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Abstract

:

Peach processing generates significant amounts of by-products including peels, pomace, and seeds that are often discarded as waste, despite their rich content of bioactive components. Various methods, such as solvent extraction, ultrasound-assisted extraction, and alkaline and acid hydrolysis, have been employed to recover valuable components from peach by-products. These compounds have shown potential applications in the food, pharmaceutical, and cosmetic industries due to their antioxidant, antimicrobial, and anti-inflammatory properties. Furthermore, these wastes can also be used to produce functional ingredients, natural colorants, and dietary supplements. Alternative uses include animal feed, composting materials, and biofuels. This comprehensive review provides an overview of the valorization of peach by-products, focusing on the isolation of valuable compounds, the techniques used, and the potential applications of the obtained compounds.






Keywords:


bioactive compounds; extraction; peach; peel; pomace; seeds












1. Introduction


Peach (Prunus persica) is a widely valued and economically important fruit sought after for its sweet and juicy flavor. Global peach production and processing generate large amounts of waste, including peels, pits, and pomace, which are often overlooked and treated as waste. However, as the sustainability paradigm gains traction across industries, there is growing interest in exploring innovative ways to unlock the hidden potential of these peach by-products.



The valorization of peach by-products represents a compelling opportunity to transform what was once considered waste into valuable resources. By harnessing the rich array of bioactive compounds, essential nutrients, and functional components present in peach peels, seeds, and pomace, numerous industries can embrace more sustainable practices and foster a circular economy. This review paper aims to provide an extensive overview of the current research and applications surrounding the valorization of peach by-products.



Key objectives of this review include:



Uncovering the nutritional and bioactive potential: The biochemical composition of peach by-products will be explored, shedding light on their diverse nutritional content, such as antioxidant compounds and dietary fibers. By understanding the richness of these by-products, novel avenues for their utilization in the food and nutraceutical sectors can be identified.



Innovative and green extraction and processing techniques: The review will delve into various conventional and alternative extraction methods used to isolate and preserve the valuable compounds of peach by-products. Special attention will be given to environmentally friendly approaches that minimize energy consumption, solvent usage, and waste generation.



Environmental and economic impact: An essential aspect of valorization is its potential to contribute to sustainability goals and environmental conservation. We will assess the environmental benefits of diverting peach by-products from landfills and the potential for generating revenue streams, thus making these practices economically viable.



In conclusion, the objective of this review is to provide a comprehensive understanding of the valorization of peach by-products, accentuating their potential as valuable resources within a circular economy. By shedding light on innovative extraction techniques, industrial applications, and environmental impacts, this review aims to stimulate further research and encourage industries to embrace sustainable practices that harness the untapped potential of peach by-products.




2. Peach and Its Products and By-Products


Peaches (Prunus persica) are classified as “stone fruits” because their seeds are protected by a tough, stone-like endocarp. Peaches and nectarines, belonging to the same Prunus persica species and Rosaceae family, yielded a combined production of over 24.5 million tons in 2020 [1]. Apart from their economic significance, peaches offer substantial nutritional advantages due to their abundant content of organic acids, sugars, vitamins, and minerals [2].



The peach fruit is composed of three distinct parts. The first, constituting approximately 75.2% of the fruit’s weight, is the succulent and yellow-hued pulp, or mesocarp. With a wide-ranging taste that alternates between acidic and sweet, its average pH typically fluctuates from 3.5 to 4.0 [3]. The peel, or exocarp, forms the second part, accounting for around 22.5% of the fruit. The final part comprises the endocarp, better known as the stone, enclosing the seed within a sturdy shell. Depending on the peach species, the seed makes up 5.0 to 12.5% of the fruit’s weight [4]. On average, the stone comprises 6% seed and 94% seed shell [5].



Industrial peach processing depends on the final product. Among processed peach products, canned peaches in syrup account for 93%, peach jam for 6%, and peach juice for 1% [6]. The most popular products are peach syrup (canned or in glass jars) and peach puree concentrate, the latter being used as an ingredient in recipes such as baby food, juices, jams, pulp, and yogurt. Figure 1 shows the peach-processing flow chart for these products and their by-products (seeds, peels, and pomace).



Essentially, the procedure of processing peaches into syrup includes harvesting, selection, chemical peeling (a 1.5% to 2% sodium hydroxide solution, near boiling temperature), pitting, and steam blanching. The syrup is then poured into glass or can packaging for final pasteurization. Peach concentrate is obtained by washing/sorting, removing leaves and kernels (formed by seeds and seed coats), crushing, heating (90–95 °C), evaporation (60–75 °C), degassing, bottling, and sterilization (105–120 °C).



According to Plazzotta et al. [7], the global annual processing of peaches to produce juices amounts to approximately 15 million metric tons, resulting in an estimated 10% discarded materials depending on the fruit’s ripeness. This implies that, considering the worldwide yearly peach production and accounting for 10% of residues or by-products [7], 2.4 million tons of peach wastes are generated on a global scale annually. The growth of fruit-harvesting and -processing activities, coupled with inadequate handling techniques, serves to augment the by-product output, which currently remains vastly underutilized across the globe. However, many research works underscore that peach by-products are rich in valuable compounds, such as oils (in seeds), phenolic compounds (in peel and pomace), pectin (in peel), and proteins (in seeds) [8,9].



Traditionally, peach by-products were discarded, contributing to environmental waste and loss of valuable resources. In recent years, a shift towards sustainable practices and circular economy concepts has prompted a reevaluation of these peach by-products. Researchers and industries alike are recognizing the potential value of these discarded components and are exploring innovative methods to harness their inherent nutritional and functional properties. Through innovative extraction and processing techniques, these by-products are being transformed into a range of value-added products, such as functional ingredients, natural antioxidants, essential oils, dietary fibers, fertilizers, and even biofuels (Figure 2). The valorization of these by-products not only minimizes waste but also contributes to the diversification of products and revenue streams within the peach industry.



The increasing interest in valorization and potential applications of peach by-products is obvious in the increasing trend of publications (Figure 3), where up until August 2023, 211 documents regarding peach by-products have been published. Among these publications, 63% are associated with peach seeds, 27% belong to studies on peach peel, and 10% revolve around peach pomace. Twenty-four of these papers correspond to the extraction of seed oil; twenty-one deal with the valorization of peach by-products by the extraction of phenolic compounds; nine refer to isolation of carotenoids; whereas the extraction of pectin is studied in eight works.




3. Peach Peels


3.1. Peach Peel Identification


The composition of peach peels has been extensively studied, revealing the presence of a great variety of value-added components. According to the international literature, peach peels are a rich source of valuable compounds such as phenolic compounds, in addition to dietary fibers, pectin, and minerals. The chemical composition of peach peels is presented in Table 1 and varies depending on parameters such as peach variety, growing conditions, harvest maturity stage, and analytical methods used [10].



Many studies mentioned that fruit peels present several beneficial organic components, which are highly accumulated in the peel compared to the pulp [14]. Additionally, Saidani et al. [12] measured various phenolic compounds in peach peels, including hydroxycinnamic acids (e.g., chlorogenic acid), flavonoids (e.g., catechins, quercetin), and anthocyanins (e.g., cyanidin-3-glucoside) (Table 2). Peach peels exhibit a higher concentration of total phenolic components, ranging from two to three times more than the levels found in the flesh and whole extracts [15]. These compounds have antioxidant properties and are associated with potential health benefits, such as reduced oxidative stress, inflammation, and protection against certain diseases. Furthermore, peach peels are a great source of carotenoids, including β-carotene, zeaxanthin, and lutein [16].



Mannino et al. [17] utilized untargeted analysis methodologies (HPLC-DAD-ESI-MS) to identify 37 different phytochemicals in hydroalcoholic extracts of the peel from two peach varieties, as presented in Table 2. In research conducted by Patra and Baek [21], the composition of peach peels was examined, confirming the presence of several components, including chlorogenic acid, epicatechin, cyanidin-3-glycoside, catechin, and rutin. Additionally, in their study, Saidani et al. [12] measured the phenolic content of peach peel and identified several compounds, such as quercetin-3-galactoside, a combination of quercetin-3-O-glucoside and quercetin-3-o-rutinoside, and kaempferol-3-O-glucoside. Hydroxycinnamic acids, such as p-coumaroylquinic acid, 4-caffeoylquinic acid, chlorogenic acid, neochlorogenic acid, and a derivative of caffeoylquinic acid, were also found. Notably, anthocyanin cyanidin-3-O-glucoside was also detected in the analyzed peach peel samples.



According to those findings, the flavonoid content in peach peels varied from 39–245 mg equivalent of catechins per 100 g of fresh weight (fw), while for peach pomace, the range was 8–112 mg equivalent of catechins per 100 g fw, considering nine different peach cultivars. Saidani et al. [12] also identified chlorogenic acid as the predominant hydroxycinnamic acid in peach peel, ranging from 6.74 to 31.2 mg/100 g fw, followed by neochlorogenic acid (1.02–7.98 mg/100 g fw) and anthocyanins (0.24 to 17.6 mg cyanidin-3-glycoside per 100 g fw). These components were found to be more abundant in peach peels compared to peach pulp. Anthocyanins are primarily found in the peel of peaches, similar to flavonols. However, in some cultivars, a small amount of anthocyanin pigment can also be detected in the flesh, specifically in the area surrounding the stone. The concentration of anthocyanins in the peel is generally consistent with the percentage of red color observed on the epidermis [15]. Furthermore, Redondo et al. [20] mentioned that peach peel has a higher concentration of quercetin (7.1 mg 100/g fw) compared to other fruits such as apricot (6.4 mg 100/g fw) and plum (5.8 mg 100/g fw).



Dabbou et al. [18] examined the effect of peach variety (Early May Crest, Sweet Cap, and O’Henry) and harvesting stage (commercial ripening and full ripening) on the phenolic profile and antioxidant activity of peach by-products. Specifically, according to this research, regardless of the harvesting stage, the peach peel contained higher concentrations of phenolics, including total hydroxycinnamic acids, total anthocyanins, and total flavonols, compared to the peach pulp. Regarding the examined peach varieties, the O’Henry variety had the highest carotenoid content, despite a decrease in the peel during ripening. On the other hand, Sweet Cap exhibited the highest phenol content, which further increased in the peel as the fruit ripened.



Regarding carbohydrates, peach peels accumulate different types of soluble sugars and polyols, such as sucrose, glucose, fructose, and sorbitol [12,13,22], and a percentage of dietary fibers, including cellulose, hemicellulose, and pectins. The study by Lu et al. [23] revealed that carbohydrates accounted for 52.20% of the total content of peach peel flour, with soluble dietary fiber (pectin) comprising 27.30% of the carbohydrate fraction. Dietary fibers are tightly correlated with digestive health and regulation of blood sugar levels, among other health benefits [24].



According to Mihaylova et al. [13], three tricarboxylic acids were quantified in both peach pomace and peel tissue, malic, quinic, and citric acids. These acids contribute to the characteristic tangy flavor of peaches and contribute to the shelf life of the fruits [25].




3.2. Valorization of Peach Peels


Over the last few years, peach peels have gained attention due to their potential for valorization. A wide range of techniques can be employed to effectively utilize peach peels, extracting their valuable components, such as phenolic compounds, flavonoids, and other antioxidants, and turning them into valuable products [12]. Extraction techniques like maceration, ultrasound-assisted extraction, and alkaline and acid hydrolysis can be employed to isolate these compounds from the peach peels (Table 3). The extracted compounds can be used as natural antioxidants, food additives, or even as raw materials of nutraceuticals.



3.2.1. Maceration Extraction of Phenolic Compounds


Maceration extraction is a widely used technique for the recovery of phenolic components and carotenoids from peach peels. Regarding phenolic components, a suitable solvent, typically water, alcohol, or a hydroalcoholic mixture, is used to extract the bioactive components present in the peel. The solvent is chosen based on its ability to effectively dissolve and extract phenolics from the plant matrix. Liu et al. [28] determined the anthocyanin content of two peach varieties (Hujingmilu and Yulu) using the pH differential method. Additionally, Chang et al. [29] studied the phenolic content and antioxidant activity of eight clingstone peach cultivars (Andross, Bolinha, Corona, Halford, Kakamas, Ross, Walgant, and breeding line 18-8-23). Specifically, phenolic components of peach peels were extracted using 80% aqueous methanol as solvent, and, consequently, peach extracts were analyzed by HPLC and anthocyanins, hydroxycinnamates, flavonols, and flavan-3-ols were detected (Table 3). Regarding the extraction of peach peel free phenolics, Liu et al. [31] also estimated the total phenolic content of peach peels of four different Chinese commercial cultivars (Hujingmilu, Dahonghua, Fenghuayulu, and Wulingyulu) using two different solvents (ethanol and acetone). The phenolic content in peach peel tissue was found to be 45.5–64.8% higher compared to the flesh, indicating that removing the peel could result in significant nutrient loss.



In their extensive study, Saidani et al. [12] examined nine commercial peach cultivars and qualified hydroxycinnamates, flavanols, and anthocyanins using UPLC. For extracting the aforementioned components, the researchers used a mixture of water, methanol, and formic acid. In particular, a total of 12 phenolic components were identified in the peach peels, which included five hydroxycinnamic acids, three flavan-3-ols, three flavonols, and one anthocyanin (specifically, cyanidin-3-O-glucoside), presented in Table 3. Within the peach cultivars examined, the total polyphenol composition in the peel tissue ranged from 88.9 to 277.0 mg gallic acid equivalents/100 g fw. Similarly, the total flavonoid content varied from 39.3 to 245 mg catechin equivalents/100 g fw, while the level of total anthocyanins (compounds responsible for the red color of peach skin) reached quantities up to 17.6 mg cyanidin-3-glucoside equivalents/100 g fw. On the contrary, de Escalada Pla et al. [24] reported lower concentrations of total polyphenols (0.61–0.91 g/100 g dw).




3.2.2. Ultrasound-Assisted Extraction of Phenolic Compounds


Ultrasound-assisted extraction (UAE) has gained attention as an efficient technique for the recovery of polyphenols from various plant materials, including peach peels. This method utilizes high-frequency sound waves to enhance the extraction process by promoting mass transfer and disrupting cell structures, leading to improved extraction efficiency [32].



Several studies have demonstrated the effectiveness of UAE in extracting phenolic components from peach peels. For example, Zhao et al. [26] found that an extraction time of 30 min at 60 kHz, 30 W using 80% MeOH as solvent resulted in the extraction of total phenolics from peach peels of 17 different Chinese peach cultivars at a concentration up to 12.68 mg gallic acid equivalents/g dw. Furthermore, various antioxidants, such as chlorogenic acid, procyanidin B1, catechin, neochlorogenic acid, cyanidin-3-O-glucoside, quercetin-3-O-glucoside, quercetin-3-O-rutinoside, quercetin-3-O-galactoside, and kaempferol-3-O-rutinoside, were identified, quantified, and are presented in Table 3. Additionally, the researchers compared the phenolic profiles of peach pulp and peels. In general, both tissues contained predominantly chlorogenic acid and catechins. However, the peel tissue exhibited higher levels of phenolic compounds compared to the pulp, whereas flavonols and anthocyanins were primarily detected in peach peels. Mihaylova et al. [13] investigated the recovery of free phenolics from peach peels using UAE of 30 min at 50 °C and 80% EtOH as solvent and quantified total phenolics (6.82–13.12 mg gallic acid equivalents/g dw), anthocyanins (327.84–1246.77 μg cyanidin-3-glucoside/g dw), and flavonoids (164.14–515.83 μg quercetin equivalents/g dw) of peach peels from eight different Bulgarian cultivars.




3.2.3. Alkaline and Acid Hydrolysis for Extraction of Bound Phenolic Compounds


Regarding bound phenolics, alkaline and acid hydrolysis are two commonly used techniques for the recovery of these compounds from different plant matrices. These hydrolysis techniques involve the use of alkaline or acid solutions to break down linkages between phenolic compounds and different macronutrients, facilitating their extraction and recovery. According to the literature, alkaline hydrolysis involves the use of potassium hydroxide (KOH), sodium hydroxide (NaOH), or ammonium hydroxide (NH4OH) to break down the ester bond linking of phenolic acids to the cell walls and thus is an effective way to release phenolic components from polysaccharides [33]. In acid hydrolysis, acid solutions, such as hydrochloric acid (HCl) or sulfuric acid (H2SO4), hydrolyze glycosidic bonds and solubilize sugars and leave ester bonds intact [34]. Chen et al. [35] further support the notion that alkaline hydrolysis is more effective than acid hydrolysis in releasing phenolic components. Their findings align with the idea that alkaline conditions facilitate a more efficient extraction process, resulting in higher phenolic compound yields. In contrast, acid hydrolysis may lead to a higher loss of phenolic components during the extraction process due to the elevated temperatures used, whereas alkaline treatment is performed at room temperature [33].



In the case of peach peels, a distinct number of studies have been conducted regarding the extraction of bound phenolics. For instance, Liu et al. [31] used acid hydrolysis for the recovery of bound phenolics from peach peels. Specifically, an extraction with a mixture of MeOH and H2SO4 at a ratio of 90:10, at 85 °C, for 20 h resulted in an extracted phenolic content up to 84.02 mg gallic acid equivalents/100 g fw, a value quite lower than the reported concentration of free phenolics (Table 3). In the case of Mihaylova et al. [13], they applied both acid and alkaline hydrolysis for the extraction of bound phenolics. The findings of the study showed that alkaline hydrolysis was a more effective method for extracting phenolic compounds from peach peels. Moreover, the results indicated that the studied peach peel varieties predominantly contained free phenolics, as the proportion of bound phenolics in the total phenolic content ranged from 7 to 31%.




3.2.4. Exploitation of Peach Peel Extract


Extracts derived from peach peels can be utilized in the development of functional foods, dietary supplements, and natural additives. Incorporating peach peel extracts into food products can enhance their nutritional value and provide additional health benefits [10]. Furthermore, the utilization of peach peels as a source of antioxidants promotes sustainability by reducing waste and maximizing the potential value of this by-product [36]. Phenols in foods have generally demonstrated greater effectiveness in preventing lipid peroxidation compared to many vitamins [27]. These natural antioxidants have been documented to exhibit greater potency, efficiency, and safety compared to synthetic antioxidants [37].



Specifically, the antioxidants extracted from peach peels can be used as natural food additives and preservatives. They can help prolong the shelf life of food products by preventing oxidative degradation and microbial growth. Additionally, the extract can be incorporated into functional foods and beverages to enhance their nutritional value and provide health benefits [14,19,38,39].



Furthermore, peach peels contain carotenoids and anthocyanins, the natural pigments which are responsible for the vibrant colors of the fruit. These pigments can be extracted by conventional methods, such as maceration, or novel techniques, such as ultrasound-assisted extraction, and used as natural colorants in the food and beverage industry. They can also be employed in the production of a variety of food products such as jams, jellies, beverages, and other products, providing an alternative to synthetic colorants [40,41]. It should be noted that according to Kultys and Kurek [40], industrial production of certain carotenoids, including beta-carotene, lutein, lycopene, and zeaxanthin, is carried out on a large scale for their utilization as ingredients in food and supplements. The market for carotenoids is anticipated to witness substantial growth, increasing from USD 1.5 billion in 2019 to USD 2.0 billion by 2026. This growth can be attributed to the rising demand for natural carotenoids as food colorants, along with advancements in carotenoid recovery techniques. It is important to consider the low stability of carotenoids in the presence of oxygen, light, and high temperatures and to take care of all processing conditions. When handling carotenoids in an industrial setting or during food processing, these factors must be carefully managed to ensure the stability of these valuable compounds.



The antioxidant and anti-inflammatory properties of peach peel extracts make them valuable for the development of pharmaceutical and cosmetic formulations. These extracts can be utilized in the production of nutraceuticals, dietary supplements, and pharmaceutical drugs and can also be incorporated into skincare products [19,40,42]. Wadhwa et al. [42] discussed the importance of peach antioxidants as substitutes for synthetic food antioxidants, such as butylated hydroxyanizole (BHA) and butylated hydroxytoluene (BHT), whereas the presence of these phytochemicals exhibits antioxidative, antimicrobial, and immune-modulatory effects. Schilderman et al. [43] reported that high doses of BHT may have toxic effects.



Additionally, antioxidants derived from peach peels can also be employed in agricultural and horticultural applications. Specifically, they can potentially be used as natural plant growth enhancers, biopesticides, and biofertilizers. The extract’s antioxidants and antimicrobial properties can help protect plants from oxidative stress and diseases, promoting healthier plant growth and increased crop yield [19,42]. According to Bento et al. [19], many compounds of plant tissues have been proven to exert antimicrobial activity, such as acids, aliphatic alcohols, aldehydes, isoflavonoids, ketones, and terpenes. Inhibition of bacteria has been scientifically proven against Staphylococcus, Bacillus, Klebsiella, and Escherichia strains [44,45]. Antifungal activity has also been reported for plant defensins, which are plant-derived proteins, with a small size and a high concentration of cysteine. For example, defensin PpDFN1 has been identified in peaches and has shown antifungal activity against fungi species that commonly affect plant tissues, such as Monilinia, Penicillium, and Botrytis species [46]. Another protective aspect of peach peel extracts is their antiparasitic effect. In particular, such extracts have been tested against helminths and other nematodes that affect humans and the poultry industry [47]. Indeed, the antiparasitic effect was confirmed and compared to commercial drugs that are commonly used, presenting similar results.




3.2.5. Other Uses of Peach Peels


Additionally, peach by-products and especially peach peels are considered to be a great source of dietary fibers, such as cellulose, hemicellulose, and pectins [24,42]. These fibers can be isolated and processed to produce functional dietary fiber ingredients that can be used to enhance the nutritional value and functional properties of various food products, such as baked goods, beverages, and dairy products [48].



Typically, the food industry’s by-products can be valued as a feedstock. Peach peels can be dried, ground, and incorporated into animal feed formulations, providing a source of dietary fibers, vitamins, and minerals, while reducing waste and providing a sustainable feed option [40,42].



Another method of peach peel management is its utilization for biofuel production. Through different biological processes (e.g., anaerobic digestion or enzymatic hydrolysis), the carbohydrates present in the peels can be converted into biofuels like biogas or bioethanol. This can contribute to renewable energy generation and reduce the environmental impact of waste disposal. According to Wadhwa et al. [42], the untreated peach peels can be used directly as a substrate for microbial growth or they can undergo enzymatic treatments to enhance their potential for bioenergy production. Specifically, high concentrations of cellulose, pectin, and hemicellulose in these plant tissues can function as an appropriate substrate for fermentation using S. cerevisae with encouraging results.



The use of peach peel as packaging material has gained significant attention in recent years due to its potential to address environmental concerns associated with traditional packaging methods. The composition of peach peel, which consists of cellulose, hemicellulose, lignin, and other bioactive compounds, makes it suitable for packaging applications. These natural components provide mechanical strength, barrier properties, and antimicrobial activity, which are essential for preserving and protecting different types of products. A distinct number of studies have been conducted regarding the formation of films from peach peels and their usage as a potential packaging material. Specifically, according to Lu et al. [23], the formed yellow peach skin film shows significant potential for being utilized in the field of oil packaging, exhibits outstanding mechanical properties, and possesses the ability to effectively inhibit oil oxidation, minimizing the peroxide value from 60.32 meq/kg (control sample) to 50.75 meq/kg (film formed with a combination of peach peel, sodium alginate, and glycerol).






4. Peach Seeds


4.1. Peach Seed Identification


The peach fruit yields various valuable by-products, with the endocarp being another one. The endocarp consists of a seed covered by a hard shell, known as the seed shell or kernel shell. On average, the seed constitutes about 6% of the endocarp, while the kernel shell makes up about 94% [5]. The seed’s weight accounts for 5 to 12.5% of the entire fruit, depending on the peach species [4,49]. The chemical composition of peach seeds is presented in Table 4.



This by-product is rich in pectin and also in bioactive components such as phenolics and vitamins, posing a challenge for the scientific community to recover and utilize these substances in various industries such as pharmaceuticals, food, and cosmetics [10]. Efforts are being made to enhance the circular economy and food sustainability by recovering bioactive compounds from peach seeds. Notably, the seeds are abundant in phenolic compounds, carotenoids, fatty acids, and protein [13,51]. Researchers identified 18 phenolic compounds using liquid chromatography photodiode array quadrupole time-of-flight mass spectrometry (LC-MS/QTof) analysis. These compounds can be categorized into flavons, flavonols, flavan-3-ols (monomers, dimers, and polymeric procyanidins), and phenolic acids (hydroxycinnamic and hydroxybenzoic acids) (Table 5). Regarding the flavan-3-ols, six compounds were identified, with catechin being the primary monomeric flavan-3-ol, along with minor amounts of epicatechin and its derivatives like epicatechin gallate, epigallocatechin, gallocatechin, and epigallocatechin gallate [52]. Procyanidins were found to be the major class of phenolic compounds, with procyanidin B1 and other minor dimer procyanidins also identified [53]. Polymeric procyanidins in both dimer and trimer forms were detected in peach seeds [4].



Hydroxycinnamic acids comprised the second main group of polyphenolic compounds found in peach seeds, with five identified compounds, primarily caffeoylquinic derivatives, especially chlorogenic acid [4,54]. Other hydroxycinnamic acid derivatives, such as neochlorogenic acid, coumaroylquinic acids, and phenylpropanoid o-diphenol phaselic acid, were also detected [55,56]. Peach kernels also contain protocatechuic acid 4-O-glucoside, 2-hydroxybenzoic acid, 2,3-dihydroxybenzoic acid, ellagic acid acetyl-xyloside, and 3-O-methylgallic acid [55]. Hydroxyphenylpropanoic acids, including 3-hydroxy-(3-hydroxyphenyl) propionic acid, dihydrocaffeic acid 3-O-glucuronide, and 3-hydroxy-3-(3-hydroxyphenyl) propionic acid, were also identified [55]. Flavonols and flavonoids were another group of polyphenols identified in peach seeds, with compounds like quercetin, quercetin 3-galactoside, 3-rutinoside, 3-glucoside, isorhamnetin 3-rutinoside, kaempferol 3-galactoside, hesperidin, and luteolin [53,57]. Some of these compounds were also found in other fruits, while hesperidin-7-rutinoside and luteolin-7-glucoside were not previously detected in peach but are found in other plants [58].



Peach seeds are a source of carotenoids, including β-carotene and xanthophylls like zeaxanthin, violaxanthin, and β-cryptoxanthin. The concentrations of these compounds vary based on factors like peach variety, cultivation region, fruit maturity, and climate [59,60]. Zeaxanthin was the most prevalent carotenoid found in peach seeds, followed by β-carotene, while other compounds were present in trace amounts [4,61].





 





Table 5. Phenolic composition of peach seeds.
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Phenolic Compound

	
Content

	
Reference






	
Flavonols




	
Quercetin-3-O-glucoside

	
2.87 mg/100 g dw

	
[4]




	
Kaempferol-3-O-glucoside

	
1.98–63.14 mg/100 g dw

	
[4]




	
Luteolin-7-glucoside

	
1.61 mg/100 g dw

	
[4]




	
Kaempferol-7-neohesperidoside

	
0.62 mg/100 g dw

	
[4]




	
Hesperidin-7-rutinoside

	
0.55 mg/100 g dw

	
[4]




	
Isorhamnetin-3-O-glucoside

	
0.53–66.67 mg/100 g dw

	
[4]




	
Hydroxycinnamic Acids




	
Neochlorogenic acid

	
130.07 mg/100 g dw

	
[4]




	
Chlorogenic acid

	
72.92–1727.05 mg/100 g dw

	
[4]




	
cis-5-p-coumaroyloquinic acid

	
21.93–190.8 mg/100 g dw

	
[4]




	
2-O-caffeoyl-L-malate

	
17–130.52 mg/100 g dw

	
[4]




	
3-O-p-coumaroyloquinic acid

	
9.6–70.22 mg/100 g dw

	
[4]




	
Gallic acid

	
2.98 mg/100 g dw

	
[55]




	
Caffeic acid

	
0.98 mg/100 g dw

	
[55]




	
Hydroxybenzoic Acids




	
p-hydroxybenzoic acid

	
18.64 mg/100 g dw

	
[55]




	
Ellagic acid

	
0.77–9.42 mg/100 g dw

	
[4]




	
Flavan-3-ols




	
Procyanidin B1

	
150.65 mg/100 g dw

	
[4]




	
Procyanidin B2

	
28.12 mg/100 g dw

	
[4]




	
Epicatechin

	
18.62–33.74 mg/100 g dw

	
[4]








dw: dry weight.











Peach stones have a significant lignocellulosic composition, with a protective network mainly comprising lignin, followed by cellulose and hemicellulose [62,63]. The kernel and seed of peach consist of 46% cellulose, 14% hemicellulose, and 33% lignin [5].



Shukla and Kant [64], using conventional Soxhlet extraction with different solvents, found 7.48% crude fat in dry peach seeds. The peach seed oil is of considerable importance in medicine due to its high content of unsaturated fatty acids [65] (Table 6). Oleic acid constitutes 55.2% of the total fatty acids, followed by linoleic acid at 30.8%, while palmitic acid, stearic acid, and α-linolenic acid were also identified [65,66].



Furthermore, peach seeds are rich in proteins, comprising approximately 40% of the seed’s content [8,68]. Protein content in peach seeds was found to be about 29.4% [64]. The proteins in peach seeds include superoxide dismutase, an antioxidant enzyme, as well as 14 bioactive peptides [68].



In conclusion, peach seeds offer a wealth of valuable substances, such as phenolic components, carotenoids, lignocellulosic compounds, proteins, and fatty acids, making them a potential source for various applications in different industries. The recovery and utilization of these compounds present exciting opportunities for enhancing the circular economy and promoting food sustainability.




4.2. Valorization of Peach Seeds


4.2.1. Extraction of Oil


Peach seeds are rich in oil, comprising approximately 48.4% of their composition, which offers significant health and nutritional benefits, primarily due to its high content of oleic and linoleic acids [66,69,70,71]. Extracting oil from peach seeds can be achieved through both conventional and alternative methods. Conventional methods include hydrodistillation, Soxhlet extraction, and maceration, while an alternative method is supercritical fluid extraction, which is also utilized for extracting oil from apricot kernels and walnuts (Table 7) [71,72,73,74,75].



Soxhlet extraction involves the use of different solvents, dichloromethane, ethanol, n-hexane, and ethyl acetate, with ethanol or dichloromethane yielding the highest extraction rates due to the polarity of the extracted compounds. The solubility is enhanced as these solvents easily penetrate the solid matrix [71,78].



Maceration, another conventional method, yields lower results, likely because of its lower temperature compared to Soxhlet extraction. The high viscosity at lower temperatures hinders solvent penetration into the matrix, leading to decreased extraction efficiency [71,76,79]. Even lower extraction yields are observed with hydrodistillation, a method relying on the use of a polar solvent like water. The high viscosity and surface tension of water limit oil extraction [79].



In contrast, supercritical carbon dioxide offers comparative advantages over conventional methods. This alternative method involves low temperatures and energy consumption, solvent recycling, and the possibility of adjusting solvents, making it a preferred choice [75,80,81,82]. When extracting peach seed oil using this method, a yield of 23.5% dry basis is achieved with pure CO2 at 50 °C/300 bar [10]. Researchers have studied various combinations of temperature and pressure to optimize extraction. An increase in temperature at low pressure decreases the extraction yield, likely due to reduced solvent density. Conversely, an increase in pressure leads to higher yields as the vapor pressure is enhanced, outweighing the reduction in solvent density [71]. Additionally, increasing pressure at a constant temperature increases the density of CO2 and, consequently, the extraction efficiency [81,83,84].




4.2.2. Exploitation of Peach Seed Oil


The peach kernel and the oil extracted from the peach seed are equally important and find applications in various industries, including food, cosmetics, pharmaceuticals, and energy production [71,85,86,87].



Peach seed oil is an innovative source of bioactive components, such as essential fatty acids, carotenoids, and phenolic compounds [88,89]. Notably, it contains high quantities of linoleic acid, which plays a vital role in cell membrane synthesis and tissue regeneration, making peach seed oil valuable in pharmaceutical and cosmetic industries [87,90]. The abundance of vitamin E, particularly γ-tocopherol, provides the oil with strong antioxidant properties, further increasing its attractiveness to the pharmaceutical and cosmetic sectors [91]. Furthermore, Sodeifian and Sajadian [67] analyzed the total phenolic compounds in peach seed oil and quantified them at 334.5 mg GAE/100 g oil. Using gas chromatography–mass spectrometry (GC–MS), they determined that unsaturated fatty acids comprised 86% of the total content, with oleic and linoleic acids being the primary representatives at 55–74 and 12–31%, respectively [67]. Additionally, the saturated fatty acids palmitic, stearic, and α-linolenic acid were estimated at 7.97, 2.37, and 0.11%, respectively [10,65].



In addition to its applications in pharmaceuticals and cosmetics, peach seed oil has been explored for medical purposes. Studies have shown that the oil enhances blood circulation, reduces blood stasis, and decreases abnormal blood lipid levels, thereby slowing down the progression of atherosclerosis [65,92]. This effect is attributed to the reduction of tissue factor protein levels, limiting the formation of atherosclerotic plaque and the anti-inflammatory and antioxidative activities of the oil [65,93]. Studies have even indicated that peach seed oil has potential benefits in mitigating the effects of cerebral ischemia [94]. The antioxidant properties, derived from the presence of phenolic compounds, further contribute to the potential protection against various human diseases [95].



Furthermore, peach seed oil is utilized as a food supplement due to its bioactive compound content, which provides protection against oxidation [96]. It has been found to be effective in preventing enzymatic browning in fruits and vegetables and inhibiting lipid oxidation and fungal growth [97,98]. The valuable source of polyphenols in peach seed oil contributes to its antioxidant activity and inhibition of enzyme activity [10]. In addition, the high content of unsaturated acids contributes to the oil’s antioxidant activity, making it a preferred choice for the food industry [67].




4.2.3. Recovery of Bioactive Components


Both conventional and alternative extraction techniques are employed to obtain bioactive components from peach seeds. However, there is a growing preference for alternative methods due to their lower energy consumption, reduced solvent usage, environmental friendliness, and ability to produce final products of higher quality [10,99]. Various studies have explored different extraction methods to obtain the antioxidants present in peach seeds. Hong et al. [55] used high-pressure liquid chromatography (HPLC) in combination with a photodiode array detector (PDA) and found that peach seeds exhibited a total phenolics content (TPC) of 0.47 (mg gallic acid equivalents (GAE)/g), a total flavonoids content (TFC) of 0.18 (mg quercetin equivalents (QE)/g), and a total tannins content (TTC) of 0.07 (mg catechin equivalents (CE)/g). Additionally, the antioxidant activity measured by the 2,2′-diphenyl-1-picrylhydrazyl antioxidant assay (DPPH) was 0.98 (mg ascorbic acid equivalents (AAE)/g), and the total antioxidant capacity (TAC) was 0.27 (mg AAE/g) [13]. Peach seed was found to have the highest radical-scavenging capacity among all stone fruits [55].



Similarly, Nowicka and Wojdyło [4] confirmed the high antioxidant capacity of peach seeds by examining 20 different peach varieties using untargeted analysis (LC-QTOF-MS/MS). They identified and quantified the phenolic content, with total polyphenols ranging from 3.8 to 12.7 g/100 dry matter and cyanogenic glycoside content varying between 17.4 and 245.7 mg/100 dry matter [10]. The flavan-3-ol dimers, procyanidin B1 and procyanidin B2, were estimated at approximately 150.65 and 28.12 mg/100 g dry matter, respectively. The subsequent group, comprising hydroxycinnamic acids and hydroxybenzoic acids, ranged from 130.94 to 2275.95 mg/100 g [4]. Notable compounds of this group include chlorogenic acid, neochlorogenic acid, and ferulic acid [20]. The high polyphenol content was confirmed by the FRAP method, which indicated the highest antioxidant capacity of the peach seeds (3.3 mmol Trolox/100 fw) as compared to the peach peel (2.2 mmol Trolox/100 fw) and pulp (0.2 mmol Trolox/100 fw) [10].



Peach seeds were found to contain significant amounts of carotenoids, including β-carotene, xanthophylls (mono- or dihydroxylated carotenoids), zeaxanthin, violaxanthin, and β-cryptoxanthin [100]. The total carotenoids were measured at 109.3 mg β-carotene equivalents/100 g, with β-carotene and β-cryptoxanthin estimated at 7.8 μg/g and 1.01 μg/g, respectively [4]. This high carotenoid content contributes to the pharmaceutical industry’s interest in peach seeds due to their potent antioxidant activity [100].



Finally, peach seeds were found to contain a protein concentration of 29.36% (dry basis) [64]. Combinatorial peptide ligand library (CPLL) technology was used to detect 97 unique genetic products from peach seeds, with 1 identified protein specifically related to peach seeds and 14 bioactive peptides [8,68,101]. The presence of antioxidant and antihypertensive peptides in peach seeds makes them a valuable source of bioactive compounds for food applications [68].




4.2.4. Other Uses of Peach Seeds


The peach kernel offers versatile utilization both as a single by-product and separately as the kernel and seed. In the former case, the entire endocarp is either naturally decomposed in landfills or subjected to drying, combustion, pyrolysis, or gasification to produce energy [102,103,104]. However, peach seeds can serve various beneficial purposes. For instance, Redondo et al. [20] highlighted the potential use of peach seeds as animal feed due to their antioxidant activity and polyphenol content.



Another application was proposed by Qiu et al. [105], who studied the sugar yields of peach seeds with the use of deep eutectic solvent (DES) as a biomass pretreatment method. The DES treatment significantly increased glucose yields by approximately 90% and facilitated the extraction of lignin, with 70.2% of lignin being obtained from peach seeds [10]. This biomass could be utilized in the conversion of biofuels and chemicals, offering a sustainable approach.



Uysal et al. [5] demonstrated the production of biosorbent from peach seeds through the creation of activated carbon with zinc chloride activation. The process involved bio-oil production at different temperatures (300 and 400 °C) followed by activation through precarbonization and zinc chloride impregnation at temperatures ranging from 500 to 700 °C. The resulting activated carbon exhibited excellent adsorption capacities, particularly for phenol and methylene blue, with values ranging from 51.6 to 64.9 mg/g and 104.2 to 121.9 mg/g, respectively. Moreover, the peach seed powder was proved to be a potential adsorbent for removing Acid Blue 25 (AB25), a common basic dye, from aqueous solutions, with an adsorption time of 120 min [106].



Finally, peach seeds can serve as a source of nutrients due to their centesimal composition and specific characteristics [107]. Efforts have been made to produce flour from peach seeds. Pelentir et al. [108] worked on the addition of maltodextrin in the drying process of flour, resulting in a final product with high contents of oleic and linoleic acids (around 50% each), which are relatively scarce in vegetable oils. Additionally, the flour contains varying proportions of starch and protein [107,108]. Although this flour holds promise as an innovative product, further toxicological studies are required before considering its integration into the human diet [107].






5. Peach Pomace


5.1. Peach Pomace Identification


Peach pomace represents a large portion of the by-product generated during peach juice processing (ca. 24% of fruit weight). The chemical composition of peach pulp is presented in Table 8. It contains a variety of phytochemicals, the concentration of which depends on many factors, such as peach maturity, horticultural practices, genotype, postharvest storage conditions, geographic origin, and processing procedure [109]. It is rich in various bioactive components, such as polyphenols, carotenoids, vitamins, minerals, and amino acids, which are linked with promotion of health (Table 9).





 





Table 8. Chemical composition of peach pomace.






Table 8. Chemical composition of peach pomace.





	Component
	Content
	Reference





	Moisture
	65.84–84.76%
	[110,111]



	Sugars
	12.14–26.38%

10.8–15.7 g/100 g fw
	[12,110,111]



	Total dietary fibers
	1.78%
	[110]



	Protein
	0.68%
	[110]



	Fat
	0.21%
	[110]



	Total ash
	0.43–0.56%
	[110,111]







fw: fresh weight.











The extraction technique and the kind of peach have an immediate impact on the phenolic concentration. According to Vizzotto et al.’s [112] research, red-fleshed peaches had a higher phenolic content than light-fleshed peaches. The ethanolic pomace extract was found to be richer in phenolics than the methanolic extract [113], whereas Loizzo et al. [110] concluded that peach pomace is characterized by a higher phenolic concentration than peach peels and seeds. However, Liu et al. [109] and Saidani et al. [12] reported that the phenolic content of peach peels is substantially higher than that of peach pomace. According to Vizzotto et al. [112], the peach cultivars with the highest phenolic content have a bitter flavor. During fruit development and ripening, the phenolic composition of pomace was found to be reduced [54]. Additionally, Liu et al. [109] found that both the pulp and peel of late-maturing varieties had higher total phenolic contents than early-maturing types.





 





Table 9. Antioxidant compounds in peach pomace.
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Component

	
Content

	
Reference






	
Total phenolics

	
105.1 ± 1.21 mg GAE/g extract

	
[113]




	
3.62–19.4 mg GAE/100 g fw

	
[12]




	
24.83–86.33 mg of GAE/100 g fw

	
[109]




	
3.5–4.5 mg/g dw

	
[54]




	
711.7–881.3 mg GAE/100 g dw

	
[2]




	
Phenols

	
921.8 ± 2.5 mg CGA/100 g fw

461 ± 308 mg CGA/100 g fw

	
[110,112]




	
Flavonoids

	
726.5 ± 8.2 mg QCT/100 g fw

	
[110]




	
17.76 ± 130.17 mg RE/100 g fw

	
[109]




	
301.3–499.7 mg CE/100 g

	
[2]




	
Anthocyanins

	
148.7 ± 83 mg C3G/100 g fw

	
[112]




	
Flavan-3-ols

	
116–214 mg/100 g

0.05–1.89 mg/g dw

	
[54,114]




	
Hydroxycinnamic acids

	
103–303 mg/kg

	
[114]




	
Chlorogenic acid

	
15.029 ± 1.3 mg/kg extract

	
[109]




	
0.12–1.82 mg/g dw

	
[54]




	
3.58–14.22 mg/100 g fw

	
[109]




	
Neochlorogenic acid

	
2.13–12.14 mg/100 g fw

	
[109]




	
Total carotenoids

	
13.79 ± 2.45 μg/g fw

	
[115]




	
61.9 ± 1.8 mg β-catotene/100 g fw

	
[110]




	
2.8 ± 0.9 mg β-catotene/100 g fw

	
[112]




	
β-carotene

	
5.07–28.9 µg/g dw

	
[115]




	
β-cryptoxanthin

	
2.19–88.05 µg/g dw

	
[115]




	
Zeaxanthin

	
1.33–19.08 µg/g dw

	
[115]




	
Lutein

	
0.83–10.8 µg/g dw

	
[115]




	
(E/Z)-phytoene

	
0.41–8.8 µg/g dw

	
[115]




	
Ascorbic acid

	
4.15–14.2 mg/100 g fw

	
[12]




	
2.48–5.54 mg/100 g fw

	
[109]








fw: fresh weight; dw: dry weight; GAE: gallic acid equivalents; QCT: quercetin equivalents; RE: rutin equivalents; CE: catechin equivalents; CGA: chlorogenic acid equivalents; C3G: cyanidin-3-O-glucoside equivalents.











Peach pomace contains chlorogenic acid, rutin, cyanidin-3-glucoside, catechin, epicatechin, neochlorogenic acid, flavan-3-ol, procyanidins, quinic acid, fumaric acid, protocatechuic acid, nicotiflorin, isoquercitrin, quercetin, astragalin, hesperidin, and amentoflavone. The main phenolic ingredient in peach pomace extract is chlorogenic acid, a common hydroxycinnamic acid. According to Zuo et al. [116], chlorogenic acid has a variety of health advantages, including an antidiabetic effect, DNA protection effect, neuroprotective effect, and inhibitory activity against hepatitis B virus. Geduk and Atsız [113] noted that the ethanolic pomace extract had a substantially higher chlorogenic acid content than the methanolic extract. Neochlorogenic acid is another hydroxycinnamic acid present in peach pomace, with a concentration that is noticeably lower than that of chlorogenic acid [12,54,109,113].



The pulp contains a significant number of flavonoids in total. Flavonoids exhibit a wide range of biological activities, including leukocyte movement, antibacterial and anti-inflammatory effects, and glucose metabolism. According to Gutiérrez et al. [117], these substances are linked to favorable effects on coronary heart disease, hypertension, insulin resistance, glucose, and lipid metabolism. All of the peach cultivars studied by Liu et al. [110] were found to possess catechins in their pomace; however, the peels contain considerably more catechins than the pomace. According to Vizzotto et al. [112], cyanidin 3-rutinoside and cyanidin 3-glucoside are the two primary anthocyanins found in peach pomace. On the contrary, Andreotti et al. [54] reported low concentrations of these compounds in the peach cultivars tested, with the exception of a white cultivar with high levels of cyanidin-3-glucoside.



Carotenoids play a pivotal role in human nutrition and peach pomace stands out as a significant source of these natural pigments. The consumption of carotenoids has been linked to a reduced risk of various degenerative and chronic diseases, including certain types of cancer [118]. In peach pomace, several noteworthy carotenoids have been identified, including β-carotene, lutein, β-cryptoxanthin, phytoene, and zeaxanthin [110,112,115,119]. The composition of carotenoids in peach pulp undergoes significant changes during fruit maturation. According to Wu et al. [115], lutein and phytoene are the dominant carotenoids in most peach cultivars during the immature and mature stages, respectively. Loizzo et al. [110] reported that Tabacchiera peach pulp is rich in β-carotene, β-cryptoxanthin, and lutein. A similar trend was reported by Gil et al. [60] for peach pulp cultivars from California. The carotenoid content in peaches is also influenced by fruit flesh color, with yellow-flesh peaches generally containing higher levels of carotenoids compared to their light-colored counterparts. Genetic mutations have been identified as some of the key factors contributing to variations in carotenoid content among different peach cultivars [60,112,115,119]. Cao et al. [119] highlighted the role of carotenoid cleavage dioxygenase (PpCCD4) in regulating carotenoid degradation in white peaches. In contrast, yellow-pulp peach fruit exhibits a mutation in the CCD4 gene that impedes carotenoid breakdown, resulting in higher carotenoid accumulation in the pulp [120].



Peach pomace is a reservoir of sugars, surpassing the sugar content found in the peel fraction. The primary sugar detected in peach pulp is sucrose, while other sugars like fructose, glucose, and sorbitol are present in lower concentrations [12,114,121]. The precise sugar composition plays a pivotal role in determining the sweetness intensity of peach pomace. Notably, sorbitol (2.98 g/100 g pomace) plays a central role in shaping the peach aroma [122]. Moreover, according to Saidani et al. [12], sucrose (8.64–11.5 g/100 g pomace) is closely linked to the sweetness of the Big Top cultivar.



As far as carboxylic acids are concerned, malic, quinic, and citric acids dominate in peach pomace, with concentrations noticeably higher compared to those of the peel [12,114,121]. The composition of organic acids in peach pomace presents significant alterations during fruit maturation. Saidani et al. [12] observed that in mature peaches, the content of malic (0.40–1.03 g/100 g pomace) and quinic (0.11–0.27 g/100 g pomace) acids decreases in comparison to immature peaches. Conversely, regarding citric acid, the highest concentration (0.41 g/100 g pomace) was noted at intermediate maturities.



Regarding amino acids, the peach pomace contains asparagine, aspartic acid, glutamic acid, proline, and alanine. Additionally, glutamine, serine, and threonine have also been identified in peach pomace [121,123]. The deficiency of amino acids in the diet can lead to reduced protein production and consequent nutritional imbalances. Of particular note is asparagine, which has garnered attention for its potential health benefits, including the regulation of blood pressure, bronchitis management, antipeptic ulcer properties, gastric function enhancement, immune system regulation, infection prevention, and increased insulin secretion [123,124]. Aspartic acid plays an active role in reducing blood nitrogen and carbon dioxide levels, while enhancing liver function [125]. Glutamic acid and proline are associated with health benefits such as reducing blood ammonia levels and treating gastrointestinal diseases and scalds, respectively [126,127]. Alanine contributes to maintaining appropriate blood glucose levels and toxin removal, providing essential nutrients to the body [125,128]. Furthermore, as noted by Yu and Yang [125], aspartic acid and glutamic acid are responsible for the umami taste sensation, while proline, alanine, and serine contribute to the perception of sweetness.



Peach pomace stands out as a valuable source of ascorbic acid, which has been extensively investigated for its diverse biological and health-related benefits, primarily its potent antioxidant properties [109,129]. Notably, various studies, including those by Gil et al. [60], Saidani et al. [12], and Liu et al. [109], have identified significant variations in ascorbic acid content among different peach cultivars. Interestingly, while peach pomace is known for its ascorbic acid content, it is worth noting that peach peel contains approximately 1.5–2 times more ascorbic acid than the pomace [109].



Turning to minerals, potassium reigns as the most abundant mineral in peach pomace, with calcium, magnesium, manganese, and iron also present in measurable quantities. These minerals are integral components of essential nutrients in the human diet, with potassium playing a crucial role in maintaining cellular organization and permeability. However, it is worth mentioning that these compounds are generally more concentrated in the peel compared to the pomace [2,12].



The impressive antioxidant potential of peach pomace is often linked to the cumulative levels of total phenolics, carotenoids, and ascorbic acid within it. These phytochemicals function as antioxidants by inhibiting oxidation processes, acting as free radical scavengers and metal chelators, and influencing cell signaling pathways and gene expression [110]. Loizzo et al. [110] specifically noted a significant correlation between carotenoids and the total antioxidant capacity of peach pomace. However, Gil et al. [60] reported that white-pulp peach cultivars exhibited stronger antioxidant activity than their yellow-pulp counterparts, even though white-pulp cultivars had a lower total carotenoid content. Additionally, both Gil et al. [60] and Vizzotto et al. [112] found that the correlation between total phenolics and antioxidant activity was stronger than that of ascorbic acid and carotenoids. Liu et al. [109] established a high correlation between total phenolics, total flavonoids, ascorbic acid content, and antioxidant activity in peach pomace. Saidani et al. [12] similarly discovered a significant positive relationship between total phenolics, total flavonoids, and antioxidant activity. Moreover, Ding et al. [130] emphasized that neochlorogenic and chlorogenic acids contributed notably to the antioxidant activity of peach pomace, surpassing the influence of other phenolic compounds. Finally, while Vizzotto et al. [112] and Manzoor et al. [2] observed a strong correlation between the total phenolic content of pulp and antioxidant activity, Saidani et al. [12] and Vizzotto et al. [112] suggested a slightly lesser contribution of anthocyanins to the antioxidant activity of pulp.




5.2. Valorization of Peach Pomace


While peach pomace is known to contain various bioactive components, research into the effective extraction of these phytochemicals has been somewhat limited. Mokrani and Madani [131] worked on the extraction of phenolic compounds from whole peach fruit, investigating the impact of various parameters, such as time, temperature, solvent type, acetone concentration, and solvent acidity, on the extraction yield. They determined that the optimal extraction conditions entailed using 60% acetone without acidification, with an extraction duration of 180 min at a temperature of 25 °C. In a different approach, Tsiaka et al. [132] focused on the extraction of phenolic components from peach skin and pomace using ultrasound- and microwave-assisted techniques. The ultrasound-assisted extraction was optimized at an extraction time of 15 min, a pulse duration/pulse interval ratio of 8/5, and a solvent/solid ratio of 35/1 mL/g. Conversely, the microwave-assisted extraction exhibited optimal performance with an extraction time of 20 min, an extraction temperature of 58 °C, and a solvent/solid ratio of 16/1 mL/g. Vargas et al. [133] worked on the extraction of peach pomace and peels through stirring at room temperature and concluded that the most effective recovery of carotenoids was achieved after four consecutive extractions, each lasting 10 min, employing 38.5 mL of ethanol.





6. Conclusions


In conclusion, this review has provided a comprehensive overview of the valorization potential of peach by-products, shedding light on their untapped value in various industries and sectors. The abundance of peach by-products generated by the global peach processing industry presents a unique opportunity for sustainable resource utilization, waste reduction, and economic growth.



Through the examination of diverse valorization strategies, it is evident that peach by-products can be transformed into high-value products such as bioactive compounds, functional foods, natural colorants, and biofuels. These applications not only contribute to reducing environmental burdens associated with waste disposal, but also have the potential to generate additional revenue streams for peach growers and processors. Furthermore, the nutritional and health-promoting properties of peach by-products underscore their potential in the development of functional foods and nutraceuticals, aligning with the growing consumer demand for natural and health-enhancing products.



While significant progress has been made in exploring the valorization pathways of peach by-products, there are still challenges that need to be addressed, including optimizing extraction and conversion processes, scaling up production, ensuring product safety and quality, and developing effective marketing strategies.



In the context of a circular and sustainable economy, the valorization of peach by-products represents a promising avenue for reducing waste, conserving resources, and promoting economic growth. Future research should focus on enhancing the efficiency and sustainability of valorization processes, while considering the broader environmental and socioeconomic impacts. Collaboration between researchers, industry stakeholders, and policymakers will be crucial in unlocking the full potential of peach by-products and advancing the concepts of circular agriculture and bioeconomy. Overall, the valorization of peach by-products holds great promise and should continue to be a subject of significant interest and investigation in the years to come.
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Figure 1. Processing of peach and production of by-products. 






Figure 1. Processing of peach and production of by-products.



[image: Sustainability 16 01289 g001]







[image: Sustainability 16 01289 g002] 





Figure 2. Valorization of peach by-products. 
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Figure 3. Scopus database results for published articles on peach by-product (last accessed 30 October 2023, query string entered: “peach peel”, “peach pomace”, “peach seeds”). 
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Table 1. Chemical composition of peach peels.






Table 1. Chemical composition of peach peels.





	Component
	Content
	Reference





	Moisture
	88.04   ±   0.30%
	[11]



	Sugars
	7.58   ±   0.25%,

9.29–18.96 mg/g dw, 5.42–10.2 g/100 g fw
	[11,12,13]



	Total dietary fibers
	1.31   ±   0.20%
	[11]



	Protein
	1.14   ±   0.15%
	[11]



	Fat
	0.08%
	[11]



	Total ash
	0.49   ±   0.01%
	[11]







dw: dry weight, fw: fresh weight.













 





Table 2. Phenolic composition of peach peels.
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Phenolic Compound

	
Content

	
Reference






	
Flavonols




	
Kaempferol-3-rhamnoside

	
65.64–129.32 mg/100 g fw

	
[17]




	
Dihydroquercetin-3-glucoside

	
38.96–130.8 mg/100 g fw

	
[17]




	
Dihydroquercetin-3-galactoside

	
23.09–160.55 mg/100 g fw

	
[17]




	
Kaempferol-3-galactoside

	
14.73–211.08 mg/100 g fw

	
[17]




	
3′-Methylquercetin

	
6.98–12.58 mg/100 g fw

	
[17]




	
Quercetin

	
5.34–12.81 mg/100 g fw

	
[17]




	
Isorhamnetin-3-rutinoside

	
4.61–22.66 mg/100 g fw

	
[17]




	
Kaempferol-3-glucuronide

	
3.76–21.32 mg/100 g fw

	
[17]




	
Dihydromyricetin-3-glucoside

	
3.17–12.68 mg/100 g fw

	
[17]




	
Quercetin-3-rutinoside

	
0.53–50.61 mg/100 g fw

	
[15,17,18,19]




	
Quercetin-3-glucoside

	
0.52–9.69 mg/100 g fw

	
[15]




	
Dihydromyricetin

	
0.31–1.45 mg/100 g fw

	
[17]




	
Dihydrokaempferol

	
0.28–0.45 mg/100 g fw

	
[17]




	
Kaempferol

	
0.18–2.98 mg/100 g fw

	
[17]




	
Quercetin-3-galactoside

	
0.16–79.11 mg/100 g fw

	
[12,15,17,18]




	
Kaempferol-3-glucoside

	
0.08–78.89 mg/100 g fw

	
[12,17]




	
Anthocyanins




	
Cyanidin-3-rutinoside

	
0.18–6.35 mg/100 g fw

	
[15,18,19]




	
Cyanidin-3-glucoside

	
0.07–32.51 mg/100 g fw

	
[12,15,18,19]




	
Hydroxycinnamic acids




	
trans-p-coumaric acid

	
8.3–18.5 mg/100 g dw

	
[13]




	
Coumaric acid

	
2.9–3.2 mg/100 g fw

	
[20]




	
trans-ferulic acid

	
2.6–13.7 mg/100 g dw

	
[13]




	
trans-caffeic acid

	
2.6–12.8 mg/100 g dw

	
[13]




	
trans-sinapic acid

	
2.2–7.2 mg/100 g dw

	
[13]




	
Ferulic acid

	
1.2 mg/100 g fw

	
[20]




	
Caffeoylquinic acid derivative

	
0.25–0.98 mg/100 g fw

	
[12]




	
Chlorogenic acid

	
0.1–47.05 mg/100 g fw

84.2–355.9 mg/100 g dw

	
[12,13,15,18,19,20]




	
4-caffeoylquinic acid

	
0.08–0.70 mg/100 g fw

	
[12]




	
Neochlorogenic acid

	
0.03–34.6 mg/100 g fw

	
[12,15,18,19,20]




	
p-coumaroylquinic acid

	
0.03–0.12 mg/100 g fw

	
[12]




	
Hydroxybenzoic acids




	
Gallic acid

	
4.47–8.48 mg/100 g fw

	
[18]




	
Protocatechuic acid

	
3.30–27.3 mg/100 g dw

	
[13]




	
Flavan-3-ols




	
Catechin 3′,5-diglucoside

	
2.25–4.32 mg/100 g fw

	
[17]




	
Epicatechin

	
0.64–20.6 mg/100 g fw

	
[15,17,18,19,20]




	
Catechin

	
0.12–31.89 mg/100 g fw

	
[12,15,17,18,19,20]




	
Flavanones




	
Eriodictyol-7-rutinoside

	
5.20–29.83 mg/100 g fw

	
[17]




	
Naringenin-7-glucuronide

	
3.79–13.01 mg/100 g fw

	
[17]




	
Hesperetin

	
3.43–13.75 mg/100 g fw

	
[17]




	
Naringenin-7-glucoside

	
3.20–32.46 mg/100 g fw

	
[17]




	
Hesperetin-7-rutinoside

	
2.63–55.79 mg/100 g fw

	
[17]




	
Naringenin-7-rutinoside

	
1.32–9.43 mg/100 g fw

	
[17]




	
Naringenin

	
0.56–2.13 mg/100 g fw

	
[17]




	
Eriodictyol-7-glucoside

	
0.45–1.97 mg/100 g fw

	
[17]




	
Eriodictyol

	
0.36–0.51 mg/100 g fw

	
[17]




	
Eriodictyol-7-neohesperidoside

	
0.33–16.95 mg/100 g fw

	
[17]




	
Flavones




	
Luteolin-7-glucuronide

	
8.45–156.89 mg/100 g fw

	
[17]




	
Luteolin-7-rutinoside

	
0.64–20.3 mg/100 g fw

	
[17]




	
Luteolin

	
0.05–2.97 mg/100 g fw

	
[17]




	
Proanthocyanidins




	
PAC-B type dimer

	
119.13–1762.13 mg/100 g fw

	
[17]




	
PAC-A type dimer

	
2.87–7.24 mg/100 g fw

	
[17]




	
PAC-B type tetramer

	
0.44–3.53 mg/100 g fw

	
[17]




	
PAC-A type trimer

	
0.07–0.29 mg/100 g fw

	
[17]




	
Procyanidin B1

	
0.04–49.23 mg/100 g fw

	
[12,15,19]




	
Procyanidin B2

	
0.02–0.10 mg/100 g fw

	
[12]








dw: dry weight, fw: fresh weight.













 





Table 3. Extraction of antioxidants from peach peels.
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Conditions

	
Yield

	
Reference






	
Ultrasound-assisted extraction




	
80% MeOH, 60 kHz, 30 W, 30 min

	
TPC: 4.58–12.68 mg GAE/g dw

Neochlorogenic acid: 5.77–342.75 mg/kg dw

Chlorogenic acid: 52.2–1631.25 mg/kg dw

Procyanidin B1: 54.76–539.22 mg/kg dw

Catechin: 60.14–1030.06 mg/kg dw

Cyanidin-3-glucoside: 9.33–670.59 mg/kg dw

Quercetin-3-galactoside: 8.45–396.49 mg/kg dw

Quercetin-3-glucoside: 2.45–581.21 mg/kg dw

Quercetin-3-rutinoside: 59.15–193.25 mg/kg dw

Kaempferol-3-rutinoside: 16.91–110.86 mg/kg dw

	
[26]




	
50% EtOH, 42 kHz, 30 min, room temperature

	
TPC: 8.38–18.81 mg GAE/g dw

	
[27]




	
80% EtOH, 50 °C, 30 min (free)

2 M NaOH, 18 h, 30 °C, pH 1.5–2.0, ethyl acetate (bound-alkaline)

MeOH/H2SO4 (90:10), 70 °C, 24 h, sonication, pH 12.0, ethyl acetate (bound-acid)

	
TPC: 6.82–13.12 mg GAE/g dw (free)

7–31% of total phenolics (bound)

TF: 164.14–515.83 μg QE/g dw (free)

TAC: 327.84–1246.77 μg Cy-gluE/g dw (free)

0–49% of total anthocyanins (bound)

	
[13]




	
Maceration Extraction




	
0.05% HCl in methanol, dark

	
TAC: 1–8 mg Cy-gluE/100 g fw

	
[28]




	
80% MeOH, 1 min blending

	
TPC: 877–1896 mg GAE/kg

	
[29]




	
80% MeOH, 8 h, room temperature

	
TPC: 1209.3–1354.5 mg GAE/100 g dw

TF: 599.7–785.5 mg CE/100 g dw

	
[2]




	
MeOH/H2O/formic acid (60:38:2)

	
TPC: 88.9–277.0 mg GAE/100 g fw

TF: 39.3–245 mg CE/100 g fw

TAC: 0.55–17.6 mg Cy-gluE/100 g fw

	
[12]




	
1 M NaOH, vacuum, 25 °C, 18 h, pH < 2.0

	
TPC: 0.61–0.91 g/100 g dw

	
[24]




	
1% HCl/EtOH, pH 3.0, 60 °C, 1 h (anthocyanins)

Acetone + BHT, 24 h, 4 °C (carotenoids, lycopene)

	
TAC: 0–3.58 g/kg fw

Chlorophyll a: 2.34–81.36 g/kg fw

Chlorophyll b: 2.94–31.13 g/kg fw

Carotenoid: 1.78–19.83 g/kg fw

Lycopene: 0.73–1.49 mg/kg fw

b-carotenoid: 0.31–10.63 mg/kg fw

	
[30]




	
50% EtOH, pH 2.0, 1 h, shaking, 70% acetone, shaking (free)

MeOH/H2SO4 (90:10), 85 °C, 20 h (bound)

	
TPC: 79.14–167.10 mg GAE/100 g fw (free)

52.93–84.02 mg GAE/100 g fw (bound)

	
[31]




	
Hexane, 20 min, shaking 180 rpm, 0.1% methanolic KOH, 6 °C, 45 min (carotenoids)

MeOH/H2O/formic acid (47.5:47.5:5), 20 min (phenolic compounds)

	
Cyanidin-3-glucoside: 74–178 mg/100 g dw

Chlorogenic acid: 52–136 mg/100 g dw

Procyanidin B1: 84–148 mg/100 g dw

Procyanidin B3: 80–128 mg/100 g dw

Procyanidin B2: 12–41 mg/100 g dw

Catechin: 69–106 mg/100 g dw

Quercetin-3-glucoside: 8–19 mg/100 g dw

Quercetin-3-rutinoside: 8–13 mg/100 g dw

Neoxanthin: 10.3–13.6 μg/g dw

Zeaxanthin: 10.1–18.7 μg/g dw

Lutein: 9.6–15.1 μg/g dw

Lutein epoxide: 8.2–20.6 μg/g dw

β-carotene: 7.5–16.4 μg/g dw

	
[16]








dw: dry weight, fw: fresh weight, TPC: total phenolic content, TAC: total anthocyanin content, TF: total flavonoids, GAE: gallic acid equivalents, Cy-gluE: cyanidin-3-glucoside equivalents, CE: catechin equivalents, QE: quercetin equivalents.













 





Table 4. Chemical composition of peach seeds.
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Component

	
Content

	
Reference






	
Moisture

	
4.1–6.9%

	
[4,24,49,50]




	
Sugars

	
12.91–47.44%




	
Total dietary fibers

	
1.8–4.0%




	
Protein

	
2.67–26.77




	
Fat

	
37.69–48.41%




	
Total ash

	
3.36–3.82%











 





Table 6. Fatty acid composition of peach seed oil.
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Fatty Acids

	
Content

	
Reference






	
Unsaturated Fatty Acids




	
Oleic acid

	
55–74%

	
[67]




	
Linoleic acid

	
12–31%

	
[67]




	
Saturated Fatty Acids




	
Stearic acid

	
23.70%

	
[65]




	
Palmitic acid

	
7.97%

	
[65]




	
α-linolenic acid

	
0.11%

	
[65]











 





Table 7. Extraction of oil from peach seeds.






Table 7. Extraction of oil from peach seeds.





	Extraction Method
	Conditions
	Yield *
	Fatty Acid Composition
	Reference





	Soxhlet
	Hexane, 70/80/90 °C
	38%
	Oleic acid: 74%

Linoleic acid: 15%
	[76]



	Maceration
	Hexane/ethanol
	22%/17%
	Oleic acid: 74%

Linoleic acid: 15%
	[76]



	Supercritical fluid extraction
	5% ethanol

at 50 °C/300 bar
	24%
	Oleic acid: 60–65%

Linoleic acid: 15–20%
	[10,77]



	Maceration
	130 mL petroleum ether at 65 °C for 2.5 h
	30–50%
	Oleic acid: 55.2%

Linoleic acid: 30.8%

Palmitic acid: 7.97%

Stearic acid: 2.37%

α-linoleic acid: 0.11%
	[65]



	Soxhlet
	n-hexane
	46.4 ± 1.3%
	Oleic acid: 74.55%

Linoleic acid: 16.85%
	[67]







* g oil/100 g dry weight.
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