
ORIGINAL PAPER

Characteristics of Convective Drying of Pepino
Fruit (Solanum muricatum Ait.): Application
of Weibull Distribution

Elsa Uribe & Antonio Vega-Gálvez & Karina Di Scala &

Romina Oyanadel & Jorge Saavedra Torrico &

Margarita Miranda

Received: 5 March 2009 /Accepted: 6 July 2009 /Published online: 25 July 2009
# Springer Science + Business Media, LLC 2009

Abstract The aim of this research was to study the
behaviour of the drying kinetics of pepino fruit (Solanum
muricatum Ait.) at five temperatures (50, 60, 70, 80 and
90 °C). In addition, desorption isotherms were determined
at 20, 40 and 60 °C over a water activity range from 0.10 to
0.90. The Guggenheim, Anderson and de Boer model was
suitable to depict the desorption data. A monolayer
moisture content from 0.10 to 0.14 g water g−1 d.m. was
reported. The equations of Newton, Henderson–Pabis,
Modified Page, Wang–Singh, Modified Henderson–Pabis,
Logarithmic as well as standardised Weibull were tested for
modelling drying kinetics. Besides, Fick’s second law

model was used to calculate the water diffusion coefficient
which increased with temperature from 2.55 to 7.29×
10−10 m2 s−1, with estimated activation energy of 27.11 kJ
mol−1. The goodness of fit of the models was evaluated
using sum squared error and chi-square statistical tests. The
comparison of the experimental moisture values with
respect to the calculated values showed that the stand-
ardised Weibull model presented the best goodness of fit,
showing that this equation is very accurate for simulating
drying kinetics for further optimisation of drying times.
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Nomenclature

aw Water activity (dimensionless)
Xwe Equilibrium moisture content (g water g−1 d.m.)
Xwt Moisture content (g water g−1 d.m.)
Xwo Initial moisture content (g water g−1 d.m.)
Xm Monolayer moisture content (g water g−1 d.m.)
C, K Parameters of GAB model
Dwe Water diffusion coefficient (m2 s−1)
L Half-thickness of the slab (m)
ki Kinetic parameters (min−1)
ni, c Empirical parameters (dimensionless)
α Shape parameter (dimensionless) of the Weibull

model
β Scale parameter (min) of the Weibull model
t Drying time (s, min)
i Number of terms
R Universal gas constant (8.314 J mol−1 K−1)
T Absolute temperature (K)
Ea Activation energy (kJ mol−1)
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MRei Experimental moisture ratio (dimensionless)
MRci calculated moisture ratio (dimensionless)
z Number of constants of the model
N Number of data values
d.m. Dry matter

Introduction

The pepino fruit (Solanum muricatum Ait.), which is an
exotic fruit, is also known as melon pear and sweet
cucumber. Although it is native to South America, it is
also grown in Australia, New Zealand and USA (Huyskens-
Keil et al. 2006). It is an herbaceous plant with great
variation in size, shape and colour depending on the
cultivar, very aromatic and juicy (Martínez-Romero et al.
2003). Furthermore, it is low in calories, very rich in
minerals such as calcium, phosphorus and potassium and
contains vitamins such as thiamin, niacin, riboflavin and
ascorbic acid (vitamin C), ideal for a number of metabolic
and antioxidant reactions (Diaz 2006). Besides, pepino fruit
contains a high percentage of their fresh weight as water
(approximately 92%). When pepino fruit ripens, it can be
consumed as a dessert fruit, as an ingredient of fruit salads,
in juices or in ice cream (Martínez-Romero et al. 2003).

One of methods to improve the shelf life of fruits is to
reduce their moisture content to such extent that the
microorganism cannot grow. Drying is a classical method
of food preservation and it is a complex food processing
operation mainly due to undesirable changes in the quality of
the dried product. The basic objective in the drying of
agricultural products is the removal of water in the solids up
to certain level, at which microbial spoilage and chemical
reactions deterioration are greatly minimised (Sacilik and
Elicin 2006). Moreover, it brings about substantial reduction
in weight and volume, minimising packing, storage and
transportation costs and enabling storability of the product
under ambient temperatures (Doymaz 2008). The drying
process takes place in two stages. The first stage happens at
the surface of the drying material at a constant drying rate
and is similar to the vaporisation of water into the ambient.
The second stage of the drying process takes place with
decreasing drying rate. The conditions of the second stage
are determined by the properties of the material being dried
(Midilli and Kucuk 2003).

Dehydrated fruits have a rapid growing market and
consumers are more demanding for higher quality dry
products. Thus, in order to control and optimise the drying
process, it is necessary to use mathematical equations to
simulate water transport phenomena, particularly diffusion
and external resistance which are the fundamental mecha-
nisms governing food dehydration (Giner 2009; Kaya et al.
2007). Some empirical equations are used to model the

drying kinetics of food including: Newton, Henderson–
Pabis, Modified Page, Logarithmic, Two-terms exponential,
Thompson, Diffusion approach, Wang–Singh, Modified
Henderson–Pabis and others (Akpinar et al. 2003; Toğrul
and Pehlivan 2003; Simal et al. 2005; Doymaz et al. 2006).
Although most of the models are empirical, they are mainly
derived from the diffusion model based on Fick’s second
law for different geometries (Akpinar et al. 2003; Babalis
and Belessiotis 2004; Akpinar 2006). In particular, the
standardised Weibull model can be applied in many
biological systems, and it was found valuable in the
modelling of dehydration–rehydration phenomena mainly
for differentiating between diffusion and external resistance
processes (Marabi et al. 2003; Corzo et al. 2008).

Prior to the drying study, a sorption analysis must be
performed to know the moisture content of the product at
equilibrium, because drying behaviour is influenced by
adsorption–desorption characteristics. This state of equilib-
rium results from multiple interactions on a microscopic
scale, which is described by a relationship between the
equilibrium water content of the product to be dried and the
relative humidity of the atmosphere which surrounds it at a
constant air temperature (Azzouz et al. 2002). Furthermore,
determination of the moisture sorption behaviour of foods
can be used to solve food-processing design problems, to
predict energy requirements and to determine proper
storage conditions (Arslan and Toğrul 2005).

Therefore, the aim of the present research was to study
and to model the desorption isotherms and the drying
kinetics of water mass transfer occurring during the process
of hot-air drying of pepino fruit using empirical equations
to evaluate the influence of temperature on the parameters
related to the proposed models.

Materials and Methods

Preparation of Raw Material

Pepino fruits were acquired in a local market in the region of
Coquimbo, Chile. The pepino fruits were selected by colour,
size and state of ripeness according to a visual analysis, with
no signs of mechanical damage. The pepino fruits were cut
in slabs of 4.0±0.2 mm in thickness. The moisture content
was determined following the AOAC methodology no.
934.06 (AOAC 1990), using an analytical balance (CHYO,
Jex-120, Kyoto, Japan) with an accuracy of ±0.0001 g and a
vacuum drying oven (Gallenkamp, OVL570, Leicester, UK).

Determination of Desorption Isotherms

Desorption isotherms were determined following the
methodology recommended by the European Project COST
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90 (Spiess and Wolf 1983) at three working temperatures
including 20, 40 and 60 °C. For this purpose, a known mass
of sample, prepared in triplicate, was allowed to come into
equilibrium with an atmosphere produced from a saturated
salt solution having a known aw including LiCl, KC2H3O2,
MgCl2, K2CO3, MgNO3, KI, NaCl, KCl and KNO2 (all
reagents were purchased from Merck KgaA, Darmstadt,
Germany) (Kaymak-Ertekin and Gedik 2004). The sample
and the salt solution were maintained separately within a
sealed container, and the sample weight was taken every
15 days from the beginning of the test until it reached
equilibrium (constant weight). Sealed containers compris-
ing salt solutions which generated a relative humidity
greater than 75% were added Thymol in a Petri dish
separated from the sample and the salt solution in order to
prevent microbial growth in the sample, particularly
moulding (Vega et al. 2007). Then, moisture content
reached in the desorption experiment was determined
(AOAC 1990).

The GAB (Guggenheim, Anderson and de Boer)
equation is usually used to model food sorption behaviour,
Eq. (1), as in the case of tomato and onions (Viswanathan et
al. 2003), sweet potato (Chen 2002), peppers (Vega-Gálvez
et al. 2007; Di Scala and Crapiste 2008), allig, kentichi and
deglet nour (Bellagha et al. 2008). Besides, the model is
considered to have parameters based on physicochemical
phenomena, such as monolayer moisture content (Xm)
and the constants C and K (Goula et al. 2008). The
constant C is related to the first layer heat of sorption and
K is a factor correcting properties of the multi-layer
molecules with respect to the bulk liquid (Arslan and
Toğrul 2005).

Xwe ¼ Xm � C � K � aw
1� K � awð Þ � 1þ C � 1ð Þ � K � awð Þ ð1Þ

Drying Process

The hot-air drying process was carried out in a convective
dryer designed and built at the Department of Food
Engineering of Universidad de La Serena, Chile (Vega et
al. 2007). Dehydration was performed at five temperatures
50, 60, 70, 80 and 90 °C, with a constant air flow rate of
2.0±0.1 m s−1 and a raw material load density of 10.2 kg
m−2. Samples of 50.0±0.1 g of pepino fruit slabs were
placed as a thin layer in a stainless steel basket and weighed
in a digital balance (OHAUS, model SP402, New Jersey,
USA) with an accuracy of ±0.01 g. Hot air flowed
perpendicularly through the samples. Dried samples were
packed into polythene bags. All the drying experiments
were done in triplicate.

Estimation of Water Diffusion Coefficient (Dwe)

Fick’s second diffusion law has been widely used to
describe the drying process during the falling rate period
for biological materials (Doymaz 2008). In this model, the
dependent variable is the moisture ratio (MR) which relates
the gradient of the sample moisture content in real time to
both initial and equilibrium moisture contents (Eq. (2)). In
the present experiment, the integrated equation of Fick’s
second law was used for long time periods, and also slab
geometry in one dimension (Eq. (3)), representing the first
term in the development of the series in Eq. (4) (Crank
1975; Pardeshi and Chattopadhyay 2008). In this case, a
linear relationship between logarithm of dimensionless
moisture content and time is obtained, which can be used
to determine water diffusion coefficients (Dwe) according to
Eq. (4) (Vega-Gálvez et al. 2007; Babalis and Belessiotis
2004; Simal et al. 2005).

MR ¼ Xwt � Xwe

Xwo � Xwe
ð2Þ

MR ¼ 8

p2
X1
i¼0

1

2iþ 1ð Þ2 exp
� 2iþ 1ð Þ2Dwe p2t

4L2

" #
ð3Þ

MR ¼ 8

p2
exp

�Dwep2t
4L2

� �
ð4Þ

Modelling of Drying Kinetics

Numerous mathematical models have been proposed to
describe the characteristics of agricultural products during
drying (Doymaz 2008; Pardeshi and Chattopadhyay 2008).
In this research, seven of the most known models were used
to fit the drying experimental data, including Newton
(Eq. 5), Henderson–Pabis (Eq. 6), Modified Page (Eq. 7),
Modified Henderson–Pabis (Eq. 8), Logarithmic (Eq. 9),
Wang–Singh (Eq. 10) and standardised Weibull (Eq. 11).

MR ¼ expð�k1tÞ ð5Þ

MR ¼ n1 � expð�k2tÞ ð6Þ

MR ¼ expð�½k3t�n2Þ ð7Þ

MR ¼ n3 � expð�k4tÞ þ n4 � expð�k5tÞ þ n5 � expð�k6tÞ
ð8Þ
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MR ¼ n6 � expð�k7tÞ þ c ð9Þ

MR ¼ 1þ n7t þ k8t
2 ð10Þ

MR ¼ exp � t

b

� �a� �
ð11Þ

In particular, Eq. (11) was originally presented in 1939
by W. Weibull to describe the collapse of stressed materials.
Since then, it has been successfully applied to describe
kinetics of chemical, enzymatic and microbiological degra-
dation processes as well as in the drying process (Marabi et
al. 2003; Altenhofen da Silva et al. 2005; Corzo et al.
2008). The shape parameter (α) is related to the velocity of
the mass transfer at the beginning, e.g. the lower the α
value, the faster the drying rate at the beginning (Corzo et
al. 2008). The parameter β can be interpreted as a kinetic
reaction constant and represents the time when concentra-
tion, in this case, Xwt−Xwe attains a value corresponding to
36.8% of Xw0−Xwe (Marfil et al. 2008).

In order to determine if there was an influence of the
process temperature on the water diffusion coefficient
(Dwe), kinetic parameters and monolayer moisture content
(Xm) were related to temperature through an Arrhenius-type
equation (Eq. (12)).

Y ¼ Yo � exp
�Ea

RT

� �
ð12Þ

Where Y is the parameter to be studied, Yo is the Arrhenius
factor (m2 s−1). From Eq. (12), the activation energy (Ea, kJ
mol−1) can be estimated by plotting ln Y versus T−1 (Vega-
Gálvez et al. 2007; Toğrul and Pehlivan 2003).

Statistical Evaluation of the Models

The statistical analysis of experimental data was determined
using StatGraphics Plus 5.1® (Statistical Graphics Corp.,
Herndon, VA, USA), applying an analysis of variance
(ANOVA) to estimate any statistically significant differ-
ences at a confidence level of 95% (p<0.05). Goodness of
fit of the proposed models for the desorption isotherm and
drying kinetics data was evaluated by means of statistical
tests including sum squared error (SSE) (Eq. 13) and chi-
square (χ2) (Eq. 14). It may be pointed out that the lower
the value of SSE and chi-square, the better will be the
goodness of fit (Pangavhane et al. 2000).

SSE ¼ 1

N

XN
i¼1

MRei �MRcið Þ2 ð13Þ

χ 2 ¼
PN
i¼1

MRei �MRcið Þ2

N � z
ð14Þ

Results and Discussion

Desorption Isotherms

The average initial moisture content of pepino fruit samples
was 0.910±0.009 g water g−1 d.m. Figure 1 shows the
experimental data as well as estimated equilibrium moisture
content with the GAB equation at 20, 40 and 60 °C. This
sorption model is very suitable to describe the desorption
isotherms for a range of water activity between 0.10 and
0.95 which is the common aw range when analysing
equilibrium moisture content of fresh fruits during dehy-
dration (Arslan and Toğrul 2005). The moisture desorption
behaviour of pepino fruit was temperature dependent, as
indicated by a decrease in equilibrium moisture content, at
all levels of aw, with increasing temperature (Fig. 1).
Moreover, it can be observed that, for fixed water activities
values, an increase in temperature leads to a decrease in
equilibrium moisture content. This could be explained due
to increasing temperature rendered to increase the kinetic
energy associated with water molecules present in foods
which, in turn, resulted in decreasing the attractive forces and
consequently escape of water molecules. Therefore, it can
desorb more moisture at lower temperatures than at higher
temperatures at constant relative humidity environment (Lee
and Lee 2008). This is probably due to an increase in the
numbers of desorption sites (Arslan and Toğrul 2005). A
similar behaviour was reported by other authors for different
foods (Chua et al. 2002; Kaymak-Ertekin and Gedik 2004;
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Fig. 1 Desorption isotherm based on the GAB equation for pepino
fruit at three working temperatures: ♦ 20 °C; ■ 40 °C; ▲ 60 °C
and — GAB
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Kaya et al. 2007; Di Scala and Crapiste 2008; Bellagha et al.
2008).

In addition, Fig. 1 shows that at aw >0.75 there is a
crossing of the curves possibly due to the solubility of the
polysaccharides and some protein, which make up almost
70% of the total weight in dry samples. Several researchers
show a similar trend of curve crossing such as Fahrettin et
al. (1998) with Turkish, Akanbi et al. (2006) with tomato,
Lemus et al. (2007) with red alga Gracilaria and Vega-
Gálvez et al. (2007) with red pepper var. Hungarian.

Table 1 shows the values of the parameters related to the
GAB equation as well as the statistical parameters obtained
when modelling the desorption isotherms at 20, 40 and
60 °C. It can be observed that the monolayer moisture
content (Xm) was in the range of 0.104–0.140 g water g

−1 d.m.,
and C and K were in the range of 9.580–58.614 and 0.902–
0.957, respectively. All the parameters mentioned presented
a clear dependence on temperature. When the Arrhenius-
type equation was performed, values of activation energies
of 1.21, 35.5 and 6.17 kJ mol−1 for K, C and Xm,
respectively, were reported.

The average monolayer moisture contents found in this
research were similar to those reported in other studies for
similar temperature ranges, as in Di Scala and Crapiste
(2008) for red pepper (0.127 g water g−1 d.m.), Babalis and
Belessiotis (2004) for figs (0.117 g water g−1 d.m.), Goula
et al. (2008) for tomatoes (0.138 g water g−1 d.m.) and
Kaymak-Ertekin and Gedik 2004 for grapes (0.157 g water
g−1 d.m.), apricots (0.105 g water g−1 d.m.) and potatoes
(0.073 g water g−1 d.m.).

Determination of Water Diffusion Coefficient (Dwe)

Based on Fick’s equation, water diffusion coefficient (Dwe)
can be calculated from the slope of the graphic representation
of ln MR versus time, for each work temperature (Eq. (4)).
Estimated Dwe values were 2.55, 3.04, 3.53, 6.08 and 7.29×
10−10 m2 s-1 for 50, 60, 70, 80 and 90 °C, respectively.
Similar values were reported by other researchers related to
fruits and vegetables under analogous drying conditions. For
example, Dwe: 1.28–2.91×10

−9 m2 s−1 for Murici (Giraldo-
Zuniga et al. 2006), 7.02–37.82×10−9 m2 s−1 for red pepper
var. Hungarian (Vega-Gálvez et al. 2007), 1.33–3.36×

10−9 m2 s−1 for figs (Babalis and Belessiotis 2004), 3.00–
17.21×10−10 m2 s−1 for kiwi fruit (Simal et al. 2005), 1.17–
4.80×10−10 m2 s−1 for fresh green beans (Abbasi and Mowla
2007), 3.91–6.65×10−10 m2 s−1 for tomato (Doymaz et al.
2006) and 1.89–3.3×10−10 m2 s−1 for cherry laurel (Kaya
and Aydin 2007).

From the relationship of water diffusion coefficient and
drying temperature (Eq. 12), activation energy from the
inverse slope of the line plot of ln Dwe versus T−1 can be
obtained. Activation energy can be interpreted as the energy
barrier that must be overcome in order to activate moisture
diffusion (Hii et al. 2009). In this research, an activation
energy of 27.11 kJ mol−1 was obtained for Dwe (r

2>0.93).
Comparable values for activation energy for fruits and
vegetables has been reported by Vega-Gálvez et al. (2007)
with 40.81 kJ mol−1 for red pepper var. Hungarian, Abbasi
and Mowla (2007) with 57.67 (kJ mol−1) for fresh green
beans and Kaya and Aydin (2007) with 15.81 kJ mol−1 for
cherry laurel. To compare the goodness of fit of the
standardised Weibull model, the activation energy was
calculated from the mentioned distribution when plotting ln
β−1 versus T−1 (Garcia-Pérez et al. 2005). A value of
21.84 kJ mol−1 was determined which is also in the range
of activation energy of the products mentioned above.
Thus, both diffusion and Weibull models can be used to
predict such parameter.

Mathematical Modelling of Drying Curves

Figure 2 shows the clear exponential tendency of experi-
mental drying curves for all working temperatures, and as
expected, it is observed that drying time decreases as
temperature is increased to reach a similar final moisture
content. A drying constant rate period was not detected in
the drying curves (Fig. 2). In fact, drying only occurred in
the falling rate period for all the temperatures investigated
in this study; this explains the use of the empirical models
mentioned. The time required to achieve a moisture content

Table 1 Parameters and statistical tests of the GAB equation

Parameters 20 °C 40 °C 60 °C

Xm (g water g−1d.m.) 0.140 0.117 0.104

C 58.610 9.580 10.572

K 0.902 0.948 0.957

SSE 0.001 0.001 0.001

χ2 0.001 0.002 0.001
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Fig. 2 Effect of temperature on the experimental moisture content
ratio of pepino fruit: ♦ 50 °C; ■ 60 °C; ▲ 70 °C; ✳ 80 °C and • 90 °C
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lower than 0.2 g water g−1 d.m. at 50 °C was 600 min,
approximately twice the time necessary to reach the same
moisture content at a temperature of 70 °C (360 min), and
three times for a temperature of 80 °C (180 min). Similar
behaviours were reported by Akpinar et al. (2003), Toğrul
and Pehlivan (2003), Simal et al. (2005) and Doymaz
(2008) working with red pepper, apricot, kiwi and
strawberry, respectively.

Table 2 shows the average values and standard errors of
the kinetic and empirical parameters ki (i=1, 2, …, 8), ni
(i=1, 2, …, 7), c, α and β, obtained for all the proposed
models. As in the case of the water diffusion coefficient, a
tendency with increasing temperature was observed for
each of these kinetic parameters, since an increase in drying
air temperature showed an increase in their values. Thus, it
can be considered that these constants are directly propor-
tional to this mass transfer coefficient. In particular, the
values of scale (β) and shape (α) parameters of standardised
Weibull model for fractional amount of moisture content
(Eq. (11)) at different drying air temperatures are shown in
Table 2. Values of β ranged from 98.88 to 244.37 min−1

and values of α ranged from 1.22 to 1.41. Similar values
were reported by other authors when modelling water
losses during osmotic dehydration of apple (Cunha et al.
2001), the rehydration of mushroom (García-Pascual et al.
2006) and air drying of coroba slices (Corzo et al. 2008).

For all kinetic parameters (Table 2), an ANOVA of 95%
confidence level was performed. The analysis showed a
p <0.05 for all cases, except for k7 and α. This result
indicated that there was statistically significant difference,
and thus dependence, on the drying temperature for most of
these kinetic parameters, except for the parameters men-
tioned. Thus, an Arrhenius-type equation (Eq. (12)) (r2>
0.83) was applied to the parameters that showed this
dependence on temperature, reporting activation energy
ranging from 21.87 to 32.70 kJ mol−1. The parameters k7

Table 2 Value of kinetic and empirical parameters for the proposed models at different temperatures

Eq. no. Parameters Air-drying temperature (°C) SSE χ2

50 60 70 80 90

5 k1 (×10
−3) 5.30±0.65a 6.73±0.95ab 7.20±1.69b 11.83±1.65c 10.93±2.63c 0.0069 0.0073

6 k2 (×10
−3) 7.17±0.81a 8.93±1.06ab 10.50±2.46b 14.27±2.22c 16.67±3.23c 0.0141 0.0153

n1 1.27±0.03bc 1.39±0.02c 1.20±0.07ab 1.33±0.14bc 1.12±0.05a

7 k3 (×10
−3) 4.10±0.16a 5.80±0.78b 5.91±0.42b 8.87±0.63c 10.12±0.41d 0.0006 0.0005

n2 1.32±0.08a 1.41±0.07a 1.22±0.07a 1.39±0.12a 1.35±0.17a

8 k4 (×10
−3) 4.10±0.10a 5.83±0.75ab 6.00±0.56ab 6.27±5.45ab 10.90±0.56b 0.0025 0.0050

k5 (×10
−3) 4.10±0.10a 5.83±0.75ab 6.00±0.56ab 6.27±5.45ab 10.90±0.56b

k6 (×10
−3) 4.10±0.10a 5.83±0.75ab 6.00±0.56ab 6.27±5.45ab 10.90±0.56b

n3 0.35±0.01a 0.36±0.01a 0.35±0.01a 0.32±0.08a 0.35±0.01a

n4 0.35±0.01a 0.35±0.01a 0.35±0.01a 0.30±0.09a 0.35±0.01ª

n5 0.34±0.01a 0.34±0.01ª 0.34±0.01a 0.29±0.09a 0.35±0.01a

9 k7 (×10
−3) 2.53±0.12a 4.00±0.95ab 3.37±0.72ab 6.13±0.85c 4.40±1.39b 0.0011 0.0015

n6 1.31±0.03a 1.28±0.07a 1.43±0.12a 1.28±0.06a 1.80±0.34b

c −0.28±0.03a −0.23±0.08a −0.42±0.12a −0.24±0.06a −0.79±0.33b

10 k8 (×10
−5) 0.50±0.06a 1.00±0.01b 1.00±0.01b 2.00±0.01c 2.00±0.01c 0.0060 0.0072

n7 (×10
−5) −0.50±0.01c −0.67±0.11b −0.73±0.06b −0.90±0.01a −1.00±0.01a

11 α 1.32±0.08a 1.41±0.07a 1.22±0.07a 1.39±0.12a 1.35±0.17a 0.0005 0.0006
β 244.37±9.48c 174.42±21.71b 169.68±11.89b 113.13±7.87a 98.88±3.97a

ki (min−1 ); ni, c and α (dimensionless); β (min)

Values are expressed as average ± SD in triplicate. Values in the same row having the same letter for each parameter are not significantly different
for a confidence level of 95%
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Fig. 3 Experimental drying curves and those calculated with the
standardised Weibull model for the five working temperatures: ♦ 50 °C;
■ 60 °C; ▲ 70 °C; ✳ 80 °C; • 90 °C and — Weibull

1354 Food Bioprocess Technol (2011) 4:1349–1356



and α probably depend on the characteristics of the tissue
and/or the drying air rate as well as other external variables
such as initial moisture content, shape and size of the
product, presence of skin, pretreatments and others (Azzouz
et al. 2002; Simal et al. 2005; Akpinar 2006; Vega et al.
2007).

Statistical Analysis of Models

Table 2 shows the average values of statistics test (SSE and
χ2) performed to the proposed models. These statistical
tests evaluate the goodness of fit on the experimental data
and they have been reported by other researchers during
food drying analysis (Akpinar 2006; Doymaz 2008). All the
proposed models showed a good fit with high values of r2

(>0.90) and values close to zero for SSE and χ2. According
to these results, the models that best fitted the experimental
data, considering the statistical test applied, were stand-
ardised Weibull model (SSE=0.0005 and χ2=0.0006),
followed by Modified Page (SSE=0.0006 and χ2=
0.0005) and Logarithmic (SSE=0.0011 and χ2=0.0015).
The equation that best fitted the experimental moisture data
was the standardised Weibull model. Similar observations
were made by Cunha et al. (2001) modelling water losses
during osmotic dehydration of apple, García-Pascual et al.
(2006) for the rehydration of mushroom and Corzo et al.
(2008) for air drying of coroba slices.

Figure 3 shows the experimental drying curves versus
the corresponding estimate by the standardised Weibull
model, which was the model that showed the best statistical
fit of the experimental moisture values for all drying
working temperatures. Generally, when drying products of
biological origin, the constant rate period is not meaningful,
but a marked falling rate period can be seen clearly, where
molecular diffusion prevails as a mechanism of matter
transfer (water exit). For this reason, a useful mathematical
model is required for estimation of drying times, in which
the entire drying process is ideally considered (Akpinar
2006; Simal et al. 2005).

Conclusions

Desorption isotherms and drying kinetics of pepino fruit
(Solanum muricatum Ait.) were studied in this work. The
desorption behaviour showed that the equilibrium moisture
content increased with a decrease in the working temper-
ature at a constant aw value. The GAB equation provided a
good fit to the experimental data of desorption isotherm of
pepino fruit at three temperatures (20, 40 and 60 °C). The
parameters Xm, C and K were dependent on temperature.
The water diffusion coefficient showed positive dependence
on temperature. Dwe value was increasing with temperature

from 2.55 to 7.29×10−10 m2 s−1, for a range of temper-
atures between 50 and 90 °C, with an estimated activation
energy of 27.11 kJ mol−1. Although all models used to
describe the dehydration kinetics were useful, the stand-
ardised Weibull model gave the best goodness of fit on the
experimental data at the five temperatures studied, based on
the statistical tests performed (SSE=0.0005 and χ2=
0.0006). From the results, it could be observed that the
drying kinetics of pepino fruit presented a clear exponential
tendency, showing that an increase of drying temperature
from 50 to 90 °C led to a decrease in operation time.
Therefore, the mathematical equations proposed to describe
drying kinetics of pepino fruit could be applied to predict
optimal drying conditions, in particular temperature, in
order to achieve process efficiency minimising drying
times.
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