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Abstract 
Okra (Abelmoschus esculentu) is harvested in sufficient amount during wet season, therefore, postharvest losses 

increases during off-seasons because of its perishability in nature which leads to expensiveness and lost by 

deterioration. Drying methods can help in moisture loss (diffusion) in agricultural and biomaterials to 

avoidance of microbial invasion and deterioration, for elongation in shelf life, minimize packaging operations 

and for ease transportation. This research is Evaluation of Some thin-layer Equations in the Prediction of 

Drying Sliced Okra (Abelmoschus esculentus) applying convective oven dryer method at 12 varying 

temperatures amongst are 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110
0
C, and 115

0
C and was imputed into 

Page, Henderson-Parbis, and Lewis models in other to predict the drying kinetics based on linearize Fick's 

Second law of diffusion. The temperature dependent effective diffusivity and the related activation energy was 

investigated as their values ranges from 1.369x10
-7

-7.12x10
-8

m
2
/sec and 0.1235kJ/mol.k respectively which is an 

indication that moisture reduction from the samples increased rather sharply at the initial stages of drying 

became exponentially at the later stages. It is therefore, shows that drying of the Okra (Abelmoschus esculentu) 

took place almost entirely in the falling rate period, characteristic of drying of biomaterials. The Page model 

closely followed by the Henderson-Parbis’ were noticed to be the best models applicable for predicting the 

drying behaviour of the Okra (Abelmoschus esculentu) by a non-linear regression analysis. 
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I. INTRODUCTION 
Okra (Abelmoschus esculents (L) Monarch is an annually harvested vegetable crop belonging to 

malvaceae family. Okra is mostly sliced and dried and sometimes grinded into a powder form. Okra is 

consumed as snack, cooked and fresh vegetable addictive to soup, stew or salace. Okra is consumed in a large 

quantity in Nigeria (FAO 2014). Okra is a good source of carbohydrate, protein, dietary fibre, calcium, 

magnesium, potassium and vitamin A and C (Pendre et al 2012). Because of its sensitivity and essentiality to 

storage most fresh okra preserved in some way such as solar drying, hot air dryer, open sun dryer and ovum 

drying method. Solar dryer is a reciprocal to hot air and open sun drying methods mostly in a place where 

sunshine is favourable during harvest period (Pangavhane, Sawhney and Sarsavadia, 2002). 

Okra freshly harvested have high systematic moisture content and respiratory activities whereas it can 

be best preserve at moisture level of 10% wet basis (Shivhare et al 2000). Due to the high level of moisture 

content of okra, okra is subjected to easily deterioration causing chemical, physical, and biological damage. 

Drying helps in reducing postharvest losses of fruits and vegetables, particularly those that have moisture 

content as high as 70% (Guan et al 2013). Drying lengthen the shelf life of agricultural product without 

addictive of any form of preservative and it assists in size reduction during packaging and reduce cost of 

transportation (Figiel 2010). Drying does not only reduce moisture content but also affect its organoleptive 

properties, enzymative activity, rheology properties, hardness and microbial spoilage. 

The two most common type of drying are sun drying and hot air drying and they are different types of 

disadvantages that are not hygienic and not desirable for food industry (Soysal and Oztekin 2001). Oven drying 

method is a good alternative method. It has a space capacity, hygienic condition, time saving, precise control 

system, energy saving, easy setup and shutdown. It reduces drying time and stop food from being decomposing 

(Maskan 2000). It's applied to numbers of agricultural products such as banana (Masken 2000), Spinads (Ozkan 

et al 2007). As shown in Plate 1. 

Preservation, drying has been a method to pro-long it shelf life to prevent deterioration but improved 

and maintained it quality. Severally, several publication has been published on drying of biomaterials, they 
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include egg plant (Ertekin and Yaldiz., 2004), mud snail meat (Burubai and Bratua., 2015), Green pepper and 

Onion (Yaldiz and Ertekin, 2001), Soyabeans (Gely and Santalla, 2000), apple (Wang et al; 2006), palm weevil 

(zibkere and Egbe 2019) and African nutmeg (Burubai and Etekpe, 2014). This research work is Evaluation of 

Some thin-layer Equations in the Prediction of Drying Sliced Okra (Abelmoschus esculentus). 

 

 
Plate.1 A Picture of Sliced Okra (Abelmoschus esculents (L) Monarch 

 

II. MATERIALS AND METHOD 
Okra (Abelmoschus esculentus) was harvested fresh from Ondewari town market Southern Ijaw local 

government area of Bayelsa state. The sample was taken to the food processing laboratory in Niger Delta 

University, Bayelsa State Department of Agricultural and Environmental Engineering in other to study their 

drying kinetics Okra (Abelmoschus esculentus) was measured with vanier caliper with equal thickness of 

13× 𝟏𝟎-3
m and was weigh with top digital balance which initial weight was taken as 29.85grams and was oven 

dried using (WTC binder oven Model WTCB 1718). The samples of equal weight and thickness were measured 

and oven dried at varying temperatures from 60
0
C-115

0
C with an increment of 5

0
C. The initial moisture content 

of the samples was then determined by the oven method as recommended by ASAE standard (S368 41 2000). 

The samples were studied and experimental data and predicted data were calculated accordingly from the 

beginning of the drying experiment at every 5mins to when its equilibrium moisture content took place. The 

method of drying employed in this research was oven drying method. This method was also applied by Jittanit, 

(2011) for pumpkin seeds and grape seeds (Robert et al, 2008). The drying test was replicated thrice at each 

temperature levels and averages were recorded. 

 

2.1 Estimating Effective Diffusivity, De 
Fick's second law of moisture diffusion was used in this technical research in a permeable media and was 

adapted in the method of drying as reported by (Crank, 1975) 
𝑑𝑀

𝑑𝑡
= 𝐷𝑒  

𝑑2 𝑀

𝑑𝑟 2           (1) 

where 

 M  =  moisture content at time t, kgH2O /kgsolid  

  t  =  drying time, min. 

  r  =  radius of an equivalent sphere (distance from the core to     

         the surface), mm 

De  =  effective diffusivity, mm
2
/min. 

The moisture ratio prevalent in the drying system can be expressed as [Sahey and Singh 2005]  

   

MR  =  
M −  Me

Mo  −  Me
       (2) 

where 

Me  =  equilibrium moisture content (emc), kgH2O /kgsolid  

Mo  =  initial moisture content, kgH2O /kgsolid  

M = moisture % (db) at any time, t during dehydration process 

 

In calculating the effective moisture diffusivity (Deff) the application Fick's second law equation of diffusion 

was used. However, constant moisture diffusivity infinite slab geometry and a uniform initial moisture 

distribution were taken into consideration in equation (5). 
𝜕𝑀

𝜕𝑡
=  ∇.  𝐷𝑒𝑓𝑓 ∇𝑀         (3) 

where  

M is the moisture content (kg water/kg dry mater), t is the drying time, and 𝐷𝑒𝑓𝑓  is the effective diffusivity 

(m
2
/s). 
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In order to resolve the partial differential equation, it's taken that 

i. equal thickness and length during drying 

ii. heat transfer between the sampled material and drying air is equilibrium  

iii. the initial ''M'' is uniform continuity amidst the material 

Equation (3) can be deduced for standard geometric in cylindrical for the specimen equation (4) using boundary 

condition [Crank, 1975] 

𝑀𝑅 =
𝑀−𝑀𝑒

𝑀𝑜−𝑀𝑒
=

8

𝜋2  
1

 2𝑛−1 2

∞

𝑛=1
𝑒

− 2𝑛−1 2𝜋2𝐷𝑒𝑡

𝑙2      (4) 

 

 Giving n  =  number of cylindrical surfaces 

  It can be observed that (2n - 1)  =  𝜀²n as the root of a related Bessel function. 

And for a cylindrical geometry, L = Rc = radius of cylinder,  

Then equation 4 will give 

MR  =   
M −  Me

Mo  −  Me
  =   

1

𝜀2
𝑛

∞

𝑛=1
𝑒

−𝜀2
𝑛 (

𝜋2𝐷𝑒𝑓𝑓 𝑡

𝑅𝑐
2 )

   (5) 

Taking only the first term rendering others as negligible, equation 5 can reduce to [Zogzas et al., 1996]  

MR  =   
M −  Me

Mo  −  Me
  =  

4

𝜀²1
𝑒

−ε²n (
𝐷𝑒𝑓𝑓 𝑡

𝑅𝑐
2 )

   (6) 

where 

MR  =  moisture ratio  

Taking natural log on both sides, equation 6 will linearize to 

Ɩn(MR)  =  Ɩn 
4

ε²n
  -  ε²nDeff(

1

𝑅𝑐
)2t   (7) 

The effective diffusivity, De in the drying system can then be deduced from the slope of the plot of Ɩn(MR) 

versus drying time, t with intercept Ɩn 
4

ε²n
  [Guine et al., 2011]  

   Deff  =   
𝑆𝑙𝑜𝑝𝑒  𝑜𝑓  𝑝𝑙𝑜𝑡  [𝑅𝑐

2]  

ε2 n
     (8)            

And from equation 2, if values of Me are small in relation to values of M and Mo (assumed to be zero) in 

[Roberts et al 2008] then the equation would reduce to  

MR  =  
M

  Mo  
       (9) 

2.2 Activation Energy 

Arrhenius equation was used to calculate the activation energy as shown in equation (11)  

De  =  Do(e
−

Ea
Rt )        (10) 

where  

Ea  =  activation energy, kJ/mol 

De  =  effective diffusivity at t°K, m
2
/s.  

Do  =  pre-exponential factor of the Arrhenius equation at 0°K, m
2
/s.  

 R  =  universal gas constant (8.314 x 10
-3

, kJ/mol.K).  

  t  =  air temperature expressed in °K 

Simplification of (10) gives 

ƖnDe  =  ƖnDo  -  
Ea

R
t−1      (11) 

or  - 
Ea

R
t−1  =  ƖnDe  -  ƖnDo     (12) 

or  
Ea

Rt
  =  Ɩn(

𝐷𝑜

𝐷𝑒
)       (14) 

Ea

R
t−1  =  Ɩn(

𝐷𝑜

𝐷𝑒
)       (15) 

Plotting of ƖnDe as a function of t
-1

 will be linear with intercept, lnDo and slope, - 
Ea

R
; hence the activation energy 

can be estimated as [Navneet et al., 2012]. 

   Ea  =  -ve slope(R)       (16) 

 

2.3 During Evaluation  

Mathematical models in evaluating the characteristic of o agricultural bio-materials during drying in technical 

literature, different of such are listed in Table I, amongst which page, Henderson and Lewis model are chosen 

for experimentation in this work on sliced Okra.  
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Table 1: List of Thin-layer Drying Models with References  

(Source [24]) 
S/No. Title of Model Model Expression Reference 

1 Lewis MR = exp(−kt) [Kingly et al., 2007]  

2 Wang & Singh MR = 1 + at + bt2 [Wang et al., 1978]  

3 Page MR = exp(−ktn) [Page, 1948]  

4 Logarithmic MR = a exp(−kt) + c [Togrul and Pehlivan, 2003.]  

5 Henderson & Pabis MR = a exp(−kt) [Henderson and Pabis  1961]  

6 Two Term MR = a exp(−k0t) + b exp(−k1t) [Hodge and Taylor 1999]  

7 Verma MR = a exp(−kt) + (1–a) exp(-gt) [Hii 2009]  

8 Hii, Law & Cloke MR = a exp(−ktn) + c exp(-gtn) [Yaldiz 2001]  

9 Approximation of diffusion MR = a exp(−kt) + (1 − a) exp(−k a t) [Verma 1978]  

10 Simplified Fick’s MR = a exp(−c(t/L2)) [Diamente and Munro 1993]  

11 Midilli–Kucuk MR = a exp(−ktn) + bt [Midilli 2020]  

12 Modified Page -II MR = exp(−c(t/L2)n) [Diamente and Munro 1993]  
 

2.4 Statistical Analysis 

Non- linear regression equation was used to determine each constant of selected statistical model in 

other to obtain the best model for experimental data that described the drying curves. The best suitable and most 

appropriate of the selected model was examined from reduced chi-square (X
2
), root mean square error (RMSE), 

coefficient of determination (R
2
) and mean bias error (MBE). The higher the values of R

2
 (proximity to one), the 

lower the values of (X
2
) and the RMSE (proximity to zero) ascertained the goodness of fit (McMinn, 2006). 

These evaluation criteria methods can be determined as  

X2 =   
(𝑀𝑅𝑝𝑟𝑒  − 𝑀𝑅𝑒𝑥𝑝 )2

𝑁−𝐾

𝑛

𝑖=1
        (17) 

MBE = 
1

𝑁
  (𝑀𝑅𝑃𝑟𝑒𝑑 − 𝑀𝑅𝑒𝑥𝑝

𝑛
𝑖=0 )      (18)  

RMSE = 
1   

𝑁
 (𝑀𝑅𝑃𝑟𝑒𝑑 − 𝑀𝑅𝑒𝑥𝑝 )𝑛

𝑖=0

1/2
     (19) 

 

III. RESULTS AND DISCUSSIONS 
3.1 characterizing Drying Kinetics 

The moisture ratio of the sample was determined from the drying data (moisture ratio) collected plotted against 

time as shown in figure1 

 

 
 

     Figure 1: Moisture ratio for Okra (Abelmoschus esculentus) at different temperature 

 

Experimentally, from figure 1 shows that the higher the temperature, the shorter the time of drying. It 

has proof clearly like other Agricultural biomaterials, the drying of Okra (Abelmoschus esculentus) falls mainly 
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under the falling rate period. This indicated that, the drying rate of Okra (Abelmoschus esculentus) was basically 

controlled by internal diffusion. Similar results had been published by other scientists on different biomaterials 

and food products (Doymaz, 2004, Kilic, 2009, Burubai and Etekpe, 2014, Davies et al., 2020). 

 

3.2 Statistics for Goodness of Fit 

The statistical parameters are useful in analysing experimental results. The statistical parameters 

considered in this work are coefficient of determination (R
2
), mean square error (MSE) reduced chi-square (X

2
) 

mean bias error (MBE) as shown in Table 1 below. The R
2 

values according to the models were recorded in the 

range of 0.9775-0.999 for page model, 0.9632-0.9908 for Henderson model and 0.9568-0.9908 for Lewis 

model. The MSE values ranging from 0.00158-0.0661 for page, 0.1366-1.7011 for Henderson, and 0.2771-

1.0499 for Lewis model. It shows that page has the lowest MSE value and the reduced Chi-square value (X
2
) 

closer to 0 which ranging from 0.000158-0.00109 while Henderson model ranging from 0.018954-2.984027, 

0.0175-1.1193 for Lewis model. Therefore page model been the lowest MSE and (X
2
)-value closest to zero is 

considered to be the best model predicting the drying behaviour of Okra (Abelmoschus esculentus). Thus a 

relationship between measured and predicted moisture ratios is as shown in Fig 2 and since the moisture ratio 

values are banded or clustered along the straight line of the graph, it is an indication of good fitness of the page 

model in describing the drying characteristics of Okra (Abelmoschus esculentus) 

 

Table 1 Statistical results of the model for Okra (Abelmoschus esculentus) 

MODEL Temp (0°C) a n k R² MBE X² RMSE 

         

 

60 

 

0.000116 0.6522 0.9984 0.00324 0.0017115 0.041113 

 

65 

 

0.000098 1.5646 0.9999 0.00107 0.000158 0.000497 

 

70 

 

0.00015 1.5813 0.9928 0.004041 0.001617 0.001584 

 

75 

 

0.000466 1.2411 0.9866 0.00127157 0.0002135 0.0144982 

Page 80 

 

0.000391 1.3564 0.9986 0.00318957 0.0010991 0.0328386 

 

85 

 

0.000264 1.5096 0.9969 0.00380728 0.0015805 0.03938278 

 

90 

 

0.000294 1.4488 0.9831 0.00370566 0.0014561 0.03779004 

 

95 

 

0.000196 1.5252 0.9932 0.00367881 0.0014216 0.03733583 

 

100 

 

0.000146 1.7055 0.9773 0.007029 0.004054 0.06287 

 

105 

 

0.000219 1.5859 0.9926 0.006028 0.002909 0.053242 

 

110 

 

0.000224 1.5828 0.9924 0.00602343 0.0029407 0.00286625 

 

115 

 

0.000141 1.7567 0.9845 0.008138 0.0045076 0.066114 

         

 

60 1.3867 

 

0.0035 0.9785 0.046852 0.357864 0.59449 

 

65 1.3668 

 

0.004 0.9980 0.057671 0.508961 0.708675 

 

70 1.4718 

 

0.0057 0.9568 0.077861 0.600422 0.766839 

 

75 1.0251 

 

0.002 0.9908 0.011982 0.018954 0.13661 

Henderson 80 1.2535 

 

0.0039 0.9733 0.034978 0.132178 0.360117 

 

85 1.4262 

 

0.0063 0.9821 0.109182 1.29915 1.129389 

 

90 1.2807 

 

0.0047 0.971 0.049164 0.2563031 0.501372 

 

95 1.3795 

 

0.0052 0.9632 0.064182 0.432696 0.651379 

 

100 1.384 

 

0.0083 0.9867 0.136963 1.539193 1.225036 

 

105 1.4799 

 

0.0074 0.9644 0.107364 0.922776 0.948217 

 

110 1.4736 

 

0.0074 0.9639 0.108609 0.956089 0.965342 

 

115 1.5909 

 

0.0104 0.97 0.209386 2.984027 1.701059 

         

         

 

60 

  

0.0035 0.9785 0.418864 0.176543 0.418864 

 

65 

  

0.004 0.9980 0.509274 0.261089 0.509274 
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70 

  

0.0057 0.9568 0.505459 0.25815 0.505459 

 

75 

  

0.002 0.9908 0.132048 0.01757 0.132048 

 

80 

  

0.0039 0.9733 0.277107 0.07752 0.277107 

Lewis 85 

  

0.0063 0.9821 0.780531 0.614976 0.780531 

 

90 

  

0.0047 0.971 0.381507 0.146961 0.381507 

 

95 

  

0.0052 0.9632 0.459624 0.213325 0.4596624 

 

100 

  

0.0083 0.9867 0.873075 0.771909 0.873075 

 

105 

  

0.0074 0.9644 0.623686 0.394036 0.623686 

 

110 

  

0.0074 0.9639 0.63859 0.413026 0.63859 

 

115 

  

0.0104 0.97 1.04993 1.1193126 1.04993 

 

 

 

 
 

Figure.2. Relationship between experimental and Predicted moisture ratio 

 

3.3 Effective Moisture Diffusivity 

This was evident that moisture diffusivity increased when the drying temperature was increased and the kinetics 

could be as a result of higher temperatures affecting the activity of water molecules, causing higher moisture diffusivity. 

Similar results were reported by Sacilik (2007), Jittanik (2011), Doymaz (2004), Robert et al (2008). For Okra 

(Abelmoschus esculentus), the same approach was used in determining the effective moisture diffusivity using figure 2 

below and the effective moisture diffusivity varied from 1.369x10
-7

 -7.12x10
-7

m
2
/sec for respective temperature ranges 

from 60
0
C, 65

0
C, 70

0
C, 75

0
C, 80

0
C, 85

0
C, 90

0
C, 95

0
C, 100

0
C, 105

0
C, 110

0
C and 115

0
C. According to table 3 of the Okra 

(Abelmoschus esculentus) shows that the effective moisture diffusivity increases with an increase in temperature. This 

reports obtained in this work agree with the report of Burubai and Bratua (2015) and Sacilik (2017) 

 

 
Figure 2:  Estimation of Moisture Diffusivity Coefficient of Okra (Abelmoschus esculentus) 
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Table 3 Moisture diffusivity values of Okra (Abelmoschus esculentus) 
Temp (0°C) Effective moisture Diffusivity m2/sec 

60 0.0000002396 

65 0.0000002739 

70 0.0000003902 

75 0.0000001369 

80 0.0000002670 

85 0.0000002191 

90 0.0000003218 

95 0.0000003560 

100 0.0000005682 

105 0.0000005066 

115 0.000000712 

 

3.4 Activation Energy 

Activation energy is the energy that is responsible for the initiation of mass transfer from a wet biomaterial 

during drying. The temperature dependence of moisture diffusivity is reported to obey Arrhenius Law, and the activation 

energy was calculated from the In Deff Versus temperature curve as shown in Figure 3. The energy of activation for 

Okra (Abelmoschus esculentus)  was recorded as 0.1235kJ/mol.k.  

 

  
 Figure 3 Estimation of Activation Energy of Okra (Abelmoschus esculentus 

 

IV. CONCLUSION 
In conclusion, Evaluation of some thin layer equations in the prediction of drying sliced Okra (Abelmoschus 

esculentus) was investigated and it was observed that the drying process have followed the falling rate model, in 

accordance with related literature. Experimental values were fitted into three experimental models (page, Henderson-

pabis and Lewis) to evaluate the best predicting the drying kinetics of the sample. Page model was considered adequate 

and selected to be good predictor of the drying characteristic of Okra at the drying temperatures investigated having 

undergone statistical analysis. Arrhenius relationship reduces to the slope method, the activation energy was reduced to 

0.1245kj/mol.  
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