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ABSTRACT
Low cost fillers such as mineral limestone (LS) are added to polymers in an effort to improve their
properties. Waste eggshells (ES), a by-product of the egg breaking plant industry, contain high
content of calcium carbonate (CaCO3) but are generally discarded to landfills at a cost to the
company. The use of waste ES as an alternative to mineral LS filler added to bio-epoxy resin was
investigated in this study.

Untreated and stearic acid (SA) treated ES and LS fillers (5, 10 and 20 wt. %) were used in
fabricating bio-epoxy composite materials via a solution mixing method. Chemical analysis of the
filler materials, microstructural examination, physical and mechanical properties of the fabricated
composites were evaluated.

The particle density of ES was found to be smaller than that of LS particles. The average particle
size was 21.2 ± 2.0 µm, 11.5 ± 1.0 µm, 25.1 ± 2.2 µm and 12.8 ± 2.2 µm for ES, SA treated ES,
LS and SA treated LS, respectively. SEM images showed untreated ES and LS particles varied in
shape possibly due to grinding during processing. Both untreated and SA treated fillers had
rhombohedral-like morphology. Pores were observed in ES due to its characteristic structure
compared to the LS particles, which had no visible pores. Fractured surfaces of the composites
showed flat and cleavage features for unfilled bio-epoxy composites compared to filled composites
which showed jagged surfaces. The density of the composites increased with increase in filler
loading for all filler types. Similarly, the void content and water absorption increased with increase
in filler loading with 20 wt. % ES composites having the highest values. XRD analysis indicated
the presence of calcite, while ICP-MS showed 88 wt. % ± 0.7 CaCO3 in ES, slightly less than the
mineral LS as a result of the residual organic membranes still attached. The tensile strength,
flexural strength and Charpy impact toughness of the composites reduced with increase in filler
loading. However, the flexural modulus improved with increasing filler loading and was maximum
at a filler content of 20 wt. % for all filler types. The Charpy impact energy of unfilled bio-epoxy
at – 40 °C dropped appreciably to about 58 % of its room temperature value. Economic analysis
showed that ~ 18,117,000 kg of CaCO3 can be recovered from waste ES annually in Canada for
various applications and can serve as potential replacement of about 1.00 % of mined mineral LS.
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This research presents promising results for the use of ES as an alternative to LS in bio-epoxy
composites for selected applications such as laminating surfboards and skateboards.
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CHAPTER 1
INTRODUCTION
1.1

Overview

Composites are materials formed from a combination of two or more materials in which the
material formed is of better properties than the individual materials used alone [1]. They are
produced by reinforcing a matrix material either polymeric, metallic or ceramic with particles,
fibers or whiskers [1,2]. They are widely used in aerospace, automobile and other industrial
applications [3].

In recent years, there has been an increased use of polymer reinforced composites in structural
applications due to their light weight, high specific stiffness and high strength. This presents
polymer composites as alternatives to metals in several structural applications. The polymer
market is dominated by commodity plastics, in which 80 % of the raw materials used in their
production is based on non-renewable petroleum resources [4]. In contrast, bio-based resins are
synthesized from renewable sources such as modified plant oils, sugars, polyphenols, and terpenes
[5], with some resins having about 31-55 % bio-content [6–9]. Consequently, this has led to biobased polymers serving as alternatives to synthetic polymers. A common bio-based thermoplastic
polymer studied is bio-polyethylene [10], while a bio-based thermosetting polymer is bio-epoxy
[7,8,11]. Generally, epoxy is more widely used than other thermosets in various applications due
to its characteristic simple processing techniques, better performance at elevated temperature, and
superior strength. For example, despite epoxy being more expensive than other polymer matrices,
more than two-thirds of the polymers used in aerospace applications are epoxy based [12].

As a result of increased use of polymers, low cost fillers can be added to reduce cost and improve
their properties. Limestone (LS) derived from sedimentary rock is the most widely used inorganic
filler for polymers due to their low cost, abundance, high calcium carbonate (CaCO3) content, and
chemical stability up to 800 ℃. Waste chicken eggshells (ES) consist of several layers namely
cuticle (outer layer), testa (calcium carbonate layer) and mammillary layer (inner layer) [13]. The
major component of ES is CaCO3. Chemical analysis of ES showed it contains 94-96 wt. %
CaCO3, 3-4 wt. % organic matter and minor traces of magnesium and phosphorus [10,14,15].
1

Other wastes such as seashells (e.g. marine mollusks, mussels, shellfish, oysters, scallops, and
cockles) were reported to contain high CaCO3 content in the range of 92-99 wt. % [11,19–26].
Large quantities of ES waste from egg breaking plants are dumped in landfills. It is worthwhile to
acknowledge the biodegradability of ES and its decomposing effect, but their disposal emits toxic
and harmful gases such as ammonia (NH3) and hydrogen sulfide (H2S) which can be harmful to
the environment and cause diseases to human [16,17]. Large costs are equally associated with their
disposal. Companies in the United States of America spend approximately US $100,000 annually
to dispose ES at landfills [18]. Diverting this waste to novel applications would reduce the large
disposal cost, the negative effect of their disposal on the environment, and partially reduce quarry
and underground exploration of sedimentary rocks. Several studies have been conducted on the
use of waste materials with high CaCO3 contents as fillers for polymer composites to improve their
properties. Fombuena et al. [11] reported a 47 % increase in flexural modulus with 30 wt. %
loading while the Charpy impact toughness decreased by 84 % with 5 wt. % loading in
GreenPoxy/ground seashell composites. Similarly, Tiimob et al. [8] reported approximately an 8
% increase in flexural strength and 11 % increase in flexural modulus when 5 wt. % filler (nano
ES) was added to a Super Sap bio-epoxy.

The use of a solution mixing method to produce sustainable bio-epoxy/CaCO3 composite materials
was investigated in this study. The aim of this work is to fabricate and evaluate the physical,
mechanical and thermal properties of bio-epoxy resins reinforced with varying amounts of ES and
LS fillers.

1.2

Objectives

The goal of this study is to produce and characterize bio-epoxy matrix composites filled with
calcium carbonate based fillers (ES and LS) for structural applications. To achieve this goal, the
following objectives were pursued:
1. Determine the effect of varying filler content (5, 10, and 20 wt. %) of untreated ES and
LS on the physical (density, water absorption), mechanical (tensile, flexure, Charpy) and
thermal properties (glass transition temperature) of bio-epoxy matrix composites.
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2. Determine the effect of stearic acid treatment of ES and LS fillers on the physical,
mechanical and thermal properties of the composites mentioned in objective 1.
3. Determine the amount of CaCO3 filler that can be recovered from waste ES in Canada.

The major research contribution of this study is the information provided on the effect of high
loading of untreated and SA treated ES fillers on the properties of bio-based epoxy resin.

1.3

Thesis organization

This thesis contains five chapters. Chapter 1 contains an overview of the study, objectives and
research contributions. A review of previous works on epoxy calcium carbonate based composites
is presented in Chapter 2. In Chapter 3, the experimental materials and procedures adopted in this
research are outlined. The research results obtained from tests conducted in Chapter 3 are presented
and discussed in Chapter 4. The conclusions from the analysis of test results and recommendations
for future work are presented in Chapter 5.

3

CHAPTER 2
LITERATURE REVIEW
A review of previous and related studies on various forms of CaCO3-based filler materials ((e.g.
eggshell (ES), limestone (LS), and seashell)) and their uses in thermoset epoxy polymer
composites are presented in this Chapter.

2.1

An overview of composite materials

The goal of combining different materials to form a composite material is to attain properties
superior to the properties of the individual materials that make up the composite. In general,
composite materials are utilized in several applications such as aerospace, automobile, and
construction due to their low weight and improved properties. The combination of different
materials to produce a composite is often responsible for their improved properties such as
strength, stiffness, and thermal stability. A composite material consists of two major components:
the matrix and the reinforcement [1]. Basically, matrix materials are classified into three
categories: polymer, metal, and ceramic. The matrix holds the reinforcement together, while
reinforcements carries the majority of the load. The reinforcing materials can be particles, fibers
or whiskers as shown in Figure 2.1.

Figure 2.1. A flow chart for the classification of polymer matrix composites (* indicates the
materials used in this study).
4

2.2

Particulate reinforcements

The most commonly used filler (particle) for reinforcing polymer is CaCO3 derived from LS. They
serve as reinforcements and fillers to polymer matrices by improving their properties.
Strengthening with this form of reinforcement is dependent on particle size and uniform
distribution across the matrix since this powdered substance ranges from nano- to macro-sized
[2,27,28]. Particles bear a fraction of the load being transferred by the matrix provided a good
bonding is formed between the particles and matrix [27]. Evenly distributed particles within the
matrix form a strong bond with the matrix as opposed to agglomerated particles [27]. Beside mined
LS, waste materials containing high CaCO3 contents are found in chicken eggshells and various
seashells. Finding new uses for these discarded materials have led to studies for their utilization as
fillers in polymer composites.

2.3

Mineral (limestone) calcium carbonate

LS is a sedimentary rock mainly composed of CaCO3. It exists in various forms such as marble
and chalk and are often extracted via quarry or underground mining. The density of natural
limestone ranges from 2.5-2.71 g/cm3 [29,30]. Its major application in engineering materials have
been for fillers in polymer composites [31], as well as raw materials for cement and mortars [29].

2.4

Bio calcium carbonate fillers (eggshells)

A chicken ES is the hard outer layer of an egg, which can be brown or white coloured [32]. By
weight, a chicken egg comprises of 60 % albumen (white colored substance), 30 % yolk (the
yellow colored substance) and 10-11 % shell (eggshell and membrane) [33]. The total weight of
an egg was reported to be between 60.0-60.2 g [34,35], while the empty shell weight ranges
between 6.6-7.3 g [33,34]. Small percentage of organic matter is contained in the shell which has
been reported to be about 3-4.5 wt. % [14,34–37]. The density of the ES with membrane was
reported by various studies to range from 2.50 to 2.62 g/cm3 [14,15,37,38]. The density of the
membrane was reported to be approximately 1.36 g/cm3 [37].

The chemical composition of ES consist mainly of CaCO3 in the form of calcite ranging from 94
to 98 wt. % with minor traces of other elements such as magnesium and phosphorus, and 3-4 wt.
% organic matter [14,15,37,38]. Some of the reported CaCO3 contents are summarized in Table
5

2.1. The composition of ES may vary according to the feed of the chicken consumed and
contamination from the inner membrane [10]. Studies reported that brown ES contain 96-97 wt.
% CaCO3 and 3-4 wt. % organic matter [15,39] while white ES were found to have 94 wt. %
CaCO3 content with 6 wt. % organic matter [35,40]. On the basis of reported findings, the CaCO3
content in both brown and white ES were considered equivalent [14].

Table 2.1. CaCO3 composition of eggshell.
CaCO3 content

Eggshell density

References

(wt. %)

(g/cm3)

94.00

2.53

[37]

96.41

2.59

[15]

97.30

2.62

[38]

97.80

2.50

[14]

2.4.1 Sources of eggshell waste
Households and restaurants are not viable sources of waste eggshells; they are obtained from the
egg breaking plant industry referred to as ‘breaker plants’ [13]. The first known egg breaking plant
was set up in 1928 in the United States of America (USA) before World War II [41]. In this
process, the liquid egg is mechanically separated from the shells, which leads to ES being obtained
in larger quantities. Eggs are classified into sizes and standards where below standard eggs (e.g.
deformed, too small) not suitable for the general market are sent to breaker plants while quality
medium, large and extra-large eggs are sent market. A modern breaker plant can process 188,000
eggs per hour [13]. The top ten egg producing countries are shown in Figure 2.2 and Table 2.2. It
is estimated that roughly 30 % of eggs produced in the developed countries are sent to breaker
plants for processing into liquids [42]. The possible total amounts of CaCO3 from eggshell waste
that could be recovered for uses in a variety of applications are summarized in Table 2.2. The
amount of CaCO3 recovered in kilograms (kg) are based on one empty eggshell weight of
approximately 6.6 g, which is approximately 10 % of the whole egg. For example, China’s annual
production of eggs in 2017 was 536,818,007,000. Of this amount 30 % amount to 161,045,402,000
eggs. Based on the empty shell weighing 6.6 g, about 1,062,899,654,000 g or 1,062,899,654 kg of
6

CaCO3 could be recovered. To put this into perspective, this can be ~ 35,429,988 bags of CaCO3
each weighing 30 kg can be recovered from ES waste annually for use in various applications.

Figure 2.2. Global pie chart of eggs produced annually (2017). The data for this plot were
extracted from [43].

2.4.2 Current uses of eggshell waste
Researchers have worked towards making ES waste suitable for various applications. For example,
ES have been suggested for use as effective adsorbents for the removal of organic and inorganic
hazardous chemicals from wastewater [37]. Waste ES have been used in the removal of divalent
metal ions such as lead, cadmium, and copper from aqueous solutions and as alternative to LS for
immobilization of heavy metals in soils [44–46]. Due to their high calcium and nitrogen contents,
they are often used as agricultural fertilizers [47,48] to correct the pH of acidic soils [49]. They
have also been used as animal feed for poultry by heating at approximately 80 °C to minimize
microbiological contamination and subsequently crushed and milled to obtain fine particles [47].
In addition, powdered ES have been used as pharmaceutical excipients, food additives, and
calcium supplements [48]. ES have also found uses as fillers in cement mortar [10] and polymer
composites [14] as they have been reported to be an alternative source of CaCO3.
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Table 2.2. Annual egg production by the top thirty-one countries.
Country

China
USA
India
Mexico
Brazil
Russia
Japan
Indonesia
Turkey
Pakistan
France
Ukraine
Malaysia
Spain
Colombia
Italy
Korea

Number of eggs
produced annually in
2017* [43]
536,818,007
106,688,700
88,137,000
55,418,430
43,352,883
44,351,037
43,352,883
33,940,000
19,281,196
17,083,000
15,916,667
15,350,700
14,293,061
13,503,425
13,316,667
13,220,000
13,000,000

30 % of eggs are sent to
breaker plants*

Amount of CaCO3
recuperated (kg)

161,045,402
32,006,610
26,441,100
16,625,529
15,283,022
13,305,311
13,005,865
10,182,000
57,84,359
5,124,900
4,775,000
4,605,210
4,287,918
4,051,028
3,995,000
3,966,000
3,900,000

1,062,899,654
211,243,626
174,511,260
109,728,491
100,867,948
87,815,053
85,838,708
67,201,200
38,176,768
33,824,340
31,515,001
30,394,386
28,300,261
26,736,782
26,367,001
26,175,600
25,740,000

3,896,130
3,865,500
3,626,068
3,612,000
3,510,000
3,390,000
3,300,000
3,270,600
3,208,055
3,191,130
3,135,951
3,014,700
3,000,000
2,745,000

25,714,458
25,512,300
23,932,048
23,839,200
23,166,000
22,374,000
21,780,000
21,585,960
21,173,164
21,061,458
20,697,277
19,897,020
19,800,000
18,117,000

Argentina
12,987,100
United Kingdom
12,885,000
Germany
12,086,893
Iran
12,040,000
Myanmar
11,700,000
Nigeria
11,300,000
Thailand
11,000,000
Netherlands
10,902,000
Poland
10,693,517
Vietnam
10,637,100
Bangladesh
10,453,170
Philippines
10,049,000
South Africa
10,000,000
Canada
9,150,000
(* values multiplied by 1000)
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If eggshells are heated above 750-800 °C, the CaCO3 is transformed into calcium oxide (CaO) for
the production of lime by chemical industries [49,50]. ES has been used as a substitute to mineral
CaCO3 for the treatment of white paper to improve opacity, strength, appearance, brightness and
texture [49,51]. Also, calcination of ES to obtain less expensive solid catalyst utilized in the
production of bio-diesels by the transesterification of vegetable oils with methanol [52].
Hydroxyapatite have been derived from ES, which offers a potential application as components
for bone implants, fillers in teeth, repair of hard tissues, bones augmentation and catalysts for bone
repair [53–55]. The organic membrane of eggshells is composed of glycoprotein (type I, V and X
collagen) [49] and has found uses in the production of cosmetics.

2.4.3 Porosity of eggshells
The ES is composed of three layers, namely: a thin film (10 µm) layer of cuticle (outer layer), testa
(calcium carbonate layer), and mammillary layer (inner layer) [13,37] as shown in Figure 2.3. The
outer layer consists of the thickest layer of the eggshell called the palisade layer (spongy layer)
[13]. The shell membrane is the layer between the albumen and inner shell surface and it has a
thickness of 100 µm [37,56]. The cuticle (dried mucus) protects the embryo from bacterial
infection and moisture loss, while the mammillary layer serves as a foundation to the testa which
provides calcium and aids in coloration to the growing egg [37,57]. Cuticle and mammillary layers
form a matrix composed of protein fibers that are bonded to the calcium carbonate (calcite) crystal
[37,58]. Testa layer is composed of 95 wt. % inorganic substance, mainly CaCO3, 3.3 wt. %
protein, and 1.6 wt. % moisture [59].

One chicken ES contains about 7,000 to 17,000 unevenly distributed circular pore openings
naturally present to allow exchange of oxygen and carbon dioxide (CO2) from the baby chicken
and transpiration of water throughout the shell [56,60]. These pores are covered by the cuticle [13].
Betancourt and Cree [61] compared SEM images of ES powders with LS powders and observed
a more porous structure for ES compared to LS. This study also investigated water absorption
behavior of ES powder fillers in a polymer matrix and observed that the porous structure of ES
led to the composite absorbing more water than LS composites [61]. The authors suggested the
increase in water absorption may be attributed to the porous surface of the ES.
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Figure 2.3. Structure of an eggshell.

2.5

Seashell

A seashell can be defined as the hard outer layer from the body of an animal that lives in the sea,
lakes and rivers such as marine mollusks, mussels, shellfish, oysters, scallops, cuttlebone, and
cockles. These aquatic animals are food proteins extensively consumed by humans and their shells
are widely disposed to landfills [23]. The chemical composition of seashells were found to consist
mainly of bio-CaCO3 in the range of 92-99 wt. % [11,19–26] with about 5 wt. % organic matter
[62]. Many studies on the use of seashell waste have reported the CaO contents rather than the
CaCO3 contents [24,63–69]. The removal of organic material from seashells may be more difficult
than removal from eggshells or perhaps, this is performed to remove organic materials to obtain a
purified form prior to using in an application. The densities of dried seashells (may contain dried
organic material) were reported to be 1.33 g/cm3 (mussel shell) [19] and 1.15-2.62 g/cm3 (oyster
shell) [21,25,67].

2.6

Mechanism of stearic acid surface treatment of CaCO3 fillers

The problem of agglomeration of fine filler particulate reinforcements such as CaCO3 powders
added to polymers has been identified in many studies [31,70–72]. Different approaches have been
used to reduce agglomeration of particles such as ultrasonication [73], treatment using fatty acids
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(e.g. stearic acid (SA)) [31], anionic dispersant (surfactant) [74,75] and the use of silane coupling
agents to promote the bonding between the matrix and fillers [76]. Despite CaCO3 being the most
widely used inorganic filler for polymers, its hydrophilic characteristics is a problematic issue
limiting their wide use in the industry [77]. Polymers are hydrophobic while CaCO3 fillers are
hydrophilic. In addition, due to high surface energy, van der Waals and electrostatic forces are
induced between CaCO3 particles, which tend to agglomerate in powder form [78]. The
agglomeration of particle fillers in polymer composites cause micro-cracks which lead to brittle
fractures [38,71]. Hence, good dispersion of fillers minimizes or may prevent agglomeration to
attain improved mechanical properties. In an effort to enhance dispersion of fillers and improve
bonding at the interface between matrix and filler, SA has been used to modify the CaCO3 powder
surface before dispersion in the matrix. This treatment process has been suggested to minimize
agglomeration of CaCO3 particles, thus leading to improved properties [72,79,80].

Stearic acid is a universal and inexpensive fatty acid often used to improve hydrophobic properties
of CaCO3 [81,82]. It is made up of two parts, namely: a hydrophobic tail and a hydrophilic head
[31]. There are two major treating techniques used to coat CaCO3 powders with SA, which are the
dry and wet treatment methods. The dry treatment process involves the addition of SA to CaCO3
with the use of high shear mixing at a higher or same melting temperature of SA [83]. The wet
method involves adding a concentrated aqueous (ethanol) suspension of dissolved SA to a hot
aqueous slurry (water or ethanol) of CaCO3 [31,79]. These chemical treatments create a
hydrophobic layer on the surface of the CaCO3 particles from the chemical reaction of the SA and
calcium cation [31,84,85], thus making CaCO3 powder hydrophobic as shown in Figure 2.4. A
novel treatment process, referred to as the complex treatment method, was introduced by Cao et
al. [31]. This method is similar to the wet treatment method but permits higher percentages of SA
and calcium cation reactions to take place. The authors compared the effects of the three methods
(e.g. dry, wet, and complex) on the properties of CaCO3 added to high density polyethylene
(HDPE) and reported better mechanical properties for wet and complex treatment methods.

The quantity of SA required to coat CaCO3 powders to attain desirable properties for polymer
composite was investigated by Mihajlović et al. [85]. They studied the effect of different weight
percentages of SA (0.5-4 wt. %) on the surface properties of calcite fillers. The authors reported
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an optimal amount required to cover the calcite surface with a monolayer of organic molecules
ranged between 1.5 and 2 wt. %.

Figure 2.4. Schematic representation of SA treatment of CaCO3 particles.

The effect of the surface modification was evaluated using the active ratio method which compared
the active ratio value with different wt. % of SA treatment. The higher the active ratio, the better
the effect of surface modification [86]. They reported an increase in the active ratio from 65.50 %
at 0.5 wt. % SA concentration to 99.90 % at 1.5-2 wt. %. The authors suggested any addition in
excess of 2 wt. % SA concentration may deteriorate the properties due to lower active ratios. In a
similar study, Shah et al. [70] optimized the condition for effectively modifying ES powder with
SA and the best concentration, treatment time and temperature for improved mechanical properties
was determined to be 2.5 wt. % SA, 50 min and 85 °C, respectively for synthetic epoxy composite.
Furthermore, Osman et al. [87] determined the effect of coating concentrations of SA (1- 3 wt. %)
onto CaCO3 fillers (1.8 µm) and adding them to low density polyethylene (LDPE). The composites
were made via compression molding. Composites containing 10-20 vol. % fillers treated with 1-2
wt. % SA had their Young’s modulus increased by 11-13 %. However, excess coating above 2 wt.
% resulted in a decrease in the Young modulus. The authors suggested the decrease may be due to
SA bilayer formation. The amount of SA for this type of composite was recommended to be 2 wt.
%.
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2.7

Thermosetting polymers

Thermosetting polymers consist of a resin and a compatible hardener (or curing agent) which are
cured via chemical reactions [1,88]. Common examples of thermoset polymers are epoxies,
polyesters, polyurethanes and phenolics. Curing occurs at room temperature and can further be
heated to increase the cross-linking density until it is fully cured [1]. Highly cross-linked resins
are relatively rigid and brittle [88]. Thermosets are amorphous polymers that do not present a
melting temperature but have a glass transition temperature (Tg). These polymers can be grouped
as synthetic (petroleum based) and bio-based depending on the type of raw materials/ingredients
used in their production. Generally, epoxy resins are used over other thermosetting polymers due
to their ability to produce high performance composites since they can be used in various
processing techniques, have excellent strength and good performance at elevated temperature [1].

2.7.1 Synthetic epoxy
Synthetic epoxy resins are synthesized from diglycidyl ether of bisphenol-A (DGEBA),
trifunctional epoxy resins, cycloaliphatic epoxies, or diglycidyl ethers of novolac resins [88,89].
They are primarily made from petrochemicals [90]. In formulating epoxy networks, DGEBA
represents approximately 90 % of the epoxy precursors in the world production [91]. More than
67 % of the molar mass of DGEBA is strongly dependent on fossil resources [92]. Epoxy resins
have been used in several applications such as aerospace, electronics (circuit board) in electronic
packaging, high performance adhesives (for aircrafts, boats) and decorative flooring (terrazzo)
[88]. Globally, 41 % of epoxy resins are produced for coating application, 31 % for adhesives and
the remaining 28 % are for other various applications [93].

2.7.2 Bio-based epoxy
Although synthetic epoxy cannot be easily recycled as thermoplastics, producing it using a lower
petroleum content is an alternative. Bio-based epoxy resins and their curing agents differ from
synthetic epoxies due to the bio-renewable raw materials used in their production. They are
obtained/synthesized from renewable natural plant sources such as linseed oil, lactic acid, corn,
soy-bean oil, pine and vegetable oils [94]. In an effort to promote environmental sustainability, a
percentage of the bio-based contents have been utilized in their production. Common bio-based
epoxy resins on the market are Super Sap (Entropy resins) [7,8], Climate change bio-epoxy resin
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(Change Climate Pty Ltd.) [95] and GreenPoxy® (Sicomin resins) [11]. Super Sap epoxy,
Climate change resin and GreenPoxy® resin contain 31-37 % bio-based content [6–8], 77 % biocontent [95], and 55 % plant sourced content [9], respectively. Subsequently, this has led to biobased thermoset polymers serving as alternatives to synthetic polymers. This effort is to reduce
global dependence on petroleum and further promote sustainable polymer materials [5].

2.8

Mechanical properties of calcium carbonate based/epoxy composites

Several studies have carried out on the mechanical properties of epoxy/CaCO3 based composites.
A review on the effect of CaCO3 fillers (mineral LS, ES, and seashells) on the mechanical
properties (tensile, flexure, and Charpy) of epoxy polymer-based composites is presented in this
section.

2.8.1 Epoxy/untreated limestone composites
Jain et al. [96] investigated the effect of nano-CaCO3 particles (44 nm) filler loading of 2, 4, 6, 8
and 10 wt. % on the mechanical properties of synthetic epoxy. The composites were fabricated via
a solution mixing method utilizing an ultrasonic sonicator (30 min) to disperse the filler materials
and cured by heating in air at 80 °C (1 h); 100 °C (1 h); 120 °C (1.5 h), and 180 °C (4 h). The
flexural strength increased by approximately 1 %, 33 %, 23 %, 17 % and 10 %, respectively. In a
similar way, the Charpy impact toughness increased by 21 %, 85 %, 68 %, and 29 %, respectively.
However, the Charpy impact toughness decreased by 39 % when 10 wt. % filler was added. The
results suggested inclusion of nano-CaCO3 particles decreased the Charpy impact toughness at
high filler loading (> 8 wt. %). The authors suggested the decrease in toughness may be due to
agglomeration of particles at high filler loadings. In another study, Mishra et al. [97] investigated
the effect of nano-CaCO3 (39 nm) fillers on the mechanical properties of synthetic epoxy resin.
The composites were made utilizing a magnetic stirrer to disperse the fillers at loadings of 2, 4, 6,
8 and 10 wt. %. The tensile strength, Young’s modulus and Charpy impact toughness increased
by 9-40 %, 33-197 %, and 137-158 %, respectively. Furthermore, the authors compared the effect
of the nano-sized particles with micro-sized particles. Both particle sizes exhibited similar trends
in tensile strength, Young’s modulus and Charpy impact tests. However, the nano-sized
composites showed better improvements in mechanical properties than micro-sized fillers. Li et
al. [98] determined the effect of nano-CaCO3 (40 nm) on the mechanical properties of synthetic
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epoxy resins containing 2, 4, 6, 8 and 10 wt. % filler loading. The composites were made using a
magnetic stirrer to disperse the fillers and cured at room temperature for 4 days. Filler loading of
6 wt. % presented a decrease by 2 % in tensile strength and an increase in Young’s modulus,
flexural strength, flexural modulus, Charpy impact toughness of approximately 6 %, 3 %, 31 %,
and 8 %, respectively. These results suggested that the inclusion of 6 wt. % nano-CaCO3 loadings
did not significantly decrease the tensile strength and did not substantially increase the flexural
strength. In a similar study, an improvement in the flexural strength and flexural modulus of
synthetic epoxy composites containing 0.5, 1.0, 1.5 and 2.0 wt. % CaCO3 fillers was reported by
Yang et al. [99]. The composites were produced via a solution mixing method. To aid with
dispersion, acetone was added to the epoxy/CaCO3 fillers and sonicated for 30 min. The
composites were cured at room temperature and post-cured at 110 °C (1 h), 140 °C (2 h), and at
170 °C (1 h). The composites had approximately 30-89 % and 19-38 % higher flexural strengths
and flexural modulus, respectively. In a related study, Shimpi et al. [100] determined the
mechanical properties of synthetic epoxy/nano-CaCO3 (10 nm) composites containing 2, 4, 6, 8,
and 10 wt. % filler contents manufactured via a solution mixing technique utilizing a magnetic
stirrer to disperse the fillers for 1 h and further sonicated for 5 min. The composites were initially
cured at 110 °C for 1 h (primary curing), 150 °C for 2 h (secondary curing) and 180 °C for 1 h
(post curing). They reported an increase in both tensile strength and Young’s modulus with an
increase in filler content. The tensile strengths increased by 100 %, 107 %, 133 %, 170 %, and 200
% at 2, 4, 6, 8, and 10 wt. % filler loading, respectively, while the Young modulus improved by
82 %, 86 %, 86 %, 93 %, and 107 %, respectively. The authors suggested the improvement in
tensile strength may be due to better interaction between the resin and the filler.

2.8.2 Epoxy/untreated eggshell composites
Ji et al. [101] improved the Charpy impact toughness of synthetic epoxy resins using ES fillers (19 µm) by 2, 5, 8 and 10 wt. %. The inner membranes were initially manually removed from the
fresh eggshells. Then the eggshells were washed, vacuum dried and ground into powder using a
planetary ball mill. The powders were then immersed in 4 wt. % NaOH and dried. The composites
were produced via a solution mixing method utilizing a mechanical stirrer and ultrasonic mixing
to disperse the fillers in a mixture of acetone and liquid epoxy. After heating to remove the solvent,
the mixture was poured into a steel mold coated with a release agent. The composites were cured
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at 90 °C for 2 h and at 150 °C for 5 h. The Charpy impact toughness increased by approximately
60 %, 72 %, 45 %, and 27 %, respectively compared to unfilled epoxy. In a related investigation,
Mohan and Kanny [38] studied the effect of nano-ES (50 nm) bio-filler in amounts of 1, 2, 3, 4,
and 5 wt. % on mechanical properties of a synthetic epoxy resin (LR-20). The ES were washed
with water and disinfected with sodium hypochlorite followed by vacuum drying. They were then
made into a coarse powder using a blender and 5 wt. % of sodium lauryl surfactant was added to
the ES powders in order to enhance the dispersion and adhesion with the epoxy. The ES were then
dry ball milled to the final powder size. The composites were made using a resin casting method,
in which the resin and fillers were mixed in an electric shear mixer and cast onto a glass mold
containing a wax release agent. The composites were cured at room temperature for 24 h. The
tensile strength, tensile modulus and impact energy improved by 9-95 %, 23-108 %, and 5-15 %,
respectively. The authors suggested the increase in tensile strength was due to the nano-sized
particles having better adhesion to the matrix material. Also, the increase in tensile modulus was
due to the inclusion of stiffer nanoparticles to the matrix.

Tiimob et al. [8] studied the effect of nano-ES particle (< 100 nm) filler loadings of 1, 2, 3, 4, 5
and 10 wt. % on the flexural properties of a bio-epoxy resin (Super Sap 100/1000). The ES were
initially boiled at 100 °C for 6 h, reduced in size using a laboratory blender, washed with water,
ethanol and dried. They were further ball milled, washed with ethanol and centrifuged. Ethanol
was again added to the eggshell particles, magnetically stirred and irradiated with ultrasound
followed by centrifuging and vacuum drying. The composites were fabricated via the solution
mixing method utilizing a magnetic stirrer to disperse the filler materials. The mixture was poured
into silicone molds, cured at room temperature for 2 h and post-cured at 48.8 °C for 2 h. The test
results showed an improvement in both flexural strength and flexural modulus for all composites
in comparison to unfilled bio-resin. The flexural strength and flexural modulus improved by 6-31
% and 11-37 %, respectively. The composites exhibited similar trend in both properties for a filler
loading of 4 wt. % as the optimum. The authors attributed the improvement to enhanced interaction
between the filler and matrix due to hydrogen bonding promoted by amine, carboxylic, and
hydroxyl functional groups in eggshells
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2.8.3 Epoxy/untreated seashell composites
Periasamy et al. [30] compared the effect of cuttlebone shells (15-25 μm) and commercial CaCO3
(<10 μm) fillers in loadings of 3, 6, 9, 12 and 15 wt. % in a synthetic epoxy resin (Rotex EP 306).
Cuttlebones were washed with water, scrubbed with a steel brush and dried, followed by crushing
and grinding using a pulverizer. One batch of cuttlebone powders were used as prepared (CB) and
another batch were heated to 400 °C for 3 h. The composite was made via a hand lay-up method
in which the fillers were added to the epoxy and stirred using a homogenizer. The mixture was
poured into a steel mold with an applied release agent and cured at room temperature for 24 h,
demolded and post-cured at 80 °C for 4 h. The tensile strengths for epoxy/CB composites increased
by 17 %, 38 %, 62 %, 44 % and 31 %, respectively compared to epoxy/heated CB and
epoxy/CaCO3 composites which increased by 25 %, 54 %, 72 %, 67 % and 46 % and 4 %, 8 %,
42 %, 13 % and 8 %, respectively. Similarly, the Young’s modulus of epoxy/CB and epoxy/heated
CB increased by 2 %, 7 %, 9 %, 18 % and 6 %, and 0.2 %, 7 %, 12 %, 27 % and 35 %, respectively.
However, epoxy/CaCO3 composites increased by 0.2 %, 6 %, 3 %, and 1 %, and decreased by 7
% at 15 wt. % loading. For all composites, 9 wt. % loading had the best tensile strength while 15
wt. % loading had the highest Young’s modulus. In a similar study, Fombuena et al. [11] produced
composites with mollusks shells with filler particle sizes of < 250 μm and added them to a bioepoxy (GreenPoxy 55) in amounts of 5, 10, 20, 30 and 40 wt. %. The mollusks were washed with
4 % NaOH, dried and ground using an ultra-centrifugal mill. The powders were treated with a
silane solution to improve the chemical interaction between the filler and the matrix. The
composites were made via a solution mixing method where the seashell particles were added to
the epoxy resin, homogenized and then poured into a mold and cured at 100 °C for 45 min. The
flexural modulus increased by 3 %, 25 %, 53 %, 56 % and 44 % with increase in filler loading. In
contrast, the Charpy impact toughness decreased with increase in filler loading by 86 %, 87 %, 90
%, 90 % and 92 %, respectively.

2.9

Effect of stearic acid treatment on the mechanical properties of calcium

carbonate/epoxy composites
Shah et al. [70] determined the effect of nano-eggshell (< 500 nm) on the tensile strength properties
of synthetic epoxy resin at 15 and 20 wt. % loadings. The inner membranes of the ES were removed
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manually, then the shells were boiled in water for 30 min and dried for 24 h at 80 °C. The
composites were produced via a solution mixing method utilizing a mechanical stirrer (30 min) at
300 rpm and a sonicator (30 min) to disperse the fillers in the resin. The liquid composites were
cured at room temperature for 24 h and post-cured at 90 °C for 2 h. A SA treatment was conducted
using the wet treatment method 2.5 wt. % SA concentration. The authors reported a decrease in
tensile strength with an increase in filler loading. For example, the tensile strength decreased by
approximately 9 % for both untreated and treated composite at 15 wt. % filler loading. Similarly,
at 20 wt. % filler loadings, the tensile strength decreased by 11 % and 16 % for untreated and
treated composite, respectively. From these results, 15 wt. % filler contents for untreated and
treated, presented no significant decrease but 20 wt. % SA treated filler composites presented
further reductions in tensile strength. It was further observed that irrespective of the treatment
conducted, there was no significant increase in tensile strength.

1.10

Effect of filler content on the density of epoxy composites

Periasamy et al. [30] determined the effect of seashell (cuttlebone) of particle size (5- 25 µm) and
mineral LS on the density of synthetic epoxy composites. The composites were made via a hand
lay-up method in filler amounts of 3, 6, 9, 12, and 15 wt. %. The addition of seashells and LS were
reported to have increased the density of epoxy resin up to a maximum of 15 wt. %. The authors
suggested the increase to be due to the inclusion of particles with higher density than the matrix
material. For example, at 15 wt. % seashells and LS contents, the experimental density increased
by approximately 6 % and 7 %, respectively. Furthermore, the theoretical density of the seashell
and LS composites were determined, which indicated an increase of 2-4 % and 3-5 %, respectively
over their corresponding experimental densities for all filler loadings. They suggested the increase
in theoretical density may have been due to the presence of voids in the as-prepared composites.

2.11

Effect of CaCO3 fillers on the glass transition temperature of epoxy composites

(thermal property)
Glass transition temperature (Tg) is the temperature below which plastics changes to glassy state
and above which they change to rubbery state [27]. The inclusion of CaCO3 fillers into epoxy
polymers has been reported to influence the glass transition temperature of the polymer. To
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determine thermal properties such as glass transition temperature, thermal analysis tests are
conducted on polymer composites using a differential scanning calorimeter (DSC).

2.11.1 Mineral limestone
Jain et al. [96] determined the effect of nano-CaCO3 (44 nm) (mineral LS) filler loadings on the
Tg of synthetic epoxy resin (DGEBA). About 5 mg of the composites in powder form were heated
from room temperature to 200 °C at a heating rate 10 °C/min. The Tg was reported to be 58.0 °C,
88.9 °C, 101.3 °C, 113.2 °C, 129.0 °C and 142.0 °C for unfilled epoxy resin containing filler
loadings of 0, 2, 4, 6, 8, and 10 wt. %, respectively. This presented an increase in Tg with an
increase in filler content. The authors suggested the increase in Tg was due to nano-CaCO3
restricting polymer chain mobility. In a similar study Shi et al. [102] produced an epoxy/CaCO3
composite via a solution mixing method using a mechanical stirrer to disperse the fillers. Only 15
wt. % fillers were tested. The particle size ranged from 100 – 500 nm. The Tg was determined by
heating the powdered composites from 30–140 °C at a heating rate 20 °C/min. They reported the
Tg of synthetic epoxy resins increased by 5 °C with the inclusion of 15 wt. % nano-CaCO3 filler
contents. Another study conducted by Jin et al. [103] determined the effect of 2, 4, 6 and 8 wt. %
nano-CaCO3 on the Tg of synthetic epoxy resin. These composites were prepared using both
magnetic stirrer (1 h) and sonicator to disperse the fillers and were cured at 110 °C for 1 h (primary
curing), at 150 °C for 2 h (secondary curing) and post-cure at 180 °C for 1 h. The Tg was
determined by heating the samples from 30 to 300 °C at a heating rate of 10 °C/min. The Tg
obtained were 240 °C, 238 °C, 240 °C, 239 °C and 232 °C for 0, 2, 4, 6, and 8 wt. %, respectively.
In this study, the authors did not observe significant changes in the Tg of epoxy resins with
additions of filler contents up to 6 wt. %. However, a 3 % decrease was reported for 8 wt. %.

2.11.2 Bio-limestone
The effect of seashells (obtained from conch shell of Rapana thomasiana) bio-CaCO3 filler (57
µm) on the Tg of synthetic epoxy was determined by Mustata et al. [104]. The seashell fillers were
firstly heated to 600 °C to remove organic material. The composites were fabricated using a
magnetic stirrer and sonicator (twice for 5 min) to disperse the fillers and were cured at 140 °C for
1 h and post-cured at 240 °C for 4 h. In determining the Tg, the fine powder composites were
heated up to 300 °C at a heating rate of 5 °C/min. The inclusion of this bio-filler resulted in an
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increase in the Tg with increase in filler content. For example, the Tg of 0, 5, 10, and 15 wt. % filler
loadings were reported to be 105 °C, 120 °C, 121 °C and 116 °C, respectively. The authors noted
a decrease occurred when more than 10 wt. % filler loadings were added. This could be due to the
high filler concentrations causing a restriction on chain mobility. From these results, the Tg
improved by approximately 10 -15 % for 5, 10 and 15 wt. % filler loadings, respectively.

2.12

Microstructural examination of fractured epoxy composites

The morphology of the filler materials and the fractured surfaces of epoxy/CaCO3 composites
subjected to tensile, flexure and Charpy impact have been determined using secondary electron
microscopy (SEM).

2.12.1 Calcium carbonate filler materials
Boronat et al. [10] examined and compared the morphology of ES and commercial mineral LS
powders using SEM. The micrographs showed ES particles having irregular shapes and rough
particle surfaces with high surface irregularities. However, the commercial LS micrographs
exhibited a characteristic rhombohedral morphology with less rough surfaces. The authors
suggested the differences in morphologies may be due to their different origins. For instance, the
ES were obtained from a milling process, while LS was from a precipitation process. Furthermore,
Bootklad and Kaewtatip [105] compared the morphology of ES and LS. ES was ground to powder
form while LS was purchased. In this study, they reported similar morphologies with both fillers
having a plate-like shape. In a similar study, Betancourt and Cree [61] compared the SEM images
of ES powders with mineral LS powders and observed pores in eggshells compared to LS
powders, which had no pores. Both ES and LS have similar structure with jagged edges and
irregular shape.
In a related study, SEM images of untreated and SA treated mineral LS was compared by Azadi
et al. [106]. They observed a polygonal shape for stearic acid modified LS particles and narrow,
non-spherical, and non-uniform shapes for unmodified LS particles.

2.12.2 Epoxy composite fractured surfaces
Mohan and Kanny [38] examined the fractured specimens of synthetic epoxy/nano-eggshell
composites. They reported smooth and cleavage type failures for 0, 1, 2, 3 4, and 5 wt. % tensile
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fractured composite surfaces. The major difference was observed for the unfilled epoxy matrix
which did not have small cracks branching out during propagation which suggested brittle failure.
In contrast, the nanoparticles may have stopped the crack propagations in the composite materials.
The fractured surface of 5 wt. % composite appeared rough and agglomeration of the ES were
observed, which may have induced stress concentrations and subsequently resulted to crack
propagation. Particle pull-out was also observed for composites with 5 wt. % filler loadings which
suggested the presence of agglomeration. Another study conducted by Khalil et al. [107] examined
the tensile fractured surface of unfilled synthetic epoxy resin. They observed smooth surfaces with
river markings parallel to the direction of crack propagation, which indicated rapid crack
propagation with little resistance leading to brittle failure. In a similar work, the unfilled bio-epoxy
and its composites had similar fractured surfaces as synthetic epoxy composites [38,107]. For
example, Tiimob et al. [8] compared the fractured SEM image of unfilled bio-epoxy and 4 wt. %
ES nano-composite. They observed a smooth fractured surface for unfilled bio-epoxy resin, which
suggested brittle fracture. However, the 4 wt. % ES nano-composite microstructure showed rough
ridge-like patterns and river markings suggesting some plastic deformation due to the presence of
nano-ES particles.

2.13

Summary

The literature review showed the potentials of ES for use as an alternative to mineral LS filler for
epoxy polymer matrix. The quantity of eggs produced annually, the incorporation of ES and
mineral LS fillers in epoxy resin and their effect on the physical, mechanical and thermal property
were reviewed in this Chapter. In addition, a comprehensive review was conducted on the
mechanism and the effect of stearic acid treated fillers on the properties of epoxy resin. Few
researchers have investigated the effect of high ES loading (> 10 wt. %) and the utilization of SA
treated ES filler on the physical, mechanical and thermal properties of synthetic epoxy resin.
However, no studies have been conducted on the amount of CaCO3 that can be recovered from
waste eggshells, the disposal cost and the extent to which it can replace mineral LS in epoxy-based
composites. Also, studies have not been carried out on the use of high ES filler content (> 10 wt.
%), utilization of SA treatment on ES and their effect on physical, mechanical and thermal
properties of bio-based epoxy polymers. The research gap is to determine the amount of CaCO3
that could be recovered from waste ES for use in various applications, the disposal cost, extent of
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mineral LS replacement and the effect of high loading of untreated and SA treated ES and LS filler
on the properties of bio-based epoxy resin. These gaps motivated the study to produce a bio-epoxy
eggshell composite.
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CHAPTER 3
MATERIALS AND EXPERIMENTAL METHODS
The materials, methods and procedures adopted to achieve the objectives of this study are
presented in this Chapter.

3.1

Materials

The eggshells (ES) and limestone (LS) fillers used in this study were obtained from Maple Lodge
Farms Hatchery, Ontario, Canada and Imasco Minerals Inc., respectively. The matrix (Super Sap
CPM epoxy and CPL hardener) (Figure 3.8a) used is a green bio-polymer purchased from entropy
resins, San Antonio, CA and contains 31 % bio-based content. The main characteristics of the
polymer matrix obtained from the manufacturers’ data sheet are presented in Table 3.1. Silicone,
Mold MaxTM 10T for making polymer composite molds for test specimens was purchased from
Smooth-On Inc. and the stearic acid (SA) particulates used for filler modification was supplied by
Fisher Scientific.
Table 3.1. Properties of Super Sap CPM epoxy and CPL hardener [6].

Properties

Bio-epoxy resin

Density (g/cm3)

1.08

Tg (DSC, midpoint) (°C)

54

Mix ratio resin: hardener (by weight)

100:40

Tensile strength (MPa)

62

Young modulus (GPa)

3

Flexural strength (MPa)

92.7

Flexural modulus (GPa)

2.8

3.1.1 Eggshell powder preparation
The as-received ES was coarse ground into smaller particles as shown in Fig 3.1 (a) and (b),
respectively. The coarse ground ES were further ball milled for 6 h into fine powders using a small
scale milling apparatus to further reduce the particle size (Figure 3.1 (c)). Distilled water was
23

added to the ES powders to form a slurry. The combination was manually agitated and a
precipitation process was used to remove the water and some inner organic membranes. The slurry
mixture was dried at 105°C for 24 h to achieve the fine powdered ES [14]. The required particle
size was obtained using sieve analysis with the aid of a vibrating sieve shaker machine (Ro-tap).
The obtained ES powder and purchased LS powder were sieved with 20 µm (no. 635) sieving
mesh.

Figure 3.1. A photograph of the procedure of converting as-received eggshells to eggshell fillers.
(a) as-received eggshells, (b) coarse grinding and (c) fine ball milling.

3.2

Characterization of eggshell powder

To understand the behavior of ES as a filler for composites, microstructural crystalline phase
(XRD), analysis of chemical composition (ICP-MS), microstructural analysis (SEM), particle
density measurements and particle size analysis were conducted.

3.2.1 X-ray diffraction analysis
This analysis was conducted to identify the qualitative composition of both ES and LS powders.
The crystalline phases of the ES and LS particles were analyzed by X-ray diffraction analysis using
a Cu kα radiation (Rigaku Ultima IV Powder X-ray diffractometer, Japan) as shown in Figure 3.2
of wavelength,  = 0.15406 nm (1.54056 Å) at room temperature. The kβ filter used was nickel.
The measurements were performed at a diffraction angle (2θ) ranging between 20° and 50° at an
operating voltage 40 kV and tube current of 44 mA with a step size of 0.02°. A scan rate of 4.0°/min
was used. The phase identification was done using MDI Jade 2010 Software.
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Figure 3.2. A photograph of (a) Rigaku Ultima IV powder X-ray diffractometer and (b) specimen
in the equipment sample holder.
3.2.2 Chemical composition of ES
Analysis of chemical composition was done to determine the calcite (CaCO3) content in the asprepared ES. This was done by the application of a microwave digestion system and an inductively
coupled plasma mass spectrometer (ICP-MS). Firstly, the powdered samples were digested in 65
wt. % concentrated nitric acid (HNO3) at 200 °C in a closed vessel employing a microwave
digestion system (Model CEM Corporation Mars 6, United States of America) using
approximately 1800 watts microwave energy at a frequency of 2450 MHz. ICP-MS (Agilent 7700x
ICP MS, Japan) was used for further measurement/analysis to determine elemental composition.
The obtained elemental composition of ES was compared with the CaCO3 content value reported
for LS in the suppliers technical data sheet [108].

3.2.3 Microstructural analysis
Scanning electron microscope (JEOL JSM-6010 LV) was used for microscopic evaluation of the
filler (ES and LS) powders, the morphology of the composites fractured surfaces of the specimens
that fail during tensile, flexure and Charpy tests for all composite formulations. For better image
quality, the samples were first sputter gold coated to make them conductive before being examined
under the microscope.
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3.2.4 Density measurements
The particle density of the fillers (ES, LS and SA treated ES and LS) was determined at room
temperature. The mass of the fillers were measured with a high sensitivity weighing scale (Ohaus
Precision Model TS400D) with a precision of 0.001g (Figure 3.3 a). In operating the weighing
scale, the ground fillers were poured into a tethered steel cup and placed on the scale to obtain the
mass value in grams (g). The volume (cm3) of the samples were determined by a non-destructive
technique using a helium gas micromeritics Accupyc 1340 pycnometer (Figure 3.3 b) at a pressure
of 134,448 Pa (19.5 psi). After mass measurements, the steel cup containing the fillers was inserted
into the gas pycnometer and gently locked into place. The volume and density was determined
using the equipment software which employed Archimedes principle, Equation (3.1) and (3.2).
𝐷𝑠𝑎𝑚𝑝𝑙𝑒 =

𝑀𝑠𝑎𝑚𝑝𝑙𝑒

(3.1)

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
𝑃

𝑉𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑉𝑐𝑒𝑙𝑙 − 𝑉𝑒𝑥𝑝 × (𝑃1 − 1)

(3.2)

2

where, 𝑉𝑐𝑒𝑙𝑙 = sample chamber volume (cm3), 𝑉𝑒𝑥𝑝 = expansion chamber volume (cm3), 𝑉𝑠𝑎𝑚𝑝𝑙𝑒
= sample volume (cm3), 𝑀𝑠𝑎𝑚𝑝𝑙𝑒 = sample mass (g), 𝐷𝑠𝑎𝑚𝑝𝑙𝑒 = sample density (g/cm3), 𝑃1 = gauge
pressure after fill (Pa), 𝑃2 = gauge pressure after expansion (Pa).

Figure 3.3. A photograph of (a) Ohaus Precision Model TS400D weighing scale and (b) helium
gas Micromeritics Accupyc 1340 pycnometer.
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3.2.5 Particle size analysis
In this study, the filler (ES, LS and stearic acid treated ES and LS) particle size distributions (PSD)
were determined at room temperature using a Malvern Mastersizer 2000 S (long bench) laser
diffraction particle size analyzer according to ISO 13320:2003 standard [109]. The instrument is
capable of providing size in the range of 0.05 µm to 3500 µm. For obtaining the particle size
distribution (PSD), the apparatus uses two laser light sources namely, a blue light (wavelength 466
nm) and a red light (wavelength 633 nm). The Mastersizer 2000 software provides calculated
particle size results such as the average particle size of the sample. In operating this equipment,
the sieved (dry) filler particles were fed into the dry powder feeder section of the equipment (Figure
3.4) and transferred via vacuum and passed through a focus laser beam. The particle samples
scatter or obscure light at an angle inversely proportional to their size. Subsequently,
photosensitive detectors measure the angular intensity of the scattered light and the results are
displayed as volume fractions of the particle size distribution of the sample using the software.
The process was repeated three times to ensure reproducibility and the average results were
reported.

Figure 3.4. A photograph of Malvern Mastersizer S (long bench) laser particle size analyzer dry
powder feeder.
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3.2.6 Surface modification of CaCO3 powders (ES and LS) using stearic acid (SA)
Due to high surface energy, particles in powder form induce van der Waals and electrostatic forces
acting between the particles, thus resulting in particles tending to stick together [78]. This has been
reported to have led to poor dispersion of filler particles in an epoxy matrix [110]. A stearic acid
modification process was conducted to improve the adhesion of filler to the matrix. The stearic
acid has been reported to enhance dispersion of fillers and promote effective stress transfer from
the matrix to filler [31,72]. The filler particles were coated with stearic acid before being dispersed
in the bio-epoxy matrix. This treatment was aimed at making hydrophilic ES and LS more
hydrophobic, thus achieving improved adhesion with the hydrophobic epoxy resin. Reduction of
agglomerates at high concentration of filler contents, along with improved adhesion, and better
dispersion was expected to be achieved in composites prepared with stearic acid coated fillers
when compared with untreated filler composites. The quantity of stearic acid used for the treatment
was 2 wt. % of the ES or LS filler sample size based on previous studies [70,85,87]. The CaCO3
powder (ES or LS) was added to a solution of ethanol and distilled water at a volume ratio (1:1:3)
and stirred using a magnetic stirrer for 2 h at room temperature. This was done to completely wet
the particles. After 2 h, the solution was heated to 80 °C while stirring. Stearic acid in the form of
solid chips was dissolved in ethanol in a separate glass beaker. The dissolved stearic acid was
added to the warm CaCO3 powder/water/ethanol mixture. After complete addition, the mixture
was stirred for an additional 2.5 h to homogenize. The mixture was filtered using filter paper of
particle retention 5-10 µm as illustrated in Figure 3.5 (a). The stearic acid coated CaCO3 powder
with the filter paper was placed on a petri dish and subsequently dried in an oven at 105°C for 24
h. The dried particles are shown in Figure 3.5 (b). Finally, a mortar and pestle was used to separate
the agglomerated particles.
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Figure 3.5. A photograph of (a) stearic acid filler solution being filtered (b) dried agglomerated
stearic acid coated filler on the filter paper.

3.3

Preparation of composites

The procedure for manufacturing the composites as well as the preparation of the molds are
presented in this section.

3.3.1 Preparation of silicone rubber molds
Mold Max 10T was received as a silicone rubber in liquid form. The choice of this silicone rubber
mold was its excellent tear strength, maximum use up to a temperature of 204 °C and ease of cured
sample removal without requirements of a release agent. This product is supplied in two parts
namely: silicone rubber and hardener. Silicone rubber and hardener was mixed at a weight ratio of
100:10 as instructed on the supplier’s data sheet using a stir stick for 3 min at room temperature.
The mixture was degassed (shell lab Model SVAC1E) under vacuum of >28 in Hg for 3 min. The
degassed liquid mixture was poured into a square plastic container containing five of the desired
aluminum-shaped samples of either tensile, flexure or Charpy specimens. The aluminum samples
were initially fixed to the plastic box using a two-sided adhesive tape (Figure 3.6 (a)). Afterwards,
the silicone rubber was allowed to cure for 24 h at room temperature. Then, the cured silicone
rubber was demolded, and subjected to a post-cure at 65°C for 4 h to eliminate any residual
moisture that could affect the curing process of products as well as improve the tearing properties
of the silicone mold. The mold was finally allowed to cool for 24 h. A silicone tensile specimen
mold is shown in Figure 3.6 (b).
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Figure 3.6. A photograph of (a) plastic mold with aluminum tensile samples and (b) prepared
silicone mold for tensile samples.

3.3.2 Manufacture of bio-epoxy/ES and bio-epoxy/LS composites
The composites were prepared using a solution mixing method with bio-epoxy serving as the
matrix. The two filler materials ES and LS as well as the stearic acid treated ES and LS were used
in making composites at different formulations as listed in Table 3.2. The weight fractions of fillers
in the composites are 5, 10, and 20 wt. %. Prior to dispersing into the polymer matrix, the ES
powder was degassed under vacuum > 28 inHg for 30 min at room temperature to eliminate air in
the pores of the eggshell.

The required quantity of bio-epoxy was placed in a plastic beaker and the CaCO3 powder (ES or
LS of required weight percent) was dispersed in the matrix. The mixtures were initially stirred at
room temperature using a magnetic stirrer for 1 h rotating at 700 rpm. To help with dispersion of
the particles within the bio-epoxy, an ultrasonic homogenizer sonicator (Model FS-900N) as
shown in Figure 3.7 was used to further disperse the fillers for 5 min. According to Bittmann et al.
[73], Xu et al. [90] and West and Malhotra [91], a duration of 5 min was suggested for dispersion
of fillers using an ultrasonic homogenizer to avoid degradation of epoxy resin mechanical
properties. Also, the temperature and viscosity increase caused by excessive sonication could

30

prevent effective dispersion of fillers due to start of resin curing without addition of the hardener
[110]. The liquid composite mixtures were degassed under vacuum (>28 inHg) for 30 min to
evacuate air bubbles generated as a result of mixing. Subsequently, the required hardener was
poured into the liquid mixture and hand stirred manually for 3 min followed by degassing under
vacuum (>28 inHg) for 15 min. Afterwards, the mixture was gently poured into the silicone rubber
mold to prevent excessive air bubbles and allowed to cure for 24 h at room temperature. Finally, a
post-cure treatment was done at a temperature of 82 °C for 40 min in an oven (shell lab Model
SVAC1E) as suggested in the manufacturers’ technical data sheet [6]. The post-cured samples
(Figure 3.8 (c)) were demolded and subjected to various mechanical tests.

Figure 3.7. A photograph of the ultrasonic homogenizer sonicator with liquid composite.

Figure 3.8. A photograph of (a) CPM epoxy and CPL hardener (b) ES or LS filler and (c) cured
bio-epoxy/ES or LS composites.
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Table 3.2. Formulation of filler in the bio-epoxy composites.

Filler type

Filler (wt. %)

Resin (wt. %)

-

0

100

ES

5

95

10

90

20

80

5

95

10

90

20

80

5

95

10

90

20

80

5

95

10

90

20

80

ES and SA

LS

LS and SA

3.4

Characterization of bio-epoxy/ES and bio-epoxy/LS composites

The mechanical, physical and thermal properties of the composites were determined by conducting
several tests such as, tensile, flexural, Charpy impact toughness, composite density, water
absorption and glass transition temperature (Tg).

3.4.1 Tensile tests of composites
Tensile test were performed on the as-prepared composites to obtain information on the tensile
behavior of the composite under quasi-static loading. It was conducted on dog-bone samples of
dimensions 165 mm × 13 mm × 3.2 mm (length × width × thickness) with a gauge length of 50
mm as shown in Figure 3.9 according to ASTM D638-14 standard [111]. The tension tests were
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conducted using an InstronTM universal testing machine (Model 3366) as shown in Figure 3.10 (b)
using a load cell of 5 kN and a cross-head speed of 10 mm/min. Testing was conducted at room
temperature and 40 % relative humidity (RH) until fracture occurred. The tensile strengths reported
are an average value for five specimens for each composite formulation to minimize the error. The
tensile strength was obtained using equation (3.3).
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑀𝑃𝑎) =

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑 (𝑁)

(3.3)

𝐴𝑟𝑒𝑎 (𝑚𝑚2 )

Figure 3.9. An AutoCAD image of dog-bone shaped specimens for tensile test (dimensions in
mm).
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Figure 3.10. A digital image of (a) cured tensile composite sample (b) composite sample
fractured by Instron tensile machine.

3.4.2 Flexural tests of composites
To further characterize the as-prepared composites, their response to three-point bending was
evaluated in this study. It was performed using an InstronTM universal testing machine (Model
3366) according to ASTM D790-17 standard [112] at room temperature and RH of 42 %. The
sample dimensions used were 200 mm x 20 mm x 10 mm (l x w x t) with a span to depth ratio of
16:1 as recommended by the ASTM standard. The load cell and cross-head speed used were 5 kN
and 4 mm/min, respectively. Hence, flexural stress (𝜎𝑓) and flexural modulus (𝐸𝑓) values were
calculated using equations (3.4) and (3.5), respectively [112]. The test results reported are an
average for five samples of each composite formulation.
3𝑃𝐿

𝜎𝑓 = 2𝑏𝑑2

(3.4)

where, 𝜎𝑓, P, L, b, and d, are maximum flexural strength (MPa), load at a given point (N), support
span (mm), width (mm) and depth (mm) of tested specimens, respectively.
𝐿3 𝑚

𝐸𝑓 = 4𝑏𝑑3

(3.5)
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where 𝐸𝑓, L, m, b, and d, are modulus of elasticity in bending (MPa) and m is slope of tangent to
the initial straight-line portion of load-deflection curve (N/mm), b and d are width (mm) and depth,
respectively.

3.4.3 Charpy impact tests of composites
Charpy impact toughness values were obtained using an Instron Model 450 MPX series impact
tester as shown in Figure 3.11. The tests were performed on non-standard un-notched specimens
of dimensions 55 mm × 13 mm × 3.2 mm (l × w × t). Due to cracks initiating at agglomerates and
flaws in the specimens, un-notched samples are better for determining the presence of
agglomerates from powder fillers added to composite materials compared to notched that is
insensitive to agglomerates [113].

Figure 3.11. A photograph of the Charpy impact test machine.
The energy absorbed by the as-prepared composites at fracture was determined at temperatures of
23 °C and -40 °C. Prior to testing the composites, the specimens were conditioned using a Tenney
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TJR temperature test chamber as shown in Figure 3.12 for 4 h at a temperature of 23 °C and -40
°C. In this test, ASTM standard D6110-18 [114] was used as a guide to compare the impact
toughness of the composites at various filler loadings with respect to the unfilled bio-epoxy matrix.
The values reported are an average of five samples of each composite formulation at different
temperature levels. The energy absorbed per unit area (𝐸𝑎) 𝑖𝑛 𝑘𝐽/𝑚2 was computed using
equation 3.6.
𝐸

𝐸𝑎 = 𝑏 ×𝑑

(3.6)

where, 𝐸, b, and d, are energy absorbed (kJ), width (mm), and thickness (mm), respectively.

Figure 3.12. A photograph of the Tenney TJR temperature chamber used to condition specimens
prior to Charpy impact toughness test.

3.4.4 Density measurement
Figure 3.13 shows the experimental setup used in determining the bulk density of the as-produced
composites. The density measurements were conducted on composite samples of dimensions, 20
mm x 20 mm x 3.2 mm (l x w x t). The samples were firstly weighed in air (Ma) (dry mass) and
reweighed while immersed in liquid (distilled water) (Mw). The density of the samples was
calculated using equation (3.7).
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𝑀𝑎

𝜌𝑐 = 𝑀𝑎−𝑀𝑤 × 𝜌𝑑

(3.7)

where, 𝜌𝑐 and 𝜌𝑑 are the density of sample and liquid (1 g/cm3) respectively.

Figure 3.13. A photograph of the apparatus used for determining composite bulk density.

Furthermore, applying the Rule of Mixture (ROM), the composite theoretical density was obtained
using equation (3.8) [27] and was subsequently compared with the experimentally obtained bulk
density of the composites. The weight fraction of the filler particle was converted to volume
fraction using equation (3.9) [115]. The volume fraction of the matrix was obtained using equation
(3.10) [116].
𝜌𝑐 = 𝜌𝑚 𝑉𝑚 + 𝜌𝑝 𝑉𝑝

(3.8)
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𝑊𝑝

𝑉𝑝 = 𝑊

𝑝 +(1−𝑊𝑝 )

(3.9)

𝜌𝑝 /𝜌𝑚

𝑉𝑚 = 1 − 𝑉𝑝

(3.10)

where, 𝑊𝑝 is the weight fraction of the filler particles, 𝜌𝑐 , 𝜌𝑚 , 𝜌𝑝 are the densities of the composite,
matrix and particles, respectively. Vm and Vp are the volume fractions of the matrix and filler
particles, respectively.

3.4.5 Void content of the composites
The void content of the composites as a percentage (%) were determined through the experimental
and theoretical density according to ASTM D2734-16 standard using equation (3.11) [117].
𝑉𝑜𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =

𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 − 𝜌

𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

(3.11)

𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

where, 𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 and 𝜌𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 are theoretical and experimental density, respectively.

3.4.6 Water absorption test
Water absorption tests were performed for a duration of 21 days on the as-prepared composites of
dimensions 76.2 mm × 25.4 mm × 3.2 mm (l × w × t) in accordance with ASTM D570-98 [118]
at room temperature. The samples were immersed in distilled water and were weighted as a
function of time (at intervals of 24 h). This was done until a constant weight (saturation level) was
reached for all composite samples. It was weighed using a balance with a precision of 0.0001g.
Prior to immersion, the samples were dried in an oven for 12 h at a temperature of 50 °C.
Afterwards, they were placed in a desiccator. Before each measurement, the sample surfaces were
wiped with paper towel to remove surface water. The percentage of water absorbed was computed
using equation (3.12).
𝑊% =

𝑊1 −𝑊2
𝑊2

× 100

(3.12)

where, W% is the weight gain in (%), W1 is the weight of water absorbed (g) of the composite after
a specific time t, and W2 is the dry weight (g) of the sample before immersion in distilled water.
The plotted values are average of three samples of each composite formulation.
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3.4.7 Thermal analysis
A differential scanning calorimeter (DSC) (Model 2910 V4.4E, TA instruments, USA) shown in
Figure 3.14 was used to obtain information on the glass transition temperature (Tg) of the
composites according to ASTM E1356-08 standard [119]. Each composite composition was
prepared in a powder form of approximately 7-10 mg and placed in an aluminum crucible (pan)
and heated from room temperature to 180 °C at a heating rate of 10 °C/min. The Tg was calculated
as the midpoint of the onset and end temperature on the thermal curve, which corresponds to half
of the heat flow difference between these points (onset and end).

Figure 3.14. A digital image of DSC Model 2910 V4.4E used in determining the Tg of the
composites.

3.4.8 Statistical analysis
Analysis of variance (ANOVA) was performed using Sigma plot 13 to validate the statistically
significant differences in the obtained mechanical properties results (tensile strength, flexural
strength, flexural modulus and Charpy impact toughness) of the composites. The analysis was
done with a significance level of 0.05, which is a confidence level of 95 %. According to the
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ANOVA results, the p-value determines if statistically significant difference exist between groups.
If the p-value is < 0.05, the null hypothesis is rejected, and this means there is a statistically
significant difference in their mean values. However, if the p-value is > 0.05, the null hypothesis
is not rejected, thus there is no statistically significant difference in the mean values. Two-way
ANOVA is used to confirm if there is an interaction between two independent variables on the
dependent variable while three way is to determine if there is an interaction between three
independent variables on a dependent variable.

40

CHAPTER 4
RESULTS AND DISCUSSION
The results obtained from the experiment conducted are presented in this Chapter.

4.1

Characterization of ES powder

The results of characterizations conducted on CaCO3 fillers ((eggshells (ES) and limestone (LS))
which includes microstructural crystalline phase (XRD), analysis of chemical composition (ICPMS), microstructural analysis (SEM), particle density measurements and particle size analysis are
outlined in this section.

4.1.1 Chemical composition of ES
Chemical analysis was done to determine the potential of ES as a bio-CaCO3 source. The analysis
on the as-prepared ES confirmed a relatively high CaCO3 content of 88 wt. % ± 0.7 and indicated
minor traces of other elements such as magnesium (0.27 %) and phosphorus (0.13 %). Similarly,
LS contain a CaCO3 content of 99.9 wt. %, as reported in the supplier’s data sheet [108]. In
comparison to LS, the slight difference was expected due to the organic matter contained in ES
which are not present in LS. Although an effort was made to remove the organic membranes after
each grinding process, the results showed some membranes remained. From chemical analysis, ES
powders are anticipated to serve as an alternative to LS as filler materials in composites due to the
high CaCO3 contents.

4.1.2 X-ray diffraction analysis
The X-ray diffraction patterns obtained for untreated ES, SA (stearic acid) treated ES, untreated
LS and SA treated LS fillers, as well as SA particulates for comparison are presented in Figure
4.1. The diffraction peaks suggested a crystalline phase showing the main material of ES to be
calcium carbonate phase in the form of calcite. As previously reported, the most
thermodynamically stable polymorph of CaCO3 is calcite [120]. The major XRD intensity peak is
found at 2θ angle of 29.4°, while minor peaks occur at 23.2°, 31.5°, 36.1°, 39.6°, 43.3°, 47.7°,
and 48.7° for both ES and LS as also reported in the literature [8,14,74].
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For SA treated ES (Figure 4.1 (b)) and LS (Figure 4.1 (d)), the major and minor peak were
diffracted at a similar 2Ɵ angle to the untreated ES (Figure 4.1 (a)) and LS (Figure 4.1 (c)) (29.4°).
However, the SA particulates’ major peak occurred at 2Ɵ angle of 21.5° and a minor peak at 24.1°.
The diffracted peaks of SA particulates did not show on the SA treated ES and LS fillers. This
suggests that the SA content (2 wt. %) used to treat the filler is too small to be identified by the
XRD detector. The absence of SA peaks on CaCO3 fillers was also observed by Shah et al. [70]
for a 2.5 wt.% SA content.

Figure 4.1. XRD diffraction pattern obtained for (a) ES (b) SA treated ES (c) LS (d) SA treated
LS and (e) stearic acid (SA) particulates.
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4.1.3 Microstructural examination
The micrographs of ES, LS, and SA treated ES and SA treated LS fillers are presented in Figure
4.2 (a-d). Both untreated and SA treated fillers showed similar structures. ES and SA treated fillers
had coarse and irregular morphologies, which may be due to the grinding and ball milling process
conducted. However, LS and SA treated particles had fewer rough surfaces thus, exhibiting a
rhombohedral-like morphology (arrow marks). This rhombohedral morphology indicates the
presence of calcite crystals [10]. From Figure 4.2 (a) and (c) ES and SA treated particles also have
a rhombohedral morphology (calcite crystals).

Figure 4.2. SEM micrographs showing morphologies of: (a) ES, (b) LS, (c) SA treated ES and
(d) SA treated LS particles. (Arrows indicate rhombohedral-like morphology).

Furthermore, viewing the untreated ES, LS, SA treated ES and SA treated LS at a higher
magnification (1000x), pores were observed with ES filler ((Figure 4.3 (a)) (arrow marks). As
previously stated, a single chicken eggshell contains about 7,000-17,000 nano pores to permit the
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exchange of gases and the transpiration of water throughout the shell [56,60]. The LS filler ((Figure
4.3 (b)) showed the absence of pores as well as SA treated ES ((Figure 4.3 (c)) and SA treated LS
((Figure 4.3 (d)). This suggested that there are no pores in LS and the SA treatment conducted on
the filler material covered the pores in ES.

Figure 4.3. SEM micrographs of (a) ES showing the presence of pores (b) SA treated ES with the
absence of pores and (c) LS with the absence of pores (d) SA treated LS with the absence of
pores.

4.1.4 Particle density measurement
The particle density of the fillers (ES, LS and stearic acid treated ES and LS) are presented in
Table 4.1 and Figure 4.4. The particle density of ES is slightly lower than that of LS possibly due
to the more porous nature of the eggshells as shown in Figure 4.3. The particle density obtained is
within the range of values reported in the literature. For example, previous studies reported ES to
be between 2.53-2.62 g/cm3 [10,15,37,38] and LS to be between 2.5-2.7 g/cm3 [29,30]. A decrease
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in the particle density was observed for the SA treatment for both fillers. For example, the particle
density of ES and SA treated ES was 2.54 ± 0.00 and 2.48 ± 0.02 g/cm³, respectively. In a similar
way, LS and SA treated LS particle density was 2.73 ± 0.00 and 2.57 ± 0.02 g/cm³, respectively.
The result indicated a slight reduction in the particle density of the filler due to the treatment. This
suggests the treatment done with the addition of SA of lower density 0.84 g/cm3 (supplier’s
manufacturer datasheet) replaced more volume of the untreated higher density CaCO3 particles.

Table 4.1. Particle density of ES, LS and stearic acid treated ES and LS fillers.
Fillers

Density (g/cm³)

ES

2.54 ± 0.00

SA treated ES

2.48 ± 0.02

LS

2.73 ± 0.00

SA treated LS

2.57 ± 0.02

Figure 4.4. Particle density of ES, LS and stearic acid treated ES and LS.
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4.1.5 Particle size analysis
The particle size distribution curve (PSDC) of the prepared ES and SA treated ES, as-received LS,
and SA treated LS are shown in Figure 4.5 and 4.6 respectively. The average particle size based
on volume distribution was determined to be 21.2 ± 2.0 µm, 11.5 ± 1.0 µm, 25.1 ± 2.2 µm and
12.8 ± 2.2 µm for ES, SA treated ES, LS, and SA treated LS, respectively.

Figure 4.5. The particle size distribution curves for ES and SA treated ES.

The average particle size of the LS fillers was approximately 4 µm larger than that of ES filler,
possibly due to the processing method of the waste eggshells. This reduction in particle size for
untreated ES and LS is consistent with the reduction in particle density of SA treated fillers. As
shown in Figure 4.5 and 4.6, the untreated ES and LS fillers had a broader particle size distribution
range while SA treated ES and SA treated LS showed a significantly narrower particle size
distribution range. Similar narrow particle size distribution range was reported with SA treated
CaCO3 particles [121]. This distribution range suggests the SA treatment reduced most
agglomerated particles to smaller ones. As previously reported, the narrow distribution may
suggest a removal of bio-organic impurities in the filler material due to the SA treatment [70].
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Figure 4.6. The particle size distribution curves for LS and SA treated LS.

4.2

Mechanical characterization of the composites

The effects of untreated and SA treated fillers (ES and LS) on the mechanical properties of bioepoxy resin and the SEM micrographs of the composite fractured surfaces for the tensile, flexural
and Charpy test are presented in this section.

4.2.1 Tensile properties of the composites
The effects of ES, LS and SA treated ES and SA treated LS filler loadings on the tensile strength
of bio-epoxy polymer composites are shown in Figure 4.7. The inclusion of ES and LS to the bioepoxy matrix decreased the tensile strength with an increase in filler loading up to 20 wt. %. The
results showed the highest tensile strength was obtained for the unfilled bio-epoxy with a value of
60 MPa, which is close to the tensile strength provided in the manufacturers’ data sheet (62 MPa).
Although both untreated filler types exhibited similar tensile behaviors, ES composites had slightly
better tensile strengths than that of LS composites, possibly due to the presence of inherent
functionalization such as hydroxyl, amine and carboxylic groups in ES containing organic
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membranes, which tends to promote hydrogen bonding with the epoxy matrix [122]. This suggests,
removal of the organic membranes may not be required as they promote adhesion to the epoxy.
For example, as the ES filler loading increased from 5, 10 and 20 wt. %, the composite tensile
strength reduced by approximately 15 %, 25 % and 31 %, respectively, while the LS filler
composites decreased by 16 %, 28 % and 32 %, respectively. The trend indicated higher strengths
for low filler content composites. Depending on the end structural application of this composite, a
reduction of 15-16 % tensile strength when 5 wt. % could be acceptable. Loading above 5 wt. %
resulted in further reductions below the tensile strength of bio-epoxy matrix. Although the particles
were thoroughly mixed into the resin during composite processing, particulate fillers added in
greater amounts (e.g. 10 and 20 wt. %) may tend to agglomerate due to electrostatic forces existing
between the small particles [123]. Agglomeration suggests poor dispersion of fillers in the matrix.
These agglomerates are sites of stress concentration, which aid crack initiation and propagation to
induce brittle failure [38,124]. These results are in agreement with Ghabeer et al. [72], who
reported a decrease in tensile strengths with increase in untreated ES loadings in a polypropylene
(PP) matrix. The authors believed the reductions may have been due to stress concentrations as a
result of higher filler loadings (e.g. 20, 30, and 40 wt. %). In contrast, Murugan et al. [125] reported
improved tensile strengths when low particle size ES fillers (0.2 µm) were added to polyvinyl
chloride (PVC) at 10 wt. % filler content. The increase in the composite properties may have been
attributed to the smaller particle size fillers and processing technique [31,126].

In an effort to improve the tensile strengths and reduce agglomeration of CaCO3 particles, the
effect of stearic acid coated fillers on the bio-epoxy matrix composites were determined. Similar
to the untreated results, both SA treated filler types exhibited similar tensile behaviors. For
example, as the SA treated ES filler loadings increased from 5, 10 and 20 wt. %, the tensile
strengths reduced by approximately 5 %, 13 % and 26 %, respectively, while the SA treated LS
filler decreased by 9 %, 20 % and 26 %, respectively compared to the unfilled bio-epoxy. Similar
to the untreated fillers, depending on the final use of this composite, a 5-9 % tensile strength
(compared to 15-16 % for untreated fillers) reduction when 5 wt. % could be tolerable. In
comparison to untreated composites, the SA treated fillers had improved tensile strengths. For
example, the tensile strengths increased by 12 %, 16 %, and 7 % for 5, 10, and 20 wt. % SA treated
ES loadings, respectively, while for LS fillers, the values increased by 5 %, 11 %, and 7 % for 5,
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10, and 20 wt. %, respectively. These results suggest improved dispersion of fillers and reduced
agglomeration of particles, which promoted a more effective stress transfer from matrix to filler
[31,72]. Despite the improvement in the tensile strengths of the SA treated fillers compared to
untreated fillers, the strengths were not higher than the unfilled bio-epoxy matrix. These results
are in agreement with Ghabeer et al. [127], who reported a decrease in tensile strength with low
SA treated ES loadings in a polypropylene matrix, while at relatively higher loadings (20, 30 and
40 wt. %) the strength further reduced. Regardless of the treatment process done on natural
limestone fillers, reductions in tensile strengths were observed when compared to the unfilled
polymer matrix due to the agglomerates serving as stress concentration regions in the composite
[10,128].

Figure 4.7. Effect of ES, LS and stearic acid treated ES and LS loadings on the tensile strength of
bio-epoxy composite.
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4.2.2 Fractography of fracture tensile specimens
The SEM micrographs of the tensile fractured surfaces of bio-epoxy untreated filler composites
and bio-epoxy SA treated filler composites are shown in Figure 4.8 (a-e) and 4.9 (a-d),
respectively. The fractured surface of the unfilled bio-epoxy resin had smooth and cleavage
features indicative of a brittle fracture. It also showed fewer uninterrupted crack paths after
initiation compared to the composites. Similar fractured surfaces were observed with untreated
and SA treated composites. The micrographs of ES (Figure 4.8 (b)), LS (Figure 4.8 (d)), SA treated
ES (Figure 4.9 (a)), and SA treated LS (Figure 4.9 (c)) (5 wt. %) composites fractured surfaces
showed a greater degree of roughness (white ridges), which may be due to more crack initiation
and propagation sites as a result of filler additions. The degree of roughness further increased at
20 wt. % loading (ES ((Figure 4.8 (c)), LS ((Figure 4.8 (e)), SA treated ES ((Figure 4.9 (b)), and
SA treated LS ((Figure 4.9 (d))).

Figure 4.8. SEM micrographs of tensile fractured surfaces of (a) unfilled bio-epoxy resin (b) 5
wt. % ES loading, (c) 20 wt. % ES loading, (d) 5 wt. % LS loading and (e) 20 wt. % LS loading.
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Figure 4.9. SEM micrographs of tensile fractured surfaces of (a) 5 wt. % SA treated ES loading,
(b) 20 wt. % SA treated ES loading, (c) 5 wt. % SA treated LS loading and (d) 20 wt. % SA
treated LS loading.

4.2.3 Flexural properties of the composites
The effect of ES, LS and SA treated ES and SA treated LS filler loadings on the flexural strength
and flexural modulus of the bio-epoxy polymer composites are shown in Figure 4.10 and 4.11,
respectively. The results indicated the highest flexural strength was obtained for the unfilled bioepoxy with a value of 95.7 MPa, in-line with the manufacturers’ data sheet (92.7 MPa). Both
untreated filler types exhibited similar flexural behaviors. For example, as the ES filler loadings
increased from 5, 10 and 20 wt. %, the composite flexural strengths reduced by 10 %, 25 % and
40 %, respectively, while the LS filler decreased the composite materials by 11 %, 24 % and 38
%, respectively. The trend indicates higher flexural strengths for low filler contents. Depending on
the end application of this composite, a 10-11 % flexural strength reduction when 5 wt. % could
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be adequate. Further inclusion above 5 wt. % resulted in a more pronounced decrease below the
flexural strength of unfilled bio-epoxy matrix. Although the powders were carefully mixed into
the resin during composite production, small filler particles in greater loadings (e.g. 10 and 20 wt.
%) may gather in clusters due to electrostatic forces between the particles [123]. Similar to the
tensile strength specimen results, clustering of particles creates stress concentration zones causing
cracks to develop within the polymer matrix to induce early failure [38,124]. These results are inline with Hassan et al. [127], who reported an increase in flexural strength with low ES loadings
(1 and 2 wt. %) in a polyester matrix, while at higher loadings the strengths reduced (3 wt. %). In
contrast, Tiimob et al. [8], reported a slight improvement (8-10 %) in flexural strengths when 5
wt. % and 10 wt. % nano-ES loadings were added to Super Sap epoxy. This increase in the
composite flexural properties could be due to the smaller filler particle size and processing
technique [31,126].

The addition of SA treated ES and LS presented similar flexural strength behaviors to the untreated
fillers. For example, as the SA treated ES filler loading increased from 5, 10 and 20 wt. %, the
composite flexural strengths reduced by approximately 5 %, 20 % and 35 %, respectively, while
the SA treated LS filler decreased the composite strengths by 6 %, 20 % and 37 %, respectively.
These results present a reduction of 5-6 % (compared to 10-11 % for untreated fillers) in flexural
strength at 5 wt. % filler loading. When more filler particles are added, due to their high surface
energy, particles have an affinity to agglomerate [129]. This improvement suggests the SA
treatment reduced the surface energy of the filler particles, enhanced particle dispersion in the
matrix and promoted good interfacial interaction between the filler and matrix.

The flexural modulus of both treated and untreated filler composites increased with increase in
filler loadings. The flexural modulus of the unfilled bio-epoxy was 2.5 GPa similar to the
manufacturers’ data sheet (2.8 GPa). As the untreated ES filler loadings increased from 5, 10 and
20 wt. %, the composite flexural modulus increased by 8 %, 15 % and 15 %, respectively, while
the LS filler increased the composite by 11 %, 17 % and 19 %, respectively. At 20 wt. %, filler
loading for both ES and LS composites, the flexural modulus increased by 15 % and 19 %,
respectively compared to the unfilled bio-epoxy. This improvement may be attributed to the higher
stiffness of the filler material (CaCO3, 88 GPa [130]) compared to the bio-epoxy [131]. The
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increase in flexural modulus is in agreement with results obtained by other studies which
reinforced green polyethylene [10] and Super Sap epoxy [8] with ES fillers. Similarly, Fombuena
et al. [11] reported an increase in flexural modulus of a GreenPoxy composite with inclusions of
ground seashell fillers up to 30 wt.% loadings.

Figure 4.10. Effect of ES, LS and stearic acid treated ES and LS loadings on the flexural strength
of bio-epoxy composites.

In a similar way, the composite flexural modulus of the SA treated fillers increased with increase
in filler loadings. As the ES filler loading increased from 5, 10 and 20 wt. %, the flexural modulus
improved by 17 %, 19 % and 21 %, respectively, while the LS filler increased by 16 %, 18 % and
20 %, respectively. At 20 wt. %, filler loading for both SA treated ES and SA treated LS, the
composite flexural modulus increased by 20 % and 21 % (15 % and 19 % for untreated fillers),
respectively compared to the unfilled bio-epoxy.
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Figure 4.11. Effect of ES, LS and stearic acid treated ES and LS loadings on the flexural
modulus of bio-epoxy composites.

4.2.4 Fractography of fractured flexural specimens
The SEM micrographs of the flexural fractured surfaces are shown in Figure 4.12 and 4.13. The
fractured surface of the unfilled bio-epoxy resin presented a smooth, plate-like and cleavage
surface suggesting brittle failure. In a similar way as the tensile fractured surfaces, the unfilled bioepoxy presented fewer uninterrupted crack paths after initiation in comparison to the composites.
The micrographs of ES (Figure 4.12 (b)), LS (Figure 4.12 (d)), SA treated ES (Figure 4.13 (a)),
and SA treated LS (Figure 4.13 (c)) (5 wt. %) composites fractured surfaces showed rough surfaces
due to filler addition. For 20 wt. % ES (Figure 4.12 (c)), LS (Figure 4.12 (e)), SA treated ES
(Figure 4.13 (b)), and SA treated LS (Figure 4.13 (d)) loadings, the degree of roughness further
increased.
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Figure 4.12. SEM micrographs of flexural fractured surfaces of (a) unfilled bio-epoxy resin (b) 5
wt. % ES loading, (c) 20 wt. % ES loading, (d) 5 wt. % LS loading and (e) 20 wt. % LS loading.

Figure 4.13. SEM micrographs of flexural fractured surfaces of (a) 5 wt. % SA treated ES
loading, (b) 20 wt. % SA treated ES loading, (c) 5 wt. % SA treated LS loading and (d) 20 wt. %
SA treated LS loading.
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4.2.5 Charpy impact toughness of the composites
In this study, the effect of ES, LS and SA treated ES and SA treated LS fillers on the Charpy
impact energy of bio-epoxy composites was determined at different temperatures (23 °C and -40
°C). The Charpy impact toughness results for the bio-epoxy composites with various filler types
and contents tested at 23 °C are shown in Figure 4.14 and tested at -40 °C in Figure 4.15. The
unfilled bio-epoxy had an impact energy of 8.21 kJ/m2. The energy absorbed decreased with an
increase in filler content for both untreated filler types at 23 °C and -40 °C. As the ES filler loadings
increased from 5, 10 and 20 wt. %, the composite Charpy impact energy decreased by 14 %, 34 %
and 44 %, respectively, while the LS fillers reduced the composites by 9 %, 31 % and 41 %,
respectively. In a similar way, the SA treated composites exhibited a decrease in Charpy impact
toughness with increase in filler loadings. As the ES filler loadings increased from 5, 10 and 20
wt. %, the Charpy impact toughness decreased by 24 %, 37 % and 47 %, respectively, while the
LS filler decreased the composites by 20 %, 36 % and 43 %, respectively. This reduction may be
due to the presence of accumulated particles in the composites, which reduced the energy
absorbing capacity [132], similar to the tensile strength and flexural strength results.

Figure 4.14. Effect of filler loadings on the impact energy absorbed by bio-epoxy composites at
23 °C.
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Comparable impact toughness behavior were reported for polystyrene containing nano-clays as
the filler material where the toughness decreased as a result of the presence of agglomerates in the
nano-composites [132]. Similarly, Fombuena et al. [11] reported a remarkable decrease (86-92 %)
in toughness at all untreated filler (5, 10, 20, 30, and 40 wt. %) loading levels of ground seashells
added to a GreenPoxy composite.

In addition, for the composites (0, 5, 10, and 20 wt. %) tested at -40 °C, the toughness values
decreased remarkably compared to the tests conducted at 23 °C for both filler types as shown in
Figure 4.15. At -40 °C, the unfilled bio-epoxy had an impact energy of 3.38 kJ/m2 (58 % decrease
from its room temperature value)), thus, presenting a decrease in impact energy with a decrease in
temperature. This suggests a more brittle behavior for the composites fractured at this lower
temperature due to the composites absorbing low energy before fracture. The Charpy impact
toughness at this reduced temperature was almost negligible due similar values (3.13–3.38 kJ/m2)
obtained for all composites. For example, as the ES filler loadings increased from 5, 10 and 20 wt.
%, the Charpy impact energy of the composites decreased by 5 %, 7 % and 9 %, respectively,
while the LS fillers reduced the composite impact energy by 4 %, 7 % and 9 %, respectively.
In a similar way, the Charpy impact toughness presented a reduction with increase in filler loading
of SA treated fillers up to 20 wt. %. For instance, the Charpy impact toughness decreased by 3 %,
7 %, and 9 % with increases in SA treated ES loadings of 5, 10, and 20 wt. %, respectively while
with SA treated LS loadings, reduced the composites by 4 %, 5 %, and 7 % for 5, 10, and 20 wt.
%, respectively.

In summary, irrespective of the filler type or SA treatment conducted, the Charpy impact toughness
presented reductions with decrease in temperature. These drops in impact energy are in agreement
with Khan et al. [133], who reported a decrease in impact fracture toughness with carbon fiber
loadings in epoxy matrix at low temperature (-20 °C). In addition, Charpy impact toughness of
bio-epoxy composites tested at -40 °C below the Tg of 56 °C (Figure 4.21) reduced its energy
absorbing capacity due to the bio-epoxy being less pliable, hard and brittle at cryogenic
temperature. The results suggest these composites should not be used in cold weather applications
if it will be exposed to impact load. The composites application could be utilized effectively at
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room temperature as a result of 5 wt. % filler loading only decreased the impact energy by 9-14 %
at room temperature compared to 61 % decrease at extreme cold condition (-40 °C).

Figure 4.15. Effect of filler loadings on the impact energy absorbed by bio-epoxy composites at 40 °C.

4.2.6 Fractography of fractured Charpy impact specimens
The SEM micrographs of the Charpy impact fractured surfaces of the composites are shown in
Figure 4.16-4.19 for composites fractured at 23 °C and -40 °C. The unfilled bio-epoxy resin
fractured surface at temperature 23 °C (Figure 4.16 (a)) had a flat, smooth, plate-like and cleavage
surface suggesting brittle failure. However, the unfilled bio-epoxy resin fractured at -40 °C showed
smooth, flatter and cleavage features (Figure 4.18 (a)). This suggested the unfilled resins are harder
and more brittle at low temperatures. Although, fewer uninterrupted crack paths after initiation are
visible in the unfilled bio-epoxy compared to the composites, the untreated and SA treated
composites still showed a flat and cleavage surface, which was different from the tensile and
flexural fracture surface. This might be due to the high strain rate testing conducted on unnotched
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specimens. In addition, the inclusion of 5 wt. % ES (Figure 4.16 (b)), LS (Figure 4.16 (d)), SA
treated ES (Figure 4.17 (a)) and SA treated LS (Figure 4.17 (c)) fillers presented a rougher surface
compared to unfilled bio-epoxy resin. For 20 wt. % ES (Figure 4.16 (c)), LS (Figure 4.16 (e)), SA
treated ES (Figure 4.17 (b)) and SA treated LS (Figure 4.17 (d)) loadings, the composite roughness
further increased. Similar features with composites (untreated and treated fillers) tested at 23 °C
showed an increase in the degree of roughness of their fractured surfaces (Figure 4.18 and 4.19)
with increase in filler contents which was also observed with composites fractured at -40 °C.

Figure 4.16. SEM micrographs of Charpy impact fractured surfaces at room temperature for (a)
unfilled bio-epoxy resin, (b) 5 wt. % ES loading, (c) 20 wt. % ES loading, (d) 5 wt. % LS
loading and (e) 20 wt. % LS loading.
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Figure 4.17. SEM micrographs of Charpy impact fractured surfaces at room temperature for (a) 5
wt. % SA treated ES loading, (b) 20 wt. % SA treated ES loading, (c) 5 wt. % SA treated LS
loading and (d) 20 wt. % SA treated LS loading.

Figure 4.18. SEM micrographs of Charpy impact fractured surfaces at – 40 °C for (a) unfilled
bio-epoxy resin, (b) 5 wt. % ES loading, (c) 20 wt. % ES loading, (d) 5 wt. % LS loading, and (e)
20 wt. % LS loading
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Figure 4.19. SEM micrographs of Charpy impact fractured surfaces at – 40 °C for (a) 5 wt. % SA
treated ES loading, (b) 20 wt. % SA treated ES loading, (c) 5 wt. % SA treated LS loading and
(d) 20 wt. % SA treated LS loading.

4.3

Effect of filler addition on the bulk density of bio-epoxy resin

The effect of filler particles (ES, LS and SA treated ES and SA treated LS) on the bulk density of
the bio-epoxy composites are shown in Table 4.2. The bulk density of the unfilled bio-epoxy resin
is (1.109 ± 0.006 g/cm³) comparable to the manufacturers’ data sheet (1.08 g/cm³). The addition
of these filler particles (both untreated and treated) slightly increased the density of the bio-epoxy
composites with increase in filler loadings of 5, 10 and 20 wt. %. The increase is attributed to the
addition of the filler materials having higher densities than the unfilled bio-epoxy resin. For
example, filler densities were ES (2.54 ± 0.00 g/cm³), LS (2.73 ± 0.00 g/cm³), SA treated ES (2.48
± 0.02 g/cm³) and SA treated LS (2.57 ± 0.02 g/cm³). In addition, the stearic acid treated composite
formulations indicated a slight density decrease over the untreated composites.

Applying the ROM (equation (3.8)), the theoretical obtained densities were compared with
experimentally obtained densities as shown in Table 4.2. The theoretical densities of all composite
formulations, irrespective of the SA treatment, increased slightly over the experimentally obtained
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values. For example, 5 wt. % ES had an experimental and theoretical density of 1.133 g/cm3 and
1.142 g/cm3, respectively which suggests the presence of voids in the composites. These results
are in agreement with Khalil et al. [107] who reported an increase in theoretical density over
experimental density with the addition of oil palm ash in an epoxy matrix. In a similar way,
Periasamy et al. [30] reported an increase of theoretical density over experimental density with
cuttlebone (seashell) particle loadings into an epoxy matrix.

Table 4.2. Density and void content of bio-epoxy composites with different filler loadings.

4.4

Composite
formulations

Experimental
density (g/cm3)

Theoretical
density
(g/cm3)

Void content
(%)

BE

1.109 ± 0.006

-

-

5 wt. % ES

1.133 ± 0.004

1.142

0.810

5 wt. % ES and SA

1.131 ± 0.006

1.142

0.930

10 wt. % ES

1.163 ± 0.002

1.176

1.102

10 wt. % ES and SA

1.158 ± 0.002

1.175

1.426

20 wt. % ES

1.191 ± 0.002

1.251

4.771

20 wt. % ES and SA

1.192 ± 0.008

1.248

4.474

5 wt. % LS

1.131 ± 0.002

1.144

1.161

5 wt. % LS and SA

1.131 ± 0.002

1.142

1.031

10 wt. % LS

1.166 ± 0.006

1.180

1.227

10 wt. % LS and SA

1.172 ± 0.005

1.188

1.311

20 wt. % LS

1.237 ± 0.003

1.259

1.818

20 wt. % LS and SA

1.227 ± 0.004

1.253

2.005

Void content of the composites

The void content of the composites are in the range of 0.810-4.771 % as shown in Table 4.2. The
void content increased with an increase in filler loading from 5-20 wt. %. The results indicated an
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increase in the percentage of void content with the addition of fillers. The void contents
significantly have effects on the mechanical properties and the performance of the composites. In
polymer composites, voids are formed due to processing effects arising from sources such as
entrapped air bubbles [134]. Higher void contents in composites suggest greater susceptibility to
water penetration [107]. In this study, the composite with the highest void content was 20 wt. %
ES, with a void content of ~ 4.77 %. The void content may have an effect on the water absorption
level of these composites.

4.5

Water absorption tests

The water absorption behavior of the as-produced composites are shown in Figure 4.20 – 4.24.
Bio-epoxy is a hydrophobic bio-based polymer and as shown in Figure 4.20 and Figure 4.21, the
water uptake was low compared to the as-prepared composites. The inclusion of hydrophilic fillers
(ES and LS) into the bio-epoxy polymer increased the water absorption as shown in Figure 4.20.
The water absorbed increased with immersion time for all filler loading until reaching a saturation
point at 504 h (or 21 days). Interestingly, ES composites at all filler loadings (5, 10, and 20 wt. %)
absorbed more water than the 20 wt. % LS composites where 20 wt. % ES had the highest
absorption. This indicated a lower water absorption for LS composites. Increased water absorption
of ES composites may be due to the presence of pores in the eggshell particles as observed in the
SEM micrograph of Figure 4.3 (a) (arrow marks). The water absorption results are consistent with
the void content results and shows the composites with 20 wt. % ES had both the highest void
contents as well as the highest water uptake.

In an effort to reduce the water absorption of the as-prepared composites, stearic acid was used to
treat the fillers to make them hydrophobic. The results obtained are shown in Figure 4.21 and
suggests a reduction in the hydrophilicity of treated fillers. The water absorption level of the
different filler loadings (untreated and treated) composites are shown in Figure 4.22 - 4.24. Despite
the SA treatments, the composites absorbed more water than unfilled bio-epoxy matrix. This may
be due to the inclusion of particles in the polymers in contrast to unfilled resin without particles.
However, the behavior presented a reduced absorption for SA treated composites (5-20 wt. %) in
comparison to the untreated composites for both filler types.
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Figure 4.20. Effect of untreated ES and LS filler content on the water absorption of bio-epoxy
composites.
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Figure 4.21: Effect of SA treated ES and LS filler content on the water absorption of bio-epoxy
composites.

Figure 4.22. Effect of 5 wt. % ES and LS filler content (untreated and SA treated) on the water
absorption of bio-epoxy composites.
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Figure 4.23. Effect of 10 wt. % ES and LS filler content (untreated and SA treated) on the water
absorption of bio-epoxy composites.

Figure 4.24. Effect of 20 wt. % ES and LS filler content (untreated and SA treated) on the water
absorption of bio-epoxy composites.
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4.6

Thermal analysis

The DSC thermographs of the unfilled bio-epoxy resin and 5 wt. % (ES, LS, SA treated ES and
SA treated LS fillers) composites are shown in Figure 4.25. Only 5 wt. % filled composites were
evaluated since they presented better mechanical properties (most promising material) than with
increased filler loadings. The results showed the Tg-midpoint obtained for the unfilled bio-epoxy
was 56.3 °C, which is close to the Tg-midpoint in the manufacturers’ data sheet (54.0 °C). The
inclusion of untreated fillers (ES and LS) into the bio-epoxy matrix had an effect on the polymer
network formation, which slightly increased the Tg-midpoint compared to unfilled bio-epoxy. The
Tg onset and end temperature obtained for all composite formulations are outlined in Table 4.3.
The inclusion of 5 wt. % untreated ES filler increased the Tg-midpoint by 2 °C. This may be due
to the reduction in the movement of bio-epoxy polymer chains around the filler particles [135].

Figure 4.25. A DSC thermograph showing the effect of 5 wt. % ES, LS and SA treated ES and
LS fillers on the Tg of bio-epoxy composites.
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A similar increase in Tg-midpoint was observed with the addition of nano-CaCO3 to synthetic
epoxy in which the authors suggested the fillers may restrict polymer chain mobility [96]. The
mobility of chains increases with temperature [136] and in a rubbery state, higher mobility of
polymer chains occurs. Interestingly, for 5 wt. % LS composites, there was no significant change
in the Tg-midpoint in comparison to the unfilled bio-epoxy resin as both had the same value.
Similar observations have been reported by Jin et al. [103] in which there was no significant change
in the Tg-midpoint of synthetic epoxy resin with the addition of 6 wt. % CaCO3 filler contents.
There may be not enough filler material distributed within the bio-epoxy to make a significant
change in the Tg-midpoint. Similarly, the treated SA composites did not have a significant change
in Tg-midpoint compared to unfilled bio-epoxy resin. This suggests the low content of SA
treatment process may have eased the mobility of the chains in the polymer.

Table 4.3. Onset, midpoint and end temperature of bio-epoxy composites.

Composite

Onset temperature

Tg midpoint

End temperature (°C)

formulation

(°C)

temperature (°C)

BE

54.1

56.3

58.4

5 wt. % ES

55.6

58.0

60.2

5 wt. % ES SA

54.9

56.7

58.5

5 wt. % LS

55.1

56.4

57.7

5 wt. % LS SA

54.8

56.4

58.0

4.7 Economic analysis
The amount of CaCO3 that could be recovered from the top thirty-one egg producing countries in
the world was calculated and shown in the analysis in Table 2.2. In Canada, the amount of CaCO3
that can be recovered annually for various applications based on an empty shell weight of 6.6 g is
~ 18,117,000 kg (603,900 bags of 30 kg) as illustrated in Table 2.2.
In the city of Saskatoon, Saskatchewan, it costs ~ $ 120 to dispose waste weighing about 150 kg
to the landfills [137]. Based on the analysis shown in Table 2.2, using the weight of an empty shell
of ~ 6.6 g and the approximate number of eggshells sent to egg breaker plants, it would cost
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companies in Canada approximately $ 14,493,600 (~ $ 14 million) annually to dispose their waste
eggshells to landfills. This value is based on the assumption that 30 % of all eggs produced in
Canada are sent to breaker plants. Or on the extreme end, if the analysis considers the total number
of eggs produced annually in Canada with the same empty shell weight, it would cost
approximately $ 48,312,000 (~ $ 48 million) to dispose this waste to landfills.

Furthermore, the annual production of mineral LS in Canada is approximately 1,805,000,000 kg
(1805 kilotonnes) [138]. Based on the annual recovery of CaCO3 from waste eggshells (18,117,000
kg), it indicated a potential replacement of mineral LS of only 1.00 % for use in various
applications in Canada. It is important to note, the aim of this analysis was not to eliminate the
current uses of mineral LS derived from rocks, but simply make use of a waste material while
saving disposal costs.

4.8

Statistical analysis

Tables 4.4–4.6 and Table 4.7 showed the results of two-way ANOVA and three-way ANOVA
analysis on the mechanical properties of the composites, respectively. The two-way ANOVA
analysis confirmed that there was a statistically significant interaction between the treatment done
on fillers and different filler loadings on the tensile strength, flexural strength and flexural modulus
of the composite. In a similar way, the three-way ANOVA analysis revealed that there was a
statistically significant interaction between the treatment, different filler loadings and test
temperatures performed on the Charpy impact toughness of the composites. Furthermore, the
analysis indicated the effect of treatment and the filler loading on Charpy impact toughness
depended on temperature.
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Table 4.4. Results of two-way analysis of variance of the effect of SA treatment and filler
loading (ES and LS) on the tensile strength of bio-epoxy resin.

Property

Source of Variation

DF

SS

MS

F

P

ES loading

Filler load

2

428.584

214.292

70.122

<0.001

Treatment

2

1225.227 612.614 200.464

<0.001

Filler load x Treatment

4

237.418

59.354

19.422

<0.001

Residual

36

110.015

3.056

Total

44

2001.244

45.483

Filler load

2

362.957

181.479

56.687

<0.001

Treatment

2

1503.502 751.751 234.818

<0.001

Filler load x Treatment

4

185.940

46.485

<0.001

Residual

36

115.251

3.201

Total

44

2167.651

49.265

LS loading

14.520

DF = degree of freedom, SS = sum of squares, MS = mean square, F = F-test statistic and pvalue = calculated probability
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Table 4.5. Results of two-way analysis of variance of the effect of SA treatment and ES loading
on the flexural strength and flexural modulus of bio-epoxy resin.

Property

Source of Variation

DF

SS

MS

F

P

Flexural strength

Filler load

2

2684.763

1342.382

772.022

<0.001

Treatment

2

4954.464

2477.232

1424.689

<0.001

Filler load x Treatment

4

1342.692

335.673

193.050

<0.001

Residual

36

62.596

1.739

Total

44

9044.516

205.557

Filler load

2

0.0825

0.0412

9.932

<0.001

Treatment

2

1.785

0.892

214.973

<0.001

Filler load x Treatment

4

0.0725

0.0181

4.365

0.006

Residual

36

0.149

0.00415

Total

44

2.089

0.0475

Flexural modulus
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Table 4.6. Results of two-way analysis of variance of the effect of SA treatment and LS loading
on the flexural strength and flexural modulus of bio-epoxy resin.

Property

Source of Variation

DF

Flexural strength

Filler load

2

2598.165 1299.083 297.346

<0.001

Treatment

2

4912.538 2456.269 562.213

<0.001

Filler load x Treatment

4

1323.442

330.861

75.730

<0.001

Residual

36

157.281

4.369

Total

44

8991.426

204.351

Filler load

2

0.0769

0.0384

8.701

<0.001

Treatment

2

1.847

0.924

209.025

<0.001

Filler load x Treatment

4

0.0556

0.0139

3.147

0.026

Residual

36

0.159

0.00442

Total

44

2.139

0.0486

Flexural modulus
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SS

MS

F

P

Table 4.7. Results of three-way analysis of variance of the effect of SA treatment, filler loading
(ES and LS) and temperature on the Charpy impact toughness of bio-epoxy resin.

Property

Source of Variation

DF

SS

MS

F

P

ES loading

Filler Load

2

9.525

4.762

734.289

<0.001

Treatment

2

45.340

22.670

3495.442

<0.001

Temperature

1

221.402

221.402

34137.649 <0.001

Filler Load x Treatment

4

5.041

1.260

194.307

<0.001

Filler Load x Temperature

2

7.017

3.508

540.940

<0.001

Treatment x Temperature

2

33.027

16.514

2546.224

<0.001

Filler Load x Treatment x Temp

4

3.847

0.962

148.304

<0.001

Residual

72

0.467

0.00649

Total

89

325.665

3.659

Filler load

2

9.569

4.784

81.902

<0.001

Treatment

2

35.794

17.897

306.367

<0.001

Temperature

1

248.868

248.868

4260.181

<0.001

Filler load x Treatment

4

5.330

1.333

22.811

<0.001

Filler load x Temperature

2

7.590

3.795

64.960

<0.001

Treatment x Temperature

2

26.265

13.133

224.805

<0.001

Filler load x Treatment x Temp

4

4.288

1.072

18.351

<0.001

Residual

72

4.206

0.0584

Total

89

341.910

3.842

LS loading
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

In this research, two types of calcium carbonate fillers were added to a bio-epoxy resin using a
solution mixing technique. The physical properties ((eggshell (ES) and limestone (LS) particle
morphology, composite fractured surfaces, particle size analysis, density (particle and bulk), void
content, water absorption)), chemical (ICP-MS and XRD), mechanical (tensile, flexure, Charpy),
thermal (glass transition temperature), economic and statistical analysis were determined.
Furthermore, the fillers were also treated with SA, which indicated a change in properties.

5.1

Conclusions

The following conclusions are made based on the analysis and results obtained:
1. Mass spectrometry analysis indicated a lower CaCO3 content for ES filler compared to LS
filler due to the organic membrane remaining on the ES, while XRD analysis indicated the
presence of CaCO3 in the form of calcite for both untreated and SA treated fillers.
2. The SEM micrographs showed similar features for all fillers with LS and SA treated LS
having less coarse surfaces to ES and SA treated ES. Both filler particles have a
rhombohedral-like morphology indicating the presence of calcite. The fractured tensile and
flexural surfaces of unfilled bio-epoxy resin had smooth features indicative of a brittle
material, while the composites exhibited a greater degree of roughness with increase in
filler loadings. The Charpy impact toughness fractured surface showed flat surface for
unfilled bio-epoxy as well as for filled composites due to the higher strain rate testing.
3. The particle density of LS was higher than that of ES due to the pores present in ES. The
particle density of SA treated fillers decreased in comparison to the untreated fillers,
possibly due to the lower density of SA which replaced the volume of the higher density
untreated fillers. The average particle size of LS was measured to be slightly larger than
the ES filler. In addition, the SA treated fillers showed a narrower particle distribution
curve to the untreated fillers suggesting, the SA treatment reduced most agglomerated
particles.
4. The mechanical tests conducted showed ES and LS fillers exhibited similar behaviours.
Both the tensile and flexural strengths decreased with increase in filler loadings possibly
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due to agglomeration of particles caused by electrostatic forces while flexural modulus
improved with increase in filler loadings due to the stiffer filler calcium carbonate particles.
In addition, the Charpy impact toughness results at cryogenic temperature had a lower
value compared to room temperature due to the composites becoming less pliable, harder
and more brittle, leading to low absorbed energies. In general, for all mechanical properties
evaluated, it is suggested filler loadings up to 5 wt. % would not have a significant effect
on these properties.
5. Both experimental (bulk) and theoretical densities (ROM) showed an improvement with
increase in filler loadings which was due to the inclusion of filler particles of higher
densities. The theoretical density showed a slight increase over their experimental results
due to the presence of voids in the molded composites. The highest void content was
observed for composites with 20 wt. % ES. Unfilled bio-epoxy resin had the least water
uptake level, while all ES filled composites absorbed more water than the highest LS filled
composites containing 20 wt. % which is attributed to the more porous nature of eggshells
compared to LS particles. The SA treated filler composites absorbed less water compared
to the untreated filler composites indicating SA had a hydrophobic effect on the particles.
6. DSC results showed an increase in the glass transition temperature with the inclusion of 5
wt. % ES content but there was no significant change with 5 wt. % LS, 5 wt. % SA treated
ES and 5 wt. % SA treated LS filler contents.
7. From the production of eggs in Canada, the economic analysis conducted in this study
showed that approximately 18,117,000 kg of CaCO3 could be recovered from egg breaking
plants annually. Furthermore, based on the city of Saskatoon waste disposal charges, it
would cost an egg breaking plant $ 14,493,600 (~ $ 14 million) annually to dispose this
waste to landfills. In addition, from the annual production of mineral limestone in Canada,
ES could potentially replace about 1.00 % for use in various applications.
8. The ANOVA analysis confirmed that there was a statistically significant interaction
between the treatment and filler loadings on the tensile strength, flexural strength and
flexural modulus, while test temperature also had a statistically significant effect on the
Charpy impact toughness of the composites.
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From the results obtained, waste ES presented a promising approach to serve as a possible
alternative to mineral LS used as fillers in bio-epoxy composites. Although ES waste represents
only a small fraction of the mineral LS usage in Canada, the aim of this work is to promote the use
of waste materials and divert them from landfills. Developing new purposes for waste eggshells
may reduce the disposal to landfills.
5.2

Recommendations for future work

The following are suggested for future work:
1. Investigation into the removal of the organic membrane by heat at temperatures below the
calcium oxide (CaO) formation, or using chemicals (e.g. sodium hypochlorite (NaOCl)
(e.g. bleach), sodium hydroxide (NaOH)), or by heating above 750 °C to form CaO and
further reacting to carbon dioxide (CO2) to form CaCO3 without any organic membrane.
2. Determine the effect of ES without organic membrane (purified form) on the physical,
mechanical and thermal properties of bio-epoxy resin composites.
3. Design a model for egg breaker plant companies in Canada that will take into account the
conversion of waste ES to CaCO3 after separating the liquid egg from their shell. Perform
an economic analysis for processing the waste eggshells.
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