Valorization of Shrimp Shell Waste for Nutritional Enhancement of Edible Oils: A Case Study Using Sunflower Oil

Abstract:
[bookmark: _GoBack]Shrimp shell waste, a major by-product of India’s seafood industry, presents both an environmental challenge and a valuable opportunity for sustainable resource utilization. This study explores the nutritional fortification of sunflower oil through thermal extraction of bioactive compounds from shrimp shell waste. A simple boiling process facilitated the migration of protein and essential minerals; potassium, calcium, sodium and zinc into the oil phase, resulting in a measurable enhancement of its nutritional profile. Protein content increased from 0% to 0.06%, while mineral concentrations also showed significant enrichment. Comparative analysis with existing literature confirmed the nutrient density of shrimp shell byproducts, including their high ash content and balanced amino acid composition. The findings underscore the potential of shrimp shell waste as a functional ingredient for food, feed and nutraceutical applications, while promoting circular economy principles and waste valorisation in seafood processing.
Keywords: Valorisation, Shrimp shell waste, edible oil, nutritional enhancement
Introduction
Shrimps, a widely consumed crustacean, is esteemed for its nutritional richness and growing significance in global diets (Maia et., 2022 & Dayal et al., 2013). It serves as an excellent source of high-quality protein, essential vitamins, astaxanthin and minerals such as phosphorus, calcium, selenium, copper, zinc and iodine (Dayal et al., 2013). Food and Agriculture Organization (FAO) indicate that global shrimp consumption reached approximately 12.6 million tons in 2020, reflecting a steady upward trend (FAO, 2021). By 2022, shrimp and prawns ranked among the most economically valuable aquatic species traded worldwide, second only to salmonids (FAO, 2024). However, the expansion of shrimp production has led to substantial environmental challenges, particularly due to the generation of bio-waste, which accounts for nearly 50% of the raw shrimp mass (Fawaaz et al., 2021). If unmanaged, this waste primarily composed of shells and heads poses serious risks to both environment and public health (Fawaaz et al., 2021 & Muniyappan et al., 2019). Notably, shrimp waste contains a wide array of bioactive compounds, including chitin, chitosan, proteins, polyunsaturated fatty acids, pigments such as astaxanthin, and essential minerals (Senadheera et.al., 2023 & AlFaris et al., 2022). According to Simat et. al (2022), only 20–25% of the harvested crustacean biomass is utilized for meat, up to 80% is discarded annually. To address this inefficiency, circular bioeconomy models are being explored to transform shell waste into high-value products such as peptides, omega-3 fatty acids, marine calcium, and functional food ingredients (Wani et. Al., 2024; Vakkachan et al., 2024; Burke & Kerton, 2023 and Tremblay et al., 2020). These approaches not only reduce ecological impact but also enhance the sustainability and economic viability of seafood production systems (Kumar et al., 2020 & Song et al., 2022). The strategic utilization of these waste materials has been increasingly recognized as essential for advancing sustainability across both food and non-food sectors. Their integration into diverse industrial applications reflects a growing imperative to adopt circular economy principles and reduce environmental burden (Al Hoqani et al., 2021).
Extensive research has been conducted on various aspects of shrimp and its derivatives internationally. Studies have explored the physicochemical properties of salt-fermented shrimp (Mok & Song, 2000; Mok et al., 2000), the assessment of shrimp freshness during cold storage (Jeong et al., 1991; Lee & Um, 1995), the characterization of flavour components (Lee et al., 1986), etc. Investigations into shrimp by-products have focused on protease activity and biochemical composition (Doke & Ninjoor, 1987; Shahidi & Synowiecki, 1991), as well as the extraction of natural antioxidants (Pasqual & Babbitt, 1991).
Significant attention has been given to the valorisation of shrimp shell by-products, particularly for the recovery of caroteno-proteins (Camo-Lopez et al., 1987; Simpson & Haard, 1985), chitin (Johnson, 1987; Shahidi et al., 1999) and chitosan (Benjakul & Sophanodora, 1993; Chung et al., 1996; Simpson & Haard, 1985). These compounds have demonstrated potential applications in food processing and functional ingredient development (Jeon et al., 2000; Shahidi et al., 1999).
Even though, extraction of protein, chitin, chitosan and different pigments from shrimp shell waste has been studied extensively and is popular in industrial level, the possibility of extraction and utilisation of minerals from shrimp shell waste is not much studied in India. In this background, this study investigates the potential of shrimp shell waste as a natural fortifying agent for edible oils, focusing on its ability to enhance the protein and mineral content. By integrating waste valorization with food innovation, the research aims to contribute to sustainable seafood processing, reduce environmental burden and promote the development of nutrient-enriched edible oils.
Despite these advancements, relatively few studies have addressed the comprehensive utilization of shrimp processing by-products including heads, shells, and tails for nutritional enhancement. The present study aims to investigate the compositional attributes and nutritional quality of these by-products, thereby exploring their potential for incorporation into value-added food products. This study examines the influence of shrimp shell waste on the nutritional enhancement of sunflower oil through fortification. The study addresses critical gaps in current knowledge and provides food scientists with innovative yet practical approaches to simultaneously reduce the environmental burden of shrimp shell waste and improve the nutrient density of conventionally used sunflower oil.
Materials and methods
Preparation of shrimp oil
Initially, shrimp shells preferably including heads and exoskeletons are mechanically fragmented into smaller pieces to increase surface area and facilitate compound release. These fragments are then introduced into a heavy-bottomed vessel containing a small volume of edible oil, typically under high heat conditions and sauté for 5–8 minutes. Subsequently, the remaining oil is added in sufficient quantity to fully submerge all solid components, ensuring uniform heat transfer and solvent contact. The mixture is maintained at high heat for approximately 5 minutes before being reduced to low heat and simmered for a minimum of one hour. After cooking, the system is allowed to cool passively for at least 2 hours to prevent thermal degradation of sensitive compounds. The oil is then separated from solids via filtration through a fine mesh sieve and the residual solids are drained thoroughly to recover maximum yield. The final product is a nutrient enriched shrimp shell oil, characterized by its reddish colour, enhanced nutrient profile and potential applications in functional food formulations, culinary enhancement or nutraceutical development.
Nutritional analysis of shrimp oil
Estimation of Protein
Protein content in shrimp shell oil was estimated using micro kjeldal method (Table.1). The method involves digestion of the sample in concentrated sulfuric acid with a catalyst, followed by distillation and titration of liberated ammonia. Nitrogen content is calculated and converted to protein using an appropriate factor, typically 6.25. This approach ensures precise quantification of protein in complex matrices and is widely accepted in seafood and aquaculture product analysis. The constitution of protein was expressed in percentage. 
Estimation of Calcium
The concentration of calcium were analyzed in accordance with the protocol specified in SOP No. FQLAB/SOP/C/FF/7224 (Table.1), as issued by the Bureau of Indian Standards (BIS). This method was employed to ensure standardized and reliable quantification of mineral content in the sample. 
Estimation of Sodium
Sodium content was estimated following the standard procedure outlined in SOP No. FQLAB/SOP/C/FF/7224 (Table.1), issued by the Bureau of Indian Standards (BIS). The method involves sample preparation, digestion and quantification using flame photometry. All reagents and instruments were calibrated according to laboratory standards and results were expressed in mg/kg of sample.
Estimation of Potassium
Potassium content in the sample was estimated following the standardized procedure outlined in SOP No. FQLAB/SOP/C/FF/7224 (Table.1), issued by the Bureau of Indian Standards (BIS). The method involves sample preparation, followed by digestion to release bound minerals. Quantification of potassium was carried out using flame photometry, calibrated with potassium standard solutions to ensure accuracy and reproducibility. All glassware and instruments were pre-cleaned and validated according to laboratory protocols. The results were expressed in milligrams per kg of sample (mg/kg) and each analysis was performed in triplicate to ensure statistical reliability.
Estimation of Zinc
Estimation of zinc content was carried out in accordance with SOP No. FAQLAB/SOP/C/HM/7208, Issue No. 02 Apr 01 (Table.1). The procedure involves sample digestion, followed by quantification of zinc. The concentrations of zinc were expressed in milligrams per kilogram (mg/kg) of sample and each analysis was conducted in triplicate to ensure precision and reproducibility.
Table: 1. Methods Used for Testing Nutritional Quality of Shrimp Oil
	Sl. No
	Parameters
	Test method

	1
	Protein
	Micro kjeldal 

	2.
	Calcium
	IS 9497:1980 (RA 2015)

	3.
	Sodium
	IS 9497:1980 (RA 2015)

	4.
	Potassium
	IS 9497:1980 (RA 2015)

	5.
	Zinc
	SOP No-FAQLAB/SOP/C/HM/7208 Issue no 02 Apr 01
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Results and Discussion
Shrimp constitutes a major component of India's marine export portfolio, representing a significant share of the country's total seafood export volume and value. Whether it is processed or not, it has better acceptance among consumers. Despite of the consumer acceptance, it has became a severe problem that disposal of shell waste or how decompose it without getting any harm. Several studies have investigated the nutritional potential of shrimp shell waste, highlighting its suitability for value-added applications. Among the various components protein, chitin, calcium carbonate, lipids, minerals and pigments have been identified as particularly significant in terms of both concentration and functional relevance. Shrimp shell by-products are consistently reported as nutrient-rich, containing 9.3–11.6% crude protein and a well-balanced amino acid profile, with essential amino acids contributing nearly 70% of the total composition (Liu et., 2021). Such characteristics highlight their potential as valuable protein sources for functional foods, nutraceuticals and aquaculture feeds (Heu et al., 2003). Quantitative analysis revealed that shrimp shell flour possesses a notably high ash content, measured at 47.27%, indicating a substantial mineral load (Yulianto et al., 2021). Furthermore, experimental trials utilizing shrimp shell flour as a biofertilizer demonstrated its richness in essential macronutrients; nitrogen (N), phosphorus (P) and potassium (K) which collectively underscore its potential as an effective organic fertilizer (Rusmini et al., 2017). 
This study aimed to prepare fortified edible oil and to evaluate its nutritional quality by incorporating shrimp waste. Shrimp oil was extracted through thermal processing (boiling) of shrimp waste in sunflower oil, specifically, 550 g of shrimp waste obtained from one kilogram shrimp was subjected to heat treatment in 1 liter of sunflower oil. The process facilitated the transfer of lipid-soluble bioactive compounds into the oil phase. Following filtration to remove residual solids, the final yield of shrimp-infused oil was one liter. This method demonstrated a sustainable approach to valorizing crustacean byproducts, with potential applications in fortification and enrichment of food products. The shrimp oil prepared was analysed for its nutritional composition, protein has been tested in both internal and a certified external laboratory and minerals have been tested in external certified laboratory. The primary objective was to assess the enhancement of nutritional quality through the incorporation of shrimp shell-derived compounds into the oil. The analysis focused on protein content and selected minerals such as potassium, calcium, sodium and zinc.
The protein content of the oil showed a measurable increase, rising from zero in raw sunflower oil to 0.06% (Table 2) in the shrimp-infused sample which was only 0 in the sunflower oil used. This indicates the successful migration of proteinaceous compounds from the shrimp shell waste into the lipid phase during thermal processing. Although the percentage is modest, it confirms the presence of bioavailable protein in the final product, which is typically absent in conventional sunflower oil. Protein is a vital nutrient which plays a fundamental role in human growth and development. Its contribution to cellular structure and function is largely attributed to its nitrogen content, which is essential for the synthesis of amino acids. These amino acids serve as the primary building blocks of proteins, facilitating the formation and maintenance of body tissues. Therefore, enhancing the protein content of food products offer significant nutritional benefits.  
A comparable trend of increased protein content following the incorporation of shrimp shell has been reported across various food products by multiple authors. Djalal et al., 2024 studied the increment in protein constitution of tempeh steak by adding shrimp shell flour as a constituent. The result of the study showed that there is increment in protein concentration of the product and reached upto 21.79% by adding 20% of the SSF which was only 17.67% without shrimp shell flour (Djalal et al., 2023). They have evidences that increase in protein was only due to the available protein content of the shrimp shell flour. Liu et al. (2012) compared the crude protein and mineral content of different shrimp species and it showed that, even though crude protein content was less in shell, tails and head when compared to meat, it amounted 6.56 to 9.97 g/100g in head and 7.98 to 11.30 g/100g in shell and tail. 
Mineral profiling revealed significant enrichment across all tested elements. Potassium content increased from 0 to 73.05 mg/kg, calcium from 0 to 3.03 mg/kg, sodium from 0 to 65.46 mg/kg and zinc from 0 to 33.54 mg/kg (Table 2, Fig.1.). These findings suggest that shrimp shell waste is a rich source of essential minerals and a simple boiling in sunflower oil is sufficient to facilitate their transfer into the oil phase. The presence of these minerals enhances the nutritional value of the oil and may contribute to dietary intake when used in culinary or feed applications. 
The enhancement of minerals content through the incorporation of shrimp shell has been consistently documented across various food matrices by multiple researchers. Incorporation of shrimp shell flour (SSF) into tempeh steak formulations has been shown to enhance specific nutritional attributes without altering the overall macronutrient balance. Djalal et al. (2023) reported that increasing SSF concentrations progressively elevated the product’s protein and ash (mineral) content while reducing moisture levels, with no significant effects on fat or carbohydrate content. The ash content increased from 1.65% in the control to 5.35% at 20% SSF, reflecting the high mineral composition of shrimp shells. These findings indicate that SSF serves as an effective functional ingredient for improving the nutritional quality of tempeh-based products. Adeyeye & Aremu (2016) reported that shrimp shell is notably rich in minerals, with calcium being particularly abundant. Liu et al. (2012) conducted a comparative assessment of crude protein and mineral composition across multiple shrimp species, demonstrating that the ash/mineral content in the shell, tail, and head consistently exceeded that of the meat, with values ranging from 4.11 to 13.45 g/100 g depending on the species examined. Heu et al., 2003 studied shrimp by-products (heads, shells and tails) derived from Northern pink shrimp and spotted shrimp which exhibit a mineral-rich profile, with calcium contributing over 60% of the total mineral content (approximately 3000–3371 mg/100 g), followed by notable levels of phosphorus, sodium, magnesium and potassium, collectively complementing the higher protein concentration typically found in shrimp muscle. Kim et al. (1998) reported that although shrimp shell contains less calcium than fish bone, its calcium content remains sufficiently high to support its utilization for human dietary applications. These findings emphasize shrimp shell waste as a sustainable, nutrient-dense raw material with applications in food, feed and resource recovery industries, while simultaneously supporting waste minimization in seafood processing.
This study demonstrates that shrimp shell waste can be effectively utilized to enhance the nutritional composition of edible oils through a simple thermal extraction method. The approach not only valorises seafood by-products but also aligns with sustainable food processing and circular economy principles. The resulting shrimp-enriched oil shows potential for application in functional foods, aquafeed formulations and nutraceutical development. Initial analysis of sunflower oil revealed the presence of fats and fat-soluble vitamins, with negligible levels of protein and essential minerals such as potassium, calcium, sodium and zinc. However, post-treatment with shrimp shell waste led to a measurable increase in these nutrients, indicating that bioactive constituents from shrimp shells can be harnessed to improve the nutritional quality of edible oils
Table: 2. Result of Nutritional Analysis of Shrimp Oil
	[bookmark: _Hlk213330287]Sl No.
	PARAMETERS
	UNIT
	TEST METOD
	RESULT

	1
	Protein
	%
	SOP No. FQ
LAB/SOP/C/FF/7224
	0.06

	2
	Calcium
	Mg/kg
	IS 9497:1980 (RA 2015)
	3.03

	3
	Sodium
	Mg/kg
	IS 9497:1980 (RA 2015)
	65.46

	4
	Potassium
	Mg/kg
	IS 9497:1980 (RA 2015)
	73.05

	5
	Zinc (as Zn
	Mg/kg
	SOP No. - FQLAB/SOP/C/HM/7208
Issue No. 02 Apr 01
	33.54




[image: ]
Fig: 1. Result of Mineral Analysis of Shrimp
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