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ABSTRACT
Fruit waste is a treasure trove of bioactive compounds, including polyphenols, polysaccharides, and a diverse array of phytochemicals, including pigments. Beyond its environmental implications, harnessing the value of fruit waste presents promising economic opportunities, paving the way for innovative food products and ingredients that contribute to a circular economy. Organic phenolic compounds, in particular, have garnered significant attention in various industries, serving not only as nutritional supplements and functional foods but also as sustainable commodities. While numerous methods for extracting phenolic compounds from fruit waste exist, many rely on organic solvents, which can raise ecological concerns. There is a growing demand for eco-friendly and sustainable extraction techniques that yield phenolic-rich extracts with minimal environmental impact. The adoption of these innovative "green" extraction methods not only addresses the global fruit waste crisis but also converts fruit residue into valuable bio-based materials. In this comprehensive review, we delve into the most promising and inventive methods for isolating bioactive substances from fruit waste. Our focus is on environmentally friendly technologies, including bioreactors, enzyme-assisted extraction, ultrasound-assisted extraction, and their combinations, which offer sustainable solutions for both industry and the environment.
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 INTRODUCTION 

		The global food industry grapples with a pressing challenge: the management of fruit waste. Whether it's the irregularly shaped, aesthetically unpleasing fruits discarded during production processes or the residues left behind after juice extraction, fruit waste represents a significant concern in both economic and environmental terms. However, hidden within this waste lies an abundance of bioactive compounds that could transform the way we approach food production and consumption.
This article explores the untapped potential of fruit waste as a source of valuable bioactive components. We delve into the significance of organic phenolic compounds, the challenges posed by conventional extraction methods, and the burgeoning demand for eco-friendly alternatives. By adopting innovative green extraction techniques, we not only address the global fruit waste crisis but also create opportunities for sustainable economic growth.

BIOACTIVE COMPOUNDS IN FRUIT WASTE

Bioactive compounds in fruit waste
		Fruit waste is a goldmine of bioactive compounds. These compounds, including polyphenols, polysaccharides, and various phytochemicals like pigments, have gained attention for their potential health benefits and industrial applications. Polyphenols, in particular, are known for their antioxidant properties, which can combat the harmful effects of oxidative stress on the body. Beyond their role in health, these compounds have become valuable resources for diverse industries.
Polyphenols, often referred to as nature's antioxidants, play a pivotal role in reducing the harmful effects of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in the body. By mitigating oxidative stress, they protect lipids, proteins, DNA, and other essential biomolecules from damage. Consequently, polyphenols have emerged as promising candidates for mitigating chronic diseases such as cardiovascular disease, hypercholesterolemia, Parkinson's and Alzheimer's disease, various cancers, and type 2 diabetes.
In the quest for more cost-effective and sustainable alternatives to mainstream medications, bioactive compounds from fruit waste are gaining recognition. These compounds, often derived from what was once considered waste material, are not only environmentally friendly but also economically viable. They offer a sustainable solution to both the global fruit waste crisis and the growing demand for natural health-promoting products. 

[bookmark: _Hlk146106135]Challenges of Conventional Extraction Methods
While the potential of bioactive compounds in fruit waste is undeniable, their extraction poses challenges. Many traditional methods rely on organic solvents, which can have adverse environmental and health effects. Solvent-based extraction methods are not only resource-intensive but also contribute to pollution and ecological imbalances.
Moreover, the use of organic solvents raises concerns about residue levels in the final extracts, potentially compromising their safety for consumption. Additionally, the environmental impact of solvent-based extraction, including the release of volatile organic compounds (VOCs) and greenhouse gases, underscores the need for more sustainable alternatives.

GREEN EXTRACTION TECHNIQUES: A SUSTAINABLE APPROACH

		In recent years, the paradigm of green extraction techniques has emerged as a sustainable alternative to traditional methods. These innovative approaches prioritize ecological responsibility, safety, cost-efficiency, and efficacy. By minimizing the environmental footprint of extraction processes, green techniques offer a promising solution to the challenges of conventional methods. In this discussion, we explore four notable green extraction techniques and their applications in harnessing valuable bioactive compounds from fruit waste.

Bioreactors: Harnessing the Power of Microorganisms and Enzymes
Bioreactors are at the forefront of green extraction techniques, revolutionizing the way we extract bioactive compounds from fruit waste. These ingenious systems employ the prowess of microorganisms or enzymes to facilitate the breakdown of organic matter, thereby releasing valuable compounds.
Microorganisms, such as bacteria or fungi, play a pivotal role in bioreactor-based extraction. They possess the unique ability to metabolize organic material, including fruit waste, and convert it into desired bioactive compounds. The advantage of using microorganisms lies in their capacity to target specific compounds while leaving undesirable elements behind.
Enzyme-assisted extraction, a subset of bioreactor technology, relies on the catalytic prowess of enzymes. These biological catalysts accelerate the release of bioactive compounds from fruit waste without the need for harsh chemical solvents. Enzymes act as precision tools, enhancing extraction efficiency while minimizing the use of potentially harmful substances.
The bioreactor approach aligns perfectly with the principles of green extraction. It not only reduces the dependency on chemical solvents but also harnesses natural processes to yield high-quality extracts. This method not only minimizes waste but also enhances the sustainability of the entire extraction process.

Enzyme-Assisted Extraction: A Catalyst for Efficiency
	Enzyme-assisted extraction deserves a closer look due to its remarkable impact on the efficiency and sustainability of bioactive compound extraction. Enzymes, as molecular catalysts, play a pivotal role in facilitating the release of bioactive compounds from fruit waste.
	This method offers several advantages, foremost being its capacity to target specific compounds of interest. Enzymes are highly selective, ensuring that the desired bioactive components are efficiently extracted while leaving unwanted substances behind. This selectivity reduces the need for extensive post-extraction purification, saving both time and resources.
	Furthermore, enzyme-assisted extraction eliminates the necessity for harsh chemical solvents. Traditional extraction methods often rely on solvents that pose environmental and health risks. By replacing these solvents with enzymes, we minimize ecological harm and create safer working environments.
	The enzymatic approach aligns seamlessly with the principles of green extraction. It enhances extraction efficiency, reduces waste, and prioritizes sustainability—a trifecta that signifies its potential as a game-changer in the field of fruit waste valorization.

Ultrasound-Assisted Extraction: Reshaping the Landscape of Extraction
Ultrasound-assisted extraction is a pioneering technique that utilizes high-frequency sound waves to disrupt cell structures within fruit waste, facilitating the release of bioactive compounds. This innovative approach offers several noteworthy advantages:
Firstly, ultrasound-assisted extraction significantly reduces the extraction time. Traditional methods often require extended periods to extract bioactive compounds, consuming both time and energy. Ultrasound drastically accelerates this process, making extraction more time-efficient and cost-effective.
Secondly, this technique operates without the need for excessive energy consumption. Unlike some conventional methods that rely on high temperatures and pressures, ultrasound-assisted extraction is inherently energy-efficient. It contributes to reducing the overall carbon footprint associated with the extraction process.
Furthermore, the use of ultrasound eliminates the need for chemical solvents, aligning it with the principles of green extraction. It minimizes environmental impact, reduces waste, and enhances the sustainability of the extraction process.

Combination Techniques: Synergy in Green Extraction
The concept of combining various green extraction techniques is gaining momentum as a means of optimizing the extraction process while further minimizing environmental impact. This holistic approach takes advantage of the complementary strengths of different methods.
For instance, a combination of bioreactors and ultrasound-assisted extraction can enhance extraction efficiency. Bioreactors break down complex organic matter, preparing it for subsequent ultrasound treatment. This synergy reduces extraction time and energy requirements while maximizing the yield of bioactive compounds.
Combination techniques allow for tailored extraction processes, where the specific characteristics of fruit waste and the desired bioactive compounds guide the selection of methods. This flexibility optimizes resource utilization and minimizes waste.
In the quest for sustainable solutions to harness bioactive compounds from fruit waste, green extraction techniques emerge as key players. Bioreactors, enzyme-assisted extraction, ultrasound-assisted extraction, and combination methods offer innovative and environmentally responsible approaches. They minimize waste, reduce the reliance on chemical solvents, and prioritize sustainability. These techniques pave the way for a greener and more sustainable future, where the value of fruit waste is fully realized while protecting our planet's ecosystems.
As we continue to explore and refine these green extraction techniques, the path to a circular economy and a more sustainable world becomes increasingly attainable. The synergy between science, technology, and environmental consciousness is poised to revolutionize the way we extract and utilize bioactive compounds from fruit waste, benefiting both industry and the environment.
In this journey, it is our responsibility to harness these innovative methods for the betterment of society and the preservation of our planet's natural resource.

TRANSFORMING WASTE TO VALUE

		Fruit pomace, a byproduct often relegated to waste status, holds remarkable potential as a rich source of dietary fiber. However, its transformation from waste to valuable resource requires proper management and recognition of its diverse nutritional contributions. In this discussion, we explore the dietary fiber content of fruit waste and the significant role it can play in various applications, from culinary delights to pharmaceuticals and beyond.
Unlocking the Fiber-rich Potential of Apple Pomace
	Apple pomace, a residue of fruit processing, embodies a remarkable blend of soluble and insoluble dietary fiber. Approximately 15% of its composition consists of soluble fiber, while an impressive 36% is insoluble fiber. This unique fiber composition makes apple pomace a versatile ingredient with numerous culinary applications.
	One of the defining characteristics of these fiber-rich components, including hemicellulose, pectin, cellulose, and lignin, is their exceptional water-retention capabilities. This quality makes them ideal for incorporation into various products, such as bread, baked goods, dairy items, pharmaceutical formulations, and even pet supplies.
Imagine biting into a slice of whole-grain bread, enjoying its texture and moisture content. Thanks to the addition of apple pomace-derived dietary fiber, this delightful experience is enhanced. The water-absorbing properties of these fibers not only improve the texture of baked goods but also contribute to their extended shelf life.
	Moreover, in the realm of pharmaceuticals, apple pomace-derived dietary fiber can serve as a valuable ingredient. These fibers can act as binding agents or carriers for medication, ensuring controlled release and enhancing drug efficacy. Their natural origin aligns with the growing preference for sustainable and eco-friendly pharmaceutical formulations.
Berry Peels, Stalks, and Seeds: A Fiber-Rich Trove
	The potential of fruit waste extends beyond apples, as various components of berries, including peels, stalks, and seeds, boast diverse dietary fiber types. Among the fibers found in berry waste are cellulose, lignin, pectin, inulin, and hemicellulose, each with its unique properties and health benefits.
Grapefruit peels, for instance, offer a promising source of dietary fiber, containing hemicellulose and cellulose, along with trace pectin components. These fibers not only contribute to the structural integrity of the fruit but also have the potential to enrich various food products.
Mango Pomace: A Fiber Oasis
	Mango pomace, comprising peels and fibrous pulp, emerges as a dietary fiber powerhouse, providing an astounding 51% (dry weight) of total dietary fiber. This substantial fiber content underscores its potential utility in numerous applications.
	In the realm of food production, mango pomace-derived fiber can be employed to enhance the nutritional profile of various products. From fruit bars and cereals to yogurt and smoothies, the inclusion of mango pomace-derived dietary fiber can elevate the health quotient of these consumer favorites.
Furthermore, the water-retention properties of these fibers make them indispensable in the formulation of moisture-rich products, such as baked goods and confectioneries. Their ability to retain moisture not only improves the overall product quality but also prolongs shelf life, reducing food waste.
The Dietary Fiber Riches of Orange Pulp and Peels
	The remnants of orange processing, including pulp and peels, are not to be overlooked. These often-discarded components constitute a substantial 35–37% (dry weight) dietary fiber content. This fiber treasure trove is enriched with hemicelluloses, cellulose, lignin, tannin, and pectic components, each contributing to the fiber's unique properties and health benefits.
	The utilization of orange-derived dietary fiber extends to various applications. In the baking industry, the incorporation of orange pulp and peels can result in products with enhanced texture and moisture content. The presence of these fibers not only contributes to sensory satisfaction but also aligns with consumer preferences for health-conscious choices.
	Additionally, orange-derived dietary fiber can find applications in the development of dietary supplements and functional foods. Its ability to bind nutrients and facilitate controlled release makes it an invaluable ingredient in the nutraceutical industry. Furthermore, the sustainable and natural origin of this fiber resonates with the eco-conscious consumer.
Diverse Dietary Fiber Sources in Fruit Waste	
	Beyond the aforementioned examples, the wealth of dietary fiber sources within fruit waste extends to diverse varieties. Kiwi and pear pomace, for instance, contain 26% and 44% (dry weight) total dietary fiber, respectively. These fiber-rich residues hold immense potential for incorporation into a wide range of food products, enhancing their nutritional value and health appeal.
	Notably, apple pomace stands out with higher levels of soluble fiber and methoxyl pectin, making it a versatile ingredient in various food and pharmaceutical applications. Pear pomace's fiber fractions consist of 34% lignin, 39% cellulose, 13% pectin, and 19% hemicelluloses, offering a well-rounded profile of dietary fiber types.
Sustainable Waste Utilization: A Win-Win
	These examples underscore the invaluable dietary fiber reservoirs concealed within fruit waste. Proper utilization of these fiber-rich components not only enhances the nutritional profile of various products but also contributes to sustainable waste management practices. By transforming fruit waste into a nutritional treasure, we align with the principles of sustainability, promote healthier food options, and reduce environmental burdens associated with waste disposal.
	Recognizing the dietary fiber riches hidden in fruit waste is a transformative step toward sustainable food production and waste management. It is a testament to our ability to harness the nutritional potential of overlooked resources, creating a healthier and more environmentally responsible future.
	As we continue to explore innovative ways to integrate fruit waste-derived dietary fiber into various products, we not only reduce food waste but also enhance the health and well-being of consumers. It is a journey toward a circular economy where waste is transformed into value, benefitting both society and the planet.
CONCLUSION
Fruit waste is far from being a mere byproduct of the food industry; it is a rich source of bioactive compounds and dietary fiber with significant economic and environmental potential. The adoption of green extraction techniques not only addresses the challenges associated with conventional methods but also contributes to the development of sustainable solutions for waste management.
As the demand for natural, health-promoting products continues to grow, the value of bioactive compounds in fruit waste becomes increasingly apparent. By repurposing waste materials and transforming them into valuable resources, we can simultaneously combat the global fruit waste crisis and contribute to a more circular and sustainable economy.
	In a world where sustainability is paramount, the journey from fruit waste to bioactive riches is not only a scientific endeavor but also a testament to our ability to innovate, adapt, and thrive while nurturing our planet.
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