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ABSTRACT 
 

During milling of cereal grains, bran which is separated from the starchy endosperm of the grain is 
a major by-product. In this study, milled sorghum residue was dried in a cabinet dryer under 
different conditions (temperature and air velocity). The obtained drying data were fitted into ten 
existing mathematical models and obtained the best model while, the effective moisture diffusivity 
and activation energy of the drying process was determined using Arrhenius type approach. The 
result shows that the initial moisture content obtained for the sorghum residue using standard oven 
drying method were 41.28 ± 0.33%, 49.52 ± 0.63 % and 47.06 ± 0.42 % on wet basis for the wet 
residue of variety A, B and C, respectively, at equilibrium point, the final moisture content of about 
12.93 ± 0.14 – 14.31± 0.07 as temperature ranges from 40 

o
C to 70 

o
C and air velocity ranges from 

0.8 m/s to 1.2 m/s. During the drying process, the drying rate falls more rapidly as it was initially 
high as a result of more moisture in the sorghum residue and the drying rate decreases slowly until 
reaching the reduced moisture content. The obtained values of effective moisture diffusivity (Deff) 
ranges between 9.89 x 10

-10
 and 22.21 x 10

-10
 m

2
/s, 9.45 x 10

-10
 and 20.62 x 10

-10
 m

2
/s and 8.56 x 

10
-10

 and 20.76 x 10
-10

 m
2
/s for variety A, B and C, respectively. However, the result of the 

modelling shows that the drying characteristics of variety A and B of the sorghum residue can be 
predicted using Midilli et al. model while the drying behaviour of Variety C can be predicted using 
Hii et al. model. 
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1. INTRODUCTION 
 
Cereal is a member of the grass family 
(Gramineae) cultivated for the edible 
components of its grain or the kernel. Strictly 
speaking, it is a caryopsis which is composed of 
the fruit coat (pericarp) and a seed. The fruit coat 
adheres tightly to the seed coat surrounding the 
remainder of the seed consisting of germ and 
endosperm [1]. 
 
There are many types of cereals grown 
worldwide, each sharing some structural 
similarities. It is grown in large quantities due to 
its importance as an economic commodity and 
providing food and energy worldwide more than 
any other type of crop. Due to this, cereal grains 
are also known as staple crops. Not only cereal 
processing forms a large and important part of 
the food production chain, they provide versatile 
and essential nutrients to numerous populations. 
Cereal grains are easy to store once their 
enzymatic activity is in check and may be used to 
produce a myriad of food products [2,3]. 
 
Sorghum is the fifth most important cereal crop in 
the world after rice, wheat, and barley, while 
maize is the most grown cereal in terms of 
production quantity in Sub-Saharan Africa [4,5,6]. 
It remains one of the most versatile cereal crops 
on the continent, serving as a staple and main 
meal for millions of people [4,6,7]. It is an 
important source of calories, variety of nutrients 
and beneficial food components [8,9,10]. With 
the increasing world population, decrease in 
water supply and the effects of climate change, 
this drought resistant food crop is vital for human 
utilization and will be an important crop for the 
future. 
 

Amongst all the available food processing 
techniques, fermentation is an age-long process, 
known to improve nutritional qualities, palatability 
and consumer appeal [11,12,13,14]. Derived 
fermented food products continue to constitute 
an important part of our daily diet and are 
estimated to provide about a third of world food 
supplies [15]. These foods are known to confer 
beneficial effects, including therapeutic and 
functional properties, in addition to possessing 
antimicrobial, antioxidant, probiotic and 
cholesterol-lowering attributes, and are a source 
of some other important bioactive compounds 
[14,16,17,18,19,20]. Accordingly, fermented 
sorghum-based foods have a long history and 

strong cultural ties to the African people in 
particular. 
 
Cereal grains are usually milled to remove the 
fibrous bran. During milling, bran which is 
separated from the starchy endosperm of the 
grain is a major by-product. Although the 
micronutrients are generally present in higher 
concentrations in the outer part of the grain, it is 
often undervalued and used as animal feed 
[21,22]. The term ‘‘bran’’ is usually applied to the 
outer layers of the grain and its composition 
depends widely on the grain type, kernel size, 
shape, and maturity, size of the germ, thickness 
of the pericarp, duration and condition of grain 
storage, conditioning process of the grain before 
milling, during milling and the milling machinery 
used [23,24]. In wheat grain milling, the bran 
obtained is about 15% with composite multi-
layered materials like outer and inner pericarp, 
testa, hyaline layer, aleurone layer and part of 
starchy endosperm residue [22,25] and in barley 
the milling by-product yield is approximately 30–
40% [26]. However, various studies show the 
utilization of cereal bran in food products, the 
level of incorporating the bran as such is very low 
(5–10%) due to the negative effects on overall 
acceptability of the product. The world production 
of rice bran is increasing annually but only part of 
the production is employed to extract rice bran oil 
or utilized in animal feed only an insignificant 
amount is used as food additives. With the 
increasing concern about the safety of synthetic 
antioxidant usage, natural antioxidants from plant 
extracts as an alternative has become a rage. 
Consequently, rice bran extract has been proven 
as an effective natural preservative in various 
food systems [27]. Likewise, other valuable food 
ingredients with specific health benefits are also 
abundantly present in the by-product of cereal 
industry which can be extracted from a low-cost 
material. 
 
Foods products have a high moisture content of 
more than 50% which makes them highly 
susceptible to numerous microorganisms such 
as bacteria causing spoilage. Immediate 
preservation should be carried out to prevent 
biological deterioration after harvesting or 
processing due to their perishable 
characteristics. Drying or dehydration preserves 
food products in a stable and safe condition by 
reducing water activity, extending the shelf life 
much longer than that of fresh produce, drying is 
one such method to do it especially in developing 
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countries like India where cold storage facilities 
are poorly established. Also, the high amount of 
moisture contained in most agricultural material 
highly contributes to its perishability [28]. The aim 
of this study therefore was to mathematically 
model the drying characteristics of milled 
sorghum residue. 
 

2. MATERIALS AND METHODS 
 
2.1 Samples Collection and Preparation 
 
Sorghum grains were obtained from Oba market 
in Akure, Nigeria. The sorghum was manually 
sorted   and cleaned to remove husk, dirt, 
damaged grains and other foreign particles, to 
obtain the residue. The gruel was prepared using 
improved traditional method of Akingbala et al. 
[29]. The sorghum sample was sorted, steeped 
in tap water for 72 hrs. After decanting the 
steeping water; they were milled in an attrition 
mill, the residue was separated from the residue 
through a locally manufactured sieve. The water 
content in the residue was reduced to the 
possible level by gravity and stored in 
refrigeration system to equilibrate the moisture 
content and prevent spoilage. Before the 
experimentation, the initial moisture content of 
each experimental material was determined 
using standard oven dry method (dried at 105°C 
for 24 hrs) and the obtained values were 
recorded on wet basis. 
 

2.2 Experimental Equipment and 
Materials 

 
The equipment and materials used for carrying 
out the experiment were: Cabinet dryer, 
microwave, weighing balance, desiccator, stop 
watch, petri dish, attrition milling machine, 
container for fermentation, thermometer, distilled 
water, thimble, cotton wool and sieve. 
 

2.3 Drying Experiment 
 
The extracted sorghum residue was filled into 
sample holder and its initial weight and 
temperature were determined using weighing 
scale and digital thermometer. The drying system 
was powered on for about 1h to ensure the 
proper circulation of heat in the drying system, 
the weight loss and temperature were measured 
after every 30 minutes interval to determine 
drying rate and other drying parameters. Effect of 
some parameters such as drying temperature on 
the quality of the drying was determined. The 

dried samples were measured after cooling and 
stored in desiccator to avoid reabsorption of 
moisture. Drying tests were replicated three 
times for each of this temperature (40, 50, 60 

and 70⁰C) with each sample. Samples were 
weighed on an electronic balance (Make-Citizen 
Model No.CY-500 gm). After drying test, 
equilibrium moisture content of the sample was 
determining by the same procedure used for 
measurement of initial moisture content. Moisture 
content of sample during drying period was 
calculated at each drying time of constant time 
interval and presented as the moisture ratio 
(MR). Average values of each drying test were 
used for the drying curve of each sample for 
three drying temperatures. 
 

2.4 Determination of Moisture Content 
 
The moisture content of the whole Maize gruel-
residue was determined using American Society 
of Agricultural Engineers (ASAE) standard 
method [30]. Weighed amount of the samples 

were dried in a hot-air oven at 105±2℃ and 
weighed every time after cooling the samples in 
a desiccator till it appears it contains no more 
moisture and constant weight was obtained. 
Weight loss on drying to a final constant weight is 
recorded as moisture content of the material. 
Moisture content (wet basis) was calculated 
respectively using the following formulae: 
 

MCwb (%) = 
     

  
               (1) 

 
Where, MCwb (%) is the moisture content (wet 
basis) %, Mw is the mass of wet product and Md 
is the mass of dry product. 
 

2.5 Determination of Moisture Ratio 
 
Moisture ratio of samples during drying was 
determined using the following equation: 
 

   
     

     
             (2) 

 
As the Me value is very small compared to Mo 
and Mt values, the Me value can be neglected 
and the moisture ratio was simplified and it can 
be expressed as 
 

   
  

  
             (3) 

 

Where, Mt is the Moisture content at time t, kg 
moisture, Me is the Equilibrium moisture content, 
kg moisture, Mo is the Initial moisture content, kg 
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moisture and MR is a dimensionless moisture 
ratio. 
 

2.6 Determination of Drying Rates 
 
Agricultural products (which are hygroscopic) 
have always some residual moisture after the 
drying while for non-hygroscopic material drying 
continued up to zero moisture content. Because 
of hygroscopic products moisture is trapped in 
closed capillaries. The rate of moisture flow is 
only approximately proportional to its vapour 
pressure difference with the environment 
because of the crop resistance to moisture flow. 
There are two main drying rate regimes for 
agricultural products, namely the constant drying 
rate period and the falling drying rate period. 
Therefore, the draying rate was determined using 
equation 4 
 

Drying rate (DR)  = 
        

  
           (4) 

 

Where, Mt+dt is the moisture content at t +dt (g 
water / g wet base), Mt is the moisture content at 
a specific time (%) and t is the drying time 
(minutes). 
 

2.7 Fitting of Mathematical Model 
 
In the empirical models a direct relationship 
derived between moisture ratio, drying time and 
the parameters associated with it have no 
physical meaning. a non-linear regression was 
performed using the least square method in 
Microsoft excel (Solver analysis). To select a 
suitable model for describing the drying process 
of extracted residue, the drying curves were fitted 

with 10 thin layer drying model equations (Table 
1). Statistical parameters such as the coefficient 
of determination (R

2
), reduced chi-square (χ

2
), 

Root mean square error (RMSE), standard error 
or estimate (SEE) and sum of squared error 
(SSE) were used as the criteria for goodness of 
fit of the model. The best model was selected 
using the highest value of coefficient of 
determination (R

2
), and the lowest value reduced 

chi-square (χ
2
) as the primary criteria for 

selecting the best model to describe the drying 
characteristics and the lowest in value of the 
Root mean square error (RMSE), standard error 
or estimate (SEE) and sum of squared error 
(SSE) will be used for the validation of the model. 
The equations of statistical parameter are given 
below, 
 

   
                            

 
   

 
   

                              
 
   

 
   

        (5) 

 

χ   
              

 
   

 

   
           (6) 

 

     
 

 
                  

 
             (7) 

 

       
 

 
              

 
   

 
 

 

 
          (8) 

 
Where, R

2
 is the coefficient of determination, X

2
 

is the Chi Square, RMSE is the root mean 
square error, MRpre,i is the predicted moisture 
ratio, MResp,I is the experimental observed 
moisture ratio, I is the ith predicted moisture 
ratio, N is the number of observation and n is the 
number of constants 

 

Table 1. Some thin layer drying models 
 

Model Name Model Equation References 

Newton           –      Togrul and pehlivan 
[31] 

Page                  Kaleemullah and 
Kailappan [32] 

Modified page                    Sogi et al. [33] 

Henderson and pabis                  Kashaninejad et al., 
[34] 

Logarithmic                     Celma et al. [35]; 

Two-two                                Wang et. al. [36]., 
Two-term exponential                                    Midili and Kucuk [37] 

Wang and singh                
 
 Wang and Singh [38] 

Approximation of diffusion                                      Wang et al. [36]; 
Modified Henderson and 
pabis 

                                          Karathanos [39] 

Verma et al.                                   Doymaz [40] 

Midilli and Kucuk                        Midilli et al. [41] 
Where MR =moisture ratio; a, b, c, g, h, k, k1, k2 and n = drying constants; t = drying time (h) 
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2.8 Determination of Effective 
Diffusivities 

 

The experimental moisture ratio was expressed 
by using Ficks diffusion equation. The solution of 
this equation developed by Crank [42], and the 
form of Eq. (9) was applicable for particles with 
slab geometry by assuming uniform initial 
moisture distribution: 
 

t
L

D
MR

eff

2

2

2 4

8
lnln




           (9) 

 

where Deff is the effective diffusivity (m
2
/s); L is 

the half thickness of slab (m). The linear solution 
of the equation is obtained by using a simple 
approach that assumes that only the first term in 
the series equation is significant [43]. Then, 
Equation (10) is obtained by taking the natural 
logarithm of both sides. It shows that the time to 
reach given moisture content will be directly 
proportional to the square of the half-thickness 
and inversely proportional to Deff. 
 

Diffusivities are typically determined by plotting 
experimental drying data in terms of ln(MR) 
versus time in Eq. (9), and the plot gives a 
straight line with a slope of 
 

2

2

4L

D
slope

eff
                                   (10) 

 

2.9 Determination of Activation Energy 
 
The activation energy was obtained from 
temperature dependence of the effective 
diffusivity which was represented by an 
Arrhenius type equation as shown in equation 11 
[44]. 
 















.)273(
exp

TR

Ea
DD oeff         (11) 

 

Where, Do is the pre-exponential factor of the 
Arrhenius constant  (m

2
/s), Ea is the activation 

energy (kJ/mol), R is the universal gas constant 
(kJ/molK), T is the temperature. 
 

3. RESULTS AND DISCUSSION 
 

3.1 Drying Curve 
 

3.1.1 Moisture content and moisture ratio 
 

The initial moisture content obtained for the 
sorghum residue using standard oven drying 

method were 41.28 ± 0.33%, 49.52 ± 0.63% and 
47.06 ± 0.42 % on wet basis for the wet residue 
of variety A, B and C, respectively, was dried in 
the cabinet dryer for until the material reached 
the equilibrium point with final moisture content 
of about 12.93 ± 0.14 – 14.31± 0.07 as 
temperature ranges from 40

o
C to 70

o
C and air 

velocity ranges from 0.8m/s to 1.2m/s. The 
variation in the moisture content and moisture 
ratio profile of the sorghum residue with time 
during the drying process under the influence of 
four different temperature (40

o
C, 50

o
C, 60

o
C, and 

70
o
C) in the cabinet dryer is shown in Fig. 1 and 

2, respectively for the three varieties of sorghum. 
The Fig. 1 shows that the moisture content of the 
residues decreases progressively with increase 
in the drying time and similar trend was observed 
for moisture ratio (Fig. 2). However, the increase 
in the drying temperature (40

o
C to 70

o
C) lead to 

an increase in the amount of moisture loss by the 
residue over the drying time considered in this 
study, therefore, a significant reduction in the 
moisture profile (Variation in the moisture content 
and moisture ratio with time) was recorded as the 
effect of temperature and similar trend was 
obtained for all the air velocities that were 
considered in this study. This explains the fact 
that the surface moisture evaporates very fast at 
higher temperature due to high heat and mass 
transfer during the thin layer drying. It can be 
pointed out that the drying process is very high at 
the initial stage of the drying process, but it 
decreases exponentially when all the surface 
moisture evaporates and the drying heat diffuses 
inside the material. Similar result was reported 
for some other agricultural products such as 
carrot [45], tomato [46], and corn [47]. 
 
3.1.2 Drying Rate of the Residue 
 
Fig. 3 represents the drying rate versus drying 
time for the three varieties of sorghum residue 
during convective drying in the cabinet dryer 
while the graphical representation of the drying 
rate against the reduced moisture content was 
presented in Fig. 4, show the effect of different 
temperatures of the drying air (40

o
C - 70

o
C) and 

air velocity (0.8m/s – 1.2 m/s) on the drying rate 
of the residues. The curves clearly depict two 
major drying periods: (1) the drying rate falls 
more rapidly as it was initially high as a result of 
more moisture in the sorghum residue and (2) 
the drying rate decreases slowly until reaching 
the reduced moisture content and the moisture 
content at which the changes between this two 
periods occur is known as transition moisture 
content. The first period corresponds to the 
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evacuation of the free water and the bound water 
is evacuated during the second period. However, 
the constant drying rate period was not observed 
Also, it was observed that the drying rate 
increased with increase in the temperature and 
this corroborates the results of some studies on 
mushroom [48], olive pomace [49] and  barberry 
[50]. 
 

3.2 Modelling of the Drying  Curve 
 
The moisture ratio of the sorghum residue during 
the drying experimentation was calculated as the 
ratio of the moisture content at every time and 
the initial moisture content and the data obtained 
were fitted to ten thin layer existing mathematical 
models using nonlinear regression approach and 
the degree of accuracy and precision of the 
selected thin layer mathematical models were 
measured and compared using goodness of fit 
parameters such as coefficient of determination 
(R

2
), root mean square error (RMSE), and the 

reduced chi-square (χ
2
). The result of the fitted 

model which includes the goodness of fit 
parameter and the fitted model constant for 
different air temperatures and air velocity are 
presented in Table 2 which shows that the 
coefficient of determination (R

2
), root mean 

square error (RMSE), standard error of estimate 
(SEE), the reduced chi-square (χ

2
), and sum of 

square of error (SSE) values were obtained as 
0.8865 ≤ R

2
 ≤ 0.9998, 0.00035 ≤ RMSE ≤ 

0.1111, 0.0000062 ≤ χ 2 ≤ 0.0154, respectively. 
The best model was selected based on the high 
values of coefficient of determination and the low 
values of root mean square error (RMSE), and 
the reduced chi-square (χ

2
). Among the models 

considered, the Midilli et al.; Wang and Smith;, 
Modified Henderson and Pabis; Page model 
gave the best values of coefficient of 
determination (R

2
) above 0.9972 with root mean 

square error (RMSE), the reduced chi-square 
(χ

2
), values lower than 0.011, and 0.00019, 

respectively for variety A. The Midilli et al.; Wang 
and Smith;, Modified Henderson and Pabis; Hii et 
al. and Logarithmic model gave the best values 
of coefficient of determination (R

2
) above 0.9961 

with root mean square error (RMSE), and the 
reduced chi-square (χ

2
), vaues lower than 0.013, 

and 0.00025, respectively for variety B whilst The 
Midilli et al.; Wang and Smith;, Modified 
Henderson and Pabis; Hii et al.; Logarithmic 
model gave the best values of coefficient of 
determination (R

2
) above 0.9986 with root mean 

square error (RMSE), and the reduced chi-
square (χ

2
), vaues lower than 0.0078, and 

0.000092, respectively for variety C. These 
models appear then the most adequate in 
describing the drying processes of sorghum 
under the experimental conditions studied. 
However, the Midilli et al. model gave 
comparatively higher coefficient of determination 
(R

2
 ≥ 0.997) values in most cases, with lower 

value of root mean square error, the reduced chi-
square for variety A and B, while Hii et al. model 
gave comparatively higher coefficient of 
determination values in most cases, with lower 
value of root mean square error and the reduced 
chi-square for variety C. Thus, models were 
chosen as the most reliable models in predicting 
the drying behaviour of sorghum residue under 
different condition in the cabinet dryer. 
 

3.3 Effective Moisture Diffusivity 
 
The result of the effective moisture diffusivity of 
the three varieties of sorghum residue is 
presented in Table 3. The obtained values of Deff 
range between 9.89 x 10

-10
 and 22.21 x 10

-10
 

m
2
/s, 9.45 x 10

-10
 and 20.62 x 10

-10
 m

2
/s and 8.56 

x 10
-10

 and 20.76 x 10
-10

 m
2
/s for variety A, B and 

C, respectively. The reported Deff values were 
within the general range of 10

-11
 to 10

-9
 m

2
/s for 

food materials [51]. The lowest moisture 
diffusivity value (9.89 x 10

-10
 m

2
/s, 9.45 x 10

-10
 

and  8.56 x 10
-10

 for variety A, B and C, 
respectively) of the sorghum residue in cabinet 
dryer was  estimated at the lowest air 
temperature of 40 

o
C, and the lowest air velocity 

of 0.8 m/s while the highest moisture diffusivity 
value (22.21 x 10

-10
 m

2
/s, 20.62 x 10

-10
 m

2
/s and 

20.76 x 10
-9

 m
2
/s for variety A, B and C, 

respectively) is achieved at air temperature of 
70

o
C and air velocity of 1.2 m/s. However, it was 

observed that Deff values increased greatly with 
increasing drying temperature from 40 C to 70 

o
C 

and increase in air velocity from 0.8 – 1.2 m/s. 
When sorghum residue at higher temperature, 
increased heating energy would increase the 
kinetic energy of water molecules leading to 
higher moisture diffusivity [52]. The values of Deff 
are comparable with the reported values of 6.27 
to 35.0 X 10

-10
 m

2
/s for orange slices at 40–80

o
C 

[53], 1.19 to 4.27 X 10
-9

 m
2
/s for pumpkin fruits at 

40–80
o
C [54], 1.015 to 2.650 X 10

-9
 m

2
/s for 

tomato leathers at 60–100
o
C [55] and 1.1 X 10

-10
 

to 1.26 X 10
-9

 m
2
/s for the drying of terebinth in 

the temperature range of 40–80
o
C [56]. 
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Fig. 1. Moisture content versus drying time at different temperature and air velocity for variety A, B and C 
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Fig. 2. Moisture ratio versus drying time at different temperature and air velocity for variety A, B and C 
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Fig. 3. Drying rate versus drying time at different temperature and air velocity for variety A, B and C 
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Fig. 4. Drying rate versus moisture content at different temperature and air velocity for variety A, B and C 
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Table 2. The goodness of fit parameter and model constant for the best models 
   

Variety Air velocity 
(m/s) 

Temperature Best model Model constant R² RMSE X² 

A 0.8 70 °C Midili et al. k = 0.4183, b = 0.04, a = 0.9989, n = 1.0089 0.9998 0.0029 1.215E-05 

  60 °C Midili et al. k = 0.1909, b = 0.0308, a = 0.9857, n = 1.2826 0.9986 0.0083 8.758E-05 

  50 °C Wang and smith a = -0.1516, b = 0.0084 0.9995 0.0048 2.548E-05 

  40 °C Wang and smith a = -0.1105, b = 0.0046 0.9997 0.0040 1.705E-05 

 1.0 70 °C Midili et al. k = 0.3206, b = 0.0454, a = 0.9994, n = 1.2374 0.9983 0.0091 0.0001172 

  60 ⁰C Midili et al. k = 0.2362, b = 0.0322, a = 0.997, n = 1.1829 0.9997 0.0035 1.544E-05 

  50 ⁰C Modified henderson 
pabis 

k = 1.5021, a = 0.1002, g = 0.013, b = -0.3054, h = -0.5045, 
c = 0.003 

0.9993 0.0056 4.365E-05 

  40 ⁰C Page k = 0.0935, n = 1.0199 0.9996 0.0038 1.629E-05 

 1.2 70 ⁰C Midili et al. k = 0.3811, b = 0.0254, a = 0.9994, n = 0.8648 0.9973 0.0105 0.0001659 

  60 ⁰C Modified henderson 
pabis 

k = 2.2518, a = 0.3389, g = 0.8789, b = 0.0353, h = -2.1143, 
c = 0.1904 

0.9972 0.0108 0.0001854 

  50 ⁰C Midili et al. k = 0.2435, b = 0.0319, a = 0.9946, n = 1.119 0.9989 0.0069 6.113E-05 

  40 ⁰C Midili et al. k = 0.1388, b = 0.0239, a = 1.0004, n = 1.2071 0.9989 0.0068 5.414E-05 

B 0.8 70 ⁰C Modified henderson 
pabis 

k = 0.9873, a = 0.3153, g = 0.0241, b = -0.3415, h = -
0.0149, c = -0.0079 

0.9989 0.0070 8.63E-05 

  60 ⁰C Midili et al. k = 0.2148, b = 0.033, a = 0.991, n = 1.2349 0.9984 0.0087 9.636E-05 

  50 ⁰C Modified henderson 
pabis 

k = 1.0677, a = 0.1682, g = 0.1596, b = -0.126, h = -0.2233, 
c = -0.0655 

0.9994 0.0049 3.356E-05 

  40 ⁰C Midili et al. k = 0.1249, b = 0.0191, a = 0.9914, n = 1.1425 0.9994 0.0049 2.799E-05 

 1.0 70 ⁰C Hii et al. k = 0.397, g = -0.0101, a = 0.7148, c = 0.2754, n = 1.5287 0.9977 0.0108 0.0001806 

  60 ⁰C Midili et al. k = 0.2126, b = 0.0345, a = 0.992, n = 1.2528 0.9994 0.0054 3.814E-05 

  50 ⁰C Wang and smith a = -0.1408, b = 0.0075 0.9996 0.0046 2.33E-05 

  40 ⁰C Logarithmic k = 0.1067, a = 0.9354, c = 0.0701 0.9997 0.0030 1.025E-05 

 1.2 70 ⁰C Midili et al. k = 0.5338, b = 0.0574, a = 0.9987, n = 1.0276 0.9976 0.0101 0.0001524 

  60 ⁰C Modified henderson 
pabis 

k = 2.335, a = 0.305, g = 1.0826, b = 0.0288, h = -2.4126, c 
= 0.1548 

0.9960 0.0125742 0.000253 

  50 ⁰C Midili et al. k = 0.2544, b = 0.0327, a = 0.9994, n = 1.1002 0.9991 0.0060098 4.575E-05 

  40 ⁰C Midili et al. k = 0.1497, b = 0.023, a = 0.996, n = 1.1446 0.9994 0.0049076 2.827E-05 

C 0.8 70 ⁰C Hii et al. k = 0.2997, g = -0.3591, a = 0.9768, c = 0.02, n = 1.0025 0.9991 0.0062 5.889E-05 
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Variety Air velocity 
(m/s) 

Temperature Best model Model constant R² RMSE X² 

  60 ⁰C Modified henderson 
pabis 

k = 24.5943, a = 0.0389, g = 7.2432, b = -0.0231, h = -
30.8404, c = 0.0195 

0.9986 0.0078 9.148E-05 

  50 ⁰C Hii et al. k = 0.1664, g = -0.3786, a = 0.9942, c = 0.004, n = 0.9587 0.9996 0.0042 2.281E-05 

  40 ⁰C Logarithmic k = 0.1597, a = 0.7121, c = 0.2849 0.9994 0.0041 1.944E-05 

 1.0 70 ⁰C Hii et al. k = 0.3731, g = -0.0058, a = 0.6797, c = 0.3133, n = 1.515 0.9987 0.0078 9.458E-05 
  60 ⁰C Hii et al. k = 0.2152, g = -0.037, a = 0.8077, c = 0.1863, n = 1.2786 0.9995 0.0048 3.197E-05 

  50 ⁰C Hii et al. k = 0.1509, g = -0.6119, a = 1.0034, c = 0.0004, n = 0.9525 0.9994 0.0049 3.131E-05 

  40 ⁰C Page k = 0.0883, n = 0.9963 0.9998 0.0024 6.148E-06 
 1.2 70 ⁰C Midili et al. k = 0.4412, b = 0.058, a = 1.0021, n = 1.0994 0.9991 0.0061 5.572E-05 

  60 ⁰C Hii et al. k = 0.5096, g = -0.0147, a = 0.6878, c = 0.3059, n = 1.2115 0.9988 0.0068 6.738E-05 

  50 ⁰C Hii et al. k = 0.2339, g = -0.0643, a = 0.8554, c = 0.1407, n = 1.1472 0.9989 0.0068 6.292E-05 

  40 ⁰C Hii et al. k = 0.1267, g = -0.0073, a = 0.7125, c = 0.2802, n = 1.3633 0.9993 0.0052 3.351E-05 
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Table 3. Effective moisture diffusivity and activation energy of the sorghum residue during 
drying 

 

Variety Air velocity (m/s) Parameters 70°C 60°C 50°C 40°C 

A 0.8 Deff (x 10ˉ
10

m²/s) 19.69 16.92 12.98 9.89 
  Do (m²/s) 3.07E-06    
  Ea (J/mol) 20.89    
 1.0 Deff x 10ˉ

10
m²/s 20.76 16.02 13.91 10.04 

  Do m²/s 3.00E-06    
  Ea (J/mol) 20.77    
 1.2 Deff x 10ˉ

10
m²/s 22.21 15.49 13.97 9.75 

  Do m²/s 6.77E-06    
  Ea (J/mol) 22.98    
B 0.8 Deff x 10ˉ

10
m²/s 20.34 16.05 12.57 9.45 

  Do m²/s 5.95E-06    
  Ea (J/mol) 22.76    
 1.0 Deff x 10ˉ

10
m²/s 20.46 15.75 13.25 9.84 

  Do m²/s 3.41E-06    
  Ea (J/mol) 21.19    
 1.2 Deff x 10ˉ

10
m²/s 20.62 15.20 13.64 9.44 

  Do m²/s 4.45E-06    
  Ea (J/mol) 21.94    
C 0.8 Deff x 10ˉ

10
m²/s 19.62 15.03 12.05 8.56 

  Do m²/s 9.62E-06    
  Ea (J/mol) 24.23    
 1.0 Deff x 10ˉ

10
m²/s 19.56 14.83 12.43 9.08 

  Do m²/s 4.56E-06    
  Ea (J/mol) 22.15    
 1.2 Deff x 10ˉ

10
m²/s 20.76 14.41 13.63 9.43 

  Do m²/s 3.95E-06    
  Ea (J/mol) 21.65    

 
The activation energy (Ea) for the residue varied 
from 20.77 – 22.98 kJ/mol, 21.18 – 22.75 kJ/mol 
and 21.65 – 24.23 kJ/mol as the air velocity 
varied from 0.8 m/s to 1.2 m/s for different 
sorghum varieties (Variety A, B, and C, 
respectively), The values of energy of activation 
for the sorghum residue fall in the  range 
reported (12.7-110 kJ/mol) by Aghbashlo et al. 
[57] for most food, fruit, and vegetable materials. 
Also, values of the activation energy for the 
sorghum varieties are comparable to the the 
value reported for other agricultural  material 
[54,58,59,60,61]. 
 

4. CONCLUSIONS 
 
The following conclusions were made based on 
the findings of this study. 
 

1. The initial moisture content obtained for 
the sorghum residue using standard oven 
drying method were 41.28 ± 0.33%, 49.52 
± 0.63% and 47.06 ± 0.42% on wet basis 
for the wet residue of variety A, B and C, 
respectively 

2. The equilibrium point with final moisture 
content of about 12.93 ± 0.14 – 14.31± 
0.07 as temperature ranges from 40 

o
C to 

70
o
C and air velocity ranges from 0.8m/s to 

1.2m/s 
3. The equilibrium point with final moisture 

content of about 12.93 ± 0.14 – 14.31± 
0.07 as temperature ranges from 40

o
C to 

70
o
C and air velocity ranges from 0.8m/s to 

1.2m/s 
4. The drying rate falls more rapidly as it was 

initially high as result of more moisture in 
the sorghum residue and the drying rate 
decreases slowly until reaching the 
reduced moisture content therefore the 
residue should be dried under a 
temperature of 70

o
C and air velocity of 1.2 

m/s to attain the lowest moisture content 
and save time; 

5. The obtained values of Deff ranges 
between 9.89 x 10

-10
 and 22.21 x 10

-10
 

m
2
/s, 9.45 x 10

-10
 and 20.62 x 10

-10
 m

2
/s 

and 8.56 x 10
-10

 and 20.76 x 10
-10

 m
2
/s for 

variety A, B and C, respectively 
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6. Midilli et al. model gave comparatively 
higher coefficient of determination (R

2
 ≥ 

0.997) values in most cases, with lower 
value of root mean square error, the 
reduced chi-square for variety A and B, 
while Hii et al. model gave comparatively 
higher coefficient of determination values 
in most cases, with the lowest value of root 
mean square error and the reduced chi-
square for variety C 
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