Effect of Solvent Type, pH, and Temperature on Polyphenol, Anthocyanin, and Phytochemical Profiles of Pomegranate Peel Extracts Prepared by Maceration
ABSTRACT
Pomegranate peel, an abundant agro-industrial by-product, was evaluated for its proximate composition and bioactive constituents, with emphasis on optimizing extraction conditions for phenolics, flavonoids, ascorbic acid, anthocyanins, and pectin. Proximate analysis (dry weight basis) showed that pomegranate peel powder contained 11.7 ± 0.11% moisture, 3.7 ± 0.05% crude protein, 2.1 ± 0.06% ether extract, 2.4 ± 0.08% ash, 15.3 ± 0.07% crude fiber, and 76.5 ± 0.16% available carbohydrates, highlighting its high fiber and carbohydrate content. Total phenolic content (TPC) was significantly affected by solvent type, extraction time, temperature, and pH. At 25 °C, the highest TPC was obtained after 24 h using 70% ethanol (321.30 ± 0.89 mg GAE/g) and 70% acetone (319.30 ± 1.24 mg GAE/g), whereas extraction at 5 °C markedly reduced TPC (maximum 188.11 ± 0.79 mg GAE/g). Acidic conditions enhanced phenolic recovery, with the highest TPC recorded at pH 2 using 70% acetone (332.80 ± 1.75 mg GAE/g). HPLC analysis identified 17 phenolic compounds, dominated by gallic acid (132.75 mg/100 g; 40.12%), chlorogenic acid (104.93 mg/100 g; 31.71%), and ellagic acid (32.80 mg/100 g; 9.91%). Total flavonoid content reached a maximum of 128.90 ± 1.48 mg QE/g at 25 °C using 70% acetone, while lower temperatures significantly reduced yields. Ascorbic acid ranged from 18.28 ± 1.34 to 33.45 ± 1.33 mg/g, with optimal extraction using 1–3% citric acid at 40–60 °C. Maximum anthocyanin content (30.62 ± 1.14 mg/100 g) was obtained with 3% citric acid after 120 min. Pectin yield increased with temperature and time, reaching 20.61 ± 0.20% at 90 °C for 90 min using 1% ammonium oxalate. These results demonstrate the strong potential of pomegranate peel as a functional food ingredient and a valuable source of natural bioactive compounds.
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INTRODUCTION
[bookmark: _Hlk189075754]The processing of vegetables and fruits produces substantial quantities of biological wastes or by-products, including seeds, peels, and pulp. The principles of Reduce, Reuse, and Recycle have been implemented in numerous countries. The environmental perspective and consequences of abandoned food waste are evolving in accordance with this methodology (Dri et al., 2018). Losses for fruits and vegetables can reach up to 50% across the supply chain. The FAO aims to diminish food waste by around 50% by 2050 and to utilize processed waste as a raw material (FAO, 2018). Fruit and vegetable processing waste typically amounts to less than 10%, but in certain instances, it can reach 40%, according to the FAO database (https://www.fao.org/platform-food-loss-waste/flw-data/en/ Database, 2022). Gulsunoglu et al., (2019) noted that these by-products include numerous beneficial elements.
[bookmark: _Hlk211448692]Pomegranates (Punica granatum L.) are recognized for their unique flavor and possible health advantages, and they are cultivated worldwide, with various countries contributing significantly to their production and exportation. Egypt stands as a prominent producer of pomegranates, distinguished by its ability to supply these fruits even in off-seasons. The country exports its pomegranates to the European Union, with notable markets in the United Kingdom and Germany. Pomegranate-based goods are becoming more and more popular, and the worldwide pomegranate industry is characterized by a growing trend in health-conscious consumers (Valero et al., 2015). Pomegranate peels constitute the external layer of the pomegranate fruit. These are generally disposed of as refuse following the consumption of the succulent seeds within. Pomegranate peels have garnered attention in recent years for their various beneficial properties and potential applications. Pomegranate peels contain a high concentration of bioactive compounds, including flavonoids, polyphenols, antioxidants, and tannins (Chaves et al., 2020; Hanafy et al., 2021; Karray et al., 2021). The compounds present in the peels contribute to their vibrant coloration and provide numerous health benefits. Research indicates that pomegranate peels exhibit anti-inflammatory, antimicrobial, anticancer, and cardioprotective properties (Feng et al., 2022; Karray et al., 2021). Pomegranate peels are a significant source of bioactive polysaccharides, with pectin being the most prevalent polysaccharide, accounting for up to 25% (Talekar et al., 2018).
Pomegranate peel is an excellent source of polyphenols, dietary fiber, vitamins, and other bioactive components (Raouf et al., 2022). Furthermore, pectin is regarded as one of the most significant bioactive compounds in pomegranate (Haque et al., 2025). These pectin from the food processing industries are classified as non-toxic heteropolysaccharides (Picot-Allain et al., 2022). The biological activities and health benefits of these compounds, such as antioxidant, anticancer, and anti-inflammatory properties, have been demonstrated in numerous in-vitro and in-vivo studies (Mo et al., 2022). The use of byproducts from pomegranate processing, rich in beneficial bioactive compounds, holds significant potential for the development of various products. These encompass industrial enzymes, functional ingredients that enhance food quality, and additives used in the food industry to prolong product shelf life (Charalampia and Koutelidakis, 2017). This study primarily examines the chemical composition of pomegranate peel and investigating the ideal circumstances for pomegranate peel powder bioactive components to be extracted.
MATERIAL AND METHODS
1. Source of materials:
· Pomegranate (Punica granatum L.) fruit were obtained from local market in Tanta city, Egypt during 2024 season.
· All chemicals and solvents utilized in this investigation were acquired from El-Gomhoria Company for Chemicals and Drugs, located in Tanta City, Egypt.
2. Methods:
2.1. Prepare of pomegranate peel:
Pomegranate peel powder was synthesized following the procedure outlined by Ben-Jeddou et al. (2016). Pomegranate peels were detached from the fruits, rinsed with water to eliminate any residual fruit particles, and subsequently drained. The materials were segmented into small portions and subjected to drying in an air-drying oven at 60°C for 24 hours. Subsequently, the material was transformed into a fine powder through grinding in a laboratory mill, accompanied by sifting through a sieve with a mesh size of 0.5 mm. The resultant powder was then preserved in polyethylene bags at a temperature of 5°C, awaiting further analysis and application. 
2.2. Chemical analysis:
Proximate composition as moisture, crude protein, ether extract, ash, and fiber were determined according to (A.O.A.C. 2005) as well as the total carbohydrates content was determined by deducting the amounts of protein, ash, and ether extract from a total mass of 100. 
Total carbohydrates content (%) = 100 – (protein content + ash content + ether extract content).
Available carbohydrates were calculated by subtracting crude fiber content from total carbohydrates.
2.3. Determination of total phenolic compounds yield:
The yield of total phenolic compounds was assessed through a two-step process. The initial phase involves extraction, followed by the phase of determination. 
2.3.1. Extraction: 
Total phenolic compounds were extracted following the methodology outlined by Elsayed et al., (2025). Five grams of the sample were macerated in 50 ml of various solvents at a 1:10 sample to solvent ratio. 5 g of the sample were macerated in 50 ml of various solvents (99% acetone, 99% ethanol, 70% aqueous acetone, 70% aqueous ethanol, 30% aqueous acetone, 30% aqueous ethanol, and water) at different temperatures (25°C and 5°C) for durations of 2, 4, 6, 8, and 24 hrs. The impact of water temperature and extraction duration on total phenolic compounds was evaluated using temperatures of 60 and 90 °C for 5 and 10 min. The extract was filtered using a Büchner funnel. The filtrate was stored in a desiccator, in darkness at 4 °C, until the assessment of total phenolic compounds. 
2.3.2. Determination: 
To determine the total phenolic components, the Folin-Ciocalteu procedure as described by Attard (2013) with some modifications was used. The procedure involved combining 10 µL of either the sample or standard with 100 µL of Folin-Ciocalteu reagent (diluted to 1:10), followed by adding 80 µL of 1M Na2CO3. The mixture was then incubated in the dark at 25 °C for 20 minutes. The resultant blue complex color was detected at 765 nm. Data are presented as averages ± SD. Gallic acid was prepared as a standard. 
2.3.3. Identification and quantification of phenolic compounds
The quantification of individual phenolic compounds in Melissa officinalis extracts was performed by HPLC coupled with a diode-array detector (HPLC–DAD) according to Paesa et al. (2022) with slight modifications. Analyses were carried out using a Waters HPLC system (Waters Div., Milford, MA, USA) equipped with an autosampler, quaternary pump, column oven, and DAD detector. Chromatographic separation was achieved on a reversed-phase C18 column (250 mm × 4.6 mm, 5 µm; e.g., Symmetry C18, Waters) maintained at 30 °C. The mobile phase consisted of (A) 0.5% (v/v) formic acid in water and (B) 0.5% (v/v) formic acid in acetonitrile, delivered at a constant flow rate of 0.80 mL/min with an injection volume of 10 µL. For sample preparation, 30 mg of freeze-dried extract was dissolved in 350 µL methanol, vortexed, sonicated for 5 min, and filtered through a 0.45 µm PTFE syringe filter before injection.
2.4. Extraction and Determination of total flavonoids	
Five grams of the material were macerated in 50 ml (1:10 sample to solvent ratio) of various solvents (99% acetone, 99% ethanol, 70% aqueous acetone, 70% aqueous ethanol, 30% aqueous acetone, 30% aqueous ethanol, and water) at different temperatures (25°C and 5°C for durations of 2, 4, 6, 8, and 24 hours. To evaluate the impact of water temperature and extraction duration on total flavonoids, temperatures of 60 and 90 °C were employed for 5 and 10 minutes, respectively. The extract was filtered using a Büchner funnel. The filtrate was stored in a desiccator, under darkness at 4 °C, until the assessment of total flavonoids. 
The quantification of total flavonoids was conducted following the methodology established by Vuong et al. (2014). In summary, 0.5 ml of phenolic extract was combined with 0.15 ml of 5% sodium nitrite and incubated for 6 minutes, followed by the addition of 0.15 ml of 10% aluminium chloride and a subsequent incubation of 6 minutes. Subsequently, 2 ml of 2% sodium hydroxide was added, followed by an incubation period of an additional 15 minutes. The absorbance was subsequently measured at 510 nm utilizing a UV spectrophotometer (Varian, Melbourne, VIC, Australia). Quercetin served as the standard, and results were reported as milligrams of quercetin equivalent per gram of dry sample (mg QE/g).
2.5. Determination of ascorbic acid:
2.5.1. Extraction of ascorbic acid:
Distilled water and citric acid solutions at concentrations of 1%, 2%, and 3% were employed for the extraction of ascorbic acid from pomegranate peels and dregs, utilizing a sample to solvent ratio of 1:10 at varying temperatures (5, 25, 60, and 90±2°C) for different durations (30, 60, 90, and 120 minutes).
2.5.2. Determination of ascorbic acid (Vitamin C):
The ascorbic acid content of pomegranate peels and dregs was assessed using the Folin-Ciocalteu Reagent (FCR) method as outlined by Dashman (1996). Twenty milliliters of sample extract was transferred to a 100 ml volumetric flask, followed by the addition of two milliliters of 10% TCA solution, and then diluted to 100 ml with distilled water. The sample was transferred to a conical flask, swirled gently for one minute, allowed to stand for one minute, and subsequently filtered using Whatman filter no. 542. Thirty milligrams of ascorbic acid were dissolved in ten milliliters of distilled water to make the standard solution. 1 ml of the standard solution was placed in a test tube. 1 ml of the sample was transferred into a separate test tube. Three milliliters of distilled water and 0.4 milliliters of Folin reagent were added to the tubes containing either standard or sample solutions. The mixture was thereafter incubated at room temperature for 10 minutes after mixing. The absorbance was measured at 760 nm utilizing a UV spectrophotometer (Varian, Melbourne, VIC, Australia). The data were presented in milligrams per 100 grams of dry weight.
2.6.Extraction and determination of anthocyanins:
2.6.1. Extraction of anthocyanins:
Distilled water and 1%, 2%, and 3% citric acid solutions were employed for the extraction of anthocyanins from pomegranate peels and by-products, utilizing a 1:10 sample to solvent ratio at varying temperatures (5, 25, 60, and 90±2°C) for different durations (30, 60, 90, and 120 minutes).
2.6.2. Determination of anthocyanins:
The total anthocyanin content of pomegranate peels and dregs extract was quantified colorimetrically following the method outlined by Du and Francis (1973), wherein a specified volume of the filtered extract was diluted to 100 ml with the extracting solvent. The color intensity was quantified at a wavelength of 520 nm for water and citric acid solution extracts, and at 535 nm for acidified ethanol, utilizing a UV spectrophotometer (Varian, Melbourne, VIC, Australia). The overall anthocyanin content, specifically for cyanidin-3-glucoside, was determined using the subsequent equation:

2.7. Pectin extraction:
The extraction and precipitation of crude pectin from pomegranate peels were carried out by using different methods:
The extraction process was derived from Kratchanova et al. (2004), taking into account various variables. A dry mass of 5 g was subjected to extraction with the addition of 250 mL of water. The pH was modified to 1.2–2.6 using ammonium oxalate 1%, citric acid (2 molar), oxalic acid 2%, 0.5 N HCL and distilled water. The mixture was subsequently heated to 45, or 90 °C, and the extraction was performed with continuous agitation for 45, or 90 minutes. The heated acid extract was filtered through a standard screen with a 1-mm mesh size, utilizing two layers of cheesecloth, and the filtrate was subsequently cooled to 4 °C. The filtrate was coagulated with an equivalent volume of 96% ethanol and allowed to stand for 1 hour. The coagulated pectin was isolated using filtration, subsequently washed with 70% acidic ethanol (0.5% HCl), followed by 70% ethanol until a neutral pH was achieved, and finally rinsed with 96% ethanol. The resultant material was desiccated overnight at 55 °C in a forced-air oven. 


2.8. Statistical analysis:
A one-way analysis of variance (ANOVA) was conducted for statistical analysis. The means between groups were compared using LSD and Duncan's statistical tests at a 5% significance level, utilizing the Costate software.
RESULTS AND DISCUSSION
1. Proximate chemical composition:
Proximate analysis on a dry basis provides a clear picture of the nutritional and functional composition of pomegranate peel powder, eliminating the variability introduced by moisture content. This is essential for comparing their potential as food ingredients and functional additives. The results presented in Table 1 illustrate the chemical properties of pomegranate peel powder. The result of the analysis shows that the peel was having content of moisture (11.7%±0.11). The pomegranate peel powder contains 3.7±0.05 crude protein, 2.1±0.06 ether extract, 2.4±0.08 ash and 15.3±0.07crude fiber. 


Table (1): The proximate chemical composition of pomegranate peel (on dry weight basis).
	Samples
Components %
	Pomegranate peel

	Moisture
	11.7±0.11

	Dry matter
	88.3±0.08

	Crude protein (N x 6.25)
	3.7±0.05

	Ether extract
	2.1±0.06

	Ash
	2.4±0.08

	Crude fiber
	15.3±0.07

	Total carbohydrates
	91.8±0.09

	Available carbohydrates
	76.5±0.16

	Results are presented as means ±SD


The obtained results are in accordance to Muhammad et al., (2023), who found that pomegranate peel powder had fiber (14.82-18.48%) and protein (2.96-4.18%). According to Abbas et al., (2025), moisture content is 4.6%, ash is 5.31%, crude fat is 2.4%, crude protein is 6.73%, crude fiber is 21%, and nitrogen-free extract is 53.26% in pomegranate peel powder. 
In this respect, pomegranate peels are healthy but have an astringent taste. Researchers discovered that supplementing peel powder is an innovative technique to increasing the nutrition of underutilized food waste, and hence can be used to boost fiber content in cookies and other food items. Pomegranate peel is low in protein but abundant in carbs, so it can be used as a supplement at higher levels in protein-free calorie dense diets.
2. Total phenolics content of pomegranate peel.
2.1. Effect of different solvent and time extraction on total phenolics content of pomegranate peels at 25°C
A range of solvents at concentrations of 30%, 70%, and 99% derived from either ethanol or acetone, in comparison to distilled water, were employed over varying extraction durations (2, 4, 6, 8, and 24 hours) to facilitate the extraction of phenolic compounds from pomegranate peel at 25°C, as depicted in Table (2).
As can be observed in Table 2, the total phenolics content of pomegranate peel varied from 150.24±1.21 to 321.30±0.89 mg GAE/g. The statistical analysis clearly revealed that the solvent and time influence the extraction of phenolics. The total phenolics content in ethanol and acetone extracts at 70% for each one were the highest with 321.30±0.89 and 319.30±1.24 mg GAE/g, respectively (p >0.05) after 24 h followed by ethanol and acetone extracts at 30% for each one and recorded 294.25±1.11 and 283.64±1.18, respectively, then the same two solvent at high concentration 99% which recorded 282.31±0.66 with 99% acetone without significant difference with 30% followed by 99% ethanol 273.40±0.55 and distilled water at the last with (232.18±0.62 mg GAE/g), all after 24 h.
The extraction of total phenolics content (TPC) from pomegranate peels is highly dependent on both the type of solvent used and the duration of extraction. These two factors interact with the chemical nature of phenolics and the plant matrix, directly influencing extraction efficiency, yield, and the antioxidant potential of the resulting extracts. Phenolic compounds in pomegranate by-products are diverse, ranging from highly polar (e.g., gallic acid) to less polar (e.g., ellagitannins). The polarity of the solvent determines its ability to dissolve and extract these compounds. Generally, solvents with intermediate polarity, such as aqueous mixtures of methanol, ethanol, or acetone (typically 50–80% v/v with water), are most effective for extracting a broad range of phenolics (Mashkor and Muhson, 2014; Kennas and Amellal-Chibane; 2019; Huang et al., 2025). The findings align with those of Singh et al. (2014), who reported that ethanol yields a higher phenolics content compared to water and acetone. They found that ethanol provided a highly concentrated extract of phenols (62.82 ± 1.06%). Wang et al. (2013) and Malviya et al. (2014) indicated that water is not advisable for extracting polyphenols from pomegranate peel. Kennas and Amellal-Chibane (2019) reported that the total phenolics content was highest in ethanolic and 50:50 water/ethanol extracts, followed by acetone, methanol, and water extracts.
Table (2): Effect of solvent type and extraction time on extraction total phenolics content of pomegranate peels at 25 °C (on dry weight basis)
	Ex. time (hr)
	Solvent type

	
	99%
ethanol
	70% ethanol
	30% ethanol
	99%
Acetone
	70%
acetone
	30%
acetone
	Distilled water

	2
	D163.10e±1.43
	D191.13b±0.72
	E180.61c±1.16
	D172.30d±1.35
	D214.15a±0.61
	D183.61c±1.16
	D150.24f±1.21

	4
	C247.00d±0.20
	C286.60a±0.86
	D270.94b±1.40
	C247.51d±0.97
	C285.92a±1.38
	C259.80c±1.35
	C203.61e±1.16

	6
	B268.71d±0.86
	B314.50a±0.87
	C291.25b±0.80
	B273.45c±1.40
	B315.90a±1.75
	B274.83c±1.68
	B220.43e±0.98

	8
	A270.43d±1.22
	A319.54a±0.90
	A299.40b±0.76
	A282.00c±0.44
	A319.24a±0.90
	A281.72c±1.07
	A231.76e±1.29

	24
	A271.40e±0.55
	A321.30a±0.89
	B294.25c±1.11
	A282.31d±0.66
	A319.30b±1.24
	A283.64d±1.18
	A232.18f±0.62

	Extraction conditions: temperature 25 oC, sample : solvent 1:10
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




2.2. Effect of different solvent and time extraction on total phenolics content of pomegranate peels at 5°C
A variety of solvents at concentrations of 30%, 70%, and 99%, sourced from either ethanol or acetone, were utilized alongside distilled water over different extraction durations (2, 4, 6, 8, and 24 hours) to extract phenolic compounds from pomegranate peel at 5°C, as shown in Table (3).
Table 3 illustrates that the total phenolics content of pomegranate peel ranged from 91.22±1.23 to 188.11±0.79 mg GAE/g. The statistical analysis indicated that both the solvent and time significantly affect the extraction of phenolics. The total phenolics content in acetone and ethanol extracts at 70% was the highest, measuring 188.11±0.79 and 186.43±1.45 mg GAE/g, respectively (p >0.05) after 24 hours. This was followed by acetone extracts at 30% and 99%, which recorded 174.12±0.56 and 173.10±0.45 mg GAE/g, respectively, with no significant difference between them. Ethanol 30% yielded 167.92±0.62 mg GAE/g, while ethanol 99% produced 152.00±0.76 mg GAE/g. Distilled water had the lowest content (137.20±1.46 mg GAE/g), all measured after 24 hours.
Table (3): Effect of solvent type and extraction time on total phenolics content (mg GAE/g) of pomegranate peels at 5 °C (on dry weight basis)
	Ex. time (hr)
	Solvent type

	
	99%
ethanol
	70% ethanol
	30% ethanol
	99%
Acetone
	70%
acetone
	30%
acetone
	Distilled water

	2
	E119.21d±1.22
	E131.03b±0.67
	E129.40bc±1.12
	E128.20c±0.64
	D136.10a±0.65
	E131.40b±1.53
	D91.22e±1.23

	4
	D133.00f±0.46
	D152.00b±1.54
	D146.25d±1.02
	D143.00e±1.65
	C155.20a±0.55
	D149.00c±0.79
	C110.60g±0.96

	6
	C144.54e±0.98
	C174.03a±0.55
	C156.52d±1.54
	C161.20c±0.66
	B175.00a±1.50
	C163.62b±1.17
	B127.43f±1.45

	8
	B149.17e±1.37
	B181.80b±1.15
	B164.74d±1.49
	B169.41c±1.17
	A187.00a±1.71
	A171.22c±1.68
	A135.30f±1.15

	24
	A152.00e±0.76
	A186.43b±1.45
	A167.92d±0.62
	A173.10c±0.45
	A188.11a±0.79
	A174.12c±0.56
	A137.20f±1.46

	Extraction conditions: temperature 5 oC, sample :solvent 1:10
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




From Tables 2 and 3, it is observed that total phenolics content decreases with decreasing temperature from 25 to 5°C. In contrast, extending the extraction time from 2 to 24 hours enhances the extraction of total phenolics content across various solvents and concentrations, particularly with 70% ethanol.
Ethanol exhibits moderate TPC extraction due to its balanced polarity. At 40°C, ethanol yielded 1.55% TPC after 240 minutes, but at 25°C, yields are lower due to reduced solubility and slower diffusion. Prolonged extraction times (>240 minutes) may marginally improve yields but risk oxidation (Wang et al., 2011). Cold ethanol extraction further reduces phenolics solubility, leading to negligible yields unless extraction times are extended significantly (e.g., >24 hours). However, prolonged exposure increases degradation risks for heat-sensitive phenolics. In addition, at 40°C, pure acetone yielded only 0.37% TPC, but 50% acetone-water mixtures improved yields to 304.6 mg GAE/g in peels. At 25°C, yields decrease substantially, requiring extended times (>300 minutes), while at 40°C, water yielded 5.90% TPC after 240 minutes, but at 25°C, yields fall to <3% even with prolonged extraction (>300 minutes). Acetone’s or water efficiency drops sharply due to reduced solvation power. Extraction becomes impractical without advanced techniques (e.g., ultrasonication) (Mashkor and Muhson, 2014).
2.3. Effect of extraction time and water temperature on total phenolics content of pomegranate peels:
The data presented in Table (4) illustrate the influence of water as a solvent at varying temperatures (60 and 90°C) and durations (5 and 10 minutes) on the total phenolic compounds content. The data presented in this table indicate significant variations in the total phenolic compounds content extracted from pomegranate peel using water at both temperatures. The extraction time influenced the total phenolic compounds. Analysis of the data within the same table indicates that increasing time or temperature resulted in a decrease in total phenolic compounds in pomegranate peel.
From previous data, the extraction of total phenolic content from pomegranate peels and pomace using water as a solvent is strongly influenced by extraction temperature and time. Water is safe, inexpensive, environmentally friendly, and suitable for large-scale and food-related applications. Its extraction efficiency, however, is lower at mild temperatures due to limited solvation power for phenolics. As temperature increases, water’s physicochemical properties (e.g., lower viscosity, higher diffusion rate, decreased permittivity) significantly enhance its ability to extract phenolic compounds (Wang et al., 2011; Çam and İçyer, 2015). At lower temperatures, water’s extraction efficiency is limited. Extended extraction at high temperatures can lead to oxidation and degradation of some phenolic compounds (Çam and İçyer, 2015). As temperature increases, the time required to reach maximum total phenol decreases. For instance, a total phenolic compound of 900 mg GAE/L was achieved in 88 minutes at 30°C, but the same yield was reached in just 11 minutes at 75°C (Uca and Güleç, 2024). At 95°C, maximum TPC was obtained in as little as 1–2 minutes (Wang et al., 2011; Çam and İçyer, 2015). Prolonged extraction at high temperatures can lead to oxidation or hydrolysis of phenolics, reducing total phenolic compound and altering antioxidant properties. Thus, optimal extraction involves a balance: high enough temperature for efficient extraction, but short enough time to prevent degradation (Wissam et al., 2012).
Table (4): Effect of water temperature and time on extraction total phenolics content of pomegranate peels (on dry weight basis)
	   Extraction time (min)
	Temperature

	
	60 oC
	90 oC

	Total phenolic compounds mg/g (Pomegranate peels)

	5
	147.40
	130.21

	10
	142.10
	121.30






2.4. Effect of solvent type and pH on total phenolics content of pomegranate peels:
Solvent extractions for total phenolics in pomegranate peel were conducted employing two distinct solvents, ethanol and acetone (at concentrations of 30%, 70%, and 99%), alongside distilled water. These solvents were selected based on the solubility of polyphenols in alcoholic mediums, attributable to their polar characteristics (Masci et al., 2019). Furthermore, these substances are of food grade quality, with ethanol recognized as a more environmentally friendly solvent in comparison to alternatives such as methanol, across various pH levels (2, 5, 9, and 12). While the duration of extraction and temperature play significant roles in determining both the purity and yield of the extraction (Wang et al., 2011; Borges et al., 2019), this study established these parameters at 6 hours and 25°C.
Total phenolics content (TPC) of the peels of the analyzed pomegranate according to the ethanol, acetone, distilled water solvent used for extraction, are presented in Table 5. Overall, regardless the type of the solvent, peels had high total phenolics content. The information delineated in Table 5 reveal that the total phenolic compounds in pomegranate peel varied from 205.00±0.49 to 332.80±1.75 mg GAE/g. Increasing pH value from 2 up to 12 led to a reduction in total phenolics content, the highest values were recorded at a low pH of 2, while the lowest values of phenolics content were observed with an increase in pH to 12. The acetone extract at 70% exhibited the highest total phenolic compounds in peel (332.80±1.75 mg GAE/g) at pH value of 2, followed by the same solvent at pH value of 5 as 326.38±0.93 mg GAE/g. The ethanol extract at 70% yielded 329.35±0.86 mg GAE/g for pomegranate peel at pH value 2. This was followed by the acetone and ethanol extract at 30%, without significant difference in phenolics extracted from pomegranate peel. The next was 99% acetone then 99% ethanol. At the end, distilled water recorded the lowest values for phenolics content of peel.
[bookmark: _Hlk200846493]Table (5): Effect of solvent type and pH on extraction total phenolics content of pomegranate peels (on dry weight basis)
	pH
	Solvent type

	
	99%
ethanol
	70% ethanol
	30% ethanol
	99%
Acetone
	70%
acetone
	30%
acetone
	Distilled water

	2
	A284.40e±1.15
	A329.35b±0.86
	A318.08c±1.46
	A293.10d±1.46
	A332.80a±1.75
	A317.54c±1.52
	A278.07f±1.09

	5
	B276.41f±1.26
	B317.00b±0.46
	B302.75c±1.21
	B280.24e±1.41
	B326.38a±0.93
	B291.30d±1.24
	B234.09g±0.77

	9
	C238.70d±1.75
	C266.74a±1.29
	C243.20c±1.08
	C239.42d±1.53
	C268.10a±1.74
	C247.00b±0.79
	C212.52e±1.49

	12
	D207.43b±1.31
	D221.58b±0.73
	D212.47b±1.18
	D211.09b±1.55
	D222.20a±1.10
	D214.82b±1.31
	D205.00b±0.49

	Extraction conditions: temperature 25 oC, time 6 hour and sample :solvent 1:10
 Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row





Ethanol-water mixtures (50–80%) yield moderate to high TPC due to balanced polarity. At pH 5–7, ethanol extracts 45–51.04 mg GAE/g from peels, with higher yields at elevated temperatures (40–60°C) (Wang et al., 2011; Huang et al., 2025). High pH reduces phenolic solubility and promotes oxidation, lowering TPC yields. Ethanol’s efficiency drops by ~20% at pH 9 compared to neutral conditions (Campos et al., 2022). Alkaline conditions reduce selectivity, leading to lower yields. Acetone’s TPC drops by ~30% at pH 9 compared to pH 5, in addition, phenolics precipitate or oxidize at pH >7, reducing its values. At pH 12, water extracts show <50% TPC compared to pH 5 (Buenrostro-Figueroa et al., 2023).
2.5. Identification and quantification of phenolic compounds:
High-performance liquid chromatography (HPLC) was employed for the identification and quantitative analysis of various phenolic compounds in pomegranate peels methanolic extracts. Table 6 identified 17 polyphenolic compounds, with gallic acid being the most prevalent at 132.75 mg/100g (40.12% of total phenol). Chlorogenic acid followed, measuring 104.93 mg/100g (31.71% of total phenol). The following one was ellagic acid at 32.80 mg/100g (9.91% of total phenol) in pomegranate peel, while the remaining compounds were found in lower concentrations in the methanolic extracts.
Pomegranate peel is exceptionally rich in phenolic compounds, which are responsible for their potent antioxidant, antimicrobial, and potential health-promoting properties. Pomegranate peel is particularly notable for its high content of hydrolyzable tannins, especially punicalagin, which constitutes the majority of its phenolic content—over 98% (Çam and İçyer, 2015). Other significant phenolic compounds identified in pomegranate peel include ellagic acid, gallic acid, punicalin, catechin, p-coumaric acid, syringic acid, benzoic acid, caffeic acid, cinnamic acid, protocatechuic acid, isoferulic acid, and quinic acid (Singh et al., 2023). The total phenolic content in peel extracts can range widely, with values reported as high as 4892–6138 mg/100g gallic acid equivalents. The antioxidant activity of pomegranate peel is closely linked to its phenolic composition, particularly the abundance of punicalagin and ellagic acid. These compounds exhibit strong free radical scavenging abilities and contribute to the inhibition of lipid oxidation, which is relevant for both health and food preservation applications (Wang et al., 2023; Singh et al., 2023). Additionally, pomegranate peel extracts have demonstrated significant α-glucosidase inhibition, suggesting potential antidiabetic effects, primarily attributed to punicalagins (Çam and İçyer, 2015). Similarly, in pomegranate peel, gallic acid has been repeatedly identified as a major phenolic acid, with concentrations ranging from 123.79 mg/100 g to 128.10 mg/100 g depending on cultivar and extraction method (Mo et al., 2022). Chlorogenic acid is also consistently detected among the main phenolic acids, though at lower levels compared to gallic acid. Other significant phenolic acids in peel include ellagic acid, caffeic acid, p-coumaric acid, and protocatechuic acid (Singh et al., 2023).
The dominance of gallic acid is significant because it is a potent antioxidant and contributes to the strong radical scavenging activity of pomegranate byproducts. Chlorogenic acid, though less abundant, also plays a role in the antioxidant and potential health-promoting effects of these materials. Both acids are part of a broader spectrum of phenolic compounds, including hydrolyzable tannins (such as punicalagin), flavonoids, and other phenolic acids, but the clear quantitative hierarchy is: gallic acid > chlorogenic acid > Ellagic > Syringic> etc in peel.

Table (6): Identification and quantification of phenolic compounds of pomegranate peels.
	Phenolic compounds
	Pomegranate peels (mg/100g)
	%

	Gallic
	132.75
	40.12

	Chlorogenic
	104.93
	31.71

	Catechin
	6.18
	1.86

	Methyl gallate
	0.82
	0.24

	Coffeic
	9.23
	2.78

	syringic
	14.15
	4.27

	rutin
	00
	00

	ellagic
	32.80
	9.91

	coumaric
	5.83
	1.76

	vanillin
	1.73
	0.52

	ferulic
	4.15
	1.25

	naringenin
	2.83
	0.85

	rosmarinic
	5.85
	1.76

	daidzein
	1.24
	0.37

	querectin
	3.78
	1.14

	Cinnamic
	0.29
	0.087

	kaempferol
	2.66
	0.80

	hesperetin
	1.63
	0.49

	Total (∑)
	330.85
	100


3. Total flavonoids content of pomegranate peel 
3.1. Effect of different solvent and extraction time on total flavonoids content of pomegranate peel at 25°C
The data presented in Table 7 indicate that the total flavonoids content of pomegranate peel extracts (mg QE/g of dry sample) at 25°C ranged from 45.00±0.85 to 128.90±1.48. The statistical analysis revealed that the selection of solvent and time affects the extraction of flavonoids. No significant difference (P>0.05) was recorded between all solvent extracts at 8 and 24 hr except ethanol at 70 and 99%. From the data, it was observed that the total flavonoid content were increased with increasing time from 2 to 24h. Aceton extract at 70% which have the highest levels of flavonoids with 128.81±0.73 mg QE/g, followed by ethanol 70 (118.70±0.84 mg QE/g), acetone 30% (115.00±0.88 mg QE/g), ethanol 30% (107.90±0.55 mg QE/g), 99% for each of ethanol then acetone (96.21±0.37 and 90.22±1.32 mg QE/g, respectively) and finally distilled water (73.62±1.21 mg QE/g).
Prior research has primarily examined the impact of solvents on the total phenolic content of extracts; however, there is a notable lack of studies investigating how the selection of solvents affects flavonoid extraction. The extraction of flavonoids from pomegranate peels is influenced by solvent polarity, extraction time, and interactions between these variables. The data is an analysis of ethanol, acetone, and distilled water as solvents, along with their time-dependent effects on total flavonoid content yields. Ethanol-water mixtures (50–80% ethanol) achieve moderate to high total flavonoid content due to balanced polarity. For example: 50% ethanol at 30 minutes yielded 2.8% flavonoids from peels, with higher antioxidant activity compared to pure ethanol (Sharmin et al., 2016; Thakur et al., 2022). Prolonged extraction (3 hours) reduced total flavonoid content by 24% (from 2.37 to 1.80 mg QE/g) due to thermal degradation (Thakur et al., 2022). In addition, 50% acetone extracted 87.21 mg QE/100 g from peels, the highest total flavonoids among tested solvents (Mashkor and Muhson, 2014).
[bookmark: _Hlk201000669]Table (7): Effect of solvent type and extraction time on extraction total flavonoids content of pomegranate peels at 25°C (on dry weight basis)
	Ex. time (hr)
	Solvent type

	
	99%
ethanol
	70% ethanol
	30% ethanol
	99%
Acetone
	70%
acetone
	30%
acetone
	Distilled water

	2
	E46.33e±1.02
	D67.00b±0.87
	E56.34d±0.72
	D42.41g±0.76
	D72.92a±0.59
	D64.56c±1.41
	D45.00f±0.85

	4
	D65.32e±1.34
	C88.15b±0.83
	D75.76c±0036
	C62.16f±0.91
	C92.44a±1.19
	C72.60d±1.06
	C51.36g±1.26

	6
	C78.40e±1.14
	B104.21c±1.21
	C98.91d±0.63
	B74.80f±1.29
	B118.00a±0.46
	B107.71b±1.17
	B60.63g±0.79

	8
	B92.43d±0.98
	A117.90b±0.64
	B106.00c±0.54
	A89.20d±0.64
	A128.90a±1.48
	A114.92b±1.27
	A72.72e±1.30

	24
	A96.21e±0.37
	A118.70b±0.84
	A107.90d±0.55
	A90.22f±1.32
	A128.81a±0.73
	A115.00c±0.88
	A73.62g±1.21

	Extraction conditions: temperature 25 oC, sample :solvent 1:10 
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row



3.2. Effect of different solvent and extraction time on total flavonoids content of pomegranate peel at 5°C
The data in Table 8 indicate that the total flavonoids content of pomegranate peel extracts (mg QE/g of dry sample) at a lower temperature to 5°C ranged from 22.52±1.01 to 75.83±1.29. The statistical analysis indicated that both the choice of solvents and the durations significantly influence flavonoid extraction. No significant difference (P>0.05) was observed among all solvent extracts at 8 and 24 hours, with the exception of ethanol at 99% and distilled water. The data indicated that total flavonoids content increased with time, ranging from 2 to 24 hours. Acetone and ethanol extracts at 70% exhibited no significant difference, yielding the highest flavonoid levels of 75.83±1.29 and 75.15±0.64 mg QE/g, respectively. This was followed by 30% acetone and ethanol, also showing no significant difference (71.04±0.81 and 68.90±0.64 mg QE/g). The 99% acetone and ethanol extract similarly demonstrated no significant difference (59.30±1.21 and 58.09±1.94 mg QE/g). Distilled water recorded the lowest level at 49.10±0.88 mg QE/g.
Table (8): Effect of solvent type and extraction time on extraction total Flavonoids content of Pomegranate peels at 5°C (on dry weight basis) 
	Ex. time (hr)
	Solvent type

	
	99%
ethanol
	70% ethanol
	30% ethanol
	99%
Acetone
	70%
acetone
	30%
acetone
	Distilled water

	2
	E29.00e±1.21
	E46.10b±0.99
	D41.21c±1.44
	D32.80d±1.26
	E53.34a±0.72
	E47.00b±0.80
	D22.52f±1.01

	4
	D37.00f±0.85
	D57.20b±1.31
	C53.51d±0.86
	C44.54e±1.42
	D65.10a±1.07
	D55.20c±1.25
	C31.82g±1.11

	6
	C46.20e±1.08
	C66.30b±1.18
	B62.00c±0.46
	B53.10d±0.45
	C69.12a±1.09
	C60.31c±1.14
	B41.10f±1.56

	8
	B54.06d±0.85
	B72.50a±0.75
	A67.44b±0.59
	A57.84c±1.63
	B73.42a±1.88
	B68.30b±1.93
	A47.22e±1.27

	24
	A58.09c±1.94
	A75.15a±0.64
	A68.90b±0.64
	A59.30c±1.21
	A75.83a±1.29
	A71.04b±0.81
	A49.10d±0.88

	Extraction conditions: temperature 5 oC, sample :solvent 1:10
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row



Analysis of Tables 7 and 8 reveals a decline in total flavonoids content as the temperature decreases from 25 to 5°C. Conversely, prolonging the extraction duration from 2 to 24 hours significantly improves the extraction of total flavonoids content across different solvents and concentrations, especially with 70% ethanol.
At 25°C, the extraction of flavonoids from pomegranate peels is moderate but generally effective, especially when using suitable solvents and sufficient extraction time. Studies show that water, ethanol, and acetone can all extract flavonoids at this temperature, but yields are lower than those achieved at elevated temperatures (e.g., 60°C or higher) (Wang et al., 2011; Thitipramote et al., 2019). At 5°C, extraction of flavonoids is significantly less efficient for all solvents. The low temperature reduces the solubility and diffusion rate of flavonoids from the plant matrix into the solvent, resulting in much lower TFC yields (Wang et al., 2011).
Among solvents, acetone and ethanol tend to extract higher TFC than water at 25°C. For example, in one study, acetone extraction of peels at 25°C for 6 hours yielded the highest TFC (0.249 mg QE/g extract), followed by ethanol and then water (Thitipramote et al., 2019). The order of solvent efficiency (acetone > ethanol > water) remains, but the absolute values of TFC are much lower than at 25°C with extract at 5°C. Extraction at 5°C is rarely used for flavonoids unless the goal is to minimize degradation of particularly heat-sensitive compounds, but this comes at the cost of yield.
3.3. Effect of extraction time and water temperature on total flavonoids content of Pomegranate peels:
The results presented in Table (9) illustrate the impact of water as a solvent at varying temperatures (60 and 90°C) and durations (5 and 10 minutes) on the total flavonoids content of pomegranate peel. The results indicate that the total flavonoids content extracted from pomegranate peel for 5 minutes decreased as the temperature increased to 90°C. This decrease was 15.77% for pomegranate peel compared to the lower temperature of 60°C. The same trend in the content of extracted flavonoids was observed after 10 minutes at both temperatures. The results presented in Table (8) indicate that extraction time had a marginal impact on the total flavonoids content.
The study by Tavallali et al., (2020) showed that water at 60°C is highly effective for extracting flavonoids from pomegranate pomace. For instance, TFC values ranged from 14.2 to 85.1 mg quercetin equivalents (QU)/g extract at 60°C, which was higher than values obtained with methanol at room temperature. Similar trends are observed for pomegranate peels, with higher TFC at 60°C than at lower temperatures, but generally lower than what can be achieved at higher temperatures or with organic solvents, this was opposite of what happened in our study. While, most of the flavonoids are extracted rapidly, often reaching near-maximal yields within 1–2 minutes for peels. Extending the extraction time beyond this may not significantly increase yield and could risk degradation (Çam and İçyer, 2015).
Table (9): Effect of water temperature and time on extraction total flavonoids content of pomegranate peels (on dry weight basis)
	   Extraction time (min)
	Temperature

	
	60 oC
	90 oC

	Total flavonoids compounds mg/g (Pomegranate peels)

	5
	36.71
	31.00

	10
	33.62
	22.54




3.4. Effect of different solvents and pH on total flavonoids content of Pomegranate peels:
It can be seen from the data in Table 10 that the total flavonoids content of pomegranate peel extracts (mg/g of dry sample) varied from 34.20±1.04 to 121.10±1.43. The statistical analysis revealed that the selection of solvent affects the extraction of flavonoids. A significant effect was observed in the Table under different solvents. Acetone was more effective than ethanol and distilled water at different pH (2, 5, 9 and 12), in addition, acidic pH (2–5) enhances flavonoids yield, while alkaline conditions (pH 9–12) reduce it. The highest extraction recorded with 70% acetone (121.10±1.43 mg/g) followed by 70% ethanol (109.34±1.50 mg/g), then 30% acetone and ethanol (108.77±1.08 and 100.83±1.12 mg/g), followed by 99% acetone and ethanol with low values (82.40±0.91 and 81.20±1.34 mg/g), at the end was distilled water with the lowest value (62.83±1.11 mg/g) under low pH 2 with increasing pH value the extraction was decreased.
Generally, the total flavonoids content in pomegranate peel extracted by different solvents was higher with acetone (70%) followed by ethanol (70%) under low pH, with increasing pH value the extraction level decreased all that at 25 ⁰C for 6 hours. 
Table (10): Effect of solvent type and pH on extraction total flavonoids content of pomegranate peels (on dry weight basis)
	pH
	Solvent type

	
	99%
ethanol
	70% ethanol
	30% ethanol
	99%
acetone
	70%
acetone
	30%
acetone
	Distilled water

	2
	A81.20f±1.34
	A109.34b±1.50
	A100.83d±1.12
	A82.40e±0.91
	A121.10a±1.43
	A108.77c±1.08
	A62.83g±1.11

	5
	A80.00e±1.46
	B108.30b±1.45
	A99.38d±1.16
	B79.81e±1.15
	B120.21a±1.04
	B107.80c±1.15
	B61.58f±1.40

	9
	B68.21f±1.28
	C95.15e±1.47
	B82.29d±1.25
	C71.34e±0.80
	C97.72a±1.22
	C91.70c±1.21
	C43.10g±1.42

	12
	C56.50e±1.38
	D77.78b±1.32
	C65.93d±1.08
	D57.80e±1.35
	D81.15a±1.30
	D68.94c±1.30
	D34.20f±1.04

	Extraction conditions: temperature 25 oC, time 6 hour sample :solvent 1:10
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




From our findings, solvent effects likely mirror peel results. Mashkor and Muhson (2014) found that 50% aqueous acetone maximizes total flavonoids (87.21 mg QE/100g DW). Also, pH 2–3.5 significantly boosts flavonoids recovery. According to Chaves et al., (2020), acidic electrolyzed water (pH 3.24) increased Citrus reticulata flavonoid yields, pomegranate peel polyphenol extraction peaks in acidic media due to improved solubility and stability. Yields decline sharply above pH 7.0. Basic conditions degrade flavonoids and reduce extractability.
Kennas and Amellal-Chibane (2019) demonstrated that ethanolic and mixture water/methanol (50:50) has the highest levels of flavonoids, followed by methanol, acetone, ethanol and water, respectively.
5. Ascorbic acid (mg/g) of pomegranate peel 
5.1. Effect of solvent (water & citric acid) and extraction time at 25°C
Water and citric acid at concentrations of 1%, 2%, and 3%, were employed over varying extraction durations (30, 60, 90 and 120 min) to facilitate the extraction of ascorbic acid from pomegranate peel at 25°C and sample 1:10, as depicted in Table (11).
As can be observed in Table 10, the ascorbic acid content of pomegranate peel varied from 28.85±1.12 to 33.45±1.33 mg/g with 3% citric acid after 30 and 120 min, respectively. Increasing extraction time from 30 up to 120 min led to an increase in ascorbic acid extraction, without significant difference with water. In addition, increasing concentration of citric acid led to a raise in ascorbic acid extracted from pomegranate peel. Using water for extract ascorbic acid recorded a moderate content after 2% citric acid under all extraction time. No significant difference was observed between 2 and 3 % citric acid after 120 min which recorded the highest ascorbic acid followed by water and 1% citric acid recorded the lowest content.
The extraction of ascorbic acid (vitamin C) from pomegranate peel at 25°C is strongly influenced by the choice of solvent—specifically, distilled water versus citric acid solution—and by extraction time. Water is a common, food-grade solvent for extracting hydrophilic compounds like ascorbic acid. It is safe, cost-effective, and widely used for extracting antioxidants and nutrients from pomegranate byproducts (Magangana et al., 2020; Wu et al., 2021; Alsubhi et al., 2020). However, ascorbic acid is prone to oxidation, especially in neutral or alkaline aqueous environments, which can lead to lower recovery during extraction if not stabilized.
Acidified extractions (using citric acid) better preserve ascorbic acid even with longer extraction times, but best practice is still to use the shortest effective duration. This is supported by studies showing that ascorbic acid is most stable at low pH (2–4), such as that provided by citric acid, which inhibits its oxidation and degradation. However, prolonged extraction—even in acidified conditions—can still lead to some loss due to factors like oxygen exposure, so minimizing extraction time remains optimal for maximum retention (Giannakourou and Taoukis, 2021; Yin et al., 2022), citric acid also acts as a chelating agent, binding metal ions that catalyze ascorbic acid degradation, further enhancing vitamin C stability and yield during extraction.
Table (11): Effect of solvent type and extraction time on yield of ascorbic acid (AA) extracted from pomegranate peels (mg/g dry sample).
	Extraction time (min)
	Solvent type

	
	Water
	1% Citric acid 
	2% Citric acid 
	3% Citric acid 

	30
	C24.25d±1.24
	D26.11c±1.24
	D27.76b±1.19
	C28.85a±1.12

	60
	B26.54d±1.09
	C27.09c±1.33
	C28.32b±1.13
	C29.09a±1.47

	90
	A29.26d±1.19
	B30.41c±1.34
	B31.61b±1.26
	B32.22a±1.22

	120
	A30.00b±1.11
	A31.08b±1.27
	A32.00ab±1.15
	A33.45a±1.33

	Extraction conditions: temperature 25 oC and sample:solvent 1:10
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




5.2. Effect of different solvents (water & citric acid) and temperature on ascorbic acid (AA) yield of pomegranate peels:
Data illustrated in Table 12 reveal the effect of citric acid at 1, 2 and 3% comparing to water in extract ascorbic acid from pomegranate peel for 30 min and sample 1:10.
Data in Table 11 showed the concentration of pomegranate peel ascorbic acid content. From the Table, increasing temperature from 5 to 40 °C was excellent in extracting ascorbic acid, while increasing over 40 to 60 and 90 led to a reduction in ascorbic acid content and the lowest content recorded at 5°C. Also, increasing concentration of citric acid to 3% recorded the highest value of 21.36±1.29 mg/g at 5°C, while the concentration of 1% citric acid was the best and recorded the highest ascorbic acid at 40, 60 and 90°C. Extraction using water recorded the lowest value of pomegranate peel ascorbic acid.
Generally, using 1% citric acid at 40-60°C provide the best balance between extraction efficiency and ascorbic acid stability. Extraction at 5°C minimizes ascorbic acid degradation due to reduced oxidation rates. However, extraction efficiency is lower, so longer times may be needed to achieve good results (Yin et al., 2022). Increasing the temperature to 40–60°C improves extraction efficiency by enhancing solubility and diffusion of ascorbic acid from plant tissues. Studies show higher ascorbic acid content at 45–65°C (average 33.64 mg/g in pomace), but extraction times must be carefully controlled to prevent degradation (Cendrowski et al., 2024). At 90°C, extraction is very rapid, but ascorbic acid is highly heat-labile and degrades quickly. Retention drops significantly with both temperature and time; for example, only about 69% of vitamin C remains after processing at 70°C for 90 minutes, and losses are greater at 90°C (Yin et al., 2022). Short, high-temperature extractions (e.g., blanching for 1–4 minutes) can inactivate enzymes that degrade vitamin C, but extended exposure at 90°C leads to substantial ascorbic acid loss (Guiamba and Svanberg, 2016; Yin et al., 2022).
Table (12): Effect of solvent type and temperature on yield of ascorbic acid extracted from pomegranate peels (mg/g dry sample).
	Extraction temp. (oC)
	Solvent type

	
	Water
	1% Citric acid 
	2% Citric acid 
	3% Citric acid 

	5
	D18.28d±1.34
	D20.86b±1.09
	D20.38c±1.48
	C21.36a±1.29

	40
	A25.41c±1.44
	A27.52a±1.43
	A26.72b±1.33
	A24.22d±1.43

	60
	B22.37c±1.28
	B24.63a±1.15
	B23.44b±1.21
	B21.74d±1.38

	90
	C20.09c±1.49
	C21.71a±1.27
	C20.61b±1.37
	D19.48d±1.36

	Extraction conditions: time 30 min and sample:solvent 1:10
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




6. Anthocyanin (mg/100g) of pomegranate peel 
6.1. Effect of different solvents and extraction time at 25°C±2 on anthocyanin content of pomegranate peel
The efficiency of extraction solvents (water, 1, 2 & 3% citric acid) at different extraction durations (30, 60, 90 & 120 min) on total anthocyanin (mg/100g DW) of pomegranate peel are shown in Table 13. 
The data indicated that, as extraction duration increased, the total anthocyanin content of pomegranate peel also increased, reaching a high level at 120 minutes. No significant difference was observed in anthocyanin content between 90 and 120 minutes, particularly with water and 1% and 2% citric acid. The results showed that 3% citric acid recorded the highest total anthocyanin (30.62±1.14 mg/100g), showing no significant difference compared to 2% citric, which had a value of 30.17±1.39 mg/100g. Furthermore, no notable difference was noted with 1% citric acid and water, which exhibited the lowest anthocyanin content.
Al-Shurait and Al-Ali, (2022) reported that pure water demonstrates low extraction efficiency for anthocyanins due to poor solubility of non-polar compounds. While, acidification with citric acid substantially improves results by stabilizing anthocyanins through pH reduction. They showed that 5% citric acid in ethyl alcohol maximizes pigment extraction (76.10 mg/100g) from pomegranate peel, outperforming pure water and hydrochloric acid-modified solvents. Kavela et al., (2023) reported that 1% citric acid in ethanol boosts anthocyanin recovery in berry pomace, suggesting similar benefits for water-based systems.
According to Al-Shurait and Al-Ali, (2022), 120 minutes is empirically validated for pomegranate peel, achieving optimal pigment release. While, shorter durations (e.g., 30–90 minutes) remain experimentally unexplored in available studies, though analogous Kavela et al., (2023) suggested diminishing returns beyond 60 minutes at higher temperatures.
Table (13): Effect of solvent type and extraction time on yield of total anthocyanin extracted from pomegranate peels (mg/100 g dry sample).
	Extraction time (min)
	Solvent type

	
	Water
	1% Citric acid 
	2% Citric acid 
	3% Citric acid 

	30
	B24.46d±1.16
	A25.36c±1.48
	C26.24b±1.21
	D27.19a±1.26

	60
	AB26.02b±1.10
	A26.79ab±1.05
	B27.30ab±1.35
	C28.88a±1.24

	90
	A27.11b±1.17
	A27.02b±1.52
	A29.97a±1.13
	B30.33a±1.07

	120
	A27.77b±1.12
	A27.80b±1.15
	A30.17ab±1.39
	A30.62a±1.14

	Extraction conditions: temperature 25±2 oC and sample:solvent 1:10
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




6.2. Effect different solvent and temperature:
The information presented in Table (14) illustrates the influence of water and citric acid concentrations of 1, 2, and 3% as solvents at varying temperatures (5, 40, 60, and 90°C) on the yield of anthocyanins extracted from pomegranate peel for 30 min. 
The data presented in Table 14 illustrates the concentration of anthocyanin content found in pomegranate peel. According to the data presented, elevating the temperature from 5 to 90°C significantly enhanced the extraction of anthocyanin using water. Notably, the range of 40 to 60°C yielded the highest anthocyanin content when extracted with 1 and 2% citric acid. Furthermore, a concentration of 3% citric acid achieved the peak content at 40°C, while the lowest content was observed at 5°C. Furthermore, an elevation in the concentration of citric acid to 3% yielded the highest measurement of 27.69±1.16 mg/100 g at 40°C, succeeded by the 2% citric acid concentration, which resulted in a reduction of anthocyanin at 90°C. The method of extraction utilizing water yielded the minimal concentration of anthocyanin from pomegranate peel.
Citric acid stabilizes anthocyanins via pH control, counteracting thermal degradation at higher temperatures (Kavela et al., 2023). Temperature significantly influences the stability and extraction efficiency of anthocyanins. Low-temperature extraction minimizes degradation; however, it produces suboptimal results owing to restricted diffusion kinetics. No direct data on pomegranates is available; however, similar studies indicate lower efficiency (Fischer et al. 2013; Vegara et al., 2013). However, it is moderately effective, albeit below the optimal range for pomegranate. Qu et al. (2014) reported that at 50°C, water extraction results in maximum proanthocyanidin yields of 89.1 mg/g. At 60°C, the yield of anthocyanins from pomegranate peel reaches a maximum of 96.21 mg per 100 grams. This temperature optimizes solubility and stability, thereby reducing degradation (Fischer et al., 2013; Qu et al., 2014). According to Vegara et al. (2013), a temperature of 90°C leads to considerable degradation of anthocyanins due to thermal instability, which diminishes yields even though initial solubility increases are observed. 
At the end, citric acid (1–3%) greatly improves the extraction of anthocyanins from pomegranate peel compared to water, especially at 60°C, which gives the best yield while causing the least damage. Temperatures above 90°C should be avoided because they cause anthocyanin to break down in a way that can't be fixed.
Table (14): Effect of solvent type and temperature on yield of anthocyanin extracted from pomegranate peels (mg/100 g dry sample).
	Extraction temp. (oC)
	Solvent type

	
	Water
	1% Citric acid 
	2% Citric acid 
	3% Citric acid 

	5
	D12.46c±1.19
	D13.36b±1.32
	C14.24a±1.24
	D14.19a±1.43

	40
	C24.83d±1.12
	B25.59c±1.15
	A27.11b±1.40
	A27.69a±1.16

	60
	B25.11d±1.31
	A26.02c±1.33
	A27.27b±1.36
	B26.33a±1.52

	90
	A25.47b±1.15
	C25.29b±1.16
	B26.87a±1.18
	C25.12b±1.72

	Extraction conditions: time 30 min and sample:solvent 1:10
Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




7. Pectin extraction yield % dry weight of pomegranate peel 
7.1. Effect of different solvents and extraction time on pectin yield of pomegranate peel at 45°C:
The findings regarding the appropriate acid and duration for the extraction of pectin from pomegranate peel at 45 °C are detailed in Table (15). 
The analysis of pomegranate peel data revealed that extending the extraction duration from 45 to 90 minutes resulted in a significant increase in pectin yield.  The maximum pectin yield extraction was recorded at 15.61±0.13% with the use of 1% Ammonium oxalate, while the minimum yield of 7.31±0.21% was noted when distilled water was employed. The statistical analysis yielded a noteworthy (p≤0.05) distinction in the quantities of pectin extracted using various acids.
Table (15): Effect of solvent type and extraction time on pectin extraction yield % extracted from pomegranate peels at 45 oC (on dry weight basis).
	Extraction time (min)
	Solvent type

	
	Ammonium oxalate 1%
	Citric acid 2molar
	Oxalic acid 2%
	Hydrochloric acid 0.5N
	Distilled water

	45
	B13.15a±0.10
	B12.50b±0.17
	B5.40d±0.17
	B8.20c±0.22
	B4.92e±0.16

	90
	A15.61a±0.13
	A14.40b±0.16
	A7.72d±0.18
	A10.60c±0.25
	A7.31e±0.21

	Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




The extraction yield of pectin from pomegranate peels at 45°C is influenced significantly by both the solvent types and extraction time. Ammonium oxalate 1% then citric acid (2 molar) generally results in the highest pectin yield, whereas distilled water and hydrochloric acid (0.5N) provide much lower yields. Increasing the extraction time from 45 to 90 minutes generally improves yields, but optimal results depend on the specific solvent used and the matrix composition of the peel (Kareem and Naji, 2022; Podetti et al., 2023).
Citric acid, especially at higher concentrations, yields the greatest amount of pectin from pomegranate peels, approaching values close to 58.3% dry weight in certain studies for pomegranate, compared to lower yields for ammonium oxalate (~30%), oxalic acid, and much lower values for hydrochloric acid (as low as 6.6%) as reported by Kareem and Naji, (2022). While, Dona (2019) observed that the yield of pectin obtained through extraction using citric acid and hydrochloric acid was 7.30% and 11.04%, respectively. Ammonium oxalate and oxalic acid are effective but less so than citric acid, likely because citric acid better disrupts the insoluble protopectin and solubilizes it. On the contrary with the current study, which observed that the ammonium oxalate was the most effective in pectin extraction. In addition, Distilled water is not efficient for pectin extraction from pomegranate-related materials due to its limited ability to break down protopectin. Hydrochloric acid provides a partial yield but is considerably less efficient, possibly due to pectin degradation or insufficient solubilization at the tested concentration (Chan and Choo, 2013; Sarı and Birlik, 2020). 
7.2. Effect of different solvents and extraction time on pectin yield of pomegranate peel at 90°C:
Five different extraction solvents (ammonium oxalate1%, citric acid 2molar, oxalic acid 2%, hydrochloric acid 0.5N and distilled water) were applied for pomegranate peel compared in terms of pectin extraction yield % (Table 16).
The data demonstrated that as the extraction duration extended from 45 to 90 min, the pectin extraction yield percentage from pomegranate peel escalated, attaining a peak after 90 minutes. Ammonium oxalate at 1% had the highest pectin extraction yield (20.61±0.20%), with no significant difference compared to citric acid at 2 molar, which yielded 19.70±0.19%. Moreover, no significant difference was seen between 2% Oxalic acid and distilled water after 90 minutes, both demonstrating the lowest pectin extraction yield percentage.
Generally, from Tables 15 and 16, pomegranate peels typically yield high pectin across all solvents (likely due to higher natural pectin content and less processing loss), especially with increasing temperature to 90 oC. At an increased extraction temperature of 90°C, the impact of solvent type and extraction duration on pectin yield from pomegranate peels becomes even more distinct.
Table (16): Effect of solvent type and extraction time on pectin extraction yield % extracted from pomegranate peels at 90 oC (on dry weight basis).
	Extraction time (min)
	Solvent type

	
	Ammonium oxalate1%
	Citric acid 2molar
	Oxalic acid 2%
	Hydrochloric acid 0.5N
	Distilled water

	45
	B15.94a±0.49
	B15.31b±0.16
	B7.81d±0.25
	B10.80c±0.26
	B7.30e±0.18

	90
	A20.61a±0.20
	A19.70a±0.19
	A12.72c±0.18
	A15.20b±0.34
	A12.10c±0.25

	Results are presented as means ±SD
Different superscript letters (A, B, C, …) indicated significant change at p˂0.05 in column
Different superscript letters ( a, b, c,  …) indicated significant change at p˂0.05 in row




Extending the extraction time from 45 to 90 minutes typically enhances pectin recovery, especially with acidic solvents, as extended contact time promotes deeper pectin solubilization; however, excessively long durations or harsh acid strength can result in partial pectin degradation and lower final yield. Moreover, pomegranate peels consistently yield high pectin under all conditions, attributed to their higher native pectin content, with the optimal combination for maximum yield being the use of citric acid for 90 minutes extraction.
At an increased extraction temperature of 90°C, the impact of solvent type and extraction duration on pectin yield from pomegranate peels becomes even more distinct. Citric acid (2 M) remains the most effective solvent, typically providing yields that surpass 60% dry weight for peels, as higher temperature accelerates both protopectin breakdown and pectin solubilization; oxalic acid (2%) and ammonium oxalate (1%) follow closely behind but still fall short of citric acid’s performance. Hydrochloric acid (0.5 N) and distilled water consistently yield much lower amounts of pectin, with hydrochloric acid possibly causing some thermal degradation at 90°C and distilled water being insufficient for substantial pectin extraction. The extension of extraction time from 45 to 90 minutes enhances pectin yield for all solvents, but the improvement is particularly pronounced for strong acids, especially citric and oxalic acids, due to better matrix penetration and solubilization at elevated temperatures. Overall, the best results emerge with ammonium oxalate1% and citric acid at 90°C for 90 minutes, establishing this combination as optimal for high-yield and high-quality pectin recovery from pomegranate by-products (Al Amer, 2022, Podetti et al., 2023; Riyamol et al., 2023).​
CONCLUSION
The study demonstrates that pomegranate peel, a significant by-product of fruit processing, is a rich source of valuable bioactive compounds including polyphenols, flavonoids, anthocyanins, pectin, and ascorbic acid. The proximate composition confirms pomegranate peel's potential as a nutritive additive with high fiber and mineral content. Findings support the sustainable valorization of pomegranate peel as a functional ingredient with antioxidant, antimicrobial, and health-promoting properties, which can be effectively recovered using optimized extraction protocols. This valorization presents promising environmental and economic benefits by reducing agro-industrial waste and supplying natural bioactive for food, pharmaceutical, and cosmetic applications.
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