Physicochemical and Mineral Characterization of Paras Jamun (Syzygium cumini) seeds

Abstract
The physicochemical composition of seeds from the Paras variety of Syzygium cumini also known as jamun fruit was characterized by physical, proximate, phenolic, and mineral attributes. Seeds had an average weight of 1.81±0.20 g, with mean lengths, breadths, and thicknesses of 18.83±1.16, 6.52±0.49, and 6.15±0.49 mm, respectively. The geometric mean diameter (8.91±1.12 mm), sphericity (47.00±0.46%), and surface area (249.27±0.51 mm²) indicate an oblong seed shape, while true and bulk densities of 0.97±0.20 and 0.76±0.20 g cm⁻³ and porosity of 21.64±0.22% are relevant for process and equipment design. Yield recovery from whole Paras jamun fruit averaged 72.17±2.46% pulp and 25.43±1.86% seed, confirming the seed as a significant recoverable fraction. Chemically, seeds contained 51.83±0.14% moisture (wet basis), 2.02±0.01% ash, 3.16±0.01% crude fibre, 0.14±0.01% fat, 2.92±0.03% protein, and 39.93±0.02% carbohydrate, indicating a low‑fat, carbohydrate‑rich material with moderate protein and fibre. Total soluble solids were 3.20 °Brix, and total phenolic content was high (87.54±1.48 mg GAE g⁻¹), suggesting considerable antioxidant potential. Mineral analysis revealed appreciable levels (mg 100 g⁻¹) of potassium (279.42), magnesium (152.11), and phosphorus (109.24), along with calcium (38.90), iron (1.64), zinc (2.44), copper (0.53), and sodium (8.42). The findings demonstrate that Paras jamun seeds possess favourable physical properties for handling and processing and a promising nutritional and phenolic profile, supporting their utilization as a functional ingredient in food and nutraceutical formulations.
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Practical Applications
The research aims to understand the physicochemical analysis of jamun seeds obtained from jamun fruit (variety: Paras), which is mainly grown in the regions of Gujarat.  Their proximate composition and high phenolic content justify the formulation of functional-food products. The detailed physical characterization supplies critical design data for de-seeding, drying, milling, and packaging, enabling industrial-scale valorisation.

1. INTRODUCTION
Syzygium cumini L. (jamun), a member of the Myrtaceae family, is an economically and nutritionally important tropical fruit widely cultivated across the Indian subcontinent. India is one of the major producers of jamun, with significant cultivation in states such as Maharashtra, Gujarat, Tamil Nadu, Uttar Pradesh, and Assam, where the fruit enjoys high market demand due to its therapeutic and nutritional value (Kumar et al., 2023). Jamun is highly perishable, with a shelf life of only 2–3 days at ambient temperature, making efficient post-harvest utilization essential to reduce losses and enhance value addition (Shah et al., 2021).
Despite the number of varieties of Jamun fruit cultivated in India, the Paras variety is a significant native cultivar that is mostly grown in Gujarat and other western and central Indian states. It is also grown in Thailand, the Philippines, and Madagascar. This variety performs well under hot, dry conditions during flowering and fruit set, and it can be grown on a wide range of soils, although deep, well-drained loam is preferred for better growth and productivity (Devi and Shenbagaveni, 2014). Paras is particularly valued for its large, deep purple, oblong fruits, attractive appearance, and suitability for fresh consumption and processing. As per the studies, the average fruit weight of 9.08 g, a length of 29.58 mm, a width of 17.07 mm, a thickness of 16.30 mm, a high pulp yield of 72.17%, and a pulp-to-seed ratio of 2.82:1. These characteristics make it excellent for handling, storage, and the development of value-added products (Sardar et al., 2022). The seeds are rich in carbohydrates, vitamins, and essential minerals including zinc, iron, calcium, sodium, and potassium. They also contain health-promoting bioactive compounds such as anthocyanins, phenolics, jambosine, alkaloids, glycoside jambolin (antimellin), and ellagic acid, which have been associated with antidiabetic, antihyperglycemic, and antihypertensive effects (Swami and Kalse, 2020). Despite this promising functional profile, jamun seeds are generally treated as a low-value by-product, and limited consumer and industrial awareness constrains their use in commercial functional foods and nutraceuticals.
Growing interest in functional foods for the management of chronic diseases such as diabetes and hypercholesterolemia has renewed attention on jamun seed powder (JSP) as a low-fat ingredient with appreciable protein, dietary fibre, and bioactive content (Amin, 2020; Das et al., 2018). Incorporation of JSP into value-added products has been shown to enhance nutritional quality and provide potential therapeutic benefits (Kshirsagar et al., 2019). However, effective utilization of jamun seeds requires a clear understanding of their physicochemical composition, which underpins processing behaviour, product development, and standardization. 
In this context, the present study focuses on the physicochemical composition of Paras variety jamun seeds. By characterizing their proximate, mineral, and bioactive profile, the work aims to generate baseline data necessary for optimizing processing conditions and for designing jamun seed–based functional food products and nutraceuticals, particularly relevant for regions with expanding jamun cultivation such as Gujarat.
2. MATERIALS AND METHODS
2.1 Sample Preparation
The experiment was carried out at the College of Food Processing Technology and Bio-Energy (CFPT&BE), Anand Agricultural University (AAU), Anand, Gujarat, India. Fresh, mature jamun (Syzygium cumini L., var. Paras) fruits were procured directly from a farmer’s field in Vadod, Anand (Gujarat, India) during the peak harvesting period (May–June). The fruits were thoroughly washed with tap water to remove surface impurities and subsequently air-dried on blotting paper to eliminate residual surface moisture. Seeds were separated from the pulp using a semi-automated fruit pulper (Khera Instruments, Ahmedabad, India) (Figure 1). The separated seeds were repeatedly washed to remove any remaining pulp residues, air-dried to remove surface moisture, and then packed in low-density polyethylene (LDPE) pouches to prevent the loss of volatile components. These prepared seeds were subjected to physico-chemical characterization. 


2.2 Yield Percentage
The seed yield (%) was determined according to the method described by Ghosh et al. (2017). Fully ripened fruits were randomly selected and weighed before manual deseeding. The weights of the pulp and seeds were recorded separately, and the percentage seed yield was calculated using the following equation:
		(1)
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FIGURE 1 Schematic representation of Jamun seed processing
2.3 Physical Characterization
2.3.1 Seed weight 
Jamun seed (JS) weight was measured using an electronic balance (Mettler Toledo) for 100 randomly selected seeds, and the average value was recorded (Ghosh et al., 2017; Mohsenin, 1986). 
2.3.2 Dimensional properties 
The principal dimensions length, breadth, and thickness were measured with a digital Vernier caliper (accuracy ± 0.01 mm) (Figure 2). These measurements were used to calculate the geometric mean diameter (Dg), sphericity (φ) and surface area (Mohsenin, 1986; Kulkarni et al., 2008; Saeed et al., 2015).
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FIGURE 2 Characteristic dimensions of jamun seeds; (L) length, (B) breadth and (T) thickness 

2.3.3 Geometric mean diameter and sphericity 
The geometric mean diameter (Dg, mm) and sphericity (φ) of each seed was calculated using the equations (Eq. 2-4) (Mohsenin, 1986). 
	          	(2)
		  	(3)
where, L = Length (mm), B = Breadth (mm), T= Thickness (mm)
2.3.4 Surface area 
The surface area of the jamun seed was determined using Eq. 4 (Saeed et al., 2015). 
Surface area =				(4)
where, Φ= Sphericity (%), Dg = Geometric mean diameter (mm)
2.3.5 Bulk density
The bulk density of JS was determined following Bakane et al. (2016). A dried, empty 50 cm3 measuring cylinder was weighed. A known weight of the jamun seeds was taken into the measuring cylinder and then gently tapped at the bottom after filling the sample to a known volume. After this, the filled measuring cylinder was weighed and recorded. This process was repeated three times (AOAC, 2012). The density was calculated using Eq. 5. 
	(5)
where, 𝜌𝑏=Bulk density (g.cm-3), 𝑀𝑥=Weight of sample (g), 𝑉𝑐=Volume of the container (cm3)
2.3.6 True density
The true density of the jamun seeds was measured using toluene displacement method. The toluene was filled upto 100 mL in a 500 mL graduated cylinder, then the known weight of seeds was slowly dipped into the toluene. Then the raise in the volume of toluene was noted. The experiment was repeated thrice and the average reading was taken. The true density was calculated using the formula (Eq. 6) (Mohsenin, 1986). 
True density (ρt), g.cm-3 = 				(6)	
where, 𝑀𝑥 = Weight of sample (g), Δ𝑉𝑡 = Increase in the volume of toluene (cm3)
2.3.7 Porosity
The porosity is defined as the ratio of empty space of seeds to its total volume. This was calculated from the measured values of bulk and true densities using the relationship given in Eq. 7 (Mohsenin, 1986). 
), % = × 100			(7)

Where, 𝜌𝑡= True density (g/cm3) and 𝜌𝑏=Bulk density (g/cm3) 

2.4 Chemical Characterization 
2.4.1 Moisture content 
Gravimetric method was used for determination of moisture in jamun seed (AOAC, 2012). Moisture was estimated by drying the weighed sample (5g) to a constant weight in hot air oven (Make: NOVA Instrument Pvt. Ltd., Ahmedabad) at 105oC as shown in Plate 3.6. The dried sample was then cooled to room temperature in a desiccator prior to weighing. The percent moisture content was calculated as follows: 
                              	    		        (8)
where, M1 and M2 are the initial weight of sample (g) and weight of sample after drying (g), respectively. 

2.4.2 Protein content
The protein content was determined by Micro-kjeldahl method (AOAC, 2012). Weighed sample 1g transferred to a digestion flask followed by the addition of 3g of catalyst mixture (NaSO4:CuSO4 in 5:1) and 10 mL of concentrated hydrochloric acid. The contents were then digested till transparent liquid was obtained. The volume of digested material was made up to 100 mL with distilled water. Measured aliquot of digested material was distilled with excess of 40% NaOH solution and the liberated ammonia was collected in 20 mL of 2% boric acid solution containing 2-3 drops of mixed indicator. The entrapped ammonia was titrated against 0.01 N hydrochloric acid. A reagent blank was similarly digested and distilled. Nitrogen content in the sample was calculated as follows and a factor of 6.25 was used to convert nitrogen to protein. 
(9)
          		    	 6.25   	                 (10)
where, T, N and W are the titre value, titre value of blank and weight of the sample (g), respectively.
2.4.3 Ash content
Ash content of the jamun seeds was determined by method described by AOAC, (2012) using muffle furnace. The muffle furnace is set at a temperature of 550℃ about half an hour before the experiment to attain a steady state condition. Initially, the weight of empty silica crucible is recorded. Then 5g of the sample is placed in the crucible and kept in the muffle furnace as shown in Plate 3.8b at 550℃ for 5-6 hours until the sample is completely charred. Then the crucible is immediately placed in a desiccator and allowed to cool. The final weight of the crucible with charred sample is recorded. The % ash content is calculated using the following formula: 
				     (11)
where, M1 M2 and M3 are the weight of empty crucible (g), weight of crucible along with ash (g) and weight of sample (g), respectively.
2.4.4 Crude fibre content
Estimation of crude fibre was performed using fibra-plus instrument (Make: Pelican Equipments, Chennai) as shown in Plate 3.9 was used for the estimation of crude fibre content. About 2 g of the sample was treated with 1.25 % H2SO4 for 1 h. The sample was later washed with 1.25 % of NaOH solution and washed thoroughly with distilled water after each treatment. Neutral residue left over was dried and weighed and then ignited into muffle furnace (AOAC, 2012). 
			     (12)
where, M1 M2 and M3 are the weight of sample (g), weight of crucible along with sample after washing and drying (g) and weight of crucible with ash residue (g), respectively.
2.4.5 Fat content
Crude fat was analysed using a Soxhlet apparatus (Make: Pelican Equipments, Chennai) as shown in Plate 3.10. The sample was weighed upto 5 g and then transferred in a thimble and plugged with cotton. The plugged thimble was then put in an extraction thimble and transferred into the Soxhlet apparatus. Approximately 250 mL of hexane was filled in a round bottomed flask and kept on a heating mantle. The Soxhlet was then connected and water was turned on. The heating mantle was switched on. The sample was extracted for about 5 h. The solvent was evaporated using a vacuum condenser and then dried at 100℃ for the sample to completely evaporate. After drying, it was transferred into a desiccator to cool. Finally, the weight of the flask was recorded (AOAC, 2012). The % fat content was calculated by the following formula: 
             	      (13)

2.4.6 Carbohydrate content
Total carbohydrate content was estimated by difference. It was determined using the formula (Eq. 14). 
Carbohydrate (%) = 100 - % (moisture + crude protein + ash + crude fibre + fat)    (14)
2.4.7 Total soluble solids 
Approximately 50 g of jamun seeds were finely ground by adding 200 mL of distilled water. The extracted juice was used to determine the total soluble solids. The total soluble solids were determined by using a digital refractometer (Model HI96801) and the ºbrix value was recorded (AOAC, 2012). 

2.4.8 Total phenolic content
The phenolic content of jamun seeds was spectrophotometrically analysed using the Folin-Ciocalteu method (Malick and Singh, 1980). The jamun seeds of 1g were extracted with 0.3N HCl-methanol in test tubes and placed overnight at room temperature. The extract was centrifuged at 10,000 rpm for 20 min to get the clear supernatant. The supernatant was allowed to dry in a water bath just above the boiling point of the methanol. This crude extract was further diluted with water.
The reaction mixture was prepared by mixing 0.2 mL of diluted seed extract aliquot, 0.5 mL Folin-Ciocalteu’s reagent dissolved in 2.8 mL of distilled water, followed by the addition of 2 mL of 20% Na2CO3 solution. The mixture was mixed thoroughly and kept in the dark at room temperature for 30 min. The blank solution was also prepared. The absorbance was recorded using a spectrometer at 650 nm. All the analysis was repeated three times, and the mean value of absorbance was obtained. Total phenolic content was determined by extrapolating a calibration line, which was constructed by gallic acid solution at various concentrations. The total phenolic content was expressed as gallic acid equivalent mgGAE/g of sample. 
2.4.9 Mineral analysis
Mineral contents of sample were determined by using Inductively Coupled Plasma-Optical Emission spectrometry, ICP-OES (Model Optima 7000DV) at the Micronutrient Research centre, Anand Agricultural University, Anand. One gram of sample was digested overnight with 20 mL concentrated HNO₃, followed by heating at 70–80 °C with 10 mL diacid mixture (HNO₃: HClO₄, 2:1) until colorless. The digest was cooled, filtered, and diluted to 50 mL with ultrapure water for mineral estimation (Kumaravel & Alagasundaram, 2014).
2.5 Statistical Analysis
All analyses were performed in triplicate (n=3) to ensure reproducibility, with results expressed as mean ± standard deviation (S.D.). The standard error of the mean (SEM) shows how precisely a sample mean estimates the true population mean, while CV (%) indicates the relative variability in the data compared with the mean. In statistical analysis, a smaller SEM suggests a more reliable mean estimate, and a lower CV (%) suggests greater consistency or less dispersion among the observed values. 

3. RESULT AND DISCUSSION
3.1 Physical parameters
3.1.1 Dimensional Characteristics
The whole jamun seed exhibits an average weight of 1.81 ± 0.20 g (CV = 11.05%, SE = 0.12), with principal dimensions of length (18.83 ± 1.16 mm, CV = 6.16%, SE = 0.67), breadth (6.52 ± 0.49 mm, CV = 7.52%, SE = 0.28) and thickness (6.15 ± 0.49 mm, CV = 7.97%, SE = 0.28) as shown in Table 1, confirming an elongated ellipsoidal morphology typical of Syzygium cumini seeds. The results are consistent with Ghosh et al. (2017). The derived parameters include geometric mean diameter (8.91 ± 1.12 mm, CV = 12.57%, SE = 0.65) and sphericity (47.00 ± 0.46%, CV = 0.98%, SE = 0.27), which indicate poor rolling behavior and high aspect ratio (L/B ≈ 2.89). In contrast, surface area (249.27 ± 0.51 mm², CV = 0.20%, SE = 0.29) supports moderate heat- and mass-transfer efficiency in drying, milling and coating operations. Precision for equipment design scaling is validated by uniformity across these metrics (mean CV = 6.34%). 
TABLE 1 Physical properties of jamun seeds
	Parameter
	*Mean value ± SD
	SE
	CV (%)

	Seed weight (g)
	1.81±0.20
	0.12
	11.05

	Dimensional parameters
	
	

	Length (mm)
	18.83±1.16
	0.67
	6.16

	Breadth (mm)
	6.52±0.49
	0.28
	7.52

	Thickness (mm)
	6.15±0.49
	0.28
	7.97

	Geometric mean diameter (mm)
	8.91±1.12
	0.65
	12.57

	Sphericity (%)
	47.00±0.46
	0.27
	0.98

	Surface area (mm2)
	249.27±0.51
	0.29
	0.20

	Gravimetric parameters
	
	
	

	True Density (g.cm-3)
	0.97±0.20
	0.12
	20.62

	Bulk Density (g.cm-3)
	0.76±0.20
	0.12
	26.32

	Porosity (%)
	21.64±0.22
	0.13
	1.02

	Yield recovery (%)
	
	

	Jamun pulp
	72.17±2.46
	1.42
	3.41

	Jamun seed
	25.43±1.86
	1.07
	7.31


*Mean ± S.D. of triplicate (n=3) determinations; SD= Standard deviation; SE= Standard error; CV= Coefficient of variation
3.1.2 Density and Flow Properties
The significant difference between true and bulk density is attributed to the fibrous layer adhering to the seed coat. Gravimetric properties influence heat transfer during drying, which is inversely proportional to seed volume; smaller seeds exhibit faster drying (Karimi et al., 2009). The true density (0.97 ± 0.20 g/cm³, CV = 20.62%, SE = 0.12) was found to be higher than the bulk density (0.76 ± 0.20 g/cm³, CV = 26.32%, SE = 0.12) as shown In Table 1. This results in a porosity of 21.64 ± 0.22% (CV = 1.02%, SE = 0.13), indicating a moderate inter-particle voidage The observed porosity facilitates air movement, enhancing internal heat transfer and thereby reducing drying time to reach the desired moisture level.  
3.1.3 Yield Recovery 
Jamun seeds were separated from the fruit using a fruit pulper. The yield of pulp and seed was 72.17 ± 2.46% (CV = 3.41%, SE = 1.42) and 25.43 ± 1.86% (CV = 7.31%, SE = 1.07), respectively, with a pulp-to-seed ratio of 2.82:1 (Table 1). As per the mass balance, the overall seed to pulp percentage was 97.6% with approximate 2.4% loss establishing seeds as a high volume by product for the value addition into nutraceuticals and functional food products. The findings indicated that jamun fruit contains substantial seed content, consistent with previous reports (Ghosh et al., 2017; Shahnawaz & Sheikh, 2011).
3.2 Chemical Parameters
The chemical composition and mineral profiling of jamun seeds were analysed on a wet basis (n=3 replicates) as shown in Table 2. The precision was evaluated via coefficients of variation, yielding excellent reproducibility for chemical components. 
3.2.1 Proximate Composition
The average moisture content was 51.83 ± 0.14% (CV = 0.27%, SEM = 0.08%), which is within the specified fresh seed range of 52–54% and controls microbiological risk, drying kinetics, and storage stability. Crude fibre, crude fat, and ash were 3.16 ± 0.01% (CV = 0.32%), 0.14 ± 0.01% (CV = 7.14%), and 2.02 ± 0.01% (CV = 0.50%), respectively, indicating low lipid and intermediate fibrous profiles typical of underused seed by-products. Carbohydrates predominated at 39.93 ± 0.02% (CV = 0.05%), determined by difference, indicating significant energy potential (≈160 kcal/100g) but limited value as a complete protein/lipid source. The protein content was 2.92 ± 0.03% (CV = 1.03%). Total soluble solids measured 3.20 ± 0.00 ºBrix, indicating low levels of free sugars in line with non-sweet seed matrices.
3.2.2 Bioactive Compounds
The total phenolic content (Table 2) was observed to be 87.54 ± 1.48 mg GAE/g (CV = 1.69%, SEM = 0.85), demonstrating strong antioxidant capacity comparable to literature seed values (8.9-79 mg GAE/g) and surpassing many by-products of common citrus fruits (Lazaridis et al., 2024). These values align well with previous reports by Raza et al. (2015) and Ghosh et al. (2017). The extent of presence of phenolics in jamun seeds was extracted via Folin-Ciocalteu and validated by low CV, underscores the potential of jamun seeds for functional food ingredients, natural colorants, and therapeutic extracts targeting anti-diabetic, anti-inflammatory, and oxidative stress applications.
TABLE 2 Chemical properties of jamun seeds
	Parameter
	*Mean value ± S.D.
	SE
	CV (%)

	Moisture (%) (wet basis)
	51.83±0.14
	0.08
	0.27

	Ash (%)
	2.02±0.01
	0.01
	0.50

	Crude Fibre (%)
	3.16±0.01
	0.01
	0.32

	Total soluble solids (ºbrix)
	3.20±0.00
	0.00
	0.00

	Fat (%)
	0.14±0.01
	0.01
	7.14

	Protein (%)
	2.92±0.03
	0.02
	1.03

	Carbohydrate (%)
	39.93±0.02
	0.01
	0.05

	Total phenols (mg GAE.g-1)
	87.54±1.48
	0.85
	1.69

	Mineral content (mg.100g-1)
	
	

	Iron
	1.64±0.22
	0.13
	13.41

	Zinc
	2.44±1.09
	0.63
	44.67

	Copper
	0.53±0.21
	0.12
	39.62

	Calcium
	38.90±1.88
	1.09
	4.83

	Magnesium
	152.11±10.26
	5.92
	6.75

	Phosphorus
	109.24±11.43
	6.60
	10.46

	Potassium
	279.42±18.66
	10.77
	6.68

	Sodium
	8.42±1.11
	0.64
	13.18


*Mean ± S.D. of triplicate (n=3) determinations; SD= Standard deviation; SE= Standard error; CV= Coefficient of variation
3.2.3 Mineral Profile
The macro-mineral fraction (Table 2) dominated with potassium 279.42 ± 18.66 mg/100g (CV = 6.68%), magnesium 152.11 ± 10.26 mg/100g (CV = 6.75%), phosphorus 109.24 ± 11.43 mg/100g (CV = 10.46%), and calcium 38.90 ± 1.88 mg/100g (CV = 4.83%), consistently exceeding pulp concentrations reported in comparative studies and highlighting fortification potential for addressing widespread deficiencies. Micro-minerals included bioavailable zinc 2.44 ± 1.09 mg/100g (CV = 44.67%), iron 1.64 ± 0.22 mg/100g (CV = 13.41%), copper 0.53 ± 0.21 mg/100g (CV = 39.62%), and low sodium 8.42 ± 1.11 mg/100g (CV = 13.18%), aligning with documented jamun seed mineral richness (K > Mg > P pattern). Despite higher CVs for trace elements suggesting analytical caution or need for n>5 validation, these ICP-OES quantified levels support integration into functional food and fortification strategies targeting Fe, Zn, and Ca deficiencies prevalent in developing regions. The mineral content in JS was consistent with findings by Ghosh et al. (2017).
CONCLUSION
The present study investigated the physicochemical characteristics of fresh jamun seeds and optimized their drying conditions to enhance quality and functionality. Seeds had an average weight of 1.81±0.20 g, with mean lengths, breadths, and thicknesses of 18.83±1.16, 6.52±0.49, and 6.15±0.49 mm, respectively. Yield recovery from jamun fruit averaged 72.17±2.46% pulp and 25.43±1.86% seed, confirming the seed as a significant recoverable fraction. The seeds were characterized by a large size and high porosity. Chemical analysis revealed high levels of crude fiber, carbohydrates, soluble sugars, and phenolic compounds. These physico-chemical attributes significantly influence the drying kinetics; therefore, drying parameters may be optimized using both natural and mechanical drying systems. These findings contribute to the development of optimized drying strategies for producing high-quality jamun seed powder with enhanced functional properties. The study not only presents comprehensive physicochemical and mineral data relevant for food processing and product development, but also highlights the seeds’ high phenolic content and antioxidant potential.
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