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Abstract

The apparent diffusion coefficients for sucrose and water during osmotic dehydration of jenipapos were determined. Long time exper-
iments (up to 60 h) were carried out in order to determine equilibrium concentrations inside jenipapos, whereas short time experiments
(up to 4 h) were performed to provide detailed information on kinetics of water loss and solids gain at the beginning of osmotic treat-
ment. According to the results, mass transfer rates for water and solutes, as well as the apparent diffusion coefficients for sucrose showed
to be dependent on sucrose concentration in osmotic solution. The immersion time did not have significant effect (p > 0.05) over the dif-

fusion coefficients for sucrose and water.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Most tropical fruit are highly perishable, showing a
short shelf life post harvest at room temperature, which
implies in losses over 30% of production (Chitarra &
Chitarra, 1990).

In order to reduce these losses, several researchers make
use of drying processes, of which, the osmotic treatment
stands out. It has been used mainly as pre-treatment to
some conventional processes such as freezing (Pointing,
1973); freeze drying (Hawkes & Flink, 1978); vacuum dry-
ing (Dixon & Jen, 1977) and air drying (Nanjundaswamy,
Setty, Balachandran, Saroja, & Reddy, 1978), in order to
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improve final quality, reduce energy costs or even to
develop new products (Sereno & Hubinger, 2001).

The process of osmotic dehydration can be character-
ized by dynamic and equilibrium periods (Rahman,
1992). In the dynamic periods, the rate of mass transfer
is increased or decreased until equilibrium is reached, i.e.,
the net rate of mass transfer is zero. The study of this equi-
librium is important to understand the mechanism of mass
transfer involved in this system (Baralt, Chiralt, & Fito,
1998), as well as to employ Fick’s second law for diffusion
in non-stationary solids of different geometry, allowing
estimation of apparent diffusion coefficients for water and
solutes (Sablani & Rahman, 2003).

The objective of this work was to evaluate the effective
diffusion coefficients, based on the analytical solution of
Fick’s second law, for solvent and solutes transfer during
osmotic dehydration of jenipapo.
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2. Materials and methods
2.1. Raw material

Fresh ripe jenipapos (Genipa americana L.) were pur-
chased from a local market (Recife—PE). The fruit were
selected visually by color (completely brown), size (average
diameter of 9.0 cm) and physical damage. After washed in
fresh running water and dried with absorbent paper, they
were cut into quarters and skin and seeds were removed
manually.

2.2. Osmotic treatment

Commercial sucrose dissolved in distilled water was
used as osmotic agent. Three levels of sucrose (30%, 50%
and 70%) concentrations were selected, according to a 2°
factorial design including the centre point (Barros Neto,
Scarminio, & Bruns, 2001). These concentrations were cho-
sen based on the resulted obtained by Andrade, Metri,
Barros Neto, and Guerra (2003).

The experimental design was evaluated using coded lev-
els —1 and 1, the independent variables being sucrose and
time and the dependent variables being water and sucrose
diffusion coefficients (Table 1).

The process was carried out in glass beakers containing
the different concentrations of the osmotic solution and
maintained at a controlled temperature (30 &1 °C). The
sample/solution relation was 1:20 in order to minimize
changes in solution concentration during osmosis. Quarters
of jenipapo, pre-weighed and tied with colored threads (for
identification) were placed in each of the glass beakers.

The osmotic medium was agitated continuously with a
magnetic stirrer. Preliminary experiments indicated that
agitation promotes moisture loss of jenipapo osmotically
treated for 3 h under the same conditions (Fig. 1).

At pre-determined time intervals, quarters of jenipapo
were taken out from the glass beakers for analysis. The
treated sample was drained for 1 min and slightly wiped
with absorbent paper and analyzed.

A first set of experiments was carried out to determine
the equilibrium concentrations for water and sucrose.
These experiments were performed by osmotically treating
jenipapos up to a total time of 60 h, having samples col-
lected at 0, 6, 12, 24, 32, 36, 48 and 60 h.

In order to obtain more detailed information on kinetics
of water loss and solids gain, another set of experiments
was conducted with jenipapo samples drawn off the solu-
tion at shorter time intervals: 0, 0.5, 1, 2, 3, and 4 h.

Table 1

Independent variables coded for osmotic dehydration of jenipapo
Variables -1 0 1
Sucrose (%) 30 50 70
Time (h) 4 32 60
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Fig. 1. Water loss in jenipapos during osmotic treatment with or without
agitation in solutions of sucrose.

2.3. Analytical methods

Moisture content was determined by placing samples in
an air drier at 105 °C at atm. pressure until constant weigh
was obtained (AOAC, 1998; Method 985.14). All analyses
were made in triplicates. Soluble solids (°Brix) were mea-
sured in a refractometer BAUSCH and LOMB.

2.4. Mathematical procedure and statistical analysis

Rates of moisture loss during osmotic dehydration were
modeled based on an analytical solution of Fick’s second
law (Eq. (1)) (Telis, Murari, & Yamashita, 2004). Rates
of solids gain were determined by Eq. (2), a modified form
of Eq. (1) (Telis et al., 2004).

XX 8 & 1 —D(2n+ 1)’n%t
q:_zz zexp( ( > ) ) (1)
XO_Xeq T n=0 (2I’l+1) L
- o 1 —D(2n + 1)*n%t
Co CZI_%Z Zexp( (”"2')“)
CO_Ceq T n—0 (2n+1) L
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In the above equations X and C are the moisture content
and sugar concentration, respectively, at time ¢, Xy and C,
the initial values of these variables, and X.q and Cq the
corresponding equilibrium values. D is the apparent diffu-
sion coefficient and L the slab thickness.

A constant average slab thickness of 0.9cm was
assumed for jenipapo samples during the osmosis.

Analysis of variance (ANOVA) was carried out to see
the influence of different variables on diffusion coefficient
for solids and water with significance level of 95% using
the Statistica 5.0 (Statsoft, 1997) package.

3. Results and discussion

Figs. 2 and 3, show that the velocities of moisture loss
and solids uptake were higher in the beginning of the dehy-
dration. The reduction of the water content in the first two
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Fig. 2. Kinetics of water loss in jenipapo during osmotic treatment in
solution of varied sucrose concentrations.
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Fig. 3. Kinetics of sugar gain in jenipapo during osmotic treatment in
solution of varied sucrose concentrations.

hours was 10.59%, 19.09% and 25.96% for solution with
30, 50 and 70 °Brix, respectively, these values being much
lower than the ones obtained by Kowalska and Lenart
(2001) dehydrating carrots and pumpkins, for 30 min,
obtaining 47% and 50% of loss moisture, respectively, in
a 61.5 °Brix sucrose solution.

After these first hours, the flows of mass tended to
decrease considerably until the equilibrium was reached
in the fruit/osmotic solution system. This equilibrium was
reached around 12, 24 and 32 h of osmosis for the osmotic
solutions of 30, 50 and 70 °Brix, respectively, from which
significant alteration of water loss and solids gain were
not observed. This behavior was different from the one reg-
istered by Askar, Abdel-Fadeel, Ghonaim, AbdeL-Gaid,
and Ali (1996); Palou, Ldépez-Malo, Argaiz, and Welti
(1993); Panagiotou, Karathanos, and Maroulis (1999), in
the osmotic dehydration of several fruit, such as papaya,
peach, apple, banana and kiwi that reached equilibrium
around 4 h.

The equilibrium concentrations for water and sucrose
determined in jenipapos treated in the different osmotic
solution are shown in Tables 2 and 3, respectively. The fact
that this equilibrium was reached with longer time is

Table 2
Equilibrium concentrations and apparent diffusion coefficients for water
during jenipapo osmotic treatment

Experiment S (%) ¢ (h) Apparent diffusion Equilibrium

number coefficient D concentration
water (107'°m?/s)  (g/100 g total mass)

1 30 4 7.38

2 70 4 5.07

2 30 60 6.90 66.60

3 70 60 4.62 36.60

4 50 32 4.31 48.80

5 50 32 5.98 49.20

6 50 32 5.05 49.00

S = sucrose concentration (%); T = time (h).

Table 3
Equilibrium concentrations and apparent diffusion coefficients for sucrose
during jenipapo osmotic treatment

Experiment S (%) ¢ (h) Apparent diffusion  Equilibrium

number coefficient D concentration
sucrose (1071°m%/s) (g/100 g total mass)

1 30 4 8.35

2 70 4 4.49

2 30 60 7.72 31.0

3 70 60 3.99 62.4

4 50 32 491 49.1

5 50 32 5.35 49.3

6 50 32 5.40 49.2

S = sucrose concentration (%); 7 = time (h).

probably due to the type of membrane of this fruit,
characterized as differentially permeable as opposed to
semipermeable (Andrade et al., 2003).

Torreggiani, Forni, and Rizzolo (1987) affirm that
moisture loss and sugar gain are controlled by the charac-
teristics of the raw materials.

Fig. 2 shows that the increases of solution concentration
promoted maximum water loss during the process, due to
the increase of osmotic pressure outside the fruit as
reported by Mizkahi, Eichler, and Ramon (2001). Similar
effect was obtained for sugar gain (Fig. 3), as observed
by Telis et al. (2004) dehydrating tomatoes. This behavior
can be explained, in part, by the increase of moisture loss of
the samples, what would allow solutes to enter the fruit
(Telis et al., 2004).

These results show that although higher sugar concen-
trations favor water loss, they promote higher solids gain.
According to Torreggiani (1993), the ideal is to promote
the water loss with the minimum solids gain, because the
impregnation of the solutes in the food may change the
sensory and nutritional properties of the product. Previous
results obtained with jenipapo refute this conclusion,
because despite the high sugar gain registered, during the
osmotic dehydration with crystal and demerara sugar, the
final product had a satisfactory acceptability (Andrade
et al., 2003).



554 S.A. Cardoso Andrade et al. | Journal of Food Engineering 78 (2007) 551-555

0.01_ 0.06

Effects Of intensity
&

5 ‘ M D water B D sucrose
3 -3.79
-3.5
-4
S T SxT

Variables and interactions

Fig. 4. Effects of variables on apparent diffusion coefficient for water and
sucrose during osmotic dehydration of jenipapo fruit.

Three different apparent diffusion coefficients were cal-
culated for water and sucrose at each condition of osmotic
treatment. The first one corresponds to the experiment car-
ried out in short periods of time, where the samples were
kept in the osmotic solution for 4 h. The second and third
coefficients were calculated with longer periods of time of
32 and 60 h, respectively (Tables 2 and 3).

The analysis of variance of the factorial design showed
that: the effect of the immersion time over the water and
sucrose coefficients was not significant (p > 0.05) (Fig. 4);
the different sucrose concentrations exerted significant
effect (p < 0.05) over the diffusion coefficients of this solute,
and did not exert significant effect over the water coefficient
(p > 0.05), although the effect had been —2.29 (Fig. 4).

Regarding the sucrose and water diffusion coefficients
for the same immersion times, inverse behavior is observed
as the syrup concentration increases (Tables 2 and 3).
Similar results were obtained by Rastogi, Nayak, and
Raghavarao (2004) in relation to the water diffusion coeffi-
cient, when dehydrating carrot slices in sugar syrup (20%,
40% and 60%) for 5 h of immersion at 25 °C temperature.

These tables show that as the treatment time increases,
considering the same Brix, both sucrose and water diffusion
rates decrease. According to Nsonzi and Ramaswamy
(1998) this behavior is due to the formation of a sucrose
layer in the surface of the biological material that consti-
tutes a barrier to the moisture loss of the samples. How-
ever, according to Telis et al. (2004) this reduction occurs
when the water and sucrose concentration inside the fruit
is close to the equilibrium value and that as immersion time
increases, there is a structural modification in the tissue,
mainly of the cells membranes, due to the long exposure
to the osmotic solution.

The apparent diffusion coefficient for water and sucrose
varied from 4.31x107"" to 7.38x 10" '"m?/s and from
3.99 x 107'° to 8.35x 107'" m?/s, respectively, within the
ranges of sucrose concentration and temperature studied
in this work. According to Azoubel and Murr (2004) com-
parisons of diffusivity reported in the literature are difficult
due to the different estimation methods and models
employed and also because of the variation in the

composition and physical structure of the food. As an
example, Park, Bin, Brod, and Park (2002) working with
pear cubes found that the diffusion coefficient varied from
0.35%x107° to 1.92x 10~° m?/s for water loss and from
0.20 x 1072 to 3.60 x 10~? m?/s for sugar uptake at different
temperatures (40-60 °C).

4. Conclusions

Regarding the influence of independent variables over
the water and sucrose diffusion coefficients, it was verified
that: immersion time did not exert significant influence over
the diffusion coefficients for water and sucrose, whereas the
osmotic solution concentration influenced only the diffu-
sion coefficient for sucrose. The maximum moisture loss
and solutes gain occurred in the higher osmotic solution
concentration.

According to the calculus, the range of apparent diffu-
sion coefficient for water and sucrose was of 4.31 x 10~°
to 7.38x 10" m%*s and of 3.99x10™° to 8.35x107°
m?/s, respectively.
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