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AbstractArticle Info

Importance of the work: A novel triple-flour blend was developed by mixing underutilized 
broken rice with barley and bambara bean flour a combination remains to be studied, with 
other published research focusing mainly on each component individually.
Objectives: To investigate the nutritional composition, structural properties, pasting 
characteristics and functional properties of composite flours.
Materials and Methods: Composite flours with varying ratios of broken rice, barley and 
bambara bean were analyzed for proximate composition, antioxidant activity, functional 
properties, pasting behavior, Fourier-transform infrared (FTIR) spectra and X-ray 
diffraction patterns.
Results: Increasing the bambara bean flour content significantly enhanced the protein, fiber, fat 
and antioxidant levels, while reducing the starch and amylose contents. The water absorption 
index increased with higher inclusion of bambara beans and barley. All blends exhibited 
A-type crystallinity; however, crystallinity decreased in the high-bambara formulations, 
indicating an increase in amorphous structures. Reduced setback viscosity was suggested 
to improve thermal stability and resistance to retrogradation. FTIR spectroscopy confirmed 
the presence of similar functional groups, with intensity differences reflecting compositional 
variation. Antioxidant activity increased significantly in the bambara-rich blends. 
Main finding: These blends offer enhanced nutritional value, functional quality and 
structural characteristics, highlighting their potential for functional and sustainable food 
applications.
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Introduction 

	 Broken rice (Oryza sativa L.) is a by-product of rice that 
can be processed into flour and may consist of one or multiple 
size fractions, depending on the milling method (Tan and 
Norhaizan, 2020). Milling losses in rice and pulse mills are 
in the range 1520% (Nisha et al., 2023). Despite physical 
damage, broken rice retains its nutritional value (Nisha et al., 
2023), making it a cost-effective ingredient. Rice flour has  
a mild flavor and is colorless, hypoallergenic, low in salt and 
easily digestible (Ren et al., 2020; Hasmadi & Ronie, 2022). 
Currently, these broken rice and pulse mill by-products are 
applied in ready-to-use mixes and biscuits, serving as a corn 
alternative in buffalo diets and a maize substitute in broiler 
diets (Jozinović et al., 2021). The current study utilized 
broken rice, barley and bambara beans as basic materials.  
The selection of these raw materials was based on broken 
rice being an underutilized milling by-product with potential 
for value enhancement. Barley and bambara bean were 
included for their rich dietary fiber, protein and bioactive 
components, which could improve the quality of composite 
flour compositions. This combination offers sustainability 
advantages using by-products and enhances nutrition through 
cereal-legume enrichment.
	 Barley (Hordeum vulgare L.) is acknowledged as  
a nutraceutical grain because of its bioactive compounds, which 
include β-glucan, phenolic compounds, B-complex vitamins, 
tocotrienols and tocopherols (Zeng et al., 2020). This cereal 
has greater antioxidant activity than commonly consumed 
grains, such as wheat and rice, effectively reducing blood 
cholesterol levels and the glycemic index, thereby contributing 
to the prevention of cardiovascular disease (Lukinac and Jukić, 
2022). Whole grain barley consists of 57.760.7% carbohydrate, 
2.52.7% fat, 12.215.1% protein, 16.620.6% dietary fiber, 
4.85.7% β-glucan, 1.21.5% sugar and 1.62.1% ash, contingent 
upon whether the grain type is hulled or dehulled (Lukinac and 
Jukić, 2022; Kaur et al., 2024).
	 Bambara bean (Vigna subterranean L.) is an utilized 
legume rich in essential nutrients, including carbohydrate  
(53–69%), oils (6–8.5%), protein (18–24%), minerals  
(2.5–3.5%) and total dietary fiber 10.3%, with tryptophan as 
the limiting amino acid  (Ogundele et al., 2017). It contains 
low soluble fiber, 1.4% fat and a high proportion of unsaturated  
fatty acids (61%), particularly n-6 fatty acids (36%). Phosphorus 
is the dominant mineral, with magnesium, calcium and  
trace elements such as iron, copper and zinc also present  

(Yao et al., 2015). The bean is rich in polyphenols, including 
flavonoids (quinic, chlorogenic, caffeic and ellagic acids), 
which provide health benefits and enhance immune response 
(Okafor et al., 2022). Its antioxidant properties help to reduce 
lipid oxidation and limit metal ion-oxygen interactions in food 
(Oyeyinka et al., 2021).
	 Blending is the process of combining ingredients to create 
a homogeneous product, commonly used in food production 
to enhance functional attributes and nutrient content (Liu  
et al., 2024). Substituting 20-30% of wheat flour with barley 
flour in bread and pasta enhances the nutritional value without 
significantly affecting sensory attributes (Lukinac and Jukić, 
2022). A blend of 15% bambara groundnut flour and 85% 
purple sweet potato flour produced a product with a higher fiber 
content and shorter cooking time than commercial analogs 
(Ariyantoro et al., 2021).
	 The characteristics of food ingredients significantly 
influence the processing properties of final products (Liu 
et al., 2024). A blend of broken rice, barley and Bambara 
bean flour can be used to produce a variety of rice-based 
products; combining these flours in different ratios can enhance 
nutritional value while maintaining desirable sensory qualities. 
Therefore, it is essential to assess the properties of such blends. 
Consequently, the current examined the nutrient composition, 
functional properties, structural characteristics and pasting 
attributes of composite flours produced by varying the ratio 
of broken rice, barley and bambara bean flour. The results 
should contribute to global food security by promoting food 
diversification using underutilized crops.

Materials and Methods

Materials

	 Broken rice (Oryza sativa L.) (KM 0199) grains harvested 
in May 2024 were obtained from the BERNAS Rice 
Milling Plant at Seri Tiram Jaya, Tanjung Karang, Selangor, 
Malaysia. Barley grains (Hordeum vulgare L.; KM 0200, 
Double Swallow brand) were obtained from the local market  
in Putrajaya, Malaysia. The black-skinned bambara beans 
(Vigna subterranea (L.) Verdc.), locally known as kacang 
bogor (KM 0183), harvested in April 2024, were obtained 
from Jampang Kulon District, Sukabumi Regency, West Java 
Province, Indonesia.
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Composite flour preparation

	 The raw components were ground into flour utilizing a 
DF-25 (China) grinder machine featuring a 0.50 mm sieve 
mesh. The flour samples were contained in polyethylene 
bags, vacuum-sealed and stored at 4°C until subsequent 
examination. The flour blends were prepared by manually 
mixing broken rice, barley and bambara bean flour according to 
the predetermined ratios (Table 1) using a stainless-steel hand 
whisk for 5 min, until a homogeneous mixture was obtained.  
A screening-based fixed-ratio design was used to determine 
seven formulations. The design consisted of three single-
component flours (100% broken rice, 100% barley, 100% 
Bambara bean) as baseline controls, three balanced binary 
blends (50:50) to examine the co-effects between the two 
components and one ternary mixture (50:25:25) to investigate 
the first three-component interactions. The ratios were selected 
based on the nutritional complementarity and functional 
compatibility of the components. This method was selected 
for its efficiency and practicality for evaluating the impacts of 
individual and combination components on the characteristics 
of composite flours, without necessitating a complete mixture 
design, which could be used for further research. The composite 
flour formulations were uniformly blended into seven different 
formulations, as detailed in Table 1.

	 Next, the solution was heated in a water bath at 100°C for 
10 min and allowed to cool to room temperature for at least 
2 hr. The solution was diluted to a volume of 100 mL and 
subjected to vigorous vortexing. The sample solution (5 mL) 
was incubated with 50 mL of distilled water, 2 mL of 1 N 
acetic acid and 2 mL of iodine solution and afterward diluted 
to 100 mL with distilled water. Absorbance was recorded at 
620 nm following incubation for 20 min. Pure amylose derived 
from potatoes was utilized to establish a standard curve for 
quantifying the amylose content. Total starch was quantified 
in accordance with AOAC 920.44, implemented by Lafont-
Mendoza et al. (2018). At the same time, the amylopectin 
content was determined by subtracting the amylose amount 
from the total starch (Palupi et al., 2015).
	 Total dietary fiber (TDF) and soluble dietary fiber (SDF) 
were measured using an enzymatic-gravimetric method 
(Megazyme K-TDFR; Ireland). Heat-stable α-amylase  
(35 min boiling), protease and amyloglucosidase (30 min 60°C) 
were used to digest 1 g of sample in MesTris buffer. Ethanol 
was used to precipitate the SDF from the filtrate, which was 
then filtered, dried at 105°C and adjusted for any remaining 
ash and protein. Similar methods were used to determine TDF,  
but using direct precipitation without filtration.

	 Color
	 The color characteristics of samples were analyzed using  
a colorimeter (CR-410; Konica Minolta;Japan) and the Hunter 
technique based on lightness (L*), greenness (a*) and blueness 
(b*). A white tile was used to calibrate the apparatus. The 
whiteness index was calculated using Equation 1 while the hue 
angle Equation 2 and chroma Equation 3 were computed using 
the methodology of Nevara et al. (2019): 

	 Whiteness index = 100 – [(100 – L)2 + a2 + b2]0.5	 (1)

	 Hue angle = tan-1 (b / a)	 (2)

	 Chroma = √a2 + b2	 (3)

	 Water activity 
	 An AquaLab 3TE meter (METER Group, Inc.; Pullman, 
WA, USA) was used to measure water activity (aw). The flour 
was placed into a reusable cup, thoroughly covering the base 
prior to the automated measurements being taken.

Table 1	 Sample codes and flour compositions of the formulated blends 
containing broken rice flour, barley flour, and bambara bean flour.

Sample code Composition
F1 100% Broken rice flour 
F2 100% Barley flour 
F3 100% Bambara bean flour 
F4 50% Broken rice flour: 50% Barley flour 
F5 50% Broken rice flour: 50% Bambara bean flour 
F6 50% Barley flour: 50% Bambara bean flour
F7 50% Broken rice flour: 25% Barley flour: 

25% Bambara bean flour

Analysis of the structural, nutritional and pasting characteristics 
of blended flours

	 Compositional analysis
	 The proximate composition of flours was determined using 
the method of Horwitz and Latimer (2005), while the method 
of Thiranusornkij et al. (2019) was used to analyze the amylose 
content. A 100 mg flour sample was diluted with 1 mL of 95% 
ethanol and 9 mL of 1 N NaOH, then allowed to stand at room 
temperature for 10 minutes.
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	 Particle size
	 The samples were determined using a laser particle size 
analyzer (Mastersizer 3000; Malvern Instruments Ltd.; 
Malvern, UK) equipped with a dry dispersion system, involving 
the spans (D90-D10/D50), (D50), D10 and D90, a refractive 
index of 1.53 and a consistent obscuration of 30% in all 
measurements. All assays were performed in triplicate.

	 Fourier transform infrared spectroscopy
	 Fourier transform infrared (FTIR) spectra were obtained 
by mixing KBr (chromatographic grade) with the sample 
flour (100 mg), milling it in an agate mortar and pressing it 
into translucent slices. Samples were scanned 50 times using 
a Nicolet IS 10-spectrometer (Thermo Fisher Scientific, Co.; 
Waltham, MA, USA) for the range 4000–400 cm−1. Spectral 
data were analyzed using the OMNIC version 8.2 and PeakFit 
version 4.12 software packages (Lv et al., 2022).

	 Pasting properties
	 The pasting properties were measured using a Rapid Visco 
Analyzer (RVA) 4500 (Newport Scientific; Avon, MN, USA) 
on 3 g of rice flour (14% moisture content) in 25 mL of distilled 
water. The sample was heated from ambient temperature to 
95°C (12°C/min), held for 23 min and then cooled to 50°C 
(12°C/min), during a total of 13 min. Parameters recorded 
were: peak viscosity, trough, breakdown, final viscosity, 
setback, peak time and pasting temperature (Thiranusornkij  
et al., 2019).

	 X-ray diffraction 
	 The X-ray diffraction (XRD) analysis was performed 
using an AXS D8 Discover diffractometer (Bruker Corp.; 
Billerica, MA, USA), with a copper source, 40 kV and  
45 mA over a range of 5 -40° 2θ at 0.02°/s. Relative crystallinity 
was calculated as the ratio of crystalline peak area to total 
diffraction area. Complementary FTIR spectra were collected 
within the spectral range 4000 – 400 cm−1.

Functional properties

	 Water absorption index 
	 The water absorption index (WAI), measured in grams per 
gram, was evaluated using the methodology outlined by Kharat 
et al. (2019) and based on Equation 4: 

	 Water absorption index (g/g)	 =	 Sediment wet weight / 	
			   Sediment dry weight    (4)
	

	 where all weights are in grams.		              	
	
	 Water solubility index and swelling power
	 The water solubility index (WSI) as a percentage and the 
swelling power measured in grams per gram were evaluated 
following the methods specified by Mustapha et al. (2024) and 
using Equation 5 and Equation 6:
	
	 Water solubility index = Weight of dried supernatant

Weight of dry sample
	 (5)

						    

	 Swelling power = Wet sediment weight
Dry flour sample weight × (100 - WSI)

      (6)

	 where all weights are in grams.
		   	
	 Bulk density
	 Bulk density was determined by filling a 100 mL graduated 
cylinder with 25 mL of sample, weighing it, tapping it  
10 times and then filling it to the 100 mL mark. Bulk density 
was calculated from sample weight and cylinder volume  
(Jan et al., 2015).

	 Antioxidant activities
	 The total phenolic content (TPC) extraction process of the 
samples was performed according to a method by Ghandehari 
Yazdi et al (2021) and the TPC analysis was determined  
using the Folin-Ciocalteau technique (Nordin et al., 2023). 
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging 
and ferric reducing antioxidant power (FRAP) assays were 
determined as reported by (Senevirathna et al. (2021).

Statistical analysis

	 All data were analyzed using the Minitab 21 statistical 
software (Minitab Inc.; State College, PA, USA). One-way 
analysis of variance (ANOVA), followed by Duncan’s multiple 
range test at p < 0.05, was used to determine significance 
differences among means. Results were presented as mean ± SD.

Results and Discussion

Nutritional components of composite flours 

	 The proximate composition analysis (Table 2) revealed 
that the addition of bambara bean flour significantly enhanced 
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the nutritional profile of the samples. Formulation F3 had the 
highest contents of protein (16.52%), fat (5.22%), crude fiber 
(10.52%) and ash (2.90%), but the lowest carbohydrate content 
(51.72%), aligning with reported values for Bambara beans 
(Maphosa et al., 2022). In contrast, the F2 formulation had the 
highest carbohydrate content (81.00%) and lower protein and 
crude fiber contents, consistent with barley’s role as a complex 
carbohydrate source rich in beta-glucan (Kaur et al., 2024). 
The F5 and F7 formulations had a balanced nutritional profile,  
with F5 containing elevated levels of protein (15.69%),  
fat (5.52%), crude fiber (5.40%) and ash (1.83%). Bambara  
bean flour increased the contents of protein, crude fiber, ash 
and fat (Ramashia et al., 2024), while barley flour raised 
carbohydrate levels. Significant differences were observed in  
all proximate parameters except moisture content 10.22 to 13.11%. 
Bambara flour (F3) had a moisture content of 13.11%, 
significantly higher than the other samples. A high level 
of moisture content can facilitate microbial proliferation  
and enzymatic activity, resulting in deterioration andthe 
generation of undesirable flavors and aromas, hence affecting 
the safety and shortening the shelf stability of the flour  
(Dzandu et al., 2023)
	 The color analysis (Table 2) revealed that the L* values 
were in the range 83.20 –93.38, the a* values were in the range 
0.30–0.94 and the b* values were in the range 6.40–89.38. 
Barley flour (F2) had the highest L* and whiteness index 

values, while bambara bean flour (F3) had the lowest values. 
Incorporating Bambara bean flour significantly reduced the 
L* value in the blends (F5, F6, and F7) from 91.39 to 89.16, 
aligning with findings for bambara bean flour fortification of 
dark flour-based products (Mashau et al., 2022). In addition, 
the a* values decreased significantly from 0.94 to 0.30 in 
these blends, indicating darker coloration, while there was 
no significant increase in any of the b* values. Chroma, 
representing color intensity, decreased with the addition of 
barley (F4) and reached its lowest value in the F6 formulation, 
due to barley’s lighter color resulting from pearling, which 
removes darker layers (Zheng et al., 2023). The F5 formulation 
had the lowest whiteness index (86.62), which was the darkest 
among the samples, likely due to the browning reactions of the 
broken rice during the milling process (Bruce et al., 2020). 
	 The aw (Table 2) measures the energy state of water in  
a food system, reflecting the extent to which water is  
bound within the food (Taoukis and Richardson, 2020).  
Most bacteria grow at aw ≥ 0.91, while fungi can grow at aw 
values as low as 0.6, so maintaining a low aw is essential for 
shelf stability, as water promotes chemical and microbial 
degradation in foods (Nevara et al., 2019). In the current study, 
the flour aw was in the range 0.39–0.72, with F3 having the 
highest value (0.72) and F2 the lowest (0.39). All values were 
below the threshold for microbial growth (0.91), indicating 
good storage stability and potential for extended shelf life. 

Table 2	 Chemical composition of different flours and blends
Parameter Formulation (see Table 1)

F1 F2 F3 F4 F5 F6 F7
Moisture content (%) 10.86±0.12c 10.22±0.17d 13.11±0.04a 10.8±0.25c 11.95±0.14b 10.59±0.32cd 10.68±0.25cd

Fat (%) 1.68±0.07e 1.80±0.09e 5.22±0.10b 2.59±0.14d 5.52±0.20ab 5.86±0.11a 4.46±0.18c

Protein (%) 11.40±0.15e 5.72±0.10g 16.52±0.06a 8.80±0.14f 15.69±0.17b 14.11±0.15c 12.04±0.19d

Ash (%) 0.63±0.14g 0.79±0.04f 2.90±0.06a 0.94±0.00e 1.83±0.02c 2.20±0.00b 1.44±0.01d

Crude fiber (%) 0.22±0.13d 0.45±0.06d 10.52±0.17a 0.41±0.10d 5.40±0.06b 5.60±0.11b 2.94±0.07c

Carbohydrate (%) 75.22±0.08c 81.00±0.26a 51.72±0.13g 76.45±0.45b 59.61±0.06f 61.64±0.44e 68.45±0.25d

L* 91.44±0.38b 92.83±0.14a 83.20±0.01e 93.38±0.15a 89.16±0.04d 90.62±0.43c 91.24±0.09bc

a* 0.64±0.13b 0.92±0.07a 0.35±0.02c 0.94±0.01a 0.30±0.05c 0.62±0.06b 0.65±0.12b

b* 7.24±0.25bc 6.40±0.29c 8.38±0.03a 6.87±0.27c 7.83±0.05ab 7.20±0.25bc 7.70±0.30ab

Hue 1.48±0.01b 1.43±0.00c 1.53±0.00a 1.43±0.01c 1.53±0.00a 1.48±0.01b 1.49±0.01b

Chroma 7.30±0.25c 6.45±0.29e 8.38±0.01a 6.77±0.27de 7.84±0.05b 5.86±0.25f 7.73±0.23b

Whiteness index 88.77±0.29b 90.34±0.26a 81.22±0.08d 90.53±0.23a 86.62±0.05c 88.16±0.28b 88.31±0.23b

Water activity 0.45±0.00e 0.39±0.00g 0.72±0.01a 0.43±0.00f 0.63±0.00b 0.55±0.00c 0.51±0.00d

Amylose (%) 17.28±0.04d 21.04±0.07a 15.98±0.09e 19.12±0.06b 18.45±0.08c 19.24±0.04b 19.22±0.08b

Amylopectin (%) 61.38±0.14a 54.74±0.02b 26.84±0.10g 52.38±0.15c 42.82±0.03e 38.75±0.07f 44.42±0.03d

Starch (%) 78.66±0.10a 75.78±0.08b 42.82±0.07g 71.50±0.11c 61.27±0.07e 57.99±0.11f 63.64±0.05d

Insoluble DF (%) 3.37±0.04g 8.47±0.05d 14.74±0.04a 5.90±0.09f 9.06±0.05c 11.61±0.07b 7.49±0.08e

Soluble DF (%) 1.54±0.01d 2.16±0.04a 1.62±0.03cd 1.87±0.07b 1.56±0.06d 1.88±0.07b 1.72±0.04c

Total DF (%) 4.91±0.03f 10.63±0.01c 16.36±0.01a 7.77±0.04e 10.62±0.06c 13.49±0.09b 9.21±0.09d

DF = dietary fiber. Treatment details are shown in Table 1. Values (mean ± SD) within the same row followed by different lowercase superscript letters 
are significantly different (p < 0.05).
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Despite the notably high aw value for F3 (0.72) value, the 
microbial proliferation remained within crucial thresholds 
(aw ≤0.91). An extended shelf life can be achieved by utilizing 
appropriate packaging and storage conditions, including 
the use of oxygen-barrier materials and low-temperature 
storage, which also minimize lipid oxidation (Hedegaard and 
Skibsted, 2024). The amylose content was in the range 15.98 
–21.04%, with F2 having the highest value and F3 the lowest. 
Higher amylose contents are linked to greater gel strength and 
retrogradation. This occurs because of the abilities of amylose 
chains to form stable, compact network structures during 
retrogradation, which results in increased rigidity and elasticity 
of the gel (Geng et al., 2026). Thus, the high amylose content 
in F2 may produce firmer textures, as amylose facilitates 
amylopectin crystallization (Koekuyt and Marangoni, 2024). 
The amylopectin content was in the range from 26.84% (F3) 
to 61.38% (F1), which may have resulted in softer, moister 
products than those made from F3.
	 Food is classified as a source of fiber when it contains at 
least 3 g of dietary fiber per 100 g and it is considered a high-
fiber food if it has 6 g or more per 100 g ( Food and Agriculture 
Organization and World Health Organization, 2013). Based on 
Table 2, only F1 could be classified as a source of dietary fiber, 
while the other formulations would be categorized as high-
fiber foods. Incorporating bambara bean flour in the F5 and 
F6 formulations significantly increased the insoluble dietary 
fiber (IDF) to 9.06% and 11.61%, respectively, and the TDF 
contents to 10.62% and 13.49%, respectively. Maphosa et al. 
(2022) reported that bambara bean varieties contained 10–16 
g IDF/100 g. Thus, the addition of bambara bean flour directly 
increased the insoluble fiber content of the blends. Insoluble 

dietary fiber (IDF) mitigates gastrointestinal disorders, while 
the primary role of SDF is to inhibit the speed of digestion in 
the intestine, resulting in prolonged feelings of fullness and  
a reduced rate of blood glucose elevation (Nugraheni et al., 2022).

	 Particle size
	 Table 3 presents the particle size and functional properties 
of the composite flour blends, while their particle size 
distribution patterns are shown in Fig. 1. The F3 formulation 
had the largest particles (D10 =20.05 μm; D50 = 110.60 μm; 
D90 = 485.21 μm) due to its fibrous, protein-rich composition, 
resulting in a reduced surface area for water absorption. D50 
is a key indicator of hydration and mixing, with smaller values 
promoting faster hydration and improved dough formation 
(Bressiani et al., 2019). The F6 formulation had the lowest D90 
values (365.91 μm) with greater uniformity. In comparison, the 
F2 formulation had the lowest diameter (4.16 μm), indicating 
a homogeneous distribution that enhanced stability and water 
absorption (Kraithong et al., 2018).

Table 3	 Particle size, functional properties and antioxidant activities of composite flour blends (see Table 1 for F1–F7 definitions).
Parameter Formulation (see Table 1)

F1 F2 F3 F4 F5 F6 F7
D10 (μm) 13.45±0.29c 8.62±0.04g 25.05±0.15a 9.67±0.29f 18.85±0.10b 11.66±0.08e 12.39±0.02d

D50 (μm) 101.70±0.05b 63.85±0.18g 110.60±0.54a 67.53±0.51f 98.93±0.54c 70.59±0.53e 79.85±0.51d

D90 (μm) 534.16±0.17a 447.69±0.29d 485.21±0.20b 383.83±0.09f 475.91±0.57c 365.91±0.21g 385.25±0.50e

Span 5.12±0.00c 4.16±0.02f 10.52±0.02a 5.54±0.04b 4.62±0.02e 5.02±0.04d 4.67±0.04e

WAI (g/g) 2.20±0.02bc 2.24±0.00bc 2.31±0.15a 2.08±0.02d 2.27±0.03b 2.08±0.03d 2.03±0.05e

WSI (%) 2.41±0.05g 7.26±0.04e 1.56±0.26a 5.79±0.08f 8.08±0.13d 11.10±0.23b 10.36±0.22c

SP (g/g) 10.78±0.12cd 10.59±0.15cd 12.86±0.17a 10.19±0.16d 12.72±0.15ab 11.59±0.14bc 11.29±0.12cd

BD (g/ml) 0.57±0.01a 0.38±0.00e 0.51±0.01b 0.46±0.00c 0.55±0.00a 0.42±0.01d 0.49±0.00b

TPC (mg GAE/g) 2.57±0.08e 3.86±0.04cd 8.15±0.06a 3.45±0.18d 6.26±0.14b 6.67±0.14b 4.69±0.13c

DPPH (%RSA) 10.76±0.10d 23.43±0.17b 78.51±0.18a 19.26±0.17e 19.32±0.14e 23.08±0.23g 22.44±0.21f

FRAP (µM TE/g) 3.81±0.02e 4.49±0.13c 6.62±0.12a 4.65±0.17c 4.03±0.04d 5.16±0.05b 4.31±0.18c

WAI = water absorption index, WSI =water solubility index, SP = swelling power, BD =bulk density, TPC= total phenolic content; GAE = gallic 
acid equivalents; DPPH =2,2-diphenyl-1-picrylhydrazyl; RSA = radical scavenging activity; FRAP = ferric-reducing antioxidant power’ TE = trolox 
equivalent.
Values (mean ± SD) within the same row followed by different lowercase superscripts are significantly different (p < 0.05).

Fig. 1	 Particle size distribution of composite flour blends (see Table 1 for 
F1 – F7 definitions).
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	 The WSI reflects the starch swelling capacity in excess 
water, while the WSI indicates polysaccharide release (Yousf 
et al., 2017). The composite flours had WAI and WSI values in 
the ranges 2.01–2.31 g/g and 1.56–11.10%, respectively, with 
significant differences. The F3 formulation had the highest WAI 
(2.31 g/g) due to its high protein and fiber content (Ramashia  
et al., 2024), while the F5 formulation also had a high WAI  
(2.27 g/g) from the contribution of Bambara. F7 had the lowest 
WAI (2.01 g/g), suggesting that combining the three flours might 
have reduced the water uptake due to component interactions 
that hindered gelatinization. The protein matrix in Bambara 
(Ogundele et al., 2017) and polysaccharides in barley influence 
these interactions, affecting absorption and gelatinization.  
The F6 formulation had the highest WSI (11.10%), attributed 
to synergistic interactions between the Bambara bean  
protein matrix and starch granules. The β-glucan in the barley 
further enhanced the WSI when blended with Bambara 
bean flour (F4, F6, and F7) at 5.79%, 11.10% and 10.36%, 
respectively. The barley soluble fiber dissolves in water, 
raising the WSI, which may have reduced the gelation capacity 
and batter viscosity, impacting texture and consistency. The 
swelling power of a flour quantifies the capacity of the starch 
granules in the flour to absorb water and expand when heated 
(Jiaet al., 2023). The F3 and F5 formulations had higher 
swelling power values of 12.86 g/g and 12.72 g/g, respectively, 
than the other formulations because Bambara bean flour has  
a high protein content, which enhances its swelling power and 
water absorption (Adeleke et al., 2018). The F2 formulation 
had the lowest bulk density (0.38 g/mL), indicating a more 
porous structure, which aligned with Li et al. (2021)who 
suggested a relationship between decreased bulk density and 
increased porosity in food products, since a decreased bulk 
density value signifies an increased presence of air spaces or 
pores within the material. 
	 Sample F3 had the highest TPC (8.15 mg gallic acid 
equivalent/g), as shown in Table 3. Notably, bambara beans are 
abundant in hydroxycinnamic acids (chlorogenic and caffeic 
acids) and flavonoids, which contain many hydroxyl groups 
that serve as reactive sites for antioxidant activity (Oyeyinka 
et al., 2021). Phenolic compounds produce antioxidant activity 
through multiple mechanisms, such as donating hydrogen 
atoms to neutralize free radicals, chelating pro-oxidant metal 
ions and directly scavenging reactive oxygen species through 
electron transfer reactions (Shahidi and Ambigaipalan, 
2015; Tungmunnithum et al., 2018). While the incorporation  
of broken rice and barley flour (F4) reduced the TPC due 
to its lower phenolic concentration, blends with bambara  

(F5, F6, F7) had greater TPC values than F4 (Yang et al., 
2021). A strong positive correlation was observed between the 
TPC and antioxidant activity, as evaluated by DPPH radical 
scavenging activity (RSA) and ferric reducing antioxidant 
power (FRAP). F1 had the lowest results (10.76% RSA, 
3.81 µM Trolox Equivalent (TE)/g), signifying a decreased 
antioxidant ability, whereas F3 had the greatest RSA (78.51%) 
and FRAP (6.62 µM TE/g). The DPPH test evaluates the 
capacity of phenolic compounds to donate hydrogen atoms or 
electrons to stabilize the DPPH radical, whereas FRAP assesses 
the reducing power by measuring electron donation to ferric 
ions (Fe³+), therefore converting them to ferrous ions (Fe²+) 
(Kedare and Singh, 2011; Apak et al., 2016).
	 The TPC, RSA and FRAP values were higher in the barley-
Bambara blend (F5) compared to F4, attributable to synergistic 
interactions wherein phenolic compounds from diverse 
sources enhance each other’s bioavailability and antioxidant 
effectiveness through interaction mechanisms, including the 
regeneration of oxidized antioxidants and complementary 
radical scavenging pathways (Mashau et al., 2022)

	 Fourier transform infrared spectroscopy.
	 FTIR spectroscopy was used to measure the short-range 
molecular order of the starch granules and to identify specific 
functional groups. Based on Fig. 2, there were similarities 
among the FTIR spectra of the seven composite flours.  
The mid-infrared spectra could be categorized into four  
distinct areas corresponding to the different molecular 
vibrations. Both protein and starch molecules had O–H 
stretching vibrations in the first region (3000–3800 cm-¹), with 
broad peaks indicating the stretching of the hydroxyl group. 

Fig. 2	 Fourier transform infrared spectra of composite flour blends  
(see Table 1 for F1–F7 definitions).
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Band shifts indicated that hydrogen bonding played a role in 
the molecular interactions between protein and starch, while 
other characteristics suggested changes in intramolecular or 
intermolecular hydrogen bonding. The density and strength 
of hydrogen bonds increase with decreasing wavenumbers 
(Sutrisno et al., 2024). Lipid components, specifically C–H, 
asymmetric –CH2 and symmetric –CH2 stretching vibrations, 
were linked to the second region (2928 cm-¹ and 2854 cm-¹) 
(Candoğan et al., 2021). The third region contained amide I 
(1631–1634 cm-¹) and amide II (1534–1539 cm-¹) bands, coming 
from C=O, N–H and C–N stretching and from N–H bending in 
combination with C–N stretching, respectively. These bands, 
resulting from the vibrations of the peptide backbone and 
isopeptide linkages, represent the structural configurations of 
proteins. After adding Bambara bean flour, the amide band 
intensity increased, suggesting that the composite flours had 
a higher protein content. F1, F2 and F4 did not have the peak 
at 1745 cm-¹ (Sutrisno et al., 2024). Starch-specific spectral 
features, specifically C–O and C–C stretching vibrations, were 
represented by the fourth region (1200–800 cm-¹). In this starch 
region, formulations that combined barley flour and broken rice 
flour displayed increased peak intensities. Amylose molecules 
may reduce the molecular short-range order by preventing  
the formation of double-helical arrangements (Zhang et al., 
2022).
	 The enhancement of amide I/II band intensity and alterations 
in the extensive O–H stretching area in the bambara-enriched 
blends signified an elevated protein content and a changed 
hydrogen-bonding environment. The shift of the amide I 
band from 1631-1634 cm-¹ indicated alterations in the protein 
secondary structure, specifically the β-sheet and random 
coil conformations, which may have disrupted the starch 
molecular organization (Kong and Yu, 2007). Proteins and 
dietary fibers may bind to starch surfaces through electrostatic 
interactions and hydrogen bonding between amino acid 
residues and the hydroxyl groups of glucose units (Zhou et 
al., 2024), potentially restricting the reassociation of amylose/
amylopectin chains and modifying hydrogen-bond networks 
essential for recrystallization after cooling (retrogradation). 
Legume proteins from Bambara beans produce a physical 
barrier surrounding starch granules, restricting water mobility 
and reducing the conformational flexibility required for double 
helix formation during retrogradation (Roman et al., 2025). 
Thus, interactions between protein-starch and fiber-starch 
reduce the mobility and alignment of starch chains required for 
crystal formation, resulting in reduced setback and enhanced 
paste stability (Shao et al., 2023; Scott and Awika, 2023).  

The wavenumber shift in the O–H stretching area, from 3400 
to 3300 cm-¹, signified enhanced hydrogen bonding networks 
and corresponding to increased molecular interactions between 
starch and non-starch components (Koshenaj and Ferrari, 
2024). The FTIR-detected band shifts were used as indicators of 
modified hydrogen bonding, which corresponded to variations 
in the pasting and gelation behavior determined using the RVA 
(Roman et al., 2025).
	 Samples F3 and F7 had broadening and shifts in the 
O–H stretching region of the FTIR spectra. These spectrum 
alterations signified modified hydrogen bonding, which 
decreased the capacity of the starch chains to reassemble 
after cooling. Consequently, both formulations had reduced 
setback viscosity and enhanced paste stability. This process 
aligned with other research indicating that alterations in 
hydrogen bonding within starch systems resulted in reduced 
retrogradation and enhanced freeze-thaw stability (Wang et al., 
2021; Lin et al., 2023).

X-ray diffraction 

	 Often, the XRD pattern is utilized to ascertain the crystalline 
structure of flours. Fig. 3a and 3b present the XRD patterns of 
the flour mixtures (F1–F7). The A-type crystalline peaks at 
approximately 15°, 17°, 18° and 23° (2θ) in the XRD analysis 
(F1–F7) were characteristic of cereal starches (Li et al., 2022), 
with the peaks at 15° and 23° corresponding to the pasting 
and gelatinization temperatures. F1 had the highest relative 
crystallinity (RC) at 45.57%, F3 had the lowest at 22.31% 
and F5 had an intermediate RC of 32.30%. Since amylose 
breaks down amylopectin double helices and crystalline 
order, RC was inversely correlated with the amylose content 
(Teng et al., 2017). The high contents of protein (18–25%) 
and fiber (6–12%) in the Bambara bean flour interfered with 
starch crystallinity (Oyeyinka et al., 2017), resulting in more 
amorphous regions that improved water absorption and 
swelling and lowered the gelatinization temperature. While 
a low RC reflects disrupted molecular order, it also indicates 
higher reactivity and digestibility (Chinma et al., 2021),  
as well as promoting water infiltration, rapid swelling and  
a lower gelatinization energy (Liu et al., 2024). On the 
other hand, a high RC indicates greater structural stability  
(Li et al., 2022). Low-crystallinity flours are better suited  
for quick cooking products, offering enhanced solubility, water 
absorption and sensory quality, whereas high-crystallinity 
flours preserve firm textures in pasta and extruded snacks  
(Yan et al., 2025).
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Fig. 3	 X-ray diffraction pattern of: (A) raw material flour; (B) flour blends (see Table 1 for F1–F7 definitions).

Fig. 4	 Pasting curves of composite flour blends (see Table 1 for F1–F7 
definitions).

Table 4	 Pasting properties of composite flour blend (see Table 1 for F1–F7 definitions).
Sample code F1 F2 F3 F4 F5 F6 F7
PV (cP) 1,976.80±73.40b 2,303.94±81.33a 1,644.70±90.20c 2,062.00±85.40b 1,313.20±64.30d 1,941.10±97.30b 1,181.58±72.74d

TV (cP) 1,508.70±98.30a 1,494.00±90.38a 765.67±105.86c 1,524.70±78.90a 883.30±82.70bc 1,071.00±49.00b 1,035.67±87.10b

BV (cP) 594.30±27.60cd 847.70±47.40b 981.00±44.50a 669.00±60.00c 513.70±69.20d 994.00±65.00a 221.22±56.66e

FV (cP) 3,899.33±54.47a 3,050.00±53.00c 1,127.33±95.03e 3,516.70±97.30b 2,282.70±44.67d 2,309.00±55.00d 2,845.30±48.40c

SV (cP) 2,390.70±72.70a 1,556.00±88.52d 358.67±98.02f 1,992.00±31.80b 1,399.30±52.62d 1,238.00±59.00e 1,809.70±66.50c

Peak time (min) 5.84±0.07b 6.18±0.11a 4.20±0.07d 6.12±0.14ab 4.93±0.07c 5.03±0.03c 5.93±0.07b

Pasting temp (°C) 83.65±0.07b 67.47±0.11d 79.30±0.07c 88.77±0.14a 79.57±0.07c 81.55±0.03bc 83.68±0.07b

PV = peak viscosity; TV = trough viscosity; BV = breakdown viscosity; FV = final viscosity; SV = setback viscosity.
Values (mean ± SD) within the same row followed by different lowercase superscript letters are significantly different (p < 0.05)

	 Sample F3, which contained the highest proportion of 
Bambara flour, had the lowest relative crystallinity (22.31%) 
in the X-ray diffraction results. Commonly, this reduction  
in crystallinity is associated with a more amorphous starch 
matrix and greater disruption of the double helical regions, 
with such structural changes promoting water penetration 
during heating and limiting the reordering of starch chains 
during cooling (Chinma et al., 2021). These structural features 
help to explain the lower setback viscosity observed in F3 
(358.67 cP), as shown in Table 4, compared with the higher 
setback values of the rice-dominant samples F1, F4, F5  
and F7, at 2,390.70 cP, 1,992.00 cP, 1,399.30 cP and  
1,809.70 cP, respectively. Similar relationships between 
low crystallinity and reduced retrogradation have been well 
documented in the literature (Wang et al., 2021; Tingting Kou 
et al., 2022).

Pasting properties

	 The RVA results for the different flours and mixtures are 
summarized in Table 4 and Fig.4 illustrates the pasting curves 
of the composite flour blends. The final viscosity reflects  
a substance’s ability to form a thick, viscous paste (Kaushal  
et al., 2012). The setback viscosity (SV) denotes the viscosity 

recovery that takes place following the cooling of a heated starch 
solution and reflects the tendency of the starch to retrograde 
as the cooked starch paste cool down. The final viscosity (FV) 
and the setback viscosity (SV) values of several flours varied 
considerably, ranging from 1,127 cP (F3) to 3,899 cP (F1) 
and from 358 cP (F3) to 2,390 cP (F1), respectively (Table 4).  



10 A. Setiyoko et al. / Agr. Nat. Resour. 60 (2026) 600110

Notably, the SV diminished with the incorporation of Bambara 
bean flour in the mixtures, signifying the bean flour’s reduced 
propensity for retrogradation. A reduced inclination to 
retrograde is beneficial in culinary preparations, such as 
sauces and soups, which experience precipitation and viscosity 
loss (Liu et al., 2020). The reduced setback and breakdown 
viscosities of the flour indicate a significant resistance to 
retrogradation, leading to the development of a consistent 
paste, which is a crucial characteristic in porridges (Kaushal  
et al., 2012).
	 The lowest temperature at which flour can gelatinize is 
known as the pasting temperature (PT). F2 had the lowest 
PT (67.47°C) because of its high protein and fiber contents 
that disrupted gelatinization, while F4 had the highest PT 
(88.77°C), probably because its starch-protein interactions 
improved the thermal stability. According to Wang et al. (2016), 
formulations containing broken rice typically had higher PT 
values, which was consistent with the rice amylose content 
raising the gelatinization temperature and indicating greater 
resistance to swelling. In the current study, the β-glucan content 
of the barley was responsible for the highest peak viscosity 
(PV) in F2 (2,303.94 cP), while the dilution from three-
flour blending resulted in the lowest PV in F7 (1,181.58 cP).  
F4 had the highest trough viscosity, indicating paste stability, 
due to synergistic water absorption and reduced solubility, 
while F3 had the lowest trough viscosity, where starch hydration 
was restricted by the protein matrix of the bambara bean flour 
(Ogundele et al., 2017).
	 Granule disintegration is reflected in the breakdown 
viscosity (BV), where a lower BV indicates higher thermal 
and shear stability (Yadav et al., 2022). In the current study, 
F6 had the highest BV, while F7 had the lowest. Broken rice 
flour improved the gelatinization stability by lowering the BV 
(Yang et al., 2021). The ranges for the FV and SV were 1127–
3899 cP and 358–2390 cP, respectively. For products such as 
sauces, soups and porridges that require paste stability at low 
temperatures, the addition of bambara bean flour decreased the 
SV, indicating a lower retrogradation potential (Kaushal et al., 
2012).
	 Formulations F3 and F5, which incorporated higher 
concentrations of Bambara flour components, such as protein 
and soluble fiber (Table 2), had reduced amylose availability, 
which resulted in reduced pasting temperatures and decreased 
setback viscosities. Their peak viscosities were 1,644.70 cP  
for F3 and 1,313.20 cP for F5. Amylose dilution correlates  
with decreased chain alignment during cooling and rapid 
viscosity development, providing a functional benefit in instant 

or quick-cooking products (Jia et al., 2023) The higher soluble 
fiber content in sample F3 improved water absorption and 
swelling power, resulting in a moderate peak viscosity and  
a stable hot-paste profile. These attributes are advantageous in 
foods, such as porridges and beverages, where a smooth texture 
and moisture retention are desirable characteristics (Maphosa 
et al., 2022).
	 The spectral results for sample F7 indicated the formation 
of lipid, protein, and starch complexes, which mitigated 
amylose leaching during heating. The F7 formulation had  
a moderate peak viscosity (1,181.58 cP) and a low breakdown 
value. These complexes enhance thermal stability and are 
advantageous for products processed at high temperatures 
such as retorted foods and extruded products (Shao et al., 
2023; Scott and Awika, 2023). On the other hand, sample 
F1, characterized by a majority of the broken rice flour, 
exhibited higher crystallinity and produced more robust gel 
formations during cooling. The SV was the highest among 
all the formulations (2,390.70 cP). These attributes would be 
beneficial in structured food products, such as noodles and 
extruded snacks, where hardness and shape preservation are 
crucial characteristics (Kraithong et al., 2018).

Conclusion

	 The incorporation of bambara bean and barley flours into 
broken rice flour significantly increased the contents of protein, 
dietary fiber, fat and total phenolics, while decreasing the levels 
of starch and amylose. Blends containing higher Bambara 
content had a larger particle size, improved water absorption and 
greater antioxidant activity. Based on the analysis of the pasting 
properties, there was a decrease in the breakdown and setback 
viscosities, indicating enhanced heat stability and a reduced 
tendency for retrogradation. Furthermore, the FTIR and XRD 
measurements confirmed the reduction in crystallinity and the 
altered hydrogen bonding configurations. This study addressed 
the stated research gap by demonstrating that the tested novel 
triple-flour combination produced synergistic functional 
and nutritional benefits that exceeded those of previously 
reported binary blends, while also increasing the value of 
broken rice, a previously underutilized milling by-product. 
The various pasting profiles should facilitate specific industrial 
applications: high-crystallinity formulations (F1, F4) are 
suitable for structured products such as noodles and extruded 
snacks; low-setback formulations (F3, F5) are suitable for 
sauces, soups and instant beverages that need a smooth texture 
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and storage stability; and intermediate blends (F6, F7) are 
suitable for baked applications. The high antioxidant capacity 
of the Bambara-rich blends indicated that they are suitable 
as functional materials for health-focused products, which 
would decrease agricultural waste by utilizing broken rice  and 
enhance food security through crop diversification. Future 
research should focus on sensory evaluation and consumer 
acceptability studies, as well as the optimization of pilot-scale 
processing (extrusion, baking, noodle-making), glycemic index 
assessment and the investigation of pre-processing treatments 
to enhance product functionality. These findings should 
underpin the development of value-added, fiber-rich and  
healthier food products from an underutilized crop.
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