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Shelf Life Prediction of a Moisture Sensitive Food Product Using
Artificial Neural Network

Ubonrat Siripatrawan and Pantipa Jantawat

ABSTRACT

Actual storage shelf life test by storing a packaged product under typical storage
conditions is costly and time consuming. Hence, a rapid and cost effective shelf life
prediction models was established for a packaged moisture sensitive food product.
Artificial neural network (ANN) algorithm was developed to predict the shelf life of 2
varieties of rice crackers (RS-1 and RS-2) packaged in 4 types of packaging materials

(Bag-1, Bag-2, Bag-3 and Bag-4) and stored at 30 °C and 75% RH, 30 °C and 85% RH

and 45 °C and 75% RH, comparable to tropical storage conditions. ANN based prediction
model was compared to the conventional shelf life simulation model based on
Guggenheim-Anderson-de Boer (GAB) equation as well as actual shelf life testing. The
performance of ANN and GAB models was measured using regression coefficient, Rz, and
root mean square error, RMSE. The GAB model for shelf life prediction of rice crackers
was carried out using the relationship between water activity of food product and barrier
property of packaging material. Using ANN algorithm, many factors could be incorporated
into the modet including food characteristics, package properties, and storage
environments. On the other hand, complicated theoretical isotherms, such as the GAB
equation, does not take into account the different between food compositions. The ANN
developed for shelf life prediction of rice crackers is based on back-propagation. The
neural network comprised an input layer, one hidden layer and an output. The network
was trained using Bayesian regularization. The ANN algorithm gave Rz of 0.993 and 0.986,
and RMSE of 1.3831 and 1.0158, while the GAB model gave R’ of 0.7953 and 0.6828,
and RMSE of 13.9264 and 8.4343 for RS-1 and RS-2, respectively, The result indicated
that the ANN could predict shelf life better than the GAB model. Shelf life prediction using
the simuiation mode! is possible within a reasonable time and provides a powerful support
tool for packaging development. ANN offers several advantages over conventional digital
computations, including faster speed of information processing, learning ability, fault

tolerance, and multi-output ability.

Keywords : Shelf life prediction, ANN algorithm, GAB equation
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JUSTIFICATION

During storage and distribution, undesirable transport phenomena such as
permeation of moisture, oxygen, or volatile compounds through the packaging material
affect the quality of foods including taste, aroma, texture or appearance that are deemed
unacceptable. For the delivery of a product with maximum quality, the shelf life of a
packaged food product should be determined. The shelf life determination may also be
required when there are changes in product design, food formulation, package, or storage
system. Therefore, establishing the shelf life of food product becomes important for the
food industry. Actual storage shelf life test by storing a packaged product under typical
storage conditions is costly and time consuming.  Therefore, a rapid and cost effective
shelf life simulation models have been established. Shelf life prediction using the
simulation model is possible within a reasonable time and provides a powerful support tool
for reducing the cost and the cycle time of product development and for packaging

development. Shelf life modeling is of particular interest for predicting shelf life of foods.

Simulation models such as GAB model which have been used to indicate the shelf
life of packaged moisture sensitive foods are based on the relationship between water
activity of food preduct and barrier property of packaging material. These conventional
approaches are useful. However, they are not necessarily accurate when applied to foods
with complex compaositions and are not applicable when there are differences in processing
conditions, packaging properties, and storage systems. Besides food product's water
activity and barrier property of the package, other factors can also significantly influence
the shelf fife characteristics of the packaged foods. Numerous variables must be
considered in the experimental design of the shelf life study to obtain a usefu! result. To
date, there is no exact mathematical solution available for predicting the shelf life of the
packaged moisture sensitive foods. In this research, hence, ANN algorithm was developed

and used as a practical tool for shelf life prediction of a packaged moisture sensitive food



product. Incorporation of various factors including food product compositions, package
properties, and storage condition data into a single model can be achieved when artificial

neural netwerk (ANN) algorithm is used.
OBJECTIVE

The overall objective of this research is to develop a general and effective shelf life
prediction model based on ANN algorithm incorporating the information of product
characteristic, package properties, and storage conditions to predict shelf life of a moisture

sensitive product.
METHODOLOGY

The methodology was divided into 5 major activities : (1)  Determination of 2
varieties of rice cracker (RS-1 and RS-2) characteristics and package (Bag-1, Bag-2, Bag-
3 and Bag-4) properties; (2) Determination of moisture sorption isotherm of the products
at 30, 45 and 60 °C; (3) Determination of the actual shelf life of the product at 30 °C and
75% RH, 30 °C and 85% RH and 45 °C and 75% RH, comparable to tropic environment;
(4) Determination of the product shelf life using a conventional mathematical model; (5)

Devetopment of an ANN algorithm for shelf life prediction of the products.
RESULTS

Sorption isotherm characteristics of two varieties of rice crackers (RS-1 and RS-2)
were examined in light of their influence on the storage stability of rice crackers and
prediction of shelf life. The moisture content decreased as temperature increased at a
given relative humidity of the storage environment.  Conventional mathematical models
including Brunauer, Emmett and Teller (BET} and Guggenheim-Anderson-de Boer (GAB)
equations were used to predict the moisture sorption isotherms of rice crackers. The
criteria to evaluate goodness of fit of each model were the coefficient of determination (Rz),
the mean relative deviation modulus (E), and the root mean square error (RMSE). The
result shows the BET model provided a good description of the isotherms of rice crackers
in the range of water activity < 0.60. The GAB model on the other hand produced the best
fit throughout the entire range of water activity with low values of E and RMSE. GAB

model was then used for shelf life prediction of rice crackers.



GAB model for shelf life prediction of rice crackers was carried out using the
relationship between water activity of food product and barrier property of packaging
material. The GAB model gave R’ of 0.7953 and 0.6828, and RMSE of 13.9264 and
8.4343 for RS-1 and RS-2, respectively. The performances, including R2 and RMSE, of

GAB model to predict shelf life of rice crackers was compared {o that of ANN algorithm.

ANN based on back-propagation was developed for shelf life prediction of rice
crackers. Incorporation of various factors including food prnduct compaositions, package
properties, and storage condition data into a single mode! can be achieved when artificial
neural network {ANN) algorithm is used. The neural network comprised an input layer, one
hidden layer and an output. The network was frained using Bayesian regularization. The
determination coefficient, R2, between the outputs and targets was a measure of how well
the variation in the output was explained by the targets and outputs. The 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 actuali and predicted data. The ANN
algorithm gave RMSE of 1.3831 and 1.0158 for RS-1 and RS-2, respectively. The results
indicates that ANN algorithm provided dramatically lower prediction errors and gave higher

determination coefficients, when compared to the GAB model.

ANN provided a tool that may be used o avoid the shortcomings involved in
conventional simulation methods. ANN offers several advantages over conventional digital
computations, including faster speed of information processing, learning ability, fault
tolerance, and multi-output ability. The additional benefit of ANN is that it enable 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 life prediction using the

conventional GAB model was performed separately for each shelf life.

SIGNIFICANCE

Using the ANN algorithm, shelf life prediction is expected to be more rapidly and
conveniently comparable with that from actual experimentai testing and conventional shelf
life simulation model. Successive of the research will provide the food industries with an
alternative method for shelf life analysis of moisture sensitive food products as well as
product/package optimization.  This method is not limited to the aforeinentioned
applications. The system can be applied to other packaged food products in the food

industries.

vi
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1. INTRODUCTION

During storage and distribution, undesirable transport phenoména such as
permeation of moisture, oxygen, or volatie compounds through the packaging material
affect the quality of foods including taste, aroma, texture or appearance that are deemed
unacceptable. For the delivery of a product with maximum quality, the shelf life of a
packaged food product should be determined. The shelf life determination may also be
required when there are changes in product design, food formulation, package, or storage
system. Therefore, establishing the shelf life of food product becomes important for the
foed industry. Actual storage shelf life test by storing a packaged product under typical
storage conditions is costly and time consuming.  Therefore, a rapid and cost effective
shelf life simulation models have been studied. Shelf life prediction using the simulation
model is possible within a reascnable time and provides a powerful support toot for

packaging development.

Simulation modeis which have been used to indicate the shelf life of packaged
moisture sensitive foods are based on the relationship between water activity of food
product and barrier property of packaging material. These conventional approaches are
useful. However, they are not necessarily accurate when applied to foods with complex
compositions and are not applicable when there are differences in processing conditions,
packaging characteristics, and storage systems. Besides the water activity of food product
and the barrier property of packaging material, other factors can also significantly affect the
shelf life characteristics of the packaged foods. Numerous variables must be considered in
the experimental design of the shelf life study to obtain a useful result. Incorporation of
various factors including food product compeositions, package properties, and storage
condition data into a single model can be achieved when artificial neural network {ANN)
algorithm is used.  ANN is a mathematical model whose structure and function are
inspired by the organization and function of human brain (Coulibaly, Bobée and Anctil,

2001). ANN provides several advantages over conventional digital computations because
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of its faster speed of data processing, learning ability, fault tolerance (Bila et al.,, 1999;

Devabhaktuni, 2001).

In this research, Jasmine rice crackers were studied as a representative sample of
moisture sensitive food prodpfcts. Jasmine rice cracker is a tasty and healthy snack item of
Thailand and is exported worldwide in particular to Japan and European countries. This
product usually encounters loss of crispness due to moisture gain during storage and
distribution, with subsequent deterioration in, and loss of, product. Actual shelf life test and
conventional simulation model were performed paraliel to one another. ANN algorithm for
sheif life prediction of rice crackers was developed. Product characteristics, package
properties and storage conditions were incorporated into a single ANN model. The
performance of ANN algorithm was then compared to a conventional prediction rmodel

based on GAB equation.

Using the ANN based mathematical modsl 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
atternative 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.
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2. LITERATURE REVIEW

2.1 Shelf life stability of moisture sensitive food products

¢

Shelf life is a measuré of how long after preduction and packaging that a food
product remains optimal or acceptable under specified environmental conditions. At the
end of shelf life, food quality undergoes various changes in taste, aroma, texture or

appearance that are deemed unacceptable or undesirable {Cardoso and Labuza, 1983).

Shelf life is a function of the product, the package, and the environment through
which the product is transported, stored, and sold. During the storage, a number of
deterioration processes including taste, aroma, texture or appearance take place together
{(Jay, 2000). For a moisture sensitive food product, there is exchange of moisture between
the atmosphere and the food during the storage. This exchange continues until the food
reaches equilibrium with the atmosphere (Cardosc and Labuza, 1983; Hernandez and
Giacin, 1997). Food packaging plays an important role in the control of moisture which
has a significant effect on shelf life. The optimal packaging material that is chosen should
be compromise between protective requirements, shelf life, aesthetics, and cost. For the
delivery of a product with maximum quality, the shelf life of a packaged food product
should be established. The determination of shelf life may also be required when there
are changes in product design, food formulation, package, or storage system. Therefore,
establishing the shelf life of food product becomes important for the food industry

(Hernandez and Giacin, 1997; Jay, 2000).

2.2 Factors Affecting Feod Shelf Life
2.2.1 Food characteristics

Water level affects the characteristics of many foods. Water is essential for
microbial growth, and if the amount of free water changes, a food's susceptibility to
spoilage may change. Crispness of moisture sensitive foods is affected by water content
and it may be lost as a result of plasticization of the physical structure by temperature or

water. Crispness is essential to the quality of various low moisture cereal and snack foods.
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Many foods absorb moisture during tong term storage as commonly used
packaging materials are permeable to moisture. Moisture content can be used as the
critical criteria for judging the quality of focds that are graded by moisture. When a
foodstuff is in equilibrium witfi its surroundings, the water vapor pressure of the food is
equal to the partial pressure jaf water vapor in the atmosphere, hence the water activity in
the foodstuff is equal to the equilibrium relative hurnidity of the air (Arslan and Togrul, 2005;

Aryanci and Duman, 2004).

Water activity, a,,, (Eq. 2.1) is the ratio of the vapor pressure in a solution or a food
material, p , and that of pure water at the same temperature, p . Therefore, the
equilibrium or steady state a, is related to equilibrium relative humidity {ERH) of the
surrounding aimosphere, and a, can be considered to be a temperature dependent
property of water which is used to characterize the equilibrium or steady sate of water

within a food material (Corzo and Fluentes, 2004).

a =£ 2.1)

Stability of a moisture sensitive food product requires the determination of the
relationship between water activity and equilibrium moisture content, known as the water
sorption isotherm. The walter activity of low moisture foods products is dependent on
storage relative humidity and temperature. The gravimetric method is the most common

for obtaining water sorption isotherms (Corzo and Fluentes, 2004).

Determination of sorption isotherms is necessary for the determination of stability at
various storage conditions and requirements for packaging materials to ensure product
shelf life (Aryanci and Duman, 2004). Several mathematical models exist to describe
water sorption isotherms of food materials, however, no one equation gives accurate
results throughout the whole range of water activities, or for all types of foods since the
water is associated with the food matrix by different mechanisms in different water activity

regions (Al-Muhtaseb et al., 2004).

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
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BET isotherm model is the most important model for the interpretation of multilayer
sorption isotherms, particularly for Types |l isotherm characteristic (Anderson, 1946). The
GAB model is considered to be the most versatile sorption model available in the literature.
BET and GAB models have‘,'been adopted as equations by the American Society of
Agricultural Engineers for de;scribing sorption isotherms (ASAE, 1995). These models
have been widely used in the literatures {(Mcmin and Magee, 2003; Pahlevanzadeh and

Yazdani, 2005; Rohvein et., 2004; Siripatrawan and Jantawat, 2006).
2.2.2 Packaging Considerations

Shelf life is a complex concept depending on the nature of the food product under
consideration, the preservation technologies applied, and the environmental conditions to
which the food product is exposed. Food packaging plays a crucial role in the control of

moisture, and has a significant effect on shelf life (Tung, Britt, and Yada, 2000).

Proper selection and optimizing of packaging are of great importance to food
manufacturers due to aspects such as economy, marketing, logistics, distribution,
consumer demands, and the environmental impact of the packaging. The barrier
properties of flexible films play a major role in determining the shelf life of packaged food
preducts. In fact, polymeric films controlling the rate at which small molecular weight
compounds permeate into or outside the package can slow down the detrimental
phenomena responsible for the unacceptability of the packaged product (Del Nobile, Fava

and Piergiovanni, 2002).

In terms of packaging considerations, the water activity of a food product, at
various moisture contents and temperatures, will determine whether the product will gain or
lose moisture when exposed to an atmosphere of a given relative humidity. Water activity
can be related to moisture content of a food through moisture sorption isotherms. The
permeability of packaging materials to moisture is a critical factor in controlling changes in
the moisture content and water activity of packaged foods and, hence, their shelf life (Tung,

Britt, and Yada, 2000).
2.2.3 Environmental Factors

The climatic environment (e.g., relative humidity, oxygen, light, temperature} as well

as the physical distribution and storage environment are major extrinsic factors involved in
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numerous deteriorative reactions and physical damage that can lead to losses in food

quality and decrease shelf life (Tung, Britt, and Yada, 2000).

One of the most commeon shelf life stability concerns in relation to packaging and
mass transfer arises from the exchange of water vapor between the food and the
surrounding atmosphere.  Difference among the water activiies of food and the
environment outside the package introduces a driving force for water transport. Therefore,
exchange of moisture between the atmosphere and the food occurs. This exchange
continues until the food reaches equilibrium with the atmosphere. Moisture transfer can
result in a number of undesirable changes depending on the specific product and whether
moisture is gained or lost. These changes could include; physical processes such as
caking of powders and loss of crispness resuiting from moisture sorption; microbial
spoilage resuiting from increased availability of water due to moisture sorption and

chemical processes which can be enzymatic or non-enzymatic.

2.3 Shelf life testing and prediction

Actual storage shelf life test by storing a packaged product under typical storage
conditions is costly and time consuming.  Therefore, shelf life simulation models have
been established. Shelf life prediction using the simulation model is possible within a

reasonable time and provides a powerful support tool for packaging development.

Determination of shelf life of foocd products has been studied using models based
on the deterioration of food preducts as a function of storage temperature (Iglesias, Viollaz
and Chirife, 1979; Kwolek and Bookwalter, 1971). Only a few works have performed the
sheif life of moisture sensitive foods as a function of more than one environmental factor.
Cardoso and labuza (1983) used Arrhenius relationship based mathematical model to
predict shelf life of food product as a function of temperature and relative humidity.
Pierglovanni, Fava, and Siciliano (1995) developed a more general mathematical model for
food shelf life prediction based on product's water activity and barrier properties of the

package at different temperature and relative humidity.

The simulation models widely used to determine the shelf life of packaged food

products are theoretically based on the Brunauer, Emmett and Teller equation and the
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Guggenheim-Anderson-de Boer equation (Brunauer, Emmett and Teller, 1938; Coupland et
al., 2000; Mittal and Zhang, 2000). These conventional methods calculate the sheif life by
using the relationship between moisture uptake behavior of food product and barrier
property of packaging materigi. However, Hernandez and Giacin (1997} indicated that
shelf life of the packaged fot;d product is generally controlled by product characteristic,

environment of storage condition, and package property.

A basic model has been reported by Labuza et al. (1972) to calculate the moisture
uptake by a single component. But, iterative approximation procedures have to be carried
out when the product isotherm is not linear. Since most focd products do not have a linear
moisture isotherm products may consist of multiple components, more simplification and

approximations have to be made in order to apply this basic model.

To date, there is no exact mathematical solution available for predicting the

moisture uptake by packaged products.

2.4 Artificial Neural Network

An artificial neural network (ANN) can be referred to as a neurocomputer with
parallel distributed processors. ANN is a mathematical model whose structure and function
are inspired by the organization and function of hurman brain (Bila et al., 1989). A neural
network is a massively paralle! distributed processor made up of simple processing units,
which has a natural propensity for storing experiential knowledge and making it available
for use. It resembles the brain in 2 aspects: knowledge is acquired by the network from its
environment thought a learning process, and interneuron connection strengths, known as
synaplic weights, are used to store the acquired knowledge. Neural networks have the
advantage that they can handle nonlinear data and are more tolerant to noise of the
system, and tend to produce lower prediction error rates than chemometric techniques

{Packianather et al., 2000; Terra et af., 2001).

The most common neural network approach to regression-type problems is
multilayer perceptrons (MLP} (Coulibaly, Bobée and Anctil, 2001; Martin, Santos and
Agapito, 2001). The basic idea is to find a model that will correctly associate the inputs
with the outputs. The learning data is used to train the system and to set the calibration

model. The test data are then passed through the calibration model in order to obtain the
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model's predicted resulis. This technique has the advantage of producing low prediction
errors (Coulibaly, Bob&e and Anctil, 2001; Siripatrawan et al., 2004; Siripatrawan et al.,

20086).

)

The primary element 6f an ANN is the neuron. These neurons are arranged in
input and output layers of one or more hidden processing layers. Neurons can be thought
of as weighted transfer functions (Nakamura and Yoshikawa, 2001). The most common
neural network approach to regression-type problems is multilayer percepfrons {MLP). The
popular algorithm is known as a back propagation algorithm (Martin, Santos, and Agaptito,
2001). Figure 2.1 shows the architectural graph of multiiayer perceptrons with one hidden
layer and an output layer. The input signal is a function signal that comes through the
input end of the network, propagates neuron by neuron through the network, and emerges
at the output end of the network as an output signal. The function signal is presumed to
perform a useful function at the output of the network and at each neuron of the network
through which a function signal passes, the signal is calculated as a function of the inputs
and associated weights applied to that neuron (Hikawa, 2001; Swicegood and Clark , 2001;
Tanaka and Hasegawa, 2001).

The majority of published work uses a feed forward net with back propagation for
training. The inputs to a neuron include its bias and the sum of its weighted input. The
output of a neuron depends on the neuron’s inputs and on its transfer function
{Devabhaktuni et al., 2001; Kimura and Nakano, 2000; Watanabe et al., 2001). In

mathematical terms, a neuron k can be described by

m

U = D Wigx; (2.2)
=l

Vi =y +by) (2.3)

where x|,...,x,, are the input signals; wygq,...,wy,, are the weights of neuron k; u, is the
linear combiner output due to the input signals; b; is the bias; ¢(.) is the activation

function; and y; is the output signal of the neuron.
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HIDDEN LAYER

OUTPUT LAYER

Figure 2.1 Artificial neural network architecture

The important property of a neural network is its ability to leam to improve its
performance. The network ideally becomes more knowledgeable about its environment
after each iteration of the learning process. Learning is defined as changing in the

synapses weights.

The learning techniques can be classified into two categories, supervised and
unsupervised learning. Multilayer perceptron neural networks use error-correction learning
(supervised learning procedure). Error-correction learning adjusts the weights connected
between neurons in proportion to the errors of each neuron. The corrective adjustments
are calculated to make the ouiput come closer to the desired value in a step by step
manner. For error-correction learning, minimization of the error leads to a learning rule

generally referred to as the Widrow-Hoff rule or deita rule (Terra et al., 2001).

Neural networks have been applied to a wide variety of applications including,
dynamic system control (Watanabe et al., 2001), predicling process parameters involved in
thermal/pressure food processing (Torrecilla, Otero and Sanz, 2004), prediction of E. coli
growth in nutrient media (Siripatrawan, Linz and Harte, 2004), and hydrologic events

forecasting (Coulibaly et al., 2001).
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3. OBJECTIVES

The overall objective of this research is to establish a general and effective ANN
algorithm incorporating the information of product characteristic, package properties, and
storage conditions to predict s_l‘elf life of a moisture sensitive product (rice ¢rackers). The

specific objectives include:
1. To determine moisture sorption isotherms of a moisture sensitive food product
2. To determine the actual shelf life of a moisture sensitive food product

3. To predict shelf life of a moisture sensitive food product using a conventional

shelf life simulation model

4. To develop an ANN algorithm for shelf life prediction of a moisture sensitive

food product

10
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4. MATERIAL & METHODS

4.1 Determination of product and package characteristics

i

4.1.1 Determination qf product characteristic

Plain Jasmine rice crackers were studied as a representative sample of
moisture sensitive food products. Two varieties of rice crackers {RS-1 and RS-2)
were used in this study. The composition of rice crackers was determined
following the AOAC (1995) methods inctuding: moisture content (AOAC 24.035
method); ash content determined by dry-ashing method (AOAC 24.036); protein
{AQAC 42.016) using 8.25 as the conversion factor; and fat content (AQAC 24.005).
Carbohydrate content was calculated by difference according to the following

formula: 100-(moisture + protein + fiber + lipid + ash).
4.1.1 Determination of package characteristics

bifferent commercially available non-polar hydrocarbon packaging materials
{Bag-1, Bag-2, Bag-3 and Bag-4) were used to form into 100 x 100 mm2 packages.
The thickness of all packages was measured using a digital micrometer (Mitutoyo
Absolute, Tester Sangyo Co., Ltd., Tokyo, Japan). The water vapor permeability of
the packages was determined following ASTM standard test method (ASTM, 2003).

4.2 Study of moisture sorption isotherm of the products

Eight saturated salt solutions (LiCl, KC,H30;, MgCl;, K;CO3, NaNQ,, NaCl, (NH,)
2804 and KNO;) were used to provide constant water activities ranging from 0.10 to 0.95.
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 efectric oven
at a desired constant temperature of 30 and 45 °C and allowed to equilibrate with the
environment inside the containers. Moisture sorption isotherms of rice crackers were
determined gravimetrically, in which the weight was monitored continuously within a

standard static system of thermally stabilized conditicns. The equilibrium moisture contents

1
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{EMC) of the samples were evaluated in various controlled relative humidity chambers
ranging from ~10 % to ~95 % RH at 30, 45 and 60 °C.
/

4.3 Study of actual shelf life of the products
4.3.1 Determination of critical moisture content of rice crackers

This step was performed to determine the moisture level at which a product
is no longer acceptable. The products were placed in an airtight chamber
containing a dish of water and stored at 30 + 2 °C and periodically examined for
changés in texture (the critical attribute} until it becomes unacceptable. Sensory
evaluation was carried out by fifteen trained panelists to determine the product
quality. The assessors rated the samples organoleptically and the moisture level at
which the product is not acceptable was determined. The critical water activity of
the samples was measured using a water actlivity analyzer (Aqua Lab, Model
Series 3 TE, Decagon Devices, Inc, USA). The critical moisture contents (CMC)

of each sample was then determined at the specific critical water activity.
4.3.2 Determination of the actual shelf life of the products

Approximately 10 g of products were packaged in selected packaging
materials (Bag-1, Bag-2, Bag-3 and Bag-4) formed into 100 x 100 mm2 bags and
heat sealed using an impulse sealer. The products were stored at 30 °C and 75%

RH, 30 °C and 75% and 45 °C and 75 % RH and periodically examined until the
critical moisture content was reached. These storage conditions represent a

practical range for the tropical storage conditions.

4.4 Study of food shelf life simulation using conventional mathematical algorithm
4.4.1 Modeling of Sorption isotherms

Moisture sorption isotherms of rice crackers were determined gravimetrically,

at various constant water activites ranging from 0.10 to 0.95, at in which the

12
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weight was monitored continuously within a standard static system of thermally

stabilized conditions.

A knowledge of the equilibrium moisture content m corresponding to water
activity a,, at constan.t’i'temperature requires a knowledge of the food isotherm. The
data ({from 4.2) obtained- corresponding to the a, and moisture content at the
temperatures studied were adjusted to Brunauer Emmet and Teller (BET) equation
(Brunauer, Emmett and Teller, 1938) and Guggenheim-Anderson-de Boer {GAB)
equation (Anderson, 1948; de Boer, 1953; Guggenheim, 1966) in order to

determine the best fit.

-The experimental data were fitted to the models using a nonlinear
regression. All calculations were performed using the routines MATLAB Version
7.1 {Mathworks, Inc., Natick, MA)} as written by the authors. The criteria used to
evaluate the goodness of fit of each model were the coefficient of determination, Rz.
the mean relative percentage deviation modulus (E) and the percentage root mean

square error (RMSE).
4.4.2 Sheif life determination

The best model from 4.4.1 that gave the best fit to the moisture sorption
isotherm was used for shelf life determination. The data necessary for shelf life
calculation included critical moisture content of the product and the package

permeability.

4.5 Develop an ANN based model for shelf life prediction of the packaged samples

Artificial neural network was used to predict shelf life of rice crackers. The
data of food product compositions, packaging characteristics, and storage
conditions were used as an input data for the ANN calculation. All the data
required to develop the ANN model were coilected. A total of 288 samples were
used. 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

13
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network was confirmed by measuring its performance on a third independent set of

data called a test set.

The ANN was frained using selected parameters from data set and was
subsequently validatecf using independent data set. All matrix calculations were

performed using the routines MATLAB Version 7.1 (Mathworks, Inc., Natick, MA).

>

14
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5. RESULTS & DISCUSSION

5.1 Product and package characteristics

i

5.1.1 Determination Jf product characteristics

Compositions of RS-1 and RS-2 rice crackers are presented in Table 5.1. The
main composition differences in the analyzed crackers were in their fat content,
1.27 % for RS-1 and 21.09 % for RS-2, and total carbohydrate content, 85.82 % for
RS-1 and 68.39 % for RS-2.

Table 5.1 Compositions of RS-1 and RS-2 rice crackers

Compositiona Sample Code

g/100 g sample RS-1 RS-2
Moisture 472 + 0.34 1.28 + 0.18
Protein 6.72 + 0.28 6.31 + 0.10
Fat 1.27 + 0.14 21.09 + 0.23
Fiber 0.32 + 0.07 0.49 + 0.09
Ash 1.17 + 0.1 1.36 + 0.15
Carbohydrate” 85.82 69.39

a . s . .
All results are means of triplicate determinations

*Calculated by differences.

5.1.2 Determination of package properties

The water vapor transmission rate (WVTR) of the packages (Bag-1, Bag-2,
Bag-3 and Bag-4) was determined following ASTM standard test method (ASTM,
2003). The permeability coefficient of the packages was calculated using the

following equation:
X
P=WVTRZ (5.1)
Ap
where P is the permeability coefficient (g.mil. m_.d .mmHg ), x is the film

thickness, Ap is the partial vapor pressure gradient, WVTR (g.m_z.sd) is the water

15
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vapor transmission rate correspond to the amount of water vapor (Aw ) transferred
through a film area {A) during a definite time (Af). Thickness and permeability

coefficient of each packaging material are presented in Table 5.2.
¥

{

Table 5.2 Thickness and permeability coefficient of packaging materials

¥

Material code Thickness Permeability*
{mil) (g.mit.m “day ' mmHg " )
Bag-1 1.70 + 0.11 0.136 + 0.007
Bag-2 232 +0.14 0.151 + 0.003
Bag-3 1.38 + 0.09 0.089 + 0.006
Bag4 2.80 + 0.07 0.109 + 0.001

*@ 30 °C, 75% RH

5.2 Characteristics of moisture sorption isotherm

The experimental moisture sorption data of RS-1 and RS-2 obtained corresponding

to the water activities ranging from 0.10 to 0.95 at 30, 45, and 60 °c (Table 5.3} are
presented in Figures 5.1 and 5.2, respectively. The effects of temperature shifts on both
moisture content and water activity are also observed in Figures 5.1 and 5.2. Moisture
sorption isotherms of RS-1 in Figure 1 exhibited the sigmoid (Type ll) shape. The
equilibrium moisture content of RS-2 increased slowly over lower range of a, (0.1 — 0.6)
and showed a sharp rise thereafter at higher water activity levels. RS-2 gave the sorption
isotherm with a shape similar to the isctherm, which is commonly obtained for foods with
high fat content (Tungsangprateep and .Jindal, 2004). These results are similar to moisture
adsorption isotherms reported previously in literature for snack foods with high fat content,
such as comn snacks (Palou et al., 1997) and cassava-shrimp chips (Tungsangprateep and

Jindal, 2004).

RS-1 characterized a greater sorption of water at the same water activity in
comparison to RS-2 for the a, range of 0.30-0.70, indicating the less hygroscopic nature of
RS-2 (Bianco et al., 2001). Pukacka et al., (2003) investigated the effect of lipid content in

beech seeds on water sorption isotherm and conciuded that the moisture content of seeds

16
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at a given water activity decreases with an increase in lipid content. Pollio, Chirife and
Resnik (1984) also found that soybeans and sunflower samples with higher il content
have lower equilibrium moisture values. Therefore, the higher water sorption of RS-1 is
probably attributed to the Ioweg’f level of lipid content in RS-1 (1.27 %) when compared to
RS-2 (21.09 %). The differerices in water sorption between RS-1 and RS-2 are of great
importance for their stability,during Storage, which is known to depend on moisture content

and temperature.

An upward shift in temperature from 30 to 60 °C, led to a shift of isotherms
towards a lower value for the EMC. The values for the EMC of rice cracker decreased
with increased temperature at constant water activity. The reasen is that as the chamber
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. These results indicate that temperature affects the mobility of water
molecules and the dynamic equilibrium between water vapor and adsorbed phases
(Kapsalis, 1987). An increase in temperature causes an increase in the water activity, at
the same EMC, which in turn will cause an increase in the chemical and microbiological
reaction rate leading to quality deterioration. The decrease in the EMC with the increased
temperature was also observed for cockies and corn spacks {Palou, Lopez-Malo, and

Argaiz, 1997).

Table 5.3 Relative humidity (%) at 30, 45 and 60 °c

Temperature (°C)
Salt solutions

30 45 60
Licl 11.1 10.2 9.0
KCH,0, 224 218 198
MgCl, 33.3 32.7 31.0
K,CO4 44.9 44.3 43.1
NaNO, 63.6 62.7 62.5
NaCl 75.5 76.0 76.0
(NH,) ,SO, 81.5 79.5 79.0
KNO, 93.5 93.3 90.0

17
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Figure 5.1 Moisture sorption isotherms of RS-1 at 30, 45 and 60 °c
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Figure 5.2 Moisture sorption isotherms of RS8-2 at 30, 45 and 60 °c
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5.3 Study of actual shelf life of the products experimentally
5.3.1 Determination of critical moisture content of rice crackers

This is to determine the moisture level at which a product is no longer
acceptable. In this study, the critical attribute of moisture sensitive rice crackers
was their texture which becomes unacceptable when the texture changes due to
moisture absorption. The break point cnalysis was conducted to identify the
moisture content at which the product quality becomes unacceptable from an
organcleptic peint of view. The critical water activities and critical moisture content
of the samples were shown in Table 5.4. The results suggested that for RS-1 and
RS-2 the critical moisture level are 8.97 and 6.83% gfg dry basis, respectively.

This was then used to indicate the shelf life.

Table 5.4 Critical water activity and moisture contents of RS-1 and RS-2

Product Critical a, Critical moisture content

(% gl/g dry basis)

RS-1 0.43 + 0.01 8.97 + 0.09

RS-2 0.39 + 0.02 6.83 + 0.02

5.3.2 Experimentally determination of the actual shelf life of the products

Approximately 10 g of products were packaged in selected pouches {having
different permeability). The samples were placed in different packaging material
formed into 100 mm x 100 mm pouch and heat sealed. The products were stored
at 30 °C and 75% RH, 30 °C and 85% RH, and 45°C and 75% RH and
pericdically examined until the critical moisture content was reached. In this study,
temperatures of 30 and 45 °C were chosen, comparable to the tropical storage
conditions, Actual shelf lifa of RS-1 and RS-2 in different packages and stored

under different conditions are shown in Tables 5.5 and 5.6, respectively.
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Shelf lives of the packaged rice crackers varied with the packaging
materials and the storage conditions. Shelf lives of the packaged rice crackers
decreased with an increase in storage temperature. 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 and permeated through the packaging material. These resuits
indicate that temperature affects the mobility of water molecules and the dynamic

equilibrium between water vapor and adscrbed phases (Kapsalis, 1987).

The relative humidity of storage condition slightly affected the product shelf
lives. Hernandez and Giacin (1997) stated that low a,, foods packaged in plastic
containers are subject to moisture gain depending on the storage relative humidity,
the sorption characteristics of the packaged food, the water activity gradients
relative to the storage atmosphere, and the water vapor permeability of packaging

materials.

20
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Table 5.5 Actual shelf life of RS-1 in the packages at different storage conditions

Temperature  Relative humidity Package Mean # SD
30 75 Bag-1 36 + 01
Bag-2 43 + 14
Bag-3 40 + 09
Bag-4 73 + 05
30 85 Bag-1 27 + 1.2
Bag-2 32 + 09
Bag-3 31 + 00
Bag-4 55 + 00
45 75 Bag-1 13 + 04
Bag-2 14 + 0.3
Bag-3 13 + 03
Bag-4 18 + 01
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Table 5.6 Actual shelf life of RS-2 in the packages at different storage conditions

Temperature  Relative humidity Package Mean + SD
30 75 Bag-1 16 + 05
Bag-2 ‘21 + 05
Bag3 - 21 + 00
Bag-4 45 + 15
30 85 Bag-1 14 + 08
Bag-2 16 + 00
Bag-3 16 + 05
Bag-4 3% + 1.2
45 75 Bag-1 11 + 03
Bag-2 13 + 0.0
Bag-3 12 + 1.0
Bag-4 16 + 0.0
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5.4 Study of food shelf life model using conventional mathematical algorithm
5.4.1 Determination of the best isotherm model
5.4.1.1 BET equation

The BET equation (Kaymak-Ertekin and Sultanoglu, 2001) can be

expressed as follows:

m = Cyat,m, (5.2)
(1-a X1 +(Cz -Da,)

where m is the amount of sorbate sorbed by one gram of sorbant at sorbate
aclivity a,, . m, is the monolayer moisture content and C, is BET constant

{Timmermann, 2003).

5.4.1.2 GAB equation

The GAB equation was used to model water sorption of rice crackers as

follows:
CoKga,m,

m= (5.3}
(1 - K(;aw)(] - KGaw + C(-'K(;'aw)

where C,; and K, are GAB constants and are related to monolayer and multitayer
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 X, (Timmermann, 2003).

BET and GAB models were used to fir the moisture sorption isotherms for
rice crackers. The experimental data were fitted to the models using a nonlinear
regression. The coefficient of determination, Rz, was calculated to give a measure

of the proporticn of variability attributed to the model (Jamali et al., 2006).

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
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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:

(5.4)

(5.5)

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).

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 are detailed in Figures 5.3, 5.4 and 5.5, respectively.
According to Figures 5.3, 5.4 and 5.5, 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 deviation indicates that, at higher water aclivities, 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. Iglesia and Chirife (1982)

stated that the BET model is known to hold for water activities up {o about 0.5.

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 5.7
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. In all cases the

corretation coefficients obtained are higher than 0.90.
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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 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. 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 usefuiness of the GAB model for
studying water vapor sorption of rice crackers. it 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. 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

cracker in 54.2.
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Figure 5.3 Comparison between isotherms of RS-1 and RS-2 from experimental data ard

from BET and GAB models at 30 °C
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from BET and GAB models at 45 °C
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Figure 5.5 Comparison between isotherms of RS-1 and RS-2 from experimental data and

from BET and GAB models at 60 °C
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