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Food waste eggshell valorization through development of new composites: A
review

Abstract

The total amount of annual eggshell waste is similar as the amount of plastics waste input in the oceans
every year. Hence, the management of this eggshell waste is a major challenge. The last five years
have seen a dramatic increase in research dedicated to the use of eggshell waste as source materials
for the development of novel sustainable composites. This paper provides a review of the broad range
of eggshell waste use in polymer, metal and ceramic composites, and in other applications such as
adsorbents, catalysts, additives and functional materials. The different types and sources of CaCQOs3 are
presented. An overview is given about the eggshell treatment methods and parameters, which fall
broadly in two categories, low temperature treatment of CaCOs particles, and high temperature
treatment involving carbonization or calcination. The mechanical properties of structural composites
with eggshell derived particles are discussed for polymer, metal and ceramic matrix materials. A brief
view on commercialization is presented, and the paper concludes with the main findings and
suggestions for future research developments.
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1. Introduction

The management of vast amounts of food waste is a major challenge. In the framework of circular
economy, the aim is to eliminate waste and establish continual use of resources, such as using waste
as a (renewable) resource to make value-added products. The use of waste from renewable resources
in products is preferred over the use of finite resources for sustainability and environmental reasons.
Therefore, research on plant fibre reinforced (biodegradable polymer) composites has gained much
interest in recent years [1, 2]. In addition, inorganic food waste can provide a sustainable resource for
the development of products. About 65.5 million metric tons of eggs are produced annually worldwide.
This production has increased by 10% in Europe and by about 50% in China between 2000 and 2010.
The largest egg producing country is China, with 45% of the total production (Fig. 1). It is estimated that
global egg production will reach about 90 million tons by 2030 [3]. Considering that the eggshell is about
11% of the weight of an egg, it can be calculated that nearly 7.2 million tons of eggshell waste is created
every year [4]. In comparison, this amount is about the same as the 8 million tons plastics waste input
in the oceans each year, from a total of about 275 million tons plastic waste generated on land [5].

Eggshell waste is generally disposed of in landfills, and thus become a source of pollution with odor
production and microbial growth [6]. To solve this challenge, optimal strategies of food waste treatment
need to be developed, in particular because eggshell waste is considered a hazardous waste according
to European Union regulations [7]. Eggshell waste from industrial processes can be used for agriculture,
as an agent to increase soil pH. In this case, generally the shell CaCOs is calcined to obtain CaO, which
is an energy-intensive process [8]. Despite this use, eggshell waste is still undervalued as a resource,
and can be utilized as an alternative source for CaCOs [9], which is currently taken from non-renewable
finite limestone natural resources. Eggshell CaCOs powder can replace conventional limestone derived
CaCOs for 100% in final products. Recovery of food waste eggshells to produce new materials is thus
an ideal recycling strategy. To fulfil the cradle-to-cradle sustainability concept, the final products may
need to be materials that can either completely degrade and serve as nutrients in soil (e.g. composite
with eggshell particles and biodegradable polymer matrix), or products that can be fully recycled.



Research on eggshell waste has gained rapidly more attention over the last five years. The reported
studies with use of eggshell waste in new materials cover a range of applications, such as removal of
toxic metals from contaminated water and soil [10], cosmetics [11], cement production [12], and polymer
and metal composites. The driving factors behind the use of eggshell waste in composites include
mainly the large size of the waste source and future projected increase, the environmental hazard of
the waste source, the fact that this waste can be an alternative to finite natural resources, the fact that
it is a common compound in composites, and that eggshell waste may present a potentially cheaper
source and more environmentally friendly source especially at locations where limestone quarries are
far away from the production site of the composites. Previous reviews on research involving eggshell
waste have concentrated on ball milling of eggshells and mechanochemistry [13], and the use of
eggshell and seafood shell waste in polymer composites [14]. The focus in the current paper is a review
on eggshell treatment and a comprehensive overview of the wide range of different composites and
applications with the use of eggshell and eggshell-derived material, e.g. the use of eggshell CaCOs3
particles as fillers in polymer composites, the use of eggshell treated material in metal composites or
as a raw material for the production of hydroxyapatite materials and adsorbents and catalysts. The
growing interest over the last years in this topic is also clear from the dramatic increase in the number
of papers that have both “eggshell” and “composite” in the title based on the Web of Science database
(Fig. 2).
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Fig. 1. The top ten egg producing countries (based on Food and Agriculture Organization database).
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Fig. 2. Annual number of scientific publications that have both “composite” and “eggshell” in the title (based on
Web of Science database), showing the massive increase over the last five years.

2. Carbonate types and sources
2.1. Types of carbonate

Several types of carbonate are formed via natural processes. The most abundant carbonate types
found on Earth are natural rock resources, such as limestone and dolostone. Limestone is made up
primarily of calcium carbonate [CaCOs], whereas dolostone consists predominantly of calcium
magnesium carbonate [CaMg(COs)2 or dolomite]. There are also other carbonate minerals which are
less common in natural mineral deposits, such as magnesite [MgCOs], siderite [FeCOs], witherite
[BaCOs], and rhodochrosite [MnCQOs]. Calcium carbonate can occur in the form of three different
minerals (with different crystal structure) or polymorphs, namely (i) calcite with a trigonal crystal
structure, (ii) aragonite with an orthorhombic crystal structure, and (iii) vaterite with a hexagonal crystal
structure (Fig. 3). Calcite is the most common polymorph, especially in rocks, since calcite is more
stable than aragonite and vaterite. Studies have also indicated that aragonite starting material changes
to calcite at a temperature of around 400-450 °C when the material is subjected to heat treatment [15,
16]. Over geological time scale, vaterite and aragonite are converted to calcite. As a consequence,
limestone derived CaCOs predominantly consists of calcite. In terms of origin and sedimentary rock
formation, many limestone rocks are composed of debris material of marine organisms, such as
molluscs, gastropods, corals, and carbonate mud which accumulated millions of years ago and
subsequently lithified under burial of younger sediments. The density of calcite is 2.71 g/cm?, that of
aragonite is 2.93 g/cm3, and that of vaterite is 2.54 g/cm?3. Calcium carbonate is a main source for the
production of cement and mortar, and it is also a common filler in polymer composites. The type of
CaCOs polymorph can influence the properties of polymer composites. For example, the crystallization
temperature and crystallinity is higher for polypropene/CaCOs composites with vaterite as filler than
with aragonite or calcite as filler; hence, vaterite is considered to be a better nucleating agent for
polypropene [17]. The use of calcite whiskers in polypropene/CaCOs composites also leads to better
mechanical properties and a higher degree of crystallinity than aragonite whiskers or calcite particles
as filler [18].



Vaterite
Fig. 3. The crystal structure of the three polymorphs of calcium carbonate, calcite, aragonite and vaterite (Chem3d).

2.2. Seafood waste CaCOs shells

Similar to ancient geological times, several living organisms still build shells of calcium carbonate.
Several marine organisms have hard CaCOs shells. In contrast to lithified rocks, CaCOs from seafood
waste, such as mussel, oyster and scallop shells, have not undergone physicochemical processes over
geological time scales, such as conversion to the most stable minerals, compaction, lithification,
recrystallization, corrosion and cementation. As a result, food waste shells have a more complex
inorganic-organic structure and heterogeneous mineralogical composition than carbonate derived from
rocks. Many organisms form a complex interlayered structure of organic and inorganic components,
generally with a specific hierarchical three-dimensional build-up through which these organisms achieve
shells with excellent mechanical strength and toughness [19]. These complex natural structures have
inspired researchers to design biomimetic materials to obtain targeted or improved material properties
[20]. A prominent example is biomimetic synthetic material inspired by nacre from seashells, consisting
of crystalline calcium carbonate and organic biopolymer [21-24].



2.3. Avian food waste CaCQOz eggshells

The focus in this review is on chicken eggshells, which consist also mainly of CaCOs, but are very
different from the shells of marine organisms that form limestone rocks. Chicken eggshells have a
composition of 94% calcium carbonate, 1% magnesium carbonate, 1% calcium phosphate and 4%
organic matter [25]. The eggshell forms by precipitation of calcium carbonate on the egg outer
membrane fibres, in a supersaturated fluid with 6 to 10 mM calcium ions and 70 mM bicarbonate ions
[26]. The polymorph calcite is formed rather than aragonite or vaterite due to the organic components
in the fluid which promote nucleation of amorphous calcium carbonate which subsequently converts to
calcite crystals [27]. The shell structure is composed of (from inside to outside): (i) mammillary cones,
(ii) palisade calcite, (iii) a transitional crystal layer, and (iv) a cuticle coating with hydroxyapatite [28]
(Fig. 4; [29]). A typical chicken egg has a biomineralized shell thickness of 0.3-0.4 mm [30].
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Fig. 4. Structure of an avian eggshell with schematic sketch and scanning electron microscope picture with labelled
terminology of the different parts. Figure from Pérez-Huerta and Dauphin [29], reprinted with permission from
Elsevier.

3. Eggshell treatment methods for use in composites

A wide range of eggshell treatment methods are reported in studies on eggshell-derived composites.
Two main categories can be distinguished, namely (i) methods for composites that use eggshell CaCOs
without high temperature treatment, and (ii) methods where the eggshells are treated at high
temperature for carbonization or calcination to obtain CaO.

3.1. Preparation of eggshell CaCOs particles without high temperature treatment

An overview of the different preparation method parameters for eggshell CaCOs as filler in composites
is presented in Table 1. The different parameters encompass type of washing agent, membrane
removal, drying temperature, drying time, sieving mesh size, and particle surface modification. First,
the food waste eggshells are cleaned to remove any potential egg white or dirt. In about 40% of the
studies, it is reported that the inner membrane of the eggshell is removed. This is generally done
manually by using hot water. The type of agent being used for the washing process is tap water, distilled
water, deionized water, or ultrapure water in two thirds of the reported studies. The other works report
washing the eggshells with a NaClO solution, NaCl solution, NaOH solution, methanol, acetone or
dimethylformamide, and in some cases, the eggshells are first washed with water, followed by ethanol



or acetone and methanol. After washing, the eggshells are dried at room temperature or in an oven
(either in air or under vacuum) at elevated temperature, generally between 50 and 110 °C, and there
are a few studies that report drying at 200 or 250 °C. The drying time varies from half an hour to several
days, but is often not specified in the studies. The milled eggshell powder is sieved to obtain a specific
size distribution, which varies amongst the reported studies. In almost half of the studies, a particle size
of 50 um or smaller is used, and about one fifth of the studies report a particle size smaller than 63, 75
or 100 ym. The smallest particle size of 10 nm was achieved by first grinding eggshells to a fine powder,
and then using sonochemical methods with DMF for five hours [31]. In many cases, no additional
chemical treatment or functionalization of the particles is conducted, and the powder is stored in a
desiccator until use. Some studies describe treatment of the milled eggshell particles with acid, pimelic
acid, stearic acid, acetic acid or phenylphosphonic acid, and polypropylene glycol, terpolymer and
nanosized titanium dioxide.

Table 1

Overview of preparation method parameters for the production of eggshell CaCOs particles for composites.

Membrane Washing solvent  Drying Particle size Surface modifier Reference
removed temperature  (um)*
(°C)
yes NaOH solution 60 - none [32]
no NaOH solution 80 <63 none [33]
no acetone 25 <149 pimelic acid [34]
yes water 25 <125 none [35]
no water 110 - stearic acid [36]
no DMF 25 <0.01 none [31]
yes water, ethanol 25 <2-0 acetic acid [37]
no water 25 none [38]
yes distilled water 50 <74 none [39]
no hot distilled water 70 <75, 75-150, none [40]
150-212
no deionized water 110 2 none [41]
no water, ethanol 25 - polypropylene [42]
glycol
no methanol 100 <25 none [43]
yes water 105 <32, 32-63 none [44]
no deionized water - 2 pimelic acid [45]
yes tap water 80 45-125 none [46]
no water - <74 none [47]
no NaClO solution - <45 none [48]
yes hot distilled water 50 - none [49]
no - 80 - acid [50]
yes tap water 80 <125 none [51]
no distilled water 80 <600 none [52]
no water 50 <44 none [53]
no deionized water 110 2 none [54]
no - - 2 phenylphosphonic [55]
acid

yes tap water 80 7 none [56]
no tap water - 300 none [57]
no - 80 - terpolymer [58]



no water, acetone, 25 <75 none [59]

methanol
yes 1M NaOH solution 25 <100 none [60]
no - 110 <106, 106- none [61]
149, 149-250
no NaClO solution 250 <25 nanosized titanium [62]
dioxide
yes water 80 1.1 none [63]
yes hot water 100 0.3-20 none [64]
yes NaClO solution 100 <44, 44-150 none [65]
yes distilled water 105 45 none [66]
yes - 110 <300 none [67]
no - 80 <500 none [68]
no distilled water 200 <50 none [69]
yes NaClO solution 100 <44, 44-150 none [70]
yes NaCl solution 100 <100 none [71]
no deionized water 25 <25 none [72]
no deionized water 80 - none [73]
yes tap water 25 <300 none [74]
yes clean water 80 <100 none [75]
no - 80 <25 none [76]

* Particle size after grinding

3.2. Preparation of eggshell powder treated at high temperature

Chicken eggshell carbonate was also used as a source material subjected to high temperature heat
treatment. For this process, the chicken eggshells were first washed with water and ground to powder.
The different appearance of eggshells having undergone different degrees of heat treatment is
presented in Fig. 5 [8]. In 40% of the reported studies, the eggshell membrane was removed before
grinding the material. In terms of heat treatment, about one quarter of the studies report heating to 500
or 600 °C for a duration of one to three hours. This heat treatment is conducted to remove carbonaceous
materials such as dirt and the protein membrane [77, 78], even though the membrane is removed before
heat treatment in several studies [79, 80]. Analyses with Fourier Transform InfraRed spectrometry
(FTIR) and X-ray diffraction (XRD) confirm that the eggshell powder upon such heat treatment has a
CaCOs composition [77], and that amine functionalities from the organic part of the eggshell
disappeared [80]. Moreover, thermogravimetric analysis (TGA) shows that the organic proteins in the
calcified layers are decomposed at a temperature from 250 to 380 °C with a weight loss of 3.0% [80].
Scanning electron microscopy (SEM) data indicate that the carbonized eggshell particles have irregular
sizes and shapes, and have a porous structure on the surface [78, 80]. Many studies conduct heat
treatment of eggshells at even higher temperatures, generally between 800 and 1000 °C for calcination
to obtain calcium oxide (CaO) [81-83]. The CaO is then converted to hydroxyapatite using the wet
precipitation method with orthophosphoric acid for some applications [84-86]. The eggshells start to
decompose at 650 °C and are completely decomposed at 800 °C [87], and TGA analysis confirms
decomposition between 630 and 850 °C with a weight loss of 58% due to conversion of CaCO3 to CaO
[80]. Analyses of the calcined material using FTIR and XRD showed the presence of Ca(OH)z due to
uptake of moisture from the air, as well as some carbonation triggered by CO2 adsorption by CaO [82,
83]. The highest temperature reported for heat treatment of eggshell carbonate is 1200 °C whereby the
dried eggshell powder is packed in a graphite crucible and heated in an electric resistance furnace [88].
In some cases, the eggshell material was heat treated while being mixed with another material for a
targeted composite, e.g. with anthill powder [89, 90] or with Al matrix [91].
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Fig. 5. Appearance of avian eggshells upon heat treatment at different temperatures. Figure from Lee et al. [8],
reprinted with permission from Elsevier.

Table 2

Overview of preparation method parameters for the production of heat treated eggshell particles.

Membrane  Heating Heating time Particle size (um)* Reference
removed temperature (°C)  (hours)

yes 600 2 <37 [80]
no 500 1 100-120 [92]
no 500 2 100-350 [77]
no 500 3 25 [93, 94]
yes 800 2 <210 [81]
no 1000 4 - [95]
yes 800 3 <53 [96]
yes 500 3 - [79]
no 1000 5 - [97]
no 900 8 - [82]
no 900 2 - [98]
yes 1000 4 150-220 [89]
yes 864 4 <300 [99]
yes 1200 - <63 [88]
no 900 8 - [83]
no 900 2 - [100]
no 500 5 <50 [101]
yes 900 48 - [102]
no 800 2 <250 [87]
yes 1000 1 - [84]
yes 800 2 <210 [103]
no 800 3 <75 [104]
no 900 3 - [85]
yes 700-900 - 125-300 [67]
no 500 3 - [78]
no 1100 2 - [105]



no 500 2 <75 [106]
no 900 2 - [107]
* Particle size after grinding and heating

4. Application of food waste eggshells in structural composite materials
4.1. Thermoplastic polymer composites

Chicken eggshell was introduced as a new bio-filler in polymer composites in 2007 by Toro et al. [108].
This study showed that polypropene (PP) composite with 40% eggshell filler has a higher Young’s
modulus than PP composite with 40% conventional calcium carbonate filler of either smaller or larger
particle size. This finding was attributed to a better eggshell-matrix interfacial bonding [108]. The
Young’s modulus of eggshell/PP composites increases with increasing filler loading from 0 to 60%, and
with decreasing mean particle size from 90 to 8 um. The impact strength and deformation at break
decrease with increasing filler loading [109]. Subsequent studies on eggshell/PP composites focused
on modification of the eggshell filler. Lin et al. [34] modified eggshell fillers with pimelic acid before melt
compounding with PP, and this resulted in eggshell/B-PP composite. The modification by pimelic acid
improved dispersion of eggshell particles and the interfacial bonding with the polymer matrix. However,
the addition of eggshell filler (up to 5%) modified with pimelic acid to PP caused a slight decrease in
the tensile and flexural strength of the material, but an increase in the impact strength [34]. Ghabeer et
al. [36] modified eggshell particles with stearic acid in the preparation of eggshell/PP composite via melt
extrusion. The Young’s modulus of the composite increased with increasing eggshell filler loading up
to 30%, but the tensile strength and strain at break decreased. The general trends are similar but more
pronounced than for unmodified eggshell/PP composite [36]. A study highlighted the cost of grinding-
sieving and/or chemical modification, and proposed direct processing of PP with up to 40% unmodified
cm-scale eggshell shards using continuous, single-step solid-state shear pulverization [110]. An 87%
increase in Young’s modulus was achieved in 40% eggshell/PP composite in comparison to neat PP
thanks to the very good dispersion of eggshell particles in the PP matrix, and a decrease in yield
strength, elongation at break, and impact strength. The composite also has a higher thermal
degradation temperature compared to neat PP [110]. Another study investigated the incorporation (5%)
of a compatibilizer, maleic anhydride grafted PP, to improve dispersion of 30% eggshell powder in PP
[77]. The results showed an increase in Young’'s modulus and flexural modulus.

Eggshell fillers have also been used in polyethene thermoplastic polymers. Supri et al. [33] investigated
the effect of polyethene-grafted maleic anhydride added as a compatibilizer (6% of the eggshell filler
loading) to improve the interfacial adhesion between eggshell fillers and low-density polyethene (LDPE).
The Young’s modulus increases, whereas the tensile strength and elongation at break decreases with
an increase of the content of eggshell filler (5 to 25%) in the eggshell/LDPE composite with and without
compatibilizer. The elongation at break is smaller for the composites containing the compatibilizer [33].
Also high-density polyethene (HDPE) composite with eggshell filler was studied [56]. This study
adopted a silane coupling agent to modify the eggshell filler. Young’s modulus increased and the tensile
strength and elongation at break decreased with higher filler content (0 to 70%). The tensile strength,
Young’s modulus and thermal stability of the composite improved by this filler modification which
enhanced the interfacial interaction and adhesion between HDPE and eggshell particles. The
elongation at break was also shorter for the composite with silane coupling agent [56].

A few studies report eggshell fillers in other thermoplastic polymers. Murugan et al. [46] made
composites with eggshell particles in poly(vinyl chloride) (PVC). Stearic acid, dibutyltin maleate and a
plasticizer were added during compounding the eggshell/PVC composite. This study indicated a higher
tensile modulus and lower elongation at break with increasing filler loading from 0 to 40% (Fig. 6; [46]).
The change in mechanical properties with eggshell filler loading was more pronounced for a smaller
particle size, 0.2 um in comparison to 7 um, due to better dispersion and improved filler-matrix interfacial
adhesion [46]. Sharmeeni et al. [51] showed that the blending sequence of eggshell/PVC composite
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compounding has an effect on the processing, mechanical properties, morphology and thermal
decomposition of the composite. The composite showed improved tensile strength and thermal stability
when PVC, stearic acid and dibutyltin maleate were mixed first, and subsequently a mixture of eggshell
and plasticizer was added [51]. Composites with eggshell filler have also been investigated with a
polystyrene (PS) matrix. Hayeemasae et al. [111] compared composites with 20% eggshell filler (with
a particle size of 75 ym) and different proportions of recycled and virgin PS. The results showed that
the tensile strength, elongation at break, Young’s modulus and impact strength increase for composites
with a higher proportion of virgin PS [111]. In another study, eggshell filler (with a particle size of 74 ym)
was used alongside bagasse fibers in extruded PS foam [47]. Acetate anhydride was added as a
compatibilizer, and dioctyl phthalate as a stabilizer. The flexural strength and the toughness of the
composite increase more than double for higher bagasse and eggshell filler loading (from 10% to 25%
for each) [47].
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Fig. 6. Plot of the percentage elongation at break versus eggshell filler loading for PVC/eggshell composites for
two different eggshell particles sizes of 0.2 and 7 ym. Figure adapted from Murugan et al. [46].

Bio-based polymers are also attractive as matrix in composites with eggshell filler. Xu and Hanna [112]
made composite foams with corn starch and eggshell filler with particle sizes of 4-5 pm and 8-10 pym.
They showed that the foam cell size, foam unit density, expansion ratio and compressibility decrease
and the cell population and spring index increases with higher eggshell filler content (0 to 6%).
Biodegradation of thermoplastic starch with eggshell fillers was investigated and it was shown that
eggshell filler delays the biodegradation, but the biodegradation of the composite is faster in comparison
with thermoplastic starch containing commercial calcium carbonate [113]. The study also presented
that the eggshell particles were better dispersed in the matrix than the commercial calcium carbonate
particles which showed more agglomeration. It was interpreted that the improved dispersion was
caused by the eggshell organic membrane enhancing interaction with the thermoplastic starch.
Furthermore, the eggshell/starch composite has a higher thermal stability and lower water adsorption
[113]. The study by Jiang et al. [53] showed that the addition of up to 3% eggshell filler in corn starch
increased the tensile strength, macroscopic rigidity and thermal stability of the composite films prepared
by solution casting. Similar to the study by Bootklad and Kaewtatip [113], they interpreted that the
organic compounds in the eggshell powder enhanced the interfacial interaction between the filler and
the matrix [53]. Rahman et al. [37] developed a nanocomposite of soy protein with up to 10% eggshell
nanoparticles. The particles were well dispersed with the aid of an anionic dispersant sodium
polyacrylate (10% of the eggshell nanoparticles). Young’s modulus and tensile strength was highest,
and fracture strain lowest, for the composite with 5% eggshell nanofillers [37].
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Biodegradable polypropene carbonate (PPC) was used with eggshell filler (up to 5% filler loading, with
a particle size of <40 ym) in composite film via the solution-casting method by Feng et al. [4]. The tensile
strength and modulus increased (up to 81% and 67% respectively) and the elongation at break
decreased (by up to 36%) for PPC composite with increasing eggshell particle loading up to 4%. The
thermal stability was higher by incorporation of eggshell filler in PPC composite. They suggested that
compatibility between the eggshell particles and PPC was enhanced by dipole-dipole interaction and
weak hydrogen bonding [4]. Hassan et al. [31] used a mechanochemical and ultrasonic irradiation
technique to produce nanoscale eggshell particles and used those as filler to make a nanocomposite
with thermoplastic polymer Bioplast GS2189 by solution mixing. The nanocomposite with 2% eggshell
filler loading showed an increase of 35.3% and 30.5% in flexural strength and modulus, respectively, in
comparison to the neat Bioplast. Similarly, the nanocomposite showed an increase of 33.3% in the
strain at break [31]. Bacterial cellulose was also used as matrix in composites with eggshell filler [43].
The composites showed a decrease in Young’s modulus and tensile strength with increasing eggshell
filler loading (up to 5%). In contrast, the water adsorption capacity and vegetable oil adsorption capacity
of the composite increased with eggshell filler loading [43]. Prabhakar et al. [114] prepared composite
film from wheat protein matrix with eggshell filler particles. Both tensile strength and elongation at break
increased with an increase in eggshell filler loading (up to 40%). The good dispersion and matrix-filler
adhesion was attributed to the presence of organic compounds on the surface of the eggshell powder.
The eggshell powder also improved the thermal stability [114]. Epichlorohydrin cross-linked
chitosan/eggshell composites were prepared and studied by Rahmi et al. [49]. Up to 13.4% eggshell
filler was used, and it was shown that the tensile strength increased by up to 60% with eggshell filler
loading [49]. Wu et al. [76] investigated the effect of eggshell filler (up to 50%) in polyvinyl alcohol (PVA)
prepared by solution blending and casting to films. The eggshell particles (<25 um) were well dispersed,
and a good adhesion with the matrix was attributed to the organic compounds on the eggshell surface.
The results have shown an increase in Young’s modulus of the composite with increasing eggshell filler
(up to 50%). The composite tensile strength and elongation at break increased with increase in filler
content up to 30% [76].

Polylactid acid (PLA) is one of the most studied bio-based biodegradable thermoplastic polymers, and
was also used as a matrix in composites with eggshell filler. Ashok et al. [115] reported that the tensile
strength and modulus of PLA/eggshell composite films increased with filler loading up to 4%, whereas
the elongation at break decreased. The incorporation of eggshell filler increased the thermal stability
and crystallinity of the composite [115]. Betancourt and Cree [44] investigated different loading and
particle sizes of eggshell filler in PLA/eggshell composite and compared the results with PLA/limestone
composite. The results showed that the incorporation of limestone particles or eggshell particles (up to
20%) in PLA composite both led to a decrease in tensile strength and an increase in tensile modulus
for a filler loading of more than 5%. The tensile strength and modulus results were very similar for the
two particle size distributions tested (<32 ym and 32-63 um). In contrast, the impact strength was lower
for PLA/eggshell composite than for PLA/limestone composite. The decrease in impact strength was
most pronounced for the larger particle size [44]. Incorporation of eggshell filler (up to 20%) modified
with phenylphosphonic acid in poly L-lactic acid (PLLA) matrix resulted in an increase of the tensile
modulus of the composite [41]. Neat PLLA has smooth surfaces, whereas PLLA with eggshell filler has
much rougher surfaces (Fig. 7; [41]). Li et al. [116] tested the properties of hot stretched (up to stretch
ratio of 6) PLLA/eggshell filler (up to 30%) composite. The tensile strength of PLLA with 10% eggshell
filler hot stretched to a stretch ratio of 6 was more than double that of neat PLLA, and the Young’s
modulus was more than triple that of neat PLLA [116].
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Fig. 7. Scanning electron microscope pictures of (A) eggshell (ES) patrticles, (b) neat PLLA, (c) PLLA with 5% ES,
(d) PLLA with 10% ES, (e) PLLA with 15% ES, (f) PLLA with 20% ES. Figure from Li et al. [41], reprinted with
permission from Elsevier.

Given the brittle nature of PLA, blends were prepared with compounds that can increase toughness
and elongation at break of PLA composites. Somdee and Hasook [96] prepared PLA composite with
90% PLA, 3 to 10% natural rubber (NR) and 1 to 7% modified eggshell filler (modified by heating to
800 °C). The tensile strength and the elongation at break of PLA/NR/eggshell composites decreased
with increasing eggshell filler loading, and were lower than those of neat PLA. The Young’s modulus of
the PLA/NR/eggshell composites increased with increasing eggshell filler loading, but only the one with
7% eggshell filler content had a higher Young’s modulus than that of neat PLA. The impact strength
decreases with higher eggshell filler content in the composites [96]. Tiimob et al. [117] studied the effect
of eggshell/silver nanomaterial loading (up to 2%) on the mechanical properties of 70/30 poly(butene-
co-adipate terephthalate) / polylactid acid (PBAT/PLA) immiscible blends. The toughness of the
composite was better than that of PLA, but the strength was in between that of PBAT and PLA. The
tensile strength decreased by incorporation of the eggshell/silver nanomaterial, probably because of
poor interaction between the nanomaterial and the matrix [117]. Kong et al. [54] reported the synthesis
of a novel polyester poly(diethylene glycol succinate) (PDEGS) for use as a plasticizer in PLA
composites with functionalized eggshell powder. The addition of PDEGS resulted in a massive increase
of the elongation at break from 6% to more than 200%. Moreover, it helped inhibiting aggregation of
functionalized eggshell particles. The eggshell powder with a surface layer of phenylphosphonate acted
as a nucleating agent and helped in PLA crystallization. The incorporation of eggshell particles in PLA
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limited the reduction in modulus caused by plasticization, and it contributed thermal stability [54]. In a
similar study, 10% epoxidized soybean oil was used in PLA composites with different amounts of
functionalized eggshell powder [118]. The elongation at break of this composite was 160%, and the

tensile modulus was similar to that of neat PLA [118].

Table 3

Overview of preparation method parameters for the production of eggshell CaCOs particles for composites.

Matrix Particle size Filler Filler treatment Tensile Young's Strain (%) Reference
(um) loading strength  modulus
(%) (MPa) (MPa)
PP 90.0 0 - 31 1077 260 [109]
PP 90.0 10 none 32 990 39
PP 90.0 20 none 31 1016 38
PP 90.0 30 none 31 1080 12
PP 90.0 40 none 32 1106 7
PP 90.0 50 none 31 1220 4
PP 90.0 60 none 30 1310 3
PP 50.0 0 - 31 1077 260
PP 50.0 10 none 29 1037 40
PP 50.0 20 none 26 1150 37
PP 50.0 30 none 23 1250 11
PP 50.0 40 none 29 1667 5
PP 50.0 50 none 27 1745 3
PP 50.0 60 none 28 1810 2
PP 8.4 0 - 31 1077 260
PP 8.4 10 none 31 1100 37
PP 8.4 20 none 31 1510 35
PP 8.4 30 none 31 1740 10
PP 8.4 40 none 27 2000 6
PP 8.4 50 none 15 2150 3
PP 8.4 60 none 13 2220 3
PP - 0 - 334 - 15.6 [34]
PP - 1.0 none 33.4 - 71
PP - 2.9 none 32.7 - 6.7
PP - 4.8 none 32.3 - 6.6
PP - 1.0 0.98E-4 pimelic acid 30.8 - 7.6
PP - 29 2.88E-4 pimelic acid 30.1 - 6.7
PP - 4.8 4.71E-4 pimelic acid 29.3 - 6.4
PP - 4.8 2.37E-4 pimelic acid 29.3 - 6.2
PP - 4.8 9.34E-4 pimelic acid 29.6 - 6.5
PP - 4.8 79.36E-4 pimelic acid 32.7 - 5.8
PP - 0 - 33 1030 700 [110]
PP - 5 none 33 1230 60
PP <1 10 none 32 1320 30
PP <1 20 none 31 1420 20
PP <1 30 none 29 1600 10
PP - 40 none 28 1900 7
corn starch - 0 - 2.37 - 70.25 [53]
corn starch - 1 none 3.97 - 97.38
corn starch - 1.5 none 413 - 103.63
corn starch - 2 none 4.69 - 108.38
corn starch - 25 none 4.17 - 106.42
corn starch - 3 none 3.81 - 98.13
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PLA
PLA
PLA
PLA/PDEGS
PLA/PDEGS
PLA/PDEGS
PLA/PDEGS

PLA
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phenylphosphonate
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phenylphosphonate
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phenylphosphonate
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phenylphosphonate
phenylphosphonate
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phenylphosphonate
phenylphosphonate
phenylphosphonate
phenylphosphonate

none
none
none

12.8
13.1
14.2
17.6
23.2
13.8

13.2
7.05
2.53
1.47
0.78

3.908
3.981
4.079
4.131
5.223
8.432

16.8
17.7
211
25.5
30.6
22.5

61.1
49.4
46.9
44.3
24.9
20.2
18.4
16.7

61.1
31.5
25.6
22.7
18.6

58.5
56.7
55.6
53.9
53.4

56.8
53.7
49.7
45.6

823
974
1008
1206
1378
983

4.16
3.89
0.4

0.42
0.12

1152
1171
1433
1767
1964
1389

1240
1470
1740
2150
550
590
630
810

1240
1190
1520
1750
1790

1880
2020
2200
2320
2460

1312
1905
1987
2033

821
705
619
586
525
785

6.3
4.8
8.4
6.8

3.17
1.81
6.29
35

6.37

81.004
92.284
102.568
111.346
112.341
116.514

402
352
213
173
143
286

3.8
2.9
491.7
334.4
320
218.8

159.2
122.7
116.8
70.4

4.5
4.6
3.5
3.2
2.5

5.8
4.2
3.4
2.5

[4]

[31]

[43]

[114]

[115]

[54]

[118]

[41]

[116]
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PVA 0 - 33.52 1138 128.9 [76]

PVA <25 10 none 34.51 1731 136.2
PVA <25 20 none 35.63 2474 145.4
PVA <25 30 none 38.78 2633 165.9
PVA <25 40 none 31.36 2804 118.7
PVA <25 50 none 29.71 3341 66.4

Polymer matrix: polypropene (PP), Polypropene carbonate (PPC), Polylactic acid (PLA), poly(diethylene glycol succinate)
(PDEGS), polyvinyl alcohol (PVA)

4.2. Thermoset polymer composites

Eggshell particles have also been investigated as filler in thermoset polymers, such as epoxy resin, to
improve toughness [32]. This study showed that the eggshell particles (1 ym) have a larger surface
area than conventional CaCOs particles of similar grain size distribution. The impact strength of epoxy
resin was improved by 72% due to incorporation of 5% eggshell filler in the absence of silane coupling
agent and without NaOH treatment of the eggshell particles [32]. Tiimob et al. [42] studied the effect of
incorporation of eggshell nanoparticles (up to 10%) in bio-based epoxy resin. The flexural strength,
modulus and toughness of the epoxy/eggshell composite increased with increasing eggshell filler
loading up to 4% [42]. Also Azman et al. [68] used chicken eggshell particles (<500 ym) as a biofiller
(up to 20%) in epoxy composites. The results showed that tensile strength decreased, and tensile
modulus and thermal stability increased with eggshell filler loading, with an optimal loading of 15%. The
epoxy composite with eggshell filler showed better mechanical, thermal stability and morphological
properties than the composite with conventional CaCOs particles. The study also found that the
dispersion of eggshell particles in the epoxy matrix was not homogeneous and that the interaction
between the particles and the matrix was poor [68]. The addition of eggshell particles in epoxy
composite decreased water uptake of the composite, but increased impact strength and tensile strength
and modulus [69].

Several other studies on eggshell filler in epoxy resin reported properties other than the mechanical
ones. Eggshell filler was investigated as a potential cure modifier because eggshell contains peptide
functional groups and proteins [50, 58]. Also Souza et al. [65] tested eggshell filler in epoxy resin as a
potential cure improver. The study showed that the eggshell membrane increased the curing rate. Also
Jacques et al. [70] presented eggshell membrane as a suitable catalyzer for the crosslinking reaction
of epoxy resin because of its amines, hydroxyl and sulphur. However, it was shown that eggshell
membrane was not as efficient as the synthetic catalyzer DEH 35 [119]. Hamdi and Habubi [120]
investigated epoxy/eggshell composite as potential thermal insulation. Similarly, Abdelmalik et al. [59]
reported that the incorporation of eggshell powder in epoxy composite increased the thermal
conductivity and the dielectric constant, and decreased the conductance, making the epoxy/eggshell
composite a better electric insulation material. Panchal et al. [57] compared moisture absorption in
epoxy composites with boiled and unboiled eggshell filler (up to 12%). The study showed that the
highest water absorption occurred in the composite with 12% boiled eggshell filler [57]. The erosion
wear behaviour of epoxy composites with boiled and unboiled eggshell filler was also studied [121].
The epoxy composite with 4% unboiled eggshell filler had the highest wear resistance in dry conditions
[121]. The effect of eggshell filler in epoxy-based intumescent fire-retardant coatings with ammonium
polyphosphate, pentaerythritol and melamine on thermal stability, flame retarding and smoke
suppression properties was studied by Xu et al. [66]. The composite with 3% eggshell filler showed the
best results with enhanced thermal stability and char-forming ability, and reduction in mass loss, heat
release and smoke production.

Bhoopathi and Ramesh [122] investigated the addition of eggshell nanoparticles (up to 21%) in hemp
fibre reinforced epoxy composites. The flexural strength and impact strength of the composite increased
with increasing eggshell particle loading, but the tensile strength and the shear strength were lower for
the composites with eggshell filler. Water absorption was lower in composites with a higher eggshell

16



filler loading [122]. Eggshell filler (up to 40%) was also used in glass fibre reinforced epoxy composite
laminates [75]. The study showed that tensile and compressive strength of the composite increased by
18% and 30%, respectively, with addition of 10% eggshell particles of 100 ym [75]. Besides epoxy
composites, eggshell filler (50 to 65%) was also studied in polyester resin composites [61]. The flexural
strength of the composite increases with increasing eggshell filler loading from 50 to 60% for each of
the three different particle size distributions tested. Water absorption increases also with eggshell filler
loading from 50 to 60% for the largest size distributions, 60 mesh and 100 mesh, but the trend is the
opposite for the 150 mesh [61].

4.3. Elastomer polymer composites

Eggshell particles have also been used as filler in rubber materials. Intharapat et al. [80] studied the
effect of incorporation of eggshell particles in natural rubber ENR-25 on the mechanical properties of
the composite. The results were compared with natural rubber composite with treated eggshell
carbonate heated to 600 °C and with commercial CaCOs. The study showed that natural
rubber/eggshell composite had the shortest cure time, which was interpreted by the enhancing effect
of eggshell membrane protein on the vulcanization process. This composite also had the best tensile
strength, tear strength, hardness and swelling resistance properties (Fig. 8; [80]). It was interpreted that
the improved properties were a consequence of better dispersion and interfacial adhesion between
eggshell particles and the rubber matrix because of the organic components in eggshell particles [80].
Natural rubber was also used as a matrix with eggshell filler and chlorinated polyethene as a flame
retardant and curing agent to make thermal insulation composite rubber foams [38]. The composite
foams had similar properties as those made with commercial CaCOs particles. Also Moonlek and
Saenboonruang [63] found that natural rubber latex composites with 4% eggshell filler had similar
tensile properties as those with 4% commercial CaCO:s filler. Moreover, they showed that incorporation
of more eggshell filler (tested up to 6%) in the composite increased the swelling resistance [63]. Ren
and Cornish [123] replaced bifunctionally silanized silica partially or completely by eggshell filler in
guayule natural rubber composites, and this improved the dynamic mechanical properties and ozone
resistance of the composite. In a study by Roy et al. [124], eggshell nanoparticles were used as filler in
natural rubber composites with and without compatibilizer maleated natural rubber. The results showed
that the composite with compatibilizer had improved torque difference, tensile and thermal properties.
The addition of compatibilizer improved the uniform dispersion of eggshell nanoparticles and the
interaction between the eggshell filler and the matrix [124]. Bhagavatheswaran et al. [125]
functionalized eggshell particles with terpolymer polyvinyl 2-pyrrolidone-co-maleic acid-co-acrylic acid
for incorporation as filler in acrylonitrile butadiene rubber composite. The surface modification had no
or only a limited effect on the tensile modulus and elongation at break of the composite at low filler
loading of up to 15%.
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Fig. 8. Comparison of properties of natural rubber ENR-25 composites with commercial CaCOs filler (CaCOs),
eggshell carbonate filler (ECC) and eggshell treated at 600 °C (ECC-600) for different filler loadings, elongation at
break (a), hardness (b), tension set (c) and swelling resistance (d). Figure adapted from Intharapat et al. [80].

4.4. Metal matrix composites

The incorporation of (carbonized) eggshell powder as reinforcement filler in metal matrix composites
was studied. Uncarbonized eggshell, carbonized eggshell and commercial CaCOs particles were used
in AA2014 matrix alloy composites [126]. The hardness, tensile strength, and fatigue strength of the
composite increased with increasing carbonized or uncarbonized eggshell filler loading up to 12.5%.
However, the toughness and ductility decreased with increasing carbonized and uncarbonized eggshell
filler loading up to 15%. The composite with 12.5% carbonized eggshell filler had the best mechanical
properties, good interfacial interaction and minimum corrosion [126]. This AA2014 metal composite with
12.5% carbonized eggshell filler had very similar mechanical properties as AA2014 metal composite
with 10% SiC, and a much cheaper cost than the latter [127]. The corrosion rate decreased by addition
of SiC particles up to 7.5% and with eggshell particles up to 12.5%, and increased after heat treatment
for all reinforced metal matrix composites [127]. Precipitation hardening parameters were optimized for
the AA2014 aluminium alloy composite with 5% carbonized eggshell filler [128]. An investigation of
AA2014 metal matrix composites containing different proportions of both SiC and carbonized eggshell
particles showed that the tensile strength and fatigue strength for the composites with 2.5% SiC and
7.5% carbonized eggshell particles were higher than for composites with other proportions of mixed
filler. The toughness of the composites decreases with increasing SiC/carbonized eggshell weight ratio.
The lowest corrosion rate was measured for the composite with 2.5% SiC and 12.5% carbonized
eggshell filler [129]. Tribological tests have shown that minimum wear rate was achieved for AA2014
composite with 6.5% carbonized eggshell and 11% SiC [79].

Other research on eggshell filler in metal composites also focused mainly on aluminium matrix with one
or more reinforcement filler materials. Bose et al. [91] reported that the incorporation of waste
carbonized eggshells, cow dung ash, snail shell ash and B4C in aluminium alloy composite with SiC led
to increased hardness, tensile strength and fatigue strength, and decreased ductility, fracture toughness
and corrosion rate. They also showed that carbonized eggshell particles as reinforcement in Al matrix
resulted in composites with better tribomechanical properties than uncarbonized eggshell and SiC +
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snail shell ash reinforcements. Composite of AI6061 alloy with eggshell particles were made by Dwiwedi
et al. [92]. The results showed that the composite with 4% eggshell filler loading had the best properties,
and that higher loading resulted in a higher porosity and particle agglomeration causing poor
mechanical properties [92]. Similarly, Hayajneh et al. [101] found that 3% eggshell particle loading in Al
composite improved the hardness, compressive strength and wear resistance of the composite,
whereas higher loading of 6 and 9% led to poorer composite properties. Hybrid composites with
aluminium matrix were prepared with graphite and eggshell reinforcement particles [78]. Incorporation
of 1.5% graphite and 3% eggshell particles led to an increase in compressive strength and hardness of
the composites, but higher loadings lead to a decrease in these properties. Another study also prepared
graphite-aluminium composites with different fillers of Si, SiC and eggshell particles in order to improve
microhardness and thermal expansion [130]. The paper shows that the graphite-Al composite with 20%
Si and 20% eggshell particles has enhanced microhardness and lowered thermal expansion. Besides
aluminium composites, also zinc-eggshell powder composites were prepared [88]. In this case, the
composite was produced as coating on mild steel. The study reported that the addition of eggshell
particles enhanced the surface finish and coating thickness of the zinc deposition, and that it improved
corrosion resistance and thermal stability of the zinc coating of mild steel [88].

4.5. Hydroxyapatite composites, geopolymers and other ceramic composites

Eggshell has been used in several studies as a source of calcium for the synthesis of hydroxyapatite.
Kumar et al. [131] developed a protein delivery agent by eggshell derived calcium deficient
hydroxyapatite nanoparticles with alginate coating. Thereby, nanoparticles with Ca/P molar ratios of
1.67, 1.61 and 1.51 covering the range from stable hydroxyapatite to degradable tricalcium phosphate
phases were produced by microwave-accelerated wet chemical synthesis. Another study synthesized
hydroxyapatite from chicken eggshells by wet chemical synthesis and modified this with silicon and
polylactic-co-glycolic acid by the freezing/lyophilization method [100]. The study showed that the
synthesized composite was bioactive and biocompatible with osteoblastic cells. A hydrothermal method
was used to synthesize hydroxyapatite from chicken eggshell for the development of a high density
polyethene (HDPE) composite with hydroxyapatite particles (up to 40%) [84]. The composites showed
enhanced mechanical properties except for impact energy. The composite with 40% hydroxyapatite
had the highest flexural strength and modulus, yield strength and Young’s modulus and wear resistance
properties, whereas the composite with 20% hydroxyapatite had the highest fracture toughness value.
A composite of polylactic acid/polybutene adipate-co-terephthalate (PLA/PBAT) with hydroxyapatite
made from eggshells was also produced for biomedical applications [104]. The composite showed an
increase in tensile properties with up to 15% hydroxyapatite, which were well dispersed in the matrix.
Polycaprolactone composites were made with up to 30% hydroxyapatite particles made from eggshell
[85]. The particles increased the thermal stabilities of the composite up to 300 °C. The composite also
had better swelling behaviour and lower degradation percentages. In another study, hydroxyapatite
particles were incorporated in a chitosan-based composite, which also led to a higher thermal stability
[86]. The roughness increased with the addition of hydroxyapatite particles, and the swelling decreased.

Rahman et al. [132] synthesized nanoscale calcium deficient hydroxyapatite (with Ca/P ratio of about
1.53) from chicken eggshells and combined this in a composite with protein-based polymer extracted
from defatted soybean residues. In these nanocomposites, uniform dispersion was achieved by surface
modification of the hydroxyapatite particles with sodium polyacrylate in the soy protein isolate, enabling
significantly enhanced tensile modulus and strength. Glycerol was added as a natural plasticizer.
Hartatiek et al. [97] made B-tricalcium phosphate (B-TCP) from eggshells and used this in a composite
with zirconia (ZrOz) via a solid-state reaction method. Vickers hardness test results showed that the -
TCP/ ZrO2 composite with 60% ZrO2 had the highest hardness, and the one with 70% ZrO2 had the
highest electrical conductivity and lowest porosity. Jirimali et al. [82] used eggshells to make calcium
oxide and hydroxyapatite, which they then incorporated as filler in a linear low density polyethene
(LLDPE) by melt compounding (Fig. 9; [82]). The produced composites showed enhanced hardness,
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impact strength and tensile strength. The filler also improved the flame retardant ability and thermal
stability of the composites. Chaudhari et al. [83] made also hydroxyapatite from waste eggshells. Then,
they functionalized carbon nanotubes and graphene nanosheets with this hydroxyapatite to use those
as fillers (up to 5%) in LLDPE composites. The fillers improved the mechanical properties (tensile
strength and impact strength) of the composites in comparison with neat LLDPE, and decreased
flammability. The carbon nanotubes/hydroxyapatite/LLDPE composites had higher hardness but lower
tensile strength than the graphene oxide/hydroxyapatite/LLDPE composites.

(Egg shell) CaCO; —» (Ca0+CO,
Ca0+H,0 —» Ca(OH),
10Ca(OH), + 6 H;PO,  —»  Cayo(PO,)s(OH), + H,0O

hydroxyapatite

composite

Fig. 9. Overview of the main chemical reactions and some pictures of the materials in the production of
LLDPE/hydroxyapatite composite. Figure modified from Jirimali et al. [82].

Eggshell powder was combined with TiOz in a composite intended as a potential ingredient in toothpaste
formulation, and its buffering effect and acid-resistant properties were evaluated [62]. The results from
tests with citric acid show that modification of eggshell particles with TiO2 do not change their carbonate
buffering properties. Tests with dentine discus showed that nanoeggshell-TiO2 composite effectively
occluded dentine tubules [133]. Eggshell was also used in a few studies on geopolymers. A 50/50 ratio
of eggshell powder to fly ash was used as raw material with activator solution of sodium silicate and
sodium hydroxide to produce geopolymers with optimum unconfined compressive strength and split
tensile strength [134]. A Na2SiO3/NaOH ratio of 2 led to geopolymers with optimal mechanical properties
[74]. Raw material of calcined chicken eggshell, nano-silica and rice husk ash was also used in the
production of geopolymer with metakaolin [107].

5. Application of food waste eggshells in composite material adsorbents, catalysts, additives
and functional materials

5.1. Adsorbents

Eggshell waste has been used for the production of new composite adsorbents. Lunge et al. [35]
synthesized an alumina supported carbon composite, which was evaluated for selective fluoride
removal from synthetic water, groundwater and wastewater. The removal capacity is significantly
influenced by the composite synthesis parameters. Composites were made with pyrolyzed eggshell
powder and palm leaf biomass to generate efficient sorbents for the removal of nitrate from aqueous
solutions [52]. Eggshells were pyrolyzed along with rice straw agricultural waste for the generation of
CaO-biochar composites, that were applied for the removal of phosphate from aqueous solution in a
pH range of 5 to 11. The composite with an eggshell / rice straw ratio of 1:1 showed a maximum
phosphate adsorption capacity of 231 mg/g [87]. Epichlorohydrin crosslinked chitosan/eggshell
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composites were developed for cadmium adsorption, and had an adsorption capacity of 11.8 mg/g [135].
Anthill-eggshell composite was developed by thermal treatment for the removal of hexavalent chromium
from aqueous solution. An adsorption capacity of 82.2% was achieved under optimum adsorption
conditions [89].

Eggshell particles were utilized to stabilize Pickering emulsion structures for the synthesis of
erythromycin-based molecularly imprinted polymers, which have excellent adsorption capacities [39].
Sodium methacrylate solution polymerisation was carried out for the synthesis of hydrogel with
incorporation of eggshell particles of different sizes. The results showed that the hydrogel with 60 wt%
eggshell particles is a good adsorbent for crystal violet, whereas the fillers cause a slight decrease in
the adsorption capacity for methylene blue [40]. A superabsorbent nanocomposite was made with guar
gum and eggshell powder using free radical graft copolymerization, and this composite has a 1000%
water absorption [136]. Incorporation of some eggshell waste powder in poly(acrylamide-co-potassium
acrylate) can improve the absorption of water in the hydrogel, as well as its mechanical properties [48].
Also another composite adsorbent was developed for the removal of methylene blue, and was made
from anthill and eggshell mixture [90]. Eggshell household waste was also used in the synthesis of
membranes as adsorbents for the removal of RBV-5R from aqueous solutions [73]. Eggshell has also
been used in adsorbents for CO2 capture. Hosseini et al. [95] prepared and functionalized
biodegradable calcined eggshell/sodium alginate beads with ammonia and obtained a CO2 adsorption
capacity of 0.2380 mmol/g with 45% CO:2 concentration at a pressure of 1 bar and a temperature of
30 °C (Fig. 10; [95]).
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Fig. 10. FTIR spectra of the eggshell material and the prepared gel beads both before and after CO2 adsorption.
Figure from Hosseini et al. [95], reprinted with permission from Elsevier.

5.2. Catalysts

Photocatalytic activity was achieved in sol-gel composites with eggshell powder and TiO2, with tests
performed through the degradation of Acid Red B under solar light irradiation, showing enhanced
photocatalytic activity with increased TiO: loading [137]. Eggshell derived CaO surfaces were loaded
with Pd nanoparticles to form a new nanocomposite used for photocatalytic wastewater treatment; this
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was tested for crystal violet photocatalytic degradation [105]. In a different application, a reusable
heterogeneous catalyst for the Hantzsch condensation reaction was produced using eggshell waste
material as source of CaCOs to modify magnetic Fe3O4 particles [60]. Calcined eggshell powders with
4% Au nanoparticle loading were used as a nanocomposite material for catalytic reduction of 4-
nitrophenol, removing this pollutant from water [106] (Fig. 11; [1086]).
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Fig. 11. Sketch of the synthesis procedure for nanocomposites of Au and calcined carbonate from eggshell waste
and HAuCl4 precursor, for electrochemical detection and catalytic reduction. Figure from Ding et al. [106], reprinted
with permission from Elsevier.

Composites were also made with K2COs and eggshell derived CaO as catalysts for gasification of sub-
bituminous coal at atmospheric pressure, and showed that the addition of eggshell derived CaO
increased yields of hydrogen by 123% [81]. In another application, eggshell was used in a magnetically
recyclable catalyst for the conversion of waste oil to biodiesel [98]. Similarly, a composite anthill-
eggshell catalyst was synthesized and used to convert low-grade oil into biodiesel via a single-step
transesterification process [99]. For this purpose as catalyst, anthill-eggshell-Ni-Co mixed oxides
composites were prepared using a co-precipitation method, and the results showed a maximum
biodiesel yield of 90% at a reaction temperature of 70 °C for a catalyst loading of 3 wt% [67]. Catalytic
and fuel additive applications of calcined eggshell powder were investigated, showing that Ca(OH)2
particles, obtained after calcination at 900 °C for five hours, showed better properties in comparison
with CaCOs particles [102].

5.3. Additives and functional materials

Eggshell waste has been used as an alternative to conventional foaming agents in the production of
glass foams, for example foaming of recycled cathode ray tube glasses [138]. The incorporation of
eggshell derived calcium hydroxide nano- and microparticles have a flame retardant effect on ethylene
vinyl acetate composites, and thus increased the polymer degradation temperature [103]. Eggshell
particles can also be used in asphalt, and improve its physical and thermal properties and water
absorption ability [71]. Concerning the use of eggshell waste for functional materials, antibacterial fillers
have been synthesized by modifying eggshell powder with copper to form nanoparticles for use in
polymer nanocomposites [72]. Coatings with superhydrophobic functionality have been made by
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modification of eggshell microparticles with stearic acid, and then dispersion in polystyrene [64] (Fig.
12; [64]).
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Fig. 12. FTIR spectra of the eggshell material and the prepared gel beads both before and after CO2 adsorption.
Figure from Seeharaj et al. [64], reprinted with permission from Blackwell Publishing - John Wiley and Sons.

6. Valorization, commercialization and industrial upscaling

Eggshell waste generally ends up in landfills and causes pollution. This eggshell disposal comes at a
cost of about 100,000 dollars annually for egg processing plants in the United States [139]. Turning this
waste into products adds value with economic and environmental benefits. Only few studies have been
conducted on the commercialization and industrial upscaling aspects of eggshell waste valorization.
The waste can be used as an alternative to limestone (CaCOs) or lime (CaO) depending on the extent
of heat treatment. Commercial ground limestone and lime cost about 100 dollars per ton. Moreover, the
extent of heat treatment also leads to material of different color (Fig. 5), which can play a role in the
applications in which the waste material is used [139]. Previous studies have presented the valorization
of eggshell ash as a replacement for lime to treat soil [140]. However, a life cycle analysis showed that
there is a significant energy cost due to the heat treatment process at 800 °C to produce the lime from
eggshells through calcination [8]. Nevertheless, this heat treatment and related energy costs are also
part of the conventional processing and production process of lime from limestone. Valorization of
eggshell waste has also been demonstrated on laboratory scale for use in the production of fumaric
acid, where eggshell CaCOs served as neutralizing agent [141]. Similarly, eggshell waste has been
valorized on laboratory scale as adsorbent for the application in water and wastewater pollutant removal
[6]. The economic benefit of turning eggshell waste into added-value products, such as eggshell-based
hydroxyapatite, can lead to an economic benefit that is at least five times higher than the cost of
conventional disposal of eggshell waste, besides the high environmental benefit [9]. Pilot scale
applications with valorization of eggshell waste have been reported in the field of cosmetics, and at
industrial scale for co-composting [7]. Given the quick decay of organic material on the eggshells, the
most suitable locations for eggshell recovery are close to the processors. An egg processing plant in
the UK also started treatment and processing of eggshell waste, both reusing the CaCOs shell and the
eggshell membrane. The cost of processing is covered by the avoided cost of landfill disposal. The
company provides the eggshell CaCOs powder as a low-cost filler for plastics. Conventional limestone
CaCOs powder is about 10 times cheaper than the cost of the polymer (about 2,000 pound per ton),
and the cost of eggshell CaCOs filler will need to match this in order to play a bigger role on the market.
Still, eggshell CaCOs powder is lighter than conventional limestone powder and presents thus an
additional advantage. The processing costs can be kept low through optimizing the procedures, such
as use, type and extent of heat treatment, chemical treatment, and physical treatment. Besides the cost,
the uptake of this eggshell CaCOs powder by the industry will further depend on the availability,
continuous supply and performance, and the processing procedures need to be standardized upon
optimization.

7. Analysis and discussion
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Based on the synthesis of the literature, the major findings can be analysed and discussed. This is
presented here in two parts, first the structural composites including polymer, matrix and ceramic
composites, and second, composite material adsorbents and catalysts.

7.1. Structural composite materials

The addition of eggshell filler can lead to improvement of the mechanical properties of the composite
material. The filler loading and the filler/matrix interfacial interaction are the most important factors that
determine the mechanical properties of the composite. Homogeneous dispersion of the filler particles
in the matrix and a good compatibility and adhesion between the matrix and the filler lead to better
mechanical properties. Modification of the eggshell filler by e.g. pimelic acid or stearic acid can help
improve particle dispersion and particle/matrix bonding. Also a smaller filler particle size generally
correlates with better mechanical properties of the composite. In thermoplastic polymer composites,
filler loadings of 5 to 10 wt% generally resulted in composites with good flexural strength and impact
toughness. The impact strength of composites with eggshell filler is better for modified filler. Tensile
strength and strain at break decrease and Young’s modulus and flexural modulus increase at higher
filler loading. Composites with eggshell filler have a higher Young’s modulus than composites with
conventional CaCOs due to a better bonding between eggshell filler and the polymer matrix. Moreover,
eggshell particle composites with maleic anhydride compatibilizer or silane coupling agent have higher
Young’s modulus and flexural modulus and smaller elongation at break than such composites without
compatibilizer. Similarly, in thermoset composites a filler loading at up to about 5 wt% results in good
tensile and flexural strength, and impact toughness. Eggshell filler has a higher surface area than
conventional CaCO:s filler of similar particle size; this can improve the bonding between filler and matrix.
The Young’s modulus and flexural modulus are good in thermoset polymer composites with 15 wt%
eggshell filler loading. High filler loadings of 20 wt% or more can lead to agglomeration of the eggshell
particles, which deteriorates the mechanical properties. Some studies have indicated that incorporation
of the eggshell membrane in the filler could enhance the filler/matrix bonding due to the presence of
functional groups in the membrane. Moreover, eggshell membrane can accelerate the curing rate in
epoxy resin due to amide and hydroxyl functional groups, but it is not as efficient as synthetic catalyzer.
The eggshell membrane has also a catalysing effect on the curing rate of rubber composite (thus the
vulcanization process). Uniform dispersion of eggshell filler (slightly enhanced by surface modification)
and good interfacial adhesion between eggshell filler and elastomer matrix result in improved tensile
strength, tear strength, hardness and swelling resistance properties of the eggshell particle elastomer
composite similar or better than composite with commercial CaCOs3 particles.

In metal matrix composites, uncarbonized or carbonized eggshell powder can be used as reinforcement,
for example in aluminium alloy composites to improve the mechanical properties, such as tensile
strength and hardness, as well as corrosion resistance. However, toughness and ductility decrease with
filler loading up to 15%. Optimal filler loading varies between studies, and range between 3-4% and
12.5%. The higher loading only leads to better mechanical properties if particle agglomeration and
porosity increase can be avoided. Generally, the eggshell powder is added alongside other
reinforcement material in the metal composite.

Eggshell waste is used as a source for Ca to make hydroxyapatite in composite materials. The
applications of these hydroxyapatite composites are mainly in the biomedical sector, for example as
drug delivery agents. Composites of thermoplast polymers with 15 to 40% eggshell derived
hydroxyapatite particles were made with good flexural strength and modulus, yield strength, Young’s
modulus, wear resistance and fracture toughness, and improved thermal stability and better swelling
behaviour. The material properties and the effect of the preparation method are very important for the
efficiency of the material in its application. For example, the polymorphism, crystal shape, size and
defects can significantly impact the effectiveness of the material, and mechanical treatment can cause
conversion of the material, leading to different physicochemical and biological properties of the
composite. In geopolymers and concrete, the use of eggshell powder lowers the workability due to the
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high water absorption of the eggshell material. The setting time is decreased as the material provides
higher nucleation sites which accelerate the chemical reactions. An improved compressive strength can
be achieved with addition of 10 to 15 wt% eggshell powder.

7.2. Composite material adsorbents and catalysts

Eggshell derived composite adsorbents and catalysts are generally produced with calcined eggshell
powder. Calcination of eggshell CaCOs leads to the formation of CaO, and hence, it causes a change
in the composition and the structure of the material. The thermal treatment of the eggshell powder leads
to a more homogeneous nature of the texture of the composites and an increase of the surface area.
Hence, the calcination conditions (between 600 and 1000 °C) strongly affect the adsorbent or catalyst
performance. It is important that the material has a good system of pores and channels with access to
the well distributed active catalytic species. Such eggshell derived adsorbents have been successfully
applied for the removal of e.g. nitrate, phosphate, cadmium, chromium, crystal violet, methylene blue
from aqueous solutions. Composites with calcined eggshell powder were also produced to act as
photocatalysts or heterogeneous catalyst for condensation, reduction or gasification reactions, and
biodiesel production. Eggshell derived catalyst generally results in similar or higher yields than catalysts
produced from other sources.

8. Conclusions

The importance of food waste eggshells as a source raw material for composites has dramatically
increased in the last five years. The range of types of composites, polymer, metal and ceramic matrix
composites, and applications, adsorbents, catalysts, additives and functional materials, is very broad,
and has been discussed in this review. An overview of the different eggshell treatment methods and
parameters has been presented, as well as the main properties of composite structural materials. The
eggshell material can be used as CaCOs particles after washing, drying and grinding, or in carbonized
or calcined form after heat treatment at high temperature. The review shows that the parameters in
different studies are very variable, and hence, it is challenging to compare results and draw consistent
trends. However, the studies indicate that the mechanical properties of polymer composites are
generally improved for a smaller eggshell particle filler size, and with surface modification of the filler. It
has also been interpreted that the eggshell membrane can enhance the adhesion between the eggshell
particles and the matrix polymer, and it can accelerate the curing of thermoset resins. Carbonized
eggshell powder has been used as a reinforcement in metal composites, and calcined eggshell powder
serves the production of hydroxyapatite, and composite catalyst materials and adsorbents.

9. Future perspectives
Further research will be of interest in the following aspects:

Many works focus on the preparation method of the produced material and on testing results. However,
little remains known about the fundamental underlying mechanisms. More systematic studies may be
needed that document structure-property-function relationships. This will require multidisciplinary team
work involving material engineers, chemists, and experts in the various application fields.

An economic assessment and life cycle analysis will be required to evaluate whether food waste
eggshells are an economically viable alternative to limestone as a source of CaCOs particles. The main
factors playing a role in this assessment will involve: (i) the more widespread source sites of eggshell
waste in comparison to limestone mines, and thus the transport factor between collection and
production, (ii) the lower energy requirements for the grinding process of eggshells in comparison to
limestone but higher requirements for the washing process, (iii) comparison between several types of
uses of eggshell waste, e.g. as Ca source in animal food, soil treatment, or niche composite applications.
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Standard procedures will need to be established for the treatment of eggshell material (washing, drying
and surface treatment) for specific applications (e.g. as filler in specific polymer materials), and these
processes will need to be industrially upscaled. The sustainable supply of this waste material in
sufficient quantity will also need to be guaranteed. Processing standard operating procedures will also
need to be established to work industrially with the material for the production of specific composite
materials with consistent high performance.

Wider applications of composite materials using eggshell waste may be investigated. In particular,
added-value products are of interest. More focus may be needed on the aspects that make eggshells
different from conventional CaCOs fillers, such as the more porous structure and the organic
components.

References

[11 M. Ramesh, C. Deepa, L.R. Kumar, M.R. Sanjay, S. Siengchin, Life-cycle and environmental impact
assessments on processing of plant fibres and its bio-composites: A critical review, Journal of Industrial
Textiles, (2020).

[2] M. Ramesh, K. Palanikumar, K.H. Reddy, Plant fibre based bio-composites: Sustainable and
renewable green materials, Renewable & Sustainable Energy Reviews, 79 (2017) 558-584.

[3] E. Ferraz, J.A.F. Gamelas, J. Coroado, C. Monteiro, F. Rocha, Eggshell waste to produce building
lime: calcium oxide reactivity, industrial, environmental and economic implications, Materials and
Structures, 51 (2018).

[4] Y. Feng, B. Ashok, K. Madhukar, J.M. Zhang, J. Zhang, K.O. Reddy, A.V. Rajulu, Preparation and
Characterization of Polypropylene Carbonate Bio-Filler (Eggshell Powder) Composite Films,
International Journal of Polymer Analysis and Characterization, 19 (2014) 637-647.

[5] J.R. Jambeck, R. Geyer, C. Wilcox, T.R. Siegler, M. Perryman, A. Andrady, R. Narayan, K.L. Law,
Plastic waste inputs from land into the ocean, Science, 347 (2015) 768-771.

[6] S. Mignardi, L. Archilletti, L. Medeghini, C. De Vito, Valorization of Eggshell Biowaste for Sustainable
Environmental Remediation, Scientific Reports, 10 (2020).

[7] M.J. Quina, M.A.R. Soares, R. Quinta-Ferreira, Applications of industrial eggshell as a valuable
anthropogenic resource, Resources Conservation and Recycling, 123 (2017) 176-186.

[8] M. Lee, W.S. Tsai, S.T. Chen, Reusing shell waste as a soil conditioner alternative? A comparative
study of eggshell and oyster shell using a life cycle assessment approach, Journal of Cleaner
Production, 265 (2020).

[9] D.A. Qliveira, P. Benelli, E.R. Amante, A literature review on adding value to solid residues: egg
shells, Journal of Cleaner Production, 46 (2013) 42-47.

[10] G. De Angelis, L. Medeghini, A.M. Conte, S. Mignardi, Recycling of eggshell waste into low-cost
adsorbent for Ni removal from wastewater, Journal of Cleaner Production, 164 (2017) 1497-1506.

[11] X.Y. Zhang, X.S. He, ZW. Kang, M.L. Cui, D.P. Yang, R. Luque, Waste Eggshell-Derived Dual-
Functional CuO/ZnO/Eggshell Nanocomposites: (Photo)catalytic Reduction and Bacterial Inactivation,
Acs Sustainable Chemistry & Engineering, 7 (2019) 15762-15771.

[12] P. Pliya, D. Cree, Limestone derived eggshell powder as a replacement in Portland cement mortar,
Construction and Building Materials, 95 (2015) 1-9.

[13] M. Balaz, Ball milling of eggshell waste as a green and sustainable approach: A review, Advances
in Colloid and Interface Science, 256 (2018) 256-275.

[14] S. Owuamanam, D. Cree, Progress of bio-calcium carbonate waste eggshell and seashell fillers in
polymer composites: a review, Journal of Composite Science, 4 (2020) 70.

[15] C.-C. Fan, H.-L. Lan, H.-T. Yang, C.-H. Wu, Effect of calcination temperature on the crystal
structure of shell, Journal of Taiwan Fisheries Research, 19 (2011) 93-101.

[16] A.D. Chervonnyi, N.A. Chervonnaya, N.V. Chukanov, Effect of CaCO3 polymorphs on the strength
of a calcium aluminosilicate composite, Inorganic Materials, 39 (2003) 386-391.

[17] S.G. Lyu, S. Park, G.S. Sur, The synthesis of vaterite and physical properties of PP/CaCO3
composites, Korean Journal of Chemical Engineering, 16 (1999) 538-542.

[18] Y.W. Jing, X.Y. Nai, L. Dang, D.H. Zhu, Y.N. Wang, Y.P. Dong, W. Li, Reinforcing polypropylene
with calcium carbonate of different morphologies and polymorphs, Science and Engineering of
Composite Materials, 25 (2018) 745-751.

26



[19] S. Kamat, X. Su, R. Ballarini, A.H. Heuer, Structural basis for the fracture toughness of the shell of
the conch Strombus gigas, Nature, 405 (2000) 1036-1040.

[20] P. Fratzl, Biomimetic materials research: what can we really learn from nature's structural
materials?, Journal of the Royal Society Interface, 4 (2007) 637-642.

[21] F. Barthelat, D.J. Zhu, A novel biomimetic material duplicating the structure and mechanics of
natural nacre, Journal of Materials Research, 26 (2011) 1203-1215.

[22] H.D. Espinosa, J.E. Rim, F. Barthelat, M.J. Buehler, Merger of structure and material in nacre and
bone - Perspectives on de novo biomimetic materials, Progress in Materials Science, 54 (2009) 1059-
1100.

[23] A. Finnemore, P. Cunha, T. Shean, S. Vignolini, S. Guldin, M. Oyen, U. Steiner, Biomimetic layer-
by-layer assembly of artificial nacre, Nature Communications, 3 (2012).

[24] G.M. Luz, J.F. Mano, Biomimetic design of materials and biomaterials inspired by the structure of
nacre, Philosophical Transactions of the Royal Society a-Mathematical Physical and Engineering
Sciences, 367 (2009) 1587-1605.

[25] A.S.M. Bashir, Y. Munusamy, Characterization of raw egg shell powder (ESP) as a good bio-filler,
Journal of Engineering Research and Technology, 2 (2015) 56-60.

[26] Y. Nys, J. Zawadzki, J. Gautron, A.D. Mills, WHITENING OF BROWN-SHELLED EGGS -
MINERAL-COMPOSITION OF UTERINE FLUID AND RATE OF PROTOPORPHYRIN DEPOSITION,
Poultry Science, 70 (1991) 1236-1245.

[27] A.B. Rodriguez-Navarro, P. Marie, Y. Nys, M.T. Hincke, J. Gautron, Amorphous calcium carbonate
controls avian eggshell mineralization: A new paradigm for understanding rapid eggshell calcification,
Journal of Structural Biology, 190 (2015) 291-303.

[28] J.E. Dennis, S.Q. Xiao, M. Agarwal, D.J. Fink, A.H. Heuer, A.l. Caplan, Microstructure of matrix
and mineral components of eggshells from white leghorn chickens (Gallus gallus), Journal of
Morphology, 228 (1996) 287-306.

[29] A. Perez-Huerta, Y. Dauphin, Comparison of the structure, crystallography and composition of
eggshells of the guinea fowl and graylag goose, Zoology, 119 (2016) 52-63.

[30] M.T. Hincke, Y. Nys, J. Gautron, K. Mann, A.B. Rodriguez-Navarro, M.D. McKee, The eggshell:
structure, composition and mineralization, Frontiers in Bioscience-Landmark, 17 (2012) 1266-1280.
[31] T.A. Hassan, V.K. Rangari, S. Jeelani, Value-Added Biopolymer Nanocomposites from Waste
Eggshell-Based CaCO3 Nanoparticles as Fillers, Acs Sustainable Chemistry & Engineering, 2 (2014)
706-717.

[32] G.Z. Ji, H.Q. Zhu, C.Z. Qi, M.F. Zeng, Mechanism of Interactions of Eggshell Microparticles With
Epoxy Resins, Polymer Engineering and Science, 49 (2009) 1383-1388.

[33] A.G. Supri, H. Ismail, S. Shuhadah, Effect of Polyethylene-Grafted Maleic Anhydride (PE-g-MAH)
on Properties of Low Density Polyethylene/Eggshell Powder (LDPE/ESP) Composites, Polymer-
Plastics Technology and Engineering, 49 (2010) 347-353.

[34] Z.D. Lin, Z.S. Zhang, K.C. Mai, Preparation and properties of eggshell/beta-polypropylene bio-
composites, Journal of Applied Polymer Science, 125 (2012) 61-66.

[35] S. Lunge, D. Thakre, S. Kamble, N. Labhsetwar, S. Rayalu, Alumina supported carbon composite
material with exceptionally high defluoridation property from eggshell waste, Journal of Hazardous
Materials, 237 (2012) 161-169.

[36] T. Ghabeer, R. Dweiri, S. Al-Khateeb, Thermal and mechanical characterization of
polypropylene/eggshell biocomposites, Journal of Reinforced Plastics and Composites, 32 (2013) 402-
409.

[37] M.M. Rahman, A.N. Netravali, B.J. Tiimob, V.K. Rangari, Bioderived "Green" Composite from Soy
Protein and Eggshell Nanopowder, Acs Sustainable Chemistry & Engineering, 2 (2014) 2329-2337.
[38] N. Tangboribbon, W. Pannangpetch, K. Aranyik, K. Petcharoen, A. Sirivat, Embedded Eggshells
as a Bio-Filler in Natural Rubber for Thermal Insulation Composite Foams, Progress in Rubber Plastics
and Recycling Technology, 31 (2015) 189-205.

[39] Y.Z. Zhu, T.W. Xue, J.M. Pan, X. Wei, J.D. Dai, L. Gao, Y.S. Yan, Facile synthesis of eggshell-
stabilized erythromycin-based imprinted composites for recognition and separation applications, Rsc
Advances, 5 (2015) 89030-89040.

[40] A. Darvishi, H. Bakhshi, Poly(sodium methacrylate)/eggshell particles hydrogel composites as dye
sorbent, Water Science and Technology, 74 (2016) 2807-2818.

[41] Y. Li, S. Xin, Y. Bian, K. Xu, C. Han, L. Dong, The physical properties of poly(L-lactide) and
functionalized eggshell powder composites, International Journal of Biological Macromolecules, 85
(2016) 63-73.

[42] B.J. Tiimob, S. Jeelani, V.K. Rangari, Eggshell reinforced biocomposite-An advanced "green"
alternative structural material, Journal of Applied Polymer Science, 133 (2016).

27



[43] S. Ummartyotin, P. Pisitsak, C. Pechyen, Eggshell and Bacterial Cellulose Composite Membrane
as Absorbent Material in Active Packaging, International Journal of Polymer Science, 2016 (2016).
[44] N.G. Betancourt, D.E. Cree, Mechanical Properties of Poly (latic acid) Composites Reinforced with
CaCO3 Eggshell Based Fillers, Mrs Advances, 2 (2017) 2545-2550.

[45] Y. Li, J. Kong, S. Xin, C. Han, L. Xiao, Journal of Termal Analytical Calorimetry, 128, (2017) 1093-
1106.

[46] S. Murugan, Y. Munusamy, H. Ismail, Effects of chicken eggshell filler size on the processing,
mechanical and thermal properties of PVC matrix composite, Plastics Rubber and Composites, 46
(2017) 42-51.

[47] M. Perdana, Prastiawan, S. Hadi, Mechanical properties of composite waste material based
styrofoam, baggase and eggshell powder for application of drone frames, IOP Conf. Series: Earth and
Environmental Science, 97 (2017) 012034.

[48] M.V.A. Queiros, M.N. Bezerra, J.P.A. Feitosa, Composite Superabsorbent Hydrogel of Acrylic
Copolymer and Eggshell: Effect of Biofiller Addition, Journal of the Brazilian Chemical Society, 28 (2017)
2004-2012.

[49] Rahmi, Marlina, Nisfayati, Effect of Eggshell on Mechanical Properties of Epichlorohydrin Cross-
linked Chitosan/Eggshell Composites, Oriental Journal of Chemistry, 33 (2017) 478-482.

[50] M.R. Saeb, M. Ghaffari, H. Rastin, H.A. Khonakdar, F. Simon, F. Najafi, V. Goodarzi, P.P. Vijayan,
D. Puglia, F.H. Asl, K. Formela, Biowaste chicken eggshell powder as a potential cure modifier for
epoxy/anhydride systems: competitiveness with terpolymer-modified calcium carbonate at low loading
levels, Rsc Advances, 7 (2017) 2218-2230.

[51] M. Sharmeeni, Y. Munusamy, H. Ismail, The effect of blending sequence on the structure and
properties of poly(vinyl chloride)/chicken eggshell powder composites, Journal of Vinyl & Additive
Technology, 23 (2017) 298-304.

[52] M. Ahmad, M. Ahmad, A.R.A. Usman, A.S. Al-Faraj, A.S. Abduljabbar, M.I. Al-Wabel, Biochar
composites with nano zerovalent iron and eggshell powder for nitrate removal from aqueous solution
with coexisting chloride ions, Environmental Science and Pollution Research, 25 (2018) 25757-25771.
[53] B.X. Jiang, S. Li, Y.Y. Wu, J.X. Song, S.S. Chen, X.X. Li, H.M. Sun, Preparation and
characterization of natural corn starch-based composite films reinforced by eggshell powder, Cyta-
Journal of Food, 16 (2018) 1045-1054.

[54] J.J. Kong, Y. Li, Y.G. Bai, Z.L. Li, ZW. Cao, Y.C. Yu, C.Y. Han, L.S. Dong, High-performance
biodegradable polylactide composites fabricated using a novel plasticizer and functionalized eggshell
powder, International Journal of Biological Macromolecules, 112 (2018) 46-53.

[55] Y. Li, C. Han, Y. Yu, L. Xiao, Y. Shao, Crystallization behaviors of poly(lactic acid) composites
fabricated using functionalized eggshell powder and poly(ethylene glycol), Thermochimica Acta, 663
(2018) 67-76.

[56] S. Murugan, Y. Munusamy, M. Muniandy, H. Ismail, Development of HDPE-Modified Eggshell
Composite, Polymer Composites, 39 (2018) 1630-1637.

[67] M. Panchal, G. Raghavendra, M.O. Prakash, S. Ojha, P.S.C. Bose, Moisture Absorption Behavior
of Treated and Untreated Eggshell Particulate Epoxy Composites, Silicon, 10 (2018) 859-867.

[58] M.R. Saeb, H. Rastin, M. Nonahal, S.M.R. Paran, H.A. Khonakdar, D. Puglia, Cure kinetics of
epoxy/chicken eggshell biowaste composites: Isothermal calorimetric and chemorheological analyses,
Progress in Organic Coatings, 114 (2018) 208-215.

[59] A.A. Abdelmalik, M.O. Ogbodo, G.E. Momoh, Investigating the mechanical and insulation
performance of waste eggshell powder/epoxy polymer for power insulation application, Sn Applied
Sciences, 1 (2019).

[60] A.H. Cahyana, E. Saepudin, M. Surya, B. Ardiansah, Fe304/eggshells composite as green catalyst
for Hantzsch condensation in acridine synthesis, in: R. Saleh, I.T. Anggraningrum, D. Triyono (Eds.)
2nd International Conference on Current Progress in Functional Materials 2017, 2019.

[61] T.P. Cunha, F.B. Siqueira, J.N.F. Holanda, Development of Sustainable Eggshell Waste-Polyester
Resin Composite Material for Using as Atrtificial Rock, Materials Research-Ibero-American Journal of
Materials, 22 (2019).

[62] S.C. Onwubu, P.S. Mdluli, S. Singh, Evaluating the buffering and acid-resistant properties of
eggshell-titanium dioxide composite against erosive acids, Journal of Applied Biomaterials & Functional
Materials, 17 (2019).

[63] B. Moonlek, K. Saenboonruang, Mechanical and electricial properties of radiation-vulcanized
natural rubber latex with waste eggshell powder as bio-fillers, Radiation effects & defects in solids, 174
(2019) 452-466.

28



[64] P. Seeharaj, K. Sripako, P. Promta, E. Detsri, N. Vittayakorn, Facile and eco-friendly fabrication of
hierarchical superhydrophobic coating from eggshell biowaste, International Journal of Applied Ceramic
Technology, 16 (2019) 1895-1903.

[65] J.W.D. Souza, N.G. Jaques, M. Popp, J. Kolbe, M.V.L. Fook, R.M.R. Wellen, Optimization of Epoxy
Resin: An Investigation of Eggshell as a Synergic Filler, Materials, 12 (2019).

[66] Z.S. Xu, Z.Y. Chu, L. Yan, H.G. Chen, H.Y. Jia, W.F. Tang, Effect of chicken eggshell on the flame-
retardant and smoke suppression properties of an epoxy-based traditional APP-PER-MEL system,
Polymer Composites, 40 (2019) 2712-2723.

[67] A.S. Yusuff, O.D. Adeniyi, S.0. Azeez, M.A. Olutoye, U.G. Akpan, Synthesis and characterization
of anthill-eggshell-Ni-Co mixed oxides composite catalyst for biodiesel production from waste frying oil,
Biofuels Bioproducts & Biorefining-Biofpr, 13 (2019) 37-47.

[68] N.A.N. Azman, M.R. Islam, M. Parimalam, N.M. Rashidi, M. Mupit, Mechanical, structural, thermal
and morphological properties of epoxy composites filled with chicken eggshell and inorganic CaCO3
particles, Polymer Bulletin, 77 (2020) 805-821.

[69] O.J. Gbadeyan, S. Adali, G. Bright, B. Sithole, O. Awogbemi, Studies on the mechanical and
absorption properties of achatina fulica snail and eggshells reinforced composite materials, Composite
Structures, 239 (2020).

[70]1 N.G. Jacques, J.W.D. Souza, M. Popp, J. Kolbe, M.V.L. Fook, R.M.R. Wellen, Kinetic investigation
of eggshell powders as biobased epoxy catalyzer, Composites Part B, 183 (2020) 107651.

[71] A.M. Nejres, Y.F. Mustafa, H.S. Aldewachi, Evaluation of natural asphalt properties treated with
egg shell waste and low density polyethylene, International Journal of Pavement Engineering, (2020).
[72] M. Phuthotham, S. Siengchin, B. Ashok, A.V. Rajulu, Modification of eggshell powder with in situ
generated copper and cuprous oxide nanoparticles by hydrothermal method, Materials Research
Express, 7 (2020).

[73] E. Rapo, L.E. Aradi, A. Szabo, K. Posta, R. Szep, S. Tonk, Adsorption of Remazol Brilliant Violet-
5R Textile Dye from Aqueous Solutions by Using Eggshell Waste Biosorbent, Scientific Reports, 10
(2020).

[74] P. Shekhawat, G. Sharma, R.M. Singh, Potential Application of Heat Cured Eggshell Powder and
Flyash-Based Geopolymer in Pavement Construction, International Journal of Geosynthetics and
Ground Engineering, 6 (2020).

[75] L.J. Shin, E.B.G. Dassan, M.S.Z. Abidin, A. Anjang, Tensile and Compressive Properties of Glass
Fiber-Reinforced Polymer Hybrid Composite with Eggshell Powder, Arabian Journal for Science and
Engineering, 45 (2020) 5783-5791.

[76] H.J. Wu, D. Xiao, J.Y. Lu, T. Li, C. Jiao, S.S. Li, P. Lu, Z.Q. Zhang, Preparation and Properties of
Biocomposite Films Based on Poly(vinyl alcohol) Incorporated with Eggshell Powder as a Biological
Filler, Journal of Polymers and the Environment, 28 (2020) 2020-2028.

[77] A.A. Hassen, M. Dizbay-Onati, D. Bansal, T. Bayush, U. Vaidya, Utilization of Chicken Eggshell
Waste as a Bio-Filler for Thermoplastic Polymers: Thermal and Mechanical Characterization of
Polypropylene Filled With Naturally Derived CaCO3, Polymers & Polymer Composites, 23 (2015) 653-
662.

[78] M.A. Aimomani, M.T. Hayajneh, M.M. Al-Shrida, Investigation of mechanical and tribological
properties of hybrid green eggshells and graphite-reinforced aluminum composites, Journal of the
Brazilian Society of Mechanical Sciences and Engineering, 42 (2020).

[79] S.P. Dwivedi, S. Sharma, R.K. Mishra, Tribological behavior of a newly developed AA2014/waste
eggshell/SiC hybrid green metal matrix composite at optimum parameters, Green Processing and
Synthesis, 7 (2018) 48-60.

[80] P. Intharapat, A. Kongnoo, K. Kateungngan, The Potential of Chicken Eggshell Waste as a Bio-
filler Filled Epoxidized Natural Rubber (ENR) Composite and its Properties, Journal of Polymers and
the Environment, 21 (2013) 245-258.

[81] S. Fan, X. Yuan, L. Zhao, L.H. Xu, T.J. Kang, H.T. Kim, Experimental and kinetic study of catalytic
steam gasification of low rank coal with an environmentally friendly, inexpensive composite K2CO3-
eggshell derived CaO catalyst, Fuel, 165 (2016) 397-404.

[82] H.D. Jirimali, B.C. Chaudhari, J.C. Khanderay, S.A. Joshi, V. Singh, A.M. Patil, V.V. Gite, Waste
Eggshell-Derived Calcium Oxide and Nanohydroxyapatite Biomaterials for the Preparation of LLDPE
Polymer Nanocomposite and Their Thermomechanical Study, Polymer-Plastics Technology and
Engineering, 57 (2018) 804-811.

[83] B.C. Chaudhari, J. Khanderay, C. Patil, A.M. Patil, S.A. Joshi, V. Singh, K.K. Palodkar, A.V.S.
Sainath, V.V. Gite, H.D. Jirimali, Waste Eggshells for the Decoration of Carbon Nanotubes and
Graphene Nanosheets with Hydroxyapatite for Preparation of LLDPE Nanocomposites, Journal of
Polymers and the Environment, 27 (2019) 2352-2359.

29



[84] 1.0. Oladele, O.G. Agbabiaka, A.A. Adediran, A.D. Akinwekomi, A.O. Balogun, Structural
performance of poultry eggshell derived hydroxyapatite based high density polyethylene bio-
composites, Heliyon, 5 (2019).

[85] V. Trakoolwannachai, P. Kheolamai, S. Ummartyotin, Characterization of hydroxyapatite from
eggshell waste and polycaprolactone (PCL) composite for scaffold material, Composites Part B-
Engineering, 173 (2019).

[86] V. Trakoolwannachai, P. Kheolamai, S. Ummartyotin, Development of hydroxyapatite from eggshell
waste and a chitosan-based composite: In vitro behavior of human osteoblast-like cell (Saos-2) cultures,
International Journal of Biological Macromolecules, 134 (2019) 557-564.

[87] X.N. Liu, F. Shen, X.H. Qi, Adsorption recovery of phosphate from aqueous solution by CaO-
biochar composites prepared from eggshell and rice straw, Science of the Total Environment, 666 (2019)
694-702.

[88] V.S. Aigbodion, E.T. Akinlabi, Explicit microstructural evolution and electrochemical performance
of zinc-eggshell particles composite coating on mild steel, Surfaces and Interfaces, 17 (2019).

[89] A.S. Yusuff, A.O. Gbadamosi, M.A. Lala, J.F. Ngochindo, Synthesis and characterization of anthill-
eggshell composite adsorbent for removal of hexavalent chromium from aqueous solution,
Environmental Science and Pollution Research, 25 (2018) 19143-19154.

[90] A.S. Yusuff, ADSORPTION OF CATIONIC DYE FROM AQUEOUS SOLUTION USING
COMPOSITE CHICKEN EGGSHELL - ANTHILL CLAY: OPTIMIZATION OF ADSORBENT
PREPARATION CONDITIONS, Acta Polytechnica, 59 (2019) 192-202.

[91] S. Bose, A. Pandey, A. Mondal, P. Mondal, A Novel Approach in Developing Aluminum Hybrid
Green Metal Matrix Composite Material Using Waste Eggshells, Cow Dung Ash, Snail Shell Ash and
Boron Carbide as Reinforcements, in: K. Shanker, R. Shankar, R. Sindhwani (Eds.) Advances in
Industrial and Production Engineering, 2019, pp. 551-562.

[92] S.K. Dwiwedi, A.K. Srivastava, M.K. Chopkar, Wear Study of Chicken Eggshell-Reinforced Al6061
Matrix Composites, Transactions of the Indian Institute of Metals, 72 (2019) 73-84.

[93] S.P. Dwivedi, S. Sharma, R.K. Mishra, Mechanical and Metallurgical Characterizations of
AA2014/Eggshells Waste Particulate Metal Matrix Composite, International Journal of Precision
Engineering and Manufacturing-Green Technology, 3 (2016) 281-288.

[94] S. Sharma, S.P. Dwivedi, Effects of waste eggshells and SiC addition on specific strength and
thermal expansion of hybrid green metal matrix composite, Journal of Hazardous Materials, 333 (2017)
1-9.

[95] S. Hosseini, F.E. Babadi, S.M. Soltani, M.K. Aroua, S. Babamohammadi, A.M. Moghadam, Carbon
dioxide adsorption on nitrogen-enriched gel beads from calcined eggshell/sodium alginate natural
composite, Process Safety and Environmental Protection, 109 (2017) 387-399.

[96] P. Somdee, A. Hasook, Effect of modified eggshell powder on physical properties of poly(lactic
acid) and natural rubber composites, Materials Today-Proceedings, 4 (2017) 6502-6511.

[97] Hartatiek, Yudyanto, E.K. Velayati, Y.A. Hariyanto, N. Hidayat, A. Taufiq, M. Diantoro, lop,
Microstructure, Hardness, and Electrical Conductivity of beta-TCP/Zirconia Composites Prepared from
Eggshell, in: 5th International Conference on Advanced Materials Sciences and Technology, 2018.
[98] A.S. Oladipo, O.A. Ajayi, A.A. Oladipo, S.L. Azarmi, Y. Nurudeen, A.Y. Atta, S.S. Ogunyemi,
Magnetic recyclable eggshell-based mesoporous catalyst for biodiesel production from crude neem oil:
Process optimization by central composite design and artificial neural network, Comptes Rendus
Chimie, 21 (2018) 684-695.

[99] A.S. Yusuff, O.D. Adeniyi, M.A. Olutoye, U.G. Akpan, DEVELOPMENT AND
CHARACTERIZATION OF A COMPOSITE ANTHILL-CHICKEN EGGSHELL CATALYST FOR
BIODIESEL PRODUCTION FROM WASTE FRYING OIL, International Journal of Technology, 9 (2018)
110-119.

[100] S.J. Gutierrez-Prieto, L.F. Fonseca, L.G. Sequeda-Castaneda, K.J. Diaz, L.Y. Castaneda, J.A.
Leyva-Rojas, J.C. Salcedo-Reyes, A.P. Acosta, Elaboration and Biocompatibility of an Eggshell-
Derived Hydroxyapatite Material Modified with Si/PLGA for Bone Regeneration in Dentistry,
International Journal of Dentistry, 2019 (2019).

[101] M.T. Hayajneh, M.A. Almomani, M.M. Al-Shrida, Effects of Waste Eggshells addition on
Microstructures, Mechanical and Tribological Properties of Green Metal Matrix Composite, Science and
Engineering of Composite Materials, 26 (2019) 423-434.

[102] S.R. Khan, S. Jamil, H. Rashid, S. Ali, S.A. Khan, M. Janjua, Agar and egg shell derived calcium
carbonate and calcium hydroxide nanoparticles: Synthesis, characterization and applications, Chemical
Physics Letters, 732 (2019).

[103] M.A. QOualha, N. Omri, R. Oualha, M.A. Nouioui, M. Abderrabba, N. Amdouni, F. Laoutid,
Development of metal hydroxide nanoparticles from eggshell waste and seawater and their application

30



as flame retardants for ethylene-vinyl acetate copolymer (EVA), International Journal of Biological
Macromolecules, 128 (2019) 994-1001.

[104] P.R.S. Reis, J.G. Santana, R.R. Oliveira, V.K. Rangari, F.R. Lourenco, E.A.B. Moura,
Development of Biocomposite Materials from Biodegradable Polymer and Bio-hydroxyapatite Derived
from Eggshells for Biomedical Applications, in: B. Li, J. Li, S. Ikhmayies, M. Zhang, Y.E. Kalay, J.S.
Carpenter, J.Y. Hwang, S.N. Monteiro, C. Bai, J.P. EscobedoDiaz, P.R. Spena, R. Goswami (Eds.)
Characterization of Minerals, Metals, and Materials 2019, 2019, pp. 571-581.

[105] A.M. Nassar, N.F. Alotaibi, Eggshell recycling for fabrication of PdA@CaO, characterization and
high-performance solar photocatalytic activity, Environmental Science and Pollution Research, (2020).
[106] Q. Ding, Z.W. Kang, L.P. Cao, M.S. Lin, H.T. Lin, D.P. Yang, Conversion of waste eggshell into
difunctional Au/CaCO3 nanocomposite for 4-Nitrophenol electrochemical detection and catalytic
reduction, Applied Surface Science, 510 (2020).

[107] H.K. Tchakoute, D.E.T. Mabah, C.H. Ruscher, E. Kamseu, F. Andreola, M.C. Bignozzi, C. Leonelli,
Preparation of low-cost nano and microcomposites from chicken eggshell, nano-silica and rice husk
ash and their utilisations as additives for producing geopolymer cements, Journal of Asian Ceramic
Societies, 8 (2020) 149-161.

[108] P. Toro, R. Quijada, M. Yazdani-Pedram, J.L. Arias, Eggshell, a new bio-filler for polypropylene
composites, Materials Letters, 61 (2007) 4347-4350.

[109] P. Toro, R. Quijada, J.L. Arias, M. Yazdani-Pedram, Mechanical and morphological studies of
poly(propylene)-filled eggshell composites, Macromolecular Materials and Engineering, 292 (2007)
1027-1034.

[110] K.A. Iyer, J.M. Torkelson, Green composites of polypropylene and eggshell: Effective biofiller size
reduction and dispersion by single-step processing with solid-state shear pulverization, Composites
Science and Technology, 102 (2014) 152-160.

[111] N. Hayeemasae, L.W. Song, H. Ismail, Sustainable use of eggshell powder in the composite
based on recycled polystyrene and virgin polystyrene mixture, International Journal of Polymer Analysis
and Characterization, 24 (2019) 266-275.

[112] Y.X. Xu, M. Hanna, Effect of eggshell powder as nucleating agent on the structure, morphology
and functional properties of normal corn starch foams, Packaging Technology and Science, 20 (2007)
165-172.

[113] M. Bootklad, K. Kaewtatip, Biodegradation of thermoplastic starch/eggshell powder composites,
Carbohydrate Polymers, 97 (2013) 315-320.

[114] M.N. Prabhakar, S.A.U. Rehaman, J. Song, Fabrication and characterization of eggshell powder
particles fused wheat protein isolate green composite for packaging applications, Polymer Composites,
37 (2016) 3280-3287.

[115] B. Ashok, S. Naresh, K. Obi Reddy, K. Madhukar, J. Cai, L. Zhang, A. Varada Rajulu, Tensile and
thermal properties of poly(lactic acid)/ eggshell powder composite films, International Journal of
Polymer Analysis and Characterization, 19 (2014) 245-255.

[116] Y. Li, C. Han, Y. Yu, D. Huang, Structure variation and properties enhancement of uniaxial
stretching poly(L-lactic acid)/eggshell powder composites, Journal of Applied Polymer Science, 136
(2019) 48158.

[117] B.J. Tiimob, G. Mwinyelle, W. Abdela, T. Samuel, S. Jeelani, V.K. Rangari, Nanoengineered
Eggshell-Silver Tailored Copolyester Polymer Blend Film with Antimicrobial Properties, Journal of
Agricultural and Food Chemistry, 65 (2017) 1967-1976.

[118] J.J. Kong, C.Y. Han, Y.C. Yu, L.S. Dong, Production and characterization of sustainable
poly(lactic acid)/functionalized-eggshell composites plasticized by epoxidized soybean oil, Journal of
Materials Science, 53 (2018) 14386-14397.

[119] N.G. Jaques, J.J.P. Barros, I.D.D. Silva, M. Popp, J. Kolbe, R.M.R. Wellen, New approaches of
curing and degradation on epoxy/eggshell composites, Composites Part B-Engineering, 196 (2020).
[120] W.J. Hamdi, N.F. Habubi, Preparation of epoxy chicken eggshell composite as thermal insulation,
Journal of the Australian Ceramic Society, 54 (2018) 231-235.

[121] M. Panchal, G. Raghavendra, M.O. Prakash, S. Ojha, Effects of Environmental Conditions on
Erosion Wear of Eggshell Particulate Epoxy Composites, Silicon, 10 (2018) 627-634.

[122] R. Bhoopathi, M. Ramesh, Influence of Eggshell Nanoparticles and Effect of Alkalization on
Characterization of Industrial Hemp Fibre Reinforced Epoxy Composites, Journal of Polymers and the
Environment, 28 (2020) 2178-2190.

[123] X.J. Ren, K. Cornish, Eggshell improves dynamic properties of durable guayule rubber
composites co-reinforced with silanized silica, Industrial Crops and Products, 138 (2019).

31



[124] K. Roy, S.C. Debnath, N. Raengthon, P. Potiyaraj, Understanding the reinforcing efficiency of
waste eggshell-derived nano calcium carbonate in natural rubber composites with maleated natural
rubber as compatibilizer, Polymer Engineering and Science, 59 (2019) 1428-1436.

[125] E.S. Bhagavatheswaran, A. Das, H. Rastin, H. Saeidi, S.H. Jafari, H. Vahabi, F. Najafi, H.A.
Khonakdar, K. Formela, M. Jouyandeh, P. Zarrintaj, M.R. Saeb, The Taste of Waste: The Edge of
Eggshell Over Calcium Carbonate in Acrylonitrile Butadiene Rubber, Journal of Polymers and the
Environment, 27 (2019) 2478-2489.

[126] S.P. Dwivedi, S. Sharma, R.K. Mishra, Characterization of waste eggshells and CaCO3 reinforced
AA2014 green metal matrix composites: A green approach in the synthesis of composites, International
Journal of Precision Engineering and Manufacturing, 17 (2016) 1383-1393.

[127] S.P. Dwivedi, S. Sharma, R.K. Mishra, A comparative study of waste eggshells, CaCO3, and SiC-
reinforced AA2014 green metal matrix composites, Journal of Composite Materials, 51 (2017) 2407-
2421.

[128] S.P. Dwivedi, S. Sharma, R.K. Mishra, Influence of precipitation hardening parameters on the
microstructure and mechanical properties of extruded AA2014/eggshells green composites, Journal of
Composite Materials, 51 (2017) 4261-4271.

[129] S.P. Dwivedi, S. Sharma, R.K. Mishra, Effects of waste eggshells and SiC addition in the synthesis
of aluminum hybrid green metal matrix composite, Green Processing and Synthesis, 6 (2017) 113-123.
[130] M.O. Durowoju, T.B. Asafa, E.R. Sadiku, S. Diouf, M.B. Shongwe, P.A. Olubambi, K.O. Oladosu,
A. Ogbemudia, M.M. Babalola, M.T. Ajala, Improving mechanical and thermal properties of graphite-
aluminium composite using Si, SiC and eggshell particles, Journal of Composite Materials, 54 (2020)
2365-2376.

[131] T.S.S. Kumar, K. Madhumathi, B. Rajkamal, S. Zaheatha, A.R. Malar, S.A. Bai, Enhanced protein
delivery by multi-ion containing eggshell derived apatitic-alginate composite nanocarriers, Colloids and
Surfaces B-Biointerfaces, 123 (2014) 542-548.

[132] M.M. Rahman, A.N. Netravali, B.J. Tiimob, V. Apalangya, V.K. Rangari, Bio-inspired " green"
nanocomposite using hydroxyapatite synthesized from eggshell waste and soy protein, Journal of
Applied Polymer Science, 133 (2016).

[133] S.C. Onwubu, P.S. Mdluli, S. Singh, T. Tlapana, A novel application of nano eggshell/titanium
dioxide composite on occluding dentine tubules: an in vitro study, Brazilian Oral Research, 33 (2019).

[134] P. Shekhawat, G. Sharma, R.M. Singh, Strength behavior of alkaline activated eggshell powder
and flyash geopolymer cured at ambient temperature, Construction and Building Materials, 223 (2019)
1112-1122.

[135] Rahmi, Marlina, Nisfayati, Comparison of cadmium adsorption onto chitosan and epichlorohydrin
crosslinked chitosan/eggshell composite, in: R. Adriman, A.R. Nasrul, S. Huzni, Saiful, R.D. Ramdan,
R.Z. Mukhlis, N. Kurubanjerdjit, S. Ridha, Y. Idris, F. Arnia, S. Fonna (Eds.) 7th Aic-lcmr on Sciences
and Engineering 2017, 2018.

[136] M. Priyadarsini, T. Biswal, Recent Progress on the Design and Applications of Guar Gum Based
Nano Hydrogel "Guar Gum-g-P(HEMA-co-AM)/Chicken Eggshell" as Superabsorbent, Egyptian
Journal of Chemistry, 63 (2020) 851-859.

[137] X. Chen, C.W. Li, J. Wang, J. Li, X.Y. Luan, Y. Li, R. Xu, B.X. Wang, Investigation on solar
photocatalytic activity of TiO2 loaded composite: TiO2/Eggshell, TiO2/Clamshell and TiO2/CaCO3,
Materials Letters, 64 (2010) 1437-1440.

[138] H.R. Fernandes, F. Andreola, L. Barbieri, I. Lancellotti, M.J. Pascual, J.M.F. Ferreira, The use of
egg shells to produce Cathode Ray Tube (CRT) glass foams, Ceramics International, 39 (2013) 9071-
9078.

[139] D. Cree, A. Rutter, Sustainable Bio-Inspired Limestone Eggshell Powder for Potential
Industrialized Applications, Acs Sustainable Chemistry & Engineering, 3 (2015) 941-949.

[140] J. James, K.J. Priya, P. Karthika, S. Kokila, V. Vidyasagar, VALORISATION OF EGG SHELL
ASH AS A POTENTIAL REPLACEMENT FOR LIME IN STABILIZATION OF EXPANSIVE SOILS,
Gradevnski Materijiali | Konstrukcije-Building Materials and Structures, 63 (2020) 11-18.

[141] R.K. Das, S.K. Brar, M. Verma, Valorization of Egg Shell Biowaste and Brewery Wastewater for
the Enhanced Production of Fumaric Acid, Waste and Biomass Valorization, 6 (2015) 535-546.

32



