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ABSTRACT 
Bananas (Musa spp) are tropical fruits with high moisture and low acid content. Drying is necessary to reduce their water activi-

ty, prevent microbial spoilage, reduce weight, decreases packaging, handling and transportation costs. This study investigates the 
microwave drying kinetics of thin layer Luvhele banana at power levels 100-300W. Five mathematical drying models; Wang and 
Singh, Verma, Two-term, Page, and Two term exponential were fitted to experimental drying data obtained from the study. The statis-
tical consistency of the models was determined using statistical parameters such as coefficient of determination, Mean Bias Error, 
Root Mean Square Error, and reduced Chi square.  Moisture migration from the banana slices was described using the Fick’s diffu-
sion model and the effective diffusivity was calculated. The results indicated that drying took place majorly in the falling rate period 
with higher and shorter drying times achieved at a lower and higher oven temperature respectively. The ED increased with increas-
ing microwave power with values in the range of 5.26 x 10-10, 1.14 x 10-9, and 1.97 x 10-9 m2/s at 100, 200, and 300W respectively. 
The Verma model gave the best results for the description of thin layer drying of Luvhele banana variety.  
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REZIME 
Banana (Musa spp) je tropsko voće sa visokim sadržajem vlage i niskim sadržajem kiseline. Sušenje je neophodno da se smanji 

aktivnost vode, kvarenje, smanji težina, smanje troškovi pakovanja, manipulacije i transporta. Ova studija bavi se kinetikom mikrota-
lasnog sušenja banane Luvhel u tanakom sloju na nivoima snage od 100-300W. Pet matematičkih modela za sušenje: Vang i Singh, 
Verma, Two-term, Page i Two-term eksponencijalni primenjeni su na eksperimentalnim podacima. Konzistentnost modela određena 
je korišćenjem statističkih parametara, kao što su koeficijent determinacije, srednja pristrasnost greške , srednja kvadratna greška i 
Hi kvadrat. Migracija vlage iz kriški banane opisana je upotrebom Fikovog modela  difuzije i izračunata je efiktivna difuzija (ED). 
Rezultati pokazuju da je sušenje obavljeno uglavnom velikom brzinom sa dužim i kraćim vremenom sušenja postignuto na nižoj i višoj 
temperaturi. ED se povećava sa povećanjem snage mikrotalasa u opsegu od 5.26x10-10, 1.14x10-9 i 1,97x10-9 m2/s pri 100, 200, i 300 
W. Model Verma dao najbolje rezultate za opis sušenja banane sorte Luvhele u tankom sloju. 

Ključne reči: Banana (Luvhele spp), mikrotalasi, modeli za sušenje, kinetika sušenja, efiktivna difuzija vlage. 
 

INTRODUCTION 
The total world production of banana in 2012 was estimated 

at over 99,996,519 metric tons (FAO 2012) of which exports 
(essentially of Cavendish bananas) to the richer nations represent 
less than a million tons. The rest over 85% of production is made 
up of a wide range of banana varieties grown by peasant farmers 
or small holders and their families for home use or traded in lo-
cal markets. Drying refers to the removal of moisture from a ma-
terial with the primary aim of reducing microbial activity and 
product deterioration (Fellows, 2007). Most foods contain 
enough moisture to permit the activity of native enzymes and 
microorganisms for storage, and drying is necessary to reduce 
their water activity and prevent microbial spoilage, reduce 
weight, decreases packaging, handling and transportation costs 
(Araya-Farias and Ratti, 2009; Sivasanker, 2008). Drying cha-
racteristics is a term used to describe the behavior of agricultural 
commodities during drying process. Studies on drying characte-
ristics of agricultural products available in literatures includes 
banana (Karim and Hawlader, 2005; Nguyen and Price, 2007; da 
Silva et al., 2013), water chestnut (Singh et al., 2008), date palm 
fruit (Falade and Abbo, 2007), prickly pear fruit (Lahsasni et al., 
2004), apricots, grapes, peaches, figs and plums (Togrul and 
Pehlivan, 2004). Microwave drying has been considered as an 
alternative to oven drying by various researchers. The rise in its 
use for drying of agricultural commodities is borne out of the 
problems associated with hot air drying which includes long dry-
ing time involved coupled poor quality of final product (Chou 

and Chua, 2001; Mousa and Farid, 2002; Soysal et al., 2006; 
Zhou, 2009). The urge and desire to eliminate these problems, 
prevent significant quality loss and also to achieve fast and ef-
fective thermal processing has resulted in the increase in its use 
for banana drying (Darvishi et al., 2013). However it should be 
noted that drying process with the aid of microwave if not prop-
erly and carefully applied could result to low quality product 
(Drouzas et al.,, 1996; Adu and Otten, 1996; Sousa and Marsai-
oli, 2004). Drying with the aid of microwaves is faster, more 
uniform and energetically efficient as compared to the hot air 
drying process. Moisture output is faster due to the ability of mi-
crowave to generate internal heat energy by molecular friction. 
Some agricultural commodities which has successfully been 
dried using microwaves includes banana (Garcia et al., 1988; 
Sousa and Marsaioli, 2004; Ganesapillai et al., 2011; Nijhuis et 
al., 1998; Maskan 2000), carrot (Prabhanjan et al., 1995; Lin et 
al., 1998), grape (Tulasides et al., 1996); apple (Funebo and 
Ohlsson, 1998). Unlike hot air drying, agricultural products 
processed by microwaves are of superior quality, better aroma 
and colour. Luvhele banana is an underutilized variety in South 
Africa that requires research studies to ascertain the suitability 
for industrial use and entrepreneurial opportunities.  Like the 
commercial varieties, the high moisture content makes them 
highly perishable within few days under ambient conditions of 
20-25oC, hence the present study seems to be hanging. There are 
no studies on the drying characteristics of non-commercial bana-
na on this variety in the region. Therefore the aim of this study 
was to model the oven drying kinetics of Luvhele banana       
variety. 
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Nomenclature 
Mo  initial moisture content, kg w/kg dry matter 
M                   moist. cont. of the product, kg w/kg dry matter 
MR moisture ratio 
R2 coefficient of determination 
X2   reduced Chi square value 
RMSE    root mean square error  
MBE   mean bias error 
MRexp,i   experimental moisture ratio 
MRpre,i   predicted moisture ratio 
n   number of constants 
N   number of observations 
Deff (m²/s)    effective moisture diffusivity  
L (m)    half-thickness  
φ   slope 
k, n, a, b, g   model constants 
P (W)   microwave heating power 

MATERIAL AND METHOD 
Source and preparation of banana sample 
Bananas of the variety “Luvhele” (Musa species) procured 

from a farm in Limpopo province of South Africa was used in 
the study. The fruits had a peel colour index of 7, which is asso-
ciated with the maximum sucrose content and completely yellow 
skin with small brownish speckles. The bananas fingers were 
cleaned, washed, peeled and sliced manually into a thickness of 
5 mm. The sliced portions were treated with 4% (w/v) citric acid 
solution for 10 minutes. The initial moisture content was deter-
mined using AOAC 925.45 method (AOAC, 2000) and was 
found to be 78.73% (wet basis).  

Drying experiment  
The drying experiment was carried out in a domestic micro-

wave oven (model P70B17L-T8) with technical features of 220-
240 V, 50Hz and 700W at the frequency of 2450MHz. The di-
mensions of the microwave cavity were 262 x 452 x 335 mm 
equipped with a glass turn table of 320mm diameter and a con-
trol facility to monitor the microwave output and processing dur-
ing drying operation. Drying was conducted in triplicate at three 
different microwave output powers: 100, 200 and 300W and the 
data used were based on the average of these results. During the 
drying experiment, banana slices were evenly spread on the glass 
turn table inside the microwave and moisture loss was monitored 
at regular intervals by removing the glass turntable and weighed 
using a digital weighing balance (METTLER PJ 12 - SNR 
J18751) with a precision of 0.01g.  

Mathematical modeling of drying kinetics 
In order to effectively study the drying kinetics of agricultur-

al commodities, the effective modeling of drying behavior is in-
evitable. The data obtained from experimental drying of luvhele 
banana variety at different temperatures were fitted with five 
thin-layer drying models listed in Table 1.  

 

Table 1. Mathematical models applied to the drying curves 
Model Equation References 
Page )exp( nktMR   Lahsasni et al.,(2004) 

Wang and Singh 21 btatatMR   Miranda et al.,(2009) 
Verma )exp()1()exp( gtaktaMR   Ganesapillai et al., (2011) 

Two term )exp()exp( gtbktaMR   Lahsasni et al., (2004) 
Two term Exp. )exp()1()exp( kataktaMR   Doymaz, (2009) 

 

The curve fitting was done using MATLAB software version 
7.11.0.584. The moisture ratio (MR) of the sample was deter-
mined using equation 1 as used by Miranda et al., (2009), with 
M being the moisture content of the product at each moment and  
Mo  the initial moisture content of the product before com-
mencement of the  drying operation.  

 

OM
MMR                                                                                (1) 

Statistical evaluation of drying models 
Relevant statistical parameters were used to select the best 

drying model expressing the drying curves of the samples and 
also to determine the statistical consistency of the fits. Non-
linear regression was performed using SPSS version 20 for win-
dows (SPSS Inc, Chicago, Illinois). The coefficient of determi-
nation (R2) was used to select the best equation expressing the 
drying curves of the sample. In addition to the coefficient of de-
termination, parameters such as the reduced chi square value 
(X2), root mean square error (RMSE), and mean bias error 
(MBE) were used to determine the statistical consistency of the 
fit. The highest values of R2 and the lowest values of X2, RMSE, 
and MBSE were used as a basis for determining the best fit 
(Wang et al., 2007; Ozbek and Dadali, 2007; Ganesapillai et al., 
2011). The statistical parameters were calculated using equations 
2 to 4; where MRexp,i is the experimental moisture ratio, MRpre,i 
is the predicted moisture ratio, n is the number of constants and 
N is the number of observations.  
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Determination of moisture diffusivity 
The solution of Fick’s second law of diffusion was used to 

compute the effective moisture diffusivity as used by Crank 
(1975) and Doymaz (2005). Equations 5 to 7 summarize the so-
lution of Fick’s second law of diffusion, where MR is moisture 
ratio, Deff is the effective moisture diffusivity (m²/s) and L is the 
half-thickness (m) of the banana slices.  
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Equation (6) is based on the assumption that the moisture 
diffusivity is constant, with the banana slices representing infi-
nite slab geometry and the initial moisture distribution is uni-
form (Darvishi et al., 2013). Equation (7) could be simplified to 
a straight line equation; the plot of experimental drying data in 
terms of ln (MR) against time gives a straight line with a nega-
tive slope (φ) 
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RESULTS AND DISCUSSION 
Effect of microwave power on drying kinetics 
The drying curves for luvhele banana obtained by plotting 

the moisture ratio versus drying time as influenced by micro-
wave heating power  is shown in Figure 1. 
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The figure shows that an increase in the microwave power 
ultimately resulted to a decrease in the drying time. This is in 
line with findings reported by Drouzas and Schubert (1996), 
Sousa and Marsaioli (2004), and Ganesapillai et al (2011). 

The time required to reduce the moisture to a certain level 
was dependent on the microwave output, being the highest at 
100 W and lowest at 300 W. The moisture content of the sample 
reduced from an initial of 78.73% to a final of 13.18, 11.01 and 
10.02%  (w.b) at a drying time 
of 40, 20 and 12 minutes re-
spectively. 

 It is also obvious from the 
curves that drying of luvhele 
banana variety at 100, 200 and 
300W took place majorly in 
the falling rate period which is 
an indication that moisture 
removal from the banana was 
through diffusion mechanism. 
Similar observations were re-
ported for banana by Abano 
and Sam-Amoah (2011), Silva 
et al (2013), Ganesapillai et al 
(2011), Sousa and Marsaioli 
(2004), Dandamrongrak et al 
(2002) and Queiroz and Nebra 
(2001). However a short con-
stant rate drying period was 
observed at the early stage of 
drying (between MR of 0.83 
and 0.80) during drying at 
100W which implies that fall-
ing rate period drying took place more than one period during 
drying at 100W and this could be attributed to case hardening as 
observed by Sankat et al (1996) and Demirel and Turhan (2003). 

 

Application of drying models to drying curves 
The drying curves were fitted with five drying models. Esti-

mated parameters for the models as well as various statistical 
parameters i.e MBE, RMSE, R2 and X2 are presented in Table 2. 
The average values of the statistical parameters were considered 
in selecting the model that best describe the drying behaviour of 
the banana. Verma model was selected as the most suitable 

model representing the thin layer drying of luvhele banana varie-
ty, based on the criteria of the highest R2 and the lowest X2, 
RMSE and MBE. For verma model, it can be seen that average 
value of coefficient of determination  R2 was found to be the 
highest and X2, RMSE and MBE values lowest when compared 
to other models tested. The R2, X2, RMSE, and MBE of Verma 
model varies between 0.9920 and 0.9951, 7.14E-06 and 3.47E-
05, 0.02159 and 0.0600, 2.69E-05 and 1.05E-03 respectively. 

Validation of the predicted moisture ratio values obtained from 
Verma model was done by comparing the experimental moisture 
ratio data with those predicted with the Verma model at 100, 00, 
and 300W as shown in Figures 2 to 4. The values of coefficient 
of determination for the straight line obtained were 0.994, 0.992, 
and 0.986 for 100, 200, and 300W respectively. These relatively 
high values of coefficient of correlation are an indication of good 
fitness between the predicted and experimental moisture ratio 
values. 

Fig. 2. Comparison of experimental and moisture ratio from 
Verma model at microwave output power of 100W 
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Fig. 1. Drying curves of Luvhele banana at different micro-
wave heating power levels 
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Table 2. Results of the statistical computations and values of constants obtained from the models 
applied to the drying curves of LBV 

Model 
 

Pow 
(W) 

Constants     R² RMSE X² MBE 

 100 k = 0.0203 n =1.243    0.9923 0.02518 7.64E-06 2.86E-04 
Page 200 k = 0.1257 n =1    0.9867 0.03656 1.60E-05 5.41E-04 

 300 k = 0.0883 n =1.377    0.9879 0.05742 5.43E-05 1.17E-03 
      Aver 0.9889 0.0397 2.59E-05 6.67E-04 
 100 a = -0.0350 b = 3.36E-04    0.9910 0.02796 1.16E-05 3.53E-04 

Wang 
& Singh 

200 a = -0.1057 b = 3.17E-03    0.9935 0.02545 3.77E-06 2.62E-04 

 300 a = -0.1415 b = 5.56E-03    0.9725 0.06398 8.38E-05 1.46E-03 
      Aver 0.9856 0.0391 3.30E-05 6.91E-04 

 100 a = -0.7872 k = 0.1134 g=0.0626   0.9927 0.0251 7.14E-06 2.69E-05 
Verma 200 a = 3.1650 k = -0.3781 g=0.1296   0.9951 0.0215 7.97E-06 3.59E-04 

 300 a = 1.5820 k = 0.25 g=0.6892   0.9920 0.0600 3.47E-05 1.05E-03 
      Aver 0.9932 0.0355 1.66E-05 4.78E-04 
 100 a = 1.659 k = 0.06145 b=0.6706 g=0.1238  0.9928 0.02563 2.12E-03 2.78E-04 

Two-Term 200 a = 1.015 k = 0.132 b=5.55e-005 g=0.3526  0.9915 0.03307 4.10E-04 3.44E-04 
 300 a = 8.218 k=0.1771 b=-7.163 g=0.1762  0.9602 0.09951 2.64E-03 2.12E-03 
      Aver 0.9815 0.0527 1.72E-03 9.14E-04 
 100 a = 1.799 k = 0.0627    0.9927 0.02443 6.76E-06 2.69E-04 

Two-term 
expo. 

200 a = 3.47E-03 k = 36.04    0.9915 0.03663 1.62E-05 5.43E-04 

 300 a = 1.969 k = 0.2722    0.9925 0.05471 4.48E-05 1.06E-03 
      Aver 0.9922 0.0385 2.25E-05 6.24E-04 
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Fig. 3. Comparison of experimental and predicted moisture  

ratio from Verma model at microwave output power of 200W 

 
Fig. 4. Comparison of experimental and predicted moisture  

ratio from Verma model at microwave output power of 300W 

Moisture migration during drying 
Effective moisture diffusivity is a term used to describe the 

migration or diffusion of moisture in agricultural products dur-
ing drying operation and it is said to be a function of material 
moisture content and temperature, as well as of the material 
structure (Abano and Sam-Amoah, 2011). The variations in ln 
(MR) with drying time for luvhele banana variety with predicted 
regression equations at different microwave power levels are 
shown in Figure 5. It was found that ln (MR) versus time re-
sulted to straight line equations with negative slopes, which were 
used in equation 7 for the determination of effective moisture 
diffusivities at different microwave power. The relatively high 
regression values are an indication of good correlation between 
moisture ratio and microwave heating power. The determined 
values of moisture diffusivity at different microwave power are 
given in figure 6. The effective diffusivities of luvhele banana 
variety were 5.26 x 10-10, 1.14 x 10-9, and 1.97 x 10-9 m2/s at 100, 
200, and 300W respectively.  The values are in line with the 
general range of 10-12m2/s to 10-8m2/s for food materials (Zogzas 
et al., 1996). It is obvious from Figure 6 that the values of mois-
ture diffusivity increased with increase in microwave power. 
Similar observation was made by Aghbashlo et al., (2008); Cag-
lar et al., (2009); Zielinska and Markowski, (2010); Doymaz and 
Ismail, (2011) for berberies fruit, seedless grape, carrots and 

sweet cherries respectively.  The moisture diffusivity values de-
termined in this study were relatively higher than values reported 
for banana by Marinos-Kouris and Maroulis, (1995) and Thuwa-
panichayanan et al (2011). This may be attributed to the effect of 
variety, composition and tissue characteristics of bananas. 

 
Fig. 5. Variation in In (MR) with time at different  

microwave power levels 
 

 
Fig. 6. Effect of microwave heating power on effective  

moisture diffusivity of Luvhele banana variety 

CONCLUSION 
Results obtained for oven drying kinetics of Luvhele banana 

variety  shows that (i) increase in microwave power from 100-
300W decreased the drying time from 40 to 12 min, (ii) the en-
tire drying operation took place majorly in the falling rate period 
with a short constant rate period observed at the early of drying 
at 100W, (iii) among the models tested, Verma was found suita-
ble for the description of microwave drying kinetics of LBV, and 
(iv) the moisture diffusivity increased with increasing micro-
wave power with values in the range of  5.26 x 10-10, 1.14 x 10-9, 
and 1.97 x 10-9 m2/s at 100, 200, and 300W respectively. The 
results obtained in this study could be applied practically for the 
optimization of drying process; design of effective drying 
equipment; and the description of heat penetration during drying 
of Luvhele banana variety. 
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