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Abstract This work evaluated the production of dehy-
drated papayas (Carica papaya L.) with low sugar content.
The product was obtained applying ultrasonic waves to
enhance the loss of sugar from the fruit. To achieve this
goal, this paper examined the influence of the ultrasonic
pre-treatment before air-drying on dehydration of papaya.
Ultrasonic pre-treatment for air-drying of fruits was studied
and compared with osmotic dehydration. This study
allowed estimate of the effective diffusivity water in the
air-drying process for papayas submitted to ultrasonic
pretreatment. Results show that the water effective diffu-
sivity increases after application of ultrasound causing a
reduction of about 16% in the drying time. During
ultrasonic treatment the papayas lost sugar (13.8% in
30 min), so such a pre-treatment stage can be a practical
process to produce dried fruits with lower sugar content.
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Notations
D effective diffusivity (m2/h)
H moisture content of the fruit (gwater/g)

Heq equilibrium moisture content of the fruit (gwater/g)
t time (h)
WL water loss (%)
SL solid loss (%)
Xi initial fruit moisture on wet basis (gwater/g)
Xf final fruit moisture on wet basis (gwater/g)
wi initial fruit mass (g)
wf final fruit mass (g)
δ bed height of the fruit (m)

Introduction

Drying can reduce post-harvest losses of fruits. From a
biological point of view, several tropical fruits, papayas
(Carica papaya L.) included, present significant losses
because of decomposition after harvesting because they are
extremely perishable and do not allow the use of freezing
for conservation. Papayas are largely produced in several
countries with a production over 6.5 million tons in 2005
according to FAOSTAT (Food and Agriculture Organiza-
tion 2005) and are sold both to internal and external
markets. Some tropical countries such as Brazil, Nigeria,
India, Mexico and Indonesia have large plantations that aim
exportation of the fruit. Part of the production does not
meet the minimal standard for exportation and is lost after
harvesting. As such, these fruits can be dried to preserve
part of the production that can not be consumed or
exported, providing an extension of shelf-life, lighter
weight for transportation, better return for the farmer, and
less space for storage.

Conventional air-drying is a simultaneous heat and mass
transfer process, accompanied by phase change being a
high cost process. Usually, some form of pretreatment is
used to reduce the initial water content or to modify the
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fruit tissue structure to reduce the total drying processing
time (Madamba and Lopez 2002; Beaudry et al. 2004;
Stojanovic and Silva 2006). Ultrasonic waves can cause a
very rapid series of alternative compressions and expan-
sions, in a similar way to a sponge when it is squeezed and
released repeatedly (the so-called sponge effect). The forces
involved in this mechanical mechanism can be much
greater than those due to surface tension, which holds the
moisture inside the capillaries of the fruit creating micro-
scopic channels which may ease moisture removal. In
addition, ultrasound produces cavitation which can be
beneficial for the removal of moisture that is strongly
attached to the solid. Deformation of porous solid materials,
such as fruits, caused by ultrasonic waves is responsible for
the creation of microscopic channels that reduces the
diffusion boundary layer and increases the convective mass
transfer in the fruit (Tarleton 1992; Tarleton and Wakeman
1998; Fuente-Blanco et al. 2006; Fernandes et al. 2007).

The use of ultrasound in the food industry is new; only a
few studies have addressed the use of ultrasound pretreat-
ment in drying processes (Tarleton 1992; Mason et al.
1996; Tarleton and Wakeman 1998; Gallego-Juárez et al.
1999; Fuente-Blanco et al. 2006; Zheng and Sun 2006;
Rodrigues and Fernandes 2007; Fernandes et al. 2007;
Rodrigues and Fernandes 2007), most of them dealing with
ultrasound assisted osmotic dehydration and ultrasound
assisted spray-drying.

The production of low sugar content papayas involves
immersion of the pieces of fruit in water or in a hypertonic
aqueous solution to which ultrasound is applied. The
advantage of ultrasound is that the process can be carried
out at ambient temperature as no heating is required,
reducing the potential of thermal degradation (Mason 1998).

In this work, the use of ultrasound as a pretreatment to
air-drying was investigated. The influence of time in
ultrasound on water loss, sugar loss, and water diffusivity
was evaluated. A comparison with the osmotic dehydration
pretreatment was also carried out. The integrated process
(ultrasound and air-drying) was optimized searching for the
operating condition that minimizes total processing time.

Materials and Methods

Preparation of Samples

Papayas (Formosa cultivar) were bought from the producer
(Fortaleza, Brazil). Papaya samples were cut to obtain
cubes of same dimensions (0.02-m average side). The
moisture content of the fruit was determined by heating in a
drying oven (Marconi model MA-185) at 105 °C for 48 h
according to the method of the Association of Official
Analytical Chemists (1990). The initial soluble solids

content of the fruit (°Brix) was determined by refractometry
(Atago refractometer model 35B).

Ultrasound Pretreatment

An experimental set of four papaya samples was immersed
in distilled water and submitted to ultrasonic waves for 10,
20, 30, 45, and 90 min. The experiments with ultrasound
were carried out in separate 250-ml Erlenmeyer flasks to
avoid interference between the samples and runs. The water
to fruit ratio was maintained at 4:1 (weight basis), which
also was used in the osmotic dehydration experiments. This
ratio was used because previous works (Fernandes et al.
2006a,b; Teles et al. 2006; Oliveira et al. 2006) have shown
that at this liquid medium to fruit ratio the dilution of the
osmotic solution is negligible and the increase in soluble
solids content observed in the ultrasound pretreatment was
also small (less than 2.0 g/l).

The experiments were carried out under ambient water
temperature (30 °C) in an ultrasonic bath (Marconi model
Unique USC 25 kHz) without mechanical agitation. The
ultrasound frequency was 25 kHz and the intensity was
4,870 or 100 kW/m3. The temperature increase during the
experiments was not significant (less than 2 °C) after 30 min
of ultrasonic treatment. The same procedure was carried out
without applying ultrasound to evaluate the effect of
ultrasound. The experiments were carried out in triplicate.

At the end of the ultrasonic pretreatment, a sample of the
liquid medium was taken to determine its sugar content
using the DNS method (Miller 1959). This procedure was
carried out to quantify the amount of sugars that the fruit
loses to the water.

Ultrasound-assisted Osmotic Dehydration

Each experimental group consisting of four papaya cubes
was immersed in the osmotic solution for 10, 20, 30, 45, and
90 min. The osmotic dehydration was carried out in separate
250-ml Erlenmeyer flasks to avoid interference between the
samples and runs. The osmotic solution used in each
experiment was prepared by mixing food grade sucrose
with distilled water to give a concentration of 35°Brix. To
allow comparison with the ultrasonic experiments, the
osmotic solution to fruit ratio was also maintained at 4:1
(weight basis) and the experiments were carried out under
ambient water temperature (30 °C) without mechanical
agitation. The ultrasound frequency was 25 kHz and the
intensity was 4,870 W/m2. The same procedure was also
carried out without applying ultrasound to evaluate the effect
of ultrasound. The experiments were carried out in triplicate.

After removal from the solution, the dehydrated samples
from each group were drained, blotted with absorbent paper
to remove the excess solution. Weight and moisture content
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weremeasured individually. The concentration of the solution
was monitored during the runs determining the osmotic
solution soluble solids content (°Brix) using a refractometer.

Weight and moisture content of the samples were used to
calculate the response variables of the experimental
planning: water loss (WL) and solid loss (SL), according
to the following equations:

WL %ð Þ ¼ wi � Xi � wf � Xfð Þ
wi

� 100 ð1Þ

SL %ð Þ ¼ wi � 1� Xið Þ � wf � 1� Xfð Þ½ �
wi � 1� Xið Þ � 100 ð2Þ

Air Drying

At the end of the pretreatment, the dehydrated samples
were drained, blotted with absorbent paper to remove the
excess solution and transferred to a forced circulating air-
drying oven (Marconi model MA-085) set at 60 °C. Air
was injected at the sides of the dryer at 0.12 m3/s. The air
relative humidity was 16% and was determined by
psychrometry (dry and wet bulb temperature). The samples
were weighed every 20 min.

The air-drying process was modeled assuming diffusion-
controlled mass transfer with the liquid flow within the fruit
conforming to Fick’s second law of diffusion. Only the
falling-rate period (diffusion-controlled mass transfer peri-
od) was considered because during the experiments, the
constant-rate period (heat transfer-controlled mass transfer
period) was not observed. The equation used to model the
falling-rate period was a simplification of Fick’s second law
considering long drying times (Perry and Green 1999).

dH

dt
¼ � 2π

δ2
� D � H � Heq

� � ð3Þ

Experimental data were used to estimate the effective
diffusion coefficient of the air-drying process. The param-
eter was adjusted using Eq. (3) with a parameter estimation
procedure based on the minimization of the error sum of
squares. The model equation was solved by numerical
integration using the Runge–Kutta method. The F test was
used as a criterion to validate the model. The level of
significance of the model was established comparing the
listed F values and the calculated F values for each
operating condition. After validation, the model was used
to optimize the total processing time required to dry the
fruit. The optimization was done using the method of
Levenberg–Marquardt, setting as objective function the
minimization of the total processing time (pretreatment +
air drying times). The computer programs were written in
FORTRAN language.

Results and Discussion

The analysis of the fresh fruit showed that papayas had an
initial moisture content of 0.883±0.004 g water/g fresh fruit
and a soluble solids content of 11.6±0.4 °Brix.

The fruit submitted to the ultrasonic pretreatment lost
soluble solids to the liquid medium. The amount of sugars
transferred to the liquid medium during the process was
13.8% after 30 min in ultrasonic bath and increased
continuously reaching 30.6% after 90 min (Table 1). The
amount of sugars lost to the liquid medium after 10 min,
when ultrasound was applied, was 160.5% higher than the
condition where the fruit was immersed in distilled water,
showing that ultrasound has enhanced the removal of
soluble solids from the fruit to the liquid medium. After
30 min, the enhancement obtained with ultrasound appli-
cation fell to 55.1%. ANOVA and Tukey test were carried
out to compare the results of the runs with and without
application of ultrasound and showed that a statistical
difference exists between these two runs, proving that the
application of ultrasound enhances the loss of sugars from
the fruit to the liquid medium.

In the ultrasonic-assisted osmotic dehydration the fruit
gained 10.3% of sugar after 30 min and in the osmotic
dehydration without ultrasound application the fruit gained
11.4% of sugar in the same period. Sugar gain increased
significantly after 45 min under osmotic dehydration (with
and without ultrasound application). In a previous study,
Fernandes et al. (2006a) has shown that after 180 min under
osmotic dehydration, papayas can gain from 144.1% of sugar
when the osmotic dehydration is carried out at 50 °Brix and
50 °C to 189.6% of sugar when the process is carried out at
70 °Brix and 70 °C. The results show that ultrasonic treated
papayas can have 13.8% less sugar than the dried fruit and
at least 64.7% less sugar than the osmodehydrated fruit. As
such, the ultrasonic treatment may be an interesting process
to produce low sugar dried fruits.

At the end of the ultrasonic pretreatment, little change
was observed in the fruit moisture content (Table 1). The
fruit submitted to ultrasound in distilled water showed a
water loss rather than a water gain which could be expected
if only the mass transfer is considered. However, ultrasound
application causes a series of rapid alternative compressions
and expansion which can expel water from the fruit to the
liquid medium, as observed for papayas. ANOVA and
Tukey test were carried out to compare the results of the
runs with and without application of ultrasound and showed
that no statistical difference exists between these two
treatments considering water loss.

The results obtained from the osmotic dehydration
experiments showed higher water loss from the fruit as
already expected, since the used of a hypertonic solution
tends to increase the mass transfer of water from the fruit to
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the osmotic solution due to the high concentration gradient.
The use of ultrasound-assisted osmotic dehydration showed
similar results concerning water loss but slightly lower
sugar gain. ANOVA and Tukey test were carried out to
compare the results of the osmotic dehydration experiments
with and without application of ultrasound and also showed
that no statistical difference exists between these two
treatments considering water loss and sugar loss.

The effect of the ultrasonic pretreatment on drying was
also observed during the air-drying stage where an increase
in water effective diffusivity was found. Water effective
diffusivity during the air-drying process was found to be
higher when the papayas were pretreated minutes under
ultrasonic waves (Table 1 and Fig. 1). An increase by
28.8% in the effective water diffusivity was observed for
papayas submitted to ultrasonic treatment for 20 min.
Pretreating papayas using osmotic dehydration resulted in
a mean water effective diffusivity of 2.10 10−9 m2 s−1,
which was much lower than the water effective diffusivity
of the fresh fruit (6.50 10−9 m2 s−1). The ultrasound-assisted
osmotic dehydration also showed a lower water effective
diffusivity (compared to the fresh fruit water diffusivity) for
treatment periods up to 20 min and a slightly higher
diffusivity for a treatment period of 30 min, however still
lower than the effective diffusivity obtained with the
ultrasonic process carried out with distilled water. As a
consequence, the fruit submitted to 30 min of ultrasound

pretreatment dried faster during the air-drying stage if
compared to the fresh fruit with no pretreatment. This
result may be caused by the cavitation and sponge effect
caused by ultrasound and corroborates with the observa-
tions of Fuente-Blanco et al. (2006) that the ultrasonic
pretreatment affects the fruit tissue making easier for water

Fig. 1 Moisture content during air-drying of papayas submitted
previously to ultrasonic pretreatment

Table 1 Sugar loss and water loss of papayas submitted to different pretreatments and to different pretreatment times, and water diffusivity of
papayas in air-drying process after application of pretreatment

Operating condition Treatment period (min) Sugar lossa (%) Water loss (%) Water effective diffusivityb (m2/s)

No pretreatment (air-drying only) – – – 6.50.10−9±0.09.10−9

Ultrasound treatment 10 9.89±0.64 3.15±0.63 6.69.10−9±0.57.10−9

Ultrasound treatment 20 10.66±0.18 7.72±1.92 8.37.10−9±0.12.10−9

Ultrasound treatment 30 13.77±1.09 9.70±1.45 8.07.10−9±0.54.10−9

Ultrasound treatment 45 23.30±1.15 6.47±2.35 1.02.10−8±0.05.10−8

Ultrasound treatment 90 30.61±2.03 11.92±1.40 1.03.10−8±0.06.10−8

Immersion in distilled water 10 3.80±0.12 2.79±1.89 6.97.10−9±0.66.10−9

Immersion in distilled water 20 7.28±0.28 7.78±0.99 7.34.10−9±0.45.10−9

Immersion in distilled water 30 8.92±1.31 6.70±0.56 7.71.10−9±0.11.10−9

Immersion in distilled water 90 11.00±0.55 7.80±0.39 1.03.10−8±0.04.10−8

Ultrasonic-assisted osmotic dehydrationc 10 −3.05±0.49 12.11±1.53 5.42.10−9±0.44.10−9

Ultrasonic-assisted osmotic dehydrationc 20 −4.45±2.92 13.42±0.43 5.91.10−9±0.46.10−9

Ultrasonic-assisted osmotic dehydrationc 30 −10.26±1.16 16.37±1.97 7.32.10−9±0.53.10−9

Ultrasonic-assisted osmotic dehydrationc 45 −37.73±1.88 14.91±0.74 9.57.10−9±0.47.10−9

Ultrasonic-assisted osmotic dehydrationc 90 −58.62±2.34 14.81±0.59 9.60.10−9±0.38.10−9

Osmotic dehydrationc 10 −1.28±0.62 12.53±0.61 2.02.10−9±0.06.10−9

Osmotic dehydrationc 20 −6.79±3.46 11.29±1.17 2.13.10−9±0.04.10−9

Osmotic dehydrationc 30 −11.40±1.53 14.05±1.15 2.15.10−9±0.03.10−9

Osmotic dehydrationc 45 −43.22±2.16 14.20±0.57 1.10.10−8±0.06.10−8

Osmotic dehydrationc 90 −41.91±2.09 13.50±0.67 1.07.10−8±0.06.10−8

a Negative numbers represent sugar gain instead of sugar loss.
b Regression, R2 , for all water effective diffusivity curves were higher than 0.985.
c Conditions: osmotic solution = 35 °Brix; osmotic solution to fruit ratio = 4:1; temperature = 30 °C.
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to diffuse during air-drying, most probably due to the
formation of microscopic channels in the fruit. Micro-
photographs of the microscopic channels were shown by
Fernandes et al. (2007) for melon pretreated with ultra-
sound application.

A significant change in the water effective diffusivity
was observed after 45 min, in the experiments using an
osmotic solution. The water effective diffusivity showed a
rapid increase which may be caused by disruption of cell
walls. Broken cells offers lower resistance for water flow
within the fruit sample with consequent increase of the
mass transfer of water. This effect was previously observed

for melon (Fernandes et al. 2007) and for strawberry
(Prinzivalli et al. 2006) and may be also affecting papaya.

Table 2 shows that the total processing time (air-drying
+ pretreatment) to remove 90 and 95% of the initial
moisture content of the fresh fruit was lower when the
ultrasound pretreatment was applied. When ultrasound was
applied for 20 min, the total processing time to dehydrate
papayas removing 95% of the initial moisture content was
263.7 min, 50 min less than air-drying without using a
pretreatment. The result obtained for ultrasound-assisted
osmotic dehydration showed that applying this technique
for 30 min the total processing time to dehydrate papayas
removing 95% of the initial moisture content was
308.7 min, 5 min less than air-drying without using a
pretreatment, but still higher than using ultrasound with
the fruit immersed in distilled water.

The use of osmotic dehydration at ambient temperature
increased the total processing time. This was most probably
due to the formation of a sucrose layer in the surface of the

Table 2 Total processing time
(pretreatment + air-drying) to
remove 90 and 95% of the
initial water content of the fruit

a Conditions: osmotic solution =
55 °Brix; osmotic solution to
fruit ratio = 4:1; temperature =
65 °C.

Pretreatment Pretreatment
period (min)

Time required to remove
90% of the initial water
content of the fruit (min)

Time required to remove
95% of the initial water
content of the fruit (min)

No pretreatment (air-drying only) – 241.1 313.8
Ultrasound treatment 10 243.8 314.9
Ultrasound treatment 20 206.9 263.7
Ultrasound treatment 30 223.8 282.8
Immersion in distilled water 10 234.4 302.7
Immersion in distilled water 20 233.5 297.9
Immersion in distilled water 30 232.9 294.6
Ultrasonic-assisted osmotic
dehydrationa

10 298.6 386.4

Ultrasonic-assisted osmotic
dehydrationa

20 285.2 365.2

Ultrasonic-assisted osmotic
dehydrationa

30 244.1 308.7

Osmotic dehydrationa 10 785.7 1019.8
Osmotic dehydrationa 20 755.7 977.6
Osmotic dehydrationa 30 758.8 978.7

Fig. 2 Optimization scheme of a drying system consisting of
ultrasound treatment followed by air-drying

Table 3 Optimum times to remove 95% of the initial water content of
the fresh fruit

Ultrasound
pretreatment
followed by
air-drying (min)

Ultrasound-assisted
osmotic dehydration
followed by
air-drying (min)

Total processing time 263.7 308.7
Time in ultrasound 20.0
Time in osmotic dehydration 30.0
Time in air-drying 243.7 278.7
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fruit which acts as an additional resistance to mass transfer,
resulting in a much lower effective diffusivity of water
(Table 1). A previous work (Fernandes et al. 2006a) showed
that process temperature is an important factor for osmotic
dehydration of papayas. Temperatures above 50 °C should
be used in osmotic dehydration of papayas as to increase
the mass transfer coefficients and effective diffusivity of
water in the process, reducing the total processing time.

The drying process of fruits considered in this study
comprises the pretreatment process followed by air-drying.
Total processing time can be optimized to reduce the drying
process to a minimum, which can reduce costs and increase
the overall productivity.

Previous studies (Fernandes et al. 2006a,b; Teles et al.
2006; Oliveira et al. 2006; Rodrigues and Fernandes 2007)
have shown that in a process consisting of osmotic
dehydration followed by air-drying, the optimum processing
time is obtained when the osmotic dehydration is used while
the water loss rate of the fruit is higher than the rate that
would be obtained by the air-drying process. When the water
loss rate in the osmotic dehydration becomes lower than the
rate that would be obtained in the air-drying process, then
the fruit is transferred from the osmotic dehydration to the
air-drying equipment, where the fruit stays till drying is
completed. The optimization of the process consisting of
ultrasonic treatment and air-drying is obtained in a different
way. The ultrasonic treatment should be carried out while the
increase in water diffusivity it provokes leads to a
continuous reduction of total processing time (Fig. 2). One
of the main effects of the ultrasonic treatment is to produce
microchannels inside the fruit structure. The number of
microchannels produced may increase with time but this
increase may be limited to a certain number or may not be
constant through time. Thus, up to a certain period, the effect
of these microchannels in reducing the air-drying period
halts and after that period the time spent under ultrasonic
period could be considered void (the total processing time
increases as the ultrasonic time increases).

Table 3 shows that to remove 95% of the water content
of the fresh fruit the best operating condition is found when
ultrasound is submitted for 20 min, which reduces the total
processing time to 263.7 min. To achieve the same dried
fruit specification, the ultrasound-assisted osmotic dehydra-
tion should be carried out for 30 min, condition which will
reduce the total processing time to 308.7 min.

Conclusion

The use of ultrasound as a pretreatment in the conditions
applied in this study caused loss of sugar to the liquid
medium decreasing the amount of sugar of the fruit and
producing a dried low sugar fruit.

The use of ultrasound pretreatment also increased the
water effective diffusivity of the fruit leading to faster air-
drying of the fruit. The increase in effective water
diffusivity was estimated in 28.8% after 20 min of ultra-
sound. This phenomenon may happen due to the process of
formation of microchannels during the application of
ultrasound. The increase in water effective diffusivity at
the air-drying stage makes the use of ultrasound as a
pretreatment an interesting methodology complementary to
classical air-drying.
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