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Abstract: Moisture sorption isotherms for pistachio powder were determined by gravimetric method at
temperatures of 15, 25, 35 and 40°C. Maximum hysteresis level in sorption isotherms curve was observed at
range of water activity 0.2-0.7. On the other hand, hysteresis was diminished between sorption isotherm curves
when temperature reached to 40°C. Some mathematical models were tested to measure the amount of fitness
of our experimental data including BET, GAB, Smith, Caurie, Halsey, Harkins and Jura, Freundlich, Kuhn, Oswin
and Iglesias and Chirife. This mathematical analysis proved that Caurie model was the most appropriate one.
Thermodynamic relationship of Clasius-Clapeyron was applied to determine isosteric heat of adsorption and
desorption of pistachio powder moisture. As well, adsorption-desorption moisture content of pistachio powder
were predicted by means of artificial neural network (ANN) approach. The results showed that, MLP network
can able to predicted adsorption-desorption moisture content with R  values 0.998 and 0.992, respectively.2

Comparison of ANN results with classical sorption isotherm models revealed that ANN modeling had greater
accuracy to predict equilibrium moisture content of pistachio powder.
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INTRODUCTION stability of raw and processed agricultural products, the

The pistachio (Pistacia vera L.) is cultivated in the residual moisture content and end point of a drying
Middle East, United States and Mediterranean countries process, to design their suitable packaging systems and
[1]. Pistachio is one of the most important Iranian storage conditions and to select proper ingredients for
horticultural products with high export value for the preparing a formulated intermediate moisture food [3].
country and Persian cultivars recognized have different Maskan and Karatas (1997) determined the sorption
taste and flavour. According to Food and Agricultural characteristics of whole pistachio nuts at 10, 20 and 30°C
Organization (FAO), Pistachio production in 2010 was and evaluated their data for fitting to some sorption
reported 446647 MT, which Iran is dedicated of about equations [4]. They found some important parameters
47.3% of the global production of pistachio in this year such as monolayer moisture content and heat effects on
[2]. According to position of this product in the country water sorption. Additionally, the adsorption studies were
economy, suitable preservation and storage conditions to done on few pistachio varieties and their products, e.g.,
prevent spoilage and damage it, is important. raw pistachio (Pistacia terebinthus L.) and its protein

During various postharvest processes such as isolate by Ayrancy and Dalgic (1992), pistachio nut paste
drying, storage and packaging, water adsorption and at different temperature values [5, 6]. However, very
desorption processes play an important role on limited data are available on sorption isotherms and other
deteriorative reactions (DRs) such as browning, lipid characteristics of different Persian pistachio varieties.
oxidation and microbial growth of pistachio nuts. The Presently, neural networks enact an important key as
influence of moisture on DR has been explained in terms a powerful analysis machine in predicting the process
of a  and this approach is now well established in parameters. The scientists were used ANN in various fieldw

controlling reaction and predicting food  stability. of food processing. For example, used an ANN approach
Because a  is the most important parameter for the as intelligent tools to prediction of food drying parametersw

sorption isotherms can be used to obtain their optimum
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[1], freezing and thawing times [7], osmotic dehydration for three consecutive weighting at 3-day intervals.
parameters such as solid gain (SG) and water loss (WL) Moisture content of pistachio samples was measured by
[8], anthocyanin concentration [9], antioxidant activity vacuum oven worked at 70°C and 150 mbar for 6 h [12].
[10] and equilibrium moisture content [11]. For the adsorption process, pistachio samples were

The aim of this study were: (1) to evaluation of placed in suspended dishes in jars containing silica gel.
feasibility of neural network to predict absorption and Again, the same procedure was repeated to reach the
desorption moisture content of pistachio powder in order equilibrium moisture content. Desorption isotherms were
to momentarily monitoring of storage conditions, (2) to determined on samples hydrated in a glass jar over
determine the sorption isotherms and hysteresis effects distilled water. At high a  values (a > 0.7), a small amount
and (3) to evaluate the suitability of various mathematical of toluene was placed in a capillary tube fixed to the inner
models for fitting the isotherms and determine the wall of different jars to prevent microbial spoilage of the
isosteric heat of sorption. pistachio samples [3].

MATERIALS AND METHODS Empirical Modeling: Ten mathematical models were used

Material: Raw and dried Kerman variety whole pistachios at different temperature [13, 14]. The equations of these
were purchased from a local market. They were size sorted models are shown in Table 1.
and separated to split and nonsplit samples. Medium- The goodness of the fitting was evaluated by
sized and splitted pistachio nuts with a moisture content calculating two statistical parameters namely coefficient
of 4.5% (d.b.) were selected for the tests. After harvesting, of determination (R ) and mean relative deviation modulus
the pistachio nuts should be dried from a moisture P (defined in equation 1). Each model with highest R
content of about 40% to safe storage moisture of less value and lowest P(%) value is the best model for fitting
than 7% wet basis (w.b.). Pistachio nuts dried to a range of sorption moisture isotherm data of pistachio powder
of 4–6% (w.b.) are graded higher in organoleptic quality [3]. The P(%) parameter can be calculated as follows:
indicators such as crispness and sweetness and lower in
bitterness and rancidity than those dried in the range of (1)
6-11% (w.b.) moisture content. Pistachio powder was
produced by weighing 10 g of pistachio kernels crushed
in a home mill (Black and Decker, London, U.K.) for 30 s where X  is experimental moisture content, X  is
until  its  average  particle size reached 250 microns. predicted moisture content and N is number of
Various saturated salt solutions including LiCl, experimental data.
CH COOK, MgCl , K CO , Mg(NO3) , NaNO , NaCl and3 2 2 3 2 2

KCl were used to obtain constant relative humidity [3]. Design of Artificial Neural Network: An artificial neural

Determination of Equilibrium Moisture Content: called neurons that are connected to each other by
Sorption isotherms of pistachio powder were determined weights. The neuron is grouped into distinct layers and
by a static gravimetric method at 15, 25, 35 and 40°C. interconnected according to a given architecture.
According to Tavakolipour and Kalbasi Ashtari (2008),
eight saturated salt solutions were prepared to provide a
range of 0.11, 0.23, 0.36, 0.49, 0.62, 0.75 and 0.88 a  valuesw

[3].  After  transferring  150  mL  of  each  salt   solution
into separate glass jars, the jar grids were suspended.
About 2 g sample of pistachio powder was weighed
separately and placed on grids in the jars, which were
then tightly closed and kept in convective ovens at
different temperatures for equilibration. The required time
to reach equilibrium moisture content for sample of Freundlich X = A (a )

pistachio powder was close to 18 day. Equilibration was
achieved when the changes in moisture content (d.b.) did
not exceed 0.1% and it was less than 0.001 g/g dry solids

w w

for fitting of sorption isotherm curves of pistachio powder

2

2

e,i p,i

network was composed of simple processing elements

Table 1: Mathematical models for fitting of sorption data to pistachio
powder [13, 14]

Models Equation

BET X = X Ca /[(1 – a )(1 + a (C-1))]ï w w w

GAB X = X CKa /[(1 – Ka )(1 – Ka  + CKa )]ï w w w w

Smith X = A – B ln(1 – a )w

Oswin X = C [a /(1 – a )]w w
n

Kuhn X = [A/ln(a )] + Bw

Halsey X =[–K/ln(a )]w
1/n

w
1/B

Harkins and Jura X = [B/(ln(a ) – A)]w
0.5

Iglesias and Chirife X = A + B[a /(1-a )]w w

Caurie X = exp(A + Ba )w
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A multilayer perception (MLP) networks is one of the
most popular and successful neural network architectures,
suited to wide range of engineering application involved
drying. Mathematically:

(2)

where y  is the net input of each neuron in the hidden andj

output layers, x  is input, n is number of inputs to thei

neuron, w  is the weight of the connection betweenij

neuron  I  and  neuron j and b  is the bias associated withj

j  neuron. Each neuron consists of a transfer function thatth

express of its internal activation level. Output from a
neuron is determined by transforming its input using a Fig. 1: Schematic  structure  of ANN, x : air temperature,
suitable transform function. x : water activity (a ) and y: equilibrium moisture

In this work, Number of 1-2 hidden layers with 2-34 content (absorption/desorption)
neurons per hidden layer, learning rate= 0.4, momentum
coefficient=0.9, activation functions of sigmoid logarithms where P  is predicted ANN output parameter, P  is
(Eq. 3) and hyperbolic tangent (Eq. 4) in each hidden and experimental data and N is number of observations [1].
output layer and training period (epoch)=5000 were used
in order to find the best configuration. RESULTS AND DISCUSSION

(3) The effect of temperature on the isotherm curves of

(4) presented in Fig. 2. These curves are shown as a function

In this network, air temperature and water activity (a ) decreased for both desorption and desorption. Thisw

were selected as input parameters and equilibrium behavior is consistent with thermodynamic laws and
moisture content (absorption/desorption) was selected as showed the reverse effect of increasing of moisture
output parameter (Fig. 1). Data randomly divided into two content or temperature on sorption enthalpy. However,
groups, 70% used for training and reminder 30% for some of sugars and low molecular weight food
testing of network. Data modeling accomplished by using components are exceptions and with increasing
SPSS statistical software version 19 (2011). In order to temperature they will more hygroscopic [5]. The study of
evaluation of network performance and selected the best the curves  observed  that  for water activity in range of
topology were used from two criteria such as determine of 0.2-0.7 corresponding to the capillary condensation
coefficient (R ) and mean relative error (MRE). region, when adsorption and desorption temperature at2

(5) than 0.7 its reached to the lowest value [3].

(6) powder. Statistical and model parameters are shown in

1

2 w

ANN exp

pistachio powder: Pistachio powder adsorption and
desorption isotherm curves at different temperatures are

of temperature where temperature increased the
equilibrium moisture content of pistachio powder

minimum (15°C) its hysteresis reached to the highest
value. With increasing temperature hysteresis was
reduced and for water activity lower than 0.2 and higher

Empirical modeling: In this study the BET, GAB,
Oswin, Smith, Halsey, Henderson, Kuhn, Freundlich,
Harkins and Jura, Iglesias and Chirife and Caurie
equations were used to fit the sorption data for pistachio

Table  2.  The  calculation  of  R   and  P  values for the ten2
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Table 2: The model constants and statistical parameters for experimental adsorption/desorption data at different temperatures

Temperature (°C)
-------------------------------------------------------------------------------------------------------------------------------------------------------
15 20 35 40
--------------------------------- ------------------------------- -------------------------------- ------------------------------

Models Constants Adsorption Desorption Adsorption Desorption Adsorption Desorption Adsorption Desorption

BET X 1.549 1.549 1.538 1.595 1.514 1.581 1.519 1.571ï

C -15.15 -15.15 14.38 -93.58 9.799 24.60 7.018 15.44
P (%) 25.07 24.61 13.16 15.93 12.66 16.13 14.82 14.33
R 0.878 0.878 0.857 0.849 0.846 0.833 0.812 0.8432

GAB X 1.970 2.585 1.552 2.279 1.441 2.049 1.404 1.986ï

C 10.47 16.84 11.50 7.787 10.42 6.414 7.991 5.802
K 1.823 0.880 1.011 0.910 1.024 0.944 1.032 0.950
P (%) 9.113 7.427 13.58 11.76 13.34 13.66 15.81 13.59
R 0.823 0.861 0.753 0.599 0.756 0.550 0.729 0.6652

Smith A 1.209 1.470 0.264 0.807 0.106 0.508 -0.014 0.343
B 3.968 4.251 4.460 4.298 4.470 4.390 4.511 4.455
P (%) 6.685 5.446 12.92 8.503 15.59 10.10 15.63 9.158
R 0.982 0.988 0.974 0.982 0.974 0.983 0.974 0.9842

Oswin C 3.996 4.475 3.217 3.718 3.031 3.419 2.894 3.272
n 0.432 0.423 0.566 0.520 0.598 0.567 0.632 0.596
P (%) 10.48 9.059 15.12 10.79 14.61 12.22 15.41 10.96
R 0.947 0.963 0.944 0.960 0.952 0.954 0.953 0.9722

Kuhn B 1.862 2.171 0.978 1.534 0.816 1.244 0.710 1.079
A -1.211 -1.297 -1.371 -1.302 -1.377 -1.333 -1.385 -1.359
P (%) 15.44 14.99 18.30 22.72 18.95 24.30 21.91 23.83
R 0.907 0.910 0.912 0.893 0.916 0.898 0.910 0.9062

Halsey K 5.245 6.749 2.454 3.360 2.154 2.630 1.916 2.380
n 1.532 1.585 1.166 1.278 1.112 1.165 1.050 1.125
P (%) 8.778 7.181 11.30 11.93 10.52 13.57 12.47 11.25
R 0.9674 0.974 0.9655 0.958 0.9694 0.953 0.9668 0.9662

Freundlich A 7.464 8.289 7.283 8.020 7.207 7.897 7.259 7.933
B 1.347 1.366 1.030 1.096 0.9719 1.007 0.9155 0.952
P (%) 18.71 16.70 26.31 18.12 26.46 20.92 27.35 19.61
R 0.837 0.865 0.831 0.888 0.846 0.879 0.853 0.9062

Harkins and Jura A -0.148 -0.163 -0.250 -0.295 -0.274 -0.348 -0.298 -0.356
B -6.931 -8.648 -2.896 -3.825 -2.301 -2.601 -1.833 -2.192
P (%) 27.21 6.240 12.98 10.38 20.82 14.04 12.13 12.03
R 0.928 0.940 0.944 0.925 0.977 0.876 0.971 0.9432

Iglesias and Chirife A 2.345 2.689 1.523 2.055 1.363 1.777 1.261 1.621
B 1.233 1.319 1.396 1.324 1.402 1.356 1.411 1.382
P (%) 16.50 16.02 19.69 24.14 20.51 25.94 23.63 25.68
R 0.899 0.903 0.906 0.884 0.910 0.890 0.904 0.8992

Caurie A 0.311 0.452 -0.239 0.028 -0.373 -0.173 -0.506 -0.285
B 2.134 2.078 2.797 2.553 2.945 2.787 3.117 2.921
P (%) 5.599 4.420 8.874 6.575 8.946 7.612 8.625 6.065
R 0.978 0.987 0.977 0.983 0.980 0.980 0.982 0.9902

models showed that the highest R  (average 0.982 for in the second order for fitting sorption data in all storage2

adsorption  and  0.990  for  desorption)  and   the  lowest temperatures.
P values (average 5.599 for adsorption and 4.920 for
desorption) were related to Caurie equation in the first Isosteric  Heat  of  Sorption:  Isosteric  heat  of  sorption
order and Smith equation with R  (average 0.982 for or binding energy defined as the amount of energy2

adsorption and 0.988 for desorption) and P values required to remove water from the substrate in excess of
(average  5.599  for  adsorption  and 4.920 for desorption) the  amount of energy required for free water vaporization.
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Fig. 2: The absorption and desorption isotherms curves of pistachio powder at different temperatures

Fig. 3: Isosteric heat of absorption and desorption of from binding energy of moisture adsorption and
pistachio powder at different equilibrium moisture desorption showed that binding energy for adsorption
contents isotherm is larger than desorption isotherm and causes

It's a valuable tool for understanding the water sorption moisture  content  in  pistachio  powder   reduced  from
mechanism. Generally, sorption phenomena can be 10% to 1% (dry basis), the binding energy increased from
explained by the differential form of the Clausius- 0.299 to 33.01 kJ/mol.
Clapeyron equation:

(7) possibility of predicting of adsorption and desorption

where Q  is isosteric heat and R is universal gas constant. neural network model was used. For this aim, as

Some  selected  values of isosteric heat of sorption were combination of layers and neurons with different
estimated from the slope of ln a  versus 1/T plots at activation functions were used for modeling perceptronw

various  moisture  content  values.  The  slope  of the line neural network. Neural network include one and two
(-Q /R) decreases to zero as moisture content in hidden layers, 2 to 34 neuron were selected randomly ands

agricultural commodity increases which is an indicative of network power was estimated to predict adsorption and
reduced water interactions, i.e., less binding energy [3]. desorption  moisture content of Persian pistachio powder.

Furthermore,  the  isosteric  heat  of  sorption  shown in
Fig. 3 is a function of moisture content and it varied
inversely with the amount of water vapor absorbed by the
solid. The higher moisture content, the lesser energy was
required to remove water molecules from the pistachio
powder, as observed in Fig. 3. At moisture content more
than 60%, the binding energy in pistachio powder
decreases to zero, because water characteristics of
pistachio approaches to free water. Also, results obtained

some structural changes during drying process. When

Artificial Neural Network Modeling: In order to

moisture content of Persian pistachio powder, artificial
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Table 3: ANN results to predict equilibrium moisture content (EMC) of pistachio powders with different activation functions at various temperatures and aw

Number of neurons
Activation Statistics ------------------------------------------------------------------------------------------------------------------

No. of hidden layers function EMC parameters 2 6 10 14 18 22 26 30 34
One hidden layers Logsig Adsorption MRE 0.0808 0.0030 0.0105 0.0162 0.0369 0.0071 0.0443 0.0338 0.017

R 0.990 0.996 0.978 0.991 0.992 0.996 0.989 0.988 0.9922

Desorption MRE 0.0569 0.0096 0.0214 0.0233 0.0170 0.0137 0.0236 0.0308 0.027
R 0.989 0.993 0.975 0.989 0.993 0.991 0.991 0.988 0.9912

Tanh Adsorption MRE 0.0790 0.0065 0.0096 0.0130 0.0319 0.0283 0.0333 0.0332 0.040
R 0.987 0.994 0.996 0.994 0.993 0.987 0.990 0.989 0.9852

Desorption MRE 0.0732 0.0095 0.0120 0.0199 0.0576 0.0148 0.1163 0.0451 0.042
R 0.982 0.992 0.995 0.991 0.993 0.991 0.975 0.984 0.9852

Two hidden layers Logsig Adsorption MRE 0.0456 0.0099 0.0029 0.0124 0.0417 0.0166 0.0238 0.0710 0.037
R 0.991 0.991 0.998 0.988 0.985 0.991 0.991 0.976 0.9872

Desorption MRE 0.0615 0.0144 0.0205 0.0306 0.0795 0.0103 0.0192 0.0439 0.038
R 0.986 0.985 0.992 0.982 0.982 0.991 0.989 0.983 0.9872

Tanh Adsorption MRE 0.0820 0.0437 0.0087 0.0412 0.0720 0.0430 0.0382 0.0431 0.103
R 0.984 0.982 0.993 0.985 0.992 0.976 0.992 0.980 0.9632

Desorption MRE 0.0540 0.0333 0.0226 0.0344 0.0450 0.0310 0.0974 0.0508 0.172
R 0.985 0.978 0.988 0.985 0.992 0.975 0.983 0.979 0.9252

(a) (b)

Fig. 4: Predicted and experimental values of MLP network to predict EMC of pistachio powder, (a) Absorption moisture
content with logsig activation function and (b) Desorption moisture content with tanh activation function

Suitable learning epoch was selected according to and two hidden layers has been shown, topology of 2-10-
previous study in field of ANN. The results showed that, 10-2 (i.e. network with 2 inputs, 10 neurons in the first and
the best learning epoch for logarithm sigmoid (logsig) and second hidden layer and 2 output) with logsig had the
tangent hyperbolic (tanh) activation function was best result to predict absorption moisture content. On the
obtained equal 5000 [1]. The best learning epoch in each other  hand,  result  of  perceptron neural network with
activation function was chosen base of achieving the same activation functions (logsig and tanh) with one and
lowest mean relative error. two hidden layers indicated that, neural network with

The obtained result of MLP network with logsig and structure of 2-6-2 (i.e. network with 2 inputs, one hidden
tanh activation function and different configurations are layer content six neurons with two output) and tanh
shown in Table 3. Investigation of obtained result for activation function had goodness result to predict
MLP with logsig and tanh activation function with one desorption  moisture content of Persian pistachio powder.
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This network was able to predict absorption and function with 6 neuron in first hidden layer had best result
desorption moisture content with relative error values to predict desorption moisture content of pistachio
0.0029 and 0.0095, respectively. Likewise, R  values for powder (R =0.992). Comparison of ANN results with2

absorption and desorption moisture content were classical models revealed that, ANN modeling had greater
obtained 0.998 and 0.992, respectively. The similar results accuracy to predict adsorption-desorption moisture
in field of sorption isotherm were reported by another content of pistachio powder.
scientist in cases of raisin [11].
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