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ABSTRACT  
 
The present study considers the hot-air drying of bananas grown in three areas in 
Taiwan. The extent of the moisture extraction increases with the increase of time 
and temperature. A model based on the water diffusion in banana slices with 
thermodynamic approach to describe banana surface is used to analyze the 
extraction of water. The experimental data are in good agreement with the 
predicted model. The effective diffusivities and the wetting time follow the 
Arrhenius equation. The dehydration of the bananas depends not only on the bulk 
microstructure but also on the surface morphology.  
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INTRODUCTION 
 
Food drying is an expensive and energy-intensive process, 
which requires long time treatment at elevated 
temperatures. The osmotic dehydration is immersed 
banana in a concentrated hypertonic solution (Falade and 
Ogunwolu, 2014; Mercali et al., 2011; Porciuncula et al., 
2013; Rastogi et al., 1997). The water in the banana, driven 
by high osmotic pressure of the solution, diffuses out from 
the plant tissue into the concentrated solution whereas the 
soluble solutes in the osmotic solution diffuse from the 
solution to the plant tissue. However, the most simple way 
for food preservation is hot-air drying, which is both the 
diffusion of moisture driven by the concentration gradient 
and the water moisture evaporated away from the surface 
by blowing hot air over the surface (Da Silva et al., 2014; 
Doymaz, 2010; Joardder et al., 2014; Saha et al., 2018).   

Theoretical analysis of the dehydration process is 
important to understand the drying behavior. Firstly, the 
empirical solution was used to fit the experimental data (Da 
Silva et al., 2014; Doymaz, 2010; Pestaño et al., 2018). 
Secondly, the numerical solution obtained by solving the 
diffusion model involving the shrinkage and dimensional 
change of banana was adopted (Karim and Hawlader, 2005; 
Saha et al., 2018; Thuwapanichayanan et al., 2011). 
However, the first two methods are difficult to get the 
physical meaning of each parameter.  Thirdly, the analytic 
solution was obtained by solving the diffusion equation 

with initial and boundary conditions (Doymaz, 2010; 
Thuwapanichayanan et al., 2011; Rastogi et al., 1997; Falade 
and Ogunwolu, 2012). Their solutions do not consider the 
surface morphology related to the boundary condition 
(Doymaz, 2010; Thuwapanichayanan et al., 2011; Rastogi et 
al., 1997; Falade and Ogunwolu, 2012). However, the 
effective diffusivity of moisture in banana is dependent not 
only upon the bulk microstructure of banana, but also on 
the surface morphology of banana. It prompted us to 
investigate dehydration process of bananas planted in three 
areas in Taiwan. A diffusion model coupling with two 
wetting and relaxation parameters arising from surface 
morphology is used to analyze the extraction of moisture in 
banana.   
 
 
METHODOLOGY 
 
The mass extraction from a fruit banana is assumed to 
follow the process suggested by Hung et al. (2014). The 
present study considers a banana sliced into pieces of the 
thickness 2ℓ. The sliced banana piece is suspended in air at 
a constant temperature. Water moisture mainly moves from 
the slice into air along the thickness direction (z axis). 
Initially, the concentration of moisture is distributed 
uniformly, Co, in the banana (−ℓ < 𝑧 < ℓ). The moisture 
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concentration at the outer surface z=±ℓ is related to the 
surface morphology, which is expressed as: 
 

C z = ±ℓ, 0 ≤ t ≤ 𝑡0 =
𝑒 𝑡0/𝜏−𝑒 𝑡/𝜏

𝑒 𝑡0/𝜏−1
C0                                   (1a) 

 
C z = ±ℓ, 𝑡0 ≤ 𝑡 = 0                                                               (1b) 
 
where τ and t0 are relaxation time and wetting time, 
respectively. Both τ and t0 are dependent on the surface 
morphology, defects, and surface energy, respectively. 
Assume that there is no energy barrier for the water 
moisture to evaporate out when the surface is fully wetted 
at the time t0. The total amount Mt of extracted water 
moisture at time t is given as (Hung et al., 2014): 
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for 0 ≦ t ≦ t0, and 
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for t0≦ t  
 
where M∞ and D are the total amount of extracted water 
moisture for infinite time and effective diffusivity, 
respectively. 
 
 
Experimental details 
 
Bananas (Giant Carvendish variety AAA) planted in three 
areas of Taichung, Nantou and Pingtung were obtained from 
local supermarket. The ripening degree of the selected 
bananas is within 4 – 6, based on the color index for the 
banana ripening of the banana ripening guide (Wills et al., 
1984). The bananas with diameter of 28-30 mm were sliced 
into pancake pieces of ca. 2.85 mm thickness. The 
morphology of the fresh banana was examined using an 
Olympia optical microscope. The banana slice was stored in 
a plastic clipper bag and warmed up to pre-set 
temperatures one minute in a water bath before the 
dehydration treatment in an oven. During the dehydration, 
the banana slice was suspended by a thread string and 
weighed periodically. Each sliced banana was placed in the 
uniform dehydrated environment.  

Because banana consists of ca. 70% water and 30% 
amylum (Thuwapanichayanan et al., 2011), and high 
dehydration temperature prevents banana from 
degradation, the dehydration temperatures were controlled 

in the range of 40 to 60C with a 5C interval. The 
suspended banana slices were removed out from the oven 
for the weight measurement every 15 min for 150 min, and 
then every 30 min for 300 min. After that, the banana slices 
were weighed every 60 min until they reached a plateau. 
The specimens surfaces were reexamined by an optical 
microscope. 

The glass transition temperatures of the three types of 
banana were measured on a DSC 200 F3 differential scan 
calorimeter (DSC) (Netzsch, Selb/Bavaria, Germany). 
Specimen of 5-12 mg was put in an aluminum pan in the 
DSC chamber. The temperature first increased from 25 to 
100C at a heating rate of 10C/min, and maintained at 
100C for 10 min; the specimen was then cooled to -50C at 
cooling rate of 40C/min and held for10 min. Finally, the 
specimen was reheated to 100C at a heating rate of 
10C/min, and the glass transition temperatures were 
determined. 
 
 
RESULTS AND DISCUSSION 
 
The experimental data of the extracted water versus the 
dehydration time at different temperatures for the three 
types of bananas are shown in Figure 1(a to c). At a given 
temperature, the extracted amount increases with time, 
whereas its extraction rate decreases gradually with 
increasing time until it reaches zero. For a given time, the 
extracted amount increases with increasing temperature. 
Karel and Lund (2003) found that the banana surface 
contains free water and therefore a constant drying rate 
period is observed when the fruit banana is dried in the 
initial period. Their observation corresponds to the short 
time of 50 min in this study.  

The solid lines in Figure 1 were obtained using Equation 
(2a) and (2b) with the physical parameters including the 
effective diffusivity, the half thickness of the banana slices, 
relaxation time and wetting time shown in Tables 1 to 3, 
respectively. It is evident that the experimental data are in 
good agreement with the predicted model. The concave 
curves shown in Fig. 1 are different from the S curves for 
the extraction of chrophyll from herbaceous plants (Hung et 
al., 2014) and of caffeine from coffee beans (Chiang et al., 
2018). Note that the S shape of the curves shows the 
increase of the extraction rate with time to maximum and 
then the slow decrease to zero. This is attributed to the 
positive relaxation time in Equation (2). In this work, the 
relaxation times shown in Tables 1 to 3 are negative. The 
relaxation time appears on the boundary surfaces z = ±ℓ. 
Such results show the dependence of the relaxation time on 
the microstructure of surface. The optical micrographs of 
the peeled surface of banana grown in Nantou, Taichung, 
and Pingtung are shown in Figure 2(a)-(c), respectively. The 
porosities enclosed by fibrous cells on the peeled surface of 
the Nantou and Taichung bananas are denser than that of 
the Pingtung banana. Similar surface  morphology  was  also  
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Figure 1: The plots of the extracted amount of water moisture 
versus dehydration time for bananas planted in (a) Nantou, (b) 
Taichung, and (c) Pingtung. 

 
 
observed by Farhaninejad et al. (2017) and Monteiro et al. (2016). The larger and/or denser porosity makes moisture  
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Table 1: The parameters used in Equation (2) to fit the experimental data of Nantou banana. 
 

 60C 55C 50C 45C 40C 
D(mm2/min) 0.0109 0.0091 0.0067 0.0051 0.0039 
ℓ(mm) 1.39 1.46 1.41 1.42 1.4 

(min) -40 -35 -35 -35 -30 

t0(min) 33 43 54 77 90 

 
 

Table 2: The parameters used in Equation (2) to fit the experimental data of Taichung banana. 
 

  60C 55C 50C 45C 40C 

D(mm2/min) 0.0108 0.0082 0.0069 0.0053 0.0041 

ℓ(mm) 1.34 1.34 1.46 1.41 1.42 

τ(min) -50 -38 -35 -35 -25 

t0(min) 44 54 66 75 93 

 
 

Table 3: The parameters used in Equation (2) to fit the experimental data of Pingtung banana.   
 

 
60C 55C 50C 45C 40C 

D(mm2/min) 0.0106 0.0073 0.0057 0.0045 0.0032 

ℓ(mm) 1.38 1.34 1.39 1.41 1.4 

τ(min) -50 -40 -35 -25 -20 

t0(min) 33 43 54 67 88 

 
 

 
 

Figure 2: The optical microscopies 
of peeled surface for bananas 
planted in (a) Nantou, (b) Taichung, 
and (c) Pingtung. 

 

 

 

 

 

Figure 2  The optical microscopies of peeled surface for bananas planted in (a) 

Nantou, (b) Taichung, and (c) Pingtung. 
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Table 4: The moisture diffusivities at different temperatures obtained from this work and literatures. 
  

Dry process Temperature (oC) Moisture diffusivity (10-10m2/s) References 

Hot-air dry 40 0.53-0.68 this work 
Hot-air dry 45 0.75-0.88 this work 
Hot-air dry 50 0.95-1.15 this work 
Hot-air dry 55 1.22-1.52 this work 
Hot-air dry 60 1.77-1.82 this work 
TGA 70 6.63-10.3 (Doymaz, 2010) 
Hot-air dry 50 0.7374 (Doymaz, 2010) 
Hot-air dry 60 1.074 (Doymaz, 2010) 
Hot-air dry 70 1.356 (Doymaz, 2010) 
Hot-air dry 80 2.148 (Doymaz, 2010) 
Hot-air dry 70 0.85-6.42 (Thuwapanichayanan et al., 2011) 
Hot-air dry 80 1.31-6.32 (Thuwapanichayanan et al., 2011) 
Hot-air dry 90 1.853-6.84 (Thuwapanichayanan et al., 2011) 
Hot-air dry 100 2.29-7.90 (Thuwapanichayanan et al., 2011) 
Hot-air dry 50 0.053 (Azoubel et al., 2010) 
Hot-air dry 70 0.128 (Azoubel et al., 2010) 
Hot-air dry 40 0.661-0.98 (Karim and Hawlader, 2005) 
Hot-air dry 50 1.57-1.74 (Karim and Hawlader, 2005) 
Hot-air dry 60 1.95-2.41 (Karim and Hawlader, 2005) 
Hot-air dry 70 9.25 (da Silva et al., 2015) 

 

 
Table 5: The activation energies of moisture diffusion, Hm, in bananas obtained from this work and literatures. 

 

Commodity Hm (kJ/mol) Reference 

Nantou 20 This work 
Taichung 18 This work 
Pingtung 22 This work 
Istanbul Carvendish 32.65 (Doymaz, 2010) 
Cooking banana 18.3-24.1 (Falade and Ogunwolu, 2014) 
Plantain 12.4-13.0 Falade and Ogunwolu, 2014) 

 

 
evaporate easier.  It is reasonable to suggest that if moisture 
escaping away from outer surface is faster than migrating in 
bulk, the relaxation time is negative. On the other hand, no 
porosities appear on epidermis of Creeping Oxalis, Nodal 
flower Synedrella, and Broomjute Sida (Hung et al., 2014). 
The chlorophyll migrates faster in mesophyll than escapes 
away from epidermis. Therefore, the relaxation time is 
positive. 

The moisture diffusivities of banana planted in Nantou, 
Taichung and Pingtung are shown in Tables 1 to 3, 
respectively.  The diffusivities of the Nantou and Taichung 
bananas are close to each other, which are larger than that 
of the Pingtung banana with the exception of the 
dehydrated temperature of 60C. By comparing Figure 2 
and Tables 1 to 3, it can be seen that the density of porosity 
increases with increasing diffusivity. Some diffusivities of 
water moistures in the bananas planted in the above three 
areas are summarized in Table 4. The diffusivities of the 
water moisture in the bananas subjected to the hot-air 
drying process reported in the literatures are also shown in 
Table 4. The effective diffusivities of water moisture 
obtained from the present study are comparable to those at 
temperature of 60C reported in literatures, in which the 

effective diffusion coefficients of water moistures were 
measured by a hot-air dehydration process (da Silva et al., 
2015; Doymaz, 2010). Their diffusivity values scatter 
widely, and the reasons may be due to the different varieties 
of banana and the different experimental conditions, 
including the hot-air velocity, drying temperature, 
instrument, calibrated temperature scale, etc. 

The diffusivity data obey the Arrhenius equation. From 
the slope of ln(D) versus 1/T, one obtains the activation 
energies of water moisture, Hm, in bananas planted in 
Nantou, Taichung, and Pingtung as 20, 18, and 22 kJ/mol, 
respectively as shown in Table 5. Table 5 also shows the 
activation energies of moisture diffusion in bananas 
reported in literatures. The activation energies obtained in 
this work are greater than that in Plantain banana and 
comparable to that in cooking banana (Falade and 
Ogunwolu, 2012). Note that relaxation time and wetting 
time were not considered in literatures, which depended 
upon surface microstructure and surface energy barrier.  

Figure 3 shows the logarithm of T/t0 with the reciprocal of 
absolute temperature for bananas planted in Nantou, 
Taichung and Pingtung. The values of T/t0 of the Nantou 
and  Pingtung  bananas  are   close   to    each   other   at   any  
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Figure 3: The modified Arrhenius plot of wetting time for bananas planted in Nantou, 
Taichung, and Pingtung. 

 
 
temperature and greater than that of the Taichung bananas 
with the exception of temperature of 40C. The data in 
Figure 3 are curve-fitted by straight lines for the bananas 
planted in the above three areas. That is, the wetting time 
follows the modified Arrhenius equation. The activation 
energies of surface wetting calculated from the slopes are 
21, 15, and 19 kJ/mol for the bananas planted in Nantou, 
Taichung, and Pingtung, respectively. In addition, the glass 
transition temperatures of the Nantou, Taichung, and 
Pingtung bananas, obtained from the DSC experiments 
were 30.4, 21.3, and 24C, respectively. Based on 
comparison of the activation energy of the surface wetting 
to the glass transition temperature, it can be concluded that 
the wetting ability is qualitatively proportional to the 
mobility of molecular chains in banana. 
 
 
CONCLUSIONS  
 
To increase the agricultural-economical profit, we studied 
the dehydration of bananas grown in Nantou, Taichung, and 
Pingtung. The amount of extracted water increases with the 
increase of time and temperature. A model of diffusion 
coupling with surface wetting and morphology is used to 
analyze the experimental data. The moisture diffusivities 
obtained in this study are comparable to those reported in 
literatures. The size and/or density of porosity of the sliced 
surface correspond to the concave curves of moisture 
extent versus time where the relaxation time is negative. 
Diffusion coefficient and wetting time satisfies the 

Arrhenius equation and modified Arrhenius equation, 
respectively. The activation energies of the diffusivity are 
20, 18, and 22 kJ/mole for the bananas grown in Nantou, 
Taichung, and Pingtung, respectively. The activation energy 
of the surface wetting increases with the glass transition 
temperature for the bananas grown in the above three 
areas, implying that the wetting capability of the bananas 
depends on the motion of molecular chain. 
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