
World Applied Sciences Journal 12 (9): 1639-1646, 2011
ISSN 1818-4952
© IDOSI Publications, 2011

Corresponding Author: Hamid Tavakolipour, Department of Food Engineering, Islamic Azad University,
Sabzevar Branch, Sabzevar, Iran,  E-mail: h.tavakolipour@gmail.com.

1639
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Abstract: The effect of different air temperatures (40, 50, 60 and 70°C), air velocities (1 and 2 m/s) and bed depth
(monolayer, 3 and 5 cm) on drying kinetics and lipid quality (peroxide value and free fatty acids) of a variety of
Persian Pistachio nuts (Abasali variety) were studied. Additionally, effective diffusivity (D ) was determinedeff

by using Fick’s second law varied from 7.061×10  to 2.105×10 m /s over temperature range 50-80°C. Also10 9 2

average activation energy was obtained using Arrhenius model is 33.3 kJ/mol which near to some agricultural
products. Five kinetic models were fitted to drying data. Among these models, Modified Page could explain
drying behavior of Pistachio nuts with high determination coefficient.
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INTRODUCTION rich in unsaturated fatty acids; this makes pistachio nuts

Longer shelf life, product diversity and substantial an excellent source of many nutrients, including
volume reduction are the reasons for popularity of dried potassium, phosphorous, calcium, protein, vitamins,
fruits and vegetables and this could be expanded further minerals and amino acids essential for good health.
with improvements could increase the current degree of Pistachios are an excellent source of many nutrients,
acceptance of dehydrated foods in the market. The main minerals including potassium, phosphorous, calcium,
objective of any drying process is to produce a dried vitamins, protein and amino acids essential for good
product of desired quality at minimum cost and maximum health. They have a higher proportion of unsaturated fat
throughout and to optimize this consistency. as well as the antioxidant vitamin E and dietary fiber,

The drying of pistachio nuts is a great problem which can help to reduce cholesterol levels and has been
because of possible loss of nutritional value and associated with a reduction of the risk of bowel cancer.
enzymatic activity during dehydration. The end quality of In comparison with other food products, studies on
pistachio nuts depend on fast and efficient handling after the drying of pistachio nuts and its effect on pistachio
harvest in hulling, drying and post drying storage. The quality are very limited. Luh et al., (1981) shown that
pistachio (Pistacia vera L.) is cultivated in the Middle drying affects the constituents of pistachio but its
East, United States and Mediterranean countries. Iran influence is lower than blanching or roasting [2].
produces more than 300,000 tones of pistachio annually Unsaturated fatty acids are more susceptible to changes
which represents 47% of the world's pistachio production during processing. Chen and Singh (1990) worked on the
[1]. Pistachio allocated nearly 40% of agricultural exports California Pistachio (Kerman variety). They used a two
and 8-11% of total non petroleum exports of Iran. During stage drying system consisting a fluidized bed for in shell
the drying process, nuts undergo undesirable reactions Pistachio nuts [3]. Characteristics of Pistachio drying were
(especially rancidity) which cause degradation of quality, determined and a computer program was developed to
because of the odd colors and flavor formed. The major simulate the two stage drying process. Other research
deteriorative reaction in dried foods is due to oxidation of performed by Karatas and Battalbey (1991) on the
lipids. Lipid oxidation in foods is associated almost Pistachio nut meat (Gaziantep variety) drying [4]. They
exclusively with unsaturated fatty acids and it is often were estimated effective diffusivity from drying rate and
autocatalytic, which oxidation products themselves expressed by an Arrhenius relationship. Thompson et al.,
catalyzing the reaction so that the rate increases with time. (1996) shown that there is a little or no effect of drying
The pistachio is a nut with a high lipid content and very temperatures on the Pistachio quality, measured by

very sensitive product owing the rancidity. Pistachios are
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percent of closed shell edible nuts or percent of loose Drying Experiments: In order to examine the effect of
Kernel in a sample [5]. Kashaninejad et al., (2002) were
studied effects of various methods of drying on moisture
content and quality factors of Pistachio nut [6]. Their
results show that different drying methods used in their
studies didn’t have any significant influence on some
quality factors of Pistachio nut but significantly effect on
the shell appearance and split shell. Gazor et al., (2003)
determined influence of some drying parameters on drying
of Kalehghouchi Pistachio nut [7]. Their results shown
that increasing temperature to 90°C during drying, result
in decrease of drying time by more than 50%, increase of
drying rate and in better flavor. Ghazanfari et al., (2003)
dried pistachio nuts from moisture content 21% wb(wet
basis) to 6% wb during 36h by using of solar drier [8]. In
other research, some kinetic parameters of pistachio nuts
were determined by using of kinetic models such as page
and exponential models [9].

The objectives of this study were to determine the
effect of different air temperatures, air velocities and bed
depth on drying kinetics and some lipid quality
parameters (peroxide value and free fatty acids) of
Pistachio nuts and also calculating of effective moisture
coefficient and activation energy and find the best kinetic
model for thin layer drying of Persian pistachio nuts.

MATERIALS AND METHODS

Material:  A variety of Persian pistachio nuts cultivated
at Damghan, a city located at east of Iran was used in this
study. After harvesting, the pistachio nuts were
immediately  transported to laboratory, where dehulled
and sorted for selecting of uniform size and split pistachio
then stored in darkness at a temperature of 5°C until
drying experiments. Average moisture content of
Pistachio was 47 %( wet basis) and average dimensions in
this moisture content were length (L= 17.25 mm), width
(W=12.75 mm) and thickness (T=12.25 mm).

Drying Equipment: Drying experiments were carried out
on a laboratory apparatus, consists of four similar cross
flow  dryers. Heated air was forced through the product
by a centrifugal fan. The ambient temperature and drying
temperature directly below and over the drying tray were
measured by high precession thermometer (±0.1°C),
relative humidity by capacitance sensors (±2%) and air
velocity by a hot wire anemometer and the weight loss by
a digital balance (±1g) at regular intervals of 10 minutes.
All measurements were done by using a data logger
connected to a computer.

drying air temperature, drying air velocity and bed depth
on drying kinetics of pistachio nuts, twenty four
experiments  in  four  replicates were performed. The
dryers started 1 hour before experiments in order to reach
steady state conditions. The samples were spread evenly
in monolayer, 3 and 5 cm bed depth on the drying tray.
and then placed in the drying chamber. The four replicates
of each experiment were dried simultaneously under
similar conditions. Before and at the end of each
experiment, a representative sample was randomly taken
for determination of moisture content.

Quality Factors: All measurements were performed in
triplicate. The moisture content of the samples was
determined by drying of ground samples in a vacuum
oven  at  70°C until a constant weight was reached [10].
For determination of pistachio oil characteristics ground
sample were extracted by chloroform/methanol (2:1v/v)
mixture as solvent in darkness at ambient temperature.
The solvent was evaporated under vacuum at 30°C [11].
Free fatty acids were determined by titration method of
AOAC (2000) as percent oleic acid [10]. The Peroxide
value was measured by using the iodometric titration
method [12].

Statistical Analysis: The effect of drying parameters on
the drying kinetics and lipid quality of pistachio nuts was
determined using a completely randomized design (CRD)
following the analysis of variance (ANOVA) method.
Significant differences of treatment mean were compared
using Duncan’s multiple range test at 5% significance
level using SAS statistical software. The coefficient of
determination R  was one of the main criteria for selecting2

the best equation. In addition to the coefficient of
determination, the goodness of fit was determined by
various statistical parameters such as reduced chi square
( ), mean relative deviation modulus P (%) and root mean2

square error RMSE. For quality fit, R  value should be2

higher and , P (%) and RMSE values should be lower2

[13]. The above parameters can be calculated as follows:

(1)

(2)
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(3)

Which Mr  is experimental moisture content, Mr  ise,i p,i

predicted moisture content, N is number of experimental
data and z is number of model parameters.

Mathematical Modeling: As see later, Pistachio drying
followed of falling rate period. Therefore, it’s good
estimation which uses diffusion theory for modeling of
drying process [14]. Sphercity ( ) of pistachio nuts can
calculated from below relationship [15, 16]:

Because  sphercity  is near to unit thus a pistachio
nut can be considered spherical shape with good
approximation. Diffusion  coefficient  equation  in  the
form of Fick’s second law in spherical coordinates was
written as below:

(4)

Which X is moisture content in dry basis D  iseff

effective diffusivity, t is time and r is radial direction. For
solution of above equation, we need to these implicate
assumptions and initial conditions:

Pistachio  was considered as a spherical object and
its equivalent radius obtained from pistachio volume
by displacement method [15].
Drying of pistachio nuts occurs in the falling rate
period only and liquid diffusion controls the process.
For conditions which studied in this research,
effective diffusivity (D ) was assumed as moistureeff

independent and its temperature dependence
followed from Arrhenius relationship.
Temperature, relative humidity and pressure of
ambient air during drying process were assumed
constant.
Initial  and  final  conditions are: X(r, 0) = X   X(r, )i,

= Xe

With considering above implicated assumptions,
solution of equation 4 was appeared as [17]:

(5)

Table 1: Drying kinetic models
Equation Name Reference
MR= exp(-kt) Newton [18]
MR= exp(-kt ) Page [19]n

MR= exp(-(kt) ) Modified Page [20]n

MR= a exp(-k ) Handerson and Pabis [21]t

MR= a exp(-kt) +c Logarithmic [22]

Where MR is moisture ratio. With good
approximation, we can use the first term of equation 5.
Therefore,  with  substituting n=1 and taken logarithm
from both side of equation 5:

(6)

Therefore,  effective  diffusivity  (D ) was obtainedeff

by plotting lnMR versus time. Temperature dependence
of D  was expressed by Arrehnius relationship:eff

D = D  exp (- ) (7)eff 0

With take logarithm from above equation:

lnD = lnD - (8)eff 0

With plotting lnD  versus , activation energy (E )eff a

and pre-exponentional constant (D ) were obtained.0

To select a suitable kinetic model for describing the
drying process of Pistachio nuts, drying curves were
fitted with five thin-layer drying equations. The moisture
ratio models are presented in Table 1.

RESULTS AND DISCUSSION

The  moisture  content versus drying time is shown
in Figures 1 to 3. In these figures only three experimental
treatments (out of twenty four) are shown. With
increasing temperature from 40 to 70°C, time is decreased
about 50%, as shown at Figure 1. Effect of air velocity
upon time demonstrated at Figure 2. As shown, air
velocity doesn’t have a significant effect on the drying
time, because drying of pistachio nut occurred in falling
rate period. At Figure 3, with increased in layer thickness,
drying time is decreased. This is attributed to fact which
higher  layer  thickness caused the more resistance
against air flow through dryer. As shown in Figure 4,
drying  rate  decreases continuously with moisture
content  or  drying  time,  the  constant rate period(CRP)
in drying is absent and drying process took place only in
the falling rate period(FRP). The results are in agreement
with the observation of earlier researchers [4, 7, 9].
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Fig. 1: Typical curve for effect of temperature on drying time (u=2 m/s, L=2 cm)

Fig. 2: Typical curve for effect of air velocity on drying time (T=50°C, L=5 cm)

Fig. 3: Typical curve for effect of bed thickness on drying time (T=60°C, u=1 m/s)
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Fig. 4: Typical curve of drying rate versus moisture content (T=70°C, u=2 m/s, L=2 cm)

Table 2: Drying times in highest scored treatments

Temperature (C) Bed thickness Air velocity (m/s) Drying time (min)

50 Monolayer 1 275

50 Monolayer 2 250

60 Monolayer 1 170

70 Monolayer 1 130

70 3 cm 1 140

70 5 cm 1 150

70 Monolayer 2 120

Table 3: Effective diffusivity for drying whole pistachio nut at optimum

conditions

T (°C ) Radius (cm) D (m  / s)eff
2

40 0.63 7.061×10 10

50 0.63 9.736×10 10

60 0.63 1.548×10 9

70 0.63 2.105×10 9

Statistical analysis of drying data and scoring of
treatments among all treatments result the seven
treatments acquired the most scores as shown at Table 2.
Between  these  treatments, four treatments involved
70°C, 1-2 m/s and monolayer to 5 cm layer thickness.
Other treatments involving 50-60°C, 1-2 m/s and
monolayer thickness. The best scored treatments includes
drying time presented in Table 2 shown that drying air
temperature is the most important factor in drying of
pistachio nuts. Higher drying air temperature resulted in
a shorter drying time so that drying time for thin layer
position decreased from 275 min at 40°C to 120 min at
70°C.

Effective Diffusivity and Activation Energy: Effective
diffusivity  of  pistachio drying process was determined
at temperature range 40-70°C, air velocity 1 m/s and
monolayer thickness. These treatments comprises optimal
conditions based on minimum free fatty acid and peroxide
value of pistachio fat, shorter drying time and maximum
drying rate. We can determine effective diffusivity (D )eff

from slope of linear part of lnMR versus time curve by
using of equation (6) which presented at Figure 5. The
results  of  calculations presented at Table 3, which
shown  effective  diffusivity  for  pistachio  nut varied
from 7.061×10  to 2.105×10 m /s over temperature10 9 2

range 40-70°C. The effective diffusivity of Persian
pistachio  nuts were consistent with the results for
Turkish pistachio kernel,Gaziantep variety whose Deff

range was 3.15×10  to 6.26×10 m /s over temperature10 10 2

range 40-60°C [4] (Karatas and Batalbey, 1991) and Ohadi
variety with a D  range of 5.42×10  to 9.29×10 m /s ineff

11 10 2

the temperature range from 25 to 70°C [9] (Kashaninejad
et al., 2007). By different researchers, effective diffusivity
for grains in 40-70°C were obtained at 0.3×10 –10

1.1×10 , m /s for Soybean in 50-65°C gives 1010 2 10

1.9×10 m /s, for thin slice of pear in 66°C, give 10  and10 2 10

for garlic slice at 61°C reported at 1.06×10 m /s [23-24]10 2

( Gekas, 1992; Okos, 2006). By using of equation (7), lnDeff

versus  1/T and average activation energy determined
from slope of linear part (Figure 6). According to these
calculations,  average activation energy for drying
process is E  =7.962 kcal/mol in CGS units and E  =33.33
kJ/mol in SI units. Several authors used the Arrhenius
model for the determination of the temperature
dependence     of      pistachio's      effective    diffusivity.
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Fig. 5: lnMR versus t plot

Fig. 6: ln Deff versus 1/T plot

Table 4: Results of statistical analysis on thin layer drying of pistachio nut
Model Drying Temperature (°C) R P(%) RMSE2 2

Newton 40 0.9783 3.85 3.21 0.0075
50 0.9920 1.19 1.42 0.0052
60 0.9751 2.88 2.43 0.0099
70 0.9862 1.56 1.71 0.0078

Page 40 0.9833 2.97 2.83 0.0066
50 0.9821 2.69 2.82 0.0078
60 0.9920 0.92 1.87 0.0056
70 0.9802 2.24 3.35 0.0093

Modified Page 40 0.9833 2.97 2.84 0.0066
50 0.9955 0.67 1.39 0.0039
60 0.9920 0.92 1.87 0.0056
70 0.9943 0.64 1.59 0.0050

Henderson and Pabis 40 0.9846 2.74 2.81 0.0063
50 0.9940 0.90 1.81 0.0045
60 0.9825 2.03 2.19 0.0083
70 0.9887 1.27 1.73 0.0070

Logarithmic 40 0.9881 2.11 2.10 0.0055
50 0.9940 0.89 1.82 0.0045
60 0.9829 1.97 2.39 0.0082
70 0.9890 1.24 1.78 0.0069
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Table 5: Kinetic parameters of Modified Page model
Drying Temperature (°C) k n
40 0.0093 0.88
50 0.0132 0.90
60 0.0216 0.78
70 0.0279 0.82

For example Karatas and Batalbey (1991) reported that the
activation energy for Gaziantep variety of pistachio kernel
was 8.985 kcal/mol (37.55 kJ/mol) and Kashaninejad et al.,
(2007) calculated the activation energy of Ohadi variety
was 30.79 kJ/mol [4, 9]. Activation energy value for water
diffusion in whole Pistachio near to some foods such
potato starch (E  =33.9 kJ/mol), Paprika (E  =33.6 kJ/mol)
and Sorghum (E  =31.4 kJ/mol) [23-24].

Drying Kinetics: The moisture ratio data of pistachio nut
dried at temperature 70°C, air velocity 2 m/s and
monolayer bed thickness were fitted into the five thin
layer models listed in Table 1.

The values of R2,P (%),  and RMSE are summarized2

in Table 4.
In all cases, the value of R  was greater than 0.95 and2

the value of P(%) was lower than 5, indicating a good fit.
The values of R  for the Newton, Page, Henderson and2

Pabis and Logarithmic model were above 0.97. But the
Modified  Page model gave comparatively higher R2

values (0.99) and also the  (1.3), P(%) (1.92) and RMSE2

(0.0052) values were lower. Hence the Modified Page
model may assume to represent the thin layer drying
behavior of Pistachio nuts. The kinetic parameters of
Modified Page model are presented in Table 5. Such as
diffusity, kinetic constant (k) increased as drying air
temperature increased.

CONCLUSION

The effect of temperature, air velocity and bed
thickness on drying of whole pistachio nut in a cross flow
drier was investigated. Increase in drying temperature
from 50 to 70°C in monolayer bed thickness decreased the
drying time from 275 to 120 min.Air velocity didn’t any
significant effect on drying time, increasing bed thickness
increased drying time and decreased drying rate. The
entire drying process occurred in falling rate period and
constant rate period was not observed. The effective
moisture diffusivity varied from 7.061×10 to 2.105×1010 9

m /s and activation energy was 33.33 kJ/mol. The2

Modified  Page  model  may represent the thin layer
drying behavior for this variety of Persian pistachio nut
with high R  values (0.99).2
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