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ABSTRACT 

Bambara groundnut milk (BGNM) prepared by hydrating BGN flour from four 

varieties using the optimal hydration time (Htime) and temperature (HT) (as esti- 

mated following a central composite rotatable design, Htime [2–6 h] and HT [25– 

35C] of BGN flour) was investigated for the effect of variety on pH, color and 

antioxidative activity (radical scavenger 2,2-diphenyl-1-picrylhydrazyl [DPPH] ) 

and consumer acceptability. The optimal Htime and HT for optimum BGNM 

were estimated to be 2 h at 25C. BGNM differed significantly (P ≤ 0.05) in light- 

ness, chroma, redness, yellowness and DPPH, but not in hue and pH. BGNM from 

the black variety showed the most antioxidative capacity (0.39 A). The color dif- 

ferences ranged from 1.4 to 13.9. BGNM differed significantly (P < 0.05) in 

appearance, color, mouthfeel and overall acceptability, but not in aroma and taste. 

The high preference for panelist aged <20 indicated acceptance of BGNM as part 

of a healthy diet. 

 

PRACTICAL  APPLICATIONS 

This project demonstrates the possibility of producing vegetable milk with high 

antioxidant property from BGN flour adding value to this unexploited legume. 

The optimized process can be used for commercial production of this milk for 

food security and economic impact. 

 

INTRODUCTION 

Introduction of exotic crops has led to the neglect of many 

indigenous African crops (Odeigah  and  Osanyinpeju 

1998). Agricultural research traditionally has focused on 

staple foods while little attention has been given to under- 

utilized and neglected crops, particularly by scientist in 

developed countries (Heller et al. 1997). Nevertheless, 

empirical evidence and the result of specific research pro- 

grammers indicate that these underutilized crops have 

considerable potential (Lawal et al. 2007), but more scien- 

tific studies needs to be channeled to these crops (Odeigah 

and Osanyinpeju 1998). One such underutilized crop is 

bambara groundnut (BGN). BGN is an indigenous African 

crop that has been cultivated in Africa for centuries. It is a 

highly nutritious plant, which, accordingly, plays a crucial 

role in e le’  diets (Mpotokwane et al. 2008; Jideani and 

Mpotokwane 2009). In recent years, there has been 

renewed  interest  in  the  crop  for  cultivation  in  the  arid 

savannah zones, because of its resistance to drought, pests 

and the ability to produce a reasonable crop when grown 

on poor  soils  (NRC  1996;  Swanevelder  1998;  Massawe 

et al. 2002). Whole BGN are edible seed of the BGN plant, 

a legume from the Leguminosae family (Heller et al. 1997; 

Basu et al. 2007). They are low in fat, but a good source of 

protein (Jideani and Mpotokwane 2009) and  believed  to 

rank as  the  third  grain  legume  after  groundnuts  and 

cowpea (Vigna unguiculata; Amarteifio and Moholo 1998; 

Adebowale et al. 2002). The seed contains about 49.0– 

63.5% carbohydrate, 15–25% protein, 4.5–7.4% fat, 5.2– 

6.4% fiber and  3.2–4.4%  ash  (Goli  et al.  1997; Karikari 

et al. 1997; Amarteifio and Moholo 1998). BGN is a good 

source of fiber, calcium, iron, potassium and is high in 

methionine, an essential sulfur-containing amino acid 

(Omoikhoje 2008). Legumes are some of the low-priced 

source of  protein-rich  food  important  in  alleviating 

protein malnutrition and shortages (Apata and Ologhobo 

1994). 
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Growing awareness of the nutritional benefits of plant- 

based foods by health-conscious consumers and consumers 

with special dietary requirements (religious taboos, vegetar- 

ians, cholesterol free, lactose free and dairy free) has led to 

the production of vegetable milk (Quasem et al. 2009; 

Boursier et al. 2012). Vegetables do not produce literal 

bovine milk, like cows (Granato et al. 2010); however, there 

are products made from oil seeds, legumes and cereals that 

resemble cow’  milk in appearance and nutrition (Quasem 

et al. 2009; Wang et al. 2009). Vegetable milk has been 

proved to be a prospective alternative to animal milk in the 

food industry because of its functionality and health claims 

(Uvere et al. 1999; Lawal et al. 2007; Nti 2009). The possibil- 

ity of producing vegetable milk for local use was studied by 

Brough et al. (1993), and the results indicated a great poten- 

tial for BGN milk (BGNM). 

Production of vegetable milk has been exploited by a 

number of researchers (Akinyele and Akinlosotu 1991; 

Brough et al. 1993; Nnam 1997; Alobo 1999; Lawal et al. 

2007; Aidoo et al. 2010; Agunbiade et al. 2011; Ukwuru and 

Ogbodo 2011; Boursier et al. 2012). Milk extraction can be 

done on soaked seeds that are wet milled and then strained 

(Nsofor et al. 1996). The seeds can either be heat-treated 

(Akinyele and Akinlosotu 1991), sprouted or even fer- 

mented (Nnam 1997) before the milling, depending on the 

test objective. Brough et al. (1993) reported milk extraction 

from BGN using wet milling. There is no doubt that there is 

huge energy consumption in wet milling. We thought that 

BGN from dry-milled flour will save energy especially for 

commercial ventures. 

The major legumes that have been used in vegetable milk 

production include soybeans, cowpeas, winged bean, 

groundnuts and melon seeds (Quasem et al. 2009). In the 

The red BGN seeds were milled into flour using a hammer 

mill (Bauermeister Inc., 601 Corporate Woods Pkwy, 

Vernon Hills, IL 60061) with a sieve size of 250 μm (No. 

60), packed in clear plastic bag and stored in a refrig- 

erator at 4–6C, until needed. 

 

Optimization of Hydration Time and 

Temperature for Optimal BGNM 

Red BGN flour (25 g) was mixed with 250 mL distilled 

water (1:10), and allowed to hydrate in a water bath (Metter, 

Laboratory and Scientific Equipment Company, Pty., Ltd., 

Ndabeni, South Africa) for 2–6 h at 25–35C combination 

generated from the central composite rotatable design in 

Table 1. The combination resulted in 12 experimental runs. 

Each design point was performed in triplicate, except the 

center points that were performed four times. The experi- 

ment was carried out in randomized order. Figure 1 details 

the steps involved in the production of BGNM. After hydra- 

tion, the slurry was filtered through muslin cloth with fine 

mesh size of 707 μm (No. 25) folded four times to yield the 

BGN juice. The BGN  juice was then homogenized 

(Silverson L4RT, Stewart & Brieley Pty Ltd., Booysens, 

Gauteng 2016, South Africa) for 5 min at 3,000 rps, and 

allowed to stand for 5 min then decanted into a 500-mL 

schott bottle. The BGN juice was then autoclaved 

(Beschickung Loading model 100–800, Linguee GmbH, 

Theodor – Heuss – Ring 36, 50668 Koln, Amtsgericht Koln, 

HRb 64606) at 121C for 15 min to yield the BGNM. 

Dependent variables were pH, sedimentation, total solids 

(TS) and color as product quality. The experimental data 

were fitted to a polynomial regression model for predicting 

individual responses. 

study by Agunbiade et al. (2011), BGNM was acceptable to Y b  b X b X  b  X 2 b  X X 
the consumers and  was recommended as  weaning food. 

0 1    1 2    2 11    1 12    1    2 

However, not much is known about BGNM from dry- 

milled BGN flour. Producing BGNM from BGN flour will 

require a hydration process. The optimum time and tem- 

perature of BGN flour hydration for optimum BGNM is 

not documented. Our objective was to (1) produce BGNM 

from BGN flour; and (2) investigate the effect of variety on 

the quality of BGNM in terms of color, pH, antioxidative 

activity and consumer acceptability. 
 

 

MATERIALS AND METHODS 

 
Source of BGN and Production of BGN Flour 

BGN were obtained from Thusano Products, Louis 

Trichardt, Limpopo, South Africa. The BGN seeds were 

sorted into five varieties, according to different testa and 

hilum colors as black, red, brown, black-eye and brown-eye. 

where b0, bi bii and bij are intercepts, linear, quadratic and 

interaction regression coefficient terms, respectively; and X1 

and X2 are independent variables time and temperature, 

respectively. Statistical significance of the terms in the 

regression equation was examined by analysis of variance 

(ANOVA) for each response. Adequate precision was used 

to judge adequacy of model fit (Design-Expert 8 2010). The 

 

 
TABLE 1. PROCESS VARIABLES USED IN THE CENTRAL COMPOSITE 

ROTATABLE DESIGN FOR HYDRATION TIME AND TEMPERATURE FOR 

BAMBARA GROUNDNUT MILK† 
 

 

Coded variable level (xi) 
 

 

Variable Symbol    −1.414 (α)    −1 0    +1    +1.414 (+α) 

Time (h) X1 1.17 2 4 6 6.83 

Temperature (C)   X2 22.93 25    30    35    37.07 
 

 

† Transformation of coded variable (xi) to uncoded variable (Xi) levels 

could be obtained from X1 = 2x1 + 4; X2 = 5x2 + 30. 
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FIG. 1. PRODUCTION OF BAMBARA GROUNDNUT MILK (BGNM) 
 
 

fitted model was used to navigate the design space and 

search for optimum hydration time and temperature for 

optimum BGNM using numerical optimization tool in 

Design-Expert 8. 

The hydration of the red BGN flour was done at the esti- 

mated optimal time and temperature of 2 h at 25C, and the 

pH, hue and TS determined as discussed earlier. Milk was 

 

extracted from four BGN varieties (black, brown-red, 

brown-eye and black-eye) following the optimized validated 

method described earlier in optimization of BGNM section 

and Fig. 1 except that the water and flour mixture was 

hydrated for 2 h at 25C. 

pH, Sedimentation Stability and TS 

Determination of BGNM 

The pH of the BGNM (20 mL) was measured at room 

temperature (21 ± 2C)  using  a  Knick  pH-Meter  766 

meter, Knick Elektronische Messgerate GmbH& Co. KG, 

Beukestrase 22, 14163 Berlin, Germany. 

Sedimentation stability of the BGNM was determined 

using the method of Quasem et al. (2009). BGNM (400 mL) 

was poured to the 400-mL graduation mark of 500-mL 

glass cylinders, and covered at the brim using food-grade 

heavy aluminum foil, and kept at refrigeration temperature 

(4C) for 24 h. Sedimentation stability was measured by 

observing if there was separation into two layers, the lower 

layer (condensed sediment phase) and the top layer (clear 

serum phase). The height of the sediments was measured. 

Stability was expressed as a ratio of the sediment height to 

the total height. 
TS of the BGNM were determined using the microwave 

technique described by Reh and Gerber (2003) with some 

modification. BGNM (1 g) designated as W0 was spread 

onto a 90-mm diameter watch glass, weight of dish and 

sample (W1). Heating was in a Samsung microwave 

(Samsung Electronics Co. Ltd., Suwon, South Korea) with a 

triple distribution system. The sample and dish were 

weighed (Mettler AE 163 balance Im Langacher 44, CH 

8606 Greifensee, Switzerland) every 2 min until three con- 

secutive same weights were recorded (W2). Total solid yield 

of BGNM was calculated as follows: 

%TS 
W2 W1 100% 

W0 

 

Color Measurements of BGNM 

The color of the BGNM (50 mL) samples was measured 

using a Hunterlab Colorflex Spectrophotometer ° ° stan- 

dard, set at standard observer ° and D65 and standardized 

with white tile (L* = 93.41, a* = −1.18, b* = 0.75) and black 

tile. Milk samples were placed in the glass sample holder 

and reflectance measured for L*, a*, b* and LCh color scales. 

L* is lightness with 100 as maximum, indicating an ideal 

reflecting diffuser and the minimum is zero, which is black. 

The a* and b* axes have no specific numerical limits, nega- 

tive a* is green, positive is red. Negative b* is blue, positive 

b* is yellow (Aidoo et al. 2010). Chroma (C) is the quality 

that distinguishes a pure hue from a gray shade and 

describes hue saturation or purity; its axis extends from the 

values  (lightness)  axis  toward  the  pure  hue  (Sahin  and 
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Sumnu 2006). Color differences among the milk samples 

were estimated using the color difference ΔE given as: 

 

E 

where L = lightness, a* = green-red scale, b* = blue-yellow 

scale. 

 
Antioxidant Activity of BGNM 

The antioxidant activity of the BGNM was determined 

using the method described by Peschel et al. (2006) and 

Randhir and Shetty (2007). BGNM (1.5 mL) was mixed 

with 50% methanol to a concentration μg/mL, and allowed 

to react for 10 min. The BGNM sample was then mixed 

with 3.0 mL methanolic 2,1-diphenyl-2-picrylhydrazyl 

(DPPH) solution (20 μg/mL). The reaction took place in 

foil-covered test tubes and stood for 5 min for decoloriza- 

tion of the solution. Absorbance was measured at 517 nm 

using a UV/Vis Spectrometer (PerkinElmer Lambda 25, 940 

Winter Street, Waltham, MA 02451). Trolox was mixed with 

50% methanol to give μg/mL and used as the standard. 

 

Sensory Analysis of the BGNM 

A 39-member panel consisting of staff and students from 

Cape Peninsula University of Technology was served the 

four samples (brown, red, black-eye and brown-eye) of the 

BGNM. Citric acid (0.001%) was added to the milk before 

serving to the panelist. The method according to Nti (2009) 

with modifications was used. Each sample (40 mL) was 

identified by three-digit random numbers and was served 

cold (4–6C) in clear atchar tubs, in a well-ventilated and 

naturally lighted room. Cold tap water was provided to reset 

the palate. The panelists were required to evaluate each 

sample and rate their preference based on color, aroma, 

taste, consistency and overall acceptability. The rating was 

on a four-point numerical scale labeled from 1 = very unde- 

sirable; 2 = moderately undesirable; 3 = moderately desir- 

able; and 4 = very desirable. 

 

Data Analysis and Numerical Optimization 

All results were reported as mean of three independent 

trials. ANOVA was used to determine the differences 

between treatments. D ca ’  multiple-range tests were 

used to separate means where differences exist (IBM SPSS 

2010). The optimization objective was to minimize tem- 

perature and pH while maximizing hue and TS BGNM. 

Design-Expert 8 was used to estimate desirability, an objec- 

tive function that ranges from 0, outside of the limits, to 1, 

at the goal. The numerical optimization found a point that 

maximizes the desirability function. 

Hierarchical cluster analysis was used to determine the 

number of clusters inherent in the quality and sensory data. 

Principal component analysis (PCA) was used to extract the 

components that explained the variability in the data. K-

mean cluster analysis was used to identify the characteris- 

tics of the clusters (IBM SPSS 2010). 

 

RESULTS AND DISCUSSIONS 

 
Effect of Hydration Time and Temperature 

on the pH of BGNM 

The descriptive statistics for pH, stability, lightness, chroma 

and TS are summarized in Table 2. The ANOVA indicated 

that the reduced quadratic model (F [0.0042, 0.0003] = 

11.61) was effective in describing the pH of the BGNM. 

There was only a 0.01% chance that F-value this large could 

occur because of noise. The adequate precision (25.072), 

which measured the signal to noise ratio, indicated an 

adequate signal; hence, the model was adequate to navigate 

the design space. 

Time and temperature had a significant (P ≤ 0.05) effect 

on the pH. Interaction of time and temperature (F [0.002, 

0.0003] = 6.72; P = 0.0123) as well as the quadratic effect of 

time (F [0.004, 0.0003] = 9.81; P = 0.0029) had a significant 

(P ≤ 0.05) effect on the pH of the BGNM. Figure 2 is the 

response surface for the pH of the BGNM as influenced by 

 

 
 

TABLE 2. DESCRIPTIVE STATISTICS FOR THE QUALITY OF BAMBARA GROUNDNUT MILK AS AFFECTED BY HYDRATION TIME AND TEMPERATURE 
 

Test run Time Temperature pH Stability Lightness (L) Chroma (C) Hue (°) Total solids (%) 

1 2 25 6.44 ± 0.02 0.51 ± 0.04 50.77 ± 0.51 11.79 ± 0.91 51.91 ± 1.43 2.79 ± 0.24 

2 6 25 6.52 ± 0.01 0.23 ± 0.03 50.97 ± 0.52 9.67 ± 0.30 55.89 ± 2.28 1.29 ± 0.05 

3 2 35 6.45 ± 0.01 0.32 ± 0.03 49.7 ± 0.12 11.84 ± 0.13 55.95 ± 2.86 2.64 ± 0.06 

4 6 35 6.50 ± 0.01 0.26 ± 0.0 51.95 ± 0.81 9.78 ± 1.06 52.39 ± 6.55 1.94 ± 0.08 

5 1.50 30 6.60 ± 0.01 0.19 ± 0.05 49.49 ± 0.38 11.06 ± 0.63 54.73 ± 0.99 1.93 ± 0.18 

6 6.50 30 6.52 ± 0.00 0.20 ± 0.08 44.52 ± 0.45 10.97 ± 0.45 52.19 ± 3.11 1.68 ± 0.01 

7 4 22.93 6.52 ± 0.02 0.16 ± 0.09 48.90 ± 0.02 9.77 ± 0.75 62.67 ± 3.17 3.29 ± 0.28 

8 4 37.07 6.60 ± 0.0 0.20 ± 0.02 45.54 ± 0.27 11.72 ± 0.43 61.06 ± 4.70 1.82 ± 0.12 

9 4 30 6.64 ± 0.02 0.24 ± 0.07 48.39 ± 0.82 11.64 ± 0.39 54.83 ± 4.50 1.97 ± 0.28 
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FIG. 2.  EFFECT OF TEMPERATURE AND TIME ON THE pH OF BAMBARA GROUNDNUT FLOUR DURING HYDRATION 

 

the hydration time (X1) and temperature (X2). The positive 

coefficient for hydration time indicated an increase in the 

pH of BGNM with time. Similarly, the positive linear coeffi- 

cient for temperature implied that increase in temperature 

from 25 to 35C resulted in increased pH. Machado et al. 

(1999) also noted that milk pH increases with temperature. 

The interaction between hydration temperature and time 

decreased the pH of the BGNM. Increasing both the hydra- 

tion time and temperature aided in the dissolution of the 

flour components, which resulted in an increase in pH. The 

negative quadratic time indicated that the curve is concave 

meaning that there was a maximum turning point beyond 

which the pH decreased. The positive linear term for time 

and the negative quadratic time suggested that the effect of 

time resulted in increase in pH until a turning point was 

reached (pH = 6.55; t = 2 h; T = 25C) beyond which time 

had a negative impact on pH. The implication was that 

there was less than linear increase in pH with regard to time 

because the quadratic term was exerting a downward force 

on the equation. 

Perhaps, the longer the hydration, the larger the increase in 

the activity of microbial flora resulting in fermentation, 

which reduces the pH. This result was in agreement with 

that of Aidoo et al. (2010) who stated that vegetable milk 

was slightly acidic with a pH range of 6.33–6.97, Wang et al. 

(2009) reported pH of 6.59 for vegetable milk, 6.1–6.40 for 

soya milk, BGNM and yam bean (Agunbiade et al. 2011), 

and 6.6 for bovine milk (Yanes et al. 2002). 

 

TS Content of BGNM as Affected by 

Hydration Time and Temperature 

The response surface linear model was significant (F [1.21, 

0.14] = 7.28; P = 0.0023) in explaining the effect of hydra- 

tion time and temperature on the TS of BGNM. There was 

only a 0.23% chance that F-value this large could occur 

because of noise. The adequacy precision of 9.168 indicated 

an adequate signal. 

The hydration time had a significant effect (F [0.74, 

0.14] = 4.45; P = 0.0423) on the TS of the BGNM. Hydra- 

tion temperature also had a significant effect  (F  [1.28, 

0.14] = 7.71; P = 0.0089) on the TS of the milk. Figure 3 

presents the response surface for the effect of time and tem- 

perature on the TS (%) of BGN flour during hydration. 

Increase in time had a negative effect on the TS, dropping 

from 2.6 to 1.7%. The temperature had a negative effect on 

the TS (%), as the temperature increased from 25 to 35C. A 

gradual decrease on the TS was observed from 1.8 to 1.7%. 

The decrease in TS may be the result of differences in the 

molecular organization of the flour. Ukwuru and Ogbodo 

(2011) reported a range of 20.2–23.2% TS for tigernut milk. 

This disparity can be attributed to the sieving step in this 

study where after hydration, the slurry was filtered through 

muslin cloth with fine mesh size of 707 μm (No. 25) folded 

four times to yield the BGN juice; hence, most of the solid 

matter was discarded as residue, resulting to a low TS of the 

BGNM. According to Adebowale et al. (2002), the effect of 
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FIG. 3. EFFECT OF TEMPERATURE AND TIME ON THE TOTAL SOLIDS (%) OF BAMBARA GROUNDNUT FLOUR DURING HYDRATION 

 
 
 
 

temperature on hydration of BGN flour reveals that the 

flour components hydrate differently because of differences 

in the molecular organization. With both time and tem- 

perature terms negative, the curve showed an accelerating 

decline in TS (Fig. 3). 

Annealing is the treatment of starch in excess of water 

for an extended period, below the gelatinization tempera- 

ture and  above  the  glass  transition  temperature  (Gomes 

et al. 2005). In this experiment, it was expected that the 

starch components in the flour may have undergone 

annealing as the hydration was in excess of water and the 

temperature below gelatinization. Hence, there may have 

been reorganization of starch molecules leading to amylo- 

pectin double helices acquiring a more organized configu- 

ration. The increase in organization led to decrease in 

swelling power and solubilization of starch (Gomes et al. 

2005). Furthermore, Jideani and Mpotokwane (2009) 

reported that increase in temperature resulted in increase 

in water absorption rate and a decrease in water absorp- 

tion capacity of BGN seeds. The low solubilization of the 

starch may have resulted in the observed decrease in TS. 

Machado et al. (1999) reported that low concentrated milk 

solutions have a greater amount of free water, as well as 

lower viscosity and fat content, which could be true for the 

BGNM. 

 
Effect of Hydration Time and Temperature 

on Color of BGNM 

Time had  a  significant  effect  (F  [83.62,  1.70] = 35.90; 

P = < 0.0001) on the lightness of the BGNM; however, 

hydration temperature, time  and  temperature  interaction 

did not affect lightness significantly (F [0.05, 1.70] = 0.022; 

P = 0.8834) and (F [2.43, 1.70] = 1.04; P = 0.3109), respec- 

tively. Figure 4 depicts the response surface for the effect of 

temperature and time on the lightness (L) of the BGNM. 

The interaction of time and temperature was positive result- 

ing in a slight increase on the lightness of the BGNM. The 

negative main effects of time and temperature and the posi- 

tive interaction effect indicated that the effect of time and 

temperature resulted in accelerated decline in lightness. L is 

the color parameter that measures the extent of light, thus 

L* when 0 would indicate black and when 100 would indi- 

cate white. Decrease in L* indicated darkening of the milk 

(Aidoo et al. 2010). This could have been attributed to the 

pigment component in the seed coat (Nti 2009) and enzy- 

matic reactions. The implication is that exposure of BGNM 

to high temperatures could result in darkening of the milk 

after some time during storage. 

The  tests  of  between-subjects  effects  indicated  that 

the  hydration  time  (F  [3.184,  0.35] = 9.12)  as  well  as 
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FIG. 4. EFFECT OF TEMPERATURE AND TIME ON THE LIGHTNESS (L) OF BAMBARA GROUNDNUT FLOUR DURING HYDRATION 

 
 

temperature (F [1.803, 0.35] = 5.16) had  a  significant 

(P ≤ 0.05) effect on the chroma. The interaction of time and 

temperature on chroma was not significant (P > 0.05). 

Table 3 indicates the effect of time and temperature on the 

chroma of BGNM. The effect of time resulted in a decrease 

in chroma meaning that the BGNM became more saturated 

in hue. This is in agreement with the darkening of the milk. 

The temperature effect resulted in an increase in chroma 

meaning a less saturated hue. 
 

 
TABLE 3. EFFECT OF TIME AND TEMPERATURE ON THE STABILITY 

AND CHROMA OF BAMBARA GROUNDNUT MILK† 
 

Dependent variables Stability Chroma 

Time 

1.5 

 
0.19 ± 0.05a

 

 
11.06 ± 0.63a

 

2 0.42 ± 0.12b
 11.82 ± 0.53a

 

4 0.21 ± 0.07a
 11.19 ± 0.97a

 

6 0.24 ± 0.02a
 9.73 ± 0.64b

 

6.5 0.20 ± 0.08a
 10.97 ± 0.45a

 

Temperature 

22.93 

 
0.16 ± 0.09a

 

 
9.77 ± 0.75a

 

25 0.37 ± 0.16b
 10.73 ± 1.34b

 

30 0.22 ± 0.06c
 11.33 ± 0.51b

 

35 0.29 ± 0.04b
 10.81 ± 1.33b

 

37.07 0.20 ± 0.02c
 11.71 ± 0.43b

 
 

 

† Values are mean ± standard deviation. 

Values with different superscripts in each column are significantly 

(P < 0.05) different from each other. 

 

Two-factor interaction model was significant (F [92.81, 

22.22] = 4.29; P = 0.0076) in explaining the effect of time 

and temperature on the hue of BGNM. There was only a 

0.76% chance that F-value this large could occur because 

of noise. Two-factor interaction model was significant (F 

[29.28, 1.70] = 12.57; P = 0.0001) in describing the effect of 

hydration time  and temperature  on the  lightness of 

BGNM. The effect of hydration time on hue of BGNM 

was significant (F [94.81, 22.22] = 4.38; P = 0.0398); while 

hydration temperature did not have any significant effect 

(F [23.64, 22.22] = 1.09; P = 0.2992). However, the interac- 

tion of time  and  temperature  had  a  significant  effect 

(F  [178.98,  22.22] = 8.00;  P = 0.0060)  on  the  hue. The 

response surface for the effect of hydration time and tem- 

perature on the hue of BGNM is detailed in Fig. 5. Hue 

of BGNM increased as both the hydration time and 

temperature increased. However, a negative effect was 

observed as a result of the interaction between time and 

temperature indicated by the sharp tilting of the surface in 

Fig. 5. 

The positive main effects of time and temperature with 

the negative interaction suggested that time and tempera- 

ture exerted an increase in hue. However, the increase was 

less than linear as the interaction term exerted a downward 

effect on the graph. Hue is expressed as an angle where ° 

represents red, ° represents yellow, ° represents green 

and ° represents blue (Siddiq et al. 2009). Hue ranged 

from 51.91 to ° indicating a yellowish-red color. The 
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FIG. 5. EFFECT OF TEMPERATURE AND TIME ON THE HUE OF BAMBARA GROUNDNUT FLOUR DURING HYDRATION 

 
 

 
increase in hue indicated that during hydration, more color 

components were solubilized. 
 

 
Effect of Hydration Time and Temperature 

on the Stability of BGNM 

The tests of between-subjects effects indicated that the 

hydration time had a significant (P ≤ 0.05) effect on the sta- 

bility (F [0.021, 0.003] = 6.31), while the hydration tem- 

perature had no significant effect on the stability (F [0.007, 

0.003] = 2.19; P = 0.15) of the BGNM. The interaction of 

time and temperature had a significant (P ≤ 0.05) effect on 

stability. Table 3 indicates the effect of time and temperature 

on the stability of BGNM. Time and temperature signifi- 

cantly increased the stability of BGNM peaking at 2 h (0.42) 

and 25C (0.37) and dropping thereafter (Table 3). Time and 

temperature in a reaction have an influence on the rate and 

the extent to which the reaction will take place (Clark 2002). 

In a system, temperature will affect the energy of the par- 

ticles. Increasing the temperature of the system will compa- 

rably increase the amount of kinetic energy the particles 

have. Thus they move at an increased rate, resulting in the 

reaction reaching an equilibrium or completion (Clark 

2002), which results in a final product with relatively differ- 

ent quality to the reactants (Abu-Ghannam and McKenna 

1997). During the hydration of the BGN flour, time and 

temperature had an effect on the rate and the type of com- 

ponents that dissolved in the water phase. Increasing time 

and temperature aided the leaching of minerals and other 

components from the flour particles into the solution 

affecting the quality of the BGNM (Kaptso et al. 2007). The 

hydrating time and temperature was important in the 

quality of the final product. At a certain time and tempera- 

ture, there was a certain amount and type of flour compo- 

nents that dissolved into the aqueous phase, altering the pH, 

stability, lightness, chroma, hue and TS (Kaptso et al. 2007). 

 
Numerical Optimization of Time and 

Temperature in the BGNM Process and 

Process Validation 

The optimal hydration time and temperature for optimum 

BGNM were estimated to be 2 h at 25C, giving a desirability 

of 0.668. The optimal pH, hue and TS for the optimum 

BGNM were estimated to be 6.52, ° and 2.6, respectively. 

The validated samples had lower pH (6.42–6.46) and higher 

TS (2.89–3.25). However, there was no significant difference 

between the milks in hue (50.36–51.36). The difference 

could be a result of variation in sieving during the produc- 

tion. Therefore, the objective of optimizing the production 

process of BGNM was achieved. 
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pH and Color Characteristics of BGNM from 

BGN Varieties 

Table 4 details the descriptive statistics of the BGNM quality 

from different BGN varieties. The multivariate ANOVA 

indicated that BGNM from five different varieties differed 

significantly   in   lightness   (F   [107.19,   0.142] = 752.6, 

P < 0.05),  chroma  (F  [23.143,  0.706] = 32.77,  P < 0.05), 

redness (F [14.516, 0.789] = 18.41, P < 0.05), yellowness (F 

[11.207, 0.1.346] = 8.33, P = 0.003), antioxidant activity (F 

[0.0003, 5.982E-5] = 4.38, P = 0.027) and hue (F [476.853, 

248.511[ = 1.92,  P = 0.184),  while  pH  (F  [0.002,  0.01] = 

1.68, P = 0.231) was not significantly different (Table 4). 

Varietal difference explained the difference in quality. 

Kaptso et al. (2007) and Nti (2009) reported that BGN vari- 

eties differ in chemical composition, mineral and tannin 

content. 

 The pH of the BGNM ranged from 6.56 for brown to 

6.62 for black-eye (Table 4). The milks did not differ signifi- 

cantly from each other in pH. The result was in agreement 

with the report of Aidoo et al. (2010), that vegetable milk 

was slightly acidic with a pH range of 6.33–6.97, and with 

Wang et al. (2009) who reported vegetable milk to have a 

pH of 6.59. Bovine milk is reported to have a pH of 6.6 

(Yanes et al. 2002). The pH of the BGNM reported in this 

work was therefore similar to that of bovine milk. 

The lightness (L*) of the milk differed significantly 

ranging from 41.49 for the black variety to 54.34 for brown- 

eye (Table 4). L* is the color parameter that measures the 

extent of light, thus L* when 0 would indicate black and 

when 100 would indicate white (Siddiq et al. 2009). Brough 

et al. (1993) reported higher lightness of 58.9 for BGNM. 

Brough et al. (1993) and Nti (2009) produced BGNM from 

dehulled BGN seeds thereby removing the pigments on the 

seed coat resulting in lighter milk, whereas flour from whole 

milled BGN was used in the present study. The highly pig- 

mented seed coats (black, brown, red) produced BGNM 

with comparatively darker color. The difference in the seed 

color of BGN contributed to the difference in observed 

lightness among the milk samples. This was supported by 

Nti (2009) who reported darkening of milk to be associated 

with the pigment component in the seed coat. The lower 

lightness values could also be attributed to enzymatic 

chemical reactions during hydration of BGN flour. 

The BGNM in terms of chroma ranged from 3.86 

(brown-eye) to 9.70 (red). The milk samples differed sig- 

nificantly (P < 0.05) in chroma (Table 4). Milk from black 

(9.21) and red (9.70) varieties was significantly higher in 

chroma than the others. The brown (7.76) variety was sig- 

nificantly different in chroma compared with others. There 

was no significant difference between the brown-eye and 

the black-eye milk, both being less saturated than the 

others. The two varieties both had cream-colored seed 

coats, being less saturated in hue. 

In terms of hue, the milk ranged from ° (brown) to 

° (black-eye). Milk from brown BGN was significantly 

(P < 0.05) lower in hue compared with others (Table 4). 

However, no difference existed in hue between black, 

brown-eye, black-eye and red BGNM, their values ranged 

from 51.06 to 64.53 indicating yellowish-red color. 
The a* on the color scales defines green (negative a*) to 

red (positive a*). The positive a* values (1.39–5.89) of the 

milk indicate the redness of the BGNM. Milk from brown- 

eye and black-eye seeds is significantly lower in redness 

compared with the others (Table 4). There was no signifi- 

cant difference in the redness between black, brown and 

red BGNMs. Negative b* defines blueness, while positive b* 

defines yellowness in a sample. The positive values indi- 

cated the  yellowness  of the  samples  ranging  from  3.56 

(brown-eye) to 7.55 (red). The brown-eye and the black- 

eye were significantly lower in yellowness compared with 

the others. No difference existed in yellowness among the 

milk from black, brown and red. The brown-eye and the 

black-eye milk were characterized by low redness, yellow- 

ness and high hue, but less saturated. Milk from black, 

brown and red were characterized by comparatively higher 

redness, yellowness and lower hue with high saturation. 

The variable colors of the milk will be of an advantage in 

segmenting the market for the commercialization of the 

milk. 

 
 

TABLE 4.  COLOR, ANTIOXIDANT AND pH CHARACTERISTICS OF BAMBARA GROUNDNUT MILK FROM FIVE VARIETIES† 
 

 

Black Brown Brown-eye Black-eye Red 
 

pH 6.60 ± 0.01 6.56 ± 0.06 6.62 ± 0.06 6.60 ± 0.01 6.56 ± 0.06 

Lightness 41.49 ± 0.27a
 44.42 ± 0.42b

 53.00 ± 0.16d
 54.34 ± 0.41c

 42.95 ± 0.52e
 

Chroma 9.21 ± 1.07a
 7.76 ± 0.28b

 4.12 ± 1.17c
 3.86 ± 0.66c

 9.70 ± 0.70a
 

Hue 54.07 ± 5.64a
 33.20 ± 24.63b

 63.40 ± 15.62a
 64.53 ± 15.53a

 51.60 ± 10.92a
 

Redness 5.42 ± 1.24a
 5.04 ± 0.28a

 1.39 ± 0.68b
 1.55 ± 0.74b

 5.89 ± 1.14a
 

Yellowness 7.41 ± 0.64a
 5.89 ± 0.51a

 3.56 ± 1.12b
 3.70 ± 0.45b

 7.55 ± 1.64a
 

Antioxidant 0.3925 ± 0.0039a
 0.3950 ± 0.0005b

 0.4135 ± 0.0022c
 0.40761 ± 0.0001c

 0.4098 ± 0.0167c
 

† Values are mean ± standard deviation. 

Values with different superscripts in the same row are significantly different (P < 0.05). 
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Lightness correlated negatively with chroma (r = −0.925, P 

< 0.01), redness  (r = −0.898,  P < 0.01)  and  yellowness (r 

= −0.835, P < 0.01). BGNM with high lightness (brown- 

eye, black-eye) were low in chroma, redness and yellowness. 

There was a  positive  correlation  between  chroma  and 

redness (r = 0.889, P < 0.01), negative correlation with pH 

(r = −0.448, P 0.029). Hue negatively correlated with redness 

(r = −0.598, P = 0.005). Redness was positively correlated 

with yellowness (r = 0.703, P = 0.001). Yellowness correlated 

negatively with pH (r = −0.530, P = 0.016). 

Color difference (ΔE) of 1 is defined as a just-noticeable 

difference (JND), the threshold at which a trained observer 

would notice a difference between two colors. There is the 

concept of perceived and acceptable color difference with 

JND. In color imaging, ΔE of 4–8 is deemed acceptable 

(Sharma 2004). The color differences among the samples 

ranged from 1.4 to 13.9 (figure not shown). The differences 

will be perceivable by the consumers as the values were 

greater than 1. The color differences between black versus 

brown and red, brown versus red, and brown-eye versus 

black-eye may be acceptable as they are less than 4. 

However, the differences between black versus brown-eye 

and black-eye, brown versus brown-eye and black-eye, 

brown-eye versus red and black-eye versus red may not be 

acceptable as they were greater than 8. 
 

 

Antioxidant Activity of BGNM from 

Different Varieties 

The antioxidative capacity (Table 4) of the BGNM ranged 

from 0.3925 to 0.4135 A and differed significantly (P < 0.05) 

from each other. A similar result was reported by Nti 

(2009), the antioxidant activity among BGN varieties differs 

significantly, which could be attributed to the varietal differ- 

ence. The hydrogen or electron donating capability of the 

extracts led to the reduction of the DPPH (Berk et al. 2011). 

During the reduction reaction there was discoloration of 

the test sample from a bright purple to a clear solution, thus 

most of the UV was transmitted through the glass curvet 

other than being absorbed by the DPPH; hence, the lower 

the A, the higher the antioxidative capacity. In the present 

study Trolox, the standard, had the least absorbance 

(0.3234 A); this was due to the fact that it had reduced the 

most of the DPPH. The same concentrations of BGNM and 

Trolox were used; thus, the readings were compared. The 

black had 0.3925 A, close to that of the Trolox (0.3234 A), 

and had the most antioxidative capacity, while brown, 

black-eye, red and brown-eye were 0.3950, 0.4076, 0.4098 

and 0.4135 A, respectively. These were the anticipated out- 

comes as the pigment component is located in the seed coat 

(Tsuda et al. 1994), and it is the pigment component that 

has the highest antioxidative ability (Nti 2009). Producing 

BGNM milk in this way from whole meal BGN flour will 

provide nutritional benefit because of its antioxidative 

activity. 
 

 

Clustering the BGNM on the Basis of Color, 

pH and Antioxidant Activity 

The dendrogram (not shown) obtained from the hierarchi- 

cal cluster analysis indicated that the BGNM could be 

divided into two groups on the basis of color, pH and anti- 

oxidant activity. The color parameters, antioxidant activity 

and pH of the milk samples from different varieties of BGN 

were subjected to PCA to identify the two variables that 

form the two clusters. 

The suitability of the data for factor analysis was assessed 

prior to performing PCA. Inspection of the correlation 

matrix revealed the presence of many coefficients of 0.3 and 

above. The Kaiser–Meyer–Oklin value (0.610) exceeded the 

recommended value of 0.6. Ba le ’  test of sphericity was 

significant (P < 0.05). Hence, factorability of the correlation 

matrix was supported. PCA revealed that the variation in 

the characteristics of the BGNM from different varieties 

could be explained by two components with eigenvalues 

exceeding 1. Much of the variation (44.5%) in the data was 

explained by component 1 and 34.9% by component 2, with 

a cumulative variation of 79.4% of the variation explained 

by the components. This was further supported by the clear 

break after the second component in the screen plot (not 

shown). 

Varimax rotation was performed to aid in the interpreta- 

tion of these two components. Yellowness loaded strongly 

on component 1, while hue loaded strongly on component 

2. The implication was that BGNM can be categorized into 

two groups on the basis of yellowness and hue. K-means 

cluster analysis was performed to characterize the two milk 

groups on the basis of these quality parameters. Cluster 1 

was the milk samples with high hue ( °, yellowish-red), 

but comparatively less in yellowness (b = 5.19). Cluster 2 

was those with less hue ( °, reddish-yellow) and com- 

paratively high in yellowness (b = 5.44). Milk from black, 

brown and red belong to cluster 2 with less hue and high in 

yellowness. 
 

 

Sensory Characteristics of BGNM from 

Different BGN Varieties 

The demography of the panelists is indicated in Table 5. 

There were 39 panelists, 87.2% of whom were women, 

92.3% were international students and 5.1% were less than 

20 years old; 89.7% within 20–30 years of age and 5.1% 

within 31–40 years of age. 
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TABLE 5. DEMOGRAPHY OF THE PANELISTS† 
 

 

Item Frequency (%) 
 

Gender  

Male 5 (12.8) 

Female 34 (87.2) 

International  student 

No 3 (7.7) 

Yes 36 (92.3) 

Age category (years) 

 
 

 
 

† Numbers are frequency and percentage in bracket. 
 

Multivariate ANOVA indicated that the panelists differed 

significantly (P < 0.05) in their rating for appearance, color, 

aroma, taste, mouthfeel and overall acceptability. The popu- 

lation consisted of people from different walks of life. The 

difference in rating among the panelists was expected, as 

people from different age groups (>20–40 years) and occu- 

pations (students, lecturers and nonacademic staff) partici- 

pated in the study. The four BGNM samples were 

significantly different in terms of appearance (F [2.778, 

0.51] = 5.444, P = 0.002), color (F [4.530, 0.499] = 9.074, 

P < 0.05), mouthfeel (F [1.374, 0.431] = 3.188, P = 0.026) 

and overall acceptability (F [2.137, 0.540] = 3.955, P = 0.01), 

while the aroma (F [0.297, 0.433] = 0.686, P = 0.562) and 

taste (F [0.536, 0.431] = 1.244, P = 0.297) were judged to be 

the same (Table 6). The differences in appearance, color, 

mouthfeel and overall acceptability may be attributed to the 

varietal differences. 

 The a eli ’ mean rating for appearance ranged from 

2.2 for black-eye and brown-eye to 2.7 for red (Table 6), in 

specific terms, from moderately undesirable to moderately 

desirable. BGNM from the red variety was rated signifi- 

cantly (P < 0.05) higher in appearance compared with 

others. Appearance, which is the opacity of milk, is due to 

the suspended particles of protein and certain minerals it 
 

 
TABLE 6. EFFECT OF VARIETY ON THE SENSORY PARAMETERS OF 

BAMBARA GROUNDNUT MILK† 
 

 

Dependent variables Red Brown-eye   Brown       Black-eye 
 

Appearance 2.7 ± 0.8a      2.2 ± 0.8a        2.3 ± 0.8a      2.2 ± 0.9a
 

Color 2.9 ± 0.8a      2.1 ± 0.9a        2.5 ± 0.9b      2.2 ± 0.9a
 

contains. According to Nti (2009), BGN varieties differ in 

their carbohydrates content. Starch  gelatinization  during 

the sterilization step resulted in the rich appearance of the 

milk. The difference in the chemical composition and 

pigment components also impacts the panelist rating for 

appearance. In terms of color, the a eli ’ mean rating 

(Table 6) ranged from 2.1 (moderately undesirable) for 

brown-eye to 2.9 (moderately desirable) for red. 

The BGNM from the red variety was rated significantly 

(P < 0.05) higher in color, followed by brown, with signifi- 

cantly low rating for brown-eye and black-eye. The red 

BGNM had a pronounced chocolate brown color, while the 

brown seed milk was pale brown; the cream-coated seeds 

(brown-eye and black-eye) were dirty-white in color. The 

pigment components that are located in the seed coat easily 

leached into the aqueous phase during the hydration step, 

impacting the characteristic testa color of each variety of the 

milk. 

The  panelists  could  not  detect  any  difference  in  the 

samples in aroma and taste, both being moderately undesir- 

able. The low rating for aroma and taste was expected as the 

samples were served without sugar, and being a legume, the 

consumers need to acquire the unique taste of legume milk. 

Mean rating for mouthfeel ranged from 1.9 (brown-eye)  

to 2.2 for both red and black-eye. The difference perceived 

in mouthfeel was the result of the varietal differences. The 

gelatinized starch contributed to the different mouthfeel. 

Tannins, which are located in the seed coat, also contributed 

to  the  mouthfeel. The  dark-colored  seed  coats  have  the 

highest amount of tannins, which when ingested gave a 

certain  sensation  in  the  mouth.  This  was  mostly  pro- 

nounced in the red and brown varieties, and less in the 

brown-eye and black-eye varieties. However, it was expected 

that the high temperature and pressure of sterilization along 

with the initial hydration of the flour would have reduced 

the antinutritional factors in the seeds. 

Overall acceptability of the samples ranged from 2.0 

(brown-eye) to 2.5 (red). The milk from brown-eye seeds 

was significantly lower in overall acceptability being moder- 

ately undesirable. There was no significant difference in 

overall acceptability among the BGNM from red, brown 

and black-eye; however, the red BGNM was moderately 

desirable with a mean rating of approximately 3. Red 

BGNM was the most preferred both in appearance, color 

and overall acceptability  as it resembled  chocolate milk 
Aroma 2.0 ± 0.9a

 2.0 ± 0.9b
 2.0 ± 0.8c

 2.2 ± 0.8b
 familiar to most of the panelists. However, in the study by 

Taste 1.9 ± 0.9a      1.9 ± 0.9b        1.9 ± 0.9c      2.1 ± 0.9b
 

Mouthfeel 2.2 ± 1.0a      1.9 ± 0.9a        2.0 ± 1.0c      2.2 ± 0.9b
 

Overall acceptability    2.5 ± 0.9a      2.0 ± 0.8a        2.2 ± 1.0c      2.3 ± 0.9b
 

 
 

† Values are mean ± standard deviation. 

Values with different  superscripts  in  each  row  are  significantly 

(P < 0.05) different from each other on a rating scale: 1 = very undesir- 

able; 2 = moderately  undesirable;  3 = moderately  desirable  and 

4 = very desirable. 

Brough et al. (1993), the white-colored milk was the most 

preferred among the other darker colors. In this study, the 

BGNM from cream (brown-eye, black-eye) varieties had a 

dirty-white appearance, which was not expected of normal 

bovine milk; this may explain the down rating of the 

samples. However, the BGNM from red variety was most 

preferred. 

<20 2 (5.1) 

20–30 35 (89.7) 

31–40 2 (5.1) 
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Market Segmentation of BGNM Based on Consumer Preference 

The dendrogram (not shown) obtained from the hierarchi- cal cluster analysis indicated that the panelists could be 

divided into two groups on the basis of milk appearance, color, aroma, taste, mouthfeel and overall acceptability. The 

sensory quality indices (appearance, color, aroma, taste, mouthfeel and overall acceptability) were subjected to PCA to identify 

the two variables for the grouping. PCA revealed that the variation in the sensory characteristics of the BGNM from different 

varieties could be explained by two components with eigenvalues exceeding 1. Much of the variation (44.9%) in the data is 

explained by component 1 and 31.4% by component 2, with a cumulative variation of 76.3% of the variation explained by 

the components. Taste and mouthfeel loaded strongly on component 1, while appearance and color on component 2. The  

component score coefficient matrix indicated that component 1 was taste while component 2 correlated to appearance and 

color. The implication is that BGNM can be categorized into market groups on the basis of taste, appearance and color. K-

means cluster analysis was performed to characterize the groupings on the basis of these sensory attributes. Cluster 1 were the 

BGNM that are moderately undesirable (2) in taste and moderately desirable (3) both in appearance and color. Cluster 2 were 

those that are moderately undesirable (2) both in taste, appearance and color. Hence, taste, appear- ance and color were 

the important parameters considered by the panelists in their preference. Brough et al. (1993) reported taste, color and 

viscosity as important to the panel- ists in their study. Hence, in future work, attention will be given to taste and 

appearance using the preferred variety (red). In terms of variety, the BGNM from red (74.4%) and the brown (53.8%) 

belong to Cluster 1 – moderately unde- sirable (2) in taste and moderately desirable (3) both in appearance and color. 

Cluster 2 consisted of brown-eye (61.5%) and black-eye (53.8%) being moderately undesir- able (2) both in taste, appearance 

and color. 

Panelists who were less than 20 years old, 20–30 years (48.6%) and the majority of those aged 31–40 (87.5%), 

equivalent to 53.2% of the cases, were in Cluster 1, indicat- ing they moderately desire the BGNM in appearance and color, 

but the taste was moderately undesirable. There was high preference for BGNM across all the age groups. The high 

preference for panelist <20 signals the high probability of acceptance of BGNM if commercialized. Future work will pay 

attention to masking the slight beany flavor observed by some of the panelists, thereby improving the taste. The objective 

of investigating the effect of variety on the quality of BGNM in terms of color, pH, antioxidant and consumer acceptability 

was achieved. The hypothesis that the consum- ers will accept BGNM was accepted. 

 
 

CONCLUSION 

Optimal BGNM could be produced from BGN flour by hydrating the flour at 25C for 2 h. The pH, hue and TS of the 

milk were estimated to be 6.52, ° and 2.6, respectively. The possibility of producing BGNM from hydrated flour rather 

than through wet milling and dehulling is beneficial as (1) there is huge saving on energy and (2) the milk will contain all 

the goodness in the seeds especially the pigments on hulls, which includes phenolics and flavonoids, which may contribute 

to nutritional well-being. 

Quality of BGNM was affected by a variety in terms of pH, color and antioxidant activity. BGNM could be classi- fied 

into two groups on this basis. Cluster 1 are the milk samples with high hue ( °, reddish-yellow), but less in 

yellowness (b = 5.19). Cluster 2 are those with less hue ( °, reddish-yellow) and high in yellowness (b = 5.44). 

BGNM from black, brown and red belong to cluster 2 with less hue and high in yellowness, while black-eye and brown-

eye belong to cluster 1 having high hue, but less in yellowness. Variety also affects consumer acceptability of BGNM. 

Taste, appearance and color were the important parameters considered by the panelist in their preference. In terms of 

variety, the BGNM from red (74.4%) and the brown (53.8%) were moderately undesirable (2) in taste and moderately 

desirable (3) both in appearance and color. Preference for BGNM was high among all the age groups, demonstrating 

the potential of BGNM when commercialized. 
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