be a viable option to explore into, similar to impregnation of pellets (Kutty
et al., 2008; Spieker and Regalbuto, 2001).

It is also important to study the mechanical strength of the binary palm kernel shell
and zeolite pellets to ensure good handling and ease of transportation. Michrafy et al.
(2007) and Wu et al. (2005) had proposed models to predict the mechanical
properties of compacts containing two components and these models will be applied
in the study of the strength of binary palm kernel shell and zeolite pellets. The
compaction of single-component formulation was investigated and characterised in
Chapter 4 and these results will be used for the prediction of the strength of binary
pellets using suitable models. The final results were expected to help in the selection
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of components to enable compacts of good strength to be made. Lastly, the binary
palm kernel shell and zeolite pellets were gasified to study its effectiveness of tar
reduction in the gaseous product.

5.2 Characteristics and Properties of Binary Palm Kernel Shell
and Zeolite Powder Mixtures
The true densities of binary mixtures palm kernel shell and zeolite are reported in
Table 5.1. The predicted and measured true densities of the binary mixture are
generally in good agreement.

Percentage

Volume

Volume

Measured true

Predicted true

mass of zeolite

fraction of

fraction of

density of

density of

in mixture (%)

palm kernel

Zeolite, VZ

mixture, T,m

mixture, T,m

(g/cm3)

(g/cm3)

shell, VPKS
0

1.00

0.000

1.37 ± 0.01

1.37

5

0.97

0.005

1.39 ± 0.01

1.39

10

0.93

0.009

1.42 ± 0.01

1.42

15

0.90

0.014

1.46 ± 0.01

1.44

25

0.82

0.023

1.52 ± 0.01

1.50

50

0.60

0.046

1.60 ± 0.02

1.65

100

0.00

1.000

2.08 ± 0.02

2.08

Table 5.1 Measured and predicted true densities of binary palm kernel shell and zeolite
mixture

Figure 5.1 compares the micrograph images of binary powder with different mass
fraction of zeolite. The palm kernel shell particles were irregularly shaped and
appear to be larger than the white zeolite. In Figure 5.1b and Figure 5.1c, the white
zeolite particles were observed to agglomerate and this resulted in lumps of zeolite
within the binary powder mixture. More agglomeration of zeolite particles, as
indicated by circles, were noticed in the binary powder with 50% zeolite (Figure
5.1c) than that with 25% zeolite (Figure 5.1b). No agglomeration was observed in
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Figure 5.1a where zeolite particles were absent in the palm kernel shell powder, as
expected. The HZSM-5 zeolite particles are relatively smaller in particle sizes that
range between 0.1 to 1.1 µm (Martinez and Lopez, 2005; Ren et al., 2010) in
contrast with the larger size (150-300 µm) and irregular shapes of palm kernel shell
particles. Hence the zeolite particles may have a higher tendency to agglomerate and
form bulks within the binary powder mixture (Hartley et al., 1985).

Figure 5.1 Micrographs through a 5× objective: (a) binary powder of 0% zeolite-100% PKS
(b) binary powder of 25% zeolite-75% PKS (c) binary powder of 50% zeolite-50% PKS.
The circles indicate agglomeration of zeolite particles.

5.3 Compaction of Binary Palm Kernel Shell and Zeolite Pellets
The pellets with varying formulations were compacted at different compaction
pressures ranging from 134 to 198 MPa and subjected to uniaxial compression tests.
Figure 5.2 reflects the relationship between the compressive strength and compaction
pressure of binary palm kernel shell and zeolite pellets and Figure 5.3 shows the
relative density and compressive strength for the various formulations of binary palm
kernel shell and zeolite pellets.
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The results in Figure 5.2 show that for the same compaction pressure, the highest
average compressive strength was obtained for the formulation with 5% zeolite
whereas the lowest average compressive strength was obtained for the formulation
with 50% zeolite. However, the highest compressive strength of ~7.5 MPa obtained
for the binary pellets with 5% zeolite was still lower than that of pure palm kernel
shell pellets. A plateau in the strengths was observed at high compaction pressures of
approximately 188 MPa, 191 MPa and 195 MPa for binary pellets that contain 5%,
10%, 25% and 50% zeolite respectively. These plateaus in strengths for binary
pellets that contain 5%, 10% and 25% zeolite correspond to a relative density ~1 as
shown in Figure 5.3. Although a plateau in strength was observed for the binary
pellets with 50% zeolite, it does not correspond to a relative density of 1. The range
of compaction pressures applied was probably not sufficient to increase the strength
of the binary pellet containing 50% zeolite beyond ~1.4 MPa. This observation was
also supported by the results in Figure 5.3 which show that the relative density for
the binary pellets with 50% zeolite could not increase beyond ~0.80. Higher
compactions will be required to increase the relative density for the binary pellets
containing 50% zeolite beyond 0.80. However, this was beyond the capacity of the
equipment and not possible to achieve in this study.

The variation of compressive strength with the compacted relative density during the
compaction of the binary palm kernel shell and zeolite pellet is shown in Figure 5.3.
The changes in compressive strength with relative densities for the binary pellets
containing 5%, 10% and 15% zeolite were greater compared with that of the binary
pellets containing 25% and 50% zeolite. The 50% zeolite-50% PKS formulation
which had the lowest relative density corresponded to the weakest pellet strength.

89

Chapter 5: Strength and Gasification of Binary Pa lm Kernel Shell Pellets

Figure 5.2 Compressive strength against compaction pressure for binary zeolite and palm
kernel shell powder mixture

Figure 5.3 Compressive strength against relative density during compaction of the binary
palm kernel shell and zeolite pellets

Porosity and strength (natural logarithm) data were used to determine the strength of
binary pellets at zero porosity. The values of the maximum strength of binary pellets
at zero porosity (ζ0,m) and bonding capacity (km) are summarised in Table 5.2. Table
5.3 reports the properties of individual powder components. The bonding capacity
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and maximum strength of pure palm kernel shell at zero porosity was obtained from
the results in Chapter 4. The maximum compressive strengths obtained for the binary
pellets at zero porosity were lower than that obtained from pellets made from the
single component powders containing only palm kernel shell.

Binary mixtures

km (-)

σ0,m (MPa)

5% Zeolite-95% PKS

1.91

6.89

10% Zeolite-90% PKS

1.55

4.69

15% Zeolite-85% PKS

1.52

3.97

25% Zeolite-75% PKS

1.35

2.15

50% Zeolite-50% PKS

0.51

1.32

Table 5.2 Strength and bonding capacity of binary pellets from porosity-strength
measurements of binary mixtures during compaction

Individual components

k (-)

σ0 (MPa)

Palm kernel shell

9.14

9.03

Zeolite

2.57

7.94

Table 5.3 Properties of individual components derived from porosity-strength measurements
during compaction

From a total of 21 replicates for each binary mixture, the average elastic rebound
was calculated. Figure 5.4 shows the average elastic rebound for each binary
mixture. It was noted that there was significant elastic rebound in the binary pellets.
The average elastic rebound of the pellets with 5%, 10%, 15%, 25% and 50% zeolite
incorporated were (25±1)%, (34±2)%, (35±3)%, (37±2)%, (38±3)% respectively.
Pellets with 50% zeolite formulation exhibited the largest elastic rebound. The
elastic rebound of binary pellets were generally larger compared to that of pure palm
kernel shell pellets (i.e. (24±3)%).
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Figure 5.4 Average elastic rebound of binary mixtures

5.4 Predicting the Strength of Binary Palm Kernel Shell and
Zeolite Pellets
Equations (2.12) and (2.16) were incorporated into equation (2.11) and the following
equation was obtained to predict the strength of binary pellets:
ln  m   (k1V1  k2V2 )  ln  0,1V1   0, 2V2 

(5.1)

Figure 5.5 compares the strength of binary pellets obtained experimentally with the
predicted outcomes using the model proposed by Michrafy et al. (2007) and Wu et
al. (2006) from equation (5.1). The predicted strength was relatively close to the
experimentally obtained strength for the binary pellet containing 5% zeolite.
However, the predicted binary pellet strengths were generally over-estimations
compared to the experimental pellet strengths for the other binary pellets. This could
be due to the fact that the pellets experienced elastic rebound after ejection from the
die which resulted in higher porosities and lower strengths. The interfacial
interaction between zeolite and palm kernel shell particles may be low and this could
have resulted in weak bonds within the pellet matrix (Veen et al., 2004). Such
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phenomenon was not taken into account by the Michrafy et al. (2007) and Wu et al.
(2006) model.

The model from equation (5.1) considered only porosities of binary pellets during
compaction and this may have led to over-estimations of the binary pellet strengths.
Pharmaceutical binary tablets may have elastic rebound that is relatively less
significant as compared to biomass binary pellets. As such, the final porosity of
pharmaceutical tablets may not vary too far from the porosity during compaction.
Hence the model by Michrafy et al. (2007) and Wu et al. (2006) may be suitable for
predicting the strength of some pharmaceutical tablets but not biomass pellets.
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Figure 5.5 Compressive strength of binary mixtures as a function of porosity. The lines
represent the predictive outcomes of the linear mixing rule and Ryshkewitch-Duckworth
model from equation (5.1) on the strength of the binary mixtures.

Elastic rebound results in a change in relative density and hence affects the porosity
of the pellet (Maarschalk et al., 1996b). Figure 5.6 shows the relationship between
the final porosity (εf) and porosity during compaction (ε) of the pellets produced
from different binary mixtures. A linear relationship between final porosity and
porosity during compaction can be determined from the best fitting as follows:
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 f    

(5.2)

where γ and φ are fitted values from the final porosity and porosity during
compaction relationship. Table 5.4 shows the fitted values for each binary mixture.

Figure 5.6 Relationship between final porosity and porosity during compaction from
experiment

γ

φ

0% Zeolite-100% PKS

0.91

0.18

5% Zeolite-95% PKS

0.98

0.22

10% Zeolite-90% PKS

0.93

0.27

15% Zeolite-85% PKS

0.91

0.28

25% Zeolite-75% PKS

1.03

0.28

50% Zeolite-50% PKS

0.98

0.25

Binary mixtures

Table 5.4 Fitted values from the final porosity and porosity during compaction relationship

The change in porosity is defined as the difference between the final porosity (f) and
the porosity during compaction (). The average change in porosity with respect to
porosity during compaction,  , for each binary mixture can be calculated as
follows:
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 f 

n

(5.3)

where n is the total number of points taken for calculation. The final porosity (εf )
was determined by equation (5.2) for each binary mixture with the fitted values from
Table 5.4.

Figure 5.7 shows the average change in porosity with respect to porosity during
compaction (  ) and the volume fraction of zeolite (VZ) in the binary mixture when
the zeolite composition is varied between 0% to 50%. The relationship between
average change in porosity with respect to porosity during compaction and volume
fraction of zeolite in a binary mixture could be fitted with an experimental equation
which resulted in:

  5.42 exp( 34.7Vz )

(5.4)

As elastic rebound increases with increasing volume fraction of zeolite in the binary
mixture, the difference between the final porosity and porosity during compaction
also increases. The change in porosity (with respect to porosity during compaction or
the initial compaction) was observed to decrease with increasing volume fraction of
zeolite. This is because the porosity during compaction for binary mixtures with low
volume fraction of zeolite was relatively lower compared to that with higher volume
fraction hence the average change in porosity with respect to the porosity during
compaction turns out to decrease with increasing volume fraction of zeolite in the
binary mixture.
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Figure 5.7 Relationship between average change in porosity from experiment and volume
fraction of zeolite in a binary mixture. The line represents the fit to equation (5.4). The mass
fraction (ξ) of zeolite that corresponds to each volume fraction of zeolite is represented on
the graph.

The relationship between average reduction in strength and average change in
porosity with respect to porosity during compaction for each binary mixture is
shown in Figure 5.8. The average reduction in strength (  m ) between the predicted
and experimental strengths for each binary mixture was determined by the following
equation:

 m  



 m,exp   m
m

(5.5)

n

where ζm,exp is the experimental strength, ζm is the predicted strength from equation
(5.1) and n is the total number of points taken for calculation.
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Figure 5.8 Relationship of average reduction in strength between predicted and experimental
results with average change in porosity. The line represents the fit to equation (5.6). The
mass fraction (ξ) of zeolite that corresponds to each volume fraction of zeolite is represented
on the graph.

It was observed that the average strength reduction between the predicted and
experimental results is larger when the average change in porosity of the binary
mixture is low which corresponds to higher volume fraction of zeolite. Hence to
enable a better prediction of the strength of binary pellets, the change in porosity of
the binary mixture must be taken into consideration. The relationship between the
average reduction in strength (  m ) and the average change in porosity with respect
to porosity during compaction (  ) was found as follows, assuming a linear
relationship:

 m  0.13  0.91

(5.6)

Incorporating equation (5.6) into the predicted strength of the binary mixtures of
equation (5.1), the following could be obtained, which relates the strength of the
binary mixture to the elastic rebound or porosity of the pellets:





ln  m  1   m    (k PKSVPKS  k ZVZ )  ln  0, PKSVPKS   0, ZVZ 

(5.7)
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The predicted strength of the binary mixtures of equation (5.1) was assumed a factor
1. Hence the reduction in strength has to be subtracted from 1 to obtain the factor to
be multiplied to equation (5.1) for the prediction of the strength of the binary
mixtures in equation (5.7). Incorporating equations (5.4) and (5.6) into equation
(5.7), the modified model to predict the strength of binary mixture from the
properties of the individual constituent components is as follows:





ln  m  0.70exp 34.7Vz   0.09   (kPKSVPKS  kZVZ )  ln 0, PKSVPKS   0, ZVZ 

(5.8)

The variations of strength with porosity for each binary mixture with the modified
model are shown in Figure 5.9. The symbols represent the experimental data; the
solid lines are the predictions using equation (5.1) and the dashed lines are the
predictions using equation (5.8). The experimental data appear to be closer to the
fitted model given by equation (5.8) compared to the fitted model by equation (5.1)
for the range of porosities studied. Extrapolating the fitted model given by equation
(5.8) in the strength and porosity graph allows the determination of the strength of
the binary mixture at zero porosity. Table 5.5 shows the predicted maximum strength
of the binary mixtures at zero porosity. The predicted maximum strengths from
equation (5.8) are rather close to those obtained from porosity-strength measurement
as shown in Table 5.2.

99

Chapter 5: Strength and Gasification of Binary Pa lm Kernel Shell Pellets

Figure 5.9 The variation of strength with porosity for various binary mixtures. The solid
lines represent the predictive outcomes of the linear mixing rule and RyshkewitchDuckworth model from equation (5.1) on the strength of the binary mixtures. The dashed
lines represent the modified model from equation (5.8).
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Binary mixtures

σ0,m [from equation (5.8)] (MPa)

5% Zeolite-95% PKS

6.12

10% Zeolite-90% PKS

5.43

15% Zeolite-85% PKS

4.76

25% Zeolite-75% PKS

3.34

50% Zeolite-50% PKS

1.97

Table 5.5 Maximum strength of binary mixtures at zero porosity from the fitted model by
equation (5.8)

As the volume fraction of zeolite increases in the binary mixture, the strength of the
binary pellet decreases. Porosity influences the strength of a compact and high
porosities negatively impacts on the strength (Adolfsson and Nystrom, 1996). It was
shown in Chapter 4 that high porosities led to lower palm kernel shell pellet
strengths and the same observation may also be made for binary palm kernel shell
and zeolite pellets and consistent with other binary pharmaceutical compacts
(Michrafy et al., 2007; Tye et al., 2005; Wu et al., 2006).

The higher porosity in the binary palm kernel shell and zeolite pellet was a result of
the larger elastic rebound. Elastic rebound results in the breakage of bonds that are
already formed during compaction (Anuar and Briscoe, 2009). The micrographs in
Figure 5.1 show that the white zeolite particles agglomerate and this resulted in
lumps of zeolite within the binary powder mixture. More agglomeration of zeolite
particles were noticed in the binary powder with 50% zeolite (Figure 5.1c) than that
with 25% zeolite (Figure 5.1b). Such agglomeration behaviour may affect porosity,
relative density and cohesion which can lead to changes in the properties of a
material (Lee et al., 2009). Agglomeration depends on the size of the individual
particles and fine particles are more cohesive than coarse particles (Hartley et al.,
1985). HZSM-5 zeolite particles have relatively smaller particle sizes ranging
between 0.1 to 1.1 µm and more regular shapes (Martinez and Lopez, 2005; Ren et
al., 2010) in contrast with the larger size (150-300 µm) and irregular shapes of palm
kernel shell particles hence zeolite particles may have a higher tendency to
agglomerate and form bulks within the binary powder mixture.
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The interfacial interaction between zeolite and palm kernel shell particles may be
low and this resulted in weak bonding within the binary pellet structure as the
volume fraction of zeolite increases. This is consistent with some binary compacts
studied by other researchers (Hadzovic et al., 2011; Veen et al., 2004). The elastic
rebound which occurred after the compaction pressure was removed further led to
the breakage of bonds which were already formed during compaction. Hence the
porosity increased and the strength of the binary pellet weakened. Unlike
pharmaceutical binders such as microcrystalline cellulose (MCC) and silicified
microcrystalline cellulose (SMCC) which undergo fragmentation into fine binder
particles to fill the voids between the compound particles that lower tablet porosity
(Adolfsson et al., 1997; Nystrom et al., 1993), the higher porosity from the results
suggested that zeolite particles do not behave like binders.

Binary pellets made from the formulations with 5%, 10% and 15% zeolite can
withstand handling loads up to 212 N, 183 N and 127 N respectively (i.e.
corresponding to 7.5 MPa, 6.5 MPa and 4.5 MPa respectively) while binary pellets
containing 25% and 50% zeolite can only withstand handling loads up to 70 N and
28 N respectively (i.e. corresponding to 2.5 MPa and 1.0 MPa respectively). It is
thus recommended that if zeolite catalyst was to be incorporated into palm kernel
shell pellets to produce feedstock for gasification, the composition of the zeolite
should be limited to between 5 to 15%.

5.5 Gasification of Binary Palm Kernel Shell and Zeolite Pellets
Studies on the effect of zeolite amount on tar reduction for gas cleanup had been
done previously on the gasification of raw, ungrounded palm kernel shells (Chin,
2011). The zeolite was added in situ with the raw palm kernel shells in the gasifier
and it was found that the tar was reduced from a weight fraction of 1 to 0.05 as
zeolite percentage was increased from 0% to 10% (Chin, 2011). In this part of the
project, the feasibility of gasifying pelletised palm kernel shell with zeolite and its
effectiveness in tar reduction for gas cleanup was studied.
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5.5.1 Effect of Zeolite Composition on Gas Cleaning
Figure 5.10 compares the amount of tar by mass ratio in the gaseous products
obtained from the gasification of pelletised binary palm kernel shell and zeolite
mixture and that from palm kernel shells and zeolite added in-situ. The results for the
gasification of raw, ungrounded palm kernel shells and zeolite were adapted from
Chin (2011). As the zeolite percentage was increased from 0% to 15% in the binary
pellets, tar was reduced from a mass ratio of 1 to 0.27.

Figure 5.10 Amount of tar by mass ratio in the gaseous products as a function of percentage
of catalyst for gasification of binary palm kernel shell and zeolite pellets and raw palm
kernel shells with zeolite added in-situ

HZSM-5 zeolite was found to be effective in removing some chemical components
in tar. The chemical components and their concentration in the tar analysed by gas
chromatography are presented in Figure 5.11 (adapted from Chin, 2011). Chemical
components such as carbolic acid, o-methoxy phenol, 2-methoxy p-cresol and
diethyl phthalate were found in tar when no HZSM-5 zeolite was added to the palm
shell feedstock. When 5% or 10% zeolite was added to the feedstock, carbolic acid
in the tar was reduced significantly and the concentration of most of the other
chemical components dropped to near-zero (Chin, 2011).
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Figure 5.11 Chemical components and their concentration in tar (adapted from Chin, 2011)

In comparison with the previous work by Chin (2011), it seems that an increase of
zeolite to 10% in the pelletised palm kernel shells only caused a 56% reduction in tar
whereas the same amount of zeolite resulted in 95% of tar reduction for the
gasification of raw, ungrounded palm kernel shells. This could be due to zeolite
being trapped within the binary palm kernel shell and zeolite pellet hence not all of
the zeolite catalyst were available to crack tar. To further decrease the amount of tar
in the gaseous products, the composition of zeolite in the pelletised feedstock has to
be increased. However, this will compromise the strength of the binary pellet as
shown in the earlier sections of Chapter 5. Increasing the composition of zeolite in
the binary pellet to 25% or 50% will decrease the strength of the binary pellet and
result in difficulties in handling.

From the gasification results, it is shown that pelletised HZSM-5 zeolite with palm
kernel shell was not as effective in reducing tar as compared with zeolite added insitu with the palm kernel shell feedstock for gasification. Although adding zeolite insitu with the palm kernel shell feedstock was effective in tar reduction, the zeolite
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was not recoverable after gasification and this may induce high costs in gas cleaning
due to the one-time usage of zeolite. It is suggested that a secondary catalytic tar
cracking unit containing HZSM-5 zeolite be installed with the fixed bed updraft
gasifier such that the gaseous products can be channeled to this cracking unit for tar
removal. In this way, the catalyst can be used for a longer time and it will also be
more cost effective. Pelletised 100% palm kernel shell feedstock can be used in place
of raw palm kernel shells as the gasification of pelletised feedstock was shown to be
more efficient.

5.6 Conclusion
This study shows that the constituents of the pellets are pertinent parameters that
could affect the strength of the pellets formed from binary mixtures. For the range of
zeolite composition (5% to 50%) studied, the porosity of the binary palm kernel shell
and zeolite pellet increased with zeolite composition and the strength decreased
correspondingly. Porosity is the primary factor that influences the strength of a
binary pellet. Binary palm kernel shell and zeolite pellets with higher porosities were
found to have lower strengths and binary pellet containing 50% zeolite had the
weakest strength. As the composition of zeolite in the binary pellet increased, the
elastic rebound of the pellet also increased. More agglomeration of zeolite particles
were noticed in the binary mixture and this could have reduced the contact points
between palm kernel shell particles and led to weak bonding. The elastic rebound
which occurred after the compaction pressure was removed further led to the
breakage of bonds which were already formed during compaction. Hence the
porosity increased and the strength of the binary pellet weakened.

An empirical model was developed on the basis of the Ryshkewitch-Duckworth
model to predict the strength of the binary mixture pellet, based on the properties of
the zeolite and palm kernel shell. The validity of the model has been demonstrated to
give a good fit with the experimental data. It has been shown that the properties of
the individual components in the binary mixture, namely zeolite and palm kernel
shell can be used to predict the strength of the binary pellets. It should be noted that
the predictions from the model depend on the constituents of the pellet and these
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results may only be valid for the studied powders and the range of zeolite
composition. The results were used to help in the selection of the appropriate
constituents and its amount for mixing to produce binary palm kernel shell and
zeolite pellets of good strength for gasification.

Binary pellets with zeolite composition 5%, 10% and 15% were selected for
gasification due to their higher strengths for handling compared with binary pellets
of 25% and 50% zeolite composition. The gasification of palm kernel shell with
zeolite being incorporated as a catalyst in the pelletised form was proven to be
feasible but not as effective in reducing tar from the gaseous products as zeolite
added in-situ with raw palm kernel shells. For the same amount of catalyst used, the
amount of tar reduced when the pelletised form was gasified was less than that when
the raw, ungrounded form was gasified in situ with zeolite. This could probably be
due to zeolite being trapped within the binary pellet and hence not all the zeolite is
available to crack the tar.

Increasing the composition of zeolite in the binary pellet may improve the tar
cracking but this will compromise the strength of the binary pellet, leading to lower
pellet strength and making handling of the feedstock difficult. Although the adding
of zeolite in-situ with the feedstock was more effective in reducing tar, the zeolite
was not recoverable once it was gasified and this may lead to higher costs. It is
suggested that a secondary catalytic cracking unit containing HZSM-5 zeolite be
installed with the gasifier such that the gaseous products can be channeled to the unit
for tar removal. The recommended feedstock form for gasification is 100% pelletised
palm kernel shell as it leads to more efficient gasification as shown in Chapter 4.
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6 Conclusion
6.1 Conclusion
The influence of processing parameters during compaction and post-production
conditions that could impact the mechanical strength of palm kernel shell pellets was
investigated. It has been established that oil palm kernel shell powders without
binders can be pelletised to relatively low porosities. The optimum compaction
pressure was found to be 188 MPa which produced the strongest pellets from 75-150
μm and 150-300 μm particle sizes with a maximum compressive strength of 8.8
MPa. However, the radial tensile strengths of the pellets were found to be much
weaker than the compressive strengths when compacted at the same compaction
pressure. The properties, namely bonding capacities and maximum strengths of the
pellets produced from 75-150 μm, 150-300 μm and 300-425 μm were determined
from the Ryshkewitch-Duckworth model. Low speeds and increased hold time could
enhance the strength of the pellet, however these would reduce the production rate of
the pellets. Exposure of the pellets to higher humidity levels caused the pellets to
become longer, more porous and weaker and the decrease in strength of the pellet
was most significant after one day of storage. Porosity was found to be a primary
factor influencing the strength of a pellet and an empirical model based on the
Ryshkewitch-Duckworth model was developed to predict the strength of the pellets,
given the hold time and storage time information. It is recommended that dry storage
conditions are necessary to minimise the deterioration of palm kernel shell pellet
quality over time and thermal treatment of pellets may be considered to further
enhance the strength of the pellet.

Pellets produced from the optimum compaction pressure and stored under low
humidity condition for good mechanical strength were gasified and it was found that
its rate of conversion of biomass to gaseous products were highest, compared to the
gasification of palm kernel shell in raw, ungrounded and powder forms. Hence palm
kernel shell biomass in pelletised form is recommended as the feedstock to enhance
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the efficiency of gasification. Tar was found as a contaminant in the gaseous product
during gasification. As such, gas-cleaning processes are necessary.

To reduce the tar contaminant in the gaseous products during gasification, the
catalyst HZSM-5 zeolite was used and incorporated into the palm kernel shell pellet.
Studies on compaction and strength tests of binary palm kernel shell and zeolite
pellets were conducted to understand their mechanical properties prior to
gasification. The mechanical strength of binary palm kernel shell and HZSM-5
zeolite pellets was affected by the constituents of the pellet. The porosity of the
binary palm kernel shell and zeolite pellet increased with the composition of zeolite
and the strength decreased correspondingly. An empirical model was developed on
the basis of the Ryshkewitch-Duckworth model to predict the strength of the binary
mixture pellet, based on the properties of the zeolite and palm kernel shell. The
validity of the model has been demonstrated to give a good fit with the experimental
data. It has been shown that the properties of the individual components in the binary
mixture, namely zeolite and palm kernel shells can be used to predict the strength of
the binary pellets. These results were used to select the appropriate constituents and
its amount for mixing to produce binary palm kernel shell and zeolite pellets of good
strength for gasification.

The gasification of binary palm kernel shell and HZSM-5 zeolite pellets was proven
to be feasible but not as effective in reducing tar from the gaseous products as zeolite
added in-situ with raw palm kernel shells. For the same amount of catalyst used, the
amount of tar reduced when the pelletised form was gasified was less than that when
the raw, ungrounded form was gasified in situ with zeolite which could probably be
due to zeolite being trapped within the binary pellet and hence not all the zeolite is
available to crack the tar. It is suggested that a secondary catalytic cracking unit
containing HZSM-5 zeolite be installed with the gasifier for the gasification of
pelletised 100% palm kernel shells, such that the gaseous products can be channeled
to the unit for tar removal and efficient gasification can also be achieved.

The results from this research are expected to be useful in the selection of the
appropriate conditions necessary for the production of strong palm kernel shell
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pellets that can withstand handling and transportation. Such findings could serve as
new knowledge for further developments of palm kernel shell feedstock in pelletised
form that enhance the efficiency of gasification.

6.2 Future Work
The strength of the pellets with the largest particle size range of 300-425 µm was
found to be the weakest and the strength of binary pellets containing different
amount of zeolite was also found to be lower than that of pellets made from 100%
palm kernel shell. As such, it will be worthwhile to investigate methods to strengthen
these pellets.

Results from section 4.4 and section 4.5 show that compaction speed and hold time
are factors that affect the strength of pellets made from 100% palm kernel shell.
However, studies on the effects of compaction speed and hold time on binary palm
kernel shell pellets were not carried out in this work. It was also observed that there
were limitations of the equipment as it was not possible to increase the compaction
pressures further for binary pellets containing 50% zeolite to improve the strength of
the binary pellets. Future experiments can be conducted by increasing the hold time
instead of the compaction pressure to overcome this limitation and to investigate the
effects of compaction speed and hold time on binary pellets. The results may be used
to determine the optimum compaction speed and hold time that can strengthen the
binary pellets.

It is also worthwhile to investigate if thermal treatment such as heat or steam
treatment would give rise to palm kernel shell pellets with better strength properties.
The palm kernel shell powder may be subjected to steam or heat treatment before
compaction or the pellets may be subjected to steam or heat post-treatment to study
the impact of thermal treatments on the strength of the pellets. An investigation into
the mechanisms and rate of water uptake by the pellets can also be looked into.

100% palm kernel shell pellets and binary pellets were compacted in the absence of
binders in this work. Biomass pellets are typically made by combining a binder with
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the biomass (see e.g. patents by Aunsholt 1986; Gunnerman 1977; Murcia 2007,
Johnston and Houseman 1985) for better strength. In future studies, a suitable binder,
possibly palm fat which is low in cost, may also be combined with palm kernel
shells to enhance the strength of the pellets without increasing the contamination of
the syngas during gasification. Binary pellets may also require strengthening by the
addition of a suitable binder.

As gaseous products from gasification that are rich in hydrogen are vital to energy
generation, future studies on the gasification of palm kernel shell pellets may
investigate on using steam as a gasification agent to obtain syngas; and whether this
could lead to higher yield of hydrogen. Other cheaper catalysts such as dolomite can
also be considered for incorporation with palm kernel shell pellets to remove
contaminants in the gaseous products before syngas applications.
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