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Table 1 Mathematical models used to predict drying process of dill leaves

Model Name Equation Equation number
Newton[vY] MR = exp(-kt) (5)
Page[rv] MR = exp(-kt™) (6)
Two term exponential[¥¢ ] MR = a % exp(-kt) + (1 - a) X exp(-gat) (7
Midilli[vo] MR=axexp(-kt")+ bxt (8)
t drying time, s; k drying constant, sT:a, band g model parameters
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Image Processing
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Image Capture

Fig 1 Image acquisition device and processing
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Table 2 Statistical parameters and residual distribution for the models adjusted to the experimental

data of drying dill leaves
Model R’ RMSE 1 RD
50°C
Newton 0.9921 0.0480 0.00250 BD
Page 0.9983 0.0221 0.00060 BD
Two term exponential 0.9920 0.0482 0.00320 BD
Midilli 0.9998 0.0075 0.00009 RD
60°C
Newton 0.9977 0.0243 0.00066 BD
Page 0.9995 0.0115 0.00017 RD
Two term exponential 0.9976 0.0246 0.00086 BD
Midilli 0.9999 0.0059 0.00006 RD
70°C
Newton 0.9862 0.0551 0.00330 BD
Page 0.9993 0.0122 0.00017 RD
Two term exponential 0.9861 0.0552 0.00390 RD
Midilli 0.9995 0.0108 0.00016 RD
80°C
Newton 0.9942 0.0332 0.00120 RD
Page 0.9942 0.0332 0.00140 BD
Two term exponential 0.9945 0.0325 0.00150 BD
Midilli 0.9969 0.0243 0.00099 RD
BD - Biased distribution; RD - Random distribution
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Fig 2 Behavior of the residual distribution of
modified Midilli model, in order to describe drying
of dill leaves
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Table 3 Midilli model coefficients and adjusted equations as a function of drying air temperature
fordill leaves

Temperature (°C)

Coefficients 50 50 70 20 Equations R? (%)
a 0.9895 0.9940 0.9835 0.9970 0.9834 ns

k (x10%) 0.3443 0.2081 0.0460 0.0289 0.0009-10°xT 94.92
n 1.1430 0.8247 1.4377 1.0836 1.1430 ns

b (x10%) -3.9547 -0.1201 -0.5219 -0.6909 36.22+1.207xT-0.01xT? 90.39

" Not significant
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Fig 5 Arrhenius representation of the effective
diffusion coefficient of dill leaves for different
temperatures of drying
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Table 4 Thermodynamic properties (AH: enthalpy; AS: entropy; AG: Gibbs free energy) of drying
process of dill leaves

Thermodynamic property
Temperature (°C) AH (kJ mol ) AS (kI mol "K'") AG (kJ mol )
50 39.60 -0.3076 138.96
60 39.52 -0.3069 141.71
70 39.43 -0.3033 143.46
80 39.35 -0.2972 144.25
Equation H=40017-8.314T =-322.71+0.288T G=129315+198.09T
R (%) 99.99 92.87 98.09
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Table 5 Results of the color change in the fresh and dried dill leaves

Fresh Dried at 50°C  Dried at 60°C  Dried at 70°C  Dried at 80°C
Drying time (min) - 140 120 70 45
Colour parameter L* 14.44 12.69 12.67 10.67 10.75
Colour parameter a* -3.64 -0.82 -1.74 -1.57 -1.29
Colour parameter b* 9.57 8.76 8.23 6.06 7.28
Total colour difference - 6.62 2.21 5.29 4.16

038 Sist sl RIPI L dpd S fae 358 gyl
AL sl sl g syl sdl SR
w5 T s Caw g YT kT mol ! gl

odasilss el i S Iy RS s Rl L

YAY

é £
3 Sl Shosas o) 055 Sis gles
Slaesls o b Jde s ey p Lsd S Saien



\VC\VJ‘){J@J No o)}.n\/‘\ o)u

extract on lipid and cougulatory parameters in
rats. Biomedical letters. 59(233): 137-141.

[8] Bailer, J., Aichinger, T., Hackl, G., Hueber,
K., and Dachler, M. 2001. Essential oil content
and composition in commercially available dill
cultivars in comparsian to carawy. Industrial
crops and products. 1: 229-239.

[9] Slupski, J., Lisiewska, Z., and Kmiecik, W.
2005. Content of macro and microelements in
fresh and frozen Dill. Food Chemistry. 91:
737-740.

[10] Ranjbarian, P., Sadeghian, S., Shirazi, M.
H., Sarraf Nejad, A., Fazeli, M.R., and Amin,
GH.R. 2004. Four antibacterial effects of
extracts of cinnamon, caraway, fennel and dill
in Helicobacter by disk diffusion method and
flow cytometry. Scientific Journal of Hamadan
University of Medical Sciences. 11(3): 42-47
(In Persian).

[11] Delaquis, P.J., Stanich, K. , Girard, B., and
Mazza, G. 2007. Antimicrobial activity of
individual and mixed frctions of dill, Cilantro,
Coriander and Eucalyptus. Essential oils
International Journal of food microbiology. 7:
101-9.

[12] Hoseinzadeh, H., Karimi, G.R., and
Moghadam, M.A. 2002. Effect nntiulcer of
aqueous and ethanol extracts of dill seeds in
mice. Journal of Medicinal Plants. 1(2): 53-63.

[13] Marsac, P.J., Konno, H., and Taylor, L.S.
2006. A comparison of the physical stability of
amorphous felodipine and nifedipine systems.
Pharmaceutical Research. 23: 2306-2316.

[14] Corréa, P.C., Araujo, E.F., and Afonso
Janior, P.C. 2003. Determinacdao dos
parametros de secagem em camada delgada de
sementes de milho doce (Zea mays L.)
[Determination of the parameters related to
thin-layer drying of sweet corn seeds (Zea
mays L.)]. Revista Brasileira de Milho e Sorgo.
2:110-119.

[15] Queiroz, D.M., Corréa, P.C., and Souza,
C.M.A. 1999. Simsec - Um programa para
simulagdo de secagem [SIMSEC - A software
for drying simulation]. In: Conferéncia
Brasileira de Pods-Colheita. Porto Alegre.
Anais. Passo Fundo: Abrapos; Cesa; Embrapa
Trigo.

[16] Corréa, P.C., Oliveira, G. H. H., Botelho, F.
M., Goneli, A. L. D., and Carvalho, F. M.

YAY

Goasdome 53 g3l 03,8 Sis T3 0y LSS
33 S e dmsOlE e o Sl e odd anlllas (gles
oS AT (G5l 035 St b s s S ols S
SESls 6 sls 0L inde e 5 Sl Rl Les il
S Bl (55 ainTp ol ol 8355 5355 4

salin LB kS OBUES s il S il se
R N N UL

A edalie Ve gles s L;J)

_
6)‘}&»\.:.& -0
ol b ol 8 OS5 Ol O Kiayy JK5L

.QT@JW@JQJ}}:JJJ‘@\«;&\;eWﬂ\)L}:E;J

gl =

[1] Heidari, M.R., Noroz-zadeh, R., and Abbasi,
M. 2013. The wuse of herbal drugs in
cardiovascular diseases: A review article.
Cardiovascular Nursing Journal. 2(2): 70-77
(In Persian).

[2] Patwardhan B, Vaidy, A.D.B., and
Chorghade, M. 2004. Ayurveda and natural
products drug discovery. Current Science. 86:
779-789.

[3] Naseri, M., and Shams Ardakani, M.R. 2004.
The School of Traditional Iranian Medicine:
The Definition, Origin and Advantages.
Journal of the International Society for the
History of Islamic Medicine. 3(6): 17-22.

[4] Yazdi, A. 2008. Some properties of edible
and medicinal plants. Qom: Nejabat Publisher
(In Persian) .

[5] Zrgari, A. 1996. Medicinal plants.Vol. 2.
Thehran: Tehran University Publisher (In
Persian).

[6] Yazdanparast, R., and Alavi, M. 2001. Anti
hyperlipedemic and anti hyper cholestrol emic
effects of Anethum graveolens leaves after the
removal of furocoumarins. Cytobios. 10: 185-
191.

[7] Yazdanparast, R., and Saee, A. 1999. Effect
of aqueous tarragon , Artemisia dracunulut ,



el g Sy (Sl ge 55 (St Sl past s

630 aabls

[26] Oliveira, D.E.C., Resende, O., and Bessa,
JEV. 2013. Kinetic and thermodynamic
properties of soybean grains during the drying
process. Journal of Agricultural Engineering
Research. 66: 331-337.

[27] Corréa, P.C., Oliveira, G.H.H., Oliveira,
A.P.L.R., Botelho, F.M., and Goneli, A.L.D.
2016. Thermodynamic properties of drying
process and water absorption of rice grains.
CYTA - Journal of Food. 1-7.

[28] Silva, H.W., Rodovalho, R.S., Velasco,
M.F., Silva,C.F., and Vale, L.SR. 2016.
Kinetics and thermodynamic properties related
to the drying of ‘Cabacinha’ pepper fruits.
Revista Brasileira de Engenharia Agricola e
Ambiental. 20(2): 174-180.

[29] Costa, C.F., Resende, O., Sousa, K.A., and
Gongalves, D.N. 2016. Mathematical modeling
and  determination of  thermodynamic
properties of jabuticaba peel during the drying
process. Revista Brasileira de Engenharia
Agricola e Ambiental. 20(6): 576-580.

[30] Silva, R.M., Placido, G.R., Oliveira, D.E.C.,
Silva, M.A.P., and Caliari, M. 2014. Pequi
pulp (Caryocar brasiliense Cambess): Drying
kinetics and thermodynamic properties.

African Journal of Biotechnology. 13(33):
3443-3449.
[31] Gokhale, S.V., and Lele, S.S. 2010.

Optimization of convective dehydration of B-
Vulgaris for color retention. Food Bioprocess
Technology. 5(3):868-878.

[32] O’callaghan, J.R., Menzies, D.J., and
Bailey, P.H. 1971. Digital simulation of
agricultural dryer performance. Journal of
Agricultural Engineering Research. 16: 223-
244,

[33] Page, G. 1949. Factors influencing the
maximum rates of air-drying shelled corn in
thin layer, in Mechanical Engineering. Purdue
University.

[34] Sharaf-Eldeen, Y.I., Blaisdell, J.L., and
Hamdy, M.Y. 1980. A model for ear corn
drying. Transections of the ASAE. 23: 1261-
1271.

[35] Midilli, A., Kucuk, H., and Yapar, Z. 2002.
A new model for single layer drying. Drying
Technology. 20(7): 1503-1513.

YAL

2010. Modelagem matematica ¢ determinagéo
das propriedades termodindmicas do café
(Coffea arabica L.) durante o processo de
secagem. Revista Ceres. 57: 595-601.

[17] Martins, E.A.S., Lage, E. Z., Goneli, A. L.
D., Hartmann Filho, C. P., and Lopes, J. G.
2015. Cinética de secagem de folhas de timbo
(Serjania marginata Casar). Revista Brasileira
de Engenharia Agricola e Ambiental. 19: 238-
244,

[18] Goneli, A.L.D., Corréa, P.C., Oliveira,
G.HH., and Botelho, F.M. 2010. Water
desorption and thermodynamic properties of
okra seeds. Transactions of the ASAE. 53:
191-197.

[19] Tolaba, M.P., Peltzer, M., Enriquez, N., and
Pollio, M.L. 2004. Grain sorption equilibria of
quinoa grains. Journal of Food Engineering.
61:365-371.

[20] Moreira, R., Chenlo, F., Torres, M.D.,
and Vallejo, N. 2008. Thermodynamic analysis
of experimental sorption isotherms of loquat
and quince fruits. Journal of Food Engineering.
88(4): 514-521.

[21] Annamalai, K., Puri,l.K., and Jog, M.A.
2002. Advanced thermodynamics engineering.
Boca Raton: CRC Press.

[22] Telis, V.R.N., Gabasb, A.L., Menegallib,
F.C.,, and Telis-Romero, J. 2000. Water
sorption thermodynamic properties applied to
persimmon skin and pulp.
ThermochimicaActa. 343(1-2): 49-56.

[23] Corréa, P.C., Botelho, F.M., Oliveira,
G.H.H., Goneli, A.L.D., Resende, O., and
Campos, S.C. 2011. Mathematical modeling
of the drying process of corn ears. Acta
Scientiarum-Agronomy. 33: 575-581.

[24] Velasquez, G.S.K., Figueira, A.C.,
Rodriguez, H.M.E., Roman, G.A., Carrillo,
N.H., and Perez, A.C. 2015. Sorption

isotherms, thermodynamic properties and glass
transition temperature of mucilage extracted
from chia seeds (Salvia hispanica L.).
Carbohydrate Polymers. 121: 411-419.

[25] Gomez, G.G., Orrego-Alzate, C., Grajales,
L.M., Telis, V.R.N., Gabas, A., and Telis-
Romero, J. 2011. Effect of drying methods on
the thermodynamic properties of blackberry
pulp powder. Dyna. 78(168): 139-148.



\vc\\/)ﬁjéﬂ:r No o)}.n\/‘\ o)Ls..-z

(Laurus nobilis L.) in Conventional and
Microwave Oven. Akademik Gida. 11(1): 20-
26.

[48] Kadam, D.M., Goyal , R.K., Singh,
K.K., and Gupta, M.K. 2011. Thin layer
convective drying of mint leaves. Journal of
Medicinal Plants Research. 50(2): 164-170.

[49] Silva, F.P., Siqueira, V.C., Martins, E.A. S.,
Miranda, F. M. N., and Melo, R.M. 2017.
Thermodynamic properties and drying kinetics
of Bauhinia forficata Link leaves. Revista
Brasileira de Engenharia  Agricola e
Ambiental. 21(1): 61-67.

[50] Martinazzo, A.P., Corréa, P. C., Melo, E.
C., and Barbosa, F. F. 2007. Difusividade
efetiva em folhas de Cymbopogon citratus
(DC.) Stapf submetidas a secagem com
diferentes  comprimentos de corte e
temperaturas do ar. Revista Brasileira de
Plantas Medicinais. 9: 68-72.

[51] Zogzas N.P., Maroulis Z.B., and Marinos-
Kouris D. 1996. Moisture diffusivity data
compilation in foodstuffs. Drying Technology.
14: 2225-2253.

[52] Adabi, M.E., Minaei, S., Motavalli, A.,
Taghizadeh, A., and Azadbakht, M. 2013.
Energy Consumption, Effective Moisture
Diffusion and Activation Energy in Drying of
Thyme Leaves (Part IT). International Journal
of Agronomy and Plant Production. 4(9):
2404-2412.

[53] McMinn, W.A.M., Al-Muhtaseb, A.H., and
Magee, T.R.A. 2005. Enthalpy-entropy
compensation theory in soprtion phenomena of
starch materials. Journal of Food Engineering.
38:505-510.

[54] Dannenberg, F., and Kessler, H. 1988.
Reaction kinetics of the denaturation of whey
proteins in milk. Journal of Food Science. 53:
258-263.

[55] NkoloMeze’e, Y.N., Noah Ngamveng, J.,
and Bardet., S. 2008. Effect of enthalpy-
entropy compensation during sorption of water
vapour in tropical woods: the case of bubinga

(GuibourtiaTessmanii  J.  L’Eonard; G.
Pellegriniana ~ J.L.). = ThermochimicaActa.
468(1-2): 1-5.

[56] Rojas-Graii, M.A., Soliva-Fortuny, R.C.,
and Martin-Belloso, O. 2008. Effect of natural
antibrowning agents on color and related

YAO

[36] Mohsenin, N.N. 1986. Physical properties
of plant and animal materials. New York:
Gordon and Breach Science Publisher.

[37] Farid, M.M. 2010. Mathematical Modeling
of Food Processing. Boca Raton: CRC Press.
[38] Tahmasbi-Pour, M., Dehghan-Nia,
J.,Seiiedlou-Heris, S.S., and Ghanbarzadeh,
B.2014. Modeling of color changes during
drying pre-treatedgrapes with ultrasound and
carboxymethyl cellulose and its sensory
properties. Journal of Food Science and New

Technologies. 4: 61-79.

[39] Maskan, M. 2001. Kinetics of colour
change of kiwifruits during hot air and
microwave drying. Journal of Food
Engineering. 48: 169-175.

[40] Carcel, J.A., Benedito, J., Rossello, C., and
Mulet, A.2007. Influence of ultrasound
intensity on mass transfer in apple immersed in
a sucrose solution. Journal of Food
Engineering. 78: 472-479.

[41] Shafiur Rahman, M. 2007. Handbook of
Food Preservation. Boca Raton: CRC Press.

[42] Bahloul, N., Boudhrioua, N., Kouhila, M.,
and Kechaou, N.2009. Effect of convective
solar drying on colour, total phenols and
radical scavenging activity of olive leaves
(Olea europaea L.). International Journal of
Food Science and Technology. 44: 2561-2567.

[43] Corréa, P.C., Botelho, F.M., Botelho,
S.C.C., Goneli, A.L.D. 2014. Isotermas de
sor¢do de agua de frutos de Coffea canephora.
Revista Brasileira de Engenharia Agricola e
Ambiental. 18: 1047-1052.

[44] Iguaz, A., San Martin, M.B., Maté,
J.1., Fernandez, T., and Virseda, P. 2003.
Modelling effective moisture difusivity of
rough rice (Lido cultivar) at low drying
temperatures. Journal of Food Engineering. 59:
253-258.

[45] Motevali, A., Younji, S., Amiri Chayjan,
R., Aghilinategh, N., and Banakar, A. 2013.
Drying kinetics of dill leaves in a convective
dryer. International Agrophysics. 27: 39-47.

[46] Erbay, Z., and Icier, F. 2010. Thin-layer
drying behaviors of olive leaves (Olea
Europaea L.). Journal of Food Process
Engineering. 33: 287-308.

[47] Cakmak, H., Kumcuoglu, S., and Tavman,
S. 2013. Thin Layer Drying of Bay Leaves



el g Sy (Sl ge 55 (St Sl past s

630 aabls

capacity of goldenberry (Physalis peruviana
L.). Chilean Journal of AgriculturalResearch.
73:293-299.

[60] Sumié, Z., Tepié, A., Vidovi¢, S., Joki¢, S.,
and Malbasa, R. 2013. Optimization of frozen
sour cherries vacuum drying process. Food
Chemistry. 136: 55-63.

[61] Chen, X.D. 2008. Food drying
fundamentals. West Sussex: Wiley-Blackwell
Publishing.

YA

enzymes in fresh-cut Fuji apples as an
alternative to the use of ascorbic acid. Journal
of Food Scince.73:S267-S272.

[57] Arslan, D., and Musa Ozcan, M. 2010.
Study the effect of sun, oven and microwave
drying on quality of onion slices. LWT - Food
Scince and Technology.43: 1121-1127.

[58] Guiné, R.P.F., and Barroca, M.J. 2012.
Effect of drying treatments on texture and
color of vegetables (pumpkin and green
pepper). Food Bioproducts Process. 90: 58-63.

[59] Loépez, J., Vega-Galvez, A., Torres, M.,
Lemus-Mondaca, R., and Quispe-Fuentes,
1.2013. Effect of dehydration temperature on
physico-chemical properties and antioxidant



JEST No. 78, Vol. 15, Sep 2018 ABSTRACT
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The design of drying equipment and plants requires the knowledge of accurate kinetic
and thermodynamic properties of agricultural products. Furthermore, these properties are important for
the calculation of energy requirements in drying process, the properties of adsorbed water, evaluate the
microstructure of foodstuff and to study the physical phenomenon that occurs on the food surface.
Since there is no report on the thermodynamic properties of dill leaves, the aim of this study was to

obtain the drying curves of dill leaves, determination of the activation energy and the thermodynamic
properties under different drying temperature. Color characteristic was evaluated as one important
indicator of food quality and marketability. Dill leaves were dried in a hot air dryer at four
temperatures (50, 60, 70,80° C) from an initial moisture content 6.185 (kg water/kg dry matter) to the
moisture content 0.075 (kg water/kg dry matter). Midilli model was chosenasthe best model to
describe the drying process of dill leaves. The effective diffusion coefficient of dill leaves increased
with increasing drying temperature.The activation energy for leaves drying for liquid diffusion was
obtained 42.29 kimol . The enthalpy and entropy decreased with increasing temperature, while Gibbs
free energy increased. Their values ranged between 39.35 and 39.60 kJ mol™', between —0.3079 and
—0.2927 kJ mol™' K™ and between 138.96 and 143.46 kJ mol 'for enthalpy, entropy and Gibbs free
energy, respectively. Results of color parameters showed that drying caused a decrease in brightness,
yellowness and greenness and the lowest loss of color was observed in 60°C.

Key words: Thermodynamic properties, Convective drying, Enthalpy, Entropy, Gibbs free energy,
Color change, Dill leaves.
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