Table 5.7 Coefficients for BET and GARB isotherms for RS-1
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2

Model °C m, c K R %E % RMSE
BET 30 0.032 12.297 - 0.892 32.839 4.826
45 0.050 8.384 - 0.943 22550 7.153
60 0.047 5.771 ‘ - 0.979 28.503 6.158
GAB 30 0.0589 7.443 0.920 0.984 8.308 1.913
45 0.056 4.031 0.930 0.995 6.623 0.989
60 0.049 4.902 0.979 0.992 5.632 1.258
Table 5.8 Coefficients for BET and GAB isotherms for RS-2
Model °C m, c K R’ %E % RMSE
BET 30 0.030 14.495 - 0.938 16.789 3.331
45 0.049 5.942 - 0.978 26.584 6.364
60 0.045 4.704 - 0.993 32.646 5.618
GAB 30 0.035 38.970 1.015 0.988 5.633 1.616
45 0.034 10.101 1.017 0.978 7.041 1.767
60 0.029 13.359 1.031 0.980 7.092 2.161

29



MRG4780202

5.4.2 Shelf life determination

The previous experiment (5.4.1) indicates that GAB equation is optimali to fit
the moisture sorption isotherms of the samples. Therefore, the sheif life of rice
crackers was determined using GAB equation. The moisture content of a
packaged product at any time under constant external conditions of temperature
and refative humidity depends upon the equilibrium moisture content of the product

and the permeability of the package.

Several assumptions have been made for shelf life prediction by simulation
model. They include (1} the moisture content of the packaged samples will reach
equilibrium rapidly with the relative humidity inside the package; (2) the relative
humidity inside the package is determined by the permeability of the package; and
(3) the relationship between the moisture content of the product and relative
humidty inside the package can be represented by an isotherm equilibrium curve

(Hernandez and Giacin, 1998).

The shelf life model was developed based on the package permeability and
the moisture absorbed by rice crackers. The shelf life was then calculated using
the following equation:

i
[t = by j———dm (5.6)
B AV A A

where f is the storage time (days), / is the package thickness, w, is the dry weight
of food product (g), m is the moisture content of the product on % dry basis, m, is
the initial moisture content of the sample, and m,_ is the critical moisture content or
moisture content at time ¢, P is the permeability coefficient of polymeric packaging
material, A is the exposed surface area of the package (mz), p, is the partial
pressure of water vapor (mmHg)} of storage environment, p, is the partial pressure
of water vapor {(mmHg) inside the package head space related {o the moisture

content of the product determined by GAB model.

When the moisture sorption isotherm is described by GAB model, the shelf

life is given by integrating Eq. 5.6 using GAB equation (Eq. 5.3). The calculated
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shelf life of RS-1 and RS-2 in all packages and stored under different conditions is

shown in Tables 5.9 and 5.10, respectively.

Regression analysis was performed between the actuai and the GAB
predicted shelf lives. Figures 5.6 and 5.7 show the GAB predictions versus actual
shelf lives of RS-1 and RS-2, respectively. The determination coefficients, Rz, of

RS-1 and RS-2 are 0.7953 and 0.6828, respectively.

Table 5.9 GAB predicted shelf life of RS-1 in the packages at different storage conditions

Temperature  Relative humidity Package Mean + SD
30 75 Bag-1- 22 + 1.8
Bag-2 26 + 1.1
Bag-3 21 + 20
Bag-4 36 + 056
30 85 Bag-1 16 + 09
Bag-2 19 + 05
Bag-3 20 + 298
Bag-4 55 + 1.1
45 75 Bag-1 4 + 02
Bag-2 5 + 02
Bag-3 3 + 02
Bag-4 7 + 03
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Table 5.10 GAB predicted shelf life of RS-2 in the packages at different storage conditions

Temperature  Relative humidity Package Mean + SD
30 75 Bag-1 24 + 15
Bag-2 28 + 07
Bag-3 23 + 21
Bag-4 3 + 05
30 85 Bag-1 17 + 1.9
Bag-2 20 + 08
Bag-3 22 + 18
Bag-4 59 + 14
45 75 Bag-1 5 + 02
Bag-2 5 + 02
Bag-3 3 + 02
Bag-4 8 + 03
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Figure 5.6 The predicted vs. actual shelf life of RS-1 using GAB model
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Figure 5.7 The predicted vs. actual shelf life of RS-2 using GAB model
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5.5 Develop an ANN based model for shelf life prediction of rice crackers

Packaged rice crackers are subject to moisture gain depending on a number of
factors: the storage relative humidity; the sorption properties of the product; the water
activity gradients relative to the storage atmosphere; and the water vapor permeability of
packaging materials. The barrier performance of the packaging system employed can

influence the relative importance of each of these factors.

Container moisture permeability is a commonly used criteria for shelf life prediction.
However, permeability alone is not sufficient for predicting the rate of moisture uptake as
the rate is governed by the environmental conditions and the water activity in the container
as well as container permeability. The rate of moisture permeation through a centainer
usually decreases over time as the humidity in the container increases due to the
accumulation of meisture in the container. The effect of all these factors must be

considered in order to predict the rate of moisture uptake in real life situation.

A MLP neural network based on back propagation was used to predict shelf life of
the product from product characteristics, package properties and storage conditions as
detailed in Table 5.11. A total of 288 samples were used. For the neural network, three
steps were completed, including creating the network object, training the network,
validating and testing the network. Using this approach, the data sets were partitioned into
three subsets: a training set (a set of samples used to adjusted the network weights), a
validation set {a set of samples used to tune the parameters), and a test set (a set of
samples used only to assess the performance to new, unseen observations). The
performance of the neural network was confirmed by measuring its performance on a third

independent set of data cafled a test set.

The network architecture created for the shelf life data matrix includes an input
layer, one hidden layer of neurons, and an output layer. The inputs to a neuron include its
bias and the sum of its weighted input. The output of a neurcn depends on the neuron's
inputs and on its transfer function. The indices j, k, and [ refer to the input signals (j=1,...,
m) in the input layer, the neurons (k = 1,..., p) in the hidden layer, and the neuron {/ = 1,...,
q) in the output layer, respectively. There were 9 neurons {m = 9} in the input layer, 9
neurcns (7 = 9) in the hidden layer, and one neuron {g = 1) in the output layer. The

transfer function, @(v, ). in the hidden layer was a hyperbolic tangent (Eq. 5.7) and a linear
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function was used in the output layer {(Eq. 5.9). The nonlinear hyperbolic tangent function

can be calculated as follows.

1-exp(v,)
Y =)= ———*= (8.7)
1+exp(v,)
with v, being computed as
v, =b, +Zw,yxj (5.8)
j=1

where y, is the output of the hidden layer, @(v,) s the transfer function associated with
the neuron k in the hidden layer, v, is the sum of weighted input of neuron k, b, -is the
bias, and x,is the input signal. Use of bias b, has the effect of applying an affine

transformation in the model. A linear function can be calculated as follows.

r
¥ =ev)=b, +an:yk {5.9)
k=

where y, is the output of the output layer, @(v,)is the transfer function associated with
neuron / in the output layer, y, is the input to the neuron /, v, is the sum of weighted

input of neuron /, b, is the bias, and w, is the weight connection of neuron k and neuron 1.

The ANN was trained using the Bayesian regularization which is used to ovoid
overfitting. The fraining started with different initial random weights, and was optimized
during training. The performance function used during training of the feed-forward neural

network was the sum square errors {(SSE) of the network.
SSE = > -a) (5.10)
r=|

where a = network output, t = targets, and n = number of samples.

The difference between target value and actual neural output was propagated back
through the network to the input. The learning process described herein is referred to as
error-correction learning. For error-correction learning, the error was minimized by
adjusting the weight. Minimization of the error leads to a learning rule generally referred to

as a delta rule. In the learning process, the updated value of weight is computed by
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wy(n+D=w, (n)+Aw, (n) (5.11)
By, (m) =7 €, (m)x, () (5.12)

where Aw, (n) is the adjustment of weight applied to the synaptic weight at time step n,
¢,is the sum square error, x, is the element of the input vector, and 77 is the learning rate
parameter. The learning rate parameter {77 = 0.05) was selected to ensure that the
convergence of the learning process was achieved. In order to ensure stability in the
network and avoid convergence on a local minimum, the initial weights were randomly
assigned to the network. One complete entire training process is called an epoch, The
learning process continued epoch-by-epoch until the synaptic weights and bias level of the
network stabilized and the sum square error {SSE) over the entire training set converged

to the minimum value.

To prevent over training, it is normal practice to train an ANN until the minimum
sum squared error for a validation data set has been achieved. Figure 5.8 shows the
evolution of training, validation and test errors as a function of the number of learning
epochs. The error in the training set decreases as the weights are improved. The network
is judged to have converged when the test set error is lowest. The training stopped when
the network converged, sum squared error (SSE = 0.7638) is relatively constant over 38
iterations. In this study, the network was trained for 38 epochs to obtain the acceptable
output errors. The error on the validation set is monitored during the training process. The
validation error normally decreases during the initial phase of training, as does the training
set error. The performances of the network were checked on a test set. The errors of the
test set were also monitored during the training phase. The test set error is not used

during the training, but it is used to compare different models.

The predicted shelf lives of RS-1 and RS-2 using ANN algorithm developed in this
study are listed in Table 5.12 and 5.13, respectively. Regression analysis was performed
between the network output (predicted shelf lives) and the corresponding targets (actual
shelf lives). Figures 5.9 and 5.10 present the ANN predictions versus true sheilf lives of
RS-1 and RS-2, respectively. The correlation coefficient, Rz, between the outputs and
targets was a measure of how well the variation in the output was explained by the fargets
and outputs. A determination coefficient (R2 = 0.993 and 0.986 for RS-1 and RS-2,

respectively) indicates a very good fit between actual and predicted data.
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The perforrnance of ANN algorithm to predict shelf life of rice crackers was
compared to that of GAB prediction model. The performance of the trained network was
evaluated by measuring the errors in the test sets. Table 5.14 details the statistical
performances, including R’ and RMSE, of the GAB and the ANN predicted shelf life. The
results show that ANN algorithm provided dramatically lower prediction errors and gave

higher determination coefficients, when compared to GAB model.

The ﬁnding in this study suggests that ANN provided a tool that may be used to
avoid the shortcomings involved in conventional simulation methods. ANN offers several
advantages over traditional digital computations, including faster speed of information
processing, learning ability, fault tolerance, and muiti-cutput ability. The additional benefit
of ANN is that it enables the simuitaneous determination of all packaged products’ shelf
lives depending on the number of neurons used in the output layer. On the other hand,
the shelf life prediction using the conventional GAB equation based prediction model was

performed separately for each sheif life.

Table 5.11 Input parameters used for shelf life determination using ANN

Parameter Input data

Product food compositions

product weight

Package film thickness
permeability

package area

Storage condition temperature

relative humidity
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Figure 5.8 Evolution of training, validation and test errors as a function of the number of

learning epochs during ANN training
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Table 5.12 ANN predicted shelf life of RS-1 in the packages at different storage conditions

Temperature  Relative humidity Package Mean + SD
30 75 Bag-1 37 + 11
Bag-2 45 + 18
Bag-3 4 0+ 14
Bag-4 72 + 02
30 85 Bag-1 25 + 14
Bag-2 31 + 05
Bag-3 31 + 08
Bag-4 55 + 04
45 75 Bag-1 12 + 14
Bag-2 13 + 03
Bag-3 13 + 0.1
Bag-4 19 + 13
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Table 5.13 ANN predicted shelf life of RS-2 in the packages at different storage conditions

Temperature  Relative humidity Package Mean *+ SD
30 75 Bag-1 17 + 07
Bag-2 22 + 05
Bag-3 20 + 04
Bag-4 45 + 0.2
30 85 Bag-1 14 + 20
Bag-2 16 + 04
Bag-3 16 + 0.7
Bag-4 34 + 086
45 75 Bag-1 12 + 07
Bag-2 12 + 13
Bag-3 11 + 05
Bag-4 16 + 1.0
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Table 5.14 Statistical performance of the GAB and the ANN predicted shelf life

Product Performance GAB ANN
RS-1 R 0.7953 0.9932
MSE 193.9458 1.9130
RMSE 13.0264 1.3831
RS-2 R’ 0.6828 0.9860
MSE 71.1382 1.0327
RMSE 84343 1.0158
All products R 0.5544 0.9921
MSE 132.5420 1.4725
RMSE 14.5127 1.2134
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6. CONCLUSION

The experimental moisture sorption data of RS-1 and RS-2 rice crackers at 30, 45
and 60 °C were fitted to the BET and GAB equations using non-linear regression analysis.
The more extended range of application of the GAB equation over the BET equation is
evident. The plots using BET gave a good fit at low water activities (a,_ < 0.6). To
determine the goodness of fit of BET and GAB models, determination coefficient (Rz),
mean relative percentage deviation modulus (E) and percentage root mean sguare error
(RMSE) were measured against the experimental isotherm data. The GAB equation gives
E values ranging from 5.53 to 8.31 and 5.63 to 7.09, while the BET equation gives E
values ranging from 22.55 to 32.84 and 16.79 to 32.64 for RS-1 and RS-2, respectively. A
good description of an isotherm is considered to be smaller than E value of 10 when the
GAB model is applied. Low values of E and RMSE strengthen the usefulness of the GAB
model for studying water vapor sorption of rice crackers. GAB equation is optimal to fit the
moisture sorption isotherms of the variety of rice crackers under investigation, Therefore,

GAB model was used to predict shelf life of the rice crackers.

The GAB shelf life model was developed based on the equilibrium moisture content
of rice crackers and the permeability of the packages. When the moisture sorption
isotherm is described by GAB model, the shelf life is given by integrating shelf life equation
with GAB equation. Regression analysis was performed between the actual and the GAB
predicted shelf lives. The correlation coeefficients, Rz, of RS-1 and RS8-2 are 0.7953 and
0.6828, respectively.

A MLP neural network based on back propagation was developed and used to
predict sheif life of the product from product characteristics, package properties and
storage conditions. The data sets were partitioned into three subsets: a training set (a set
of samples used to adjusted the network weights), a validation set (a set of samples used
to tune the parameters), and a test set (a set of samples used only to assess the
performance to new, unseen observations). The performance of the neural network was
confirmed by measuring its performance on a third independent set of data called a test

set.

There were 9 neurons in the input layer, 9 neurons in the hidden layer, and one
neuron in the output layer. The transfer function in the hidden layer was a hyperbolic

tangent and a linear function was used in the output layer. The ANN was trained using the
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Bayesian regularization which is used to ovoid overfitting. The training started with
different initial random weights, and was optimized during training. The performance
function used during training of the feed-forward neural network was the sum square errors
(SSE = 0.7638) of the network. The performance of the trained network was evaluated by
measuring the errors in the test sets. A high determination coefficient of ANN predicted
shelf lives (R2= 0.993 and 0.986 for RS-1 and RS-2, respectively) indicates a very good fit

between actual and predicted data.

The performance, including R’ and RMSE, of ANN algorithm to predict shelf life of
rice crackers was compared to that of GAB prediction model. The resuits show that ANN
algorithm provided dramatically lower prediction error and gave higher determination
coefficient, when compared to GAB model.  The finding in this study suggests that ANN
provided a tool that may be used to avoid the shortcomings involved in conventional
simulation methods. ANN offers several advantages over traditionél digital computations,
including faster speed of information processing, learning ability, fauit tolerance, and multi-
output ability. The additional benefit of ANN is that it enables the simultaneous
determination of all packaged products’ shelf lives depending on the number of neurons
used in the output layer. On the other hand, the shelf iife prediction using the conventional

GAB equation based prediction model was performed separately for each shelf life.

Using the ANN based mathematical model for shelf life determination is expected
to be more accurate and convenient than using actual shelf life test or conventional
simulation models. Success of this research will provide the food industries with an
alternative method for shelf life determination of moisture sensitive food products as well
as product/package optimization. The knowledge gained from these studies will reliably

promote confidence that the product delivered to the customer is of high quality.

This method is not limited to the aforementioned applications. The system can be

applied to other packaged food products in the food industries.
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ABSTRACT

Moisture sorption isotherms of Thai Jasmine rice crackers were determined at 30, 45 and 60
°C over a water activity range of (.10 to 0.95 using a static gravimetric technique. Moisture sorption
isotherms of rice crackers exhibited the sigmoid (Type 1I) shape. The moisture content of rice
crackers decreased as temperature increased at a given water activity of the storage environment. The
Brunauer, Emmett and Teller (BET) and Guggenheim-Anderson-de Boer {(GAB) models were applied
to fit the experimental data. The isosteric heat of sorption at different moisture levels was also
determined using Clausius-Clapeyron thermodynamic equation. A nonlinear regression analysis
method was determined to evaluate the parameters of sorption equations. The criteria used to evaluate
the goodness of fit of each model were the mean relative percentage deviation modulus (E) and the
percentage root mean square error (RMSE). The more extended range of application of the GAB
equation over the BET equation was evident. The GAB model gave the best fit to the experimental
sorption data for a wide range of water activity (0.10-0.95) while BET model gave the best fit for a
water activity range of less than 0.60. The GAB model is considered suitable to predict the moisture
sorption isotherm of rice crackers since it gave low E and RMSE values. The heat of sorption values
of rice crackers were found to be large at low moisture contents and decreased with an increase in
food moisture content.

Keywords: BET model, GAB model, Sorption isotherms, Rice crackers

INTRODUCTION

Thai Jasmine (Hom Mali) rice has its name through its natural fragrances similar to those of
Jasmine flower. Regarded as the highest quality Thai rice, Jasmine rice is recognized as the favored
rice by consumers both domestically and internationatly. Jasmine rice cracker is a tasty and healthy
snack item of Thailand and is exported worldwide in particular to Japan and European countries. The
quality of this product on storage primarily depends on its water activity which is contingent on the
relative humidity and temperature of storage. Moisture sorption isotherm of this product could be
valuable information on its storage stability as well as prediction of shelf life since they give
information about the humidity-water activity relation, at a given temperature (Al-Muhstaseb et al.,
2004; Ayranci and Duman, 2005).

A number of models to describe moisture sorption isotherm have been proposed including
kinetic models based on a multilayer (Brunauer, Emmett and Teller (BET) model and Guggenheim-
Anderson-de Boer (GAB) model), semi-empirical (Ferro-Fontan, Henderson and Halsey models) and
empirical models (Smith and Oswin models). The BET isotherm model is the most important moael
for the interpretation of multilayer sorption isotherms, particularly for Types 1I isotherm characteristic
(Anderson, 1946). The GAB model is considered to be the most versatile sorption model availabie in
the literature. BET and GAB models have been adopted as equations by the American Society of
Agricultural Engineers for describing sorption isotherms (ASAE, 1995). These models have been
widely used in the literatures (Mcmin and Magee, 2003; Pahlevanzadeh and Yazdani, 2005; Rohvein
et al. 2004).



The isosteric heat of sorption, or latent heat of vaporization, can be used to estimate the
energy requirements of drying and provides crucial information on the state of water in food products
(Chen, 2006). The heat of adsorption is a measure of the energy released on sorption and the heat of
desorption is the energy requirement to break the intermolecular forces between the molecules of
water vapor and the surface of the adsorbent. Thus, the heat of sorption can be used as indicative of
the intermolecular attractive forces between the sorption sites and the water vapor (Kaymak-Ertekin
and Gedik, 2004). Sorption isosteric heat of food products can be directly measured using a
calorimetric technique. However, this technique requires a precise measurement of small quantities of
heat evolved. Hence, calorimetric measurement of isosteric heat of sorption is much less popular than
those computed from sorption isotherm data (Chen, 2006). A computation commonly used to
determine the heat of sorption is the application of thermodynamic Claussius-Clapeyron equation to
the sorption isotherms, at a constant moisture content (Chen, 2006; Kaymak-Ertekin and Gedik, 2004).

Knowledge of the moisture sorption characteristics is crucial for shelf life predictions and
determination of critical moisture and water activity for acceptability of products that deteriorate
mainly by moisture gain and are important in drying, packaging and storage (Bianco et al., 2001;
Palou et al, 1997). The ability to predict the moisture content during storage under a variety of
conditions can reduce the cost and the cycle time of product development and shelf life estimation.
Although a number of researches have been reported on the studies of sorption isotherms of moisture
sensitive foods, such as cereals and snacks, the sorption isotherms of rice crackers have not been
investigated. The objectives of this study were, hence, to determine experimentally the equilibrium
sorption isotherm of rice crackers at 30, 45 and 60 °C and to model the sorption characteristics of rice
crackers using BET and GAB equations. The isosteric heat of sorption at different moisture levels
was also determined at a specific moisture content using Clausius-Clapeyron equation.

MATERIALS & METHODS
Sorption Isotherm Determination

Plain Jasmine rice crackers were acquired from a food plant in Samuthprakarn province. Rice
crackers have an initial moisture content of 4.72 g/100 g dry basis. Eight saturated salt solutions
(LiCl, KC;H;0,, MgCl,, K3COs, NaCl, NaNQ;, KC1 and KNOs) were used to provide constant water
activities ranging from 0.10 to 0.95, Moisture sorption isotherms of rice crackers were determined
gravimetrically, in which the weight was monitored continuously within a standard static system of
thermally stabilized conditions. Approximately 2-3 g of samples were put in glass dishes and placed
inside glass jars containing selected saturated salt solutions. The glass jars were placed in an electric
oven at a desired constant temperature of 30, 45 and 60 °C and allowed to equilibrate with the
environment inside the containers. The samples were allowed to equilibrate until there was no
discernible weight change, as evidenced by constant (30.00tg) weight values,

Sorption Isotherm Models

The data obtained corresponding to the a,, and moisture content at the temperatures studied
were adjusted to BET (Brunauer, Emmett and Teller, 1938) and GAB (Anderson, 1946; de Boer, 1995;
Guggenheim, 1995) equations in order to determine the best fit,

BET equation
The BET equation can be expressed as follows:
m= C.Bawm() (l)
(t-a,)1+(Cy-Da,)
Cy -1
F(BET)= — ! P —a, )

= +
(I-a,m Cymy Cym,

where m is the amount of sorbate sorbed by one gram of sorbant at sorbate activity a,,. m, is the

monolayer moisture content and € is BET constant (Timmermann, 2003}.



GAB equation
The GAB equation was used to model water sorption of rice crackers as follows:
C.K,a,m,

m= 3)
(1 - K(;'aw )(1 - K(’r'aw + C(r'K(ian-)

where C; and K, are GAB constants and are related to monolayer and multilayer properties
{Kaymak-Ertekin and Gedik, 2004). The assumption of the GAB model over the BET formulation
stating that the sorption state of the sorbate molecules in the layers beyond the first is the same but
different to the pure liquid state, demands the introduction of the additional constant K

{Timmermann, 2003).

Model Validation

In this research, BET and GAB equations were used to model the moisture sorption isotherms
for rice crackers. The experimental data were fitted to the models using a nonlinear regression, All
calculations were performed using the routines MATLAB Version 5.3 (Mathworks, Inc., Natick, MA).
The coefficient of determination, R?, was calculated to give a measure of the proportion of variability
attributed to the model (Jamali et al., 2006).

In addition to R? the criteria used to evaluate the goodness of fit of each model were the
mean relative percentage deviation modulus (E) (Kaya and Kahyaoglu, 2005) and the percentage root
mean square error (RMSE). The mean relative percentage deviation modulus and RMSE were
calculated (Al-Multaseb et al., 2004) as follow:

_ 1003 [ |
N ~ m

E )

&)

where m, is the experimental value, m, is the predicted value, and N is the number of experimental
data. The mean relative percentage deviation modulus value below 10% indicative of a good fit for
practical purposes. The lower the values of E and RMSE, the better the goodness of fit (McMinn and
Magee, 2003).

Determination of the Isosteric Heat of Sorption

The isosteric heat of sorption of rice crackers was calculated by applying the Clausius-
Clapeyron equation (Equation (6)) to the experimental equilibrium isotherm data.

dlna,

1
3(;)

9, =-R ©)

where g, is the isosteric heat of sorption (kJ/mel), R is the universal gas constant (8.314 kJ/mol K),
a, is the water activity, and T is the absolute temperature (K) (Kaymak-Ertekin and Gedik, 2004).

RESULTS AND DISCUSSION

Characteristic of Moisture Sorption Isotherm

The experimental moisture sorption data obtained corresponding to the water activities values
ranging from 0.10 to 0.95 at 30, 45, and 60 °C are presented in Figure 1. Moisture sorption isotherms
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of rice crackers exhibited the sigmoid {(Type Ii} shape.  The effects of temperature shifts on both
moisture content and water activity are also observed in Figure 1.

At a constant water activity, an upward shift in temperature from 30 to 60 °C led to a shift of
isotherms towards a lower value for the equilibrium moisture content (EMC). The reason is that as
the temperature was increased, the water vapor pressure of the moisture within the rice crackers
increased and hastened the transfer of moisture from rice crackers to the surrounding air. Kapsalis
(1987) pointed out that temperature affects the mobility of water molecules and the dynamic
equilibrium between water vapor and adsorbed phases. Similar findings were also observed for
various starchy food products (Barreiro et al., 2003; 1glesias and Chirife, 1982; Rohvein et al., 2004).
An increase in femperature causes an increase in the water activity, at the same EMC, which in tum
will cause an increase in the chemical and microbiological reaction rate leading to quality
deterioration (McMinn & Magee, 2003; Palou et al., 1997).

Modeling of Moisture Sorption Isotherms

The experimental moisture sorption data of rice crackers at 30, 45 and 60 °C were fitted to the
BET and GAB equations using non-linear regression analysis (Figures 2, 3 and 4, respectively).
According to Figures 2, 3 and 4, the more extended range of application of the GAB equation over the
BET equation is evident. The plots using BET give a good fit at low water activities {a_< 0.6).

After which an upward deflection is observed. This deviaticn indicates that, at higher water activities,
less water vapor is absorbed than that indicated by the BET equation using the values of the constants
corresponding to the low water activity range. lglesia and Chirife (1982) stated that the BET model is
known to hold for water activities up to about 0.5. In this study, the BET medel provided a good
description of the isotherms of rice crackers only in the range of water activity < 0.6. The GAB
model on the other hand produces the best fit throughout the entire range of water activity.

To determine the goodness of fit of BET and GAB models, determination coefficient, mean
relative percentage deviation modulus and percentage root mean square error were measured against
the experimental isotherm data. Table 1 shows the estimated parameters of model coefficient and the
corresponding mean relative percentage deviation modulus and the percentage root mean square error
of both the BET and GAB mathematical models that describe the goodness of fit of the isotherms in
the water activity and temperature ranges studied.

Analysis of the rice cracker data shows that at 30, 45, and 60 °C, the GAB equation gives E
values ranging from 5.53 to 8.31 while the BET equation predicted the isotherms gives E values
ranging from 22.55 to 42.61. A good description of an isotherm is considered to be smaller than E
value of 10.0 when the GAB model is applied. Generally, a model is considered suitable if the E
value is less than 10 (Ayranci and Duman, 2004). Low values of E and RMSE strengthen the
usefulness of the GAB model for studying water vapor sorption of rice crackers. [t has also been
recognized that the fit become better as the determination coefficient approaches to 1. The
determination coefficient closer to 1 is evident for GAB model. Therefore, GAB equation is optimal
to fit the moisture sorption isotherms of rice crackers.

Moenolayer Moisture Content

Modeling of sorption data of rice crackers using BET and GAB equations allows the
determination of monolayer moisture content values, m,, which are the measure of sorption

possibility of the food material. The monolayer moisture content calculated from the BET and GAB
models (Table 1) range between 0.047-0.053 g/g (dry basis) and 0.040- 0.059 g/g (dry basis),
respectively for the range of temperature considered in this work. Lomauro et al (1985) reported that

the m,values of starchy foods generally ranged from 0.032 to 0.160 g/g (dry basis). The m,values
for rice crackers agree well with the results of Kim et al. (1998), Palou et al. (1998) and Lomauro et al.
(1985), who reported  m,, values for wheat crackers, various cookies and corn snacks of 0.040-0.050,
0.037-0.045 and 0.038-0.055 g/g (dry basis), respectively.



The monolayer moisture content shows a tendency to decrease with increasing temperature,
The decrease in m, reflects a reduction in the number of active sites due to chemical and physical
changes induced by temperature {McMinn and Magee, 2003).  Similar observations were obtained
by Benado and Rizvi (1985} for rice, Barreriro et al. (2003) for barley malt and Kim et al. (1998) for
cookies and crackers. The prediction of m, values is important since deterioration of foods is very

small below m, since water is strongly bound to the food below m, and is not involved in any
deteriorative reaction either as solvent or as one of the substrates (Kaymak-Ertekin and Gedik, 2004).

Isosteric Heat of Sorption

The isosteric heat of sorption values were calculated from Equation (6) by plotting the
sorption isotherm as the natural logarithm of water activity (L.n (a.)) against /T, for a specific

moisture content using the data derived from the sorption isotherms. g, values were determined from

the slope of the line which is equal to —g_, /R . A typical Ln (a.) vs. 1/T plot for rice cracker at a
constant moisture content is illustrated in Figure 5.

The variation of the heat of sorption of the samples with moisture content is shown in Figure
6. In this study, the maximum g, value of rice crackers is 24.86 kl/mol at 0.01 g/g (dry basis) and

decreased to 0.05 kJ/mol at 0.28 g/g (dry basis). The maximum g, value of rice crackers (24.86
kJ/mol) is close to that of cookies (28 kJ/mol) as reported by Kim et al. (1998). However, the
maximum ¢, value of rice crackers is different from those reported by Iglesias and Chirife (1982) for

tapioca (12 kJ/mol), Benado and Rizvi (1985) for sorghum (18 kJ/mol) and Kim et al. (1998) for
wheat crackers (42 k)/mol). These disparities possibly ascribe to the differences in food compositions
and processing treatments of these food products (Palou et al. 1997).

As illustrated in Figure 6, the ¢, values are large at low moisture content and then sharply

decrease with an increase in material moisture content. The isosteric heat of sorption has a strong
dependence on moisture content, with the energy required for sorption increasing at fow equilibrium
moisture content. The rapid increase in the heat of sorption at low moisture content is due to the
existence of highly active polar sites on the surface of the food material, which are covered with water
molecules forming a monomolecular layer. As these sites become occupied, sorption occurs on the
less active sites given lower heats of sorption (Ayranci and Duman, 2004; Iglesias and Chirife, 1982;
McMinn and Magee, 2003; Palou et al., 1997). Such a trend was observed in crackers, cookies, rice
and many cereal grains (Benado and Rizvi, 1985; Kim et al., 1998; Tolaba et al., 1997).

The magnitude of the heat of sorption, at a specific moisture content, provides a knowledge of
the moisture adsorption state and hence, a measure of the physical, chemical and microbiological
stability of the food products under given storage conditions (McMinn and Magee, 2003).

CONCLUSION

Rice crackers exhibited Type H isotherms. The equilibrium moisture content decreased with
increased temperature at constant water activity, and increased with increase in water activity, at a
constant temperature. The GAB model gave the best fit to the experimental sorption data for a wide
range of water activity (0.10-0.95) while BET model gave the best fit for a water activity range of less
than 0.60. The GAB model is considered suitable to predict the moisture sorption isotherm of rice
crackers since it gave low E and RMSE values. The isosteric heat of sorption was found to be large at
low moisture contents and then sharply decreased with an increase in food moisture content. The
knowledge of the equilibrium moisture content of rice crackers at various temperatures would allow
food manufacturers to specify the storage condition for this product.
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LEGENDS TO FIGURES
Figure 1 Moisture sorption isotherms of rice cracker at 30, 45 and 60 °C

Figure 2 Comparison between isotherms from experimental data and from BET and GAB models at
30°C

Figure 3 Comparison between isotherms from experimental data and from BET and GAB models at
45 °C

Figure 4 Comparison between isotherms from experimental data and from BET and GAB models at
60 °C

Figure 5 A Ln{a,) vs. I/T plot for rice crackers at a constant moisture content

Figure 6 Isosteric heat of sorption of rice cracker as a function of equilibrium moisture content

Table 1 Coefficients for BET and GAB isotherms for rice crackers

Model Estimated parameters Femperature (C)
30 45 60
BET M, 0.0528 0.0500 0.0467
Cy 12.297 8.3844 5.7707
R? 0.8147 0.9433 0.9796
%E 42,6120 22.5508 28.5034
RMSE 5.5045 7.1534 6.1583
GAB m, 0.0594 0.0560 0.0501
Cq 7.4436 4.0314 49022
Ky 0.920 0.9299 0.9794
R? 0.9844 0.9951 0.9923
%E 8.3088 6.6232 5.5328
RMSE 1.9136 0.9834 1.2583
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ABSTRACT

Moisture sorption isotherm of a rice snack was determined at 30 °C over a water activity range of 0.10 to
0.95 using a static gravimetric technique. Moisture sorption isotherms of the snack exhibited the
sigmoid (Type II) shape. The Brunaver, Emmett and Teller (BET) and OSWIN models were applied to
fit the experimental data. A nonlinear regression analysis method was determined to evaluate the
parameters of sorption equations. The criteria used to evaluate the goodness of fit of each model were
the mean relative percentage deviation modulus (E) and the percentage root mean square error (RMSE).
The more extended range of application of the OSWIN equation over the BET equation was evident.
The OSWIN model gave the best fit to the experimental sorption data for a wide range of water activity
(0.10-0.95) while BET model gave the best fit for a water activity range of less than 0.60. The OSWIN
model is considered suitable to predict the moisture sorption isotherm of rice snack since it gave low E

and RMSE values.
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Introduction

Many foods absorb moisture during long term storage as commonly used packaging matenials
are permeable to moisture. Moisture content can be used as the critical criteria for judging the quality of
foods that are graded by moisture. Moisture sorption isotherm equations are useful for prediction of
water sorption properties of foods which, in tumn, affect acceptability, shelf life and packaging
requirements. A number of models to describe moisture sorption isotherm have been proposed
including kinetic models based on a mono-layer {Brunauer, Emmett and Teller (BET) model), semi-
empirical (Ferro-Fontan, Henderson and Halsey models) and empirical models (Smith and Oswin
models). The objective of this study was to determine experimentally the equilibrium sorption isotherm

of rice snack at 30 °C using BET and OSWIN equation.

Methodology

Sorption Isotherm Determination

Plain rice snack was acquired from a food plant in Samuthprakarn province. Saturated salt
solutions ((LiCl, KC,M,0,. MgCl,, K,CO,, Na,NO,, KCI and KNQ,)) were used to provide constant water
activities ranging from 0.10 to 0.95 at a desired constant temperature. Moisture sorption isotherm of rice
snacks was determined gravimetrically.
Sorption Isotherm Models

The data were adjusted to BET (Brunauer, Emmett and Teller, 1938) and OSWIN (Oswin, 1946)
equations in order to determine the best fit,
BET equation

The BET equation can be expressed as follows:
Cya,m
m= ¥ w0
(1 - aw )(l + (CB - I)aw)

where m is the amount of sorbate sorbed by one gram of sorbant at sorbate activity @, . m, is the

(1)

monolayer moisture content and C is BET constant.

OSWIN equation

OSWIN equation (Oswin, 1946) can be expressed as follows:

B
m= o{(l—fa—} 2)

where m is moisture content of the product and o and 3 are constants,



Experimental moisture sorption data can be described by sorption models. In this study, three
models including BET and OSWIN were used to fit the experimental sorption data and the parameters of
the models were established using non-linear regression analysis. All calculations were performed using
the routines MATLAB Verston 5.3 (Mathworks, Inc., Natick, MA).

Model validation

In addition to Rz, the criteria used to evaluate the goodness of fit of each model were the mean
relative percentage deviation modulus (E} (Kaya and Kahyaoglu, 2005) and the percentage root mean
square error (RMSE). The mean relative percentage deviation modulus and RMSE were calculated (Al-

Multaseb et al., 2004) as follow:

m, —m;,l

(3)

100 &
—_]\Tg m.

€Y

where m, is the experimental value, m, is the predicted value, and N is the number of experimental data.

Result & Discussion
Determination of sorption isotherm

The experimental sorpticn isotherm of a rice snack follows the characteristic shape of type II
isotherms. The EMC of the samples increased with the increase in the water activity at constant
temperature.

Figures 1 and 2 show the sorption isotherms of the samples at 30 °C using BET and OSWIN
equations, respectively. The plots using BET give an apparently linear part at low activities ( q,, < 0.6).
After which an upward curvature is observed. This deviation shows that, at higher activities, less water
vapor is sorbed than that indicated by the BET equation using the values of the constants corresponding

to the low activity range.
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Figure 2 Sorption isotherm of RC at 38 °C using OSWIN model

Comparison of BET and OSWIN models

Figures 3 and 4 show the predicted and experimental EMC of the rice snack using BET =nd
OSWIN models, respectively. The estimated parameters of the sorption models including monolayer

moisture content {m,) and model constant (C} are given in Table 1. The coefficient of determination



2 . . s
(R), topether with the mean relative percentage deviation modulus and the root mean square error
4 P g q

values are also given in Table 1.

The lower the values of E and RMSE, the better the goodness of fit (McMinn and Magee, 2003 ).
The BET model provided a good description of the isotherms of the rice snack in the range of a, < 0.6.
The same conclusion was also drawn on the sorption isotherm of peppers by Kaymak-Ertekin and
Sultancglu (2001). OSWIN model on the other hand produced the best fit throughout the entire range

of water activity. OSWIN model was found to be suitable for describing the sorption behavior of the

samples.
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Figure 4 Predicted and experimental EMC of rice snack using BET model
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Figure 4 Predicted and experimental EMC of rice snack using OSWIN model

Table 1 Estimated parameters of BETand OSWIN models

Model Estimated parameters
BET m, 0.0588
C, -12.297
R’ 0.8147
E 43.612
RMSE 5.5045
OSWIN o 0.0964
B 0.5449
R’ 0.9799
E 7.4312
RMSE 1.8369




Conclusion
Rice crackers exhibited Type Ii isotherms. The OSWIN model gave the best fit to the
experimental sorption data for a wide range of water activity (0.10-0.95) while BET model gave the best
fit for a water activity range of less than 0.60. The GAB model is considered suitable to predict the

moisture sorption isotherm of the rice snack since it gave low E and RMSE values.
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