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ABSTRACT 
The drying and rehydration behavior of dried mangoes, the solute 
incorporation effect during rehydration and the applicability of 
Fick’s second law to the adjustment of experimental data were 
evaluated. Slabs of mango were dried in a discontinuous operation 
at 45, 50, and 60 °C and two airflows: 15 m/s and 3.5 m/s. 
Samples were rehydrated in water, glucose solution or sucrose 
solution. The quality indices of WAC, DHC and RA during 
rehydration were determined. Drying of mango occurred during 
the falling rate period, in two stages independent of airflow used. 
There was a greater diffusion with increase in temperature and a 
minor effective diffusion coefficient when velocity airflow 
diminished. During rehydration of the dried product we observed 
that water incorporation was greater for glucose-rehydrated 
samples than for sucrose-rehydrated samples, and, in both cases, 
the obtained values were lower than the value for pure water. 
Sucrose- and glucose-rehydrated samples show a countervailing 
effect with respect to solid loss. Samples that were rehydrated in 
solute had lower WAC values than samples rehydrated in pure 
water, and diffusion was favored by solute incorporation. Deff 
varied during the rehydration process along with the water content 
of the system. Sorption properties of dried mangoes were studied 
to evaluate the store conditions of the product. Sorption was 
conducted by the isopiestic method at 8°, 25° and 35°C. We 
observed isotherms of type J, which are characteristic of foods 
with high sugar contents. According to the sorption results, and 
considering frequently storage conditions for extreme times of the 
year, we can infer that when the weather is hot and humid, the 
temperature will not produce changes, but the humidity will have 
a negative effect. 
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1. INTRODUCTION 
Mathematic descriptions of dehydration are important to the 
design and optimization of drying processes. While the exact 
mechanism of moisture movement is still unknown, the most 
accepted theory is that it moves by diffusion through a 
concentration gradient. Some authors have assumed dehydration 
to be controlled by diffusion and analyzed their experimental data 
using Fick’s diffusion laws. These studies demonstrated that a 
model based on first-order kinetics could properly describe the 
loss of water during dehydration [21, 12, 19, 20, 38, 75, 25, 73]. 
The assumption that the diffusion coefficient is constant during 
the drying process is not always valid. Some publication report 
the effective diffusion coefficient varies with sample moisture 
content [102, 32, 75, 29] and with operation temperature [83, 101, 
71, 25, 91]. The usual way to introduce water diffusion 
temperature dependence is to consider the Arrhenius relationship 

with the reference diffusion coefficient (D0) and activation energy 
(Ea). 
To understand drying mechanisms, the external resistance to mass 
transfer must be negligible, which will assure with high rate of 
airflow. Some authors studied drying behavior assuming internal 
control conditions, using an airflow velocity between 1 and 5 m/s 
[102, 23, 97, 2, 8, 19, 72, 91]. However, other authors suggest that 
high airflow velocities (13–16 m/s) are necessary to minimize 
external resistance [38]. Under these conditions, it is possible to 
determine an instant drying rate. 
During the process of dehydration, the water that has been 
removed is represented by different stages according to the degree 
of saturation of the food; the water removal cannot be considered 
to be a reversible process. The mechanism of moisture movement 
during dehydration is different from the mechanism of water 
movement during rehydration [23]. 
Several changes occur during the rehydration process, including 
mass transfer, water transfer from the liquid phase or solution 
through the food material and transfer of solids from the food to 
the solution. The simulation and commercial application of 
rehydration require knowledge of the mechanisms involved in 
these fluxes. For this reason, determination of the kinetics of the 
rehydration process is fundamental to the transfer of technology to 
food industries that use dried food products as feedstock.  
The rehydration characteristics of dried materials are important 
for the determination of product quality and are used as quality 
indices of the physical and chemical changes that occur during the 
drying process where the sample composition, drying conditions 
and pretreatment conditions play important roles [66, 64, 92]. 
Besides the amount and rate of water absorption determine the 
sensorial properties and customer preparation/utilization times of 
various foods. It was demonstrated that the volume changes in 
biological materials due to rehydration are usually proportional to 
the amount of water that has been absorbed. During the process of 
rehydration, water absorption is rapid during the initial stages. 
This rate gradually decreases as the moisture content approaches 
equilibrium; near equilibrium, water has filled nearly all available 
pores, and the material has recovered a considerable percentage of 
its original moisture content [55]. However, during the process of 
rehydration, loss of solids also occurs, which can involve losses of 
vitamins, sugars, amino acids, and minerals. The loss of solids is a 
kinetic phenomenon with diffusion as its main mechanism; it 
occurs at a greater speed than water absorption [35]. 
Mathematical tools that allow us to represent rehydration 
processes are focused on the determination of water kinetics, 
which describes how certain process variables could influence 
water transference [51, 34]. Some authors describe rehydration for 
specific food materials, assuming water transport from the surface 
to the solid interior occurs mainly by diffusion, and they have 
determined effective diffusion coefficients using Fick´s second 
law [80, 79, 13, 55, 66, 13, 77, 78, 35, 37, 59]. 
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Three indices are proposed to estimate the rehydration 
characteristics of dried products: absorption water capacity 
(WAC); dry-matter holding capacity (DHC); and rehydration 
ability (RA). WAC provides information regarding the capacity of 
the matrix to absorb water with respect to the water content after 
dehydration. The DHC index is a measure of a material’s ability 
to retain soluble solids after rehydration and provides information 
regarding tissue damage and the tissue’s permeability to solutes. 
Finally, the RA index expresses the hydration ability of a dried 
product and indicates the total damage caused by dehydration and 
impregnation during rehydration. 
It is necessary to consider the changes of the macrostructure and 
microstructure of the tissues during processes, including the 
pretreatments applied before dehydration, the dehydration process 
itself and the rehydration process.  
Every process that is used to conserve a food material is 
detrimental to its tissue integrity, particularly to the cellular 
membrane [89]; therefore, the characteristics of vegetal tissues are 
a key factor in mass transfer. The degree of rehydration depends 
on the grade of cellular and structure rupture due to the 
pretreatment and dehydration processes [13]; therefore, structural 
changes are associated with the specific properties of each 
rehydrated food. 
The storage behavior of a dehydrated product is another index that 
allows its quality to be inferred under certain conditions, meaning 
that knowledge of its sorption properties is especially important. 
We can associate changes in the color, flavor, texture, stability 
and acceptability of a food product to the changes in aw over small 
ranges [65, 93, 99]. 
Water sorption isotherms are highly specific for a given matrix 
and can change significantly, depending on the manipulation of 
the material under study. Mathematical models that represent 
sorption isotherms are useful in drying process design and often 
provide the parameters of the stability characteristics of storage 
materials; consequently, these models must be used to predict a 
product’s shelf life. There are a number of models that allow the 
correlation of the equilibrium water content with aw, while also 
considering the influence of temperature. These models can be 
empirical, semi-empirical or theoretical. The BET (Brunauer, 
Emmett and Teller) model is one of the most commonly used 
models for foods with high sugar contents and is easily linearized 
and widely used to estimate monolayer water content and sorption 
heat [14]. The Henderson equation provides a good fit to foods 
with high sugar contents, but it involves empirical constants with 
no physical meaning [93]. The Iglesias and Chirife equation is 
used to adjust experimental data for high sugar content foodstuffs 
and provides good performance with these products (42, 41]. The 
GAB (Guggenheim, Anderson and de Boer) equation contains 
parameters with physical meanings, but it is complex and cannot 
be linearized. This equation has a thermodynamic basis and fits 
experimental data properly over a wide range of relative 
humidities [42, 62, 67, 96, 94, 99]. The standardization of the 
determination of sorption isotherms was presented many years 
ago by the Water Activity Group of the European Economic 
Community Project COST 90 [90, 49, 15]. At that time, the use of 
saturated solutions and the static method were adopted [62, 63, 
81].  
The Clausius-Clapeyron equation can be used to predict aw at any 
temperature if one knows the sorption heat for a given constant 
water content [94, 16, 43, 69, 85]. We can predict aw at any 
temperature through taking at least two isotherms with differences 
in temperature no greater than 10°C, using the Clausius-
Clapeyron equation [41, 93, 7, 47, 39]. Thermodynamic 
relationships allow the estimation of process energy requirements 

and the prediction of optimal storage conditions to obtain 
maximum food product stability. Therefore, thermodynamic 
properties, such as enthalpy, Gibbs free energy and entropy are 
important for the design and optimization of a drying operation. 
Hubinger et al. [40] reported the sorption isotherms of mango 
slices dried in air at 50°C in a vacuum oven and rehydrated to 
different water contents using an aw electronic meter. They 
described mango isotherms at 25° and 50°C, and they found no 
temperature effect on thermal sorption behavior. The reversibility 
of dehydration and rehydration processes was assumed in this 
study. However, depending on the drying technique used, it is 
possible to obtain different product characteristics using the same 
original material, particularly with regard to its rehydration 
capacity [82]. 
The aims of this study were 1) to evaluate mango behavior during 
drying with airflow velocities of 3.5 and 15 m/s and three 
different temperatures, to determine their effects on mass transfer 
and 2) to evaluate the effect of solute in the rehydration process of 
dried fruit. 

2. MATERIALS AND METHODS  
We acquired mangoes from a local market in Jujuy Province, 
Argentina. The fruit was brought to the laboratory in wooden 
boxes and was refrigerated at 13ºC until it was used; the 
refrigeration time was no longer than four days. The sugar content 
was inferred from digital refractometer (ABBE Quartz, Belgium) 
measurements of soluble solids; the sugar content was expressed 
in ºBrix. The fruit was cut into 4 cm x 4 cm x 0.4 cm slabs (using 
the geometry of infinite slabs). 

2.1 Moisture determination 
Moisture content of samples was determined following the AOAC 
Nº 925.45 or 44.1.03 (1995) method in a vacuum oven (Shel lab, 
model 1410) at 60 ± 1 ºC and 25 in Hg of vacuum. 

2.2 Drying of mango  
The slabs of mango were subjected to thermal dehydration in a 
laboratory tray dryer with forced air convection at 45 ± 1º, 50 ± 1º 
and 60 ± 1ºC and air flow rates of 3.5 and 15 m/s, until 
equilibrium was achieved. An experimental dryer with a flow and 
air temperature control system was used for achieve the greater air 
rate. A DENVER APX analytical balance (200 g capacity and 
precision ± 0.0001g) was used to measure sample weights.  
Weight loss (WL) and water content (w) were evaluated. Process 
kinetics was followed until the variation in weight loss was not 
significant. 

2.2.1 Shrinkage 
Shrinkage, which occurred during the dehydration process as a 
result of water elimination, was evaluated by determining the 
relative volume of the dried material (VR). The relative volume 
was the ratio of the mango slab volume after dehydration (V) to 
that observed before dehydration (V0), as follows: 

VR =V/V0 (1) 
The volume of each fruit sample was calculated by multiplying 
three basic sizes measured by a slide caliper. One hundred 
replicates were performed using samples with the same moisture 
content. 

2.2.2 Mathematical model 
Assuming isotropic diffusion, a constant effective diffusion 
coefficient (Deff), and constant temperature, Fick’s second law 
for one-dimensional diffusion is (2) [21]: 
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Crank [21] proposed the solution of the Equation (2) for an 
infinite slab, under the following assumptions: (a) the initial 
moisture content in the solid is uniform, (b) the material keeps its 
original shape during dehydration, (c) the solid surface is 
continuously in equilibrium with drying air, (d) heat transfer 
occurs rapidly so it is negligible, (e) the effective diffusion 
coefficient is constant, and f) flow interactions are negligible. The 
solution proposed by Crank (2) is: 
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Diffusion coefficients obtained using the first term of the 
mathematical series were not different from those obtained using 
3, 5, and 7 terms of the series [102]. For simplicity, we restrict 
Equation (3) to the first term, resulting: 
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Diffusion coefficient Deff can be evaluated by plotting the 
logarithm of the first term of Equation (4) versus time. Its 
variation with sample moisture content can be obtained by 
mathematically correlating experimental data. 

2.3 Rehydration 
Rehydration was achieved by submerging the dehydrated samples 
in water or solution in a 30:1 ratio in glass containers with 250 ml 
capacities. The containers were maintained at a constant operating 
temperature and a constant agitation of 100 rpm in a Vicking 
shaker. The weights and water gains were evaluated from the 
variations in the water contents of the samples and losses of 
solids.  

2.3.1 Effect of solute on rehydration process.  
Dried mango samples were rehydrated in sucrose 60° Brix and 
glucose 35° Brix solutions at 25°C. We selected these 
concentrations of the solutes because they were commonly used in 
osmodehydration, to provide similar decreases en water activities. 
Samples were weighed at different immersion times using an 
absorbent tissue to eliminate excess surface liquid. Weight and 
water gains were determined using the gravimetric method.  
Due to the difficulty in measuring soluble solids using a 
refractometer and given the low moisture contents of the samples, 
especially at the beginning of the process, the total loss of solids 
was evaluated based on a mass balance of the system. The kinetics 
of the process was followed until the variation in weight gain was 
insignificant.  
Each treatment was evaluated using a minimum of three 
replicates, and each replicate was tested in triplicate.  
Dried mango that was rehydrated in pure water was used as a 
control system.  

2.3.2 Structural analysis 
Sample microstructures were observed by SEM. Small pieces that 
were taken from the inner parts of the mango slabs were fixed, 
fractured using liquid N2, gold-coated and analyzed in a high 
vacuum using a scanning electron microscope (JEOL JSM-6480 
LV; Japan). 

2.3.3 Mathematical model. 

We evaluated the fit of the experimental data to Fick´s second law 
solution for an infinite slab, assuming isotropic diffusion, a 
constant effective diffusion coefficient (Deff) and constant 
temperature. We assumed that (a) the initial moisture content in 
the solid is uniform, (b) the material retains its original shape 
during the rehydration process, (c) the solid surface reaches 
moisture saturation immediately as it is submerged, (d) external 
resistances to mass and heat transfer are negligible, (e) the 
effective diffusion coefficient is constant, and (f) any change in 
the volume of the solid is negligible. Under these assumptions, the 
solution to (2) is the equation (3) (21, 102, 8, 38, 75, 12, 19, 20]. 
When analyzing our data, we assume that the series in (3) can be 
approximated by the first term, as in equation (4). 
From a plot of log (W/Wo) vs. t, the effective diffusion coefficient 
(Deff) can be evaluated, and the variation of the effective diffusion 
coefficient with the moisture contents of the samples can 
subsequently be obtained by mathematically correlating the 
experimental data. 

2.3.4 Quality indices 
The experimental relationship between the water absorbed during 
rehydration and the water lost during dehydration (WAC) was 
evaluated using the following equation: 

wdwb

wdwr
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The DHC index (dry-matter holding capacity, g solids in 
rehydrated sample/g solids in dehydrated sample) was evaluated 
by: 

sd

sr

m
mDHC   

The rehydration ability was calculated by: 

DHCWACRA   
Each treatment was evaluated by a minimum of three replicates, 
and each replicate was tested in triplicate. 

2.4 Statistical analysis  
Statgraphics Centurion XV and GraphPad Software were used for 
statistical analysis. Analysis of variance (ANOVA) and the LSD 
mean comparison test were used to determine differences between 
the treatments to find temperature effects during dehydration and 
solute effect during rehydration. The significance levels used were 
0.05 and 0.01. Linear and non-linear regressions were used to 
develop an equation that related water diffusion coefficients and 
water absorption rates with water content. Each treatment was 
evaluated using at least three determinations with each in 
triplicate. 

2.5 Determination of sorption properties 
The isopiestic method was used to determine the sorption 
properties. Supersaturated solutions of prepared KNO3, BaCl2, 
KCl, NaBr, NaCl and LiCl were placed in containers that were 
suitable to saturate the atmosphere and to provide constant 
relative humidity to the selected microenvironment.  
Fresh fruit sorption isotherms were determined. In total, 2.5 g of 
fruit was placed in a glass weighing bottle. Samples were 
previously treated with dilute sodium hypochlorite solution and 
were sprayed with a potassium sorbate (1,000 ppm) solution to 
limit microbial growth. Adsorption isotherms were evaluated 
using lyophilized samples and carried out in a Heto Lab 
Equipment FD4 model (Germany) to a constant weight. Fresh and 
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lyophilized samples were placed in triplicate into the containers, 
25 pulg Hg of vacuum was applied, and the temperature was 
maintained at 25±1ºC or 35±1ºC in the oven and 8±1ºC in the 
refrigerator. Samples were weighed at different times until 
stabilization to determine the equilibrium moisture content for 
each aw.  
The temperature effect on sorption isotherms was evaluated by 
applying the Clausius-Clapeyron equation, which was deduced for 
liquid-vapor equilibrium, to the temperature-water pressure data. 
This method allows us to calculate the enthalpy changes 
associated with the sorption process for different moisture values 
(isosteric equilibrium). The Clausius-Clapeyron application is 
based on the following suppositions: (1) there are no changes in 
the pure water vaporization heat and sorption isosteric heat (H) 
at different temperatures, and (2) the moisture content of the 
system remains constant. 

cRTHP  /ln  
where c is the constant. 
H values were calculated for different moisture contents, and G 
and S values were determined using thermodynamics laws, 
while considering net isosteric heat reduction with increases in the 
moisture content. 

STHG   

The net sorption heat was calculated by 

vs HHQ    

Hv vaporization of pure water 54 enthalpy, kJ/mol 

2.5.1 Isotherm mathematical models 
Statistic software was used to correlate the data and obtain 
graphical representations of the experimental results. Sorption 
experimental data were adjusted by the GAB equation using an 
indirect method. 
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Sorption data were used to predict the behavior of the dried 
mango under storage conditions. A GAB parameter statistical 
analysis was conducted using the Statgraphics software. A basic 
descriptive analysis, a variance test and a T test were carried out 
with a significance level set at 95%.  
The sorption surface area was calculated by 

OH

M
AVOH PM

W
NA

2

2
  

sorption surface area, m2/g; NAV Avogadro’s number = 6 x 1023; WM 
monolayer water content g/100 g dry basis (db); AH2O surface of a water 
molecule = 1.06 10-19 m2 

3. RESULTS AND DISCUSSION. 
Initial air conditions at each of the three temperatures used are 
shown in Table 1. The absolute humidity of air used for drying 
was similar in all cases.  
Equilibrium values of moisture content for samples dried with 15 
m/s air flow are 0.053±0.001, 0.034±0.001, and 0.025±0.001 g/g 
d.b. for 45, 50, and 60 °C, respectively. The kinetics of the 
elimination of moisture was similar at the three temperatures 
evaluated (Figure 1). Sample stabilization began at 3600 (60 min), 
5100 (85 min) and 5400 (90 min) seconds for 60, 50, and 45 ºC, 
respectively. After 30 minutes of there was no statistical 
difference between response curves obtained at 45 ° and 50 °C.  

Water content of the samples decreased with increasing 
temperature until 95 minutes of drying time. After that time, the 
temperature effect was negligible, which indicates that operations 
at high temperatures require less time to achieve the same 
moisture content in the fruit. This is similar to the reports of 
Prachayawarakorn et al.  [75] in banana, Vega-Gálvez et al. [95] 
in red pepper, Biju Cletus and Carson [12] in chestnuts, Kaya et 
al. [46] and Orikasa et al. [71] in kiwi, Seremet et al. [82] in 
pumpkin slices. 

Table 1: Drying air conditions 

Tsou K HRsou   

% 

T  

K 

HR 

% 

Ha 

kg/kg 
d.a. 

h 

 kJ/kg  
d.a. 

wf 

 g/g 
d.b. 

295 70.8 333.15 
(60 °C) 

8.5 0.011 106.6 0.077 

294 77.6 323.15 
(50 °C) 

14 0.0115 96.1 0.17 

294 77.7 318.15 
(45 °C) 

21 0.012 92.0 0.13 

Sou: sourround; HR: relative humidity; Ha: absolute humidiy; h: enthalpy; 
wf: final water content 

Fick´s second law provided a satisfactory adjustment of the 
experimental data as found in other food matrices [88, 8, 23, 71, 
9, 104, 38, 64, 73]. 
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To verify assumption (e) in Equation 4, the variation of effective 
diffusion coefficient with time was evaluated. This variation 
depended upon moisture content as suggested by the nonlinear 
shape of the experimental data. This behavior is similar to that 
observed by Krokida and Marinos-Kouris [51], Giraldo et al. [37] 
and Doimaz [25]. We found that the variation of the diffusion 
coefficient with water concentration obeyed a linear relationship, 
at each of the three used temperatures. 
 

0

5E-11

1E-10

1.5E-10

2E-10

2.5E-10

0 0.5 1 1.5 2 2.5 3 3.5 4

D
ef

f, 
m

2 /
s

w, g/gd.b.

 

(10) 

(11) 

(12) 

50°C 45°C 60°C 

50°C 45°C 60°C 

(9) 

(8) 

Figure 1: Drying curves of mango (15 m/s). 
Temperature effect. 

Figure 2: Effective diffusion coefficient. Temperature 
and water content effects. 

(11) 
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Effective diffusion coefficients and the effects of temperature and 
water content evolution can be observed in Figure 2. These values 
are similar to values reported for others fruits: apricot drying at 60 
°C with air flow 0.5 m/s, Deff = 5.59 x10-9 m2/s; for banana at 50 
ºC, air flow 3.1 m/s and 10 – 35 % of air relative humidity, Deff = 
4.6 x10-10 m2/s , kiwi at 60 ºC and air flow 3 m/s , Deff = 9.46x10-

10 m2/s; for apples Deff = 2.93x10−10 - 6.08x10−10  m2/s for drying 
temperatures of 55, 65 and 75 ◦C and a constant air velocity of 2.0 
m/s [23, 83, 8, 25] . The effective diffusion coefficient reported 
for orange skin varies between 0.81 x10-10 - 5.11 x10-9 m2/s using 
temperatures between 30–90 °C. González-Fésler [38] reported 
Deff = 3.3x10-11 m2/s for apples drying with air at 60 °C and 9-10 
% relative humidity. Corzo et al. [19] studied water diffusion in 
mango at two stages of ripening drying with 60 °C and 1.8 m/s air 
and report Deff of 1.74x10-10 and 2.30x10-10 for green and half-ripe 
stages. The effective diffusion coefficient increased with 
temperature as reported by other authors [19, 46, 101, 95]. 
No drying constant period was found as reported for other 
matrixes [88, 8, 32, 91]. Drying of mango occurred during the 
falling rate period as other authors report for other matrixes [8, 70, 
20, 73]. Results showed that water movement was controlled by 
diffusion. 
Figure 3 shows the water elimination rate (dw/dt) with moisture 
content. Slope changes affirmed that drying occurred in two 
stages during the falling rate period demonstrating a hygroscopic 
behavior of mango where water was transferred from the solid 
centre to the surface as vapor. The first stage had a higher water 
elimination rate and was complete after 25 and 30 minutes of 
operation.  

 

Water diffusion was similar at 50 ° and 60 °C. Drying with air at 
45 °C produced minor water diffusion due to minor heat 
transference that influenced mass transfer velocity. The variation 
of the effective diffusion coefficient with temperature fits the 
Arrhenius equation as found with other matrices [9, 84]. The 
activation energy obtained was 17.58 kJ/mol, which is in the 
range to that previously reported for mango and other fruits: Ea 
(kiwi) = 27 kJ/mol – 29.6 kJ/mol, Ea (orange skin) = 37.1 kJ/mol, 
Ea (apple) = 24.51 kJ/mol, Ea (sweet cherry)= 43.05 kJ/mol; Ea 
(fig) = 40.95 kJ/mol), Ea (green mango) = 22.3 kJ/mol, Ea (ripe 
mango) = 9.3 kJ/mol, and Ea (mango) = 8.30 kJ/mol [102; 83, 
101, 19,20, 71, 103, 25]. Similar to results reported in this study, 
early reports of Labuza [53] and Roberts and Tong [76] show that 
a diffusion controlled process has an Ea value less than 34 kJ/mol. 
Water effective diffusion coefficient increases with T in the 

studied range. Hence drying process is accelerated with increase 
in T.  

Effect of air rate 
Industrial scale drying processes use air rate near 3.5 m/s. Water 
elimination control in this situation is expected to be joint between 
internal and external control. This means that two transferences 
could take importance: 1) water migration rate from the inside and 
through the pores, as liquid or as vapor, produced by 
concentration differences, pressure gradient or capillarity and 2) 
vapor water transfer velocity form the surface layer through the 
air. 
We studied drying of mango with airflow of 3.5 m/s to evaluate 
deviation from the ideal situation. We do not observe a constant 
rate period, similar to Desmorieux et al. [24] reports related to 
studies of semi-industrial drying of mango al 60 ºC and similar to 
results obtained with high air velocity (15 m/s).  
In order to analyze the presence of more than one falling rate 
period we applied linear and no linear regression to experimental 
data to determine slope changes. Figure 3 shows that drying of 
mango with 3.5m/s airflow presents two stages for the falling rate 
period in coincidence with founded for drying at high air velocity, 
in case of internal control. At the beginning of the process 
velocity is higher until samples reach a water content of 2 g/g b.s. 
in almost 30 minutes, then velocity diminish slowest.  
Figure 4 compares effective diffusion coefficients for high and 
lower velocity. There is a greater diffusion with increase in 
temperature and a minor effective diffusion coefficient when 
velocity airflow diminishes. However these values are similar to 
other food, as reported by Kaya et al. [46] Orisaka et al. [71] and 
to some previous result obtained for mango [102].  

 
 

Effective diffusion coefficient varies with moisture concentration 
as: 

Deff = c1  W + c2 
c1 and c2, constants 

The effect of moisture content is greater when velocity is lower. 
Working with airflow of 15 m/s temperature effect is greater.  The 
values obtained for drying with air at 60ºC and 3.5 m/s were c1:  
7.0 10-9 ± 1.0 10-11 and c2: 1.310-24 ± 1.510-25; for drying at 60ºC 
and 15 m/s c1: 410-11 ± 1 10-14; c2: 610-11 ± 1 10-14 and for 50ºC – 
15 m/s the values were c1: 310-11 ±1 10-14 ; c2: 410-11 ±  1 10-14  

After dehydration moisture content of the samples results 0.047 ± 
0.007 and 0.025±0.001, for 3.5 m/s and 15 m/s, respectively.  
Molecular diffusion of water is bigger when air velocity increase, 
in coincidence with that observed for Kaya [46] in kiwi.  Changes 

Figure 3: Drying curves of mango (3.5 m/s, 60ºC).  
 

Figure 4: Effect of temperature and airflow on 
effective diffusion coefficient. 
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en water elimination velocity during first stage of falling rate 
drying period is superior to the second stage.  
We verify the assumption that internal resistance to mass transfer 
is significant and that the external resistance is negligible, 
analyzing the Biot number and considering: 

Bimass = km  .  L/  Deff 
and  

h/cp . Pr2/3 = ρ . km Sc2/3 
where, km: coefficent of mass transfer, m/s; L: thickness slab; Pr: 
Prandtl number; Sc: Schmidt number. 
Knowing water properties for the used range of temperature we 
estimate:   

Pr2/3/ ρ. cp. Sc2/3   ≈ 0,001  » km  ≈ h .10-3 ≈ 0,015 – 0,03 

The obtained values for Bimass were: 8.32 105; 6.66 105, 5.56 105 
for drying with air velocity of 15 m/s and 45°, 50° y 60° C, 
respectively. Drying with airflow of 3.5 m/s and 60ºC showed a 
Bimass number of 8.04 105. These values demonstrate internal 
mass transfer as predominant factor during drying and allow us to 
express that there is no significant differences in the mechanism 
of mass transfer due air velocity. Fick equation is valid to 
represent experimental data as in case of observed by Biju Cletus 
and Carson [12] in drying process of chestnuts. We used the 
criteria of Sun and Meunier [86] to evaluate prevalence of mass or 
heat transfer. We used Lewis and Biotheat numbers and the number 
obtained multiplying both. Lewis number for drying with air 3.5 
m/s and 60ºC results: 1.01 and for 15 m/s result: 1.05, 83.9 and 
69.9 for 45º, 50º and 60º, respectively. These results allow us to 
explain the differences found in diffusional behavior during 
drying at the lower temperature and the higher velocity, situation 
in which heat transfer became relevant. We evaluated Le x Biheat 
values, resulting: 2.17x102, for 60ºC and 3.5 m/s; 2.24x102, 
1.80x102, 1.50x102, for 15 m/s and 45º, 50º and 60ºC, 
respectively. These values show that mass diffusion is sufficient 
to describe drying process of mango.  

Rehydration. Effect of solute 
After the mangoes were dehydrated but before they were 
rehydrated, the samples reached a moisture content of 
0.047±0.007 g/g d.b. 
According to the obtained results, the rehydration kinetics show 
typical behavior with a high initial absorption rate followed by a 
slow absorption rate (Figure 5a and 5b) in accordance with other 

reports [34, 68, 6]. This asymptotic behavior is related to a mass 
transfer driving force reduction with rehydration time and close to 
system equilibrium. Quick initial absorption occurs due to the 
filling of capillaries over the sample surface. As water is 
absorbed, the hydration rate decreases, due to the filling of 
capillaries and intercellular spaces. The dehydration process 
produces cellular shrinkage and alterations in the cell walls. When 
the material is rehydrated, the cells absorb water in relation to the 
damage sustained.  
The equilibrium moisture content (saturation) of the samples was 
different from the initial mango moisture content, reaching 75.7% 
of the original water content. This finding confirms the 
irreversibility of the process and the structural damage that occurs 
during dehydration as was demonstrated for other matrixes [10, 
95, 51]. We obtained a water gain of 2.8±0.1 g/g (d.b.), weight 
gain of 2.1±0.2 g/g (d.b.) and solid loss of 0.7±0.1 g/g (d.b.) at 
equilibrium. The aw value of the rehydrated samples, which was 
evaluated at 25°C, was 0.994±0.001. 
We obtained greater weight gains for the samples rehydrated in 
glucose solution than for the samples rehydrated in sucrose 
solution in accordance with behaviors reported by Atarés et al. 
[6], for other fruits. This finding could be due to the higher 
concentration of the sucrose solution, indicating that the driving 
force of the process (water concentration gradient) results was 
weaker. Systems with solute incorporation present less weight 
gain than control samples; this situation has a linear relationship 
with the driving force of water flux in each case. 
Water incorporation was greater for glucose-rehydrated samples 
than for sucrose-treated samples, and, in both cases, the obtained 
value was lower than the value for pure water. These effects are 
shown in Figure 5a. Water mass transfer was higher during the 
first hour of operation; the transfer rate significantly decreased 
with time until equilibrium was reached, coincident with other 
reports for vegetal products where mass transfer occurs between 
30 and 60 minutes of treatment [55, 60]. Water diffusion from the 
liquid to the solid surface and subsequently to the solid interior 
was affected mainly by the solution concentration, which affects 
the aw of the rehydration medium. Other variables, such as 
geometry, sample size, porosity, tortuosity, temperature and 
agitation, can influence water diffusion, but they were not 
considered in this study because they were maintained at constant 
levels for the duration of the study. 

 

 
 

 

 
 

 
Sucrose- and glucose-rehydrated samples incorporated less water 
than did control samples, due to increases in the resistance to mass 
transfer. This resistance was due to the film that formed adjacent 

to the fruit, which was caused by the presence of solute in the 
rehydration solutions, making the driving force (given by the 
difference in the chemical potential between the solution and the 

control Rehydrated in sucrose Rehydrated in glucose control Rehydrated in sucrose Rehydrated in glucose 
Figure 5 a: Evolution of water content during rehydration 

of mango (25ºC). Effect of solute incorporation 
Figure 5 b: Solids gain/loose during rehydration at 25ºC. 

Effect of solute incorporation. 
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food) less prevalent. The equilibrium moisture contents were 2.9, 
1.3 and 0.4 g/g (d.b.) for the samples that were rehydrated in pure 
water, glucose and sucrose, respectively. These values correspond 
to the saturation level of the matrix in equilibrium with the 
rehydration liquid.  
The initial water content was not reached in any of the samples, 
and the amount of incorporated water was approximately 80% of 
the initial water content. This finding indicates the irreversible 
damage produced by dehydration, which results in a loss of 
rehydration ability according to Krokida and Marinos-Kouris [51] 
and Figiel [30]. In this analysis, it is important to highlight that the 
aw of the sucrose solution was less than the aw of the glucose 
solution (0.895 and 0.945, respectively), which is a finding related 
to the chemical potential and, therefore, to the driving force of the 
process.  
Sucrose- and glucose-rehydrated samples show a countervailing 
effect over solid loss compared to the control sample that was 
rehydrated in pure water. We obtained a gain of solids after five 
minutes of operation for both solutes. The gain was greater for 
glucose-rehydrated samples in which diffusion is favored by a 
smaller molecular size and lower solid concentration with a 
consequent decrease in the candying effect (Figure 5b). Solid loss 
prevailed in the initial minutes, influenced by a loss of physical 
material as a result of the textural damage suffered by the matrix 
during the dehydration process.  
The values of gained and lost solids were determined after 
considering the final solid content of the dehydrated product as 
the initial solid content of the rehydrated product. 
Glucose-rehydrated samples had a higher gain of solids and 
higher water incorporation than did sucrose-rehydrated samples, 
which is consistent with their greater gain in weight. By analyzing 
accelerations, or changes in the water incorporation velocity, we 
can infer that rehydration in water at 25°C occurs in a unique 
decreasing rate period. Control samples reached a water content of 
2.5 ± 0.1 g/g (d.b.) and lost 0.61 ± 0.01 g/g (d.b.) of solids after 40 
minutes of rehydration. These values represent 87.9% and 85.9% 
of the total incorporated water and total lost solids, respectively, 
when the process is close to equilibrium. 
We found a decreasing rehydration rate with an increase in the 
water content in all cases, which, after 10–15 minutes, follows a 
linear relationship: 

dW/dt = a + b W 
The obtained values are 0.25 ± 0.03, 0.0161 ± 0.0005, and 0.059 ± 
0.005 for a and 0.084 ± 0.009, -0.032 ± 0.002, and -0.041 ± 0.003 
for b in the control, sucrose-rehydrated and glucose-rehydrated 
samples, respectively. This analysis is similar to the report of 
Krokida and Marinos-Kouris [51] in which they proposed a first-
order equation to describe mass transfer during rehydration.  
The water incorporation rate in the glucose system was higher 
than the rate observed in the sucrose system but was lower than 
the rate obtained in the control system.  
The relationship between water incorporated during rehydration 
and water loss during dehydration (WAC) is shown in Figure 6. 
The equilibrium value is 0.726±0.003 for the control system, 
which indicates the elevated capacity of dehydrated samples to 
incorporate a portion of the water lost during dehydration, 
considering the collapse of tissues and cellular alterations caused 
by the thermal effect. The water absorption capacity was high in 
glucose-rehydrated samples, but samples that were rehydrated in 
solutes present lower WAC values than samples that were 
rehydrated in pure water over the entire evaluated range. This 
finding was due to the solute’s effect over the availability of 

water. Figure 7 shows the DHC index evolution. The solid 
retention value after water rehydration (equilibrium) was 
0.34±0.09. This value is due to the loss of solids and textural 
damage during food processing, resulting in a loss of tissue 
integrity, which produces small portions of lost material during 
rehydration. 
We verified that the loss of solids in pure water rehydration is 
countered by solute incorporation into the rehydration liquid. This 
effect is evident after 10–15 minutes of rehydration. Solid 
incorporation during sucrose rehydration balances the losses that 
occur during dehydration and rehydration. Glucose-treated 
samples present a high solid retention index after 25 minutes of 
rehydration and for the rest of the evaluated period. 

 
 

 

 
 

 
Atarés et al. [6] found similar WAC values in apple samples that 
were rehydrated in glucose and sucrose solutions, and they found 
low DHC values for the glucose solution.  
The rehydration ability (RA) was calculated using the WAC and 
DHC values. The final value obtained for the control system was 
0.334, which indicated irreversible damage produced by 
dehydration. The RA of glucose samples was identical to that of 
the control system (0.38) for the first hour. After that point, the 
glucose system is stabilized, but the RA of the water-treated 
samples continues to decrease. The RA of glucose-treated systems 
was lower than the values for other systems, but it implies a 7.6% 
increase in the first 15 minutes followed by a subsequent decrease 
until the value approaches 0.1 from the first hour. This value 
remains constant until the end of the rehydration process. The 
rehydration of mango slabs can be considered complete between 
80 and 100 minutes of operation according the values obtained for 

control Rehydrated in sucrose Rehydrated in glucose 

control Rehydrated in sucrose Rehydrated in glucose 

Figure 6: Water absorption capacity of rehydrated 
mango at 25°C. Effect of solute incorporation 

Figure 7: Dry-matter holding capacity. Effect of solute 
incorporation. 
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the following evaluated parameters: weight gain, water gain, solid 
retention, water absorption and rehydration ability for both solutes 
(sucrose and glucose). Rehydration is coincident with the decrease 
in driving force related to the differences in chemical potential.  
Rehydration mathematical models consider that water transport, 
which runs from the surface of the solid to its interior, occurs 
mainly by diffusion, verifying the applicability of Fick’s second 
law in accordance with other studies [79, 80, 13, 34, 35, 61, 18, 
22, 64].  
The diffusion model (based on Fick´s second law) adjusts first-
hour experimental data for pure water rehydration with a 
correlation coefficient of R2 = 0.9402 according to other reports 
[66, 13]. The effective diffusion coefficient (Deff) was 
1.46±0.02x10-10 m2/s. We observed high levels of water diffusion 
through the solid during the first hour, which is evident in the 
effective diffusion coefficient values in all cases. Diffusion is 
favored by solute incorporation as seen in the Deff values: we 
obtained higher Deff values in solute systems than in pure water 
systems. These values are similar to other reports for water 
diffusion during various the rehydration processes of various 
vegetables, including date palms (between15x10-9 and 6.66x10-10 
m2/s for three varieties studied at 15°-45°C), yams (2.4x10-10), 
and potatoes (2.6x10-10) [48, 50, 45, 22].  
Sucrose-rehydrated samples had higher effective diffusion 
coefficients than did the glucose-rehydrated and control samples. 
Solute incorporation produces an increase in water diffusion. Deff 
values were 2.47±0.09 10-10, 1.81±0.04 10-10 and 1.24±0.04 10-10 
m2/s for the first hour of treatment in sucrose, glucose and control 
systems, respectively. For the rest of the evaluation period in the 
same systems, the values were 3.11±0.01 10-11, 1.80±0.03 10-11 
and 1.08±0.03 10-11 m2/s. According to these results, we affirm 
that the effective diffusion coefficient of water varies over time 
during rehydration, and this variation can be associated with 
changes in the system water content: 

Deff = c1+c2 W 
where c1 and c2 are constants. 
We obtain values of 9.5±0.7 x10-10 and -2.5±0.7 x10-9; 4.6±0.1 
x10-10 and -3.3±0.6 x10-10; and 7.5±0.7 x10-10 and 2.5±0.7 x10-10 
for c1 and c2 in sucrose-, glucose- and control-rehydrated samples, 
respectively. We observed that the water content effect was more 
pronounced when sucrose was added to the rehydrating solution. 
When glucose was incorporated, we observed a similar effect to 
that of the control system. We found a moisture content value that 
made the effects of diffusion equal; in sucrose-glucose systems 
and sucrose-control systems, the moisture content values were 
0.223 g/g (d.b.) and 0.089 g/g (d.b.), respectively. Variations in 
the diffusion coefficient with the moisture content were more 
pronounced when sucrose was used in the rehydration solution. 
This effect could be due to the molecular size and steric effects of 
sucrose, which may lead to less diffusion and a low aw of the 
solution as a result of the high sucrose concentration. This 
situation increases a candying effect and, therefore, decreases 
diffusion. Structural damage produced by dehydration caused a 
loss of integrity, which is evident during and after rehydration as 
suggested by Lewicki (1998). The cellular structure was affected 
by dehydration in several aspects: crystallinity modification of the 
cell wall, microfibrils and middle lamella, functionality loss of 
plasma membrane, due stress and loss of turgor; protoplast 
inability to expand and regain its original volume; tissue 
shrinkage; membrane lysis and vesiculation during rehydration; 
starch gelatinization; fusion; and redistribution of lipids.  
We observed that dehydration produced fruit shrinkage. The 
variation in the volume of a sample is a measure of its level of 

structural tissue damage and cellular collapse. We found an 
overall level of shrinkage of 56 ±2%.  
After analyzing microscopy results, we affirm that the control 
samples present cells of different shapes (circular, polygonal and 
elongated) to a lesser extent than the other systems (Figure 8). 
Convection dried samples show collapse, cellular damage, cavity 
formation and shrinkage, as reported by other studies [28, 1, 57, 
44] (Figures 9 and 10). Cellular rupture is due to damage to the 
membrane and cell wall and microstress caused by water 
elimination. This rupture involves cavity formation of different 
sizes and shapes, which increases sample porosity. Samples that 
are dried with air current present high levels of shrinkage (L1/L2 
is half of the untreated sample). Changes in pore shape were 
observed by Thuwapanichayanan et al. [87]. These authors report 
that drying affects pore shape, due to thermal stress. We observed 
that the changes in the structural dimensions caused by drying are 
not isotropic. 

 
Figure 8: Microstructure of fresh mango (control) 250x. 

 
Figure 9: Microstructure of hot air dried mango (60°C) 250x. 
Knowledge of the changes in mechanical properties is important 
because these changes are related to the sensorial and textural 
characteristics of the fruit and, therefore, to product quality and 
customer acceptance. Structural changes also affect water sorption 
properties and are related to the final texture of the product. 
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Figure 10: Microstructure of hot air dried mango (60°C) 

1000x 
Giraldo et al. [36] studied the microstructure of dried mangoes 
and reported difficulties distinguishing cells, which appeared to be 
collapsed. The boundaries between cell walls and membranes 
were also difficult to distinguish. The observed structural changes 
are the cause of the rehydration abilities and water absorption 
capacities of the samples. 
We used the results of the sorption phenomenon evaluation to 
infer dried mango behavior under storage conditions at three 
different temperatures. Probable environmental temperatures 
throughout the entire year were selected as storage temperatures. 
Figures 11a and 11b show the sorption isotherms of mangoes at 
the three studied temperatures. We observed isotherms of type J, 
which are characteristic of foods with high sugar contents. The 
hysteresis effect was not significant at 25° or 35°C. The same 
behavior was observed by López-Malo et al. [58] in apple and 
papaya sorption isotherms. They found no hysteresis when fruits 
were previously blanched, but they observed hysteresis when the 
fruits were previously dehydroimpregnated.  
An increase in temperature from 8ºC to 25ºC resulted in a lower 
equilibrium moisture content for a given aw, indicating that the 
fruit became less hygroscopic, as reported for other matrices, such 
as gingerbread (a sweet biscuit with a high sugar content) [16], 
potato [43], and chestnut [68]. This phenomenon may be due to 
the reduction in active sites for water binding as a result of the 
physical and chemical changes caused by temperature effects. In 
other words, the activation of water molecules changes to higher 
energy levels at higher temperatures, and bonds become less 
stable and leave the binding sites of the material. As a 
consequence, the equilibrium moisture content decreases. A 
further increase in temperature to 35°C had little effect on the 
sorption characteristics. The weak influence of temperature in the 
range of 25°C-35°C coincides with that reported by Hubinger et 
al. [40] regarding the behavior of sorption on pineapple, guava 
and mango. 
Adsorption isotherms intersect, due to the higher solubility of 
sugars and aw values above 0.9. This effect was observed for 
African mangoes [27] and other foods with high sugar contents, 
such as bananas [26, 16]. The dissolution of sugars increases the 
surface tension, resulting in a lower water activity for a given 
moisture content. The swelling of polymeric materials during 
water adsorption can cause hysteresis, which varies with 
temperature. According to our results, we obtained higher 
hysteresis values at 25°C than at 8°C, in keeping with the reports 
of Yan et al. [104] for bananas.  

The GAB equation parameters for desorption and adsorption 
curves at the three studied temperatures and obtained by nonlinear 
regression of data are presented in Table 2.  

Table 2: parameters of GAB equation for desorption and 
resorption at 8 °, 25 ° and 35ºC 

WM C K R2 

8 ºC Resorption 8.513 1.731 0.981 0.9706 
Desorption 6.255 1.791 0.989 0.9663 

25 ºC Resorption 6.699 0.435 1.033 0.9968 
Desorption 5.458 0.893 1.040 0.9836 

35 ºC Resorption 6.651 4.016 1.004 0.9602 
Desorption 6.773 2.742 1.026 0.9434 

 
The GAB equation adequately fits experimental data over the 
entire range of studied aw, in agreement with other reports [74, 16, 
95, 43, 39, 17, 63, 100]. Monolayer water contents were lower 
than 10% (d.b.) and decreased with increasing temperature as 
observed by Moreira et al. [69]. K values give a measure of the 
interaction between the multilayer molecules with the adsorbant 
and are between the values of monolayer molecule vaporization 
energy and liquid water. The multilayer molecules have the 
properties of pure water when K is equal to 1. K values greater 
than 1 have no physical basis. 
The average value represents all data with regard to the 
confidence intervals obtained for the parameters for both 
adsorption and desorption. The monolayer water content at 25°C 
and 35°C are not significantly different in the case of adsorption. 
These values differ statistically from the monolayer water content 
obtained at 8°C. K and C values are statistically different for the 
three evaluated temperatures. 
Desorption data statistical analyses show that monolayer values 
have no differences between temperatures. K values at 25°C and 
35°C are not significantly different. These two values statistically 
differ from the K value obtained for 8°C.  
An analysis of variance was also conducted to assess the statistical 
similarity of the average monolayer value obtained for the three 
evaluated temperatures, finding no significant difference between 
the average experimental value obtained for the monolayer 
moisture during desorption and resorption at the three 
temperatures studied except in the case of monolayer moisture 
during resorption at 8ºC. 
The surface area values obtained from the values of monolayer 
moisture adsorption and desorption at each temperature were 
300.79 and 221.01, 236.70 and 192.85, and 235.00 and 239.31 for 
8°, 25° and 35°C, respectively. 
The high value of the area obtained is due to the microporous 
structure of the matrix. The values are similar to those reported by 
Cervenka et al. [16] and higher than those reported by Kumar et 
al. [52]. The adsorption surface area decreases with increasing 
temperature in the evaluated range; however, the values obtained 
for 25°C and 35°C are notably similar. These results indicate that 
the surface area available for hydrophilic bonding during 
adsorption decreases when the temperature increases from 8°C to 
25°C/35°C. The desorption area decreases when the temperature 
increases from 8°C to 25°C. The highest value of desorption 
surface area was obtained at 35°C. Similarly, Arslan and Togrul 
[5] found no correlation between area and temperature for 
desorption. The increase in the area means that there are more 
charged and polar groups and carboxyl functions exposed, thereby 
increasing the amount of water sorption.  
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The values of surface area are higher for adsorption than for 
desorption, in keeping with the values of monolayer moisture.  
The surface area plays an important role in determining the 
properties of bound water. The values obtained by Arslan and 
Togrul [5] were between 286 and 306 for adsorption and between 
373 and 402 for desorption at the same temperatures evaluated in 
this study.  
We verified a linear relationship between H and 1/T using 
Clausius Clapeyron´s equation. H and G representations 
(Figures 12 and 13) show similar shapes as in other reports, 
presenting a maximum, near-monolayer water content at 25°C. 
Negative values for the variation in Gibbs’s free energy were 
obtained, indicating the spontaneity of the process. G values 
were higher with the increase in equilibrium moisture content     
(–1.849 KJ/mol K for 5 g/100 g (d.b.) and –0.376 KJ/mol K for 45 
g/100 g (d.b.)).  
The values for the change in entropy (Figure 14) denote a greater 
spatial rearrangement of the solute-water interface. There is strong 
dependence on entropy with moisture content, in keeping with the 
behavior reported by García-Alvarado et al. [33], Al-Mahasneh et 
al. [3], Al-Muhtaseb et al. [4], Kaya and Kahayaoglu [47] and 
Goula et al. [39].  

Figure 12: Isosteric heat change with equilibrium moisture 
content (25°C) 
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Figure 13: Gibbs free energy change with equilibrium 

moisture content (25ºC) 

 
Figure 14: Entropic change with equilibrium moisture content 

(25ºC) 

We found a liner relationship between H and S with the 
following correlation: 

H = 0.275 x S – 4.4314  R2 = 0.9801 
This finding means that we can apply the compensations theory in 
the evaluated moisture range. The kinetics compensation effect 
was also observed in such areas as physics, chemistry, biology 
and thermal analysis. Labuza et al. [54] evaluated the 
compensation applicability and described the problems that can be 
found by applying the concept of enthalpy-entropy linear 
compensation in reactions related to the thermal inactivation of 
microorganisms, protein denaturation and ascorbic acid 
degradation in foods. Fontan et al. [31] suggested an enthalpy-
entropy linear relationship using a sorption equation of two 
parameters, including the effect of temperature on vapor water 
sorption. 
The linearity of the relationship reveals a unique mechanism of 
controlled adsorption enthalpy as suggested by Beristain et al. 
[11] to study the relationship or enthalpy-entropy compensation in 
foods with high sugar contents (figs, apricots, prunes, raisins and 
dry goods). This relationship also suggests that foods with high 
sugar contents have more stable microstructures and that the 
sorption mechanisms of water will not change in the food within 
the evaluated temperature range. 
Linear regression to enthalpy-entropy has an intercept value close 
to zero, which indicates sugar solubilization at high water contents 
and the conversion of an exothermic sorption mechanism into an 
endothermic mechanism (with heat change caused by the 
dissolution of sugars).  
The sorption heat decreases exponentially with increasing 
moisture content and tends toward the value of pure water, 
indicating that the water is freer and more available as the water 
content increases, thereby coinciding with results found in other 
studies [52, 85, 39, 69]. At first, the decrease quickly reaches a 
moisture content of 25 g/g (d.b.) and subsequently decreases 
slowly, reflecting the difference in water binding forces. This 
phenomenon can be attributed to the fact that sorption initially 
occurs in the most active sites, thereby achieving the greatest 
interaction energy. At the beginning of sorption, water mostly 
occupies the polar active sites on the surface (with high 
interaction energy) and later occupies less available sites with 
lower binding energies, which are progressively filled. As the 
moisture content increases, the bond strength of water molecules 
and the heat of sorption decrease. 
The sorption heat obtained for untreated mango was 10.492  
kJ/mol for moisture values that were close to the monolayer water 
content. Yan et al. [105] reported a sorption heat variation range 
between 0.85 (W= 20% d.b.) and 7.67 kJ/mol (W= 10% d.b.) for 
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bananas. Sinija and Mishra [85] reported values of 48.54 to 44.71 
kJ/mol for moisture between 1% and 9% (d.b.) for green tea 
powder. Goula et al. [39] found a value of 42.9 kJ/mol for 12% 
(d.b.) and 7.4 kJ/mol for 36% (d.b.) for tomato pulp. These reports 
demonstrate a wide variability in published values. 
If we investigate the storage of dried mangoes without packaging 
under environmental conditions and for extreme times of the year, 
we can infer its behavior. According to the sorption results, we 
affirm that during the winter (dry and cold weather), the product 
will not undergo significant changes in aw but will increase its 
equilibrium moisture content slightly. In the summer (hot and 
humid weather), the temperature will not produce changes, but the 
humidity will have an effect, leading to high aw values, which 
increase the risk of deterioration. For this reason the use of films 
with low permeability to water vapor, would be effective. 

4. CONCLUSIONS 
Drying of mango occurs during the falling rate period, in two 
stages independent of airflow used. Fick´s second law can be used 
to fit experimental drying data and to predict mango behavior 
inside the evaluated operation range. There is a greater diffusion 
with increase in temperature and a minor effective diffusion 
coefficient when velocity airflow diminishes. The effective 
diffusion coefficient decreased linearly with moisture content and 
this variation was higher at higher temperatures. 
The water diffusion coefficient was higher at increasing 
temperatures. The Arrhenius equation represented the effective 
diffusion coefficient variation with temperature. Diffusion 
prevails during the mango rehydration process, regardless of the 
addition of solute to the rehydrating solution; therefore, Fick's 
second law adequately fits the experimental data. 
The effective diffusion coefficient is higher for rehydration 
carried out in sucrose solutions than in glucose solutions. In both 
cases, the coefficient is greater than the effective coefficient 
obtained during rehydration in water. Solute addition to the 
rehydrating solution has a positive effect on water diffusion. The 
presence of solute produces less weight gain and less water gain 
in dehydrated samples, but it counteracts the effect of the loss of 
solids during the rehydration of mangoes in pure water. The initial 
water contents of the samples are not achieved by any system. The 
water absorption capacity decreases with solute incorporation.  
The rehydration rate decreases linearly with the water content. 
The water incorporation rate results were higher in glucose-
rehydrated samples than in sucrose-rehydrated samples with a 
decreasing water absorption capacity. There is a high retention of 
solids in the glucose system.  
It is advisable to rehydrate dried mango in a glucose solution for 
100 minutes to counteract the effect of the loss of solids on pure 
water rehydration and to achieve greater water incorporation. 
Mango sorption isotherms are of the J type, which is characteristic 
of foods with high sugar contents. The hysteresis effect is not 
significant at 25°C or 35°C, but it is clear at 8°C. Isotherms cross 
over aw = 0.9 for adsorption, due to the higher solubility of 
sugars. The adsorption surface area decreases when the 
temperature increases from 8°C to 25°C. The desorption area 
diminishes as the temperature increases from 8°C to 25°C. A high 
superficial area is observed during desorption at 35°C. The GAB 
equation adequately fits the sorption experimental data.  
The sorption heat exponentially decreases with increasing 
moisture and tends toward the pure water value, indicating that 
the water is freer and more available as the water content 

increases. The sorption heat value is 10.492 kJ/mol, for water 
content near the monolayer level of moisture. 
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