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Porous structure in food, a very important characteristic to crisp product, can be 
produced by intensive heating technique. However, the color of puffed product 
may have intense brown. To limit the brown reaction, the banana slice needed to 
be treated before puffing. This research was therefore to study on the effect of 
osmotic treatment on quality of puffed banana. The banana with 20-23°Brix total 
soluble solid was immersed into sucrose solution concentrations at 30, 35 and 
40°Brix and dried at 90°C using hot air until the sample moisture content 
reduced to 30% dry basis (d.b.). After that, the banana slices were puffed by 
superheated steam at 180, 200 and 220°C for 150 s and dried again at 90°C until 
the sample moisture content reached 4% d.b. From the experimental results, it 
was found that the osmotic dehydration can improve the color of banana. The 
puffed osmotic banana was less brown than the puffed none osmotic banana as 
indicated by the L-, a- and b- values. The puffing temperature and osmotic 
concentrations did not enhance the browning rate. The osmotic dehydration 
limited the banana cell wall expansion, and resulted in the significantly larger 
shrinkage of osmotic sample  than the none osmotic one. . In addition, the 
osmotic product had less porous as visually observed by scanning electron 
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microscope. Such morphology of osmotic banana directly affected the textural 
properties in terms of hardness, initial slope and number of peaks. 
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Introduction 
 
Bananas, one of the most popular fruits in tropical climate country, deteriorate 
rapidly after harvest. To reduce their losses, bananas are processed to various 
types of  product such as fried banana, osmotic banana and puree banana. The 
fried banana is the one of those products which is more favourite because it 
attain crispy texture (Ali, 2008). However, the obtained product contains high oil 
content and can not be kept for an extended period of time due to possible lipid 
oxidation leading to rancidity. Thus, the free oil crisp banana is an alternative 
product. To obtain the crisp texture, the food material needs high porosity. 
 
There are several drying techniques to produce high porous food material such 
as high temperature and short time drying (Saca and Lozano, 1992; Hofsetz et 
al., 2007; Varnalis et al., 2001), microwave drying (Maskan 2000; Erle and 
Schubert, 2001) and low pressure superheated steam drying (Devahastin et al., 
2004; Elustondo et al., 2001). In this work, the high temperature and short time 
drying technique was chosen. 
 
During puffing process, some amounts of moisture or gas inside the food 
suddenly vaporize or expand. It can build up pressure and force the food  
structure  to be  expanded, thereby producing the porous structure of food 
products. The product characteristics after puffing has low bulk density (Kim 
and Toledo, 1987; Saca and Lozano, 1992). Moreover, the puffing process can 
save drying time (Sullivan et al, 1980; Saca and Lozano, 1992) and provide 40% 
energy saving as compared to the conventional hot air dehydration (Sullivan, et 
al , 1980). 
 
The puffing medium normally uses the hot air since it is convenient in practice. 
For this research, the superheated steam will be used because the steam 
condensation at the material surface during the initial drying period can release 
the latent heat which results in the rapid rise in temperature of food material to 
stay at boiling point temperature of water. (Taechapairoj et al., 2003; Rordprapat 
et al., 2005) This may increase rapidly vapor pressure inside the product and 
thus provides a high expansion of product.  However, the study of puffing with 
superheated steam has been limited in literature. Saca and Lozano, (1992) 
studied the puffing of banana using superheated steam at temperature of 152-



 

Effect of Osmotic Treatment and Puffing  Temperature on Textural Properties of 
Banana Slices (IFB Printed 3/29/2011  

3 

175°C and steam pressure at 0.8-2.8 kg/cm. It was found that the puffed banana 
had higher porosity than the conventional air dried product. Although, the 
product contained very porous structure, the product color was brown. Such 
browning in food is caused by the none enzymatic browning reaction and 
pigment degradation. 
 
The way to improve the color of product can be done by osmotic pretreatment. 
Sucrose is frequency used as osmotic agent (Krokida et al., 2000; Mandala et al., 
2005; Antonio et al., 2008). During osmotic dehydration, the natural solutes 
existing in food material such as reducing sugar, acid and minerals flow out from 
food (Islam and Flink, 1982; Shi and Xue, 2009; Sagar and Kumar, 2009) and 
they are replaced by osmotic agent. Marquez and Anon (1986) found that 
monosaccharide, glucose and fructose, had more influent on brown color 
development than sucrose.  
 
Moreover, the sugar pretreatment before puffing process can improve shrinkage 
properties. Many researchers studied the effect of sugar on shrinkage properties 
of puffed products such as rice (Hsieh et at., 1990; Orts et al., 2000).  They 
found that the osmotically puffed products had lower shrinkage or higher 
expansion volume than the none osmotically puffed products. 
As mentioned-above, the objective of this work therefore was to study the effects 
osmotic solution concentrations and puffing conditions on the drying 
characteristics and quality of puffed banana. The quality parameter were 
considered in terms of color, shrinkage and textural properties. 
 

2. Materials  and methods 
 
2.1 Material preparation  
Fresh bananas were obtained from local market and their soluble solid contents 
were given in the range of 20-23°Brix. Before processing, the banana was sliced 
into 3.5 mm thickness and blanched by hot water at 95°C for 1 min. 
 
2.2 Osmotic pretreatment  
Osmotic solution was prepared by using commercial sucrose with concentrations 
of 30 35 and 40°Brix. The banana slices were immersed into various sucrose 
solution concentrations and the mass ratio of osmotic media to the sample was 
30:1 to avoid the dilution effect. The samples were immersed into the osmotic 
solution until the moisture content of banana was not changed. 
 
2.3 Puffing method 
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Puffing process used in this studies was consisted of 3 step; drying, puffing and 
drying. In the first step, the banana was dried by hot air at temperature of 90°C 
and air velocity of 2 m/s. When the moisture content reached to 30% d.b., the 
sample was puffed by superheated steam at temperatures of 180, 200 and 220°°C 
for 150 s. In the last drying stage, the banana was dried with hot air at the same 
temperature as the first stage drying. The final moisture content required at 4% 
d.b. At the end of each experiment, the moisture content of samples was 
determined by drying them in the oven at 103°C for 3 hr. 
 
2.5 Textural property evaluation. 
The puffed banana slices were kept in aluminium foil bag at room temperature 
for 3 day before texture test. The banana sample were measured by using the 
texture analyzer (Stable Micro System, TA. XT. Plus, UK) with a 5 N load cell. 
The samples were fractured with a cutting probe (HDP-BSK type) using blade 
speed of 2 mm/s. The probe move down to the banana sample with a speed of 2 
mm/s. The maximum compressive force, the initial slope and the number of 
peaks (over 50 g force threshold) from force deformation curve were considered 
as an  hardness, stiffness and crispness, respectively.  
 
2.6 Color measurement 
The color of dried samples were measured using a colorimeter (HunterLab, 
ColorFlex, UK). In each sample, the measurement were performed at different 
six positions and the measurement value was reported as the average value. The 
color were expressed as L-value (Brightness), a-value (redness/greenness) and b-
value (yellowness/blueness). 
 
2.6 Shrinkage determination 
Ten samples were used to determine shrinkage. The volume of each sample was 
determined by the volumetric displacement method using n-heptane as the 
replacement medium (Saca and Lozano, 1992). The shrinkage was defined as the 
ratio of the dried sample volume to the original sample volume 

 % shrinkage = 100
i

V
V
�  

where iV   and V are the volume of the fresh sample and the volume of dried 
sample. 
 
2.7 Glucose, fructose and sucrose determination 
Determination of sugar content was performed according to AOAC method 
982.14 with some modification. The sample of 5-10 g was pulverised and mixed 
with 50 mL water in a 100 mL volumetric flask. 1 mL 15% K4(Fe(CN6))3H2O 
and 1 mL 30% ZnSO4 7H2O was added into the solution in order to extract 
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protein. After that, it was filtered through filter paper No. 42. The filtered 
solution from the last step was filtered through 0.45 µm nylon syringe filter. The 
final volume of solution kept at refrigerator until its chromatographic analysis. 
The 10 µL aliquots of the filtered solution were injected into HPLC. 
The High Performanace Liquid Chromatography consist of a Prevail 
Carbohydrate ES column (4.6 mm, 25 cm; 5µm)(Alltech, Derfield, USA), a 
pump and a controller (Agilent, 1100, USA), autosampler (Agilent, 1100, USA) 
and a evaporative light scattering detector (ELSD detector) (Alltech , 500 ELSD, 
USA). 
 
The fructose and glucose which are sugar isomers can clearly separate peaks by 
gradiant elution in column at 1 mL/min flow rate.  The gradient elution  was 
varied the portion of  mobile phase. The mobile phase used  contained  
acetonitrile and water. The column temperature was kept 30°C and the detector 
was carried out at drift tube temperature at 50°C and nitrogen flow rate 1.5 
L/min. Peaks of samples were quantified with standard.  
 
2.8 Statistical analysis 
The experimental data of color, textural and shrinkage properties was analyzed 
by using an analysis of variance (ANOVA) and presented as mean value with 
standard deviations. Duncan’s test was used to establish the multiple 
comparisons of the mean values. The mean values were considered significantly 
different  when p ≤ 0.05 
 
 
Results and discussion 

1. Effect of Osmotic Concentrations on Water loss and Solid Gain 

Table 1 shows the moisture loss, solid gain and the losses of native sugars of 
banana slices immersed into sucrose solutions at 30, 35 and 40�Brix. The banana 
slices immersed into the higher sucrose concentrations lost the larger amounts of 
their moisture content. The possible explanation was related to the osmotic 
pressure difference between intracellular fluid in banana and osmotic solution. 
When the sample was immersed into the higher sucrose concentration, the 
osmotic pressure difference was higher, resulting in the larger loss of moisture 
content. At the same time, the solid gain increased, due to the diffusion of 
sucrose from the solution into the sample. As shown in Table 1, the solid gain 
increased from 24.8% to 32.6% when the osmotic concentration increased from 
30°Brix to 40°Brix. From these results, the ratios of water loss to solid gain 
increased with the increased sucrose solution concentrations, implying loss of 
moisture content larger than the solid gain. This is because the size of sucrose 
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molecule is larger than that of water molecules. Hence, the water molecule can 
move with a rate faster than the sucrose molecule.  
 
Table 1 also shows that the native sugars i.e. glucose and fructose disappeared 
during osmosis. The remaining amounts of glucose and fructose in the samples 
immersed into the sucrose solution concentrations were not rather different; the 
percent looses were 84-86% for glucose and 83-85% for fructose. From these 
results, it can be observed that the losses of glucose and fructose were nearly the 
same amount. This can be described by the fact that the glucose and fructose 
have the same molecular weight and this would be expected to have the same 
diffusion coefficient. Gekas et al. (1993) reported that the diffusion coefficients 
of glucose and fructose in water at 25�C were equal and had a value of  69�10-11 
m2/s.  
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            The different scripts presented over the bar mean the significant difference at p� 0.05. 
 
Figure 1 Effects of puffing temperatures and osmotic solution concentrations on 

volume ratio. 
 

 

Fig. 1 shows the shrinkages of none osmotic and osmotic samples both puffed at 
180 200 and 220°C. The volume ratio of osmotic banana  samples  was 
significantly lower than that of the none osmotic ones for all puffing 
temperature. These results can be explained by the fact that the OH group of n-
C6H12O6 may bound with OH group in the cellulose of banana by hydrogen 
bonding (Allan et al, 2001). Consequently, the banana cell wall become stronger, 
allowing the small expansion of cellular structure during puffing and 
subsequently providing higher degree of banana shrinkage. The sucrose solution 
concentration affect on degree of banana shrinkage.  
 
Considering the puffing temperature effect, it affected significantly the degree of 
shrinkage for both osmotic and none osmotic banana samples. The high puffing 
temperature provided lower degree of shrinkage. As showing in Fig 1, the 
volume ratio of none osmotic sample was 82% at puffing temperature of 180°C 
and increased to 103% at the puffing of 220°C. 

None Osmotic       Osmotic 30°Brix    Osmotic 35°Brix   Osmotic 40°Brix      
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Fig. 2 demonstrates morphologies of osmotic banana samples prepared from 
sucrose solution concentrations of 30, 35 and 40°Brix and puffed at temperature 
of 200°C. The morphologies of osmotic and non osmotic banana samples were 
noticeably different. The structure of osmotic banana samples was dense and 
exhibited less porous, but it was very porous for  the none osmotic sample. As 
shown in Fig. 2 (a), the none osmotic banana had a huge pore with size larger 
than 1 mm. at the internal area of the sample. The formation of huge pore 
implies that there was a rapid vaporization of moisture inside the none osmotic 
samples during puffing, resulting in increasing vapor pressure inside the banana 
sample and the subsequent cell wall expansion. However, the cell wall expansion 
was occurred rarely in the osmotic banana samples. From their morphologies, it 
confirmed the shrinkage results, showing the higher shrinkage for the osmotic 
banana. 
 

 

(a)

(d)(c)

(b)

 
   
    Figure 2  SEM photographs showing  cross section of banana slices  puffed at 

200�C; (a) none osmotic; (b) 30°Brix; (c) 35°Brix; and  (d) 40°Brix. 
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3. Texture 
 
The force deformation curves represents the characteristics of crisp product. The 
product that was many fracture points indicate a crispy characteristic (Hofsetz 
and Lopes, 2005) and the number of jags on the force deformation curves 
indicate the porosity in samples. Fig. 3 shows the force deformation curve of 
osmotic and none osmotic samples at puffing temperatures of 180, 200 and 
220°C. The force deformation curves of the osmotic samples were clearly 
different from those of the  none osmotic ones. While the cutting probe was 
acted on the osmotic samples, the force reached the maximum point about 250-
270 N. after which it was dropped sharply to zero, without any jag appearance. 
For the none osmotic samples, on the other hand, the force acting on the samples 
after reaching the maximum point did not drop rapidly to zero: it still appeared 
the several peaks. This can be explain by the fact that the sucrose solution causes 
banana tissue loosing the elasticity which in turn provides a sharp drop of force 
after the maximum point. This force characteristic indicated that the osmotic 
banana after puffing was brittle.  
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           Figure 3 Force deformation curves: (a) the none osmotic banana and (b) 

the osmotic banana. 
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              The different scripts presented over the bar mean the significant difference at p� 0.05. 
                           
   Figure 4 Texture properties of  the osmotic banana  and the none osmotic 

banana. 
 
 
Fig. 4 shows the effects of sucrose concentrations and puffing temperatures on 
the textural properties of none osmotic and osmotic banana samples. Considering 
at each sucrose solution, the puffing temperature given in a range of 180-220°C 
insignificantly affect the textural properties such as hardness,  number of peaks 
and initial slope. The insignificant effect of puffing temperature on the textural 
characteristics for the none osmotic banana samples was also observed. On the 
other hand, the sucrose concentration strongly affected such textural 

                           None Osmotic      Osmotic 30°Brix   Osmotic 35°Brix   Osmotic 40°Brix      

                    None Osmotic         Osmotic 30°Brix    Osmotic 35°Brix   Osmotic 40°Brix      



 

Effect of Osmotic Treatment and Puffing  Temperature on Textural Properties of 
Banana Slices (IFB Printed 3/29/2011  

13 

characteristics. Increase in both of hardness and initial slope and decrease in 
number of peaks were found with increasing in sucrose solution concentration.  
 
As shown in Fig. 4, the banana slices pretreated with 40°Brix sucrose solution 
had the highest values for the of hardness initial slope but the smallest number of 
peaks. Such textural characteristics revealed that the osmotic banana product 
after puffing had a harder texture, less crispy and rather brittle than the 
osmotically untreated banana. The harder texture in the osmotic banana is related 
to the interaction between the OH groups of cellulose and sucrose solutions 
(Allan et al, 2001) which will improve the cellulose strength. These results 
corresponded to the morphological features as already mentioned. 
 
 
 
4. Color 
 
Table 2 shows the effect of the puffing temperatures and sucrose solution 
concentrations on the color of the bananas slices  in terms of lightness (L), 
redness (a) and yellowness (b).  
 
It was found that osmotic pretreatment can improve the color of banana samples 
compared with the color of samples without osmotic pretreatment. The color of 
osmotic samples had brownish-yellow but it had yellowish-brown for the banana 
without osmotic dehydration. It can indicated by the osmotic sample had higher 
of L- and b- values and lower of a-value than the none osmotic samples. 
 
The color improvement  of osmotic banana can be explain by the fact that the 
monosaccharide which is the main active component for none-enzymatic 
browning reaction (Pulis, 2010), leak out during  the osmotic dehydration. Thus 
the browning rate is retarded and resulted in less brown for osmotic samples than 
the none osmotic sample. The osmotic concentration had not affect on the color 
of  the osmotic samples indicated by L-, a- and b- values which shows 
insignificant difference among the  samples at various sucrose concentrations. 
 
Considering the effect of puffing temperature, it was found that the puffing 
temperature affect on the color of none osmotic samples. The color of none 
osmotic samples trend to intensive brown when the puffing temperature was 
increased as indicated by higher a value. In contrast, the puffing temperature did 
not affect on the product color of osmotic samples. 
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Table 2 color of dried osmotic banana slices and puffed none osmotic  banana 

slices. 
 

Drying Condition L a b 
Product 

color 

Puffing 180°C  
52.1ab 
+1.02 

5.32cd + 
0.3 

16.81a + 
0.83  

Puffing 200°C  
51.3ab + 

1.66 
5.66cd+ 

0.25 
16.85a + 

0.85  

Puffing 220°C  49.5a + 1.5 
6.11e + 

0.21 
16.3a + 

0.83  

Puffing 180°C (30 
°Brix) 

59.29f 

+1.51 
4.87abc 

+0.26 
19.97cd 

+0.74  
Puffing 200°C (30 

°Brix) 
59.1ef + 

2.73 
4.93abc + 

0.21 
18.89bc + 

1.11  
Puffing 220°C (30 

°Brix) 
57.22ef + 

2.1 
5.41cd + 

0.33 
18.68bc + 

0.5  

Puffing 180°C (35 
°Brix) 

57.01ef 
+3.02 

5.02abc + 
0.32 

16.65a + 
0.9  

Puffing 200°C (35 
°Brix) 

58.35ef + 
1.7 

5.40cd + 
0.51 

18.15bc + 
0.50  

Puffing 220°C (35 
°Brix) 

56.36de + 
2.45 

5.06abcd + 
0.3 

18.39bc + 
0.54  

Puffing 180°C (40 
°Brix) 

57.43ef + 
1.28 

5.02abc + 
0.28 

18.68bc + 
0.97  

Puffing 200°C (40 
°Brix) 

57.31ef + 
1.3 5.2cd + 1.3 

18.71bc + 
0.83  

Puffing 220°C (40 
°Brix) 

54.19bcde + 
4.22 

5.27bcd + 
0.32 

17.7b + 
1.14  

 
       Different superscripts values are significantly different at 95% confidence level. 
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Conclusions 
 
Osmotic pretreatment of banana slices can limit the browning reaction so the 
color of final osmotic product can improve. The color of osmotic product 
obtained at sucrose solution concentrations and puffing temperatures were not 
different. In spite of color in product, the osmotic pretreatment provided the 
texture of product to be harder and less crispy than the none osmotic banana. 
This is because the osmotic product had less porous as revealed by scanning 
electron microscope. The shrinkage was also high for the osmotic banana. 
Increase of sucrose solution concentration provided lesser extent of shrinkage 
whilst increase of puffing temperature did not affect on the textural properties of 
product.  
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Abstract:  Moisture diffusivity is an important parameter to predict the shelf life of food 
products. The main purpose of this research was therefore to determine the apparent 
diffusivity of moisture in pores of banana foam mat. 2-D stochastic pore network was 
used to represent the pore voids inside the banana foam sample and the moisture 
movements inside the individual pore segments were described by Fick’s law. To obtain 
the moisture diffusivity, the experiments were carried out with standard static method 
using saturated salt solutions over a wide range of relative humidities and a temperature 
range of 35 to 45°C. Two banana foam densities of 0.3 and 0.5 g/cm3, both having 
different porosities, were used to adsorb water vapor under the controlled condition. The 
interactions of transport processes within the pore network were illustrated using a 3-D 
pictorial representation of network concentration gradients in spaces with colour 
representing the moisture content. The network model could describe the experimental 
results relatively well. The diffusivity of water in pores was in order of 910�  m2/s which 
was 9 times higher than the apparent effective diffusivity. For a given temperature, the 
pore diffusivities were independent of the foam densities and relative humidity, except for 
the case of higher relative humidity of 70%. Moreover, the diffusivity depended strongly 
on the temperature.  

Keywords: adsorption kinetics, banana foam mat, pore diffusivity, pore network 

INTRODUCTION 

Moisture migration during food storage is greatly 
important to many dry crispy products, such as 
biscuits, ready to eat cereals and snack foods, 
because the loss of their crispness strongly correlated 
to the moisture content. Rate of moisture adsorption 
in porous foods depends not only on the 
environmental conditions but also on their pore 
structures. Hence, understanding and capability to 
predict the moisture migration through their void 
spaces at different conditions are the main aspects 
that cannot be avoided in order to preserve their 
quality and to extend their shelf life as long as 
possible. To achieve this, model of porous food 
material is required and equation of moisture transfer 
is needed. 

The moisture transport in porous foods can be 
mathematically by either a continuum or a discrete 
approach. In a continuum model, the porous spaces 
are considered as a continuum consistent with its 
appearance on macroscopic scale and effective 

macroscopic properties lump all the microscopic 
complexities of real pore network, including 
mechanisms of mass transfer which may be occurred 
by molecular diffusion and capillary flow etc. For 
adsorption under isothermal condition, moisture 
adsorption occurring in an infinite slab geometry can 
be described by 

� �MD
t

M
eff ���

�
� (1) 

By using eq.(1), the effective diffusivity, Deff,  can 
simply be determined from the adsorption 
experiments. The effective diffusivity can be 
expressed as 

�
	

� A
eff

D
D (2) 

Tortuosity factor, �, accounts for the fact that the 
pore spaces do not provide straight line paths through 
the particle, thereby lengthening the diffusive path 
and reducing the internal diffusional fluxes. At the 
present, however, there is no reference of the actual 
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diffusivity of water in pore voids, DA. To estimate the 
water diffusivity in the pores, the model must include 
the information details about the interactions between 
internal diffusional fluxes and pores, which 
determine the pathways of moisture movement. The 
diffusivity of water can be estimated by first 
constructing the discrete network models, where 
more or less simplified geometry and pore size 
distribution are used to describe topology of pore 
structure of real material (Mann, 1993; Hollewand 
and Gladden, 1992; Androutsopoulos and Mann, 
1979). Diffusion equation is then applied to 
individual pores of these simulated structures and the 
flow of substances through pore segments can be 
numerically predicted (Blunt, 2001; Yiotis et al, 
2005; Prachayawarakorn, Prakotmak and 
Soponronnarit, 2008). 

Network models represent the void spaces of a 
porous medium by a simple two-or more realistic 
three-dimensional lattice in which the large and small 
pores are randomly interconnected. Each pore can be 
assumed to be cylindrical, slit, triangular and 
polygonal shapes. Segura and Toledo (2005) found 
that pore shapes used in the network model had an 
insignificant effect on the drying characteristic 
curves, vapor relative diffusivity and liquid relative 
permeability. 

As mentioned above, diffusivity data of water in the 
pores of the porous foods have not been available in 
the literature. The aim of the present investigation 
was therefore to determine the pore diffusivity by 
using a two dimensional stochastic pore network. The 
banana foam mat was used as a representative porous 
medium. The Fick’s second law was used to describe 
the moisture diffusion in individual pore segments 
and an optimization technique was implemented to 
determine the pore diffusivity under adsorption 
conditions. 

DRIED BANANA FOAM PREPARATION 

The banana puree with 5% of fresh egg albumen used 
as foaming agent was foamed to densities of 0.3 and 
0.5 g/cm3. The banana foams was poured slowly into 
a steel block with a dimension of 43
 43
 4 mm and 
then placed on a mesh tray, which was covered with 
aluminium foil. After that, it was dried to about 3% 
dry basis (d.b.) using 80oC and a 0.5 m/s superficial 
air velocity. The sample thicknesses after drying 
were 2.8mm and 3.2mm for the banana foam 
densities of 0.3 and 0.5 g/cm3, respectively. 

ADSORPTION EXPERIMENT 

Moisture adsorption experiments were carried out 
using the static method. Samples were placed into the 
glass jars contained the saturated salt solutions which 
(MgCl2 6�H2O, Mg(NO3)2 6�H2O, KI, NaCl and KCl) 
give the relative humidity (RH) in range of 32-82% 

for the temperatures of 35, 40 and 45oC. The glass 
jars were kept in the hot air oven with an accuracy of 
±1�C (UFE500, Memmert, Germany). Samples were 
weighed at different exposure times until the 
moisture content of samples did not change. At high 
relative humidity (RH > 74%), a small amount of 
toluene was added into a small tube which was fixed 
in the glass jars in order to prevent microbial spoilage 
of the samples (Kaya and Kahyaoglu, 2005). 
Moisture content of each sample after reaching the 
equilibrium condition was determined by drying it 
with an oven at a temperature of 103°C for 3 h. The 
experiment at each sorption condition was repeated 
three times and the mean value was reported. 

SEM PHOTOGRAPH 

The morphologies of dried banana foam mats were 
characterized using scanning electron microscope 
(SEM) with an accelerating voltage of 10 kV. Before 
photographing, the specimens were cut into a 
dimension of 5
 5 mm and then glued on the metal 
stub. The samples were coated with gold, scanned, 
and photographed at 15
 magnification. 

To quantify the porous banana foam characteristics 
such as pore diameter and pore area, Image J 
software was used. Each pixel of the SEM 
micrograph was assigned a value of gray intensity 
between 0 and 255 and the binary images were 
generated. The pixels with gray levels lower than the 
selected threshold were assigned as pore, which 
appeared as black colour, and the pixels with gray 
levels above the selected threshold were set as solid 
phase, which appeared as white colour in binary 
image. The pore diameter was estimated by the 
known pore area by assuming a spherical shape. 

PORE NETWORK MODEL 

When the pore size distribution of material is known, 
these pores are assigned according to their 
distribution and allocated randomly onto a lattice. In 
this work, the pore was assumed to be cylindrical 
geometry and each pore in the network had the same 
length. The pores with different sizes were randomly 
placed onto the network and this approach provided 
pore at any positions within the network independent 
to the neighbouring pores. Such random arrangement 
of pore assemblies was referred to as stochastic pore 
network. Figure 1 shows an illustrative 2-D 
stochastic pore network with a size of 23
 50 
consisting of 2373 pores obeying a pore size 
distribution of dried banana foam shown in Figure 6 
for the initial density of 0.3 g/cm3, but in calculating 
the pore diffusivity, we used a larger network size. In 
this work, we considered the 2-D parallelogram pore 
networks with a size of 20
 231 consisting of 9491 
pores for the sample at the initial foam density of 0.3 
g/cm3 and a size of 23
 264 consisting of 12431 
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pores for the density of 0.5 g/cm3. The distance 
between two pore bodies (L) was equal to 128 m
 .

Fig. 1. Illustration of a simple 2-D stochastic pore 
network and boundary conditions. 

Single Pore  

In this work, moisture adsorption between 
surrounding air and banana foam mat occurred under 
isothermal condition. The moisture moved along the 
pore axis and it can be described by Fick’s second 
law for the individual pores in the network: 

�
�
�

�
�
�
�

�

�

�
�

�
�

2

2

p
x
MD

t
M (3) 

The migration of moisture from the surrounding air 
to the banana foam surface occurred specifically at 
the top surface and no moisture transferred at the 
bottom surface of the network since the banana foam 
mat was placed on an opaque glass dish. The samples 
had the length and width about 11 times of its 
thickness and thus, the banana foam mats were 
reasonably assumed to be an infinite slab. 
Accordingly, moisture movement during adsorption 
occurred along the material thickness direction. The 
constant diffusion coefficient at a given condition 
was assumed and the moisture profile in the pores at 
the beginning was uniform along the pore axis, 

iMM � Lx0,0t: ��� (4) 

The length of each pore, L, was calculated by 
dividing width of material by NV+1 where NV is the 
number of pores in each row of the network; 264 for 
the network size of 23
 264 and 231 for the network 
size of 20
 231 were used. Because the surface area 
at each sample side was remarkably smaller than that 
at the top surface, the moisture transferring from the 
surrounding to the pores allocated at the two sides of 
sample was small. Hence, the boundary condition for 
the pores allocated at both sides of the network is set 
as

0
x
M

�
�
� 0t: �  (5) 

For the periphery pores allocated on the top of the 
network, the moisture moving from the surrounding 
to those pores was occurred by convection and the 
boundary condition is set as 

� �semp MMh
x
MD ���

�
�

�
�
�

�
� 0t: �  (6) 

To calculate the moisture concentration of the pores, 
a finite difference method was used. An individual 
pore in the network was divided into n intervals 
(N=12) and Eq. (3) was discretized using the explicit 
method as follows: 
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where 2
p xtD ����  is the Fourier number, p and n 

the respective indexes of the present time and of 
nodal position along the pore axis. The boundary 
conditions in Eqs. (5) and (6) can be written as: 
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where pm Dxh ��� . The moisture adsorption rate 
Qi,j for the pore with radius of  ri,j, can be calculated 
by 
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Mass balance in the network 

To determine the moisture contents at the pore 
junctions, the mass balance of moisture content at the 
inner nodes of network was made, assuming no 
accumulation at the pore junctions within the 
network, which is thus expressed by 
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where {i} refers to the set of i-adjacent nodes which 
are connected to node (i) in the network. After the 
moisture contents at every nodes of the network were 
known, the average moisture content networkM  of 
network can then be calculated using the following 
equation 

�

� �

�

�

�
�

Z
1n

2
j,i

Z
1n

L
0 j,ir

2
j,i

network
rLZ

dx)t,x(Mr
)t(M  (12) 

To estimate the apparent pore diffusion, Dp, the 
optimization technique using a golden-search method 
was used. The root mean square error (RMSE) for the 
residuals of the measured and predicted values of 
average moisture content was set as the objective 
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function with a tolerance of    10-5. The RMSE is 
defined as 

2/1K
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K
1RMSE  !

"
#$
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where M(t)exp is the experimental moisture content of 
material at time t, network)t(M is the predicted 
moisture content, and K is the number of the 
experimental data. The lower the value of RMSE is 
the better the goodness of fit. All computations were 
implemented using Intel C++ Compiler 
(http://www.intel.com) to run on a PC compatible 
with 3.0 GHz dual-processor and 2 GB of RAM.  

RESULT AND DISCUSSION 

Effect of temperature and relative humidity 

Generally, if the partial vapor pressure or vapor 
concentration is greater in the surrounding 
atmosphere than in the porous materials, the moisture 
is then transferred from the air to the materials. The 
adsorption rate is extremely rapid when there is a 
great vapor pressure difference between the water in 
the air and the water in the adsorbent. The process of 
adsorption continues until the adsorbed layer is in 
thermodynamical equilibrium with gas or vapour.  
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Fig. 2. Kinetics data of moisture adsorption at 
different temperatures and relative humidities for the 

initial banana foam density of 0.3 g/cm3

The effect of partial vapour pressure on the 
adsorption rate can be studied by changing the 
temperature or relative humidity and the 
experimental results are shown in Figure 2 for the 
temperature effect and Figure 3 for the relative 
humidity effect. 

As shown in Figure 2, the rate of moisture uptake 
was very fast during the early period of time and 
gradually decreased as the moisture content 
approached the moisture equilibrium. The higher 
adsorption rate was evident in elevated temperature 
and relative humidity. From the preliminary test, the 
banana foam mat lost its textures at the moisture 
content of 0.07 d.b. From this result, it indicated that 

the banana foam will lost the crispiness when it 
exposed to air about 40 minutes under the operating 
conditions at the relative humidity and temperature 
lower than 75% and 40�C, respectively. 
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Fig. 3. Kinetics data of moisture adsorption at 40oC
and relative humidities of 31, 48, 66, 74 and 82% for 

the initial banana foam density of 0.3 g/cm3

At the equilibrium state, the equilibrium moisture 
content tended to decrease with increasing 
temperature; these values were 0.1384, 0.1368 and 
0.1308 d.b. for the temperatures of 35, 40 and 45oC,
respectively. This may attribute to the excitation 
states of water molecules. At elevated temperature, 
the molecules are in higher states of excitation, thus 
increasing their distance apart and, in turn, 
decreasing the attractive forces between them (Jamali 
et al., 2006). Similarly, Kim et al. (1999) and Palou 
et al. (1997) found that the sorption capacity or 
equilibrium moisture content of crackers and cookies 
decreased with increasing temperature. 

Effect of initial foam density 

Figure 4 shows the moisture adsorption kinetics at 
temperature of 45�C for the initial foam densities of 
0.3 and 0.5 g/cm3. It can be seen that the initial foam 
density strongly affects the moisture adsorption rate; 
the lower the initial foam density, the faster the 
adsorption rate. This is because the porosities of both 
banana foams were different; the void area fractions 
for the banana foam densities of 0.3 and 0.5 g/cm3

were 31 and 26 %, respectively.  

High porosity in porous foods provides less 
diffusional flux resistance and thus greatly facilitates 
the moisture transport to those porous foods. In the 
porous banana foam studied, the higher void area 
fraction for the banana foam density of 0.3 g/cm3 is a 
result of the assembly of the giant pores with sizes 
larger than 150 µm which had a larger number (38%) 
than that at the foam density of 0.5 g/cm3 as will be 
seen in Figure 6. These huge pores, serving as a 
massive transport of moisture through the interior 
pores, may be interconnected into almost all parts of 
the whole network. Hence, the rapid adsorption is 
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obviously evident for the foam density of 0.3 g/cm3.
Prachayawarakorn, Prakotmak and Soponronnarit 
(2008), who studied the effect of pore assembly 
architecture on the drying rate, found that full set of 
pores which were assembled in a different way 
exhibited different drying rates. As the network 
archetype with the large pore assembly allocated onto 
the network exterior and the smaller pores to the 
interior, the drying rate is very fast as compared to 
the other pore architectures.  
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Fig. 4. Moisture adsorption kinetics at 45�C and 
relative humidities of 31 and 47% for the initial 

banana foam densities of 0.3 and 0.5 g/cm3

As shown in Figure 4, the uptakes of moisture 
content into the banana foams after the elapsed time 
of 10 hours are very slightly and this indicated the 
system reaching the equilibrium state. At the 
equilibrium, the moisture content of banana foam at 
density of 0.3 g/cm3 was apparently higher than that 
at 0.5 gm/cm3 due to different porosities.  

Pore size distribution 

The microstructures of dried banana foam mats 
characterized by SEM are shown in Figures 5a and 
5b for various initial foam densities. The 
corresponding binary images are illustrated in 
Figures 5b and 5d. The reconstructed porous 
structures of the banana foams in binary image 
reasonably represented their original images. As 
shown in Figures 5a and 5c, the pores were random 
in sizes and irregular in shape. Moreover, the 
porosity appears to form a mass of interconnecting 
pores in the banana foam sample. This would be clear 
that it is very task to understand the interactions 
between pore structure and diffusional fluxes of 
moisture by using a simple mathematical model. 

Figure 6 shows the pore size distributions of the dried 
banana foams at the densities of 0.3 and 0.5 g/cm3,
both distributions obtained from the reconstructed 
pore structures. The characteristic of distributive pore 
sizes was reasonably described by grammar 
distribution. The sample with an initial foam density 
of 0.3 g/cm3 had small pore assembly in the range 6 
to 150 µm accounting for 62% of the whole number 

of pores and for 38% with the pores larger than 150 
µm. For the density of 0.5 g/cm3, it appears the 
proportion of small pores accounting for 71% which 
was higher than the sample at the density of 0.3 
g/cm3 for the same pore size range. However, the 
porosity of sample at the density of 0.5 g/cm3 was 
relatively smaller as mentioned before because the 
large pores had a smaller number.  

Fig. 5. (a,c) SEM micrographs of dried banana foam 
mats at different initial foam densities and binary 

images (b,d) 

Apparent pore diffusivity  

Figure 7 shows the values of pore diffusivity in 
banana foam at different temperatures and relative 
humidities. Considering at a given temperature, for 
example at 40�C, most moisture diffusivity data had 
a slight change for the humidity range below 70%, 
corresponding to the lower equilibrium moisture 
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contents than 0.2214 d.b. for all adsorption 
conditions used in this study. These results, when 
analyzed statistically with Duncan’s test, showed an 
insignificant difference. The mean values of apparent 
pore diffusivity were in the order of 10-9 m2/s. In fact, 
the orders of magnitude of the diffusion coefficients 
depend on the state of substance: for gases, 
approximately 10-5; for liquids, approximately 10-9

(Aguilera and Stanley, 1999). From this information, 
it might be indicated that the transport of moisture 
through the banana foam mat mainly occurred in 
form of liquid. Similarly, Roca et al. (2006) reported 
that the adsorption of water vapor by sponge cake 
occurred mainly in liquid phase.  
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Fig. 6. Pore size distributions of dried banana foam at 
different densities 

Fig. 7. Effects of temperatures and relative 
humidities on the pore diffusivities for the initial 
banana foam density of 0.3 g/cm3: the same letter 

means insignificant difference (P>0.05) 

Once the relative humidity was higher than 70% 
however, the pore diffusivity decreased relatively 
with increase in the relative humidity. In this case, 
the water vapor adsorption rate was very fast and the 
texture of banana foam was subsequently very soften 
as observed from the experiments, which leads to 
collapse of the pores and decrease of diffusivity as a 
consequent result. Figure 7 also presents the effect 
temperature on apparent pore diffusivity. As 
expected, the apparent pore diffusivity significantly 
increased with increase in temperature (P<0.05). 

Figure 8 shows the apparent pore diffusivity of water 
for the samples at the initial foam densities of 0.3 and 
0.5 g/cm3. The pore diffusivity was slightly lower at 
the foam density of 0.5 g/cm3 than at the density of 
0.3 g/cm3 for all experimental conditions. However, 
the statistical analysis of these pore diffusivity data 
showed the insignificant difference among the two 
initial foam densities. 

Fig. 8. Effect of initial foam densities on the apparent 
pore diffusivities at different relative humidities and 
temperatures of 40 and 45oC: the same letter means 

insignificant difference (P>0.05) 

Fig. 9. Comparison between pore diffusivities and 
effective diffusivities of banana foam mat at 40 oC
and relative humidities for the initial banana foam 

density of 0.5 g/cm3

Figure 9 shows the comparison of the apparent pore 
diffusivity and the effective diffusivity. The value 
effective diffusivity was determined using Eq. (1) 
assuming that the moisture migration occurred in one 
dimension and the water vapour transported from the 
air to the top surface by convection. It can be seen 
that the effective diffusivity is approximately 9 times 
lower than the pore diffusivity. If the fraction void 
area for the banana foam density of 0.5 g/cm3 was 
0.26 as previously mentioned, the tortuosity factor 
calculated by Eq. (2) was 2.3. 
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Fig. 10. Visualization of moisture contents in pores of banana foam at temperature of 35oC, initial foam density 
of 0.3 g/cm3 and relative humidity of 50% 

This value was in a normal range of porous materials 
(adsorbents and catalysts) for which the tortuosity 
factor varies between 2 and 6, corresponding to the 
porosity between 0.3 and 0.8 (Aguilera and Stanley, 
1999) 

Validation  

As previously shown in Figures 2 and 3, the pore 
network model showed a good fit to the experimental 
data throughout the exposure time, with R2-values
above 0.98 at the relative humidity below 67%. 
Beyond 67%, however, the lower accuracy of 
prediction was found (R2 values varying between 
0.96-0.97); the model predicted the change of 
moisture content of sample relatively faster than the 
experiment at the early exposure time and became 
relatively slower at the later time. 

Graphic visualization 
Figure 10 shows the moisture distribution in 2-D pore 
network during adsorption process. Each pore was 
colored according its moisture content. The 
representative colours with 8 shades from red to blue 
were used for corresponding range of moisture from 
0.038 to 0.138 d.b. 

At the beginning, every pore within the network 
presumably contained the moisture content of 0.038 
d.b. After 1 hour of adsorption, it can be seen in 
Figure 10a that the adsorption front moved from the 
top to the bottom and this confirmed the assumption 
used in the model. Moisture content near the surface 
reached the equilibrium value of 0.138 d.b. whilst the 

moisture content near the bottom was approximately 
0.05-0.06 d.b., indicating that the liquid water only 
forms a thin liquid film near the pore walls and 
moisture transfer processes at this time may be 
dominated by molecular vapour diffusion.  

In addition, it is clear from Figure 10 that the pattern 
of increasing moisture content at the same horizontal 
plane for a given time was irregular, reflecting the 
pore structure effect. As a result, the moisture 
contents were quite different and this can be seen 
clearly at the bottom surface of the pore network for 
the exposure time of 3 hours as an example, showing 
the moisture content of approximately 0.08-0.09 d.b 
in a small area as indicated by yellow colour (see 
Figure. 10b) whilst the other areas at the bottom 
surface were coloured by green corresponding to the 
moisture contents of 0.095-0.105 d.b. For the region 
of lower moisture content, the pores positioned at 
that region were relatively larger in sizes than the 
surrounding nearby pores. Hence, the moisture 
diffusing through those large pores was restricted by 
the smaller ones since the cross sectional area 
available for moisture diffusion is reduced in the 
surrounding nearby small pores. 

CONCLUSIONS 

& A 2-D stochastic pore network has been 
developed to represent the pore structure of 
banana foam and the transport of water vapour in 
the pores of the network was described by Fick’s 
second law. The optimization technique with a 

Moisture content (d.b.)

(a) 1 h ( networkM =0.0803 d.b.) 

(b) 3 h ( networkM =0.1080 d.b.) 

(c) 5 h ( networkM =0.1364 d.b.) 
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golden-search method was used to determine the 
diffusivity of pores. The experimental results 
showed that the pore network model could 
describe the moisture migration inside banana 
foam relatively well.  

& The interactions between pore structure and 
moisture movement were relatively complicated 
and the visualization using colour coded moisture 
content helped understanding of their interactions.  

& The pore diffusivity at a given temperature 
insignificantly changed with the relative 
humidities, except for the higher relative 
humidities of 70% at which the diffusivity had a 
decreasing trend. Moreover, the pore diffusivity 
depended strongly on the temperature, but was 
independent of the initial banana foam densities. 

NOMENCLATURE 

aw water activities - 
Deff effective diffusivity m2/s
DA actual diffusivity in the pore voids m2/s
Dp apparent pore diffusivity m2/s
hm convective mass transfer coefficient m/s 
L pore length m 
M moisture content (dry basis) kg/kg-1

N number of interval - 
ri,j pore radius m 
RH relative humidity % 
RMSE  root mean square error - 
t adsorption time s 
T temperature oC
x distance along the pore length m 
Z number of pores in the network -

Greek letters 

	  porosity - 
�  tortuosity factor - 
'  initial foam density g/cm3

Subscripts 

i initial 
m mass 
e equilibrium 
exp experimental 
s surface 
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ABSTRACT  

 Foam-mat drying technique can improve the mass 
transfer rate. However, the high porous of dried product 
could quickly adsorb the moisture from the air during 
storage, leading to the lost of textural property. The main 
purpose of this research was therefore to study moisture 
adsorption kinetics of banana foam mat and its quality. 
The adsorption isotherms experiments were carried out 
with standard static method using saturated salt solutions 
over a wide range of relative humidities from 31 to 82%, 
and a temperature range of 35 to 45oC. Two different 
banana foam densities of 0.21 and 0.26 g/cm3 were used to 
adsorb water vapor under the controlled conditions. A
Fick's second law and the optimization technique were 
used to estimate the effective moisture diffusivity (Deff) at 
adsorption conditions. Three empirical equations i.e. a 
power-law, and two exponential forms for describing the 
dependence of the effective moisture diffusivity on 
moisture content were tested. The power-law function was 
suitably described the variation of the effective moisture 
diffusivity with moisture content. The force deformation 
curve obtained from a penetration test of the samples 
showed that an increase of moisture content of sample 
decreased number of peaks and initial slope. 

INTRODUCTION

The foam mat drying can enhance the drying rate of 
banana since its structure is very porous. The textural 
properties in particular hardness and crispiness are better 
in the dried foamed banana than the non foamed banana; 
the foamed banana provides less hardness and more 
crispy. However, the product is very hygroscopic and its 
texture could be lost quickly if it keeps undergoing 
undesirable condition. To circumvent the undesirable 
property, the understanding of moisture adsorption for the 
banana foam at conditions is necessary. Application of 
food texture analysis and moisture diffusivity will help to 
improve food product quality adsorption conditions and 
understand the movement of moisture.  

Many dry crispy products are sensitive to moisture 
migration. Moisture transport in porous foods is very 
complicated since the pore system is very complex and 
irregular. Generally, the diffusion of gases or liquids 
through the complex structure can be simply described by 
classical Fick’s second law in which the overall mass 
transports are lumped into an effective diffusivity. The 
wide ranges of effective moisture diffusivity in different 
physical structure of food materials have been reported in 

the literature [1] and it has been known to be either 
independent or function of moisture content. Nevertheless, 
general model for evaluating the effective diffusivity of 
food materials have not existed [2]. Many empirical such 
as power-law, polynomial and exponential forms were 
frequently used to describe the relation of effective 
moisture diffusivity with moisture content in the 
foodstuffs [3, 4 and 5]. The different result in effective 
moisture diffusivity values would be attributed to the 
difference in food structure.  

 The objectives of this study were to select a suitable 
empirical equation of effective moisture diffusivity, to 
investigate the influence of relative humidity, temperature 
and initial foam density on the effective moisture 
diffusivity. The effect of moisture content on product 
textures was also determined. The textural property was 
characterized by initial slope, number of peaks and 
maximum force. 

DRIED BANANA FOAM PREPARATION  

The banana puree with 5% of fresh egg albumen used 
as foaming agent were foamed to density of 0.3 and 0.5 
g/cm3. The density was determined by measuring the mass 
of a fixed volume of the foam. The banana foams was 
poured slowly into a steel block and then placed on a mesh 
tray, which was covered with aluminium foil. After that, it 
was dried to about 3% kg/kg d.b. using 80oC and a 0.5 m/s 
superficial air velocity. The banana foam prepared from 
the initial foam densities of 0.3 and 0.5 g/cm3 can produce 
the dried banana densities of 0.21 ( 0.02 and 0.26 ( 0.02 
g/cm3, respectively. The product thicknesses after drying 
were 2.8 mm and 3.2 mm for the densities of 0.21 and 
0.26 g/cm3, respectively. Five replicates were performed.  

ADSORPTION EXPERIMENT 

 Moisture adsorption experiments were carried out 
using the static method. Samples were placed into the 
glass jars contained the saturated salt solutions (MgCl2
6�H2O, Mg(NO3)2 6�H2O, KI, NaCl and KCl) which 
provided the relative humidity (RH) in range of 32-82% at 
the temperatures of 35, 40 and 45oC. All the jars were 
placed in the temperature-controlled oven at the operating 
temperature with a precision of ±1�C (UFE500, Memmert, 
Germany). Samples were weighed at different exposure 
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times ranging from 1 to 120 h. At RH > 74%, a small 
amount of toluene held in a vial was fixed in the glass jars 
in order to prevent microbial spoilage of the samples [6]. 
Moisture content of each sample after reaching the 
equilibrium condition was determined by drying it with 
the hot air oven at a temperature of 103°C for 3 h. The 
moisture content determined by the hot air oven was used 
instead of the AOAC method [7], the percentage error 
from two methods approximately 0.4% [8]. The 
experiment at each sorption condition was repeated three 
times and the mean value was reported.  

SEM PHOTOGRAPH 

The morphologies of dried banana foam mats were 
characterized using scanning electron microscope (SEM) 
with an accelerating voltage of 10 kV. Before 
photographing, the specimens were cut into a dimension of 
5
 5 mm and then glued on the metal stub. The samples 
were coated with gold, scanned, and photographed at 15X 
magnification

TEXTURE ANALYSIS  

 The effects of moisture content on product textures 
were studied. The initial moisture content of the banana 
foam was about 0.038 kg/kg d.b. The dried banana foam 
mats adsorbed water vapour in the glass jars which 
controlled relative humidity about 75% by using saturated 
NaCl solutions at temperature of 24oC. After moisture 
adsorbed for determined time, the test applied a direct 
force to the sample using a 5 mm spherical probe at a 
constant crosshead speed of 2 mm/s. The hardness was 
defined as the maximum force of the force-deformation 
curve and the crispness was characterized by the number 
of peaks and the slope of the first peak. The data were 
analyzed by ANOVA using Duncan’s multiple range test 
at p<0.05. Eight samples were tested and the average 
values of hardness and crispness were presented. Moisture 
content of each sample after the texture analysis was 
determined. All experiments were performed at 24oC.

DETERMINATION OF EFFECTIVE MOISTURE 
DIFFUSIVITY 

The banana foam mats used in the experiments has a 
dimension of 43
 43
 4 mm. This sample size may 
provide the transport of moisture in direction of thickness. 
The transport of moisture can be described by Fick’s 
equation:
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where Deff(M) is the effective moisture diffusion 
coefficient (m2/s), M the moisture content (kg/kg d.b.), t
the time (s) and x the distance along the diffusion path 
(m). In this study, it was assumed that the initial moisture 
distribution inside the sample was spatially uniform and 
the migration of water vapor from the surrounding air to 

the foam mat surface occurred at the top surface and no 
moisture transferred at the bottom since the sample surface 
was placed on an opaque glass dish. Initial moisture 
distribution in the sample was assumed to be uniform. 
From the above assumptions, the following initial and 
boundary conditions can be setup: 
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where Min is the initial moisture content (kg/kg d.b.), Ms

and Me the moisture content at the surface and at the 
equilibrium (kg/kg d.b.), respectively, L thickness of 
material (m), hm the convective mass transfer coefficient 
(m/s). Eqs. (2), (4) and (5) can be, respectively written in a 
finite difference form as follows: 
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In the calculation of moisture content, the sample 
thicknesses of 2.8 and 3.2 mm for the respective foam 
densities of 0.21 and 0.26 g/cm3 were divided in 105 and 
120 layers and the time step of 0.01 sec was chosen. 

After the moisture content at every node is known, the 
average moisture content � �pretM  can be readily be 

calculated by integrating the predicted moisture profile 
though out the sample thickness and the trapezoidal 
numerical integration was used: 

� �
L

xMMM
tM

N

i

t
i

t
N

t

pre 2

2
1

1
0 ��

�

�
�
�

� ��
�

�
�

�  (9) 

where N is number of layer. The dependence of diffusivity 
on moisture content can not be described by any specific 
equation. To find the suitable form of equation, three 
possible empirical equations obtained from the literature 
[9, 10, and 11] were tested with the moisture adsorption 
data.
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where D0, Dx, e1, e2, and a are the constant parameters. 

The accuracy of the models was evaluated by root mean 
square error (RMSE) and coefficient of determination (R2)
value. The RMSE is defined as 
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where � �exptM is the experimental average moisture content 

of material at time t,
pretM )(  the predicted average 

moisture content and P the number of experimental data.
The lower the value of RMSE is the better the goodness of 
fit. In this work, a modified Nelder-Mead simplex method 
was used to estimate the constant parameters in Eqs. (10), 
(11) and (12). The RMSE was set as the objective function 
with a tolerance of 10-9. The initial guesses obtained by 
least squares fits of the data calculated from the method of 
slopes [12]. The model with the lowest value of RMSE 

and highest value of R2 was considered the best model to 
correlate the experimental data. The code for numerical 
solution was written in Microsoft Visual C++ 6.0 
programming language. All computations were 
implemented using Intel C++ Compiler [13] and run on a 
PC with 3.0 GHz.  

RESULTS AND DISCUSSION

Identification of effective moisture diffusivity model
To find the appropriate diffusion equation, two sets of 

the moisture adsorption data at 40�C and 66% RH as well 
as at 35�C and 83% RH were demonstrated. The estimated 
constant parameters for Eqs (10), (11) and (12) along with 
their values of RMSE and R2 are presented in Table. 1. 
The R2-value for all diffusion models is above 0.99 and 
the values of RMSE were lower than 0.007. When using 
these constant parameters for calculating the moisture 
content, it was found that all diffusion models can predict 
moisture content in agreement with the experiment as can 
be seen in Figs. 1a and 1d.  

Table 1 Estimated parameters of empirical models for selected conditions 

Experimental conditions 
40 oC, 66% RH 35 oC, 83% RH 

Estimated 
parameters 

Eq.(10) Eq.(11) Eq.(12) Eq.(10) Eq.(11) Eq.(12) 
D0 5.947
 10-10 8.908
 10-11 3.962
 10-10 1.709
 10-10 6.326
 10-11 1.236
 10-10

e1 11.108 - - 4.604 - - 
e2 -27.508 - - -7.172 - - 
Dx - -0.463 - - -0.244 - 
a - - -3.914 - - -1.210 
R2 0.996 0.999 0.998 0.995 0.999 0.998 
RMSE 0.0035 0.00101 0.00114 0.0065 0.00306 0.00336 

However, when considering moisture diffusivity 
obtained from the models, it can be seen from Figs 1c and 
1f that the diffusivity values of all diffusion models 
decrease with increasing moisture content. According to 
theses results, it implied that difference in the values of 
effective moisture diffusivity determined from the models 
was insensitive to the calculation of moisture content; the 
moisture contents calculated using the diffusion models 
were almost superimposed. Hence, it is very difficult to 
identify the suitable model for predicting the moisture 
content based on the values of RMSE and R2, and one 
more criterion was used to quantify the quality of 
estimated constant parameters.  

The local relative error (E) was used to identify the 
suitable diffusion model and it is defined as 
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where Mexp(t) is the experimental moisture content at time 
t and Mcalc (t) is the moisture content from prediction. If 
the estimation of moisture content is perfect, the value of 
E at time t is zero. The values of E for the three empirical 

diffusion models are shown in Figs. 1b and 1e, indicating 
that the value of E was less than 1% throughout the 
exposure time when the relationship between effective 
moisture diffusivity and moisture content was described 
by Eq. (11) whilst the error from prediction by using other 
equations were higher than 1 %.  

The prediction of adsorbed moisture content at the 
early period with high accuracy is very important to crispy 
product since the product quickly loses its crispy texture 
when the product adsorbs the water vapor up to certain 
moisture content. From this study, the banana foam will 
lose crispiness at moisture content about 5% d.b. as can be 
seen in section of texture banana foam. From these results, 
it can be deduced that Eq. (11) is reasonably used to 
describe the moisture adsorption of banana foam. This 
power-law model is also used to describe moisture 
adsorption in the snack foods such as sponge cake [14], 
showing the similar tend of moisture diffusivity with 
moisture content. 



Fig. 1. Validation of the moisture uptake estimated and the variation of effective diffusion coefficient with moisture content 
of two selected cases

Effect of relative humidity on effective moisture 
diffusivity
 Fig. 2 shows the moisture adsorption at 35�C and 
relative humidity of 32 to 83% for the banana foam 
density of 0.21 g/cm3. As expected, the faster adsorption 
rate was accomplished with higher relative humidity. The 
predictions of moisture content using Eqs. (1) and (11) 
agreed well with experimental data over a wide range of 
relative humidities.  

Fig. 2. Effect of relative humidities on moisture adsorption 
kinetics at 35oC for the foam density of 0.21 g/ cm3

Fig. 3. Variation of effective diffusion coefficient with 
moisture content at various relative humidities for the 

dried banana foam density of 0.21 g/cm3

Fig. 3 shows the changes of Deff with moisture 
content at 35�C and at different relative humidities. The 
trend of changing Deff with moisture content was very 
different amongst relative humidities. The values of Deff
remarkably increased with increasing moisture content at 
relative humidity of 32% and when the relative humidity 
increased continually, the change of Deff with moisture 
content became smaller, as indicated by a lower slope, 
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until at relative humidity of 83% the Deff trend was 
reversed, showing a decrease in Deff when the sample 
adsorbed water vapor. The Deff trends at other 
temperatures such as 40 and 45�C were similar to Fig.3, 
but the tendency for Deff to decrease with moisture content
occurred at lower relative humidity (66% RH at 40-45�C).

Such different trends of Deff can be explained by the 
fact that at the relative humidity of 32% the water vapour 
can diffuse rapidly through the voids of the banana foam 
mats and is then adsorbed onto the pore wall. Since the 
equilibrium moisture content at this relative humidity is 
very low (< 0.13 kg/kg d.b.), the moisture content at this 
level is called bound water. The molecular mobility of 
bound water increases with the level of moisture content. 
Hence, the increase of Deff with increasing moisture 
content could be attributed to contributions from diffusion 
in the solid matrix of food and vapour diffusion in pores.

When the relative humidity increased, the water vapor 
molecules frequently collide amongst themselves in the 
pore space and the condensation of water vapor may occur 
inside the pore spaces in particular small pores. The 
occurrence of condensation is due to the increasing van 
der Waals interactions between vapor molecules inside 
pore space. When the pores inside the porous food are 
filled with the condensed water, the water vapour cannot 
diffuse through these pores and this, in turn, provides the 
smaller flux of water vapor diffusing through the porous 
food. Hence, the Deff decreased. As shown in Fig. 3, for 
example, when compared at the same moisture content, 
the value of Deff was significantly lower at relative 
humidity of 50% than at 75%. From the condensation 
effect, the change of moisture diffusivity with moisture 
content became smaller at higher relative humidity.

At the relative humidity of 83% at which the banana 
foam surface of banana foam started getting wet at 
moisture content of approximately 0.12 kg/kg d.b. This 
may cause a sharp decrease of Deff for the moisture range 
of 0.04 kg/kg d.b. to 0.12-0.16 kg/kg d.b. Beyond this 
range, the Deff changed slightly, implying that the transport 
of moisture is contributed from the liquid diffusion.

Effect of temperature and initial foam density on
effective moisture diffusivity

Fig. 4 shows the changes of Deff at 35 and 40�C. As 
expected, the Deff increased with increase in temperature. 

Fig. 4. Effect of temperatures on the Deff at the foam 
density of 0.21 g/cm3

Fig. 5 shows the Deff value for both foam densities at 
an illustrated temperature of 35oC for the relative 
humidities approximately 32 and 50%. As shown in this 

figure, at the same relative humidity, the Deff was slightly 
lower at the foam density of 0.26 g/cm3 than at the density 
of 0.21 g/cm3. The difference in the Deff can be accounted 
for the morphology difference among both samples as can 
be seen in the SEM. 

Fig. 5. Effect of initial foam densities on Deff at the 
temperature of 35oC

Fig. 6. SEM micrographs of dried banana foam mats at 
different initial foam densities

The microstructures of dried banana foam mats 
characterized by SEM are shown in Figs. 6a and 6b for 
two initial foam densities. It is clear from these figures that 
the sample with an initial foam density of 0.21 g/cm3 had 
larger pore than higher foam density. In the porous banana 
foam studied, the void area fractions for the banana foam 
densities of 0.21 and 0.26 g/cm3 were 31 and 26 %, 
respectively. High porosity in porous foods provides less 
diffusional flux resistance and thus greatly facilitates the 
moisture transport to those porous foods. 

Texture of banana foams
Fig. 7 shows the curves of the force measured versus 

displacement recorded by texture analyzer at different 
moisture content levels. As observed from this figure, the 
maximum force decreased with increasing the moisture 
content levels. The jagged pattern of the force-deformation 
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curve reflects the higher crispy behavior of the banana 
foam mats. When the sample was adsorbed more moisture, 
this fracture pattern was absent, revealing the sample is 
not expected to have the crisp and hard eating character. 

Fig. 7. Variation in force-deformation curve during 
compression test at various moisture content levels for 

foam density of 0.21 g/cm3

Fig. 8. Effect of moisture content and initial foam densities 
on (a) maximum force, (b) initial slope and (c) number of 

peaks of the banana foam mats 

The textural parameters such as maximum force, initial 
slope and number of peaks are determined from force-
deformation curve and the results are shown in Fig. 8. The 
number of peaks was counted when the force amplitude is 
more than the threshold values, which was set at 30 g. The 
statistical analysis results were also shown in Figs. 8b and 
8c. The number of peaks and initial slope for both foam 
densities significantly decreased with increasing moisture 
content, but the maximum forces of each initial foam 
densities were insignificantly different when the moisture 
content increased. The number of peaks for both foam 
densities approaches zero at moisture content of about 
0.078 kg/kg d.b., which indicate that the product lost all its 
characteristic crispness. 

In the tropical countries such as Thailand, the relative 
humidity was around 65-73%. At this range of relative 
humidity, the equilibrium moisture content of the banana 
foam was approximately 0.24-0.36 kg/kg d.b. Hence, the 
banana foam mat can lose its textures. To maintain the 
crispy texture of product, the banana foam should be kept 
at low relative humidity or kept with a good packing 
system. 

CONCLUSION

An optimization technique using Nelder-simplex 
method was applied to estimate the effective moisture 
diffusivity. Three empirical equations describing the 
dependence of the effective moisture diffusivity on 
moisture content were tested. The statistical analysis 
shows that a power law function suitably described the 
relationship of the effective moisture diffusivity with 
moisture content in banana foam mat. The relative 
humidity strongly affected the moisture diffusion 
mechanisms as indicated by the subtle changes of effective 
moisture diffusivity at conditions. In addition to the 
moisture content and relative humidity, the effective
moisture diffusivity depended on the temperature and 
foam density. As the banana foam adsorbed water vapor, 
the number of peaks and initial slope decreased, but the 
maximum force did not change.  
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