Characterization of Bioactive Compounds in Whole, Dehulled and Fractions of Milling Byproducts of Lentil
ABSTRACTAims: The development of convenient food products including nutrient-dense pulses along with cereals, make it complete food by integrating complementary proteins present in cereals and pulses. Lentils are major pulse, which is often consumed after dehusking to enhance culinary and functional properties. Abrasive dehusking surfaces cause scouring of outer layer of cotyledons, which gets mixed with husk to produce milling byproduct in the process. To explore the possibility of edible usage lentil milling byproduct, bioactive compounds present in whole lentil, dehusked lentil and milling byproduct and its fractions, were studied for two lentil varieties, IPL-406 and IPL-316. 
Study Design: Analysis of samples of whole, dehusked and milling byproduct fractions.
Place and Duration of Study: ICAR-Indian Institute of Pulses Research, Kanpur 208 024 (U.P.), India. December 2018 to March, 2022.
Methodology: In the study physical and biochemical attributes were determined. Milling byproduct was fractionated to the particle sizes categories of >1.00 mm, >0.25 mm, and <0.25 mm. Physical properties, viz., moisture content, 1000 grain weight, average and geometric mean diameter, sphericity, bulk density, true density, angle of repose and coefficient of static friction, which play important role in designing of equipment, were determined. The biochemical compounds viz., protein, total phenol, antioxidants and calorific value of whole and dehusked lentils, byproduct and its fractions, were assessed for their food value. 
Results: The largest fraction of milling byproduct (>1 mm) for the varieties had high phenols (5701.04 and 5447.62 GAE/100g) and antioxidants (190.59 and 210.41 mmol TE/100g). The finest fraction of lentil milling byproduct (<0.25 mm), exhibited the highest protein content in both varieties, recorded to be 25.05% in IPL-406 and 22.64% in IPL-316. Principal Component Analysis (PCA) was employed to elucidate correlations among the measured variables, providing insight into the relationships between physical properties and nutrient distribution in the milling fractions
Conclusion: Lentil milling byproduct rich in fibers, phenols and antioxidant can be utilised to develop value added products with nutritive and therapeutic usage.
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1. INTRODUCTION
The present global population of 8.2 billion, is projected to grow approximately 9.7 by 2050. The rapid increase in global population has intensified the focus on plant-based proteins as sustainable alternatives for animal derived foods. Legumes the member of Fabaceae family/Leguminosae and representing one of the largest groups angiosperms or flowering plants. Pulses are the second most important group of crops after cereals. Pulses are the second most important crops after cereals. Among the major pulses, lentil (Lens culinaris L.) is a crucial crop, known for rich content of protein, carbohydrates, and fibre contents (Boye et al. 2010). Nutritional profile of lentils also aligns with the growing consumer preference for sustainable functional foods that contributes toward quality of life. In the past 20 years, lentils have become a significant crop because of a 93% rise in global production from 3.39 to 6.54 million metric tons since 2000. Canada and India are the world's two largest producers of lentils, accounting for 44% and 18% of global production, respectively (FAO, 2019). It is possible to link lentils varied biochemical composition which includes a low-fat content, substantial levels of protein (20–30%), and carbohydrates (40–50%) to their nutritional and health benefits. 
Lentils are particularly rich in the essential amino acids, viz., lysine and leucine. Lentils also provide some essential minerals such as iron, zinc, and selenium (Joshi et al. 2017) as well as a variety of phytochemicals, including saponins, flavanols, and phenolic acids. Moreover, they exhibit strong antioxidant properties. Additionally, lentils are a good source of soluble and insoluble fibres (Kumar et al. 2013) and prebiotic carbohydrates, such as sugar alcohols, fructo-oligosaccharides, raffinose-family oligosaccharides, and resistant starch, which alter the gut microbiota and have a major positive impact on human health. Phenolic chemicals found in lentil seed coats or hulls have been shown to have antioxidant properties (Zhang et al. 2018). Lentils phytochemical content and biochemical stability may be impacted by processing, particularly by heat treatment (Zhang et al. 2018). It has been noted that various preprocessing (such as dehulling and milling) and processing (such as cooking, fermentation, soaking, and germination) techniques reduce or neutralize the quantity of anti-nutrition factors in lentils (Duenas et al. 2016; Hefnawy 2011; Wang et al. 2009), resulting in lentil-based products free of adverse effects. To construct storage structures, transportation facilities, and other handling and processing equipment, as well as to calculate heat and mass transfer during processing, scientists and engineers would benefit from having a basic understanding of physical attributes. When developing equipment for grading, harvesting, and separation, size and shape are crucial considerations. In addition to being necessary for various handling and processing procedures, size, surface area, and volume are also required as input parameters for simulation models that forecast the transport characteristics and drying rates of grains. Characterizing the flowability of seeds and building hoppers both heavily depend on aspect ratio and sphericity. The physical characteristics of various pulses and seeds, including split chickpeas (Ghadge et al. 2008), melon seeds and kernals, red lentil seed Gharibzahedi et al. 2011), lentil splits whole lentil and split cotyledon (Amin et al. 2004), and lentil (Sacilik et al. 2003) were all examined. 
[bookmark: _Hlk200984290]Pulses are often consumed after dehusking to reduce anti-nutritional factors and improve culinary properties. In case of lentils, seed coat is removed using abrasive dehusking rollers, which causes scouring of peripheral region of cotyledons. This cotyledon fraction gets mixed with seed coat and obtained as milling byproduct. The present work was conducted to determine physical properties and bioactive compounds- protein content, total phenols content, total antioxidant activity, and calorific values of lentil whole grain, dehusked dal, milling byproduct and it’s fractions.
2. MATERIALS AND METHODS
2.1 Sample preparation
Cleaned and graded lentil (Lens culinaris L.) grains of two different varieties IPL-406 and IPL-316 were milled in lab scale universal grain testing mill (Indosaw Make) using emery disk of 600 micron operated at 1200 rpm.  As a result, dehusked lentil whole and dal, and milling byproducts were obtained. The milling byproduct was fractionated with the use of an electromagnetic sieve shaker (Electrolab EMS-8) into two fractions, fraction A: greater than 0.25 mm size (husk and broken), and fraction B: less than 0.25 mm size (powder of cotyledons). Dried whole seeds, dal, byproduct, and their fractions were further converted into powder for biochemical analysis using a laboratory grinder (Perten Laboratory Mill-3303). Then all the resulting 5 samples, viz., whole seeds, dal, milling byproduct and it’s both fractions (fraction A and fraction B) obtained were subjected to analysis to evaluate bioactive compounds. 
2.2 Moisture Content 
To determine the moisture content of lentil grains, 10g of grain were dried in triplicate in a hot-air convection oven at 105 °C for 16-17 hours. Dry basis (d.b.) percentages were used to express the moisture content. 
2.3 Weight of Grains
The mass of 1000 seeds (1000M) were calculated using a digital balance (Afcoset ER-200A) having an accuracy of 0.001g. A random sample size of 100 seeds was selected, weighted, and then multiplied by 10 to get the mass of 1000 seeds (Sacilik et al. 2003). 
2.4 Bulk Density Analysis
The bulk density of the lentils seeds was analyses using the mass/volume relationship. Container of predetermined volume was filled from constant height of 15 cm and striking off the top level. The grain sample was weighed for determination of bulk density (Varammkhasti et al. 2008) 

2.5 True Density
The true density is the ratio of grain mass and true volume of the lentil seeds. True volume is determined using toluene (C7H8) displacement method.  Known weight of two different varieties (IPL- 406 and 316) was immersed in toluene liquid displacement in measuring cylinder was measured to determine true volume (Sacilik et al. 2003) To prevent errors caused by liquid absorption, toluene was administered as a liquid. 

2.6 Average and Geometric Mean Diameter
The average diameter of the grains can be expressed in the arithmetic mean or the geometric mean of three principal axial dimensions, i.e., length (L), width (W), and thickness (T). To calculate the geometric mean diameter (Dg) and the arithmetic mean diameter (Da), use the following formulae.



These mean diameters are representations of the grain size and useful for further physical property analysis, such as surface area, sphericity, or volume estimations.
2.7 Sphericity
The seed shape was expressed using the sphericity (ϕ), which also calculated the ratio of the surface area of the seed to the surface area of the sphere with the same volume as the seeds. The following formula was used to compute it. 

2.8 Coefficient of Static Friction
The coefficient of static friction (CoF), which measures the net force exerted on a seed to travel on a contact surface, establishes the interaction between the seed and the surface. On a plywood surface, it was measured using an inclined plane frictional instrument. Seed and kernels were positioned on the surface for measuring, and the screw raised the plane somewhat. The coefficient of friction was measured using the tangent value of the angle after the seed began to slide over the surface, revealing both horizontal and vertical height readings from the ruler The coefficient of friction (µ) was calculated using following formula: 

Where, α is the angle of tilt in degrees.
2.9 Angle of Repose
The angle of repose refers to the inclination, measured relative to the horizontal plane, at which seeds naturally settle and remain stable when heaped. This was computed by taking a topless and bottomless cylinder of 10 cm diameter with 20 cm height The cylinder was filled with seeds after being held in the centre of a plate having a graded diameter. After that, it was gradually raised until it took the shape of a cone on the plate.  The height (H) along with radius (R) of the cone was estimated and the repose angle (θ) was found out using the formula given below.

2.10 Specific Heat 
The specific heat of these samples was analysed by the process suggested by Bhawna et al. 2012. The sample, which had a known weight and temperature, was put into a calorimeter that contained water with a known temperature and heat capacity. The equilibrium temperature for this measure of sample was then recorded by using thermometer. The following expression was used to calculate heat capacity of grain

Where:
M1=Mass of the food grain sample
M2= Mass of calorimeter cup
M3= Mass of the water 
C1= Specific heat of calorimeter cup
C2= Specific heat of water
Δt1= Temperature change of the sample
Δt2= Temperature change of the calorimeter cup
θ = Temperature correction
2.11 Dal Recovery
Lentil varieties IPL-406 and IPL-316 were subjected to milling using an abrasive roller mill. The milling was performed at 1200 rpm to remove the seed coat and obtain dehulled splits. Following the milling process, the output which consisted of a mixture of dal (dehulled cotyledons), brokens, and byproduct comprising of husk and fine cotyledon powder. This setup enabled the efficient separation and quantification of the different milling fractions, which were subsequently analysed to determine dal recovery, husk content, and the proportion of broken grains and powder generated during the milling process.
2.12 Potential Dal recovery
Lentil varieties IPL-406 and IPL-316 were first subjected to soaking in water for a duration of 2 hours to facilitate the loosening of the seed coat. Following soaking, the seeds were carefully separated into their major anatomical components: seed coat (husk), cotyledons (dal), and germ. All collected fractions were then dried using an infrared moisture meter (AND AD-1745) to determine their moisture-free weights. These data were subsequently used to calculate the potential dal recovery based on the proportion of cotyledons relative to the total seed weight.Top of Form
2.13 Bottom of Form
Biochemical Analysis 
The biochemical analysis including determination of protein, total phenolic content, total antioxidant activity, and calorific value of all the samples of lentil and its fractions, viz., whole grain, dal, byproduct, byproduct fractions greater and less than sizes of 0.25 mm were conducted.
2.14 Estimation of Protein Content
Lowry's technique was used to quantify the amount of protein in each sample Lowry et al. (1951). The extraction step was slightly modified according to Maehre et al. (2016) (salt/ alkaline extraction). The sample (100 mg) was ground in 10 ml of grinding solution (0.1 M NaOH in 3.5% NaCl) followed by incubation in a water bath (60ºC) for 90 min. It was then centrifuged at 6000 rpm for 10 minutes at 4ºC. For quantification, 50 µl of aliquot was allowed to react with copper sulphate and Folin’s reagent to obtain blue coloured complex. The concentration of protein was determined through a calibration curve against Bovine Serum Albumin (BSA) standard.
2.15 Estimation of Total Phenolic Content
Total phenolic content analysed by a Folin-Ciocalteu Regent method (Singleton 1999). A 500 mg sample was homogenized in 5 ml of 70% ethyl alcohol, then sample was kept in an incubator shaker at 200–300 rpm for 2–3 hours in darkness. The sample was then centrifuged at 6000 rpm for 15–20 minutes at room temperature. The resulting pellet was re-extracted with 5 ml of 70% ethanol using incubation shaking for an additional 45 minutes, after which the supernatant was allowed to cool to room temperature. From this, 200 µl (100 µl for byproduct powder, and fractions A and B) of aliquot was taken in a test tube and 250 μl of 1 N Folin-Ciocalteu reagent was added. Then 3 ml of double distilled water and 7% NaCO3 (750 μl) was added successively. After vortexing the reaction mixture, it was allowed to sit at room temperature for eight minutes. After 30 minutes, 800 μl of double-distilled water was added, and a spectrophotometer (Shimadzu UV 1609)) was used to detect the absorbance at 765 nm. Using the gallic acid standard curve, the phenols in the sample were expressed as gallic acid equivalents (mg of GAE/100 g sample).
2.16 Estimation of Total Antioxidant Activity
The CUPRAC approach, as outlined by Apak et al. (2007), was utilised to analyse the total antioxidant capacity of each sample. The 200 mg sample was immersed in 20 ml of 70% acetone for the entire night. Overnight the sample was centrifuge for 10 minutes at 3000 rpm, the supernatant was kept at 4ºC. In In a test tube, 0.1 ml sample was combined with 1 ml of an alcoholic neocuproine (2,9-dimethyl 1,10-phenanthroline) solution, a copper (II) chloride solution, and 1ml of an ammonium acetate aqueous buffer at pH 7. After 30 minutes of incubation, the absorbance was measured at 450 nm against the reagent blank, and the antioxidant capacity was expressed as Trolox (6-hydroxy-2,5,7,8- tetramethyl chroman 2-carboxylic acid) equivalent in terms of m mole TE/100 g of seed using the formula,

where, Vi = initial volume, m = weight of sample, r = dilution factor, Vf = final volume, Vs = volume of aliquot, Af = absorbance, €TR = 1.67 X 104 L mol-1cm-1
2.17 Estimation of Calorific Value
The calorific value of each component was determined using Bomb Calorimeter (IKA C2000). Initially, the calorimeter was calibrated using a 0.5 g Benzoic acid C723 tablets with a known calorific value of 26460 J/g and RSD of 0.03%. Following the grinding of the whole lentil, dal, byproduct, and fractions of byproduct in a laboratory grinder (Perten), the powders were transformed into pellets that were comparable to tablets of benzoic acid and used in a bomb calorimeter to estimate their calorific value. To burn the sample in the crucible and appropriately put the thread within the bomb, the oxygen pressure inside the bomb was increased to 30 kg/cm2, releasing energy in the form of calories.
2.18 Statistical Analysis
The "Minitab 16" program (Minitab Inc. State College PA, USA) was used to perform the one-way ANOVA test at the 5% level of significance for all statistical analyses. The means and standard deviation were displayed. Tukey's multiple range tests (p<0.05) were used to identify the samples' significant differences. Principal component analysis (PA) and Pearson correlation coefficients (PCA) were applied to standardized data to clarify the connections between the variables pertaining to the nutritional and chemical characteristics of samples.
3. RESULT AND DISCUSSION
3.1 Grain Characteristics
Equipment design for handling, harvesting, processing, and storage requires an understanding of the physical characteristics of lentils Prasad et al. (2010). The physical property data is significant not just for engineers, but also for food scientists, processors, and other scientists who may use these resources. When planning handling, processing, and milling procedures, knowledge of the composition and characteristics of raw materials is essential. Since grain processing companies first emerged, there has been a clear correlation between a grain's physical characteristics and its milling qualities. The physical properties evaluated for whole-grain lentils was summarized in Table 1. The 1000 lentil seeds mass was observed to be 37.40g and 25.38g for ILP-416 and IPL-306 respectively. Moisture content is an important parameter for the storage of lentils, as higher moisture levels can lead to increased deterioration rate and growth of insect in the pulses. In this study, the recorded moisture content was 10.2% for variety IPL-416 and 10.5% for IPL-306. The difference between the two varieties was found to be non-significant (p ≤ 0.05). Bulk density and true density are critical physical properties that influence various aspects of post-harvest handling and processing of lentils. Bulk density primarily affects the design and capacity of storage structures and transportation systems, as it determines how much product can be stored or transported in each volume. The bulk density of a grain is one of the extensively used quality indicators for estimating the soundness of seeds Dziki and Laskowski (2005).  In contrast, true density plays a key role in the design and efficiency of separation and grading equipment, as it reflects the mass of the material per unit of actual volume, excluding pore spaces. For the lentil varieties IPL-416 and IPL-306, the bulk density values were found to be 0.7895 g/cm³ and 0.8548 g/cm³, respectively. Despite the variation in bulk density, both varieties exhibited a similar true density of approximately 1.327 g/cm³. Statistical analysis revealed that this difference in true density between the two varieties was not significant at the 5% probability level (p ≤ 0.05), suggesting a uniformity in their intrinsic density characteristics. Comparable findings were reported by Kumar et al. 2018, who documented bulk density and true density 0.762g/cc and 1.354 g/cc, respectively, for red lentils. 
Engineers acknowledge the importance of frictional characteristics like the coefficient of static friction and the angle of repose in the logical design of storage structures, as well as in compressibility and material flow behaviour (Gharibzahedi et al. 2011). Grain transportation and storage facilities are significantly impacted by the coefficient of static friction. Static friction was calculated on plywood sheet that was 0.283 and 0.316 for IPL-406 and IPL-316 and angle of friction was observed 15.81° and 17.39° for both the varieties. These values indicate moderate flowability, with IPL-406 exhibiting slightly better flow characteristics than IPL-316. Additionally, sphericity, a geometric property that describes the degree to which the shape of an object approaches that of a perfect sphere, was analysed. For lentil varieties IPL-406 and IPL-316, sphericity values ranged from 75.8% to 75.1%, respectively. Statistical analysis revealed that the variation in sphericity among the varieties was not significant, likely due to the relatively small differences in the physical dimensions of the lentil grains. Understanding such physical properties is vital for the design of equipment involved in grading, sorting, and processing of pulses. The frictional and morphological properties of grains are essential parameters considered in the scientific design and optimization of post-harvest handling systems. Among these, the angle of repose and the coefficient of static friction are particularly important, as they influence the flow characteristics, compressibility, and structural design of storage and transport facilities (Gharibzahedi et al. 2011). The coefficient of static friction plays a crucial role in determining the ease with which grains can be handled, conveyed, and stored. Specific heat is an important parameter to evaluate the milling process of pulses. For the different varieties of lentil specific heat was recorded 0.441cal/kg-°C and 0.421 cal/kg-°C, respectively. Sphericity of lentil cultivars, IPL-406 and IPL-316, were observed to be 75.8 and 75.1, respectively. For the two lentil varieties, IPL-406 and IPL-316, both the geometric mean diameter (Dg) and arithmetic mean diameter (Da) were determined to characterize their size and shape. The geometric mean diameters were found to be 3.47 mm for IPL-406 and 3.16 mm for IPL-316, while the arithmetic mean diameters were measured as 3.71 mm for IPL-406 and 3.27 mm for IPL-316, respectively.

Table 1. Physical properties of lentil (IPL-406 and IPL-316)
	[bookmark: _Hlk210211796]Attributes
	Varieties

	
	IPL- 406
	IPL- 316

	Moisture content (%)
	9.3±0.5a
	9.3±0.9a

	1000 grain weight (g)
	32.3±1.01a
	20.33±1.67b

	Bulk density (g/cm3)
	0.911±0.02ab
	0.944±0.04a

	True density (g/cm3)
	1.428±0.04a
	1.428±0.02a

	Angle of repose (°)
	25.36±0.51a
	22.65±0.23b

	Angle of friction (°)
	15.81±0.13b
	17.39±0.11a

	Coefficient of friction 
	0.283±0.5ab
	0.316±0.2a

	Specific heat (Cal/kg-°C)
	0.441±0.01a
	0.421±0.03a

	Sphericity (%)
	75.8±1.81a
	75.1±1.21b

	Geometric mean diameter (Dg)
	3.47±0.5a
	3.16±0.2b

	Arithmetic mean diameter
	3.71±0.10a
	3.27±0.03b


Different letters in the same column indicate a statistical difference (p < 0.05). Values having same superscript do not vary significantly from each other.

3.2 Chemical Attributes
3.2.1 Protein Content
[bookmark: _Hlk210728625]The protein content of whole seeds from the lentil cultivars IPL-406 and IPL-316 was recorded at 18.79% and 18.98%, respectively. Upon dehulling, the protein content of the resulting splits (dal) was found to be 20.38% for IPL-416 and 18.71% for IPL-306. The milling byproducts from both cultivars exhibited an average protein content of 18.24%. Within the byproduct fractions, the coarse fraction retained on a sieve with openings >1.00 mm demonstrated the lowest protein contents, measuring 17.74% for IPL-406 and 19.76% for IPL-316, respectively. The middle fraction (>1 to >0.25 mm) reported to have average protein content of 20.87% due to the presence of the broken cotyledons. In contrast, the finest fraction, passing through a <0.25 mm sieve, showed the highest protein concentrations 25.05% in IPL-416 and 22.64% in IPL-306 as represented in Fig. 1. The findings suggest that the finer milling fractions, particularly those passing through a <0.25 mm sieve, contains higher proteins, likely due to the presence of protein molecules in peripheral region of cotyledons, which gets mixed with outer seed coat during abrasive milling of lentils. Therefore, this fraction of the milling byproduct has potential for use as a protein-rich ingredient in the development of value-added edible products. A statistical comparison of the protein content between dehusked splits (dal) and the fine powder component of the milling byproduct was performed using a Tukey’s test. The analysis revealed that the protein content in the fine powder was significantly higher than that of the dal at the 5% significance level (p < 0.05). Grusak (2009), reported protein content (15.9% to 31.4 g/100g dry matter), of the lentil. The powder component (<0.25 mm) of pulses milling byproduct can be utilized as source of plant based proteins for edible purposes. 

[bookmark: _Hlk208562928]Fig. 1. Protein Content (%) of lentil (IPL-406 and IPL-316) and its fractions
3.2.2 Total phenolic content
Lentils are well-known for being abundant in various bioactive compounds, especially polyphenols such as flavan-3-ols, flavanols, anthocyanidins, condensed tannins, and phenolic acids. The concentration and composition of these compounds can differ significantly depending on the specific lentil variety, as reported by Sharma and Giri (2022). In the present analysis, the total phenolic content (TPC) was evaluated across different fractions of two lentil varieties IPL-416 and IPL-306 following the milling process, including whole seeds, dehusked dal, and byproducts. The TPC values showed marked variation between the two genotypes. The whole seeds of IPL-406 and IPL-316 exhibited TPC levels of 327.54 mgGAE/100 g and 283.64 mgGAE/100 g, respectively as reported in Fig. 2.  A considerable reduction in phenolic content was noted in the dal fraction obtained after the dehusking process, with TPC values dropping to 96.07 mg GAE/100 g for IPL-416 and 95.24 mg GAE/100 g for IPL-306. This decline is largely due to the removal of the seed coat (husk), which is known to be a primary source of polyphenols in lentils. The milling byproducts, which consist mainly of husk materials, demonstrated a much higher phenolic content than both the whole seeds and dal. TPC values for these byproducts were 2111.80 mgGAE/100 g for IPL-416 had significantly (p≤0.05) higher TPC, 3140.37 mgGAE/100 g for IPL-306. Further analysis of the husk fractions revealed that particles larger than 0.25 mm had notably high TPC levels 2426.50 mg GAE/100 g in IPL-406 and 4000.00 mg GAE/100 g in IPL-316. On the other hand, the powder fraction, composed of particles smaller than 0.25 mm, also contained a significant amount of phenolics, likely due to the presence of finely ground husk material. This fraction had TPC values of 1136.23 mgGAE/100 g in IPL-406 and 886.13 mgGAE/100 g in IPL-316, which still exceeded the TPC found in dal, due to presence of fine husk powder mixed in the fraction. Interestingly, the highest concentration of total phenolic compounds was examined in the coarser husk particles greater than 1.00 mm in size, with values reaching 5701.04 mg GAE/100 g for IPL-406 and 5447.62 mg GAE/100 g for IPL-316. These findings emphasize the significant contribution of the husk to the overall phenolic profile of lentils and suggest that milling byproducts, often considered waste, can serve as rich sources of bioactive compounds. Husk fraction (>1.00 mm) contains the highest phenolic content indicating potential for therapeutic utilization of the milling byproduct fraction.  Manco et al. (2023), investigated the distribution of phenolic compounds in various lentil cultivars and across different seed components. Their study revealed that the hull, exhibited the highest concentration of TPC among the different fractions analysed. In the IG2580 lentil variety specifically, the hull contained a significant amount of phenolics, measured at 52.50 ± 1.60 mg GAE/g. In contrast, the cotyledon considerably lower phenolic content of 5.02 ± 0.41 mg GAE/g. The whole seed, contain 9.53 ± 0.44 mg GAE/g. These findings underscore the substantial contribution of the seed coat to the overall phenolic profile of lentils and highlight the nutritional potential of milling byproducts, which are often discarded during processing.

[bookmark: _Hlk208563005]Fig. 2. Total Phenol Content (mg GAE/100 g) of lentil (IPL-406 and IPL-416) and its fractions
3.2.3 Total antioxidant capacity
The antioxidant activity of two lentil cultivars, IPL-406 and IPL-316, was determined to be 20.21 and 19.92 mmol Trolox Equivalents (TE)/ 100g, respectively as represented in Fig. 3 a significant decrease in antioxidant capacity was observed following dehusking, as the cotyledon (dal) exhibited lower values of 4.12 and 4.14 mmol TE/100 g for IPL-406 and IPL-316, respectively. This reduction is primarily attributed to the removal of the seed coat, which harbours a high concentration of antioxidant compounds. In contrast, the milling byproducts, mainly composed of husk residues showed substantially higher antioxidant activities. The antioxidant values recorded for the byproducts were 140.49 mmol TE/100 g for IPL-406 and 165.69 mmol TE/100 g for IPL-316, indicating a statistically significant difference between the two genotypes. Further analysis of the byproduct fractions based on particle size revealed that the >1.00 mm fraction had antioxidant capacities of 190.59 and 210.41 mmol TE/100 g for IPL-406 and IPL-316, respectively. Similarly, the >0.25 mm fraction exhibited antioxidant activities of 153.17 and 199.15mmol TE/100 g. The smallest particle fraction (<0.25 mm) demonstrated comparatively lower antioxidant values, recorded at 52.96 and 71.19 mmol TE/100 g for IPL-406 and IPL-316, respectively. These findings highlight that the coarse husk fractions are particularly rich in antioxidant compounds and underscore the potential of lentil milling byproducts as valuable sources of natural antioxidants.

[bookmark: _Hlk208563109]Fig. 3. Antioxidant Activity (m mol TE/100 g) of lentil (IPL-406 and IPL-316) and its fractions
3.2.3 Calorific value
The calorific value of lentil samples was determined using a bomb calorimeter (IKA make). For cultivar IPL-406, the energy content was recorded as 394.86, 386.09, 391.13, 392.73, 384.13, and 395.83 kcal/100 g for whole seed, dehulled cotyledons (dal), milling byproducts, and particle size fractions >1 mm, >0.25 mm, and <0.25 mm, respectively. In the case of cultivar IPL-316, the corresponding calorific values were 343.98, 414.37, 374.74, 276.65, 389.86, and 398.20 kcal/100 g for the whole seed, dehulled cotyledons, byproduct, and respective particle size fractions as shown in Fig. 4. The average calorific values across whole seeds, dehulled products, milling byproducts, and their size-based fractions ranged from 334.69 to 400.23 kcal/100 g. Statistical analysis using Tukey's test indicated that there were no significant differences in energy content among the whole seeds, dehulled cotyledons, byproducts, and sieved fractions. Verma et al. (2021), investigated the calorific values of two chickpea (Cicer arietinum L.) varieties (IPC-11-112 and DCP-92-3) and reported that there were no statistically significant differences in calorific value among the whole seeds, dehulled cotyledons (dal), milling byproducts, and particle size fractions.

[bookmark: _Hlk208563176]Fig. 4. Calorific Value (kcal/100g) of lentil (IPL-406 and IPL-316) and its fractions
3.2.4 Dal Recovery and Potential Dal Recovery
The milling of lentil seeds from the selected cultivars, IPL-406 and IPL-316, using an abrasive roller resulted in dal yields of 87.00% and 88.24%, respectively. In addition to the dehulled dal, the process produced milling byproducts primarily consisting of husk, broken cotyledons, and fine powder, amounting to 13.00% for IPL-406 and 11.76% for IPL-316. Furthermore, to determine the actual potential dal recovery, the seeds were subjected to soaking followed by the separation of husk, germ, and cotyledons. This detailed assessment revealed that the potential dal recoveries recorded to be 89.94% for IPL-406 and 97.79% for IPL-316. The observed variation in dal yield and byproduct proportion between the two cultivars highlights differences in seed characteristics, such as seed coat adherence and mechanical resistance, which influence milling performance and efficiency.
3.3 Correlations Among Various Physical and chemical Properties of Lentil 
The morphological characteristics of two distinct lentil cultivars (IPL-416 and IPL-306) were compared using principal component analysis (PCA). Principal components (PCs), a helpful statistical strategy for reducing a large number of variables into a small number of variables that best explain the variation in the data under analysis. The PCA plots provide an overview of the similarities, differences and inter relationships between the measured properties of lentil. Table 2, displays Pearson's correlation coefficients for several physical characteristics of distinct types. Additionally, a scree plot demonstrated that PCA is effective when applied to measured property data, as the eigenvalues for the first principal component (PC1) capture the greatest variation (12.42%), while the second principal component (PC2) captures 58.50%, accounting for a cumulative 95.50% of the data's variance Fig. (5). The correlation between the attributes was thus examined using the first two PCs. The two PCs' loading plots Fig. (5) provide a visual depiction of the relationships between the measured characteristics. On the loading plot, qualities that are relatively near together are substantially positively associated, whereas those that are displayed in the opposite direction are negatively connected. It was clearly observed from the Table 2 and Fig. 5 that grain weight was positively correlated with moisture content (r = 0.282), bulk density (r = 0.282), true density (r = 0.454) while it showed negative correlation with total antioxidant activity (r = -0.270). Moisture content was determined to be the most significant, with a positive link to protein content (r = 0.249) and total phenolic content (r = 0.275). Strong and significant correlation was showed between protein content, moisture content, coefficient of fraction, TPC and TAA.
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[bookmark: _Hlk208563258]Fig. 5. PCA Loading plot and PCA Scree of the first principal component (PC1) and second principal component (PC2) describing the variation among different parameters of lentil.
Table 2. Pearson’s correlation coefficients between various measured properties of lentil
	
	M.C.
	G.W.
	B.D.
	T.D.
	R.
	F.
	Co.
	Sph.
	S.H.
	P.C.
	TPC
	TAA

	G.W.
	0.282
	
	
	
	
	
	
	
	
	
	
	

	B.D.
	-0.277
	0.282
	
	
	
	
	
	
	
	
	
	

	T.D.
	-0.266
	0.454
	0.075
	
	
	
	
	
	
	
	
	

	R.
	-0.284
	0.005
	0.086
	-0.321
	
	
	
	
	
	
	
	

	F.
	-0.281
	0.198
	-0.238
	-0.065
	-0.500
	
	
	
	
	
	
	

	Co.
	0.281
	-0.190
	0.410
	-0.147
	0.334
	-0.170
	
	
	
	
	
	

	Sph.
	-0.283
	-0.062
	-0.461
	-0.024
	0.538
	0.217
	0.181
	
	
	
	
	

	S.H.
	-0.249
	-0.625
	0.077
	0.293
	-0.112
	-0.447
	0.139
	0.081
	
	
	
	

	P.C.
	0.249
	0.326
	0.262
	-0.324
	0.002
	-0.399
	0.095
	0.434
	0.017
	
	
	

	TPC
	0.275
	0.053
	-0.556
	-0.337
	-0.134
	-0.240
	0.281
	-0.107
	0.155
	0.435
	
	

	TAA
	0.278
	-0.270
	-0.313
	0.069
	-0.024
	-0.081
	-0.144
	-0.107
	0.109
	0.029
	-0.092
	

	C.V.
	0.280
	0.205
	0.053
	0.476
	-0.091
	-0.004
	-0.451
	-0.150
	0.432
	0.180
	-0.368
	-0.014


Abbreviations: M.C. Moisture content; G.W. grains weight; B.D. bulk density; T.D. true density; R. angle of repose; F. angle of friction; Co. coefficient of friction; Sph. Sphericity; S.H. specific heat; P.C. protein content; TPC total phenolic content; TAA total antioxidant activity.
4. CONCLUSION
The biochemical analysis of lentil milling byproduct fractions indicates that the >1.00 mm particle size, primarily composed of husk, is particularly rich in antioxidants and phenolic compounds, making it a valuable source of dietary fibers with potential application in the development of functional and nutraceutical food products. This fiber-rich fraction could contribute to formulations aimed at promoting health benefits such as antioxidant activity, cholesterol reduction, and cancer prevention. Meanwhile, the <0.25 mm particle size fraction, which exhibits a higher protein content than the dehusked cotyledons, presents a promising ingredient for use in traditional culinary preparations like dals and soups. Its fine particle size and high protein concentration also make it suitable for inclusion in high-protein formulations and ready-to-cook products. Overall, the valorisation of these byproducts not only enhance the economic efficiency of lentil milling but also supports the development of health-promoting food products. These fractions can be effectively utilized in the formulation of fibers, phenols and antioxidant enriched value-added products, protein-rich traditional recipes, and therapeutic dietary products aimed at addressing modern nutritional challenges.
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 IPL-406	Whole seed 	Dal 	By-product 	>	1.00mm 	>	0.25mm 	<	0.25 mm	394.86	386.09	391.13	392.72999999999979	384.13	395.83	IPL-316	Whole seed 	Dal 	By-product 	>	1.00mm 	>	0.25mm 	<	0.25 mm	343.97999999999979	414.37	374.74	276.64999999999998	389.86	398.2	
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 IPL-406	Whole seed 	Dal 	By-product 	>	1.00 mm	>	 0.25 mm	<	0.25mm 	327.536231884058	96.066252587991713	2111.8012422360275	5701.035196687375	2426.501035196688	1136.2318840579699	IPL-316	Whole seed 	Dal 	By-product 	>	1.00 mm	>	 0.25 mm	<	0.25mm 	283.64389233954483	95.238095238095241	3140.372670807456	5447.6190476190504	4000	886.12836438923387	Lentil fraction 

TPC (mgGAE/100g)
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