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Abstract
The water absorption kinetics of cowpea and soybean hybrids were studied
following the phenomenological models derived from Fick’s diffusion law.
Significant intra and inter varietal variations were observed on the physical
characteristics of the seeds. The proposed Fick’s law of diffusion was shown
to significantly describe the kinetic of water absorption irrespective of the variety and temperature. The effective diffusivities of the hybrids were shown to
vary in the order Nagbaar > Nhyira > Tonaa > Anidaso and increased as the
soaking temperature increased from 30˚C to 60˚C. The estimated values for
water diffusion coefficients varied from 2.90 × 10−10 to 6.75 × 10−10 m2/s for
cowpea and soybean hybrids. An Arrhenius-type equation described the
strong temperature effect on the diffusion coefficient with activation energies
ranging from 7.73 to 8.56 kJ/mol for cowpeas and 5.51 to 8.14 kJ/mol for
soybeans.

Keywords
Soybean, Cowpea, Water Absorption, Arrhenius-Type Equation, Diffusion
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1. Introduction
Legumes are important plant foods that are widely produced and consumed in
many parts of Africa due to high amounts of protein and soluble fibre they contain. On dry weight basis, these foods contain mostly proteins 17% - 28%, fats
3.0%, carbohydrates 50% - 53%, ash 3% and fibre 6% [1] [2] [3] [4]. Legumes
also contain methionine which facilitates protein production in human beings
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[5]. Cowpea (Vigna unguiculata) and soybean (Glycine max) are among the different types of legumes grown across the continents of the world [6].
Generally, legumes often require a huge reduction in moisture content to ensure prolonged shelf life which would reduce or prevent deterioration in storage
along the chain of distribution. However, seeds need to be hydrated first to facilitate processing operations such as milling, cooking or canning. In order to obtain better quality protein, it is necessary to reduce the cooking time, which can
be achieved by soaking before cooking as reported by other researchers [7].
Soaking of legume seeds prior to further processing is a common practice in the
West African region. It induces moisture absorption by seeds, as influenced by
soaking time and temperature of the soaking medium, thus, affecting the moisture content of the seeds. The moisture content of seeds influences the physical
properties of the seeds [8]. Temperature, variety, kernel size, and time of exposure affect the rate at which moisture enters into kernels. Among these factors,
temperature and variety have been shown to have the greatest effect. An increase
in temperature results in an increase in the rate of moisture absorption [9].
Control of this process may be improved with better knowledge of the distribution and movement of moisture within the kernel.
In sorption process and equipment design, it is highly desirable and of practical importance to know how fast the absorption of water can be accomplished,
how it will be affected by processing variables [10], and to predict the moisture
gain by seeds as a function of time and temperature. This, however, depends on
availability of moisture diffusivity data. Several hydration models such as the
exponential model, the Peleg’s model, first-order kinetics, Becker’s model among
others have been developed by various researchers to predict rehydration of several legume seeds. However, as of now the rehydration model for effects of processing variables on the rate of water uptake and moisture diffusivity in some
existing legumes grown in Ghana such as Tona, Nhyira, Nagbaar and Anidaso
varieties have not been clearly established. Thus, the research was carried out to
study the influence of temperature and variety on the water absorption characteristics of these newly developed seeds of soybean and cowpea varieties.

2. Material and Methods
2.1. Preparation of Samples
Samples of two hybrids of cowpea (Tona and Nhyira) and two hybrids of soybean (Nagbaar and Anidaso) were obtained from the experimental farm of the
Council for Scientific and Industrial Research-Crops Research Institute (CSIR-CRI)
at Fumesua, Kumasi. The samples were husked manually. Only good grains were
weighed and used for the experiment. The samples of each variety were separately packed into air-tight polythene bags and stored at 4˚C to prevent moisture
loss and recontamination.

2.2. Determination of Moisture Content
The initial moisture content of each variety sample was determined using the
DOI: 10.4236/ojapps.2021.118063
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standard oven drying method according to [11] and expressed as kg/kg (dry basis). Five samples of 5 g were weighed to an accuracy of 0.01 g and placed in
numbered dishes. The dishes were placed in standard oven and uniformly heated
for 4 h to temperature of 103˚C ± 2˚C. The procedure was replicated three times
for each sample, and the average value was taken and recorded.
2.2.1. Determination of the Physical Characteristics
The physical characteristics of the legume’s kernels were evaluated essentially
according to [12] with minor modifications where necessary. For each grain
sample, 100 grains were selected at random and the principal dimensions of the
kernels were measured in three directions using a digital micrometer screw gauge
with accuracy of 0.01 mm. The major diameter is the length of the kernel, the
intermediate diameter is the width, and the minor diameter is the thickness of
the kernel. The minor diameter is taken perpendicular to the intermediate diameter. The micrometer screw gauge was held perpendicular to the direction of
the dimension being measured. Length was measured on 100 kernels and width
and thickness on 50 kernels [13] and average value was determined for each
sample. Owning to the irregular or non-uniform nature of the shape of the kernels, the greatest value of both the width and the thickness were taken.
2.2.2. Determination of Equivalent Radius
The average equivalent radius was calculated for 50 seeds. This was based on the
assumption that the volume of the kernel can be approximated by calculating the
volume of a sphere with radius equal to half diameters of the kernel.
The volume of the kernel was determined by filling a 100 ml measuring cylinder with 50 ml of water. Then, 50 kernels of each variety (separately) were immersed in the water. The amount of displacement in water was recorded. The
procedure is replicated three times and true volume was calculated.
Average volume of the kernel was equated to the volume of a spherical object
4 3
πr ) and equivalent radius R was obtained.
(i.e. V=
3
Thus,

R=

3

3v
4π

(1)

2.3. Soaking Experiment
Samples were soaked at four different water temperatures of 30˚C ± 2˚C, 40˚C ±
2˚C, 50˚C ± 2˚C, and 60˚C ± 2˚C in a thermostatic water bath. Three replicates
of sample size 50.02 g each sample was separately placed in nylon mosquitoe net,
tied and labelled before they were placed into the portable water bath. The cowpea samples were removed at predetermined time interval of 60 min. Thereafter,
measurements were carried out at 30 min for the soybean hybrids. The soaked
samples were quickly blotted with tissue paper to remove residual surface moisture on the surface of the kernels [14] and then reweighed [15] [16]. At each interval, the water content of the seeds was calculated as the difference between the
weight of the dry solids and soaked seeds. The saturation moisture content (Ms)
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was determined when the subsequent increase in weight of soaked grain was less
than 0.01 g.

2.4. Modelling of Rehydration Kinetics
During a diffusion process at constant temperature, it is assumed that the process
follows Fick’s second law of diffusion. For an axisymmetric diffusion, Fick’s
three-dimensional (3D) equation was given by:

 ∂2 M ∂2 M ∂2 M 
∂M
= D 2 + 2 + 2 
∂t
∂y
∂z 
 ∂x

(2)

where, M is the instantaneous moisture content at a specified time t and D is the
diffusion coefficient. A solution for the above equation for an object with a sphere
shape of radius r was presented by [14] and [17], as

M − Mi
t 
 6 ∞1

=−
1  2  ∑  2  exp  − Di 2 π2 2 
MR =
Me − Mi
r 
 π  i =1  i 


(3)

where, MR is the moisture ratio, and Mi and Me are, respectively, the initial and
the equilibrium moisture contents, i is the number of terms in summation (equal
to 1000 in this study), Di is the effective water diffusion coefficient, and r is the
characteristic length of the seed (equal to radius for sphere of the same volume
as the volume of the kernels) and t is the soaking time. In this case, only a finite
number of Equation (3) was used for estimating MR values. All moisture terms
were computed on dry basis.
In this research, the experimental MR values at specific time intervals were
calculated and used as input to the curve fitting tool box of Microsoft Excel, 2010
software and the diffusion coefficient of the selected cereals and legumes, Di
were estimated.
Temperature dependency of Di was described by an Arrhenius type equation
[18]:

Di = Do e − E RT

(4)

where:
Do (m2/s) is diffusion constant,
E (kJ/mol) the activation energy,
R (8.314 J/mol K) the gas constant,
T (K) the absolute temperature.
Activation energy values were obtained from the linear regression (Di vs. 1/T)
analysis. The diffusion constant (Do) and the slope (E/R) in the equation were
determined using the least squares method. The value of the energy of activation
(Ea) was determined by multiplying the value of the slope by the gas constant
value.

3. Results and Discussion
3.1. Physical Properties
Initial moisture contents, dimensions, and radius of each kernel of the legumes
DOI: 10.4236/ojapps.2021.118063
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studied in this work are given in Table 1.
The data presented in Table 1 are in general agreement with those reported
by other researchers. [19] reported on cowpea seeds the range values of L, W and
T, to be 0.73 - 0.92 cm, 0.55 - 0.73 cm and 0.38 - 0.58 cm, respectively; while the
values reported by [20] and [21] on cowpea for L, W and T, are 0.73 - 1.00 cm,
0.49 - 0.73 cm and 0.33 - 0.57 cm, respectively.
From Table 1, the surface area (SA) ranged from 307.59 mm2 (Nhyira) to
379.35 mm2 (Nagbaar). While no significant difference was observed in the (SA)
of the soybean hybrids, Tona was observed to be higher than Nhyira in the case
of cowpea hybrids. In general, for different cultivars of legume, one can expect
an inverse relation between the rate of water absorption and seed size, since a
larger seed provides a smaller surface area per unit mass (specific surface area)
for moisture transfer [22]. Physical and colour characteristics of cowpea and
soybean seeds revealed a difference between the two legumes species, but not
much differences existed amongst individual hybrids, which could probably influence their differences to absorb water.

3.2. Saturation Moisture Content and Diffusion Coefficient
The observed saturated moisture contents of the grains were shown to vary with
the variety and the temperature (Table 2). The hybrid with high saturation
moisture was Tona with mean water absorption of 143.9 g water/1000g dry
weight followed by Nhyira hybrid with a mean water absorption of 110.4 g water/1000g dry weight. Studies by [19] and [20] reported similar range values of
(1.14 - 1.60 g∙g−1) in the water absorption capacity of Nigerian cowpea seeds and
(1.14 - 1.60 g∙g−1) in Cameroun cowpeas respectively. This result also confirms
Table 1. Moisture content and physical properties of legume hybrids.
Legume

Moisture content
(%db)

Length
(mm)

Width
(mm)

Thickness
(mm)

Radius
(mm)

Surface Area
(mm2)

Tona

10.9

7.55

5.79

4.52

3.24

335.08

Nhyira

10.4

6.95

5.75

4.39

3.04

309.54

Nagbaar

10.4

7.53

6.21

5.09

3.42

379.35

Anidaso

9.9

7.74

5.98

5.09

3.33

376.77

Table 2. Saturation moisture contents and diffusion coefficients of selected local legumes.
T/˚C

30

40

50

60

Legumes

Di *

R2

Ms

Di *

R2

Ms

Di *

R2

Ms

Di *

R2

Ms

Tona

4.36

0.88

124.5

4.54

0.93

128.0

5.12

0.94

132.8

5.90

0.99

143.9

Nhyira

4.74

0.99

97.6

5.38

0.98

102.8

5.79

0.96

106.2

6.28

0.87

110.4

Nagbaar

5.05

0.97

140.2

5.81

0.96

141.1

6.39

0.95

142.7

6.75

0.86

143.0

Anidso

2.90

0.99

118.0

3.12

0.96

124.0

3.25

0.92

126.2

3.56

0.92

128.7

*×10−10 m2/s.
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[21] assertion, that attributed high water absorption by cowpea seeds to larger
seed size because Tona hybrid which is bigger possessed the higher saturation
moisture content. This observation is in contrast to earlier reports by [23] and
[24] that the smaller a seed is, the larger is its water absorption capacity. The
soybean had similar water absorption as shown by their respective maximum
moisture content of 143.0 g water/1000g dry weight for Nagbaar and 128.7 g
water/1000g dry weight for Anidaso. Also, Nagbaar and Anidaso have similar
seed size yet their degree of moisture gain was quite different. The differences
observed on the saturation moisture content clearly highlighted the differences
between species and varieties. However, it appears, the size of kernel is not a
dominant factor that influences water absorption capacity of legumes. This confirms earlier reports by [7] and [25]. Figures 1-4 show the time variation in water absorption by Tona, Nhyira, Nagbaar and Anidaso at different temperatures.
The variation of the effective diffusivity of the different seed varieties with
temperature is shown in Table 2. Equation (3) was used to estimate the diffusion
coefficients of the legume hybrids during water absorption. The SMCs used in
Equation (3) and diffusion coefficients for water absorption are listed in Table 2.
The water absorption rates for Tona, Nhyira, Nagbaar and Anidaso are shown in
Figures 5-8 respectively.

Figure 1. Water absorption characteristics of Tona.

Figure 2. Water absorption characteristics of Nhyira.
DOI: 10.4236/ojapps.2021.118063

866

Open Journal of Applied Sciences

I. G. Antwi et al.

Figure 3. Water absorption characteristics of Nagbaar.

Figure 4. Water absorption characteristics of Anidaso.

Figure 5. Water absorption rate for Tona.

Figure 6. Water absorption rate for Nhyira.
DOI: 10.4236/ojapps.2021.118063
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Figure 7. Water absorption rate for Nagbaar.

Figure 8. Water absorption rate for Anidaso.

From Table 2, it is possible to verify the increase in effective diffusivity when
temperature is raised. The diffusivities of the seeds were shown to vary in the
order Nagbaar > Nhyria > Tona > Anidaso and increased as the soaking temperature increased from 30˚C to 60˚C. The variation in the effective diffusivity at
30˚C and 60˚C was observed to be linearly correlated (R2 > 0.86). Diffusion coefficient values were 2.90 to 3.56 × 10−10 m2/s; 4.36 to 5.90 × 10−10 m2/s; 4.74 to
6.28 × 10−10 m2/s; and 5.05 to 6.75 × 10−10 m2/s for Anidaso, Tona; Nhyira and
Nagbaar respectively. The differences observed in the diffusion coefficient values
for Nhyira and Tona could be as a result of the variations in their seed characteristics since they are different varieties of cowpea [26]. According to [27], proteins and carbohydrates are the two main constituents of seeds, which have the
ability to absorb so much water, with proteins having a higher water absorption
power than carbohydrates. Thus, the differences in the nutritional compositions
of Nhyira and Tona cowpea seeds could also be another reason for the diffusion
coefficient values of Tona cowpea seeds being higher than that of Nhyira cowpea
variety. It is therefore possible that Nhyira cowpea seeds have higher protein
content than that of Tona, making Nhyira cowpea seeds absorb more water than
the Tona cowpea varieties under the same temperature treatments and the same
DOI: 10.4236/ojapps.2021.118063
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soaking time. Also, Nhyira with smaller surface area recorded higher diffusion
coefficient than Tona as expected. A similar observation has also been reported
for soybean varieties [22]. On the other hand, Nagbaar variety recorded the
higher diffusion coefficient than Anidaso even though their surface areas (seed size)
are almost the same. [28] calculated higher water absorption rates for large-seed
(i.e. smaller SSA) cultivars of chickpeas. It is important to note that Nagbaar and
Anidaso of the soybean variety have similar surface area, however, there was
large difference in their diffusion coefficients as shown in Table 2. Therefore,
the relation between diffusion coefficient and surface area appears to be valid
only for some legumes (cowpea) rather than being a general rule for all legumes.
Moreover, surface area seems to be one of several factors controlling the rate of
water absorption in legumes but not a dominant one (e.g. soybean). This implies
that other factors might have contribution toward the slower rate observed for
Anidaso hybrid.
Since there was no published report on absorption characteristics of soybean
variety grown in Ghana, direct comparison of the results of this study cannot be
provided. However, diffusivity values reported in this study were lower than
those obtained by [27] for egusi melon seed. On the other hand, these values
compared favourably with other published values of 3.96 × 10−10 to 6.64 × 10−10
m2/s by [29] and 2.16 × 10−10 to 1.19 × 10−9 m2/s by [19]. In addition, it can be
noted that changes of the diffusivity with temperature suggest that parameters
such as the thermal properties of the seeds may be important factors in water
diffusivity of seeds in addition to other varietals parameters.
The values of diffusion coefficients of the selected varieties were fitted to an
Arrhenius relationship (Equation (4)). The Arrhenius equation was sufficient to
describe the temperature effect on the moisture diffusivity of the selected varieties as the coefficient of determination (R2) of fitting was between 0.93 and 0.98
(Table 3). The relationship between the diffusion coefficients and the reciprocal
of the absolute temperatures is shown in Figure 9.

Figure 9. Relationship between diffusion coefficient and temperature for legume (Tona,
Nhyira, Anidaso and Nagbaar).
DOI: 10.4236/ojapps.2021.118063
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Table 3. Activation energy of water diffusion during soaking of selected dry legumes grown
in Ghana.
Legume

Ea (kJ/mol)

Regression coefficient (R2)

Nagbaar

8.14

0.97

Anidaso

5.51

0.98

Tona

8.56

0.94

Nhyira

7.73

0.89

Soybean

Cowpea

Figure 9 shows the Arrhenius relation for the diffusion coefficients and temperature of Anidaso, Hhyira, Tona and Nagbaar. The variation of moisture diffusivity with the soaking temperature was consistent with the observations of
[28] and [29] for the beans, peas, soybeans and the cultivars of chickpeas. The
activation energy values for water diffusion in the legumes were also presented
in Table 3.
From Table 3, the temperature sensitivity of Di was highest for Nagbaar with
activation energy being 8.14 kJ/mol and lowest for Anidaso with activation energy being 5.51 kJ/mol. The activation energy values obtained in this study for
soybean varieties were quite smaller than 44.3 kJ/mol for soybean and 51.4
kJ/mol for pigeon pea as reported by [14] and [30] respectively. However, the
value obtained for soybean was close to the 11.20 KJ/mol reported by [28] for
white Bambara groundnut. The activation energy is a function of the grain
composition therefore variations in seed characteristics may account for the differences in the activation energies. The lower value of activation energy could
also mean that the seeds were more thermally stable. [31], made similar observation when they studied Kinetic, thermodynamic properties, and optimization of
barley hydration. The work showed significantly lower values of activation energy
for varieties of barley.
The values of activation energy obtained for the two cowpea varieties were
similar to those reported by [18] and [29].

4. Conclusion
The water absorption kinetics of two cowpea varieties (Tona and Nhyira) and
two soybean varieties (Nagbaar and Anidaso) were studied following the phenomenological models derived from Fick’s law of diffusion. Hydration temperature, time and variety had a significant influence on the hydration kinetics of
legumes. Surface area seems to be one of several factors controlling the rate of
water absorption in legumes. However, this is valid only for some legumes rather
than being a general rule. The simple Fick’s diffusion equation successfully simulated the water absorption kinetics of the soybean and cowpea hybrids at all
temperatures. The effective water diffusivity values for Tona, Nhyira, Nagbaar
and Anidaso varied from 4.36 × 10−10 m2/s to 5.90 × 10−10 m2/s, 4.74 × 10−10 m2/s
DOI: 10.4236/ojapps.2021.118063
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to 6.28 × 10−10 m2/s, 5.05 × 10−10 m2/s to 6.75 × 10−10 m2/s and 2.90 × 10−10 m2/s to
3.56 × 10−10 m2/s respectively. Parameters such as thermal properties of the seeds
may be important factors in water diffusivity of seeds in addition to other varietals parameters. The intense influence of temperature on the water diffusion coefficient was adequately described by an Arrhenius-type equation giving activation energy values of Tona, Nhyira, Nagbaar and Anidaso as 8.56 kJ/mol, 7.73
kJ/mol, 8.14 and 5.51 kJ/mol, respectively.
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