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QUALIFICATIONS:
Academic:

Bsc Ag. Eng. Shiraz University, Iran, 1974
Msc  Ag. Eng. Shiraz University, Iran, 1979 (area of thesis: post

harvest technology, cereal drying )
Ph.D  Ag. Eng. Dept. University of Newcastle upon Tyne, U.K. 1996

(area of thesis: air solar collector , crop drying, heat and mass

transfer).
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Teaching Experience:

1- Undergraduate courses:

Internal combustion engines

Motor and farm machineries

Harvesting machineries

Animal husbandry machines

Design of food processing plants in a factory
Agricultural processing machineries

Land leveling machineries

2- Graduate courses

Physical properties of agricultural products (Msc course)
Recent topics in agricultural engineering (Msc course)
Post harvest technology (PhD course)

Professional:

I- Member, board of director, Iranian society of Agricultural
Machinery and Mechanization

2- Member, Iranian Solar Energy Society

3- Member, Iranian Inventors Association

4- Member, Iranian Talented Association

Major research project:
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I1- Msc by research supervision:

1-  Designing and fabricating a new solar air collector with slatted
plate cover (1999) by: Fardin Ranjbar

2-  Designing , fabricating and evaluating a natural convection solar
dryer for paddy (1999) by: Reza Allamed

3- Designing , fabricating and evaluating of two porous absorber air
solar collector with slatted and flat glass cover (2000) by: Samad
Joukar

4-  Designing , fabricating a semi-continuous solar dryer for corn
(2001) by: Hamid Ghasemkhani

5-  Determining Equilibrium Moisture Content isotherms for
Pistachio using the thin-layer drying method and choosing
appropriate mathematical model to predict the EMC of three Iranian
Pistachio varieties (2002) by: Rajab Tavakoli

6-  Evaluation of a semi-continuous solar dryer for cereals( rice)
(2002) by: Darush Zare

7-  Solar drying evaluation for Dill with the aid of a passive and
active solar dryer (2003) Yaser Sahebi ‘

8- Adding an automatic loading system to the semi-continuous solar
dryer (2003) Armin Kohan
9-  Designing and evaluating a new and simple automatic control

system for green house (2003) Mohamad Sarvi

10-  Designing, fabricating and evaluating a flat plate solar air heater
with different perforated aluminum sheet absorber (2003)

Mahmood Barati

I1- Designing, fabricating and evaluating a solar energy low
temperature Stirling engine (2005) Ali Tavakolpour

12-  Designing, fabricating and evaluating an active and passive solar
dryer for grape and apricot(2006) M. Dadashzade

13- Designing, fabricating and evaluating a small size solar dryer for
Safferon(2006). M.Moradi
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Bsc projects

1-  Designing, fabricating and evaluating a simple solar cooker (2000

and 2002)
2-  Designing, fabricating and evaluating a simple solar fryer (2001

and 2002)
3-  Designing and testing a new nut hard skin husker (2001)

4-  Fabricating a lab size oblique rake(2006)

List of publications
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Grain drying , theory and practice (1998) , by: S. Pabis, D. Jayas
and S. Cenkowski
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Refereed Journal

1- Zomorodian. A.; J.L. Woods, 2002. Performance characteristics of a
transpired solar air heater. Iran Agriculture research volume 20 no. 2.

2- Zomorodian A. ; J.L Woods, 2003 . Modeling and testing a new once
- through air solar energy collector. JAST (ISI) volume 5

3- Zomorodian A.; Rajab Tavakoli 2007. Adsorption-desorption
hysteresis effect on pistachio nuts. JAST(ISI), volume 9, 259-265.

4- Zomorodian. A. and D Zare 2007. Optimization and evaluation of a
semi-continuous solar dryer for cereals. International Journal of
Desalination (ISI), 209, 129-135.

5- Tavakolpur, AR. , A. Zomorodian, , A. A. Golneshan. 2008.
Simulation, construction and testing a two-cylinder solar Stirling engine
powered by flat-plate solar collector without regenerator. Renewable
energy. (ISI), 33, 77-87.

6- Zomorodian A., Moradi, M., 2010. Mathematical modeling of
forced convection thin layer solar drying for Cuminum Cyminum.
JAST(ISI), volume 12, 401-408.

7- Tavakolpur, A.R. , A. Zomorodian , 2009. Thermodynamic
modeling of a low temperature differential stirling engine for solar
applications. JAST(ISI) (under review).

8-Zomorodian, A.A. and M. Dadashzadeh 2009. Indirect and mixed
mode solar drying models for Sultana grape. JAST(ISI), volume 11:391-
400.

9-Zomorodian, A.A. and M. Mehdizaceh 2009 A study of the effect of
solar drying system on rice quality. JAST(ISI), volume 11: 527-534.

10-Zomorodian, A.A. and M. Barati 2010. Efficient solar air heater with
perforated absorber for crop drying. JAST (ISI) volume 12, 569-577.

11- Zomorodian, A.A and Amanlou, Y. 2011 Evaluating Resistance to
Air flow across a Green Fig Bed for Selecting an Appropriate Pressure
Drop Prediction Equation. Food and bio products processing (ISI)
Vol.89, 157-162.



12- Zomorodian, A.A and Kavoosi, Z. 2011. Determination of EMC
isotherms and appropriate mathematical models for Canola. Food and
bio product processing (ISI) Vol:89, 407-413.

13- Zomorodian, A.A L. Momenzadeh and D. Mowla. 2011
Experimental and Theoretical Investigation of Shelled Corn Drying in
a Microwave Assisted Fluidized Bed Dryer Using Artificial Neural
Network. Food and bio product processing (ISI) ). Vol: 89, 15-21.

14-M. Moradi , A. Zomorodian. 2009. Thin later drying of
Cuminum Cyminum Grain by means of Solar Cabinet Dryer.
American-Eurasian J. Agric. & Environ. Sci.(ISI) 5(3):409-413.

15- Zomorodian, A.A and Amanlou, Y. 2010. Applying CFD for
designing a new fruit cabinet dryer. Journal of Food Engineering (ISI)
vol.101, 8-15.

16- Zomorodian, A.A L. Momenzadeh and D. Mowla. 2012

Applying Artificial Neural Network for Drying Time Prediction of
Green Pea in a Microwave Assisted Fluidized Bed Dryer" JAST (ISI)
vol. 14, 513-522.

17- Zomorodian, A.A and Amanlou, Y. 2011° Resistance to Air flow
across a Green Fig Bed. " JAST (ISI) vol. 13, 677-685.

18- Zomorodian, A and L. Momenzade. 2011. Study of shelled corn

shrinkage in a microwave-assisted fluidized bed dryer using artificial

neural network. International journal of agriculture science (ISI). Vol,
3,Issue 3, 150-155.

19- Bakhshipour, A; Jafari, A, and Zomorodian, A. 2012. Vision
based features in moisture content measurement duding raisin
production. World Applied Science Journal 17(7) 860-869.

20- Gatre Samani, Sh. Zomorodian, A. 2012. Kenetics of apricot thin
layer drying in a mixed and indirect mode solar dryer. International
journal of agriculture sciences. Vol. 6. 262-266.

21- Gatre Samani, Sh. Zomorodian, A. 2012. Impact of drying air
temperature bed depth and air flow rate on walnut drying rate in an



indirect solar dryer. International journal of agriculture sciences. Vol.
4.252-255.

22 Zomorodian A. ; Zamanian M.. Designing and evaluating an
innovative solar air collector with transpired absorber and cover.
ISRN Renewable Energy. Vol.1. 1-6.

23 —Darabi, H; Zomorodian, A.: Akbari , M. 2013.Design a cabinet
dryer with two geometric configurations using CFD. DOI 10
.1007/s13197-013-0983-1

24- Barati, M.; Zomorodian, A. 2014. Designing, fabricating and
Lt R JMEAST. Vol. 10, 268-272.
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Conference Papers

1- Zomorodian A. 1997. A novel solar air heater, Agricultural
Engineering and Technology Exhibition Dhaka, Bangladesh.

2- Zomorodian A. and Samad Joukar, 2002. A novel once — through
solar air heater. AG. ENG. Szent Istvan University, Budapest

3-Zomorodian A.; D.Zare and H. Ghasemkhni , 2004. Optimization and
evaluation of a semi-continuous solar dryer for cereals. The 8. Arab
international solar energy conference . Kingdom of Bahrain.

4-Zomorodian ~ A.; Rajab Tavakoli 2005. Adsorption-desorption
hysteresis effect on pistachio nuts. 7" Fruit, nut and vegetable production
engineering symposium 12-16 Sep. 2005, Montpellier, France

5-Sahebi, M.Almasi and A.Zomorodian 2006. Evaluation of Dill drying
with the aid of a passive and active solar dryer. 2006 CIGR section VI
international symposium on future of food engineering , Warsaw, Poland
26-28 April 2006.

6- Zomorodian A. and M. Barati. A single glazed solar air heater with
metallic transpired absorber for solar dryers. 2006 CIGR and Ag.
Eng.Agricultural Engineering for a Better Word. 3-7 Sep. 2006 Bonn,
Germany.

7- Zomorodian, A.A 2008. Indirect and mixed mode solar drying
models for Sultana grapes. 23-25 June.Ag. Eng. 2008, Greece, Certe

8- -Zomorodian, A.A. and A.R. Tavakolpour . 2008 . Low Temperature
Solar Stirling Engine. International Renewable Energy congress. 27-29
June 2008. U.K.Glasgow

9- Zomorodian, A.A. , Moradi, M, D. Zare. Mixed mode thin layer solar
drying models for Cuminum Cyminum . Antageng (Turkey), 10%
international congress on mechanization and energy in agriculture

17-19 Oct 2008.

10- Zomorodian, A., Y. Sahebi and M. Almasi. Efficiency measurement
of a passive solar dryer. Antageng (Turkey), 10" international congress
on mechanization and energy in agriculture

17-19 Oct 2008.

2 i,



11- Zomorodian, A and. Kavoosi, Z. Investigating Hysteresis effect and
monolayer moisture adsorption for Canola. XXXIII CIOSTA CIGR V
Conference: Technology and Management to Ensure Sustainability
Agricukture, Agro System, Forestry and Safety. 17- 19 June 2009,
Riggio, Calabria, Italy.

12- Zomorodian, A and. Amanluo, Y. Evaluating resistance to air flow
across a Green Fig bed for selecting an appropriate pressure drop
prediction equation. . XXXIII CIOSTA CIGR V Conference:
Technology and Management to Ensure Sustainability Agriculture, Agro
System, Forestry and Safety. 17- 19 June 2009, Riggio, Calabria, Italy

13- Zomorodian, A. L. Momenzade, D Mowla. Investigation of shelled
corn drying in a microwave assisted fluidized bed dryer using artificial
neural network. In XVII World congress of the international commission
of ag. And bio. Eng. (CIGR), Quebec city, Canada. June 13-1 7,2010.

17-  Zare. D, A.Zomorodian, A. Bakhshipour. Physical properties of

Cumin and Cayway seeds. In XVII World congress of the
international commission of ag. And bio. Eng. (CIGR), Quebec city,
Canada. June 13-17, 2010.

18- Zomorodian, A. L. Momenzade, D Mowla. Applying artificial

neural network for shrinkage prediction of shelled corn in a
microwave assisted fluidized bed dryer. In International conference
of Ag. Eng., Clermont-Ferrand, France Sep. 6-8, 2010.

19-  Zomorodian, A .)Y. Amanluo, and D Fadaia. Investigating a

gaseous assisted solar cabinet dryer using CFD. In XXXIV CIOSTA
CIGR V conference Austria, Vienna 29 June-1 July 2011.

20- Zomorodian, A. and S. Samani. Iranian walnut moisture

dependent physical properties. In XXXIV CIOSTA CIGR A%
conference Austria, Vienna 29 June-1 July 2011.

21-  Zomorodian, A. and L. Momenzade. Investigating the drying time

of green pea in a microwave assisted fluidized bed dryer using
artificial neural network. In XXXIV CIOSTA CIGR V conference
Austria, Vienna 29 June-1 July 2011.

Zomorodian, A. and M. Dadashzade. Kenetics of apricot thin
layer drying in a mixed and indirect mode solar dryer. In XXXIV
CIOSTA CIGR V conference Austria, Vienna 29 June-1 July 2011.

'Y



23-  Zomorodian, A. and S. Samani. Impacts of drying air temperature

and bulk depth on walnut drying rate in an indirect solar dryer. In
XXXIV CIOSTA CIGR V conference Austria, Vienna 29 June-1 July
2011.

24-  Zomorodian, A. and L. Momenzade. Applying artificial neural

network for shrinkage of green pea .....In 11th International congress
on mechanization and energy in agriculture. Turkey, 23-25 sep 2011.

25-  Zomorodian, A. and H. Darabi. Evaluating resistance to air flow

across lemon fruit bed for selecting an appropriate pressure drop
prediction. In the First Middle East Drying Conference. Feb 2012.
Mahshar, Iran

26- Rousapur, O and Zomorodian, A. Development and Evaluation of

a Mixed and active solar dryer with variable inclination. Int. conf, on
Ag. Eng. March 2013. Masghat.
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Abstract

Experimental work was conducted to obtain the adsorption isotherms of safflower seed using a semi static gravimetric
method at 25, 40 and 60°C over a water activity ranges from 0.11 to 0.94. Fourteen isotherm equations and multilayer
artificial neural network (ANN) approach were employed for analyzing the experimental data. In order to evaluate the

- goodness of fit of each model Determination Coefficient (R?), Chi-Square (x2) and Root Mean Square Error (RMSE)

were used. The Peleg (at 25 and 40° C) and Osvin (at 60° C) models were selected to best describe the sorption
isotherms of safflower seed. Respectively, the result showed that the predicted values of ANN model were more
accurate than those predicted by nonlinear regression method. The adsorption monolayer moisture content (mo) was
also determined using Brunauer,Emmett and Teller (BET) equation. The monolayer moisture content values were
0.028, 0.024 and 0.022 gH20/g solid at 25 =C, 40 =C and 60 °C and the corresponding constant values of the BET
equation were found to be =13.029, —10.873 and —17.255, respectively. The safflower seeds heat of sorption values
were also found. The heat of sorption values were large at low moisture content and decreased with an increase in
moisture content whereas the magnitudes increase with increasing temperature and could be well adjusted by an
exponential relationship. The experimental data revealed that enthalpy-entropy compensation theory was satisfactorily
applicable to the moisture sorption behavior of safflower seed.

Keywords: Safflower; EMC; Monolayer; ANN; Enthalpy; Entropy
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1. Introduction

Oilseeds are considered in second place important sources food energy for human beings. Safflower (Carthamus
tinctorius), valued mainly for its oil. Most of the plants are dried and stored for future consumption. Moisture sorption
characteristics of safflower petals were evaluated because this plant is mostly consumed and stored in dried forms
[21]. Moisture sorption isotherms provide significant information of processing steps in thermodynamics and structure
investigations. These isotherms are extremely important quantitative measures in food preservation, drying equipment,
design of packages, predictions of quality, stability, shelf-life and for calculating moisture changes that may occur
during storage [39]. Sorption isotherms based on their shape and processes, classified in five different types, but the
two isotherms most frequently found in food products are the types Il and IV [9]. Dried food products usually show
isotherms of Type II or III [54].The food sorption isotherm describes the thermodynamic relationship between water
activity and the equilibrium moisture content of a food product at constant temperature and pressure. Using an

" experimental approach, these equilibrium curves are determined by the saturated salt solutions method. The EMC

value may be related to air temperature. The effect of air temperature rise was investigated by Zomorodian and
Tavakoli [49]. Several mathematical models have been proposed for describing the water sorption of various foods
and agriculture materials. Researches on the temperature dependence of isotherms and mathematical models to
represent sorption isotherms and determination of heat of sorption have been extensively reported in literatures [47,
46, 25, 20, 7, 33, 52, 6, 34]. The estimation of the pertinent parameters of these mathematical models requires non-
linear direct optimization techniques using computer. However, such estimation of the parameters limits the accuracy
and the correct shape of the isotherms and the reliability of the predictions over the whole range of the relative
humidities as well. In case of many involved variables, it is extremely difficult to accurately articulate precise
mathematical models. They also require a lot of computations which might be difficult to perform in real time.
Although neural network approach is a numerical method, however, is very different from the conventional numerical
methods. Neural network method has high speed of computation. The main advantage of artificial neural network
approaches to classical methods (mathematics and statistics) is that artificial neural networks do not require an explicit
mechanism to explain the processes [39].There are few published investigations using the ANN on modeling of
drying-associated parameters such as energy consumption [54], temperature [30], drying kinetics [1, 52] and drying
time prediction and shrinkage [32].Several studies have been reported on ANN modeling of EMC. Janjai et al [20],
concluded that the neural network model maybe better than models known as Henderson and GAB. Multilayer
perceptron model was selected as the best artificial neural network for estimation of onion slices’ equilibrium moisture
content [13]. Isotherms in the roasted green wheat using least squares regression and the neural-fuzzy modeling
studied [4]. The ANN technique was also applied for modeling of water sorption isotherms of black tea [38] and

- longan [20]. Monolayer moisture is boundary of zones I and II (RH<0.2) of isotherm curve, and is the water which

strongly bound to the highly polar groups of dry matter [51]. Lahsasni et al [26] found the BET and Henderson models
as the most suitable for describing the sorption curves for prickly pear peel (Opuntia ficus indica). They used the BET
equation of monolayer moisture content values for the sorption at different temperature for determining the pertinent
parameter for the product and optimum overall stability at the monolayer constant values. The knowledge of the effect
of temperature on water activity at a constant moisture content provides useful information on the cumulative energy
requirement of water sorption process in foods [41]. Thermodynamic functions are readily calculated from moisture
sorption isotherms. Isokinetic theory as a promising theory to illustrate water sorption behavior of dehydrated foods
is an important tool in recognizing different mechanisms for water sorption under altering conditions whether they are
governed primarily either enthalpy or entropy or both [35]. As far as we know, there is no published report on the
moisture sorption isotherms and calculated constant values of monolayer moisture content of safflower seed.
Therefore in this study a mathematical model and a highly representative ANN model for moisture sorption isotherms
of safflower seed at different temperatures (25, 40, 60 °C) were developed. The other objectives were to determine
sorption parameters such as monolayer water content values, isosteric heats of sorption, differential entropy and
evaluating the application of the enthalpy-entropy compensation theory.

2. Materials and methods

2.1. Sample preparation



o-Jo s W

(o)M= e W ) W« ) WG I RS R RS S 6 I S By Y Y R St Y T Y Nt - .
Al BWWWwWwWwWwwwwwmhmhnhnN

Safflower seed (Sina (P1.53.75.98) cultivar) with average moisture content of 6.5 (%d.b) was harvested for this work.
The moisture content of Safflower oilseeds was determined directly using the standard ASAE oven method [2]. Based
on the method, three samples were dried in a forced convection oven at 103 °C for 24 h. The oilseeds were cleaned
and kept in a cool, dry and dark enclosure for preventing spoilage and any changes in the physical and chemical

characteristics of the sample.

. 2.2. Experimental procedure

To perform the tests a controlled environment chamber (in terms of temperature and relative humidity) is required. To
achieve this objective, a completely enclosed chamber, fully insulated and controlled in terms of thermodynamic
conditions was employed (100cm X 60cm X 60 cm), Fig. 1. In order to reduce the equilibrium time, a fan assisted by
1000 W thermostatic electrical heater was used to change the temperature of the air and circulate atmosphere inside
the chamber is being used [23].To carry out the test, safflower seeds were placed in a thin layer inside baskets. The
experiments were performed at three temperatures (25, 40 and 60 °C, +0.5 °C), and seven air relative humidities (11%
to 91%, £1%), using super saturated salt solutions of LiCl, KC2H302, CaCl2, MgCl2, KNO2, MgNO3, NaNO2,
NaCl and KNO3.The isotherm tests was started at the lowest air relative humidity(adsorption process). In order to
avoid any gain or loss during the sample weighing, the automatic balance was set to weight the samples periodically
until the successive weigh records showed no significant changes (+ 0.005 g).

Fig. 1 — Experimental test equipment (A: Chamber test, B: Anti shock table, C: Moisture meter display and Thermostat display,
D: Digital scale, E: Oven)

2.3. Data analyses

Determination of sorption isotherm model

The sorption isotherm curve represents the capacity of the seed tissue and the bound water to adhere more water
molecules due to external relative vapor pressure [46]. The experimental sorption data of all the samples at three
different temperatures was fitted to fourteen theoretical and empirical sorption equations (Modified BET, Henderson,
GAB, Caurie, Chung and Pfost, Modified Chung and Pfost, Halsey,Cohen, Oswin, Peleg, Modified Oswin, Modified
Henderson, Modified Smith, Modified Halsey). Experimental data were interpreted by means of nonlinear regression
analysis, using the statistical software SPSS 16.0 and the statistical factors (Coefficient of determination (R?), chi-

square ( zz ) and Root of mean square error (RMSE)).The R?, ;(2 and RMSE are define as [48]:
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 Where EMCep is the equilibrium moisture content by experiment, EMC;. is the predicted EMC due to models, N is
the number of experimental data on relative humidities and n is the number of constants in each model.

Modeling of sorption isotherm by Artificial Neural Networks (ANN)

The Artificial Neural Network (ANN) for predicting the equilibrium moisture content of safflower (output parameter
for ANN modeling) was employed for surrounding air temperature and RH of 25-60°C of 11-91%, respectively. In
such a modeling approach, there is no need to formulate analytical description of the process. The model was multi-
layer network of number of simple processing elements, called neurons that are connected to each other by weights
with a various configuration. To achieve the best network many configuration were trained and compared based on

statistical factors (R2, ,1'2 and RMSE), as presented in Fig. 2.

Fig. 2. A typical structure of a two-hidden-layer neural network

Accuracy of the simulated results depends upon the structure and configuration of the models. Selection of the number
of neurons for each hidden layer is optional. Larger number of neurons represents a more precise system but
complication arises to attain proper training. Feed-Forward Back Propagation (FFBP) neural networks were utilized
for training the experimental data set in some application works related to drying technology: [18, 20, 38, 19]. For
studying by FFBP, back propagation (BP) learning algorithm is normally used. During training the FFBP, calculations
were conducted from input of network toward output and then error values were propagated to previous layers. The
two neurons in the input layer are surrounding relative humidity and surrounding air temperature while one neuron of
the output layer is an equilibrium moisture content value. Two threshold activation functions were used and
mathematical definition of these transfer functions (purelin and tansig) which were utilized to reach the optimized
status [19, 20] were expressed in Egs. (4) to (5) as follows:

Purelin Y;=X (4)
Tansig  Yj=2/(1 +exp(-2X))—1 )
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Where X; is the sum of weighed inputs for each neuron in the j™ layer. For the first and second hidden layer activation
function tansig (hyperbolic tangent sigmoid) and the fourth layer (output layer) activation function purelin was used.
After the end of training, simulations were performed with the trained model to check the accuracy of the model.

Experimental input values were used in the simulation.

Adsorption monolayer

The safflower seed stored at its water activity (aw) plays a significant in maintaining the physical and chemical
stability of dehydrated materials with regard to lipid oxidation, enzyme activity, non-enzymatic browning, flavour
components preservation, and structural characteristics. It should be kept in moisture content equal to the monolayer
moisture content [22].To predict the adsorption monolayer moisture content at different ambient temperatures, the

- experimental values of aw (ERH/100) and m (EMC) were used to find the best fit regression line of the BET adsorption

monolayer moisture content equation which can be a useful tool in predicting the monolayer value [32].

a, 2 1 +(c_1)xa,, 6)
mx(l-a,) cxm, —m, .

Where ay is water activity (decimal), m is the moisture content in % (d.b) at a given ay, mo is the monolayer moisture
content in % (d.b), and c is a constant showed the dependence between monolayer moisture content and temperature
and energy of sorption [36].If aw values, as independent variables, are plotted versus the [aw/m(1—aw)] values, as
dependant variables, a unique linear regression line diagram displayed having c—1/m0c as its slope and 1/mOc as its
intercept [37].The influence of temperature on monolayer moisture content are required to be studied for moisture
sorption characteristic of a food [12].

Isosteric heat of sorption and entropy of safflower

The isosteric (differential) heat of sorption, or differential enthalpy indicates the binding energy of water molecules

* with the material. Therefore, that is the amount of energy required to change unit mass of a product from liquid to

vapour at a particular temperature and water activity [29, 44].The isosteric heat of sorption values of safflower seeds
were determined from the equilibrium moisture content data at three temperature by the method of linearization using

the Clausius-Clapeyron equation, as formulated in Eq.(7) [45].

din(RH) _ q, :
aT " RT? M

Where gy is the net isosteric heat of sorption (kJ/mol), R is the universal gas constant (8.315 kJ/mol K), RH is the
relative humidity (decimals) and T is the absolute temperature (K).
Integrating Eq. (7) and assuming that the net isosteric heat of sorption (q«) is independent of temperature, gives the

following Eq (8).
9y 1
RH)=—-(-%) = +C 8
In( RH) = —( R) T (8
Where C is intercept of the Eq. (8).

The net isosteric heat of sorption value is calculated, at a specific moisture content, by plotting the In(RH) versus 1/T
and determining the slope of this plot which is equal to—q«/R.

- From the thermodynamic relationship in Eq. (9) [42]:

AG=gq,-TAS (©)
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Where AG = Gibbs free energy (KJ/mol) and AS = entropy (KJ/mol K). In thermodynamics, the Gibbs free energy
is a thermodynamic potential that measures the process-initiating work obtainable from a thermodynamic system at a
constant temperature and pressure (isothermal, isobaric). For moisture sorption process, it can be shown in Eq. (10):

AG=-R T In( RH) (10)
Substitute AG from Eq. (9) into Eq. (10), the following equation (11) is obtained:

1 AS
WA=ty — - = (11)
REAT R i
Plotting In(RH) are plotted against 1/T, a straight line graph is obtained, with the y-intercept of AS'/R. The y-intercept
maybe used to compute AS .The enthalpy-entropy compensation theory was applied to the sorption phenomenon of
safflower seed. Physical phenomena, such as sorption reactions, are often evaluated on the basis of the enthalpy-
entropy compensation theory. This states that compensation arises due to changes in the solvent-solute interaction and
that a linear relation exists between the enthalpy and entropy of the reaction [27]. The theory was found to explain
sorption well and gave a linear relationship for safflower seed. A plot of q« versus AS' from values of equation (11)

for the safflower seed can be evaluated for each set of sorption data.

3. Results and Discussion

3.1. Mathematical and Neural Network Model

~ The experiments were conducted on safflower seed equilibrium moisture content at three air temperatures and relative

humidities of 25, 40 and 60 °C, 11% to 91%, respectively. The sorption isotherms curves were plotted at three
temperatures, Fig (3).These curves was manifested in the form of sigmoid shaped curves reflecting type II isotherm
[51], which are usual to the most of the food materials.

Fig. 3. Sorption isotherm data of safflower seed at three temperatures

At a given relative humidity, the experimental data indicated that the EMC value decreased with increasing
temperature while the EMC value increased with an increase in relative humidity at constant temperature. Because of
increasing temperature, water activity and thus the amount of free water within the seed increasing and the seed more
comfortable loses water and reaches equilibrium in less moisture content with the environment. This trend which is
very popular for agricultural products, may be due to a reduction in the total number of active sites for water binding
as a result of physical and/or chemical changes in the product induced by temperature [14, 51].Region I (up to relative
humidity of 0.3) can be denoted monolayer moisture content, in which water molecules are bonded to the product by
strong H-bonds. Region II (RH: 0.3-0.8) includes multilayer moisture content which is under transition to natural
properties of free water. The water in Region III (above 0.8 RH) is in free-states and allow chemical reactions and
microbial growth activity. Therefore, water sorption particularly at higher water activity would be markedly influenced
by the stability of the microporous structure. The equilibrium moisture content increases with increasing relative
humidity (water activity) at a constant temperature. This can be explained in such a way that when relative humidity

 rises, the water vapor partial pressure reaches closer to saturation vapor pressure and thus the pressure gradient (water

potential) between the material and the environment arise, thus more moisture is absorbed. The result of the
mathematical modeling are presented in Table 1, 2 and 3.

Table 1. Estimated values of statistical indicators and model parameters for adsorption models (25 -C).

Table 2. Estimated values of statistical indicators and model parameters for adsorption models (40 =C).
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Table 3. Estimated values of statistical indicators and model parameters for adsorption mo dels (60 =C).

2
Models with highest R? and lowest X and RMSE values were selected to predict the EMC for safflower seeds. The
results showed a good fitness between the experimental and predicted EMC values (Fig 4, 5 and 6). Similar results
have been reported by many investigators for food materials and grains [48, 5, 49, 17].

Fig 4. Experimental and predicted (Peleg model) adsorption isotherms of safflower seed at 25 °C
Fig 5. Experimental and predicted (Peleg model) adsorption isotherms of safflower seed at 40 °C

Fig 6. Experimental and predicted (Oswin model) adsorption isotherms of safflower seed at 60 °C

Numerous ANN models having different internal structure were tried and trained with experimental data. As the
training process proceeded, the weights and biases of the nodes were adjusted resulting in reduction of RMSE. The
Back Propagation neural network model not only accommodated temperature and water activity parameter, but also
is more accurate than other mathematical models. The results of ANN model of EMC for safflower seed was developed
by training with experimental sorption data at air temperatures of 25, 40 and 60°C, were illustrated in Table 4.

Table 4. Some of the best training configuration of ANN models for safflower EMC prediction

The analysis of the suitability of the ANN model is obtained by comparison between the predicted and measured
equilibrium moisture contents of safflower seed shown in Fig.7. This figure displayed that the agreement between the
predicted and observed equilibrium moisture content for safflower seed was excellent (R? = 0.999). Furthermore,

~ value of RMSE and xz of the ANN model was minimum (0.069, 0.011, respectively). Therefor the predicted EMC

was in good agreement with the experimental data.

Fig 7. Predicted and measured sorption isotherms of safflower seed (ANN model)

Thus, either of the ANN or Peleg or Oswin models can be used predicting the EMC of safflower seed but the ANN
model prediction is the best as compared with the Peleg or Oswin model results.

3.2. Isosteric heat of sorption and entropy of safflower

The slopes of the plots between In(RH) versus (1/T ) gave the isosteric heat of sorptionand were calculated by linear
regression analysis and did not display decisive temperature dependence over the entire temperature range of 25-60
°C at all moisture contents (5-10 kg/100 kg solids, d.b).The net isosteric heats of sorption determined by applying
Eq. (7) to the sorption EMC data as obtained from ANN model have been presented as a function of moisture in Fig.
8.

Fig. 8. Sorption isosterics of safflower seed at different moisture content
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The sorption heat of safflower seed were found to be large at low moisture content and decreased with an increase in
moisture content [16] (Fig. 9).This phenomenon maybe due to approaching characteristics of the water content to free
water and forming the highly active polar sites on the surface of the product and strong bonds between water molecules

and safflower seeds.

Fig. 9. Sorption isosterics of safflower seed at different moisture content

The AS values for sorption at different moisture content were obtained by linear regression Eq. 11. As suggested by
Aguerre et al [3], it was assumed that at a given moisture content, gz and AS did not vary with temperature (Fig. 10).

This figure indicates that the differential entropy also exhibits a strong dependence on moisture content especially at
low equilibrium moisture contents with an exponential trend similar to that exhibited by differential enthalpy.

Fig. 10. Sorption isosterics of safflower seed at different moisture content
Enthalpy—entropy compensation theory

An interesting relationship between AH and AS for sorption isotherms or changes in equilibrium moisture content is
displayed in Fig. 11. A correlation between enthalpy and entropy, enthalpy—entropy compensation theory (or
isokinetic theory), has been observed for a wide variety of reactions such as sorption reactions [24, 28], (Fig. 11). As
can be noted, a linear relation between enthalpy versus entropy using Eq. (11) was obtained (with a regression
coefficient, R? = 0.997).According to the linear relation equation, the values of isokinetic temperature and the free
energy of Gibbs obtained from the slope and the intercept, respectively.

Fig. 11. Enthalpy-Entropy relationships for water sorption in safflower seed

Monolayer moisture content determination

The monolayer moisture content obtained using BET model is an important parameter indicating adsorption capacity
of the adsorbent. The model parameters, including monolayer moisture content and adsorption constant at 25, 40 and
60 <C environmental chamber temperatures were calculated using optimization technique (Table 5).The BET equation
is based on adsorption on a free surface without capillary condensation and therefore can be applicable to adsorption
for the mono and multi-layer regions of the isotherm. The monolayer moisture content decreases with increasing
temperature and the pertinent parameter c that characterize the interaction adsorb - absorber increases with increasing
temperature, thus reduces the amount of absorbed (Fig 12, 13 and 14), This effect can be argued that as the chamber
temperature changes, the excitation of molecules and the molecular distance would be changed [11, 49].

Table 5
Values of monolayer moisture content (m0) and constant , at three micro-environmental air temperatures of 25, 40, 60-C.

Fig. 12. The BET monolayer moisture content plot at 25 C.
Fig. 13. The BET monolayer moisture content plot at 40 <C.

Fig. 14. The BET monolayer moisture content plot at 60-C.
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Conclusions

Based on the results, the sorption isotherms of safflower seed had sigmoid shape and showed that the equilibrium
moisture content at constant equilibrium water activity increased as temperature decreased. While the EMC increased
at constant temperature as water activity increased. From the fourteen models used, the Peleg and Oswin models
provided the best fit to experimental data. The two-hidden-layer ANN model is capable of predicting the EMC and
compared to non-linear least square regression, provided a much better fit for moisture sorption isotherms as indicated
by statistical measures. Differential enthalpy and entropy decreased with an increase in equilibrium moisture content
and was found to be an exponential function of moisture content. Also, linear relation between enthalpy versus entropy
was obtained with a regression coefficient, R2 = 0.997. Isokinetic temperature and Gibbs free energy values 37.601

K and 0.1291 J mol*! were obtained, respectively.

Abbreviations
aw - water activity (decimal); a, b, ¢, d, e, , - constants; EMC - equilibrium moisture content (% d.b); gst- heat of

sorption (kJ/mol); m - number of output layer neurons; MSE - mean square error; R~ universal gas constant (8.315
kJ/kmol/K); R2- determination coefficient; AS - entropy (KJ/mol/K); T~ environmental absolute temperature (K); Xj
-Sum of weighted input for each neuron jth layers; 2 - Chi-Square; RMSE - Root Mean Square Error; FFBP - Feed-
Forward Back Propagation; BP - back propagation; C - intercept
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Fig. 3. Sorption isotherm data of safflower seed at three temperatures
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Fig. 1 — Experimental test equipment (A: Chamber test, B: Anti shock table, C: Moisture meter
display and Thermostat display, D: Digital scale, E: Oven) '
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Fig. 2. A typical structure of a two-hidden-layer neural network -



Fig 7. Predicted and measured sorption isotherms of safflower seed (ANN model)
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Fig. 8. Sorption isosterics of safflower seed at different equilibrium moisture content
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Table 1.
Estimated values of statistical indicators and model parameters for adsorption models (25 °C).
Model A B C R2 z* RMSE
Caurie 3.701 -1.406 - - 0985 0.192 0370
Chung and Pfost 6.485 -2.994 = = 0.992 0.096 0.262
GAB 25.237 145.441 0.007 = 0.854 2.334 1,115
Halsey 250.297 2982 = - 0977 0.288 0.454
Henderson 0.005 2374 & - 0977 0.335 0.489
Cohen -0.835 5.589 - = 0.850 1.906 1.167
Modified BET -75278.513  2848.535 -0.004 2 0.771 4.178 1.545
Modified Chung 661911.42 33398  -75849.928 - 0.992 0.120 0.262
and Pfost
Modified Halsey -170939.048 6837.783 2.982 = 0.977 0.361 0.454
Modified 0.075 2.374 -10.835 = 0.977 0.338 0.452
Henderson
Modified Oswin 16.505 -0.361 0.265 - 0993 0.116 0258
Modified Smith -1.17 0.222 5.656 -0.066 0983 0.263 0.387
Oswin 7471 0.265 = = 0.993 0.093 0.257
Peleg 7.897 4.2 8.645 032 099 0.083 0.189
Table 2.
Estimated values of statistical indicators and model parameters for adsorption models (40 =C).
Model A B C D R2 x> RMSE
Caurie 3.495 -1.312 - = 0989 0.091 0.254
Chung and Pfost 5.894 -2.569 & = 0.986 0.112 0.881
GAB 16.831 250.935  0.007 - 0824 1.889  1.038
Halsey 162.761 2.915 = e 0.983 0.136 0.311
Henderson 0.005 2.564 - - 0.965 0.339 0.492
Cohen -0.932 4.755 x e 0883 0944 .0.821
Modified BET 62444.241 -464.077 0.00017 - 0.649 2967  1.455
g/igiiﬁed Chung and 22.196 38.930 37.762 = 0.986 0.140 0.283
Modified Halsey -84776.921 2119.550  2.915 = 0.983 0.172 0313
Modified Henderson 3.468 2.564 706.491 i 0.965 0.348 0.446
Modified Oswin 6.124 0.016 0.261 = 0.988 0.120 0.262
Modified Smith 2.131 0.056 4965  -0.024 0.983 1.622  0.833
Oswin 6.755 0.261 = - 0.988 0.096  0.262

Peleg 6.051 0.168 7.636 2,726 0.994 0.079 0.184




Table 3.

Estimated values of statistical indicators and model parameters for adsorption models (60 =C).

Model A B C D R2 x> RMSE
Caurie 2.368 -1.715 = 0.994 0.049 0.187
Chung and Pfost 4,749 -2.945 = = 0.996 0.035 0.159
GAB 32.124 55.63 0.009 = 0939 0.729 0.650
Halsey 23.374 2.092 = = 0.984 0.141 0.317
Henderson 0.024 1.903 == = 0.992 0.069 0.223
Cohen -1.358 3.008 = ] 0.919 0.707 0.710
Modified BET 13149.63 219.993 0.0005 = 0.917 1.866 1.032
Modified Chung 33347.593 33.957 6587.427 = 0.996 0.044 0.159
and Pfost :
Modified Halsey -84027.707  1400.514 2.092 = 0.984 0.180 0.321
Modified 0.511 1.903 -38.439 = 0.992 0.084 0.219
Henderson
Modified Oswin 35.548 -0.499 0.357 - 0.998 0.021 0.110
Modified Smith 2.165 0.005 -3.486 0.129 0991 0.129 0.236
Oswin 5.624 0.357 - — 0.998 0.016 0.109
Peleg 6.958 4.423 7.455 0486 0.998 0.041 0.133

" Table 4.
Some of the best training configuration of ANN models for safflower EMC prediction
Training algorithm Threshold function | No. of layers and neuron | RMSE | R2 7
BR tansig- tansig- purelin 2-20-15-1 0.112 | 0.996 | 0.101
BR tansig- tansig- purelin 2-20-10-1 0.093 0.998 0.082
BR tansig- tansig- purelin 2-15-5-1 0213 0991 0.124
BR tansig- tansig- purelin 2-10-10-1 0.102 0.997 0.094
BR tansig- tansig- purelin 2-10-5-1 0.146 0994 0.113

Table 5



Values of monolayer moisture content (m0) and constant ¢ at three micro-environmental air
temperatures of 25, 40, 60°C.

MO ( Kg H20/Kg solid) Constant ¢
BET equation at 25 'C 0.028 -13.029
BET equation at 40 °C 0.024 -10.873

BET equationat 60 °C 0.022 -17.255
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Abstract:Equilibrium moisture content (EMC) at different air relative humidity and
temperatures is a vital parameter in optimization of drying and storage processes. In the present
study amount of moisture content in lime (Local variety) slice at different ambient temperatures
of 30°C, 40°C and 50°Cwere measured using gravimetric method. The obtained E.M.C
experimental values were employed to plot the isotherm curve at different environmental air
temperatures. These data also were fed to fourteen popular mathematical models. The well-
known statistical factors such as Coefficient of determination (R?), Chi-square (3°), Root of
mean square error (RMSE) and Mean of relative deviation (MRD) were calculated to validate the
goodness of fit. The Peleg Model was selected as the best model for predicting the EMC at each
three temperatures level. The result of present research displayed that the amount of EMC
decreased with increasing the ambient temperature. The monolayer moisture content (mp) was
also determined using Brunauer,Emmett and Teller (BET) equation. The monolayer moisture

content values were 0.023, 0.021 and 0.014g, HZOIg solid at 30°C, 40°Cand 50°C, respectively,

and the corresponding constant values of the Brunauer,Emmett and Teller equation were found
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1 Introduction

Lime (Citrus aurantifolia) has a lot of pharmaceutical and alimentary properties. In order to
control the drying process and storage conditions,besides the knowledge of thin layer drying
equations, the data on physical properties including equilibrium moisture content are needed
which may be expressed in moisture desorption isotherms. To optimize storage stability,
knowledge of the relationship between the equilibrium moisture content (EMC) in the plant
material and the relative humidity (RH) of the surrounding air at the given temperature is
required to avoid thedeterioration by microbial and enzymatic activity (Karel and Yong, 1981).
The moisture sorption isotherm of food graphicallyrelates its equilibrium moisture content in
either desorptionor adsorption to the water activity (aw) at a definite temperature. This
knowledge is required to stop the drying process at the aimed moisture content in order to save
energy (Hamer et al., 2000). The EMC value may be related to air temperature. The effect of air
temperature rise was investigated by Zomorodian and Tavakoli (2007). Fourteen mathematical
models have been proposed for describing the water sorption of various foods and agriculture
materials. Some of the mostly applied equations are Caurie,Chung—Pfost, GAB, Halsey,
Henderson, Kuhn, ModifiedBET,Modified Chung-Pfost, Modified Halsey, Modified
Henderson,Modified Oswin, Modified Smith, Oswin and Peleg. Researches on the temperature
dependence of isotherms and mathematical models to represent desorption isotherms have been
extensively reported in literatures (Zomorodian, 1979; Van den Berg and Bruin, 1981; Lee and
Lee, 2008; Janjai et al., 2009; Al-Muhtaseb et al., 2010; Zomorodian et al., 2011; Argyropoulos
et al., 2012).Lahsasni et al. (2002) found the BET and Henderson models as the most suitable for
describing the sorption curves for prickly pear peel. They used the BET equation of monolayer
moisture content values for the sorption at different temperature for determining the pertinent
parameter for the product and optimum overall stability at the monolayer constant values. The
desorption isotherms data are useful in the drying analysis while the adsorption isotherms data
can be used for establishing a storage method (Cordeiro et al., 2006).The moisture sorption
isotherm data of walnut kernels were determined at three different temperatures (25°C, 35°C and
45°C) and of the models tested, the Peleg model gave the best fit to experimental data and also
The BET equation was applied to the monolayer moisture content (Togrul and Arslan, 2007).
Using the static gravimetric method at three temperatures (40, 50 and 60 °C) and in wide range
of water activity (0.109 - 0.891) desorption and adsorption data of orange peel and leaves were
best fitted by the Peleg model (Bejar et al., 2012). Desorption and absorption isotherms for
Melissa officinalis L. (Lemon Balm) were determined at four different temperatures (25°C,
40°C, 50°C and 60°C), Experimental data were fitted using the mathematical models. Halsey’s
model was found to be the most suitable for describing the desorption curves at the temperatures
of 25and 40and BET’s model was most suitable for describing the data at the temperatures of
50°Cand 60°C(Cuervo-Andrade .andHensel, 2013). The adsorption and desorption equilibrium
moisture content/equilibrium relative humidity relationships of sunflower seeds with four
different oil contents were obtained and the Modified Halsey model was the best models for
predicting equilibrium moisture content/equilibrium relative humidity relationships (Macielet al,
2015). The monolayer moisture content shows the amount of water that adsorbed by a single
layer to binding sites in the material. The water binding properties of active points in roasted
seeds were probably reduced; hence, some water sorption active points disappeared (Martinez
andChiralt, 1996). Not much information is available about desorption isotherms of lime slice.
As desorption isotherm is one of the basic parameters of the drying process, this work will give



an important contribution to the optimization of the drying of lime slice. The other objective was
to determine desorption parameters such as monolayer moisture content values.

2 Materials and methods
2.1 Experimental procedure

The limes with average moisture content of 14.9(%d.b) was harvested from a garden in Jahrom
(Fars province, Iran). To perform the test, lime was become in a thin layer to a thickness of 4
mm by a digital caliper (MarCal 16 ER, Germany; maximum Measuring range of300 mm; +
0.01 mm).After sterilization, each of lime slices wrapped in paper towels and was kept in a cool,
dry enclosure for preventing spoilage and any changes in the moisture content of the product
during the trial.A controlled environment chamber (in terms of temperature and relative
humidity) is required. To achieve this objective, a completely enclosed chamber, fully insulated
and controlled in terms of thermodynamic conditions was employed (100cm X 60cm X 60 cm),
Figure 1. In order to reduce the equilibrium time, a fan assisted by 1000 W thermostatic
electrical heater was used to change the temperature of the air and circulate atmosphere inside
the chamber is being used (Labuza, 1984). To carry out the test, the number of 25lime slices
were placed in a thin layer inside baskets. The basket was hung from the under hook of an
electronic balance (GF-600, A&D Instruments Ltd., Oxon, UK, maximum capacity of 610 g; +
0.001 g).The experiments were performed at three temperatures (30°C, 40°C and 50°C, £0.5°C),
and seven air relative humidity (11% to 91%, £1%), using super saturated salt solutions of LiCl,
KC;H;0,, CaCl;, MgCl,, KNO,;, MgNQO;, NaNO,, NaCl and KNOs.The experiments were
conducted in three replications beginning with the highest environmental relative humidity and
lime slices initial moisture content of 14.5 % db. Thus desorption process was continued by
changing the proper saturated salt solutions at constant chamber air temperature.In order to avoid
any gain or loss during the sample weighing, the automatic balance was set to weight the
samples periodically until the successive weigh records showed no significant changes (+ 0.005
2).When equilibrium was reached (ranging from 3 days to 2 weeks depending on the temperature
and relative humidity), the samples were dried using oven method (at 105 =C for 24 h) in order
to obtain dry matter contents (Park et al., 2002).
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A: Chamber test

B: Desk

C: Digital scale

D: Electrical circuit boards
E: Moisture meter display
F: Thermostat display

Figure 1 — The equipment for the desorption isotherm measurement

2.2 Data analyses
2.2.1 Determination of desorption isotherm model

The experimental desorption data of all the samples at three different temperatures was fitted to
fourteen theoretical and empirical equations (Modified BET, Henderson, GAB, Caurie, Chung
and Pfost, Modified Chung and Pfost, Halsey,Cohen, Oswin, Peleg, Modified Oswin, Modified
Henderson, Modified Smith, Modified Halsey). Nonlinear regression analysis, using the
statistical software SPSS 16.0 and the statistical factors (Coefficient of determination (R?), chi-
square (1), Root of mean square error (RMSE) and Mean of relative deviation (MRD), was used
for interpreting the experimental data. The R?, %, RMSE and MRD are defined as (Zomorodian,
1979):
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Where EMC,yp is the equilibrium moisture content by experiment, EMC is the predicted EMC
due to models, N is the number of experimental data on relative humidity and n is the number of
constants in each model.

2.2.2. Monolayer moisture content

The monolayer moisture content which is of significant importance to the physical and chemical
stability of dehydrated materials with regard to lipid oxidation, enzyme activity, non-enzymatic
browning, flavour components preservation, and structural characteristics (Labuza et al, 1970;
Karel and Yong, 1981), can be determined from the equilibrium desorption isotherms by means
of the two parameter of BET (Brunauer-Emmett-Teller) equation (Brunauer, Emmett and
Teller,1938). To predict the desorption monolayer moisture content at different ambient
temperatures, the experimental values of a,, (ERH/100) and m (EMC) were used to find the best
fit regression line of the BET monolayer moisture content equation which can be a useful tool in
predicting the monolayer value (Zomorodian et al, 2011).

o v NS IS T °_‘1]aw (5)
m("ﬂw) mp€ Mo

Where a,, is water activity (decimal), m is the moisture content (gH20/g solid) at a given a,,, mg
is the monolayer moisture content (gH20/g solid), and c is a constant showed the dependence
between monolayer moisture content and temperature (Menkov et al. 1999). If a,, values, as
independent variables, are plotted versus the [aw/m (1—aw)] values, as dependent variables, a
unique linear regression line diagram displayed having c—1/mgc as its slope and 1/mgc as its
intercept (Pernille,2007). The influence of temperature on monolayer moisture contentis required
to be studied for moisture sorption characteristic of a food (Choudhury et al, 2011).

e R 10 N R S
3.1 Equilibrium isotherms and mathematical

The experiments were conducted on lime slice equilibrium moisture content at three air
temperatures and relative humidity of 30°C, 40°C and 50°C and 11% to 91%, respectively.
Figure 3 presents the experimental data of desorption of lime slice at three temperatures. These
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curves provide a good representation of Type II (sigmoidal) according to the BET classification,
typical of the most biological products (Brunauer, 1945).
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Figure 3 Desorption isotherm data of lime slice at three temperatures

At constant relative humidity, the EMC values decreased with an increase in temperature,while
the EMC value increased with an increase in relative humidity at constant temperature. This
behavior may be explained by considering excitation states of water molecules. At increased
temperatures, molecules are in an increased state of excitation, thus increasing their distance
apart and decreasing the attractive forces between them. This leads to a decrease in the degree of
the EMC at a given water activity with increasing temperature (Kouhila et al., 2002; Zomorodian
et al., 2011). The equilibrium moisture content increases with increasing relative humidity (water
activity) at a constant temperature. This can be explained in such a way that when relative
humidity rises, the water vapor partial pressure reaches closer to saturation vapor pressure and
thus the pressure gradient (water potential) between the material and the environment arise, thus
more moisture is absorbed. In a general way, both temperature and water activity have
significant effect on experimental equilibrium moisture content values.The typicalS-shape curves
were found for all three temperatures.Similar trends have been observed in several other studies
for agricultural and food products (Zomorodian, 1979, Ait Mohamed et al., 2004; Zanoelo, 2005;
Jamali et al., 2006, Zomorodin and Tavakoli., 2007, Hii et al, 2009, Zomorodian et al., 2011).
The selected models were fitted to the experimentaldata of the lime slice. The Coefficient of



determination (R?), chi-square (%), Root of mean square error (RMSE) and Mean of relative
deviation (MRD) of equations are listed in Tables 1, 2 and 3.

Table 1Estimated values of statistical indicators and model parameters for desorption models 30 °C) ..}

Model R’ MRD xz RMSE
Caurie 0977 0084 0.785 0.748
Chung and Pfost 0980  0.080 0.662 0.687
GAB 0.996 0043 0.179 0.320
Halsey 0.987 0086 0.421 0.549
Henderson 0969 0115 1.023 0.425 :
Cohen 0905 0177 3.189 1.509
Oswin 0994 0038 0.185 0.363
Modified BET 0340 0443 27610 3.972
mgfﬁ"d Chung and 0980 0080  0.828 0.687
Modified Halsey 0.987 0086 0.527 0.548
Modified Henderson 0969 0117 1.666 0.975
Modified Oswin 0994 0038 0.231 0.364
Modified Smith 0993 0064 0.386 0.406
Peleg 0.998 0.028 0.128 0.235

According to the table 1, the Plege model can be used to describe the desorption of lime slices at
the 300 C, based on the levels of RMSE, X", MRD and R”.

Cauric 0982 0062 0227 0.445
Chung and Pfost 0981 0065  0.284 0.450
GAB 0997 0034 0067 0.195 ;
Halsey 0994 0059 0089 0.252
Henderson 0970 0093 0484 0.588
Cohen 0538 0165 0937 0.818
Oswin 059 0034 0067 0.220
Modified BET 0558 0324 8375 2.187
"P"f:::ﬁ“ Chung and 0981 0065  0.355 0.450
Modified Halsey 0999 0051  0.156 0.299
Modified Henderson 0970 0034 0578 0.574
Modified Oswin 0996 0034 0084 0.220
Modified Smith 0994 0177 2116 0.952
Peleg 0.999 0016 0020 0093




The results of the non-linear regression of desorption isothermsof lime slices, atd0° C, are shown
in Table 2.The table 2 indicates that the Peleg model also showed a good fitting for the lime
slices at given temperature.

[Table 3Estimated values of statistical indicators and model parameters for desorption models (50 °C). .-~ [ Comment [a7]: Pl
""""""""""""""""""""" standard 3-lines forma
Model R2 MRD % 2 RMSE ;

Caurie 0.992 0.040 0.046 0.182

Chung and Pfost 0.983 0.065 0.083 0.243

GAB 0.950 0.015 0.008 0.069

Halsey 0.995 0.025 0.023 0.128

Henderson 0.969 0.094 0.156 0.334

Cohen 0.942 0.108 0.293 0.458

Oswin 0.993 0.046 0.033 0.154

Modified BET 0.512 0.308 3.077 1.326

;@‘;f:ﬁ“ Chung and 0583  0.065 0.104 0.243

Modified Halsey 0.999 0.025 0.028 0.128

Modified Henderson 0.969 0.094 0.193 0.332

Modified Oswin 0.993 0.046 0.041 0.154

Modified Smith 0.998 0.019 0.013 0.076

Peleg 0999  0.012 0.009 0.064

Models with the highest R* and the lowesty’, MRD and RMSE values were selected to predict
the EMC for lime slices. Examination of the results in these Tables indicated that the Peleg
model suitably describes the experimental desorption data for lime slices throughout the entire
range of water activity. In this way, the parameters of the Peleg model can be recommended for
prediction of desorption isotherms of lime slices in the temperature and water activity ranging
from 30 to 50 »C and from 11% to 91%, respectively.The comparison between the best fit (Peleg
model) and the experimental values is shown in (Figures 4, 5 and 6).
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Figure 4 Experimental and predicted (Peleg model) desorption isotherms of lime slice at 30 °C
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Fiéure 5 Experimental and predicted (Peleg model) desorption isotherms of lime slice at 40 °C
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Figure 6 Experimental and predicted (Peleg model) desorption isotherms of lime slice at 50 °C

In Figures 4-6, the adjustment of experimental data with the Peleg model shows a good
agreement between experimental and predicted data.Furthermore, this model provides a good
representation of Type II (sigmoidal).Comparing the three figures shows that the EMC decreases
by increasing in temperature at constant equilibrium relative humidity. Ethmane Kane et al.
(2008) reported that the increase of temperature promotes the detachment of water molecules
from the water binding sites. Subsequently increasing the temperature lessens the water
desorption degree.

3.2Monolayer moisture content

The values of monolayer moisture content of lime slices estimated with BET model can also be
observed in Table 4and are in the acceptable range for food products. The monolayer moisture
content decreases with increasing temperature and the pertinent parameter ¢ increases with
increasing temperature (Figures7, 8 and 9). This effect can be argued that as the chamber
temperature changes, the excitation of molecules and the molecular distance would be changed.
(Chung and Pfost, 1967; Zomorodian and Tavakoli, 2007).

h‘ub[b‘{\fnlues of monolayer moisture content (m,) and constant cat three micro-environmental air

temperatures of 30°C, 40°C, 50°C,

m, (kg H,0/kg solid) Constant ¢
BET equation at 30 °C 0.023 -4,925
BET equation at 40 °C 0.021 -6.543
BET equation at 50 °C 0.014 -7.035

The highest value of monolayer moisture content i.e. 0.023 kg H20/ kg solidwas found in the
desorption process at 30 °C and the minimum value i.e. 0.014 kg H;0/ kg solidwas found in the
desorption process at 50 °C.As temperature increased from 30 to 50 oC, the monolayer value
decreased in desorption processe. This may be due to higher water vapour pressure inside the
lime slices at higher temperature.This behaviour has been ascribed to a reduction in the
numberof active sites due to physical and chemical changes induced by temperature (Rizvi
1986).
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Based on the results,the following conclusions can be drawn from the study:

a) The EMCs of lime slices increased directly proportionally to water activity and inversely
proportionally to temperature.

b) The Peleg model provided more accurate predictions about the desorption data.

¢) The monolayer moisture contents decreased as temperature increases.

Abbreviations

aw _ water activity (decimal); a, b, ¢, d, ¢, _ constants, EMC _ equilibrium moisture content (%
d.b); MSE _ mean square error; R?  determination coefficient; T_ environmental absolute
temperature (K); §* - Chi-Square; RMSE - Root Mean Square Error, MRD- Mean of relative
deviation
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Introduction: Persimmon fruits are subjected to different environmental conditions from harvest to
consumption. Foods, those are exhibiting characteristics of both liquid and solid, are described as viscoelastic
~ where stress relaxation and strength properties are time dependant. Knowledge of viscoelastic properties of foods
and agricultural materials are important when considering harvesting, handling, transportation, processing, and
storage. Also the data on viscoelastic properties are required as an input for mathematical models, which
describe and predict internal stress and cracking during different handling and processing procedures. The
mechanical properties are considered one of the most important four parameters, which reflect the quality of
food material. Those parameters include texture, firmness and chewability. Viscoelastic material exhibit stress
relaxation phenomena, which is one of the most important factors in characterizing agricultural materials. The
objectives of the current study were: (1) to obtain data to describe the stress relaxation characteristic of
Persimmon fruits during Storage, (2) to investigate the effect of storage time on stress relaxation properties, and
(3) to find the best model to describe the obtained stress relaxation data.

Materials and Methods: The persimmon fruits were manually picked up at maturity stage from
persimmon trees in a garden, in Fars province, Iran. They were handled to Biophysics laboratory in Agricultural
Engineering department, at Shiraz University, on the foam sheets in one layer array for minimizing any likely
compaction. Initial moisture content was determined by gravimetric method in an oven at 70C till obtaining
constant successive weight loss of 0.001 g. The initial moisture content was 44.26% (d.b). Since the rheological
characteristics of fruits are important for any processing operation, viscoelastic behavior of persimmon fruits
during storage in environmental conditions was investigated using estimating its relaxation parameters from
experimental stress relaxation data. The rheological behavior of persimmon fruits was evaluated to uniaxial
compression test for relaxing the stress during 480 s. Texture Profile Analyser (TPA) (TA.XT2 plus model,
Stable Microsystems, England) with Exponent Lite (Version 4,0,8,0, UK) software was used to compress whole
date samples and export data into Excel worksheets. TPA was equipped with a 30 kgf load cell. The cross head

. speed was adjusted on 1 mm/s, and samples compressed with 30% strain. The cross head then kept at 30% of
strain for relaxing the stress in 480 s duration. A chamber with temperature control circuit was fabricated around
the TPA cross head to prepare constant temperature identical to sample temperature with an accuracy of £0.1C
during the stress relaxation tests. All tests were performed with ten replications. Three popular stress relaxation
models, namely the generalized Maxwell with three elements, Nussinovitch, and Peleg were fitted to
experimental data and was used from R-square, standard error of estimation (SEE) and percent of average
relative error (ARE%) indexes for evalution of models.

Results and Discussion: The force-time curves were converted to stress-time curves by dividing the true
compression force values to the corresponding true values of contact surface area. Analysis of variance showed
that storage time had significant effect on initial stress relaxation. The results showed that the magnitude of
initial stress (stress at time zero) required to create a fixed strain on whole fruit was significantly decreased up to
80% during storage in environmental conditions, but the relaxation time was increased at the range of 312.10 to
353.90 s. Based on the results, elastic behavior of persimmon fruit was enhanced and its firmness decreased
during fruit storage. Persimmon is sugar rich fruit that its behavior is principally partly controlled by physico-
chemical properties of sugar. Changes in sugar type as a result of enzymatic action are taken place during the
storage process. However, in the present study all samples were in the time of maturation, and therefore the
physical state of sugar was influenced by free water which is resulted in increasing in fruit moisture content.
Stress relaxation curves were plotted at different storage time. Some variations were apparently observed among
the curves. Sucrose decreased initial stress decay rate and increased proportion of un-relaxed force. Variations in
stress decay rate might refer to the amount of initial stress which was affected by physic-chemical properties of
the sugar. Recall that nonlinear regression method with non-negative constraint was used to derive the models
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constant.
Conclusion: All three models were valid for quantifying the viscoelastic behavior of persimmons; however

the generalized Maxwell with three elements (with R*=0.999, SEE=0.017 and ARE=0.19%) and Nussinovitch
(with R*=0.996, SEE=0.057, ARE=0.36%) were the best models in predicting experimental data.

Keywords: Generalized Maxwell model, Nussinovitch model, Peleg model, Stress relaxation, Viscoelastic

characteristics.



