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Abstract

:

Every year, close to 8 million tons of waste crab, shrimp and lobster shells are produced globally, as well as 10 million tons of waste oyster, clam, scallop and mussel shells. The disposed shells are frequently dumped at sea or sent to landfill, where they modify soils, waters and marine ecosystems. Waste shells are a major by-product, which should become a new raw material to be used to the best of their potential. There are a number of applications for waste shells in many fields, such as agriculture, medicine, chemical production, construction, environmental protection, cosmetic industry, food and feed industry, and a plethora of other (often niche) applications, which are being developed by the day. This review provides a broad picture of crustacean and mollusc shell waste management and reutilization possibilities, reviewing well established, current, and potential strategies, particularly from the standpoint of sustainability challenges and energy demand.
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1. Introduction


The total world fisheries and aquaculture production showed a 41% growth in the 2000–2019 period, reaching 178 million tons in 2019, and representing an expansion of 52 million tons compared to the year 2000. Of the total production, molluscs comprised 13%, while crustaceans comprised 9% [1]. Every year, close to 8 million tons of waste crab, shrimp and lobster shells are produced globally, comprising up to 60% of overall crab mass [2]. On top of that, over 10 million tons of mollusc shells are produced each year, of which over 70% is represented by oyster, clam, scallop and mussel shells [3]. Mollusc shells account for 65–90% of live weight, depending on the species [4,5]. Mussels in particular have the greatest increase in production and shell contribution compared to other shellfish species [6]. A significant portion relates also to abalone and other gastropod shells [7]. Shells are thus a major by-product, which should not become waste, but rather a new raw material to be used to the best of their potential.



However, sadly, disposed shells are primarily dumped at sea or sent to landfill [8]. Thereafter they modify soils, waters and marine ecosystems, particularly if their disposal is uncontrolled [9]. Consequently, piles of shells can be found all over the world, causing environmental damage by the decomposition of residual tissues attached to shells, emanating foul odors, as well as adding to visual pollution [7]. Shells are not only disposed as pre- or post-consumer residues, but also as losses or wastes of harvest and sorting in both fisheries and aquaculture, often due to inadequate preservation infrastructure in low-income countries [10]. Furthermore, shells can be detached from flesh at various processing steps, by the aquaculture producers, processing companies, restaurants or by individual consumers. Consummation habits regarding molluscs and crustaceans vary in different countries, as they can be sold and served in full shell or processed. Shell waste is thus produced in a number of various locations, making large-scale valorization difficult [5]. Shells should therefore be disposed of in relation to geographical distances between their source and processing facilities, considering the cost-effectiveness of transport, fossil fuels, and potential applications [11]. Shells are composed mainly of chemically stable calcium carbonate (CaCO3) (Table 1). The decomposition of shells is impossible without any treatment. Their thermal decomposition requires high temperatures of over 1000 °C, resulting in high-energy consumption and the frequent emission of greenhouse gases [12]. The disposal and handling of waste shells can thus become a major operational and financial burden.



People have traditionally always given value to shells, which is a practice to retain from environmental, economic, and social standpoints. As far as we know from archeological findings of durable remains, shells have a long history of recognition as a valuable resource. They were used already in Paleolithic times [13,14,15], as tools or ornaments. In many cultures, shells and shell beads have been used for money [16,17], even to date [18] demonstrating how standards determine value and illustrating the forms of social authority that constitute worth. In modern times, some mollusc species are in high demand due to the aesthetic value of their shells. It is estimated that at least 5000 mollusc species are marketed for ornamental purposes, mostly gastropods, the trade which has not been thoroughly documented nor quantified [19,20]. Additionally, several million tropical gastropods are exported each year in the scope of the marine ornamental trade to become clean-up animals in tropical aquaria in their life-span, after which the issue of their shells is vague [21]. Communities try to contribute to resolving the issue of sustainable use of existing mollusc shell waste and numerous projects are launched worldwide to sensitize the local population on their reuse as decorative and useful items. However, those practices are just a drop in the sea until the valorization of shells and the unlocking of markets for new products thereof becomes the prime consideration of the industry (Figure 1).



The purpose of this paper is thus to provide a broad picture of shell waste reutilization possibilities, reviewing well established, current, and potential strategies (Figure 2), particularly from the standpoint of sustainability and energy demand. Our goals were to investigate the importance and status of mollusc and crustacean shell waste by reviewing previous studies, which will help in understanding the complexity of shell reutilization; and to investigate their valorization options in terms of bioeconomy prerequisites. There is a number of other waste shell application possibilities than the ones described in this work, such as small-scale niche valorizations, or unmentioned potential biomedical applications that are mainly based on laboratory experiments, which may be considered as limitations of this review. However, unlike other papers on the topic of shell valorization, this review lays out shell applications with global perspective, as well as critical description of the sustainability challenges for each waste shell reutilization strategy described.



Methodology


The bibliometric data, including research articles, books, book chapters, reviews, yearbooks, handbooks, and proceedings were accessed from Scopus database (https://www.scopus.com/search/form.uri?display=basic#basic) in English. In this review, publications from 1990 up to 2022 were included. Publications dating from year 1990 till 1999 comprise 4.3%, from 2000 till 2009 13.7%, from 2010 till 2019 40.2%, while publications dating from year 2020 till November 2022 comprise 44.44%. Thus, approximately 84% of presented results were published in the relatively short period of 12 years. Five publications were included after cross-citation analysis of the selected documents. The key words for searching the database of available literature were: shell waste application (2776 document results); shell waste valorization (304 results); mollusc waste (1525 results); mollusc shell waste (483 results); crustacean waste (1442 results); crustacean shell waste (265 results) without inserting values between Boolean operators. The document results were further narrowed based on their title and abstract, in order to be selected and appropriately included in this review. It is notable that the area primarily represented in search hits was the construction sector, referring mostly to the use of shell waste as concrete components, followed by environmental applications, primarily agriculture. The novel literature available, dating from the previous three years, reports largely on biomedical and cosmetic applications, fields that are growing exponentially.





2. Cleaning Shells


Within the meaning of Regulation (EU) No 1069/2009, shells with soft tissue and flesh completely removed are not considered as by-products, but as waste. For some reutilization purposes, such waste shells need to be cleaned prior to their industrial use. Particular applications call for specific ways of pretreating and cleaning. Namely, for using bivalve shells as a source of CaCO3, any residual organic material would decrease the purity of the CaCO3 [8,22,23]. Shells with organic residue attached can be washed with large amounts of freshwater to remove salt, and after that heated at 500 °C to burn off the residual organic material [24]. The more energy efficient and environmentally friendly method for shell cleaning is using the enzymatic cleaning, as enzymes can digest proteins at temperatures close to ambient and may also produce an additional product stream, such as protein hydrolysate [8]. Enzymatic hydrolysis can also be applied for cleaning of shrimp shells and bio-conversing them into valuable nitrogen-containing compounds, although intact shells are poorly hydrolyzed by chitinases unless pre-demineralization and deproteinization with chemicals or proteases is conducted [25]. To facilitate the hydrolysis of crayfish shell into oligosaccharides, ball milling and ultrasound-assisted hydrogen peroxide decolorization is applied for pretreating [26].



For ammonia nitrogen removal in a biological nitrifying system using oyster shells as alkalinity-releasing filling materials, shells can be cleaned by ultrasound in water for 20 min, and then dried at room temperature [27]. To remove the attached impurities from mollusc shells, in order to synthesize aragonite needles by carbonation, shells are cleaned with water and ethyl alcohol [28]. For the purpose of catalyst preparation, crab shells can be manually cleaned to remove protein and other organic material, and washed with warm water before drying at 105 °C [29].



On a smaller scale, shells of gastropods are sometimes buried for a certain period, so that an internal cleaning process can take place through decomposition by detritivore organisms in the soil [19]. Cleaning of residual organic material from a smaller quantity of shells can also be accomplished by brushing, boiling or sun-drying [30,31].



Sustainability Challenges


Cleaning the shells with fresh water in order to reduce the salt content of the final product, to avoid the corrosion of the equipment, and to obtain a more concentrated CaCO3, is very demanding on water, as the water consumption ranges from 0.2 to 0.8 m3 per ton of shells [24].



Although biodegradable, natural, and performing targeted reactions, enzymes are very complex molecules, and often extremely costly, which questions their use in some applications [32].





3. Environmental Applications


Even nowadays, the majority of produced mollusc and crustacean shells remain a waste. Therefore, the understanding of shell valorization as a number of potential applications, which could help with decreasing the burden of waste shells, is of utmost importance. A domain where they could be vastly employed is the environmental amendment and remediation. The list below is by no means exhaustive.



3.1. Water Purification/Bio-Filters


It is known that waste shells can be successfully used in wastewater (WW) treatment, particularly in phosphate removal from WW [33]. Phosphorus, along with nitrogen and other nutrients present in WW, leads to eutrophication resulting in algal blooms and oxygen depletion, fatal for aquatic organisms [34]. Adsorption is the simplest and most cost-effective method for the removal of phosphorus, depending on the source of the adsorbent. Waste mollusc shells can act as adsorbents for both industrial and agriculture WW treatment. However, raw shells are less effective at phosphate removal than calcined shells, as they have a lack of stability in acidic environment where they decompose and form sludge, which only adds to the problem of WW [8]. The calcination or pyrolization of shells leads to lime (CaO) formation, which is a common adsorbent, typically obtained from limestone [35]. Limestone needs to be heated to 600 °C to yield lime, and lime is produced by calcination of shells just as from quarried limestone [36]. Lime dissolves in water to produce calcium hydroxide, which dissociates into calcium and hydroxide ions. These ions react with ortophosphates in water and yield calcium phosphate precipitates, one of them being a liming agent hydroxyapatite, the insoluble form of calcium phosphate [8]. Phosphate removal from recirculating marine aquaria is often neglected. However, in seawater, (oyster) shell waste is also a very efficient bioadsorbent for phosphate removal. The main mechanism for raw shells is adsorption, and for calcined shells there is also a co-mechanism of precipitation [37].



Nitrate removal from WW of fish farms can be attained with woodchip bioreactors enriched with sulfur granules and crushed seashells [38]. Shells contribute by the alkalizing effect on the low-alkaline aquaculture effluents, and compensate for the alkalinity loss from autotrophic denitrification process [39]. Additionally, the presence of crushed oyster shells was shown to accelerate the process of biological nitrification and ammonia removal in synthetic WW, by pH buffering [27].



Soft calcite, prepared from waste blue mussel shells, can act as an inorganic sponge, which adsorbs dyes from aqueous solution and absorbs crude oil from seawater with good recyclability. Soft calcite has an impressive absorption capacity of 977% ± 84% of crude oil and can be used as a high-value material for oil remediation [40].



The crustacean shell waste proved extremely successful in a number of WW applications. The demineralization and deproteination of crustacean shells yield water-insoluble chitin, with final characteristics of both cellulosic fibers and of proteins, which when deacetylated yield water-soluble chitosan [41]. Both chitin and chitosan are excellent flocculants for potable water and industrial effluents. They have been applied to remove a variety of water pollutants, such as proteins, lipids, greases, pesticides, PCBs, PAHs, textile dye residues and heavy metals [42].



The formation of insoluble metal hydroxides by metal adsorption on the surface of calcined shells contributes well to heavy metal removal from water, WW and landfill leachate [43,44,45]. It was established that the higher the temperature of calcination, the better the efficiency of calcined shells in heavy metal filtering, related to the increase in the specific surface area upon calcination [9]. The initial water pH, dosage of sorbent, and grain size may affect the heavy metal removal efficiency of shells. The shell powder in aragonite and calcite phase (razor clam and oyster shell, respectively) may remove lead (Pb2+), cadmium (Cd2+) and zinc (Zn2+) from contaminated water [46]. However, the oyster calcite has a higher biosorption capacity to Pb2+, while the razor clam aragonite has a higher capacity for Cd2+ [46].




3.2. Heavy Metal Adsorbents/Soil Amendment


Soil pollution by heavy metals might result from industrial activities, fertilizers, pesticides, livestock residues, and other wastes with high metal content. It can represent risks for ecosystems and for population, by introduction into the food chain, or by decreasing the quality of land, as metals do not undergo microbial or chemical degradation in the soil, and persist for a long time [47].



The property of calcined shells to adsorb heavy metals in water can be translated to remediation of soils contaminated with heavy metals. Contaminated soil pH is increased by CaCO3, which leads to the formation of calcium silicate hydrate and calcium aluminate hydrate, subsequently forming metal hydroxides and a relatively impermeable soil layer, thus effectively ameliorating soils [48]. For agricultural purposes, this holds many advantages. For example, calcined oyster shells applied to agricultural soil lowered Cd2+ and As2+ contents in the edible part of cabbage by 98% (Cd2+) and 73% (As2+), making it safe for consumption. However, the best results were attained by the calcination of oyster shells at up to 800 °C, not negligible in energy demand [49]. Lower temperatures for drying seashells (105 °C) seemed to have yielded a promising material for immobilizing PbS in the industrial arid soil. The decrease in soil toxicity varied relative to the dosage and time of application, however the soil remained a high environmental risk category even after the treatment [50]. For copper-rich vineyard and mine soils, the application of crushed mussel shell diminished Cu2+ desorption rates up to 86% at pH 3. Such additions could thus contribute to reduce potential hazard of copper-enriched soils under acidification events [51]. Typically, the neutralization of acidity and metal contamination in soils by liming improves fertility and oxygen level of soils, and crushed mollusc shells may be a valuable replacement for mined limestone.




3.3. Acid Mine Drainage


Acid mine drainage (AMD) is a global problem associated with sulfates and heavy metals entering the environment, mainly from coal mining when pyrite is exposed to water and oxygen. Sulfide is than oxidized to sulfuric acid, which lowers water pH and catalyzes leaching of metals [8]. Such drainage has harmful effects particularly on aquatic environment [52].



Biomaterials retrieved from dried and pulverized shrimp shell and mussel byssus had significant effects on both sorption process and pH of the AMD, and the enhanced precipitation of metal hydroxides. The kinetic studies in microcosms [53] demonstrated that only a 200 min contact time with this mixture is sufficient to transform AMD into water suitable for non-potable reuse. Clam shells also have a high capacity for removing heavy metals from simulated, synthetic AMD in lab-scale constructed wetlands [54]. Constructed wetlands have been recognized as a potential green technology for mine drainage treatment due to their effectiveness, low cost, simple maintenance, and high biodiversity value [55,56]. In a constructed wetlands study, both oyster shells and limestone had high AMD neutralization potential during a 7-month operation. Accumulation in the substrates was a principal pathway for removing heavy metals [57]. Therefore, the recycling of waste bivalve shells as substrates in constructed wetlands for AMD treatment might encourage the reduced usage of natural minerals such as limestone.




3.4. Ocean Deacidification


Acidification is not only related to WW and contaminated soils, it is a major problem in our seas and oceans, endangering health and the development of aquatic biota. Compared to open oceans, seas in populated coastal regions are more prone to ocean acidification (OA) due to hydrodynamic processes and human activities, often leading to rapid and extreme pH decreases [58] (Figure 3).



Ocean acidification is considered detrimental to marine calcifier organisms, particularly coccolithophores, calcifying algae, and corals [60]. They appear to be more sensitive at the larval stage than at the adult stage, OA affecting both natural and farmed organisms. Shellfish production may be negatively impacted by increasing the seawater PCO2 [61]. Many actions have been proposed to increase seawater alkalinity, such as the restoration of macroalgae and seagrass beds, which remove CO2 form seawater during photosynthesis [62]. One of such actions is aimed at the utilization of waste shells as a useful material, which can provide a variety of ecosystem benefits. The placement of shell reefs adjacent to shellfish farms is a way for buffering the decreases of seawater carbonate due to OA [61]. On the North America’s Atlantic coast, the returning of crushed waste shells to mudflat sediment elevated the pH and carbonate geochemical conditions within sediment pore water, and increased clam settlement and survival in comparison to unbuffered sediments [59]. Waste shells deposited in the mussel banks not only control the benthic acidity, but also aid to avoid the speciation of heavy metals, such as Cd associated with sulfur at low pH, which prevents mineralization leading to the dissolution and migration of Cd into the water column [63]. Shells can be used to mitigate the effects of organic pollution on marine sediments, particularly in defaunated sites, as they reduce the accumulation of by-products from anaerobic metabolic pathways, decrease the release rate of ammonium to the water column and prevent the negative ecological consequences of eutrophication [64]. Waste shells in the ocean also act as settlement substrates for free-living shellfish larvae and as shelter for other aquatic organisms [65]. They can thus serve as reef restoration substrates (Figure 4) and promote biodiversity through complex habitat formation [5]. However, in spite of the agreement for improved and coordinated governance regarding OA, consistent OA policies are lacking [66].




3.5. Flue Gas Treatment


The combustion of fossil fuels generates air pollutants such as carbon dioxide (CO2), nitrogen dioxide (NO2), and sulfur dioxide (SO2). In particular, SO2 is a major air pollutant causing acid rain [67]. The ability to remove pollutants such as SO2, sulfur trioxide (SO3), hydrogen sulfide (H2S), NOx, and CO2 sequestration, makes the calcined shell waste an excellent biosorbent material [9]. It can be applied to industries as acid gas cleaning agent to reduce air pollution, particularly since the SO2 removal activity and reaction rate of calcined/hydrated oyster shells are higher than those of the calcined/hydrated limestone [68]. Calcined oyster shells used to prepare CaO adsorbent had the primary conversion rate for CO2 up to 33.47% [69]. As the air pollution control is mainly focused on restriction of the SO2 emissions, the sulfur-fixing agents are mostly calcium-based, containing a mix of metal oxides. Thus, the use of the waste shell powder is applicable for flue gas desulphurization, although the accumulation of Na, Mg and other compounds from shells in the slurry can also enhance desulphurization process [7,67].




3.6. Road De-icing


Crushed freshwater bivalve shells can be used in road de-icing processes as an alternative to sodium chloride (NaCl), which leads to water pollution in times of snow melt [3,70]. A low-resolution analysis of Na/Ca in freshwater bivalve shells recorded persistent sodium pollution in streams due to the road-salt usage [70]. Road-salt is applied as NaCl as the most widely used chemical owing to its abundance and low cost, as magnesium chloride (MgCl2) brines since they have better ice melting performance at cold temperatures, and as calcium chloride (CaCl2). Chloride-based road de-icers and anti-icers can be detrimental to both urban and natural environments [71]. Interestingly, calcium-magnesium acetate, or any calcium acetate derivative showed environmentally friendly characteristics when used for road de-icing. To that end, waste CaCO3 derived from waste shells could be used to form calcium acetate for use on roads, when mixed with some vegetable waste products as acetate donors [5].




3.7. Green Roofing


In urban areas, green roofs are gaining popularity due to a growing understanding of the impact of green vegetation on environmental health. They are complex systems, with a vegetation layer covering the outermost surface of a building. Green roofs provide building insulation and energy benefit, depending on the geographical location of such roofing [72]. They have a positive impact on the reduction of runoff water as a function of the depth of substrate and its moisture prior to the rain event [73]. Mollusc shells are excellent material for green roofing structures, such as drainage layers, or to help with the neutralization of acid rain, due to their bioremediation potential [10].




3.8. Sustainability Challenges


The calcination of waste shells to yield lime requires high temperatures and special machinery. High-energy conversion of shells is not a sustainable solution for large amounts of shells. Solutions using raw shells as bio-filters should be given consideration to override their instability in acidic waters and sludge formation.



A variety of heavy metals can be found in some (waste) shells, and their levels are influenced by seawater PCO2. As shell dissolution occurs at high PCO2, some of these metals might be released into the marine water column [61], presenting a further environmental burden.



Furthermore, for any potential green roof layer, various shell types must undergo water-saturated weight tests to establish their actual feasibility on buildings [5]. In addition, a number of the mentioned waste shell applications of sustainable nature are extremely promising when conducted in laboratory- and small-scale, yet need to be up-scaled for testing of their true applicability and sustainability.





4. Food and Feed Additives; Nutraceuticals


For any potential application of the waste shells, raw material is used in the form of natural shells, calcined shells, biomolecules of the organic matrix, natural polysaccharides and derivatives (chitin and water-soluble chitosan). Natural shell powder in particular is a relevant source of calcium, and is valuable in food and nutraceutical industry, while chitin is widely used to immobilize enzymes and whole cells with applications in the food industry, such as the clarification of fruit juices and processing of milk. Furthermore, chitosan is used as a preservative, thickener and stabilizer for sauces, and has protective, fungistatic, and antibacterial properties in fruit coatings [9,74].



4.1. Calcium Supplement


Calcium supplementation from shell powders is widely used to improve bone health and blood circulation of livestock, the quality of egg-shells in laying birds, and the quality of milk products [5,7]. It is a cheaper source of CaCO3 and performing equally to limestone in Ca supplementation [5]. The CaCO3 extracted from oyster shells is also used as a food supplement for Ca replacement in humans. The extracted carbonate has efficient intestinal absorption and increases bone mineral density, especially in the lumbar region, in people with deficiency in Ca, such as elderly population [75]. The effect of Ca supplementation in osteoporotic patients in the form of oyster shell electrolysate was reported to raise serum Ca and increase urinary Ca excretion in vitamin D-deficient states more readily than CaCO3 [76].




4.2. Protein Supplement


Meals deriving from crustacean shell waste are usable feed ingredients. Shrimp waste meal (consisting of the shells, heads and appendages) is found to be rich in essential amino acids, particularly lysine [77]. Their shell fermentation product (mostly composed of protein) can be applied as a feed ingredient in the aquaculture industry, both in hatchery and grow-out systems [78]. The deproteinization process of crustacean shell waste helps to extract protein content and the transformation of chitinous waste into chitin-derived products. For deproteinization, mostly concentrated acids and bases are used, which results in structural changes of the chitin (removal of acetyl group and depolymerisation), and undesired end products, creating also waste disposal problems [79]. To overcome those impediments, a protocol of covalent immobilization of chitinase on glutaraldehyde-activated chitosan was developed [80].




4.3. Antibacterials for Food


Macromolecular chitosan, synthesized from chitin of crustacean shells, has powerful antibacterial properties. It inhibits bacterial growth on surfaces of aquatic and meat products, and has a bacteriostatic rate of 99.9%. Thus, it can increase the shelf life of such products to up to 10 days in summer, with no adverse effects on consumers [74,81]. Chitosan has inhibitory effect even on Bacillus cereus spore germination and (out)growth. In a spore test, with concentrations corresponding to 102–103 CFU/mL, which is relevant to spore concentrations in food, respectively less chitosan was needed to suppress (out)growth compared to higher spore numbers (equivalent to 108 CFU/mL) [82].




4.4. Bioactive Molecules/Antioxidants


Chitosan and chitosan oligosaccharides act as potent antioxidants by scavenging free radicals (oxygen, hydroxyl, superoxide and alkyl groups) responsible for a number of diseases. They act as hydrogen donors to prevent the damaging oxidative sequences [83]. Furthermore, crustacean waste shells are abundant sources of beta-carotene and astaxanthin, the latter being responsible for the pink pigmentation of crustaceans and wild salmonids. Astaxanthin in the form of carotenoprotein can be extracted with a yield of 49% by treating shrimp waste with proteolytic enzymes [84]. If introduced in the fish feed, astaxanthin extracted from shrimp shells can induce growth performance and skin pigmentation of orange clownfish [85]. Lobsters fed diets containing crab processing waste had higher shell mineral concentrations, although not as thick or strong as shells from animals fed the control diet [86]. Chitin and chitosan can also be used to produce glucosamine products, marketed as anti-arthritic agents [87].




4.5. Bioactive Molecules/Cholesterol Reduction


Chitosan acts as a hypocholesterolemic agent, being effective in the reduction of low-density lipoprotein (LDL)-cholesterol levels and its fat-binding properties [88]. Ingesting chitosan oligosaccharide for two weeks resulted in a decrease in LDL-cholesterol by 6% and a boost in high-density lipoprotein (HDL)-cholesterol by 10% [89]. Chitosan and chitosan oligosaccharide act as fat scavengers in the digestive tract by removing cholesterol via ionic binding with bile salts and acids [89]. However, although used for weight loss, chitosan is non-absorbable and active only in the gastrointestinal tract, thus the weight loss associated with chitosan is most likely correlated to increased fecal excretion of neutral fats [90].




4.6. Bioactive Molecules/Blood Pressure Reduction


Chitosan oligosaccharides were found to have angiotensin-converting-enzyme (ACE) inhibitory activity, reducing peripheral blood pressure and having an anti-hypertensive effect [83]. Chitosan is a potential carrier of antihypertensive drugs due to its muco-adhesive attribute, permeation enhancement, biocompatibility and biodegradability [91]. When carboxylating chitosan oligosaccharides with -COCH2CH2COO− groups to obtain chemical structures similar to the commercially available ACE inhibitor, ACE inhibition increased with increased degrees of substitution [92]. Specifically, chitin derivative designated as aminoethyl-chitin (AEC) with 50% degree of deacetylation (AEC50), was found a competitive inhibitor, which also effectively decreased systolic blood pressure [92].




4.7. Sustainability Challenges


Extracting chemicals from waste crustacean shells is quite destructive and expensive, requiring fractionation for separating different components. Protein is mostly removed with sodium hydroxide solution while the decomposition of CaCO3 requires hydrochloric acid (both corrosive solvents). To make chitosan, chitin is treated with 40% concentrated sodium hydroxide solution, while the production of 1 kg of chitosan from shrimp shells requires more than 1000 L of water [2]. A sustainable fractionation method to separate proteins, CaCO3 and chitin without hazardous chemicals and to minimize waste needs to be set up. Additionally, it should be noted that the amount of extractable shell pigment decreases with fermentation time, thus in an industrial process it is advisable to carry out pigment removal prior to fermentation [93]. Regarding safety issues, caution is recommended for food, feed and other uses of pulverized shells due to possible traces of heavy metals, as shells have a high bioaccumulation capacity for Mg, Fe, Cu and Zn ions [94].





5. Biomaterials


Shells of both crustaceans and molluscs are indeed functional materials with a plethora of possible applications. Crustacean-derived chitin and chitosan in particular can potentially be used as chemical building blocks for biofuels, flavors and fragrances, bioactive molecules (pharmaceuticals), industrial chemicals, plastics, and a number of biomaterials (Table 2) [87]. Some of these applications are being investigated as very promising, but require additional time until they accomplish full implementation (particularly in clinical cases).



5.1. Bone Tissue Regeneration/Bioceramic


Since the main component of mollusc shells is similar to bones and teeth, their matrix has a potential to be used in bone tissue bioengineering [9]. Nacreous structures in particular appear to be the strongest of all structures found in shells [95]. The powdered oyster nacre stimulates bone cell differentiation and bone formation in vitro and in vivo. It was prepared as an injectable osteogenic biomaterial for treating vertebral bone loss of sheep vertebrae [96]. In 12 weeks, the functional new bone trabeculae were formed and covered with osteoid lined with osteoblasts, indicating continuing bone formation [96]. For bone tissue engineering applications, macroporous bone tissue scaffold using oyster shell with a biphasic structure of hydroxyapatite/beta-tricalcium phosphate was developed. It had an excellent cell biocompatibility, strong plasticity and controllable pore size [97]. Hydroxyapatite also has outstanding bioactivity and osteoconductivity. Hence, microrod hydroxyapatite bundles demonstrated high protein adsorption capability, which facilitates the control of cell attachment and proliferation and is thus beneficial to tissue regeneration [98]. Furthermore, nano-hydroxyapatite ceramics can be applied in load-bearing artificial bones with excellent mechanical properties [7].




5.2. Cosmetics


Clam shell powder has a potential as a new biomaterial with high calcium, phosphate, chitin and protein that gives a great result in preventing UV light [99]. Hydroxyapatite from shells can thus be used as an additive in the formulation of emulsions of sunscreen lotions, by the substitution of oxybenzone, zinc oxide and titanium dioxide [3,99,100]. In particular, avobenzone and oxybenzone act as an absorber of UVA and UVB, while titanium dioxide and zinc oxide act as physical blockers of UV radiation in sunscreen formulation. However, they cause photo-allergic reactions, while others are suspected as estrogen disrupters [100]. Due to this concern, hydroxyapatite derived from clam shell is a potential novel component of sunscreens.



Chitosan has specificities that can be highly applicable in the cosmetic industry, especially for hair, in relation to electrostatic interactions.




5.3. Wound Healing


Crustacean-derived chitin can be processed in the form of powder, sponge, film and fibers [74]. The main application of chitin film and fiber is in medicine as a wound-dressing material. Chitin can be further deacetylated into chitosan, when the degree of deacetylation reaches about 50% [74]. The bacteriostatic and fungistatic properties of chitosan make it an excellent ingredient of topical skin ointments as a wound healing agent [84]. The immunostimulating properties of chitin and chitosan in wound healing are associated with the increase in macrophage production, subsequent release of cytokines including transforming growth factor-beta, platelet-derived growth factor, fibroblast growth factor, tumor necrosis factor-alpha, interleukins needed for healing processes [83].




5.4. Biocomposites/Biofillers


Calcium carbonate is a common filler in plastics and rubber. Calcined, powdered mollusc shells are good additives for polyesters, particularly polylactic acid, endowing antibacterial properties to biocomposites due to the presence of hydroxyl ions and active oxygen species [3,101]. Calcined oyster shell powder can also improve mechanical properties of plastic and paper, when used as biofiller with particle size 30–40 μm [102]. Therefore, composites containing micrometer-range CaCO3 particles are promising materials for the design of fillers for plastics and microstructured coatings with a high surface density of functional groups [103].



Mollusc shells can be successfully turned into mixed-material medical radiation shields. The shielding sheets comprising 0.3 mm thick layers of oyster shell have a shielding efficiency of 37.32% for the low-energy X-rays, typically encountered in medical institutions [104].




5.5. Biopackaging


Biopolymers deriving from waste shells can be used to manufacture eco-friendly bioplastics for biomedical, industrial and household applications, biopackaging being one of them [105]. Petroleum-based plastics in packaging films needs to be replaced with biodegradable materials. To that end, easily degradable chitin biopolymers, having oxygen and nitrogen atoms in their structure, represent natural alternative to obsolete processes [83]. Chitosan-based food packaging includes systems capable of inhibiting microorganisms, which is crucial for food quality. The antimicrobial biopackaging obtained from chitosan is one of the most promising active packaging types developed over the last decade [106].




5.6. Sustainability Challenges


Some of the potential applications for shell waste as biomaterials are developed only as niche applications. Some are tested only in laboratory scale, hence not realized in production. Namely, chitosan is much easier to process than chitin, but the stability of chitosan-based materials is generally lower, due to their more hydrophilic character and pH sensitivity [74]. It is imperative to further investigate the range of bioactivities associated with such bioactive molecules, to develop new separation and enrichment technologies, and better techniques for stabilization of these biomolecules [83] before they can be fully explored and commercialized. These investigations need to take into consideration not only the overall performance of each biomaterial, their chemical stability and reusability, but also their economic and environmental values for maintaining sustainability.



The production of hydroxyapatite is an example of an achievable conscious attempt to utilize waste shells for manufacturing of a superior material. The low temperature process needed has considerable industrial advantage over current hydroxyapatite production methods, which require high temperature and pressure and incur considerable costs [30].





6. Construction


Shells have traditionally been used in houses and walls, as path aggregates, and mortar mixes in various coastal areas around the world [5]. However, over the centuries, the most widely used building material has been concrete. Concrete is a mixture of gravel, sand, cement, water, and mortar formed by cement and sand [3]. The binder component—cement, is the most expensive of concrete components, therefore, its replacement is sought for to reduce production costs, as long as standards for its mechanical properties are met [8]. To that end, mollusc shells can be used as cement additives (the filling material) after crushing and heat treatment. They can also be used as aggregates to replace conventional aggregates in concrete, such as river sand. Incorporating mollusc shell ash/powder for cement partial replacement resulted in reduced early compressive strength of concrete. The strength increased with age due to hydration of calcium oxide. The flexural and splitting tensile strength was improved due to the development of good bonding between the binder matrix and aggregates and this increased elasticity, although some studies reported a decrease in splitting tensile strength [107] (Table 3). Therefore, waste shell powder can possibly supplement the non-renewable limestone powder in cement-based materials [108], which can also be modified to mitigate noise pollution as an acoustically absorbent material [109,110].



Mollusk shells can also be used to produce the gypsum plaster or green cement, which is used mainly in interior applications due to its low water resistance and brittleness in matrix. Its thermal and sound insulation, and fire resistance, make it as one of the most widely used construction material [111]. Waste shells can be incorporated as asphalt modifiers, where they improve its consistency, hardness, elasticity, recovery, resistance to deformation of bituminous binders, and a number of other characteristics [112,113].



Sustainability Challenges


The utilization of waste shells in concrete helps in their waste management and in producing the cost-efficient, green concrete. Making a full use of these resources will reduce the environmental pressure, damage and shortages due to excessive quarrying and limestone extraction [114]. Their market value can be promising when the waste-derived biogenic calcium carbonate minerals and construction materials are optimally combined [108]. However, in the pretreatment of the waste shells, washing and calcination is required regardless of the specific construction application, using significant amounts of resources and energy, as mentioned above. Furthermore, high chloride content in an aggregate causes the faster corrosion of steel, and its use should be avoided in reinforced concrete. The cost of shell cleaning thus could be higher than in conventional aggregates, which might drive some producers away from this resource [22]. Besides, the quantity of waste shells on a particular location may or may not be sustainable enough as an aggregate replacement material, and the transportation of additional quantities of shells from further distances may increase its overall price. In locations with widely accessible conventional aggregates and production processes, the utilization of waste shells for concrete may not necessarily be inexpensive, adding to the sustainability issues.





7. Conclusions


Although we have a history of recognizing bivalve and crustacean shells as valuable resources, shells produced nowadays are largely considered as waste, despite the fact that CaCO3 is one of the most highly exploited resources globally. Shell waste is still orders of magnitude less than the yearly CaCO3 demand [115]. Nevertheless, shell waste repurposing and valorization are highly important for the determination of strategies to make them a standard valuable resource for a number of applications. Some of these applications may demonstrate more sustainable modus than already established processes, some may be less sustainable in industrial implementation, but adjustments should be appraised for the sake of the environmental benefit. Furthermore, bivalve aquaculture alone has the potential to act as a carbon sink, sequestering several million metric tons of CO2 per year globally [116]. Unfortunately, most of the aqua-cultured bivalves and crustaceans are traded fresh and their shells are disposed of as domestic waste. Much of that waste is handled in furnaces where high temperatures of incineration release the previously trapped CO2 from CaCO3 back to the atmosphere [116]. Thus, in order to be subject to upgrading, waste shells should be collected in an organized manner and their quantities estimated. For any large-scale applications, a stable supply of shells needs to be ensured, particularly in order to design (at least a partial) substitution of the limestone with the shell-derived CaCO3. Certainly, care should be taken that during the repurposing of waste shells, the environmental impact of the process should be reduced [117], particularly in terms of energy and water demand. To that end, the use of cleaner energy sources could ameliorate the environmental impact of the repurposing operations. However, any shell repurposing operation should be evaluated not only through the environmental footprint, but also in terms of economic value and impact. The reuse and valorization of waste shells must take into consideration the collection, cleaning, storage, transport, and utilization costs. In any case, to gain a full momentum, sustainable waste shell bioeconomy and repurposing needs an integrated support from the legislative standpoints, local governments, and related industry operators.
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Figure 1. The hierarchy of waste disposal. With reference to the increase in food demand, shell waste could only be considered from the point of reuse down to dispose, as adapted from the European Commission’s Green Growth and Circular Economy package of the Europe 2020 Strategy (https://ec.europa.eu/environment/green-growth/index_en.htm). 
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Figure 2. Conceptual diagram describing some of the numerous potential applications of waste mollusc and crustacean shells. To a larger or lesser extent, they are reutilized for applications in agriculture, medicine, chemical production, construction, environmental protection, cosmetic industry, food and feed industry, and a plethora of other (often niche) applications, which are being developed by the day. 
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Figure 3. Schematic diagram of the sources of ocean acidification. Coastal land is exposed to a variety of acidic sources, adding to the coastal sea, and varying across time and space, as adapted from Clements and Chopin [59]. 
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Figure 4. Discarded oyster shells from restaurants, usually destined for landfill, are being recycled to create shellfish reefs, in scope of the biggest community-driven reef restoration in Australia. ABC News (https://www.abc.net.au/news/2021-10-16/oyster-shell-waste-artificial-reef/100538272). 
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Table 1. Chemical composition (%) of various raw bivalve shells. Adapted from Zhan et al. [7]. Their habitat location and shell type determine their exact chemical composition. When calcined (pyrolysed), shell chemical composition modifies, as calcium carbonate (CaCO3) converses into lime (CaO).
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	Shell Type
	CaCO3
	Na2O
	SO3
	MgO
	SiO2
	Al2O3
	SO4
	Other





	River oyster
	96
	1
	0.7
	0.7
	0.3
	0.4
	-
	1.8



	Sea oyster
	92
	1
	0.7
	0.7
	4
	0.4
	-
	1.2



	Clam
	97
	0.4
	0.4
	0.1
	0.8
	0.1
	0.1
	1.1



	Green mussel
	96
	0.4
	0.4
	-
	0.8
	0.1
	0.1
	2.2
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Table 2. Biomedical applications of chitin and its derivatives. Adapted from Singh et al. [42].
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	Chitin Derivative
	Process of Synthesis
	Application





	Chitosan
	Deacetylation of chitin
	Anticancer, antibacterial, enzyme immobilization



	Alkyl chitin
	Deacetylation of chitosan
	Antimicrobial



	N and O sulfated chitin
	Sulfation
	Anticoagulant



	Carboxymethyl chitin
	Carboxymethylation
	Excipients for oral drug delivery



	Chito-oligosaccharides
	Acid hydrolysis and oxidative, reductive depolymerization
	Nutraceutical additive



	Chitin nanofibers
	Loosening of fibril bundles by removal of minerals, proteins, pigments and lipids with HCl, NaOH and ethanol
	Wound dressing, cosmetics, skin health, stem cell, anticancer therapy, drug delivery, obesity treatment, anti-inflammatory



	Chitin nanowhiskers
	Chitin treatment with 3 M HCl or 3 M H2SO4
	Nanotechnology, nanocomposite material for drug/gene deliver or nanoscaffolds in tissue engineering



	Chitin nanoparticles
	Chitin treatment with 3 M HCl
	Biocompatible, biodegradable, non-toxic



	Chitin nanocomposites
	By chitin whisker and tannic acid, cross-link chitosan, or chitin nanofibers, or adding metal nanoparticles into chitin matrix
	Drug encapsulation, improving the drug load, controlled release action



	Chitin hydrogels
	Chitin treatment with NaOH
	Bone tissue regeneration, cell scaffolds and drug delivery vehicles
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Table 3. The effects on the product performance when using various types of shells as cement additives or concrete aggregates. The presence of waste shells generally reduces the strength of concrete (particularly as the replacement dosage increases) but it remains within the acceptable range. Adapted from Zhan et al. [7].
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Shell Type

	
Replacement Component

	
Dosage (%)

	
Physical Properties/Max. % of Decrease or Increase






	
Oyster

	
Fine aggregate

	
20–40

	
Water absorption/21.60 decrease




	
Cement

	
5–20

	
Compressive strength/23.70 increase




	
Mussel

	
Coarse and fine aggregate

	
25–100

	
Splitting tensile strength/12.50 decrease




	
Cockle

	
Coarse aggregate

	
25–75

	
Compressive strength/38.00 decrease




	
Scallop

	
Fine aggregate

	
20–60

	
Compressive strength/10.00 decrease




	
Periwinkle

	
Coarse and fine aggregate

	
10–50

	
Compressive strength/32.00 decrease
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