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Abstract

:

Disposal of massive amounts of eggshells and seashells from processing industries is a challenge. In recent years, there has been a focus to reuse these waste resources in the production of new thermoplastic and thermoset polymer materials. This paper reviews eggshell and seashell production by country and provides a perspective on the quantity of bio-calcium carbonate that could be produced annually from these wastes. The achievements obtained from the addition of recycled bio-calcium carbonate fillers (uncoated/unmodified) in polymer composites with a focus on tensile strength, flexural strength and impact toughness are discussed. To improve compatibility between calcium carbonate (mineral and bio-based) fillers and polymers, studies on surface modifiers are reviewed. Knowledge gaps and future research and development thoughts are outlined. Developing novel and innovative composites for this waste material could bring additional revenue to egg and seafood processors and at the same time reduce any environmental impact.
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1. Introduction


Low-cost fillers are added to polymers to reduce cost and improve their properties. One widely used inorganic filler is mineral limestone or calcium carbonate. An alternative to mined limestone are waste bio-materials such as chicken eggshells and seashells (marine mollusks, mussels, shellfish, oysters, scallops, and cockles) from the egg and seafood processing industries, respectively, which contain high calcium carbonate contents. They are abundant and are discarded by-products which can serve as potential substitutes for limestone derived from sedimentary rocks. A small portion of these bio-calcium carbonate wastes have found niche applications as animal feed supplements, remediation of acidic soils, and treatment of wastewaters [1,2,3]. However, the majority of waste chicken eggshells and seashells around the world are disposed of in landfills which tend to pose environmental problems [4]. Their decomposition produces ammonia, hydrogen sulfide and amines with significant odors [5,6,7]. In addition to a foul smell and attracting mice, rats, flies and insects, pathogens such as Escherichia coli (E. coli) [8] and Salmonella [8,9] are present in eggshell and seashell waste. In addition, untreated seashell waste can lead to leaching of heavy metals from the viscera [10]. In the US, eggshell waste has been placed 15th on the Environmental Protection Agency (EPA) list of food industries creating pollution problems [11], while the European Commission regulations consider industrial eggshell byproducts as hazardous waste [12]. In recent developments, one method to mitigate disposal problems is to find novel applications by reusing and recycling of bio-based calcium carbonate as fillers for polymer matrix composite materials.



The egg processing industry consists of large-scale hatcheries and breaker plants where the latter yields liquid, powdered and frozen eggs for wholesale food producers and bakeries, while seashell waste are derived from various shellfish generated from the seafood processing industry. As the global population increases, the production and consumption of eggshell and seashell products are projected to increase [13]. Greater quantities of waste eggshells (and seashells) suggest higher landfilling costs borne solely by the processors. For example, in the US it can cost one breaker plant about US$100,000 per year to dispose of eggshells into landfills [14], while in the United Kingdom, Just Egg (Chilled foods) Ltd. spends about £50,000 (~US$65,000) a year to dispose of eggshells [15]. In Europe it can costs small- to medium-sized egg processing companies about €100,000 (~US$112,000) per year for disposal [12]. Similarly, seashell producers also consider shellfish a nuisance waste product as it costs them financial losses for proper disposal [16]. The consensus from companies is that they would be satisfied if someone was to take the eggshell waste off their hands for free as this would decrease their landfill tipping fees.



The desire to recycle waste eggshells is in its infancy. In recent years there has been an upswing with several small-scale start-up companies that have separated the membrane from waste eggshells at an industrial scale. For instance, Eggnovo (Spain) utilized calcium carbonate from eggshells for use in food, food supplements, cosmetics and pharmaceutical sectors [17]. American Dehydrated Foods (USA) in conjunction with Georgia Institute of Technology researchers has been developing a separation facility to recover calcium carbonate from eggshells for possible use in plastics in an effort to reduce petroleum-based products [15]. Similarly, Just Egg (United Kingdom) along with Leicester University have designed a pilot plant to produce eggshell powders for possible use as fillers to reinforce plastics [18]. These demonstration plants could be models for recuperating eggshells in other countries as well as adapting them to recover seashells. In a short time, plastic industries may be interested in using eggshell powders as filler materials but would be dependent on price since calcium carbonate from rocks is relatively low cost [18].



To advance the understanding in the field of bio-calcium carbonate fillers combined with polymers, a need to review past studies on the progress made was required in order for users to make well-informed decisions. This work attempts to provide a framework on the important studies in the area of mechanical properties (tensile strength, flexural strength and impact toughness) and outlines the knowledge gaps of calcium carbonate-based particulate-filled thermoplastics and thermoset polymer composites. A review on the use of waste-based calcium carbonate as a sustainable filler has not been published in the literature and will be meaningful for the polymer composite industry.




2. Composition and Sources of Eggshells and Seashells


In nature, calcium carbonate exists as a mineral in sedimentary rocks such as limestone and chalk and in metamorphic marble rocks [19] where they are often extracted via quarry or underground mining. Three crystal polymorphs of calcium carbonate exist in nature in decreasing order of stability: calcite, aragonite and vaterite [20]. Limestone, chalk and marble are primarily composed of calcite. The density of natural limestone ranges from 2.50–2.71 g/cm3 [21,22]. Its major applications in engineering materials have been for fillers in polymer composites [23] as well as raw materials for cement and mortar production [21]. Apart from mineral limestone, there are an abundance of industrial waste materials containing high calcium carbonate contents in the form of chicken eggshells and various seashells.



2.1. Eggshell Structure and Composition


An eggshell is the hard outer layer of a chicken egg and can be brown- or white-coloured [24]. A chicken egg consists of 60% albumen (the liquid white colored substance), 30% yolk (the liquid yellow colored substance) and 10–11% shell (the solid eggshell and organic membrane) [25]. The total weight of an average egg was reported to be between 60.0–60.2 g [26,27], while the empty shell weight ranges between 6.6–7.3 g [25,26]. The eggshell structure shown in Figure 1 is composed of three main layers; an outermost layer surrounding the eggshell called the cuticle, the layer beneath is referred to as the testa (“the shell”) and the innermost layer termed the mammillary layer [28]. Under the mammillary layer are two shell membranes termed outer-shell membrane and inner-shell membrane. The cuticle (dried mucus) layer is a thin film of about 10 µm which protects the embryo from bacterial infection and moisture loss [28]. In the literature, the term testa has also been referred to as the palisade layer as both contain calcite crystals. The palisade (spongy) layer is arranged in columns and is the thickest layer (about 100 µm) of the eggshell. It provides calcium and aids in coloration to the growing egg [28]. In-between the palisade columns are small pores. It is estimated that the shell contains 7000 to 17,000 unevenly distributed circular pore openings which function to allow gas exchange of oxygen from the atmosphere and carbon dioxide release produced by the baby chicken [29,30]. Studies compared scanning electron microscope images at the same magnification of eggshell powders with mineral limestone powders and observed the presence of pores in eggshells and the absence in limestone [31,32]. This suggests that the pores in eggshells are larger than those in limestone. The palisade layer is composed of about 95% calcium carbonate, 3.3% organic proteins and 1.6% moisture [33]. The mammillary layer consists of cones/knobs made from organic protein and are the seeding sites on which the testa/palisade columns grow [34]. The outer-shell membrane (visible to the naked eye and which cannot manually peel-off easily) is thicker than the inner-shell membrane and together have a thickness of about 100 µm. Both membranes are assemblies of a network of protein fibers [35]. To gain a better understanding of the layered structures of a chicken eggshell, researchers have heated eggshells at various elevated temperatures and viewed them under the scanning electron microscope [36,37].



The chemical composition of eggshells are calcium carbonate in the form of calcite ranging from 94–97% [28,38,39] and 3–4.5% organic matter [26,40,41]. In addition, minor traces of other elements have been detected such as; MgO (0.83%), SO3 (0.66%), P2O5 (0.43%), Al2O3 (0.15%), K2O (0.08%), SiO2 (0.07%), Cl2O3 (0.06%) and SrO (0.04%) [42]. There are slight variations in composition from study to study which may be attributed to the type of chicken feed and possible impurities generated by organic proteins and membranes. The color of the shell does not dictate the amount of calcium carbonate. For example, brown eggshells were reported to contain 96–97% calcium carbonate and 3–4% organic membrane [38,43], while white eggshells were found to have 94% calcium carbonate content with 6% organic membrane [27,44]. Based on these findings, the calcium carbonate contents in both brown and white eggshells were considered equivalent [41]. The density of the eggshell has been quantified from various studies to be; 2.50 g/cm3 [41], 2.53 g/cm3 [28], 2.59 g/cm3 [38] and 2.62 g/cm3 [39]. The eggshell density is slightly less than the mineral limestone possibly due to the porous nature of eggshells. The outer-shell membrane density has been reported to be smaller with a value of 1.36 g/cm3 [28].




2.2. Sources of Eggshell Waste


Sufficient quantities of waste eggshells would be required for industrializing a recovery process. Households and restaurants would not be a viable route to obtain waste eggshells, rather they would be obtained from egg processors ‘breaker plants’. The first known egg breaker plant was invented in 1928 in the United States before World War II [45]. In this process, the liquid egg is mechanically separated from the shells, which lead to eggshells being obtained in large quantities. For instance, a modern breaker plant can process 188,000 eggs per hour. Eggs are classified into sizes and standards where sub-standard eggs not suitable for the general market are sent to breaker plants while quality medium, large and extra-large eggs are sent to market [46].



The top 10 egg-producing countries are presented in Figure 2 and Table 1. Roughly 30% of eggs are sent to breaker plants for processing into liquids [31]. The amount of calcium carbonate (CaCO3) from eggshell waste that could be recuperated are outlined in Table 1.



The values in kilograms (kg) of recuperated CaCO3 are based on an empty eggshell weight of approximately 6.6 g. As an example, China’s annual production in 2017 was 536,818,007,000 eggs. Of this amount, 30% equates to 161,045,402,000 eggs. Therefore, approximately 1,062,899,654 kg could be recovered. Putting this into perspective, about 35,429,988 bags of CaCO3 powder, each of 30 kg, could be produced from eggshell waste annually. It is important to note, the aim of this review is not to eliminate limestone derived from rocks, but it is to make use of a waste material.




2.3. Marine Seashell Composition


A seashell can be defined as the hard outer layer from the body of an animal that lives in the sea such as marine mollusks; mussels, oysters, scallops, clams, snails and cockles. Sea animals are food proteins extensively consumed by humans and their shells are widely disposed to landfills [48]. Studies determined the chemical composition of various seashells to be calcium carbonate in the range of 92–99% [48,49,50] with about 5% organic matter [51]. The majority of seashell types studied reported calcium oxide (CaO) contents rather than CaCO3 contents [52,53,54]. This suggests the removal of organic material from seashells may be difficult and heating to elevated temperatures results in a purified form. For instance, heated oyster shells have been reported to contain CaO (51.06%), with fractions of SiO2 (2%), Al2O3 (0.50%), Fe2O3 (0.20%), MgO (0.51%), SO3 (0.60%), K2O (0.06%), Na2O (0.58%), TiO2 (0.02%), Mn2O3 (0.02%), P2O5 (0.18%) and SrO (0.09%) as a well as a 44.16% loss of CO2 and organic materials [55]. To identify the amount of calcium carbonate in seashells from CaO contents, estimates were calculated using Equation (1) and results presented in Table 2. This is helpful to compare literature that has only reported calcium carbonate contents.


     %   CaCO   3  =     CaCO  3     MW     CaO   MW     ∗ CaO   WR   or   content     ( % )   



(1)




where, CaCO3 MW, CaO MW and CaO WR are calcium carbonate molecular weights (e.g. 100), calcium oxide molecular weight (e.g. 56), and calcium oxide weight ratio or content in%, respectively. The calculated results are in the range of 91–97% CaCO3. The density of dried mussel shells have been stated to be 1.33 g/cm3 [49], while oyster shells were 1.15–2.62 g/cm3 [7,56].




2.4. Sources of Seashell Waste


Similar to waste eggshells, the number of seashells from homes and restaurants would not be adequate for an industrial calcium carbonate extraction process. Instead, large amounts of seashell waste are generated from canning industries. The top 10 seafood-producing countries are presented in Table 3. The literature source did not differentiate between the types of seashells by country, therefore a general overview is provided. For every oyster shell dozen consumed, about 370–700 g of empty shells are recovered [50,64]. This implies that for one oyster protein consumed, the shell weight recovered is in the range of 30.83–58.33 g. The dry weight of one mussel shell was found to be approximately 0.01–40 g [65], one mollusk shell to be 0.317–2.08 g [66], one empty cockle shell to be 1 g [67] and a sea scallop to be 0.4 g [68]. Based on the above studies, the dry shell weight of oysters, mussels, mollusks, cockles and scallops ranges from 0.01 g to 58.33 g or approximately 52–80% of the whole animal. Table 4 shows the annual mollusk consumption for the top three countries in 2013 [47]. For instance, China consumed 12,537,301 tonnes of mollusk. The amount of CaCO3 that could be recovered in kg are based on one mollusk shell having a dry weight in the range of 0.317–2.08 g [66]. Therefore, in China about 3,974,324–26,077,587 kg of CaCO3 could be recuperated from mollusk waste annually.





3. Bio-Calcium Carbonate Fillers in Polymer Composites


Several lab-scale manufacturing processes and polymer matrices have been utilized for the fabrication of composites containing bio-calcium carbonate particulate fillers (uncoated/unmodified). Thermoplastic polymers require high processing temperatures to melt polymers while thermoset composites are cured at room temperature and further post-cured at an elevated temperature. To compare numerical results from research papers where only the graphs were available, data points were extracted directly from published article figures with the open source Web Plot Digitizer, version 4.1 [70].



3.1. Thermoplastic Eggshell Fillers


The effect of waste eggshell fillers on the mechanical properties of thermoplastic polymers have been assessed by several studies and are summarized in Table 5. In one study, the tensile Young’s modulus (tensile strength not reported) of eggshells (<38 µm) in a polypropylene (PP) matrix were determined. The eggshells were dried, mechanically triturated into powder, blended using a mixer and hot pressed into specimens. Only one filler loading of 40 w/w (or wt.%) was studied which presented an increase in Young’s modulus of approximately 136% compared to the pure PP resin. The improvement was credited to a good eggshell/PP interface [71].



In a related study, the effect of eggshells (<149 µm) on the tensile, flexural and Charpy impact properties of PP were evaluated. The eggshells were dried and sieved (crushing method not reported). PP/eggshell composites with filler loadings of 1, 3, and 5 wt.% were initially homogenized in a mixer, pelletized and manufactured via injection molding. The filler additions did not affect the tensile properties (Young’s modulus not reported). For instance, the tensile strengths did not significantly change with filler content. At 5 wt.%, the tensile strength reduced by only 3%. Similarly, the change in flexural strength and flexural modulus were not remarkable such that at 5 wt.%, the greatest changes were 4% and 10%, respectively. However, improvements were observed with Charpy impact toughness of 38%, 48%, and 48%, respectively. The authors suggested the drop in mechanical properties were due to poor compatibility of the hydrophobic PP with hydrophilic eggshell fillers [72]. Similarly, the effect of eggshell powders (14–157 µm) on the mechanical properties of PP were determined. PP/eggshell composites contained 10, 20, 30 and 40 wt.% loadings. The eggshells were washed in warm water, dried and ball milled into powder. The materials were mixed with a twin screw extruder and further made into plates using a hot press. The tests presented a drop in the tensile strength and an increase in Young’s modulus with filler loading. Pure PP presented a tensile strength of 27 MPa but decreased by approximately 37% at 40 wt.%. The best tensile strength reduced by 4% with 10 wt.% filler. The Young’s modulus improved by 220% at a 40 wt.% loading. The Izod impact results decreased for all loadings, but at 30 wt.% showed the highest value with a 31% reduction in toughness compared to the pure PP. The authors proposed the decrease in tensile strengths were due to poor adhesion of the filler-matrix and agglomeration of eggshell particles while the increase in Young’s modulus was due to the inclusion of rigid and stiff particles into the polymer. The impact toughness reduction was attributed to a composite containing a lower volume of polymer material [73]. In a related study, the effect of adding 5, 10, 20 and 30 wt.% eggshell and mineral calcium carbonate (3 µm) fillers to a PP matrix was analyzed. The eggshells were washed, dried, ball-milled, blended using a twin screw extruder and further injection molded into mechanical test specimens. The PP/eggshell composite tensile strengths decreased by 11–20% with increase in filler loading while Young’s modulus increased by 2–21% compared to pure PP. Similarly, the PP/mineral calcium carbonate composites reduced in tensile strength by 6–14% but improved in Young’s modulus by 2–25%. In general, the mineral calcium carbonate composites had 3–7% and 1–5% higher tensile strengths and Young’s modulus, respectively compared to the eggshell composites. The authors suggested the decrease in tensile strength for the eggshell composites was due to agglomeration of fillers in the matrix, while the improvement of modulus was due to the presence of the fillers. The flexural modulus (flexural strength not reported) increased by 0–38% with eggshell loading, while the Izod impact toughness augmented by 2% at 30 wt.% eggshell loading. The authors suggested that the increase in flexural modulus was due to the strong bonding between the matrix and filler [74]. In another work, eggshells were heated at 500 °C for 2 h, mechanically ground and sieved to a particle size distribution of 100–350 µm. The PP and eggshell powders (30 wt.%) were compounded in a twin screw extruder, pelletized and fed into an extrusion/compression molding process to produce the various specimen shapes. The tensile strength decreased by 13%, while the Young’s modulus, flexural strength, flexural modulus and Izod impact toughness increased by 23%, 4%, 30% and 47%, respectively. The authors advocated that the relatively large particle size of the filler material used served as stress concentrators which could have been responsible for the reduction in the tensile strength. In addition, the improvement in flexural properties may have been due to enhanced adhesion between the filler and the matrix [75].



Eggshells (<40 µm) have also been added to a polypropylene carbonate (PPC) polymer. The eggshells were washed, dried and made into powder using a kitchen grinder-mixer. The PPC was dissolved in chloroform and the eggshell powder was added in filler contents of 1, 2, 3, 4, and 5 wt.%. The PPC/eggshell composites were fabricated using a film-casting method. The results presented an improvement in both tensile strength and Young’s modulus for all composites where the optimal loading was determined to be 4 wt.%. For instance, the tensile strengths were reported to have increased by approximately 0%, 8%, 38%, 77% and 8%, while the Young’s modulus increased by 18%, 22%, 47%, 70% and 19% for 1, 2, 3, 4, and 5 wt.% loadings, respectively. A better dispersion and interaction between the matrix and the fine eggshell particles benefited the composites. The apparent decrease at 5 wt.% loading may have been due to agglomeration of filler particles with increased filler concentrations [76].



The effect of eggshell particle sizes of 0.2 µm and 7 µm in amounts of 10, 20, 30 and 40 phr on the mechanical properties of polyvinyl chloride (PVC) were studied. In order for the filler loading data in Table 5, Table 6, Table 7 and Table 8 to be consistent, a personal communication with the corresponding author showed the conversion to wt.% used was: wt.% = (phr of component/(total phr of the components) * 100. Therefore 10, 20, 30 and 40 phr corresponds to 7.5, 15, 22.5 and 30 wt.%, respectively. The eggshells were washed, dried and made into smaller pieces using a blender and further ground with a Retsch grinder. The ingredients were blended using a Rheo-Mix mixer and molded using a hot press. The tensile strength was optimal for 7.5 wt.% fillers of 0.2 µm and 0.7 µm where it improved by 26% and 21%, respectively, while at a maximum loading of 30 wt.%, the Young’s modulus increased by approximately 544% and 344%, respectively, compared to pure PVC. Better composite tensile strengths were reported for 0.2 µm fillers over 7 µm particles. The 7 µm particle size fillers had lower surface areas for interaction with the matrix which led to increased particle agglomeration through hydrogen bonding resulting in a higher dispersive resistance. The authors also proposed that the improved Young’s modulus with 0.2 µm fillers was a result of lower particle agglomeration [77].



Eggshell fillers have also been added to low-density polyethylene (LDPE) and high density polyethylene (HDPE). For instance, eggshell powders (63 µm) were added to LDPE using filler contents of 5, 10, 15, 20 and 25 wt.%. The eggshells were initially washed, dried and ground into powder using a blender. The powders were then treated with 10% NaOH to remove additional organic membrane. LDPE/eggshell composites were mixed via a Z-blade mixer and further molded in a hot press. At all loadings, the tensile strengths decreased by approximately 14%, 21%, 29%, 50%, and 50% and the Young’s modulus increased by about 27%, 53%, 87%, 107% and 140%, respectively. The authors suggested that the decrease in tensile strengths were due to poor adhesion between the filler and matrix as well as agglomeration of the filler materials while the increase in Young’s modulus was attributed to the calcium carbonate eggshells exhibiting higher stiffness than the pure LDPE [78]. In another study, 20 wt.% eggshells (25 µm) were combined with HDPE. The eggshells were washed, dried and ground using an ultra-centrifugal mill. A twin screw co-rotating extruder was used to blend the components and further made into pellets for use in an injection-molding machine. At this loading level the Young’s modulus, flexural strength, and flexural modulus increased by approximately 8%, 2%, and 3%, respectively, while the tensile strength and Charpy impact toughness decreased by 15% and 42%, respectively. The authors suggested that there were no significant differences in the increase in flexural strength and flexural modulus compared to the pure matrix. Furthermore, the decrease in tensile strength was attributed to poor adhesion of filler-matrix and agglomeration of filler particles [42]. In a recent investigation 7 µm eggshell powder were blended in an HDPE matrix in amounts of 10, 20, 30 and 40 phr which corresponded to 7.5, 15, 22.5 and 30 wt.%, respectively. The waste eggshells were first washed with water and initially crushed using a blender and ground with a Retsch Grinder. The composites were melt blended using an internal mixer, molded with a hydraulic molding press and further cut into tensile dumbbell shaped specimens. At 7.5 wt.% the tensile strength improved by 5% but was inferior by 2%, 6% and 18% with additions of 15, 22.5 and 30 wt.%, respectively compared to pure HDPE. The reduction in strengths above 15 wt.% filler was due to a weaker interfacial adhesion as a result of increased agglomeration. In contrast, the Young’s modulus increased progressively with filler loading by 8%, 20%, 28% and 31%, respectively. The authors believed that the improvement was due to the eggshell powder being stiffer than the HDPE polymer [79].



Waste eggshell powder (<75 µm) was also combined with virgin polystyrene (PS) in an amount of 20 wt.%. The eggshell were washed, dried and ground to size. The ingredients were blended by melt-mixing in an internal mixer and the molded sheet composites were made by compression molding. The tensile strength and modulus of virgin PS (polystyrene 536), obtained from the supplier (Total Petrochemicals, Inc) was 44.8 MPa and 2.96 GPa, respectively (not reported in article). The composite tensile strength and Young’s modulus were approximately 25 MPa and 3.13 GPa, respectively, for a reduction of 44% and an increase of 5%, respectively. This study focused on the amounts of recycled and virgin PS rather than varying the eggshell content [80].



Eggshell (25 µm) loadings of 1, 2, 3, 4 and 5 wt.% were added to polylactic acid (PLA). The eggshells were washed, dried and made into a fine powder using a kitchen grinder-mixer. PLA/eggshell films were produced via a film casting method by initially adding eggshell powders to PLA dissolved in chloroform. Both tensile strength and Young’s modulus improved by 6%, 24%, 53%, 82% and 35% and 9%, 27%, 64%, 82% and 27%, respectively, with increase in filler loading for all composite formulations. The authors proposed that the reductions at higher filler loadings (>4 wt.%) were due to agglomeration of filler particles induced by van der Waals interactions [81]. In a related study, two eggshell particle sizes (63 µm and 32 µm) were incorporated into PLA in amounts of 5, 10 and 20 wt.%. The eggshells were coarse crushed, washed with water, dried and ball milled to fine powders. Pellets for injection molding were produced using a twin screw extruder. Tensile strengths of 49.43 MPa and 47.39 MPa were obtained for 5 wt.% (32 µm) and 5 wt.% (63 µm) composites, respectively compared to pure PLA (51.52 MPa), which suggested slightly better mechanical properties for 32 µm fillers. The Young’s modulus improved with filler loadings and was maximum with 32 µm particles at 20 wt.% (4.4 GPa) which was higher than pure PLA (3.6 GPa). The flexural strength increased up to 10 wt.% and reduced when more filler loadings were added, while flexural modulus presented an improvement with increase in filler loading up to a maximum of 20 wt.%. For both flexural strength and flexural modulus, composites containing 32 µm particle size fillers presented better properties. The flexural modulus increased by approximately 136%. The authors suggested that the decrease in tensile and flexural strengths was due to particle agglomeration induced by electrostatic and van der Waals bonding forces at higher filler loading and larger particle sizes. They also suggested the increase in tensile modulus was due to inclusion of more rigid filler material and the increase in flexural modulus suggested improved resistance to deformation [82].




3.2. Thermoplastic Seashell Fillers


The influence of seashell fillers incorporated into thermoplastic polymers on their mechanical properties have been investigated by a number of studies and are summarized in Table 6. For instance, addition of seashell waste have been added to PP. Shellfish (SS) shell powder (<200 nm) was used to reinforce PP in the amounts of 1, 3, 5, and 10 wt.%. The results were compared against commercial calcium carbonate having a particle size of 40–500 nm. The SS were washed with water, coarsely ground, submitted to a 4% (w/v) NaOH solution to eliminate the stratum corneum and further ball milled to produce fine powders. The two composites were compounded separately in a twin screw extruder and injection molded into tensile samples. For both composites the best tensile strengths obtained were with up to 5 wt.% fillers for a reduction of about 13%. The Young’s modulus was optimal at 10 wt.% and 5 wt.% for PP/SS and PP/calcium carbonate composites, respectively which increased by 85% and 79%, respectively. In comparing the overall mechanical properties of both composites, PP/SS composites presented better mechanical properties. The authors suggested that this may be due to organic matter present in the SS, which improved the bonding between the filler and matrix [6]. In a similar study, the properties of PP/SS composites containing SS powders (2–4 µm) in amounts of 5, 7, 10, 15, 20 and 30 wt.% were determined. The SS were washed, coarsely ground and immersed in 4% (w/v) NaOH solution to remove the stratum corneum and then ball milled. The PP and SS powders were mixed in a twin screw extruder, pelletized and injection molded into tensile, flexural and Charpy impact test specimens. The tensile strengths (Young’s modulus not reported) reduced with increase in filler loadings by 3%, 6%, 9%, 12%, 15%, and 21%, respectively, compared to the pure PP. In contrast, the flexural strengths did not present a linear change. For example, strength improvements were observed at filler contents of 7, 10, 15 and 20 wt.% by 2%, 7%, 2%, and 5%, respectively, but tended to decline by 5% and 2%, when 5 wt.% and 30 wt.% filler contents were added, respectively. The flexural modulus improved with additions of filler loadings and was enhanced by 62% with 30 wt.% loading. The Charpy impact energy increased for all composite formulations by 5%, 12%, 17%, 12%, 14%, and 16%, respectively, with the optimum occurring at 10 wt.% loading. The authors attributed the decrease in tensile strength to poor filler–matrix adhesion which created weak interface regions and lower amounts of polymer material as a function of filler. Furthermore, the increase in flexural modulus was attributed to the augmented brittleness and stiffness of the composites [48].



Snail shell fillers were added to PP and the composite mechanical properties were compared with mineral calcium carbonate both with particle sizes less than 10 µm. The snail shells were initially washed with water and pulverized using a grinding disk mill machine. The ingredients were compounded in a twin screw extruder, pelletized and injection molded into tensile specimens. For 5, 10, 15, 20, 25 and 30 wt.% snail shell filler loadings, the tensile strengths decreased by approximately 0%, 3%, 3%, 6%, 9% and 9%, respectively, while the Young’s modulus increased by approximately 30%, 50%, 60%, 70%, 80% and 100%, respectively compared to pure PP. In comparison to bio-CaCO3, mineral calcium carbonate at a 30 wt.% filler loading presented a higher tensile strength and Young’s modulus with a difference of 3%. Since the tensile strength reductions were not substantial, the authors suggested a good dispersion/distribution of the particles and particle-matrix adhesion, while the increase in Young’s modulus may have been due to higher particle rigidity compared to the PP matrix [83].



More recently, 10, 20, 30 and 40 pphr (7.5, 15, 22.5 and 30 wt.%) of cockle shells were blended into LDPE. The cockle shells were washed, dried, crushed and ground using a mill to 100 µm. The ingredients were melt blended using an internal mixer and the test specimens were molded using a hydraulic press. With 7.5 and 15 wt.% of cockle shells, the composites increased in tensile strength by 22% and 8%, respectively, but decreased by 12% and 18% when 22.5 and 30 wt.% were added compared to pure LDPE. Although the composite Young’s modulus is higher than the pure LDPE at all filler contents, it is optimal at 7.5 and 15 wt.%. For example, at 7.5, 15, 22.5 and 30 wt.%, the Young’s modulus improved by 82%, 109%, 69% and 29%, respectively. The improvement was attributed to good dispersion of the fillers which provided a greater surface area for the interaction between the fillers and the matrix. As particles cluster, stress concentrations begin to reduce the stress transfer from polymer chains to the fillers. The agglomeration was due to improper mixing at high loadings and incompatibility of the filler and polymer [84].




3.3. Thermoset Eggshell Fillers


A number of studies have been conducted on the addition of eggshell fillers in thermoset polymers and have evaluated their mechanical properties. The details are summarized in Table 7. The Charpy impact toughness of synthetic epoxy resin was improved by incorporating eggshell fillers (1–9 µm) in amounts of 2, 5, 8 and 10 wt.%. The inner membranes were initially manually removed from the fresh eggshells. The eggshells were washed, vacuum dried and ground into powder using a planetary ball mill. The powders were then immersed in 4% NaOH and dried. The composites were produced using a solution mixing method to disperse the fillers in a mixture of acetone and liquid epoxy. After heating to remove the solvent, the mixture was poured into a steel mold coated with a release agent. The composites were cured at 90 °C for 2 h and at 150 °C for 5 h. The Charpy impact toughness increased by approximately 65%, 75%, 44% and 24%, respectively, compared to pure epoxy. This improvement was due to enhanced interaction between the matrix and the particles [85]. Another investigation determined the effect of nano-eggshell particle (<100 nm) filler loadings of 1, 2, 3, 4, 5 and 10 wt.% on the flexural properties of a bio-epoxy resin. The eggshells were initially boiled at 100 °C for 6 h, reduced in size using a laboratory blender, washed with water, ethanol and dried. The particles were further ball milled, washed with ethanol and centrifuged. Ethanol was again added to the eggshell particles, magnetically stirred and irradiated with ultrasound followed by centrifuging and vacuum drying. The composites were fabricated via a solution-mixing method. The mixtures were poured into silicone molds, cured at room temperature for 2 h and post-cured at 48.8 °C for 2 h. The test results presented an improvement in both flexural strength and flexural modulus for all composites in comparison to the pure bio-resin. For example, the flexural strength and flexural modulus improved by 7–37% and 16–42%, respectively. The composites exhibited similar results in both properties for a filler loading of 4 wt.% as the optimum. The authors reported that the improvement in these properties were due to enhanced interaction between the filler and matrix caused by the hydrogen bonding promoted by amine, carboxylic, and hydroxyl functional groups in eggshells [86].



In another work, nano-eggshell (50 nm) bio-fillers were added in amounts of 1, 2, 3, 4, and 5 wt.% in a synthetic epoxy resin. The eggshells were washed with water and disinfected with sodium hypochlorite followed by vacuum drying. The eggshells were made into a coarse powder using a blender and 5 wt.% sodium lauryl surfactant was added in order to enhance the dispersion and adhesion with the epoxy. The eggshells were then dry ball milled to the final powder size. The composites were made using a resin-casting method, in which the resin and fillers were mixed in an electric shear mixer, and cast onto a glass mold containing a wax release agent. The composites were cured at room temperature for 24 h. The tensile strength, tensile modulus and Izod impact energy improved by 7–93%, 24–112% and 5–15%, respectively. The optimal tensile strength and impact toughness was obtained for 2 wt.% filler loading and the tensile modulus was highest with 5 wt.%. The authors suggested that the increase in tensile strength and impact toughness was due to the nano-sized particles having high surface areas and better adhesion to the matrix material, while the increase in tensile modulus was due to the inclusion of stiffer filler nanoparticles compared to the matrix material [39].



In a recent study, eggshells (5, 10, 15 and 20 wt.%) were blended into a synthetic epoxy matrix. The eggshells were washed with hot water, dried and milled with a planetary ball mill to a size <50 μm. Composites were fabricated using a casting method by first heating the epoxy to 65 °C, adding the eggshells and stirring at 500 rpm for 1 hour. After cooling to room temperature, the catalyst was added, mixed and poured into plastic molds coated with wax for easier removal after two days of curing. The tensile strengths and Young’s modulus improved by 5%, 12%, 36% and 16% as well as by 74%, 63%, 144% and 130%, respectively, while un-notched Izod impact tests increased by 12%, 28%, 13% and 11%, respectively, compared to the pure epoxy resin. Improvements in properties were due to homogeneous dispersion of the shell particles within the epoxy [87]. Similarly, eggshell powder in amounts of 5, 10, 15 and 20 wt.% were combined with a synthetic epoxy resin. The eggshells were washed, dried and crushed to a fine powder (500 μm). The composites were prepared by adding a fixed amount of epoxy and eggshells to a beaker and stirred at 200 rpm. The curing agent was then added, stirred and poured into a wax coated mold. The tensile strength reduced by 13%, 15%, 23% and 33%, respectively, while the tensile modulus improved by 3%, 4%, 8%, respectively but decreased by 1% at 20 wt.% loading. The reduced tensile strength was due to poor adhesion of filler-matrix and agglomeration which creates stress concentrations. This is magnified by the increased filler loadings. Similarly, 5–15 wt.% of eggshell fillers increased the stiffness of the epoxy while reductions were observed with additions of 20 wt.% due to aggregation of particles. The flexural strength decreased by 34%, 35%, 1% and 15%, respectively. The flexural modulus dropped by 30% and 23% for 5 and 10 wt.%, respectively but increased by 13% at a 15 wt.% loading. A further increase to 20 wt.% filler content reduced the modulus by 12%. The reductions are thought to be a result of improper mixing of the fillers within the epoxy which led to a poor dispersion in addition to weak bonding between the filler particles and matrix. The Izod impact strength gradually decreased as the filler loading increased by 17%, 37%, 51% and 58%, respectively, which suggests adding eggshell fillers was not beneficial for improving toughness of the epoxy [88].



Unsaturated polyester/eggshell (1–3 μm) and unsaturated polyester/commercial calcium carbonate (3–8 μm) composite films were produced that contained filler loadings of 5, 10, 15, 20 and 25 wt.%. The eggshells were washed in water, sterilized, dried, crushed in an electric blender and reduce in size using a mortar and pestle. The films were produced via a hand lay-up technique and a hot press. The tensile strength for unsaturated polyester/eggshell films increased by 17%, 83%, 24%, 7% and 14%, respectively, compared to unsaturated polyester/commercial calcium carbonate which increased by 1%, 69%, 19%, 7% and 12%, respectively. The Young’s modulus for unsaturated polyester/eggshell composites increased by approximately 33%, 25%, 58%, 42% and 25%, respectively, in contrast to the unsaturated polyester/commercial calcium carbonate which increased by 27%, 47%, 15%, 13% and 8%, respectively. The flexural strengths (flexural modulus not reported) for the unsaturated polyester/eggshell films increased by approximately 1%, 37% and 18% with 5, 10, and 15 wt.% filler contents, respectively, however, above 15 wt.% the flexural strengths reduced. In a similar way, the unsaturated polyester/calcium carbonate flexural strengths increased by 0.3%, 32% and 10%, respectively, and further decreased above 15 wt.%. For both composites, the Izod impact toughness increased with an increase in filler loading up to 20 wt.% and further decreased at 25 wt.% loading. The authors suggested that improvements in tensile strengths were due to good interfaces and strong bonding between the filler particles and resin, while reductions at higher loadings were a result of increased void contents and increased brittle effect of the filler material leading to toughness reductions [89].




3.4. Thermoset Seashell Fillers


Limited studies have added seashell fillers to thermoset resins as given in Table 8. For instance, bio-epoxy composites were produced with mollusks shells of particle sizes <250 μm and filler amounts of 5, 10, 20, 30 and 40 wt.%. The mollusks were washed with 4% sodium hydroxide, dried and ground using an ultra-centrifugal mill. The powders were then treated with a silane solution to improve the chemical interaction between the filler and the matrix. The composites were made via a solution mixing method, poured in a polytetrafluoroethylene mold and cured at 100 °C for 45 min. The flexural modulus (flexural strength not reported) increased by 5%, 29%, 52%, 57% and 48% with increase in filler loading. In contrast, the Charpy energy drastically decreased at all filler loadings by 85%, 87%, 90%, 90% and 92%, respectively. The flexural modulus improved due to a homogeneous dispersion, polymer chain mobility restriction, but at higher filler loadings the dispersion was reduced and some aggregates were formed leading to the presence of stress concentrators. The dispersion and interaction of the filler particles within the matrix play a role in mechanical properties, but the amount of fillers were not an indicator for the drop in impact energy [63]. In a related study, the effect of cuttlebone shells (15–25 μm) and commercial calcium carbonate (<10 μm) fillers in loadings of 3, 6, 9, 12 and 15 wt.% in a synthetic epoxy were compared. Cuttlebones were washed with water, scrubbed with a steel brush and dried, followed by crushing and grinding using a pulverizer. One batch of cuttlebone powders were used as prepared (CB) and another batch were heated to 400 °C for 3 h. The composites were made via a hand lay-up method. The mixture was poured into a steel mold with an applied release agent and cured at room temperature for 24 h, demolded and post-cured at 80 °C for 4 h. The tensile strengths for epoxy/CB, epoxy/heated CB and epoxy/calcium carbonate composites increased by 17%, 38%, 63%, 46% and 33% and by 25%, 54%, 72%, 67% and 46% as well as by 4%, 8%, 42%, 13% and 8%, respectively. Similarly, the Young’s modulus for epoxy/CB and epoxy/heated CB increased by 2%, 8%, 9%, 18% and 6% and 0.2%, 7%, 12%, 27% and 35%, respectively. However, epoxy/calcium carbonate composite Young’s modulus was less affected by the fillers and increased by 0.2%, 6%, 3%, and 1% but decreased by 7% at 15 wt.%. The authors suggested that the improved tensile strength was due to good interaction between the filler and matrix, while beyond 9 wt.% the fillers had poor dispersion with the matrix. In addition, the Young’s modulus had good adhesion between the filler and matrix but reductions occurred due to agglomeration [22]. More recently, snail shells were mixed into a synthetic epoxy resin. The snail shells were soaked for seven hours in 5% diluted household sodium hypochlorite, rinsed with distilled water and dried. The shells were then ball milled to a size of <50 μm. The composites were made using a conventional casting method as explained earlier. As compared to the unfilled epoxy, the tensile strengths, Young’s modulus and Izod impact tests were improved by 28%, 49%, 32% and 32%, by 79%, 76%, 83% and 119%, and by 11%, 20%, 10% and 7%, respectively. The increase in tensile strengths, Young’s modulus and impact strengths were due to the high carbon content present in the snail shells which produced a tougher and stronger structure as well as the size, shape and interconnectivity formed by the particles [87].



The addition of mineral fillers to polymers is generally to reduce the cost of the composite and may or may not improve the mechanical properties. The hydrophilic property of mineral calcium carbonate renders it incompatible with hydrophobic polymers. In an effort to improve compatibility, reduce agglomeration, improve bonding and enhance the mechanical properties of polymer composites, calcium carbonate surface modifiers have been studied. The modifiers play a role in linking the inorganic filler with the organic polymer. It is important to note that an excess amount of coating could negatively affect the mechanical properties [90]. Differential thermal gravimetric analysis (DTG) can be used to differentiate between a single (thin) coated layer and multiple (thick) layers [91,92]. The most common fatty acid coating applied is stearic acid [91] while other modifiers have been polyacrylic acid [93], phosphate [94], acrylic acid [95], silane [96], dendritic carboxylic acid [97], titanate [98] and zirconate [99]. Several studies exist on bio-calcium carbonate eggshell. For instance, eggshells have been modified with propionic acid (i.e., carboxylic acid) [100], silane [42,85,101], titanate [42], zirconate [42], stearic acid [73,102,103], isophthalic acid [74,78], maleic anhydride [104], pimelic acid [72] and a solid state shear pulverization process (without chemical modification) [105]. Limited studies have been conducted on seashells. For example, seashells have been treated with silane [63,106,107], stearic acid [108], titanate [109] and pimelic acid [110,111]. In general, the majority of studies found improvements in mechanical properties with applications of surface modifiers.





4. Discussion and Knowledge Gaps


Based on this review, the addition of bio-calcium carbonate fillers could successfully be used in polymer composites to improve mechanical properties. Generally, the studies obtained their bio- fillers in powder form by grinding/pulverizing using small-scale laboratory processes generally as a ‘proof of concept”. Although a number of recycling processes for waste eggshells have been proposed [112], medium- to large-scale industrial operations have not been in operation to date to recycle eggshells and seashells into useful powders. The enormous amounts of eggshells and seashells generated everyday by their respective industries are difficult to compost and for the most part are considered waste for landfills. In addition, the unpleasant smell generated from decaying organic material in the shells makes it difficult to distribute on the land. As nearby lands become saturated, hauling of the waste comes at a cost to the company. More importantly, in certain countries (e.g., the US) this form of disposal may not be permitted [113] and landfilling may be the only option.



Bio-fillers could potentially replace and/or substitute mineral limestone added to polymers to reduce their cost while still improving their mechanical properties. This review illustrated the bio-calcium carbonate filler (uncoated/unmodified) loadings played an important role on the mechanical properties of the matrix polymers. The trend for thermoplastics composites containing bio-fillers tended to reduce in tensile strength with filler loading but were acceptable with 5wt.% bio-fillers, while the flexural strengths were ideal with 5–10 wt.% loadings. Both Young’s modulus and flexural modulus improved with filler loadings and were optimal at the higher contents. The impact toughness showed 10 wt.% loadings were the best. Similarly, thermoset composite tensile and flexural strengths decreased with filler loading but were ideal with not more than 10 wt.% fillers. The Young’s modulus and flexural modulus were ideal up to 15 wt.% fillers. The impact toughness decreased at all filler loadings but recommendations of less than 10 wt.% were suitable. Common improvements in properties were credited to homogeneous particle dispersion/distribution, polymer chain mobility restrictions, enhanced interaction, good interface and better adhesion/bonding between the filler particles and matrix. In contrast, the general observations for the deterioration of mechanical properties were attributed to poor compatibility of the hydrophobic polymer with hydrophilic bio-calcium carbonate fillers, poor adhesion/bonding of the filler-matrix, and agglomeration induced by electrostatic and van der Waals bonding forces of bio-calcium carbonate particles which amplified at higher filler loadings. The composite modulus improvements were a result of inclusion of stiffer and more rigid particles than the polymer matrix. The particle size were very different from study to study and ranged from micro- to nano-meter scale where properties largely improved for smaller sizes. A few studies conducted on eggshell and seashell fillers suggested hydrogen bonding between the matrix and filler were promoted by amine, carboxylic, and hydroxyl functional groups from the membrane on eggshells and organic matter in the seashells which may have contributed/improved the bonding between the filler and matrix.



Bio-calcium carbonate has not been commercialized to date possibly due to an absence of proper management systems for recuperating and processing waste eggshells or seashells. The lack of recycling facilities in many countries may also be hindered from end-user demand. The quick decay of organic material within the eggshells and seashells may limit the locations of recovery units to the processors. A map of eggshell and seashell processors within each country would help identify key actors and link smaller companies to better manage this waste into central locations. The driving force for adoption of new materials such as bio-calcium carbonates by industry is their cost, availability, continuous supply and performance which is unknown at this time. Additions of mineral limestone fillers in polymers has been the norm in the plastics industry for many years and changing to new materials can be difficult without its familiarity. Generating eggshell and seashell processing procedures and standards may help implement the use of bio-calcium carbonate, particularly in composite materials.



Universally, the literature is not clear if organic membranes should be removed from eggshells/seashells by heating or by use of chemicals or do they interact favorably with the polymers. Particle surface modifiers could be applied to eggshell and seashell fillers but more work should be conducted in this area to optimize the coating thickness relative to cost. A study could be conducted on the viability of a closed system that could heat eggshells and/or seashells above 750 °C in order to form into calcium oxide and further react with carbon dioxide (collected from CaO formation) to form a purified form of calcium carbonate without any organic membranes. Purified forms of calcium carbonate could be used in many other markets/industries such as pet food, pharmaceutical, mortars and concrete, production of lime and hydroxyapatite for dentistry and medical applications. Another challenge is to investigate the possibility of a calcium carbonate recovery unit for the seashell industry similar to current egg breaking plant undertakings. A final knowledge gap in this area is to carry out techno-economic analysis and life-cycle analysis studies on the recovery of waste eggshells and seashells for strategic regions.




5. Conclusions


The review of bio-calcium carbonate fillers in polymers has gained the attention of industry and researchers. The analyses showed improvements in composite materials with the addition of fillers (even without surface modifications) compared to pure polymer matrices. Upcoming research and development should focus on improving the properties of bio-polymers with bio-calcium carbonate fillers to make them competitive with synthetic polymers. Recently, there has been small-scale egg-breaking plants partnering with universities in an effort to industrialize waste eggshell recuperation at their facilities. With suitable cleaning and grinding equipment, waste eggshells and seashells have potential to be recycled for a variety of applications. Processing these bio-materials could have minimal impact on the environment provided a closed-loop recovery system is used. At present recycling is not an option for waste eggshell and seashell industry producers. Once investments are made in research, facilities and infrastructure and the supply of bio-calcium carbonate becomes accessible, perhaps market demand will follow.
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Figure 1. Structure of an eggshell. 
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Figure 2. Global pie chart of eggs produced annually in 2017. 
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Table 1. Annual egg production by the top 10 countries in 2017 (* values multiplied by 1000).






Table 1. Annual egg production by the top 10 countries in 2017 (* values multiplied by 1000).





	Country
	* Number of Eggs Produced Annually in (2017) [47]
	* 30% of Eggs Are Sent to Breaker Plants (Quantity of Eggs)
	Amount of CaCO3 Recuperated (kg)





	China
	536,818,007
	161,045,402
	1,062,899,654



	USA
	106,688,700
	32,006,610
	211,243,626



	India
	88,137,000
	26,441,100
	174,511,260



	Mexico
	55,418,430
	16,625,529
	109,728,491



	Brazil
	43,352,883
	15,283,022
	100,867,948



	Russian Fed.
	44,351,037
	13,305,311
	87,815,053



	Japan
	43,352,883
	13,005,865
	85,838,708



	Indonesia
	33,940,000
	10,182,000
	67,201,200



	Turkey
	19,281,196
	5,784,359
	38,176,768



	Pakistan
	17,083,000
	5,124,900
	33,824,340










[image: Table] 





Table 2. CaCO3 composition of seashells (*calculated based on Equation (1)).
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Seashell Type

	
CaCO3 Content (%)

	
CaO Content (%)

	
Density (g/cm3)

	
Ref.






	
Cockle shell

	
98.99

	
-

	
-

	
[57]




	
97.13

	
-

	
-

	
[53]




	
92.70 *

	
51.91

	
-

	
[54]




	
92.07 *

	
51.56

	
-

	
[58]




	
Mussel shell

	
95.89 *

	
53.70

	
-

	
[52]




	
95.60 *

	
53.38

	
-

	
[53]




	
95.25

	
-

	
-

	
[59]




	
95.00

	
-

	
1.33

	
[49]




	
Oyster shell

	
97.40 *

	
54.54

	
-

	
[60]




	
96.98 *

	
54.31

	
-

	
[61]




	
96.80 *

	
53.59

	
-

	
[53]




	
96.10 *

	
53.81

	
-

	
[62]




	
95.99

	
-

	
1.15

	
[7]




	
94.54 *

	
52.94

	
-

	
[52]




	
92.78

	
-

	
2.62

	
[56]




	
91.18 *

	
51.06

	
2.39

	
[55]




	
Mollusks

	
94.10

	
-

	
-

	
[63]




	
Shellfish

	
96.20

	
-

	
-

	
[50]




	
95.00

	
-

	
-

	
[48]




	
Scallop

	
98.14

	
-

	
-

	
[59]
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Table 3. Annual seafood production by the top 10 countries in 2016.






Table 3. Annual seafood production by the top 10 countries in 2016.





	Country [69]
	Seafood Production in 2016 (Tonnes)
	Seafood Production in 2016 (kg)





	China
	17,564,280
	17,564,280,000



	Indonesia
	6,542,258
	6,542,258,000



	India
	5,061,756
	5,061,756,000



	USA
	4,919,741
	4,919,741,000



	Russian Fed.
	4,759,331
	4,759,331,000



	Peru
	3,796,978
	3,796,978,000



	Japan
	3,195,558
	3,195,558,000



	Vietnam
	2,785,940
	2,785,940,000



	Myanmar
	2,072,390
	2,072,390,000



	Norway
	2,033,953
	2,033,953,000
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Table 4. Annual mollusk consumption by the top three countries in 2013.
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	Seashell Type
	Dry Weight of Shell (g)
	Consumption by Top Three Countries
	Consumed in 2013 (Tonnes) [47]
	Recuperated CaCO3 (kg)





	Mollusk
	0.317–2.08 [66]
	China
	12,537,301
	3,974,324–26,077,587



	-
	-
	USA
	1,057,882
	335,349–2,200,395



	-
	-
	Japan
	819,416
	259,755–1,704,386
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Table 5. Summary of thermoplastic polymers containing eggshell filler.
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PM

	
PT

	
PZ (μm)

	
FL

	
FT

	
TS (MPa)

	
TE (Gpa)

	
FS (Mpa)

	
FE (Gpa)

	
IT

	
Ref.






	
PP

	
HP

	
<38

	
0

	
None

	
-

	
1.1

	
-

	
-

	
-

	
[71]




	
40

	
-

	
2.6

	
-

	
-

	
-




	
PP

	
IM

	
<149

	

	
None

	

	

	

	

	
C

	
[72]




	
0

	
33

	
-

	
25

	
1.0

	
2.1




	
1

	
33

	
-

	
26

	
1.1

	
2.9




	
3

	
33

	
-

	
26

	
1.1

	
3.1




	
5

	
32

	
-

	
26

	
1.1

	
3.1




	
PP

	
IM

	
14–157

	

	
None

	

	

	

	

	
I

	
[73]




	
0

	
27

	
0.50

	
-

	
-

	
58




	
10

	
26

	
0.62

	
-

	
-

	
25




	
20

	
24

	
0.87

	
-

	
-

	
35




	
30

	
22

	
1.8

	
-

	
-

	
40




	
40

	
17

	
1.6

	
-

	
-

	
28




	
PP

	
IM

	
3

	

	
NaOH

	

	

	

	

	
I

	
[74]




	
0

	
35

	
0.42

	
-

	
1.3

	
21.5




	
5

	
31

	
0.43

	
-

	
1.3

	
21.6




	
10

	
31

	
0.44

	
-

	
1.4

	
20.9




	
20

	
30

	
0.45

	
-

	
1.4

	
21.4




	
30

	
28

	
0.51

	
-

	
1.8

	
22.0




	
PP

	
CM

	
100–350

	
0

	
NaOH

	

	

	

	

	
I

	
[75]




	
23

	
1.3

	
27

	
0.76

	
55




	
30

	
20

	
1.6

	
28

	
0.99

	
81




	
PPC

	
FC

	
< 40

	
0

	
None

	
13

	
0.82

	
-

	
-

	
-

	
[76]




	
1

	
13

	
0.97

	
-

	
-

	
-




	
2

	
14

	
1.0

	
-

	
-

	
-




	
3

	
18

	
1.2

	
-

	
-

	
-




	
4

	
23

	
1.4

	
-

	
-

	
-




	
5

	
14

	
0.98

	
-

	
-

	
-




	
PVC

	
HP

	
0.2/7

	
0

	
None

	
19

	
0.09

	
-

	
-

	
-

	
[77]




	
7.5

	
24/23

	
0.08/0.09

	
-

	
-

	
-




	
15

	
22/20

	
0.35/0.34

	
-

	
-

	
-




	
22.5

	
23/16

	
0.50/0.40

	
-

	
-

	
-




	
30

	
19/15

	
0.58/0.40

	
-

	
-

	
-




	
LDPE

	
HP

	
63

	
0

	
NaOH

	
14

	
0.15

	
-

	
-

	
-

	
[78]




	
5

	
12

	
0.19

	
-

	
-

	
-




	
10

	
11

	
0.23

	
-

	
-

	
-




	
15

	
10

	
0.28

	
-

	
-

	
-




	
20

	
7

	
0.31

	
-

	
-

	
-




	
25

	
7

	
0.36

	
-

	
-

	
-








Polymer material (PM) where Polypropylene (PP); Polypropylene carbonate (PPC); Polyvinyl chloride (PVC); Low density polyethylene (LDPE); High density polyethylene (HDPE); Polystyrene (PS); Polylactic acid (PLA); Processing technique (PT) where Hot press (HP); Injection molding (IM); Compression molding (CM); Film casting (FC), Filler size (FZ); Filler loading (wt.%) (FL); Filler treatment (FT); Tensile strength (TS); Young’s modulus (TE); Flexural strength (FS); Flexural modulus (FE); Impact test (IT) where Charpy (C) or Izod (I).
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Table 6. Summary of thermoplastic polymers containing bio-calcium carbonate filler.
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PM

	
PT

	
FP/FT

	
FZ (µm)

	
FL

	
TS (MPa)

	
TE (GPa)

	
FS (MPa)

	
FE (GPa)

	
IT

	
Ref.






	
PP

	
IM

	
Shellfish/NaOH

	
<200 (nm)

	
0

	
38

	
0.81

	
-

	
-

	
-

	
[6]




	
1

	
33

	
1.2

	
-

	
-

	
-




	
3

	
33

	
1.3

	
-

	
-

	
-




	
5

	
33

	
1.4

	
-

	
-

	
-




	
10

	
32

	
1.5

	
-

	
-

	
-




	
PP

	
IM

	
Shellf/NaOH

	
2–4

	

	

	
-

	

	

	
C

	
[48]




	
0

	
34

	
-

	
41

	
1.3

	
5.8




	
5

	
33

	
-

	
39

	
1.4

	
6.1




	
7

	
32

	
-

	
42

	
1.6

	
6.5




	
10

	
31

	
-

	
44

	
1.7

	
6.8




	
15

	
30

	
-

	
42

	
1.8

	
6.5




	
20

	
29

	
-

	
43

	
1.9

	
6.6




	
30

	
27

	
-

	
40

	
2.1

	
6.7




	
PP

	
IM

	
Snail shell/None

	
<10

	
0

	
32

	
1.0

	
-

	
-

	
-

	
[83]




	
5

	
32

	
1.3

	
-

	
-

	
-




	
10

	
31

	
1.5

	
-

	
-

	
-




	
15

	
31

	
1.6

	
-

	
-

	
-




	
20

	
30

	
1.7

	
-

	
-

	
-




	
25

	
29

	
1.8

	
-

	
-

	
-




	
30

	
29

	
2.0

	
-

	
-

	
-




	
LDPE

	
CM

	
Cockle shell/None

	
100

	
0

	
35

	
0.076

	
-

	
-

	
-

	
[84]




	
7.5

	
42

	
0.14

	
-

	
-

	
-




	
15

	
37

	
0.16

	
-

	
-

	
-




	
22.5

	
30

	
0.13

	
-

	
-

	
-




	
30

	
28

	
0.098

	
-

	
-

	
-








Polymer material (PM) where Polypropylene (PP); Low density polyethylene (LDPE); Processing technique (PT) where Injection molding (IM); Compression molding (CM); Filler type (FP); Filler treatment (FT); Filler size (FZ); Filler loading (wt.%) (FL); Tensile strength (TS); Young’s modulus (TE); Flexural strength (FS); Flexural modulus (FE); Impact test (IT) where Charpy (C) or Izod (I).
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Table 7. Summary of thermoset polymers containing eggshell fillers.






Table 7. Summary of thermoset polymers containing eggshell fillers.





	
PM

	
RT

	
PT

	
FZ

	
FL

	
FT

	
TS (MPa)

	
TE (GPa)

	
FS (MPa)

	
FE (Gpa)

	
IT

	
Ref.






	
E

	
S

	
SM

	
1.0–9.0 μm

	

	
SH

	

	

	

	

	
C

	
[85]




	
0

	
-

	
-

	
-

	
-

	
9.7




	
2

	
-

	
-

	
-

	
-

	
16




	
5

	
-

	
-

	
-

	
-

	
17




	
8

	
-

	
-

	
-

	
-

	
14




	
10

	
-

	
-

	
-

	
-

	
12




	
E

	
BB

	
SM

	
<100 nm

	
0

	
ET

	
-

	
-

	
70

	
1.9

	
-

	
[86]




	
1

	
-

	
-

	
75

	
2.2

	
-




	
2

	
-

	
-

	
90

	
2.5

	
-




	
3

	
-

	
-

	
91

	
2.6

	
-




	
4

	
-

	
-

	
96

	
2.7

	
-




	
5

	
-

	
-

	
79

	
2.2

	
-




	
6

	
-

	
-

	
82

	
2.3

	
-




	
E

	
S

	
RC

	
50 nm

	

	
SL

	

	

	

	

	
I

	
[39]




	
0

	
28

	
2.5

	
-

	
-

	
0.65




	
1

	
30

	
3.1

	
-

	
-

	
0.68




	
2

	
54

	
3.6

	
-

	
-

	
0.75




	
3

	
48

	
3.9

	
-

	
-

	
0.70




	
4

	
44

	
4.1

	
-

	
-

	
0.69




	
5

	
36

	
5.3

	
-

	
-

	
0.68




	
E

	
S

	
SM

	
<50 μm

	

	
N

	

	

	

	

	
I

	
[87]




	
0

	
46

	
3.6

	
-

	
-

	
1.6




	
5

	
48

	
6.4

	
-

	
-

	
1.8




	
10

	
52

	
5.9

	
-

	
-

	
2.0




	
15

	
63

	
8.9

	
-

	
-

	
1.8




	
20

	
53

	
8.4

	
-

	
-

	
1.7




	
E

	
S

	
SM

	
500 μm

	

	
N

	

	

	

	

	
I

	
[88]




	
0

	
39

	
0.96

	
62

	
1.5

	
5.9




	
5

	
34

	
0.99

	
41

	
1.0

	
4.9




	
10

	
33

	
0.10

	
40

	
1.1

	
3.7




	
15

	
30

	
0.10

	
61

	
1.7

	
2.99




	
20

	
26

	
0.95

	
53

	
1.3

	
2.5




	
UP

	
S

	
HLU

	
1.0–3.0 μm

	

	
N

	

	

	

	

	
I

	
[89]




	
0

	
29

	
1.2

	
74

	
-

	
6.1




	
5

	
34

	
1.6

	
75

	
-

	
6.5




	
10

	
53

	
1.5

	
101

	
-

	
8.4




	
15

	
36

	
1.9

	
87

	
-

	
7.9




	
20

	
31

	
1.7

	
72

	
-

	
7.5




	
25

	
25

	
1.5

	
51

	
-

	
5.0








Polymer material (PM) where Epoxy (E); Unsaturated polyester (UP); Resin type (RT) where Synthetic (S); Bio-based (BB); Processing technique (PT) where Solution mixing (SM); Resin casting (RC); Hand lay-up (HLU); Filler size (FZ); Filler loading (wt.%) (FL); Filler treatment (FT) where Sodium hydroxide (SH); Ethanol (ET); Sodium lauryl (SL); No treatment (N); Tensile strength (TS); Young’s modulus (TE); Flexural strength (FS); Flexural modulus (FE); Impact test (IT) where Charpy (C) or Izod (I).
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Table 8. Summary of thermoset polymers containing seashell fillers (all by solution-mixing technique).
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PM

	
RT

	
FP/FT

	
FZ

	
FL

	
TS (MPa)

	
TE (GPa)

	
FS (MPa)

	
FE (GPa)

	
IT

	
Ref.






	
E

	
BB

	
Mollusk/NaOH

	
<250 μm

	

	

	

	

	

	
C

	
[63]




	
0

	
-

	
-

	
-

	
2.1

	
13




	
5

	
-

	
-

	
-

	
2.2

	
1.9




	
10

	
-

	
-

	
-

	
2.7

	
1.7




	
20

	
-

	
-

	
-

	
3.2

	
1.3




	
30

	
-

	
-

	
-

	
3.3

	
1.3




	
40

	
-

	
-

	
-

	
3.1

	
1.1




	
E

	
S

	
Cuttlebone/None

	
15–25 μm

	
0

	
24

	
0.66

	
-

	
-

	
-

	
[22]




	
3

	
28

	
0.67

	
-

	
-

	
-




	
6

	
33

	
0.71

	
-

	
-

	
-




	
9

	
39

	
0.72

	
-

	
-

	
-




	
12

	
35

	
0.78

	
-

	
-

	
-




	
15

	
32

	
0.70

	
-

	
-

	
-




	
E

	
S

	
Snail shell/None

	
<50 μm

	

	

	

	

	

	
I

	
[87]




	
0

	
46

	
3.6

	
-

	
-

	
1.6




	
5

	
59

	
6.5

	
-

	
-

	
1.8




	
10

	
69

	
6.4

	
-

	
-

	
1.9




	
15

	
61

	
6.7

	
-

	
-

	
1.7




	
20

	
51

	
7.9

	
-

	
-

	
1.7








Polymer material (PM) where Epoxy (E); Resin type (RT) where Bio-based (BB); Synthetic (S); Filler type (FP); Filler treatment (FT); Filler size (FZ); Filler loading (wt.%) (FL); Tensile strength (TS); Young’s modulus (TE); Flexural strength (FS); Flexural modulus (FE); Impact test (IT) where Charpy (C) or Izod (I).
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