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A B S T R A C T

This work aims to investigate the dynamics of water loss (WL) and solute gain (SG) during 
dehydration impregnation by immersion (D2I) and intermittent immersion (D3I). WL and SG of 
mango slices, 4 × 1× 1 cm3 in size, during dehydration immersion impregnation (D2I) and 
dehydration impregnation by intermittent immersion (D3I) were determined at 35, 45 and 55 ◦C 
for 270 min. Mango slices were immersed in a hypertonic sucrose solution of (61.6 ± 0.2) ◦Brix at 
a ratio of 6 mL of hypertonic solution per gram of fruit. Five semi-empirical models, two of which 
have been modified, were used to study mass transfer during D2I and D3I, namely the Azura, 
Weibull, Crank, Modified Crank I, and Modified Crank II models. The equilibrium water loss 
(WL∞), the equilibrium solute gain (SG∞), the diffusion coefficient, and activation energy were 
determined using the Modified Crank II model which was the best of all the tested models. 
Equilibrium water loss during D2I decreased with increasing temperature, while during D3I it 
increased with temperature. The SG∞ during D2I and D3I increases with temperature but was 
higher in D2I than in D3I. The average water diffusion coefficients were (6.02 ± 2.62) × 10− 8 m2 

s− 1 for D2I and (4.89 ± 0.55) × 10− 8 m2 s− 1 for D3I and the average solute diffusion coefficients 
were (4.45 ± 0.53) × 10− 8 m2 s− 1 for D2I and (8.33 ± 0.79) × 10− 8 m2 s− 1 for D3I. The acti
vation energies for WL in D2I and D3I were respectively 38789 J mol− 1 and 9503 J mol− 1. The 
respective values for SG were 9037 J mol− 1 and 7327 J mol− 1. This work demonstrates that mass 
transfers in D3I are better than those in D2I, and it highlights that, unlike the D2I process, the D3I 
process is less sensitive to temperature variations, making it particularly advantageous for pro
cessing products with high nutritional value.

Nomenclature

Cz Shape correction factor (dimensionless)
D Diffusion coefficient (m2⋅s− 1)
D0 Arrhenius factor, generally defined as the reference diffusion coefficient at an infinitely high temperature (m2⋅s− 1)
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(continued )

De Effective diffusivity (m2⋅s− 1)
Ea The activation energy of diffusion (J⋅mol− 1)
k Diffusion kinetics constant (min− 1)
LC Half the thickness of the slab or characteristic length (m)
M Sample mass (g)
MRE Mean relative error (dimensionless)
n Number of observations (dimensionless)
p Number of model parameters (dimensionless)
R Universal gas constant (J⋅mol− 1⋅K− 1)
RMSE Root mean square error (dimensionless)
R2 Coefficient of determination (dimensionless)
R2

adj Adjusted coefficient of determination (dimensionless)
s Parameters that can be defined as relative rate constant (min)
SG Solute gain (g/100 g w-b)
SG∞ Solid gain at equilibrium condition (g/100 g w-b)
t Time (min)
T Temperature (K)
WL Water loss (g/100 g w-b)
WL∞ Water loss at equilibrium condition (g/100 g w-b)
x Spatial coordinate in one-dimensional transfer (m)
Xwo Weight fraction of water (g/g w-b)
yi,calc: Predicted WL or SG
yi,exp Experimental WL or SG
Y The concentration of the diffusing material (g/100 g w-b)
Σmin Minimum sum ranking criterion (dimensionless)
α Scale parameter of the Weibull’s model (min)
β Shape parameter (dimensionless)
Subscripts
w Water
s Solute
0 Initial
t Time

1. Introduction

Dehydration of fruits and vegetables by immersion in hypertonic solutions, known as osmotic dehydration (OD) also called 
dehydration impregnation by immersion (D2I), has been the subject of several studies in recent decades. There are several advantages 
of D2I. It is a low-temperature water removal process, that minimizes color and flavor loss, improves texture and product stability, and 
enhances nutrient retention during storage. It is easy to implement, requires basic equipment, and has been reported to reduce energy 
consumption, speed up post-drying time, and preserve the structure of food products [1]. The other advantage of D2I is associated with 
the absorption of solutes by the food, leading to an improvement in the taste and sensory attributes of the final products [2]. One 
notable benefit of D2I is the prevention of oxidation, thanks to the oxygen-free environment used during the immersion of products in 
the osmotic solution [3]. This effectively prevents enzymatic and oxidative discoloration, eliminating the need for chemicals, such as 
Sulphur dioxide, or a blanching process to preserve food quality. By operating at temperatures less than 50 ◦C, D2I effectively avoids 
heat-induced damage and prevents browning reactions from occurring [4].

This operation, generally considered as pre-treatment, is a partial dehydration method that consists of immersing a material to be 
dehydrated in a hypertonic solution of carbohydrates, salt and/or several other solutes. During the D2I process, the liquid (water +
soluble substances) present in the biological material diffuses into the hypertonic solution and simultaneously the solutes present in the 
hypertonic solution migrate from the solution to the biological material [5]. In general, osmotic dehydration is intrinsically slow, and 
several scientific studies have identified factors that increase the rate of mass transfer without adversely affecting quality. These factors 
include the intrinsic properties of the biological material (porous structure, size, shape, and surface area of the product) and the D2I 
operating conditions (time, processing temperature, pressure, solution agitation, and solution composition) [6,7].

To further improve mass transfer, thermal and non-thermal treatments have been developed and it has been shown that these 
techniques do improve mass transfer during D2I [8]. To join this scientific challenge a new technique based on intermittent immersion 
has been developed by Tsopwo Zena and Jiokap Nono [8]. This technique is called dehydration impregnation by intermittent im
mersion (D3I). The intermittent immersion method consists of repeatedly immersing and de-immersing the biological material in a 
hypertonic solution for a specific process time. The duration of these actions will depend on the nature of the plant material and the 
specifications. This immersion method has the advantage over the continuous immersion method in that it minimizes solute gain.

Several models have been established to describe the kinetics of mass transfer during osmotic dehydration to understand the effects 
of variables during the process. The models can be classified as empirical and semi-empirical, phenomenological and mechanistic. 
Empirical and semi-empirical models offer the advantage of being applicable to non-classical geometries without requiring consid
eration of the underlying phenomenological mechanisms in the process [9]. Some of them allow the prediction of equilibrium values. 
Azuara, Peleg, Page, Penetration, and Weibull are examples of this type of model. Phenomenological models can determine the 
diffusion coefficient, but require equilibrium values and must be used for classical geometries [9]. Crank [10] is the most widely used 
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phenomenological model, which includes a group of analytical solutions based on Fick’s second law [10]. Mechanistic models describe 
the osmotic dehydration process by considering the cellular structure of the food sample. Assis et al. [11] established equivalences 
between the parameters of several models for D2I.

All these kinetic studies and modeling were carried out mainly under continuous immersion. At present, no information is available 
on the dynamics of mass transfer during intermittent immersion. Taking intermittence into account in this process, as presented by 
Tsopwo Zena and Jiokap Nono [8], would provide additional information for understanding the transfer mechanisms.

This study will involve (i) determining the mass transfer kinetics of water (and sugar) as a function of temperature, (ii) developing 
and validating a mathematical model for those mass transfer kinetics, and (iii) determining the equilibrium water loss and solute gain, 
the water (and sugar) diffusion coefficients and the activation energies associated with the D2I and D3I processes as applied to mango 
slices.

2. Materials and methods

2.1. Preparation of raw materials

The mango (Mangifera indica L. Moench) used in this study is locally known as the “coffee mango” variety. This variety is the most 
widely produced, marketed, and consumed in the Vina department of the Adamawa region of Cameroon [12]. The mangoes, which 
were at the same maturity level (Brix degree between 12 and 13 %) and showed no signs of deterioration, were purchased from the 
local market (Dang) in Ngaoundere III and transported to the laboratory for storage before the experiments. The Brix level of the fruits 
was measured using an ATAGO (Japan) refractometer, with a reading range of 0–32 %. Before each experiment, 4 × 1× 1 cm3 mango 
parallelepiped shape was manually created using a knife and a caliper. The steps are described in Fig. 1.

2.2. Preparation of the hypertonic solution

The hypertonic solutions were prepared using an appropriate quantity of sucrose (food grade, purchased at the local market in 
Ngaoundere III) and distilled water in proportion to the desired hypertonic solution concentration. Sucrose was chosen as the sole 
solute due to its lower cost, accessibility, dehydrating power, and organoleptic properties [13,14]. Hypertonic solutions were prepared 
according to the steps described in Fig. 2. The sucrose concentrations of the hypertonic solutions were assessed at room temperature 
using a HANNA HI 96801 digital refractometer, which has a reading range of 0–85 %.

2.3. Experimental studies

The D2I and D3I operations were carried out according to the process and procedure described in Fig. 3. They were conducted at 
35 ◦C with a fruit mass/volume hypertonic solution ratio of 1/6 (g/mL) in a hypertonic sucrose solution with a concentration of 61.6 ±
0.2 ◦Brix. Immersion during D2I was continuous until the end of the process with a process time of 270 min, whereas, immersion 
during D3I was discontinuous until the end of the process with an immersion time of 21 min, a de-immersion time of 9 min and a 
process time of 270 min corresponding to 9 intermittent cycles. For D2I, stirring was done manually (six revolutions over 3 s) every 10 
min to enhance mass transfer and prevent the formation of a dilute solution film around the samples, whereas for D3I, immersion, and 
de-immersion were sufficient to prevent the formation of a film of dilute solution around the samples.

After each experiment, the mango slices were removed from the hypertonic medium, drained, rinsed with very little water, drained 
a second time, and weighed. The water content of the mango slices, treated with D2I or D3I, was then determined to calculate the water 
loss (WL) and solute gain (SG) in equations (1) and (2) respectively. 

WL=
M0 ·Xw0 − Mt ·Xwt

M0
(1) 

SG=WL −
M0 − Mt

M0
(2) 

with M0: sample mass, (g), at time t = 0; Mt: sample mass, (g), at time t; Xwo: weight fraction of water, (g/g w-b) at time t = 0; Xwt: 
weight fraction of water, (g/g w-b), at time t.

Fig. 1. Steps to obtain the mango slices.
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Mass transfer monitoring during D2I and D3I was evaluated by following the evolution of WL and SG as a function of time (0–270 
min) and temperature (35, 45, and 55 ◦C). In the case of D2I, water loss (WL) and solute gain (SG) were evaluated every 30 min, 
whereas in the case of D3I, WL and SG were evaluated after 21 min of immersion and 9 min of de-immersion, until the end of the 
process [8]. All tests were repeated three times.

2.4. Modeling of mass transfer kinetics

The mathematical models used to fit the experimental data are the Crank, Azuara, and Weibull models. These models were selected 
because they are the most effective in the literature for predicting equilibrium mass transfer values and the diffusion coefficient.

2.4.1. Crank’s model (1975)
This model is widely used for modeling and analyzing the kinetics of moisture diffusion, particularly in the context of drying 

[15–20], it has also been used in osmotic dehydration [21–23], to gain insights into how diffusing substances behave under different 
conditions. Crank [10] provides, for a given condition, analytical solutions to diffusion problems, making it easier to predict how 
diffusion progresses over time and space. The diffusion equation, for which Crank provides a solution, is Fick’s second law, a partial 
differential equation that represents how the concentration of a substance changes over time and space due to diffusion. The general 
form of the diffusion equation is presented in equation (3): 

∂Y
∂t

=D · ∇2Y (3) 

where: Y is the concentration of the diffusing material, t is time, and D is the diffusion coefficient.
Analytical solutions of the diffusion equation in Cartesian, cylindrical, or spherical coordinate systems require specific initial and 

boundary conditions. In most cases, whether dealing with drying or osmotic dehydration, the system under study is typically a finite 
medium, which results in boundaries at both ends of the domain. In this study, the mango slices are initially 4 × 1× 1 cm3 in size, 
corresponding to the Cartesian coordinate system. Due to the presence of boundary effects, determining how diffusion occurs within a 

Fig. 2. Step in the production of hypertonic sucrose solution.

Fig. 3. Operating steps for obtaining mango slices pre-treated with (a) D2I and (b) D3I.
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bounded region with specific initial and boundary conditions is more complex than diffusion in a semi-infinite or infinite medium. This 
is why simplifying assumptions are adopted. First, it is assumed that diffusion is mainly one-dimensional and that the system is 
bounded by two parallel planes, making the system a plane sheet of material with thickness L. This thickness is so small that effectively 
all the diffusing substance enters through the plane faces, with negligible diffusion through the edges (infinite plane geometry) [10]. 
This is referred to as thin-layer drying, where the thickness of the material layer is considered small relative to its surface area. In this 
process, the transfer occurs uniformly across the material, predominantly from the exposed surface, with minimal influence from the 
boundaries. The symmetry of the system allows the study of the diffusion in only half the thickness. Another assumption is that the 
initial moisture content is uniformly distributed throughout the product, the solution concentration is constant, the shrinkage is 
negligible, the diffusion coefficient (D) is constant during dehydration and the mass transfer resistance at the product surface is 
negligible. All these assumptions allow for a simplified analytical solution, which avoids the complexities introduced by the boundaries 
and makes it easier to model the drying process mathematically. The unidimensional diffusion equation and the concentration Y(x,t) of 
the diffusing material are respectively given by equations (4) and (5) [24]: 

∂Y(x, t)
∂t

=D •
∂2Y(x, t)

∂x2 (4) 

Y(x, t)
Y∞

=1 − erf
(

x
2 •

̅̅̅̅̅̅̅̅̅̅
D • t

√

)

(5) 

Where erf is the error function presented in equation (6): 

erf(z)=
2̅
̅̅
π

√ •

∫ z

0
e− u2

• du (6) 

Y(x,t) is the concentration of the diffusing material at position x and time t; Y∞ the equilibrium concentration of the diffusing 
material; D is the diffusion coefficient of the diffusing material in the system (solid); x is the position in the solid; t is the time; and erf is 
the error function. It can be approximated using various methods, one of which is the series expansion. However, in many practical 
applications, the error function is computed numerically [10].

When assuming a uniform initial moisture content and infinite solid in a one-dimensional process, and when focusing on the overall 
process kinetics rather than the concentration distribution within the material, Crank [10] gives an analytical solution that describes 
the average concentration as a function of time, which is particularly useful and presented in equation (7): 

Y
Y∞

=1 −
8
π2 ·
∑∞

n=0

1
(2n + 1)2 exp

(

− (2n + 1)2
·
π2 ·De

4 · L2
C
· t

)

(7) 

Y: WL or SG is the water loss or solute gain at instant t; Y∞: WL∞ or SG∞ are the water loss or the solid gain at equilibrium condition 
and LC: half the thickness of the slab or characteristic length.

Equation (7) is not only used to predict how the average concentration varies over time during the process, but it is also beneficial 
for fitting experimental process data to estimate the effective diffusivity De. The solution is presented as an infinite series, where the 
terms rapidly converge, making it practical for calculation. In general, equation (7) is applied in two phases: either for the initial 
moments of the kinetics or for cases involving long drying times (large values of t). For this last case (long drying times), the series can 
be approximated by just the first term of the series (for n = 0) (equation (8)), because the higher-order terms contribute very little to 
the overall diffusing material concentration: 

Y
Y∞

≈1 −
8
π2 · exp

(

−
π2 ·De

4 · L2
C
· t

)

(8) 

This simplified Crank’s solution, widely used by authors [16,21] to model the diffusion kinetics and determine the process rate and 
effective diffusivity, provides a direct relationship between the concentration and process time. These physical quantities are essential 
parameters for designing and optimizing processes. However, Perry and Green [25] noted that it should be clear that estimates based 
on relationships assuming constant diffusivity are only approximations. This is because liquid diffusivity in solids typically decreases 
with moisture concentration, and both liquid and vapor diffusivities change, while the material also shrinks during drying.

At the initial time of the kinetics, the simplified equation (8) is no longer valid, and the complete equation (7) must be used. In early 
times, employing the full series solution is necessary to accurately capture the initial condition [25]. Indeed, at the initial moment, the 
ratio Y

Y∞ 
is known to be zero. This consideration is not addressed by equation (8), which instead predicts a ratio as detailed in equation 

(9). Similar observations regarding the Crank model were reported by Jiokap Nono et al. [15] while modeling the drying kinetics of 
okra. 

For t=0,
Y0

Y∞
≈ 1 −

8
π2 = 1 − 0.811 = 0.189 ∕= 0 (9) 

With Y0, the initial concentration of the diffusing material.
This indicates that the model (8) overestimates the value of Y0, unlike equation (7), which correctly predicts a zero value for Y at 

the initial moment. Indeed, at t = 0, higher-order terms are not negligible, and we obtain equation (10), from equation (7): 
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Y0

Y∞
=1 −

8
π2 ·
∑∞

n=0

1
(2n + 1)2 (10) 

At t = 0, the exponential terms exp

(

− (2n + 1)2
· π2 ·De

4 · L2
C
· t

)

for all n values equal 1, because exp(0) = 1. Using known results from 

series theory, namely the Fourier series of a square wave and the results from the Basel problem directly related to this series (results 
giving the sum of the series for the reciprocals of the squares of all positive integers), and mathematical analysis, the full series sum at t 
= 0 is given as in equation (11) [26]: 

∑∞

n=0

1
(2n + 1)2 =

π2

8
(11) 

Therefore, equation (10) becomes equation (12), which respects the initial conditions: 

Y0

Y∞
=1 −

8
π2 ·

π2

8
= 1 − 1 = 0 (12) 

The first term of the Crank’s analytical solution was used to estimate WL and SG rates and to evaluate the diffusion coefficients.

2.4.2. Modified Crank models (present work)
The simplification of Crank’s analytical solution for long-time processes, represented by the first term of the series, is not suitable 

for fitting the entire kinetic curve. Furthermore, using the full series solution for the initial time could be computationally intensive. To 
avoid managing two separate models for the entire kinetics one for the initial moment and another for long times, and to maintain a 
simplified model that respects the initial conditions of the kinetics, we proceeded as follows, starting with Crank’s simplified model for 
long kinetic times.

At time t = 0, the WL and the SG should both be equal to zero because, at this instant, the biological material is not yet in contact 
with the hypertonic solution. In other words, at t = 0 no mass transfer takes place. Despite the finite dimensions of the mango slices, 
which are parallelepipeds measuring 4 × 1× 1 cm3, we assume they behave as a thin layer. Furthermore, in equation (9), the term 8

π2 is 
the constant for infinite media, meaning media with no special boundaries [27], and as seen in the previous section, this factor also 
limits the adjustment of the initial condition in the kinetics by Crank’s simplified model for long time. This factor emerges to ensure 
that the diffusion solution adheres to the imposed initial and boundary conditions. It acts as a normalization factor, derived from the 
Fourier series expansion in diffusion problems, guaranteeing that the solution respects the initial conditions and the physical char
acteristics of the system. Consequently, we modify Crank’s model in two different ways, resulting in two modified Crank models, to 
improve the fit of the original model across the entire time range of the kinetics: 

1) First, we replace the parameter 8
π2 with a constant, which we call Cz, to be determined through modeling. This gives the Modified 

Crank Model I, whose expression is provided in equation (13). The parameter Cz is considered a shape correction factor, given that 
the system is not truly a thin layer.

Y
Y∞

=1 − Cz · exp(− k · t) (13) 

With k=
π2 ·De

4 · L2
c

(14) 

where Cz is a non-dimensional constant that reflects experimental data more accurately across the entire drying process, because Cz is 
adjusted based on fitting the model to the experimental data. k is the diffusion kinetics constant, in min− 1. 

2) Secondly, we addressed the overestimation of the initial dependent value in the simplified Crank model by rounding the value of 8
π2 

to 1, ensuring that at t = 0, Y = 0. This leads to the Modified Crank II model, whose expression is given by equation (15).

Y
Y∞

=1 − exp(− k · t) (15) 

The rearrangement of equations (13) and (15) is given by equations (16) and (17) respectively. 

ln
(

Y∞ − Y
Y∞

)

= ln Cz −

(
π2 ·De

4 · L2
C

)

· t (16) 

ln
(

Y∞ − Y
Y∞

)

= −

(
π2 ·De

4 · L2
C

)

· t (17) 
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These two models were thus adjusted to improve accuracy across the entire drying process by estimating the model parameters 
from the experimental data. The kinetics data were modeled using MATLAB R2019 software. Validation of these models would allow 
the predictions throughout the dehydration process, rather than switching between different models for initial and later times.

2.4.3. Azuara model (1992)
Azuara et al. [28] modeled water loss and solute gain during D2I from material balances, obtaining equations that require two 

adjustable parameters [28]. A mass balance for water during D2I is given by: 

WL=WL∞ − Mw (18) 

Mw is the mass of water that can diffuse but remains inside the fruit at time t for a constant temperature and concentration of 
hypertonic solution. Water loss is a function of the amount of water that can diffuse, Mw, and the time t: 

WL= sw · t ·Mw (19) 

Substituting equation (18) into equation. (19) followed by some rearrangement leads to equation (20a): 

WL=
sw · t ·WL∞

1 + sw · t
(20a) 

Similarly, equation (20b) is obtained for the solute gain SG: 

SG=
ss · t · SG∞

1 + ss · t
(20b) 

where sw and ss are parameters that can be defined as relative rate constants for water loss and solute gain respectively.
The main advantage of the Azuara model is its ability to predict the equilibrium value. As with many other models, the disad

vantage of Azuara’s model is that it does not take into account the size, shape or structure of the material.

2.4.4. Weibull distribution model
The Weibull model concerns probability distribution functions used to describe the behavior of complex processes with a certain 

degree of variability [29], such as the D2I process [30]. The fractional amount of water loss and solute gain during the D2I process is 
presented in Equation (21). 

Y
Y∞

=1 − exp
(

−
(t

α

)β)

(21) 

α is the scale parameter of the Weibull’s model for water loss (αw) or solute gain (αs) that is associated with the process rate when 

the process time equals α, the ratio Y
Y∝ 

value is 
(

1 − 1
e

)

. β is the shape parameter for water loss (βw) or solute gain (βs).

2.5. Determination of diffusion coefficient and activation energy

The diffusion coefficient of water (Dew in m2⋅s− 1) and solute (Des in m2⋅s− 1) in mango slices was determined using either the 
diffusion coefficient predicted by the Crank, Modified Crank I, or Modified Crank II models. The activation energies were determined 
using the Arrhenius equation expressed by Equation (22): 

De =D0 exp
(
− Ea

R ·T

)

(22) 

where D0 is the Arrhenius factor, m2⋅s− 1, generally defined as the reference diffusion coefficient at an infinitely high temperature, Ea is 
the activation energy of diffusion, J⋅mol− 1, R is the universal gas constant, J⋅mol− 1⋅K− 1, T is the temperature, K.

The linearization of equation (22) is presented in equation (23): 

− ln(De)= − ln(D0) +
Ea

R
.
1
T

(23) 

The activation energy, Ea, is therefore easily calculated using the slope, Ea
R , of the curve − ln(De) = f

(
1
T

)

. The software used to 

determine the activation energy is MATLAB R2019a.

2.6. Statistical analysis and model validation

The models were evaluated using validation criteria such as the coefficient of determination, the adjusted coefficient of deter
mination, the root mean square error, and the mean relative error, whose formulas are presented in equations (24)–(27), respectively: 
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R2 =1 −

∑N

i=1

(
y(i,exp) − y(i,calc)

)2

∑N

i=1

(
y(i,exp) − y(i,exp)

)2
(24) 

R2
adj =1 −

(
1 − R2) ·n − 1

n − p
(25) 

RMSE=

⎛

⎜
⎜
⎝

∑N

i=1

(
yi,calc − yi,exp

)2

n

⎞

⎟
⎟
⎠

1 /2

(26) 

MRE=
1
n

∑N

i=1

⃒
⃒
⃒yi,calc − yi,exp

⃒
⃒
⃒

yi,exp
(27) 

With R2: coefficient of determination; R2
adj: adjusted coefficient of determination; RMSE: square root of the mean error; MRE: mean 

relative error; yi,exp: experimental WL or SG; yi,calc: predicted WL or SG response; p: number of constants and n the number of 
observations.

In order to find the most representative model for the study, the models were ranked according to the minimum sum ranking 
criterion (Σmin), which is the sum of the average validation criteria. The equation for this criterion for selecting the best model is a 
function of the mean of each model validation criteria, the mathematical expression of which is presented by equation (28): 

∑
min=

(
1 − R2)+

(
1 − R2

adj

)
+RMSE + MRE (28) 

Fig. 4. Scatter plot of experimental data showing the evolution of water loss and solute gain as a function of time and temperature (35, 45, and 
55 ◦C), for D2I (a,c) and D3I (b,d), with error bars representing the standard deviation.
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3. Results and discussion

3.1. Effect of intermittency on mass transfer during osmotic dehydration

Fig. 4 illustrates the experimental evolution of WL and SG as a function of time and temperature during D2I (Fig. 4 (a) and 4 (c)) and 
D3I (Fig. 4 (b) and 4 (d)) respectively. The results of Ayetigbo et al. [23]; Kaur et al. [31] and Zongo et al. [32] demonstrate the increase 
of WL and SG with time and temperature during osmotic dehydration of mango slices and are consistent with our observations that WL 
and SG increase with increasing time and temperature as depicted in Fig. 4. Mass transfer occurs during the first stages of the D2I and 
D3I processes. However, as the hypertonic solution gains water, the difference in osmotic pressures between the product and solution is 
smaller, which slows down the mass transfer rate till equilibrium [1,32]. It’s worth noting that tissue contraction of the product may 
occur simultaneously with the dehydration process, reducing the physical space in which mass transfer may occur [33].

We observe that the more biological material is immersed in a hypertonic solution, the more water it loses through the combined 
phenomena of osmosis and diffusion, while simultaneously becoming impregnated with solute through mass diffusion. Additionally, 
we note that the processes of dehydration and impregnation accelerate with increasing temperature. Indeed, when the temperature 
rises the permeability of the cells increases, increasing the fragility of the biological matrix’s fibrous and cellular structure. Addi
tionally, the solubility of the solute increases and the hypertonic solution’s viscosity decreases, enhancing the mass transfer of water 
loss and solute gain [34–37]. To better understand and read the curves, as well as to establish a more meaningful comparison between 
D2I and D3I, a modeling study of these experimental points was conducted using the Azuara model, the Weibull model, the Crank 
model, and the two modified Crank models developed in this work.

3.2. Modeling of mass transfer kinetics during D2I and D3I

Figs. 5–9 depict the results of modeling WL and SG kinetics as a function of temperature during D2I and D3I. Each figure shows the 
experimental points and the modeling curves. The validation parameters for each model are shown in Table 1. Overall, like the 
experimental points for WL and SG, the curves for the different models increase with time and temperature. A visual observation of 

Fig. 5. Water loss (WL) and solute gain (SG) as a function of time and temperature (35, 45, and 55 ◦C): Experimental points (*) and corresponding 
predicted curves from the Azuara model (solid lines) for D2I (a,c) and D3I (b,d).
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Figs. 5–9 shows that the curves predicted by the Crank models do not start at the origin, and therefore deviate from the theory ac
cording to which, at the initial instant, water loss and solute gain are zero. Among the models, only the Modified Crank I model passes 
through the origin when considering D2I water loss kinetics.

The other models, namely the Azuara, Modified Crank II, and Weibull models, faithfully predict water loss and solute gain at the 
initial instant. Using statistical validation criteria, we can make a numerical assessment of which models best predict WL and SG 
kinetics during D2I and D3I. Table 1 gives a classification of the different models.

From Tables 1 and 2, it is visible that the Weibull model and the Modified Crank II model are the models that best describe both the 
mass transfer process during D2I and D3I. Furthermore, we observe that the Modified Crank I model ranks third, with a value of Σmin 
close to that of the Modified Crank II model in both D2I and D3I processes. This allows us to conclude that the Modified Crank I model 
can also be used to fit the experimental points in the osmotic dehydration process. However, as shown in Fig. 7, the curves of the model 
do not always start from the origin, which is a drawback.

Tables 3 and 4 show the parameter values of all models, for WL and SG, as a function of temperature and immersion mode. Out of 
the best models validated above (Modified Crank II and Weibull), we note that the Weibull model provides outlier values of equi
librium water loss (WL∞) for D3I, with values ranging from 226.9 to 4043 %. As a result, we choose the Modified Crank II model as the 
best model for predicting the WL∞. This value is critical in calculating the diffusion coefficient.

Table 3 shows that WL∞ decreases with temperature during D2I and increases with temperature during D3I. In Table 4 we note that, 
during D2I, the SG∞ increasing with increasing temperature. It could be argued that continuous immersion is the cause of this decrease 
in WL∞ with increasing temperature during D2I. The longer the immersion, the more solute seeps into the pores of the biological 
material, which consequently slows down the dehydration process. The higher the temperature, the faster the solute seeps into the 
pores of the biological material, reducing the time required to attain thermodynamic equilibrium, which explains why WL∞ decreases 
with increasing temperature. These findings are consistent with those of Sablani and Rahman [38] who demonstrated that WL∞ 

decreases with increasing temperature while equilibrium solute gain (SG∞) increases with temperature regardless of mango geometric 
shape.

In the case of D3I, we noted an increase in WL∞ with an increase in temperature (Table 3). This can be attributed to the intermittent 
immersion process, as halting immersion not only interrupts the infiltration of the solute but also allows the solute found in the pores 
and on the material’s surface to be released due to the escape of water molecules. Thus, the higher the temperature, the faster this 

Fig. 6. Water loss (WL) and solute gain (SG) as a function of time and temperature (35, 45, and 55 ◦C): Experimental points (*) and corresponding 
predicted curves from the Crank model (solid lines) for D2I (a,c) and D3I (b,d).
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process will be, limiting the pore-clogging process and increasing the time required to reach thermodynamic equilibrium. This is why 
WL∞ increases with temperature. We can accept the hypothesis that during de-immersion there is the possibility of dehydration of 
slices in the mango and that the higher the temperature of the D3I operation, the more noticeable the phenomenon of dehydration will 
be. We can conclude that this phenomenon can contribute greatly to the increase in WL during D3I.

The equilibrium solute gain, SG∞, increases with temperature during D2I and D3I as shown in Table 4. This is because temperature 
significantly increases the material’s pore size and cellular permeability, thus facilitating the infiltration of the solute into the material. 
Whatever the temperature, D3I has a lower SG than D2I. This observation could be explained by the fact that during intermittence, 
there is competition between water exiting and solute entering the biological matrix, with water loss dominating, thereby slowing the 
progress of the solute within the porous structure of the material.

In Fig. 8 (c) and 8 (d), the solute gain kinetics in D3I quickly reaches a pseudo-equilibrium for a low solute gain value, compared to 
that of D2I. This low pseudo-equilibrium value could be attributed to the material’s recurrent de-immersion during the process, 
causing a drive of the solute towards the outside, which is transported by water and materialized by the elimination of the film of 
hypertonic solution on the material’s surface.

In contrast, in Fig. 8 (a) and 8 (b), the kinetics of water loss reaches a pseudo plateau more quickly in D2I than in D3I. In other 
words, D2I achieves thermodynamic equilibrium faster than D3I, implying that, for long kinetic times, D2I process is less effective than 
D3I process. This indicates that the D3I process leads to a slower saturation of the biological material’s pores with solute compared to 
the D2I process.

3.3. Diffusion coefficient and activation energy

The Modified Crank II model was used to determine the water and solute diffusion coefficients, as it is the only model selected for 
the study that best predicts the values of WL∞ and SG∞ in both D2I and D3I. Equations (15) and (17) outline the expression for the 
Modified Crank II model and its rearrangement equation. The values of the predicted water and solute diffusion coefficients and the 
values of the model validation criteria are presented in Table 5.

Table 5 shows the evolution of water and solute diffusion coefficients as a function of temperature and we realize that the water and 

Fig. 7. Water loss (WL) and solute gain (SG) as a function of time and temperature (35, 45, and 55 ◦C): Experimental points (*) and corresponding 
predicted curves from the Modified Crank I model (solid lines) for D2I (a,c) and D3I (b,d).
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solute diffusion coefficients increase with temperature in both D2I and D3I. This observation parallels the findings of Alakali et al. [39] 
on the kinetics of osmotic dehydration of mango, which similarly demonstrated an increase in the diffusion coefficients of water and 
solute with temperature.

Solute diffusion coefficients are higher in D3I than in D2I. Indeed, the time constants of the process are greater in D2I than in D3I. 
However, the diffusion coefficient is proportional to the dehydration rate constant, itself inversely proportional to the time constant of 
the process. Taking into account the results presented in Fig. 8, the slopes at the origin show that the solute diffuses very quickly at the 
start of the D3I, and quickly reaches a pseudo equilibrium at low values of the solute gain, compared to that of the D2I, linked to the 
process of repeated de-immersion of the material. Regarding water loss, we obtain higher water coefficient values in D2I compared to 
D3I. In contrast to the solute transfer kinetics, Fig. 8 shows that water losses have smaller time constants in D2I than in D3I. This greater 
diffusion of water in D2I would be due to the continuous immersion of the material during the process. However, D3I presents water 
diffusion coefficient values comparable to those of D2I, for low temperatures, between 35 and 45 ◦C. The review of Asghari et al. [40] 
highlighted the advantage of implementing osmotic dehydration techniques at temperatures close to ambient temperature, it appears 
that at low temperatures, it is D3I which is advantageous compared to D2I. Additionally, over time, D2I reaches its plateau very 
quickly, compared to D3I which continues to grow.

The values of the diffusion coefficients obtained allowed us to determine the activation energy (Ea) and Arrhenius factor during the 
dehydration and impregnation process. The activation energy is a measure of the dependence of the mass transfer process on tem
perature and a larger magnitude of Ea is associated with higher temperature dependence. Table 6 presents the values of the predicted 
activation energies, the Arrhenius factors, and the values of the validation criteria. The D2I process exhibits higher activation energies 
for WL and SG, respectively, compared to those obtained in D3I, indicating that the mass transfers in D2I are more sensitive to 
temperature changes than those in D3I [39].

At the end of this study, it is essential to highlight that the primary challenge in osmotic dehydration (D2I) of fruits is to dehydrate 
them while preserving their original characteristics, particularly their sugar content. This challenge is particularly complex due to the 
unavoidable sugar impregnation that occurs during the process. The solution often involves minimizing this impregnation, which is 
achieved with the new dehydration process (D3I) that we have developed [8]. This innovative process allows for the osmotic treatment 
of products while significantly reducing their sugar content [8].

Economically, by lowering the solute gain (reduced sugar impregnation in the fruits), this process reduces costs related to sup
plementing the concentrated solution to maintain a constant concentration. This allows manufacturers to offer reduced-sugar products 

Fig. 8. Water loss (WL) and solute gain (SG) as a function of time and temperature (35, 45, and 55 ◦C): Experimental points (*) and corresponding 
predicted curves from the Modified Crank II model (solid lines) for D2I (a,c) and D3I (b,d).
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Fig. 9. Water loss (WL) and solute gain (SG) as a function of time and temperature (35, 45, and 55 ◦C): Experimental points (*) and corresponding 
predicted curves from the Weibull model (solid lines) for D2I (a,c) and D3I (b,d).

Table 1 
Classification of models for water loss (WL) kinetics in D2I and D3I, based on Σmin values.

Models WL (D2I) Models WL (D3I)

R2 R2
adj

RMSE MRE Σmin R2 R2
adj

RMSE MRE Σmin

Modified Crank II 0.996 0.996 0.975 0.028 1.011 Weibull 0.996 0.996 0.887 0.022 0.917
Weibull 0.996 0.995 1.020 0.027 1.055 Modified Crank II 0.992 0.991 1.266 0.033 1.315
Modified Crank I 0.996 0.995 1.032 0.027 1.067 Azuara 0.991 0.991 1.303 0.081 1.402
Azuara 0.996 0.996 0.970 0.090 1.067 Modified Crank I 0.990 0.989 1.419 0.054 1.494
Crank 0.902 0.889 5.272 0.144 5.624 Crank 0.899 0.893 4.389 0.154 4.751

Table 2 
Classification of models for solute gain (SG) kinetics in D2I and D3I, based on Σmin values.

Models SG (D2I) Models SG (D3I)

R2 R2
adj

RMSE MRE Σmin R2 R2
adj

RMSE MRE Σmin

Weibull 0.990 0.988 0.217 0.052 0.291 Weibull 0.924 0.914 0.369 0.128 0.659
Modified Crank II 0.990 0.988 0.217 0.052 0.291 Modified Crank II 0.920 0.910 0.377 0.132 0.678
Modified Crank I 0.987 0.983 0.218 0.070 0.318 Modified Crank I 0.918 0.913 0.370 0.145 0.683
Azuara 0.985 0.983 0.205 0.203 0.440 Azuara 0.914 0.909 0.374 0.203 0.753
Crank 0.860 0.843 0.697 0.270 1.264 Crank 0.853 0.844 0.482 0.239 1.024

C. Tsopwo Zena and Y. Jiokap Nono                                                                                                                                                                              Heliyon 10 (2024) e39389 

13 



Table 3 
Fitting parameters for water loss (WL) as a function of temperature and pre-treatment (D2I or D3I).

Models Azuara Crank Modified Crank I Modified Crank II Weibull

Coef WL∞ (%) sw × 10− 3 (min− 1) WL∞ (%) kWL × 10− 3 (min− 1) WL∞ (%) Czw kWL × 10− 3 (min− 1) WL∞ (%) kWL × 10− 3 (min− 1) WL∞ (%) αw (min) βw

D2I 35 ◦C 116.96 2.10 45.58 5.27 71.76 1.00 3.27 70.06 3.41 78.61 353.40 0.71
45 ◦C 87.54 4.13 50.36 5.93 58.50 0.99 5.66 57.78 5.84 64.73 212.16 0.68
55 ◦C 77.45 6.82 54.00 7.07 55.33 0.99 8.36 55.11 8.48 58.82 134.73 0.72

D3I 35 ◦C 96.10 2.83 47.23 4.94 70.51 0.97 3.25 60.84 4.25 2603.54 86001.06 0.71
45 ◦C 101.57 3.34 55.22 4.99 77.33 0.97 3.55 66.10 4.81 4042.99 173554.99 0.68
55 ◦C 109.55 3.74 62.87 5.17 78.49 0.97 4.40 71.83 5.33 226.93 1547.94 0.72

Coef: Coefficient.
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to the market at lower costs. Such products address the growing consumer demand for healthier food options and help prevent health 
issues associated with excessive sugar consumption, including obesity, type 2 diabetes, cardiovascular diseases, and dental cavities as 
mentioned by Erickson and Carr in 2020 [41]. By offering reduced-sugar products, companies can promote public health while 
positioning themselves advantageously in a growing market. Furthermore, the calculated activation energies revealed that the D3I 
process is less temperature-sensitive than the D2I process.

4. Conclusion

The water loss (WL) and solute gain (SG) kinetics followed by modeling allowed us to compare the behavior of the mango slices 
during D2I and D3I. Semi-empirical modeling allowed to observe that the equilibrium water loss decreases with increasing temper
ature during D2I and increases with temperature during D3I. On the other hand, the equilibrium solute gain during D2I and D3I 
increases with temperature but is higher in D2I than in D3I. Modified Crank II was the best model to describe the behavior of WL and 
SG during D2I and D3I, and was used to estimate the apparent diffusion coefficient. The average water diffusion coefficient was 
between (3.46 and 8.69) × 10− 8 m2 s− 1 for D2I and (4.33 and 5.43) × 10− 8 m2 s− 1 for D3I. The solute diffusion coefficient was between 

Table 4 
Fitting parameters for solute gain (SG) as a function of temperature and pre-treatment (D2I or D3I).

Models Azuara Crank Modified Crank I Modified Crank II Weibull

Coef SG∞ 

(%)
ss × 10− 3 

(min− 1)
SG∞ 

(%)
kSG × 10− 3 

(min− 1)
SG∞ 

(%)
Czw kSG × 10− 3 

(min− 1)
SG∞ 

(%)
kSG × 10− 3 

(min− 1)
SG∞ 

(%)
αs 

(min)
βs

D2I 35 ◦C 11.56 2.59 5.11 5.53 6.95 1.01 4.26 7.10 4.08 6.57 215.24 1.04
45 ◦C 16.73 2.24 6.74 5.41 9.80 1.01 3.80 10.07 3.62 8.95 227.93 1.06
55 ◦C 19.38 2.79 8.79 5.84 10.85 1.04 5.37 11.74 4.50 8.09 120.37 1.57

D3I 35 ◦C 4.55 7.84 3.25 7.86 3.15 1.07 11.34 3.24 9.86 2.87 80.17 1.45
45 ◦C 7.62 5.93 5.24 6.14 5.32 1.00 7.61 5.31 7.65 5.92 163.05 0.89
55 ◦C 8.43 9.53 6.33 8.67 6.13 1.05 12.13 6.23 11.17 5.82 79.07 1.25

Coef: Coefficient.

Table 5 
Modified Crank II diffusion coefficients and values of validation statistical criteria at 35 ◦C, 45 ◦C, and 55 ◦C.

Temperature

35 ◦C 45 ◦C 55 ◦C

D2I Dew (m2 ⋅s− 1) 5.76 × 10− 10 9.87 × 10− 10 1.45 × 10− 9

R2 0.99 0.99 0.99
R2

adj 0.99 0.99 0.99
RMSE 0.02 0.05 0.07
Des (m2 ⋅s− 1) 6.79 × 10− 10 7.16 × 10− 10 8.43 × 10− 10

R2 0.99 0.99 0.98
R2

adj 0.99 0.99 0.98
RMSE 0.05 0.04 0.07

D3I Dew (m2 ⋅s− 1) 7.22 × 10− 10 8.19 × 10− 10 9.05 × 10− 10

R2 0.99 0.98 0.99
R2

adj 0.99 0.98 0.99
RMSE 0.04 0.06 0.04
Des (m2 ⋅s− 1) 1.29 × 10− 9 1.34 × 10− 9 1.54 × 10− 9

R2 0.79 0.89 0.69
R2

adj 0.79 0.89 0.69
RMSE 0.31 0.24 0.48

Table 6 
Values of activation energies, Arrhenius factors, and model validation statistical criteria for water loss (WL) and solute gain (SG) of mango slices, pre- 
treated with D2I or D3I.

Coefficients WL SG

D2I D3I D2I D3I

D0 (m2 ⋅s− 1) 2.21 × 10− 3 2.96 × 10− 8 2.29 × 10− 9 2.21 × 10− 8

Ea (J⋅mol− 1) 38789 9503 9037 7327
R2 0.99 0.99 0.91 0.89
R2

adj 0.99 0.99 0.91 0.89
RMSE 0.05 0.01 0.03 0.03
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(4.07 and 5.06) × 10− 8 m2 s− 1 for D2I and (7.74 and 9.23) × 10− 8 m2 s− 1 for D3I. The activation energies of water and solute were 
higher in D2I than in D3I. We demonstrate that intermittency enhances mass transfer during osmotic dehydration of mango slices. The 
results of modeling mass transfers obtained in this work indicate that the new technique developed by D3I opens new avenues for 
exploring the osmotic dehydration of fruits and vegetables. The low-temperature dependence of transfers, and the low solute gains 
observed in the D3I process compared to the conventional D2I process, offer a clear economic advantage. It aligns with our goal of 
achieving healthier product outcomes. However, several limitations need to be addressed. Firstly, the sample size and variability of the 
fruits may significantly influence the accuracy of the mathematical model used. Secondly, the impact of the process on other nutri
tional or sensory attributes of the fruits was not thoroughly investigated and could also be modeled. Future research should address 
these limitations by testing a broader range of fruit varieties, optimizing the process under different conditions, and exploring how 
other nutrients and other operating conditions affect the models. These studies could offer valuable insights into the broader impli
cations of this new process.
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