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Abstract
The fig (Ficus carica L.) is a fruit native to the Mediterranean region. However, it has spread worldwide. Osmotic dehydration is
used to reduce the moisture content in food, preserving its main characteristics. This study aimed to obtain the kinetics of the
water loss, solid gain and water activity of green figs that were cut transversely and osmotically dehydrated in different sucrose
solutions (40, 50 and 60 °Brix). The osmotic dehydration occurred at 40 °C, with a vacuum pulse of 74mmHg in the first 5 min of
the process in a total time of 240 min. The ratio of sample:solution was kept constant at 1:10 (weight/weight). Periodically, the
samples were weighed to calculate the kinetics of water loss, solid gain, and water activity. The increase in the concentration of
the sucrose solution from 40 to 60 °Brix promoted a percentage increase of water loss from 8.14 ± 0.80 to 12.80 ± 0.50%, of solid
gain (0.89 ± 0.31 to 1.42 ± 0.70%), and the reduction of water activity (0.93 ± 0.02 to 0.91 ± 0.01). The mathematical models of
Peleg and Azuara were tested for fitting the kinetics of water loss and solid gain. Both the mathematical models of Peleg and
Azuara presented good fitness to the experimental data. However, the latter was more adequate (higher r2 and lower error), with
predicted equilibrium conditions closer to the experimental values.
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1 Introduction

Fig is a fruit that is consumed both fresh and processed. The
drying process is applied to prolong the storability of the figs
because they have a short post-harvest life [1]. This is greatly
important for nutrition, as it is a source of carbohydrates and
vitamins A, B1, B2 and C. Additionally, figs have essential
amino acids, aspartic acid and glutamine that are the sub-
stances with the highest concentrations similar to other fruits
such as oranges [2–4].

Osmotic dehydration (OD) is commonly applied as a pre-
treatment for drying operations. The process involves the im-
mersion of foods in a hypertonic solution for the partial re-
moval of the water due to the pressure difference between the
food and the hypertonic solution [5]. The incorporation of

solid is also seen, altering the food’s sensory characteristics
according to each osmotic agent used [6]. The process can be
performed under atmospheric pressure (OD) or with the ap-
plication of a vacuum pulse in a process called pulsed vacuum
osmotic dehydration (PVOD) [7]. During the application of
the vacuum pulse, there is an expansion of the pores of plant
tissue, promoting the removal of occluded gases. With the
resumption of atmospheric pressure, the pores are able to re-
ceive solutions with consequently higher mass transfer [8].
This hydrodynamic mechanism is responsible for significant
water loss (WL) and solid gain (SG) at the beginning of
PVOD due to the pressure gradient generated by the simulta-
neous action of capillary flow and pressure variations on the
subject. The porous structures of plant tissue cause a rapid
change in the composition of foodwith physical consequences
in the food matrix [9]. PVOD could minimize browning reac-
tions, nutrient deterioration and the loss of flavor volatile com-
ponents, as well as reduce the acidity and decrease the struc-
tural collapse of the fruit during the drying process [10, 11].

One of the most important aspects of the engineering pro-
cess is the mathematical modeling, because it reflects the re-
ality of the experimental processes, facilitating its
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comprehension, and allowing the choice for the most appro-
priate process for each product taking into account its charac-
teristics [12]. The mathematical models employed to describe
the OD process are usually based on Fick’s diffusion law;
even if the diffusion equation does not represent several mech-
anisms of mass transfer inside a food subjected to an osmotic
process, it has been very useful to empirically model these
processes [5, 13]. Fick’s law is widely used for the analysis
and optimization of various theoretical and practical mass
transfer processes [14–17]. The model equations are specific
for the certain geometry of the samples as plates, cylinders,
and spheres [18]. However, in the model of Azuara et al. [19],
the model equation is based onmass balance, with no geomet-
ric specification used to estimate mass transfer coefficients
and the final equilibrium point during a relatively short period
of time.

Peleg [20] proposed a two-parameter sorption equation and
tested the prediction accuracy during the water adsorption of
milk powder and whole rice and the soaking of whole rice
[20]. This equation was used to describe sorption processes
in various foods with good adjustment [21, 22]. Therefore, the
main objective of this work was to study mass transfer in the
pulsed vacuum osmotic dehydration process in green figs
(Ficus carica L.) that were cut transversely and osmotically
dehydrated in different sucrose solutions, as well as the math-
ematical models for the prediction of the osmotic dehydration
kinetics and physicochemical characterization of vegetables.

2 Material and methods

2.1 Raw material

Green figs (Ficus carica L.) were cultivated in São Sebastião
do Paraíso, in the state of Minas Gerais, Brazil. The figs se-
lected were those with uniform maturation characteristics of
green peel color.

The compositions of the figs used in the trials were deter-
mined according to the Official Methods of Analysis (AOAC,
2007). All data were obtained by triplicate analyses and
expressed as the mean ± standard deviation. The carbohy-
drates were calculated by the difference between 100 and the
sum of the percentage of the moisture content, lipids, proteins
and minerals.

Analyses of water activity (aw) were carried out with the
use of a hygrometer (Aqualab CX-2 T Decagon Devices Inc.,
Pullman, USA) at 25 °C.

The soluble solids content was measured after fruit macer-
ation in distilled water, filtration and direct reading in a digital
refractometer (Hanna Instruments model 96,801, USA).

The color of the samples was measured with an electronic
colorimeter (Minolta Camera Co-CR 400, Japan) according to
the following standards: L* (lightness), a* (red intensity) and

b* (yellow intensity). The parameters were measured using as
references the CIE 1964 Standard Observed (10° visual field)
and the CIE standard illuminant D65.

2.2 Sample preparation

The selected fruits were blanched (97 °C/8 s) and transversely
cut with the aid of a stainless steel knife as shown in Fig. 1.
The cut aimed to improve mass transfer between the fruit and
the osmotic solution.

Blanching inactivates oxidative enzymes, as well as im-
proves color and texture. Furthermore, the process improves
water loss and solid gain [9, 23, 24]. Then, the figs were
washed in tap water and immersed in a solution of sodium
hypochlorite (200 mg L−1 for 15 min) for sanitization [9].

2.3 Pulsed vacuum osmotic dehydration (PVOD)

The equipment used in the osmotic dehydration experiments
consisted of a jacketed stainless steel (internal volume of 50 L)
chamber designed to work at atmospheric pressure as well as
under vacuum and water that was used as the thermal fluid.
The temperature and inner pressure were automatically con-
trolled. For the PVOD treatments, the samples were initially
weighed and then immersed in a hypertonic solution of su-
crose. The osmotic solution was prepared with commercial
sucrose at 40, 50 and 60 °Brix. The ratio of the sample to
the solution was kept constant at 1:10 (weight/weight) to
avoid the dilution of the solution [25]. The experiments were
developed for 240 min at 40 °C with the application of the
vacuum pulses in the first 5 min under a reduction pressure of
74 mmHg relative to the local atmospheric pressure.

After the PVOD, the samples were removed, rinsed with
water and placed on absorbent paper to remove the solution
from the surface [26].

The samples were periodically weighed with a semi-
analytical scale (Shimadzu AUY220, Kyoto, Japan), and the
PVOD was maintained until the samples presented no appre-
ciable variation in weight. The samples were analyzed for
water loss (WL) and solid gain (SG) using Eqs. (1) and (2),
respectively.

WL ¼ W0Xw0ð Þ− WXwð Þ
W0

ð1Þ

where WL is water loss (kg kg−1), W is sample mass (kg), Xw
is the moisture content in the wet basis (kg water kg sam-
ple−1). The sub-indice 0 refers to fresh fruit.

SG ¼ WSð Þ− WoSoð Þ
W0

ð2Þ

where SG is a solid gain (kg kg−1),W is sample mass (kg), S is
the solid content (kg of solid per kg of fruit). The sub-indice 0
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refers to fresh fruit. The kinetics of reduction of water activity
(aw) of the osmotically dehydrated samples were also found.
The samples were taken out of the osmotic solution at
predetermined times and subjected to aw readings using a
hygrometer at 25 °C.

2.4 Mathematical models

Fick’s model might have been used to describe the diffusional
osmotic dehydration process. However, diffusion is predomi-
nant in a single dimension for characteristic geometries such
as spheres, slabs, and cylinders [27]. The geometry of the half
fig is almost a semi-sphere but the approximation is not ade-
quate. As a result, the models used in previous work (Azuara
and Peleg) were not based on specific geometries [28].

Azuara et al. [19] proposed a model revealing the limita-
tions of Fick’s diffusionmodel and found good accuracy in the
prediction of the mass transport during osmotic dehydration,
which can be linearized according to Eq. (3).

WL ¼ S1 WL∞ð Þ
1þ S1

ð3Þ

where WL is the fraction of water loss, S1 is the model con-
stant related to the rate of water loss, and WL∞ is the fraction
of water loss at equilibrium.

The values of S1 and WL can be found from the lineariza-
tion of Eq. (4).

t
WL

¼ 1

S1WL∞
þ t

WL∞
: ð4Þ

where WL is the fraction of water loss, S1 is the model con-
stant related to the rate of water loss, WL∞ is the fraction of
water loss at equilibrium and t is the time.

Just as Eq. (4) is used for water loss, Eq. (5) is used for solid
gain.

t
SG

¼ 1

S2SG∞
þ t

SG∞
ð5Þ

where SG is the fraction of soluble solids gained, S2 is a model
constant related to the rate of solid gain, SG∞ is the fraction of
soluble solids gained at equilibrium and t is the time.

The Peleg model was employed to fit the experimental
data. It is an empirical model with two parameters initially
established to describe curves that approach equilibrium [13].

Xw ¼ Xw0 � t
k1 þ k2

ð6Þ

where Xw is the moisture content in the wet basis (kg water kg
sample−1), k1 and k2 are Peleg model parameters and t is
process time. The sub-indice 0 refers to fresh fruit. To deter-
mine water loss and solids gain from the model proposed by
Peleg, Eqs. (7) and (8) are used [29]:

Xw−Xw0 ¼ −
t

kw1 þ kw2
ð7Þ

where Xw is the moisture content in the wet basis (kg water kg
sample−1), k1 and k2 are model parameters and t is process
time. The sub-indice 0 refers to fresh fruit.

Xs−Xs0 ¼ þ t
ks1 þ ks2

ð8Þ

where Xs is the solid content (wet basis), k1 and k2 are model
parameters and t is process time. The sub-indice 0 refers to
fresh fruit.

The Peleg rate constant k1 and k2 relates to the water loss
and solid gain rates, respectively, at the initial time, t = t0 [21],
according to Eqs. (9a) and (9b):

dXw
dt

¼ 1

k1
ð9aÞ

dXs
dt

¼ 1

k2
ð9bÞ

where Xw is the moisture content (wet basis), Xs is the solid
content (wet basis), k1 and k2 are rate constant of Peleg model.

The constant k1 is obtained by linear regression of the ex-
perimental data.

Fig. 1 Representation of the
experimental configuration of
green fig samples: a
demonstration of cut in samples,
b cut samples
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Xw∞ ¼ Xw0−
1

kw1
ð10Þ

where Xw is the moisture content (wet basis), kw1 is rate con-
stant of Peleg model for water loss. The sub-indices 0 and ∞
refer to fresh fruit and condition equilibrium, respectively.

Xs∞ ¼ Xs0 þ 1

ks2
ð11Þ

where Xs is the solid content (wet basis), ks2 is rate constant of
Peleg model for solid gain. The sub-indices 0 and ∞ refer to
fresh fruit and condition equilibrium, respectively.

These equations were used to describe mass transfer during
osmotic dehydration in different foods [21, 29].

The correlation coefficient (R2) and error standard were
used for selection of the best mathematical model.

SE ¼ ∑
n

i−1

X exp;i−X pre;i

n

� �2

ð12Þ

where Xexp,i is the experimental dates (water loss or solid
gain), Xpre,i is the predict values (water loss or solid gain)
and n is the number of observations.

The evaluations were conducted via the nonlinear estimation
procedure using Statistica 5.0® (Statsoft, Tulsa, USA) software.

3 Results and discussion

3.1 Characterization of figs in nature

The results of the chemical composition of the fresh fruits are
given in Table 1.

As shown in Table 1, fresh green figs are a product with
high moisture content. Additionally, carbohydrates are more
prominent than the other solid constituents of the fruit.
According to TACO (2011), fresh figs have 88.22%moisture,
10.20 g carbohydrates, 1.00 g protein, 0.20 g lipids, and 0.40 g
minerals per 100 g of fresh product.

The physicochemical parameters are shown in Table 2.
The values of water activity (aw), total soluble solids and

color parameters indicate that the analyzed figs were in the
initial stage of maturation. The total soluble solids were lower
than those found in the literature, which reported values from
20.60 to 55.01 °Brix [11, 30]. This difference can be explained
by the variety of fig used in addition to the fruit maturation

Table 1 Green fig composition

Compound Mean value [%]

Moisture content (w.b.) [kg kg−1] 83.87 ± 1.01

Carbohydrates 12.38 ± 1.38

Lipids 1.21 ± 1.37

Proteins 0.61 ± 0.09

Minerals 0.23 ± 0.01

Table 2 Physicochemical parameters of fresh figs

Parameters Mean value

Water activity 0.98 ± 0.02

Content of soluble solids [°Brix] 1.14 ± 0.43

L* 41.64 ± 0.26

a* −20.67 ± 1.42

b* 32.80 ± 1.10

Fig. 2 Kinetics of water loss (WL) of green figs in pulsed vacuum os-
motic dehydration (PVOD) at 40 °C with 5 min of pulse vacuum

Fig. 3 Kinetics of solid gain (SG) of green figs in pulsed vacuum osmotic
dehydration (PVOD) at 40 °C with 5 min of pulse vacuum
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stage. The value of aw is similar to that found in data reported
in the literature [31].

Among the color parameters evaluated, the figs had a light
near white, due to the high value of L*, with green and yellow
tones characteristic of fresh figs, justified by the values of a*

and b*.

3.2 Kinetics of PVOD

The results of water loss (WL) and solid gain (SG) kinetics
during the process of PVOD, as well as the fitting of the
Azuara model, are shown in Figs. 2 and 3, respectively.

The analysis of Figs. 2 and 3 shows that higherWL and SG
were found in experiments with more concentrated solutions.
This is explained mainly by the large osmotic pressure gradi-
ent across the interface of the product and the solution caused
by an increase in the concentration of the dehydrating solu-
tion. Previous studies found similar results during the PVOD
of guavas, figs and pineapple [5, 32, 33]. Furthermore, in the
first 120 min, mass transfer rates were higher, as observed in
previous works [5, 6, 33]. For studies with solutions of 40 and
50 °Brix, after this time, constant values of WL and SG were
observed, indicating that the process tends to equilibrium after
this period.

The mass transfer between the product and the
dehydrating solution is strictly affected by the nature of
the product (species, variety, maturation stage, porosity,
shape, and size). Previous works of osmotic dehydration
used samples with smaller dimensions than those in the
present work. As the process is mainly diffusive, the
higher the sample dimensions, the lower the mass transfer
[30, 32, 33]. Moreover, the use of vacuum pulses is more

prominent in porous samples. Vianna et al. [27] tested
PVOD with cladodes and verified that the vacuum was
not influent.

The PVOD kinetic curves were fit by the models of Peleg
[20] and Azuara et al. [19]. The parameters obtained in fitting
these models for WL and SG are presented in Tables 3 and 4.

There is a relationship between the S1 parameter
established by the Azuara model and mass transfer rates.
The largest values of S1 indicate higher mass transfer rates
for WL. Therefore, a relationship between water loss and S1
was established, and the analyzed parameter increased with
the increasing concentration of the dehydration solution.
However, for a solid gain, the same relationship was not seen.
The parameters of the model with mass transfer rates were
also studied by Assis et al. [34].

The Peleg model parameters were studied by Corzo et al.
[21], who inferred that the higher the values of the constant K,
the smaller the transfer rates during the osmotic dehydration
process, which was also seen in this study.

The increase in the concentration of the solutions also fa-
vored an increase in the equilibrium conditions. These data are
consistent with the assumption that the more saturated the
solution, the larger the solid gain rates and the more often
water loss will occur [21].

The correlation coefficients (R2) found indicate a satisfac-
tory fit with the model applied, in agreement with Corzo et al.
[21], who compared the fitting of the Peleg and Azuara
models.

Therefore, the fit obtained by the Azuara model was better
because it had the highest R2, the lowest values for standard
errors (SE), and it better predicted the values of equilibrium
conditions. Such behaviors were observed for WL and SG.

Table 3 Parameters of Azuara and Peleg models for Water Loss

Peleg model Azuara model

Concentration [°Brix] k WL∞ R2 SEx10−1 S1 ×10
4 WL ∞ R2 SE

40 1.41 ± 0.82 0.71 ± 0.53 0.97 2.23 2.20 ± 0.93 10.78 ± 0.04 0.99 6.50 × 10−2

50 1.18 ± 0,79 0.84 ± 0.44 0.98 1.36 6.00 ± 0.71 10.85 ± 0.83 0.99 4.40 × 10−2

60 0.97 ± 0.47 1.03 ± 0.34 0.93 6.11 6.70 ± 0.06 14.45 ± 0.61 0.99 1.55 × 10−1

K and S1 correspond to the model parameters; SG∞ is solid gain equilibrium; R2 corresponds to the determination coefficient; and SE is standard error

Table 4 Parameters of Azuara and Peleg models for Solid Gain

Peleg model Azuara model

Concentration [°Brix] k SG∞ R2 SEx10−1 S1x10
4 SG∞ R2 SE

40 13.85 ± 0.97 0.07 ± 0.02 0.99 2.71 2.88 ± 0.22 1.09 ± 0.30 0.99 8.61 × 10−4

50 8.91 ± 0.28 0.11 ± 0.03 0.99 4.24 2.45 ± 0.43 1.45 ± 0.40 0.99 1.18 × 10−3

60 7.67 ± 0.42 0.13 ± 0.03 0.99 5.79 2.18 ± 0.61 1.82 ± 0.51 0.99 1.46 × 10−3

K and S1 correspond to the model parameters; SG∞ is solid gain equilibrium; R2 corresponds to the determination coefficient; and SE is standard error
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Figure 3 demonstrates the water activity kinetics during the
process of PVOD.

It was found (Fig. 4) that the reduction in water activity was
directly related to the concentration of the osmotic solution.
An increase in the concentration of the solution, as well as
promoting greater water loss, also led to a greater incorpora-
tion of the solute by the product. As a consequence of both
phenomena, the water activity was reduced [34]. Figure 4 also
demonstrates that the greatest reduction in water activity oc-
curs in the first 120 min, with stable equilibrium reached.

Water activity is an intrinsic factor in food. It is related to
the available water in the food. Representing the freemoisture.
This free water enables microbial growth and accelerates bio-
chemical reactions affecting the quality of the products. Thus,
the reduction of aw becomes indispensable for the better con-
servation of foods [35].

4 Conclusions

High water loss and solid gain values were observed in the
first part of the PVOD process. Furthermore, treatment with
higher concentrations of osmotic solutions showed higher
values of WL and SG and higher reductions in water activity.

Primarily due to the high moisture content and consumer
preference for fresh figs, osmotic dehydration using vacuum
pulses proved to be effective when applied to transversely cut
figs. It may be a product conservation alternative that is still
more effective when applied as a pretreatment to conventional
drying. Moreover, it was possible to observe the effect of the
concentration of the osmotic solution in relation to water loss,
solid gain and the reduction of water activity.

The two models studied presented good fitness to the ex-
perimental data. However, the values predicted by the model

for the Azuara equilibrium conditions were more consistent
with the experimental values than the values found with the
adjustments to the Peleg model.

In Brazil, green fig is generally industrialized in the prep-
aration of sweet syrup, with high solid content (usually su-
crose). Thus, the PVOD process of green fig provides the
initial incorporation of solutes, in this case, sucrose, similarly
to what occurs in the industrial process. Furthermore, the sam-
ples have greater stability after the application of PVOD due
to water loss, increasing the quality of the samples and con-
sequently of the future co-products.
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