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ABSTRACT 
The aim of this study was to measure the electrical properties of dried apricots, carrot slices during drying, wheat and maize 

grains; poppy, Amaranth, sunflower and rape oil seeds in dependence of moisture content, moisture ratio and temperature. Moisture 
content and moisture ratio of samples were studied. Among the electrical properties we determined conductivity, resistance, 
resistivity, capacitance, relative permittivity and impedance. We found out that the moisture ratio of samples decreases with time. 
During drying, the moisture content of the samples decreases according to quadratic function. The resistivity with temperature 
decreases, and conductivity with temperature increases exponentially. The resistivity decreases with increase of the moisture content. 
The permittivity of samples increases with temperature linearly. The permittivity decreases with the frequency, in this frequency 
range, and increases with the moisture content. The change of impedance magnitude in drying time showed good correlation with the 
change of moisture content.  

Key words: biological materials, electrical properties, moisture ratio, moisture content, temperature. 

REZIME 
Cilj rada je bio istraživanje električnih osobina različitih poljoprivrednih materijala tokom sušenja u zavisnosti od vlažnosti 

materijala, bezdimenzionog odnosa vlažnosti i temperature materijala. Poljoprivredni materijali su bili: suva kajsija, diskovi mrkve, 
zrno pšenice i kukuruza, mak, amarant, suncokret, uljana repica. Vlažnost materijala i bezdimenzioni odnos vlažnosti je takođe 
istraživan. Određene su sledeće električne osobine istraživanih materijala: električna konduktivnost, električni otpor, specifični 
električni otpor, kapacitivnost, relativna permitivnost i elektična impendansa. Bezdimenziona vlažnost uzoraka materijala se snižava 
tokom vremena sušenja, vlažnost materijala se snižava u obliku eksponencionalne funkcije. Specifični električni otpor se snižava sa 
porastom temperature materijala, a konduktivnost raste eksponencionalno. Specifični električni otpor se snižava sa porastom 
vlažnosti materijala. Vrednost relativne električne permitivnosti uzoraka raste linearno sa temperaturom materijala. Relativna 
permitivnost se snižava sa frekvencijom, u istraživanom opsegu frekvencije, a raste sa vlažnošću materijala. Promena magnitude 
električne impendanse tokom vremena sušenja pokazuje dobru korelaciju sa promenom vlažnosti materijala. 

Ključne reči: biološki materijali, električne osobine, bezdimenzioni odnos vlažnosti, vlažnost materijala, temperature. 
 

INTRODUCTION 
Food materials have limited durability in general because 

they are in instable or metastable states. The decrease of food 
materials stability during ageing is caused by mechanical 
deterioration, influence of water, transport of heat and humidity, 
metabolic processes, respiration, destructive processes caused by 
microorganism…(Blahovec, 2008). The temperature and 
moisture content are the most important parameters that 
influence physical and physiological processes which go in the 
stored food products. It is necessary to decrease water content in 
the case of food materials storage. Removal of moisture is a 
complex simultaneous heat and mass transfer process (Vitázek, 
Havelka, 2011). Moisture from inside the hygroscopic materials 
moves to the surface and then it evaporates to the surrounding 
atmosphere. This movement in moisture is caused by the 
gradient of water vapour pressure being high inside the materials 
to being low outside the materials. The movement of moisture 
could be by liquid diffusion, vapour diffusion, capillary flow, or 
a combination of these features (Jayas, Singh, 2011). Water can 
be removed from food materials by various processes. Firstly, it 
is mechanical treatment. The water removal is caused by 
material compression or centrifugation. Drying is the process of 

the removal of water (moisture) from hygroscopic materials at 
low to medium moisture contents (normally < 30 % wb) by 
means of evaporation. When the moisture content of the 
agricultural products is high (usually > 50 % wb) the process of 
removal of moisture is referred as dehydration (Jayas, Singh, 
2011). Drying and dehydration are high energy consumption 
processes. The latent heat of the water evaporation is very high. 
Also the convection drying process as represented on a 
psychrometric chart reveals that air will reach saturation before 
all its sensible heat can be utilized for moisture removal, 
resulting in extended drying times. Only if we use aeration, it 
needs only low energy costs (Raghavan, Sosle, 2007). The 
aeration is usually carried out in a storage bin with ventilation. 
The properties of air – temperature and humidity – have to be 
suitable. Natural air-drying requires higher airflow rates as 
aeration. At the in-storage drying with supplemental heat, the 
ventilation is accomplished by blowing slightly heated air. 
Multistage drying combines any process that uses high-
temperature drying with aeration (dryeration) or natural air-
drying (combination drying). An alternative drying method 
encouraged in hot, dry countries is solar drying. Where the 
moisture content is very high it is necessary to use artificial 
drying. Conduction heating of the grain, by intimate contact with 
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a hot particulate medium, has been shown to greatly increase 
drying rates, hence greatly reducing drying times. The drying 
method, called "Particulate Medium Conduction Grain Drying", 
consists of immersing the grain in a hot bed of granular material, 
such as sand or salt, for a very short "contact time" during which 
most of the drying takes place. The mixture is continuously 
agitated by means of a rotating drum or fluidized bed and then 
separated through a sieving operation; following which the 
medium is re-cycled to be re-heated and used again (Raghavan, 
Sosle, 2007). 

In the convective drying of food can be used power 
ultrasound, and the drying rate is affected in this case by both the 
drying temperature and the applied ultrasonic power. Power 
ultrasound brings mechanical effects both on the gas-solid 
interfaces and in the dried material, which may facilitate water 
removal without introducing a high given amount of thermal 
energy. The ultrasound application induce an increase of both 
the effective diffusion and the mass transfer coefficients, 
although, this increment is more significant at low temperatures 
than higher ones (Rodrigues et al., 2014; Cársel et al., 2011). 
Microwave, chemical, and pulsed electric field can be used as a 
pre-treatment processes on convective drying of food.  

In such cases, heat is transferred to the product by a heating 
medium usually hot air or superheated steam, on other hand heat 
could be applied through radiation, for example, in infrared 
dryers or through volumetric heating, for example, in microwave 
dryers. Depending on the heat source, operating pressure, and 
operating mechanism, dryers are classified as hot air, infrared, 
microwave, vacuum, freeze, flash, superheated steam, spouted 
bed, fluidized bed, and spray (Jayas, Singh, 2011). 

Other processes used at water removal from food materials 
are osmotic drying, lyophilisation, and addition of water 
absorbing substances (e. g. silica gel). Osmotic drying is a 
process of partial removal of water by submersing material in 
sucrose solution. Due to osmosis, the water removes from the 
material and dilutes the sucrose solution. The combined osmotic 
and convective drying of fruits gives dried material with highest 
quality (Babić et al., 2009). As a pre-treatment method can be 
used also high electric field influence (Duta et al., 2012).  
Lyophilisation or freeze-drying works by freezing the material 
and then reducing the surrounding pressure to allow the frozen 
water in the material to sublimate directly from the solid phase 
to the gas phase.  

Most of the food processing operations used to prolong the 
shelf life of foods involve heating to temperature capable of 
inactivating microbial and enzymatic activity. These heat 
treatments are based on controlled heat transfer that depends 
upon thermal properties of the food materials (Božiková, Hlaváč, 
2013; Vozárová et al., 2011). After thermal treatment food must 
be stored in packages to keep their quality (Kubík, Zeman, 
2014). 

Electrical properties of food materials have many 
applications in various branches. The measurement of electrical 
properties of food can be used to get information about many 
other characteristics of this material; in addition there are some 
food processes which are based on electrical effects. An electric 
current flowing through a food material causes a temperature 
rise due to energy dissipation by the electric resistance of the 
food. OHMIC heating has several advantages. The heat is 
produced inside the food. On the other hand high voltage electric 
pulses can damage cells and cause higher permeability of cell 
walls (Figura, Teixeira, 2007). The dielectric properties of materials 
dictate, to a large extent, the behaviour of the materials when subjected to 
radio-frequency (RF) or microwave field for the purposes of heating, 
drying or processing the materials. The characterisation of dielectric 

properties is vital for understanding the response of a material to 
microwaves, since most useful quantities needed in the design of 
microwave thermal processes can be described in terms of them  
(Venkatesh, Raghavan, 2004; Puchalski et al., 2007). 

Harker and Maindonald (1994) related the changes in tissue 
resistance using low frequencies of alternating current 
measurement to flesh firmness. De los Reyes et al. (2007) 
determined the complex permittivity of different aqueous 
solutions, fresh and osmotically dehydrated cherry tomatoes and 
related it to the products composition. Many authors use 
mathematical models for describing the drying process. The 
effects of air temperature, air-flow rate and sample thickness on 
the drying kinetics of carrot cubes were investigated by Doymaz 
(2004). The Page model gave better prediction than the 
Henderson and Pabis model and satisfactorily described drying 
characteristics of carrot cubes. Kertész et al. (2015) confirmed 
this model also for carrot slices. 

The aim of this study was to measure the electrical properties 
of dried apricots, carrot slices during drying, wheat and maize 
grains; poppy, Amaranth, sunflower and rape oil seeds in 
dependence of moisture content, moisture ratio and temperature. 

 

Nomenclature: 

c (s-1)  – constant 
C (pF) – capacitance 
f (Hz) – frequency 
f0 (Hz) – reference frequency 
k – constant 
m (g) – mass 
MR  – moisture ratio 
MR0 – reference moisture ratio 
t (°C) – temperature 
u – local moisture content 
ue – equilibrium moisture content 
u0 – initial moisture content   
q – constant 
Z (Ω) – impedance 
Z0 (Ω) – reference impedance  
 
Greek symbols  
εr  – relative permittivity 
εro  – reference relative permittivity 
ρ (Ω.m) – resistivity 
ρo (Ω.m) – reference resistivity 
ω (%)  – moisture content wet basis 
τ (min, h) – time 

MATERIAL AND METHOD 

The samples of dried apricots (Prunus Armeniaca L.) were 
delivered by Faculty of Agriculture of the University in Novi 
Sad. The method of drying was described by Babić et al. (2007). 
Carrots (Daucus carota L.) were procured from the local market. 
Other samples: corn (Zea mays L.) grains hybrid, of Fabullis and 
CTF-8C, wheat (Triticum aestivum L.) grains variety, of 
Jubilejná and Magister, poppy (Papaver somniferum L.) seeds 
(mixture), Amaranth (Amaranthus hypochondriacus L.) seeds, 
sunflower (Helianthus annus L.) seeds  and rape oil (Brassica 
napus L.) seeds variety, of Belinda we had from various 
departments of the Slovak University of Agriculture in Nitra. 
Samples were dried in cabinet dryer Venticell 111. Moisture 
analyzer MAC was also used for the drying of sample. The mass 
of samples was measured with a Sartorius Basic electronic 
analytical and precision balance. The moisture content of 
samples was determined according to standard by drying to 

http://en.wikipedia.org/wiki/Freezing
http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Sublimation_%28chemistry%29
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Fig. 2. Time dependence of the mass of samples, maize (CTF-8C) grains (�)  

and wheat (Magister) grains (∆) 
 

constant mass. The moisture content wet basis was calculated 
from mass losses. Moisture ratio is defined as  

 

e

e
R uu

uuM
−
−

=
0

 (1) 

 

where MR is moisture ratio, u, u0 and ue are local, initial and 
equilibrium moisture contents, respectively. The values of 
equilibrium moisture content, ue, are relatively low compared to 
u or u0. Thus Eq. 1 is simplified (Doymaz, 2004) to  

 

0u
uM R =  (2) 

 

The electrical properties of samples were 
measured with precision LCR meter GoodWill 821 
in frequency range from 100 Hz till 200 kHz, and 
also with precision LCR meters HP 4284A and 
4285A at frequencies from 30 Hz to 30 MHz, at 
voltage 1 V. Each electric property was measured 
at all frequencies three times. Average value and 
standard deviation has been computed. The 
measured values were loaded by PC. 

RESULTS AND DISCUSSION 
The moisture ratio versus time of drying curves 

for the carrot samples No 2, and 5 as influenced by 
temperature 50 °C are shown on Fig. 1.  

Moisture ratio decreases with drying time, and 
after drying, moisture content (wb) ranged from 
about 7 % to 8 %. As we can see, the change in 
moisture ratio at the beginning of the drying period 
is significant, compared to the final stage of drying 
where very small changes in moisture ratio were 
reported. For approximation we used exponential 
function 

 

τc
0

−= eMM RR  (3) 
 

where: MR0 - reference value of moisture ratio, c - constant 
(s-1). 

 

Fig. 1. Drying time dependence of moisture ratio for carrot 
slices No 2 (), 5 () 

 

Table 1. Coefficients of regression equation Eq. (3) and 
coefficients of determination  

Sample MR0 c (s-1) R2 
Slice 2 0.8637 - 0.0045 0.9865 
Slice 5 0.9611 - 0.0043 0.9983 

 

This equation is in good agreement with Henderson and 
Pabis model. We can also use the Page's model which has been 
widely advocated for the thin-layer drying of solids under 
constant drying conditions. This model has produced good fits in 
predicting the drying of sweet potato, garlic, apricot, seedless 
grapes, and mint leaves (Doymaz, 2004; Sharma and Prasad, 
2002). In Table 1, the coefficients of regression equation Eq. (3) 

and coefficients of determination are presented. The values of 
the coefficient of determination also for other slices ranged from 
0.9865 to 0.9983. 

The samples of corn and wheat were dried in Moisture 
analyzer MAC to constant mass. For corn grains the drying time 
120 min and for wheat grains 150 min was appropriate. The 
drying curves can be approximated by polynomial function 
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3
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(4) 

 

where m – mass, ai – coefficients of regression equation, τ – 
time. The coefficient of regression equation Eq. (4) and 
coefficients of determination, which has high value, are in Tab. 
2. At the beginning of drying, the change in mass is more 
notable then at the end of drying. This fact is applicable also at 
lower moisture content as has carrot. 

 

Table 2. Coefficients of regression equation Eq. (4) and 
coefficients of determination 

Coef. a0 
(g) 

a1 
(g/min) 

a2 
(g/min2) 

a3 
(g/min3) 

a4 
(g/min4) 

a5 
(g/min5) R2 

corn 30.067 - 0.0465 0.0003 4E-06 - 6E-08 2E-10 0.9996 
wheat 20.043 - 0.11 0.0025 - 3E-05 2E-07 -4E-10 0.9993 

 

Fig. 3 and 4 represent drying time dependencies of apparent 
dry mater content and moisture content, respectively for pea and 
amaranth seeds. The drying temperature was (103 – 105) °C. 
Each hour after conditioning, samples were weighed and dry 
matter and moisture content were calculated. We can observe the 
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changes in slope of the curve caused by different types of bound 
water evaporation. 

 
Fig. 3. Drying time dependence of apparent dry mater content 

for pea seeds variety of Olivín (initial mass 10 g) 
 

 
Fig. 4. Drying time dependence of apparent moisture content 

(wb) for Amaranthus hypochondriacus seeds (mass 10 g) 
 

 
The stable (and thus correct) value of dry mater content and 

moisture content was reached after 17 hours for pea seeds and 
after 8 hours for amaranth seeds. This fact can be explained by 
the volume size of seeds. 

On Fig. 5, 6, and 7, the temperature dependencies of 
conductivity and respectively resistivity are shown. The 
conductivity of seeds increases with temperature, while the 
resistivity decreases. The conductivity reaches higher values for 
higher moisture content. On Fig. 6 and 7, a higher situated curve 
belongs to lower moisture, when the seeds have higher 
resistivity and decreases more sharply with temperature than 
other one. 

 
 
 

Fig. 5. Temperature dependence of conductivity for rape oil 
seeds variety, of Belinda at the moisture content of 20.2 % (∆) 

and at 19.5 % (+) 
 

 
 

Fig. 6. Temperature dependence of rezistivity for sunflower 
seeds at the moisture content 16.5 % (o) and 24.1 % (+) 

 
We can use exponential function to approximate these 

dependencies. For example for the resistivity 
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o e
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where: ρ  - resistivity, ρo – reference resistivity, k – constant, 
t – temperature, to = 1 °C. The regression equation for 
temperature dependence of conductivity has similar shape. In 
Table 3, the coefficients of regression equation Eq. (5) and 
coefficients of determination are situated.  
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Fig. 7. Temperature dependence of rezistivity for poppy 

seeds at the moisture content 13.6 % (+) and 12,1 % (∆) 
 

Table 3. Coefficients of regression equation Eq. (5) and 
coefficients of determination  

Sample ω   (%) ρo   (Ω.m) k R2 

Poppy 
seeds 

13.6 266 601 0.038 258 0.954 088 
12.1 572 829 0.047 638 0.992 823 

Sunflower 
seeds 

24.1 821.505 0.012 139 0.974 199 
16.5 25 695.7 0.024 713 0.886 585 

 

These dependencies are in very good agreement with 
Arrhenius equation. 

On Fig. 8, the temperature dependencies of relative 
permittivity for the wheat grains variety of Jubilejná at 
frequency of 2 MHz for four moisture contents are situated. 

 

 
Fig. 8. Temperature dependence of relative permittivity for 

wheat grains variety of Jubilejná at 2 MHz, moisture contents: 
12.5 % (◊), 15.2 % (□), 22.1 % (+),26.3 % (○) 

 

The relative permittivity for all samples increases with 
temperature linearly according to equation 

o
ror t

tq+= εε  (6)   

where: εr – relative permittivity, εro – reference relative 
permittivity, q – constant, t – temperature, to =  1 °C. The 

coefficients of determination have high values for all curves at 
all moisture content. The permittivity increases with the 
temperature, and also with the moisture content. In table 4, 
coefficients of regression equation Eq. (6) and coefficients of 
determination are situated. 

 

Table 4. Coefficients of regression equation Eq. (6) and 
coefficients of determination 

ω (%) εro q R2 

12.5 2.977 09 0.006 603 0.982 028 
15.2 3.348 27 0.017 821 0.999 538 
22.1 3.950 39 0.029 073 0.991 909 
26.3 4.889 16 0.034 559 0.954 732 

 

Fig. 9 illustrates the frequency dependence of impedance for 
the sample of dried carrot slice No 16 after drying for 660 min, 
and 780 min. 

 

 
Fig. 9. Frequency dependence of impedance for the sample of 

dried carrot slices No 16 (660 min - o, 780 min - □)   

The following curves are described by power function  
k

o
o f

fZZ
−









=  (7)  

where: Z - impedance, Z0 - reference value of impedance, f  - 
frequency, fo = 1 Hz, k – constant. 

The impedance of the samples is increasing with drying time 
because the moisture content of the samples also decreases with 
drying time. In the final stage of drying, we have recorded a very 
little change in the values of moisture content of samples 
(Kertész et al., 2015). The impedance of these samples at this 
stage does not differ greatly from each other, as shown on Fig. 9. 
Table 5 contains the coefficients of regression equation Eq. (7) 
and coefficients of determination. 

 

Table 5. Coefficients of regression equation Eq. (7) and 
coefficients of determination for slice No 16 

Time of drying Z0  (MΩ) k R2 
660 min 300 000 - 0.926 0.9931 
780 min 200 000 - 0.9056 0.9893 

 

The constructed graph on Fig. 10 shows that the capacitance 
of dried apricot No 6 depending on the frequency has downward 
tendency. The dependence can be modelled by similar equation 
as Eq. 7. Dried apricots had almost the same low moisture 
content, and that is why the difference in capacitance between 
samples was very small (Hlaváčová, 2007). 

20.0 40.0 60.0
t  ,  °C

0E+0

1E+5

2E+5
re

sis
tiv

ity
  ,

  o
hm

.m

20.0 30.0 40.0 50.0 60.0 70.0
t  ,  °C

3.0

4.0

5.0

6.0

7.0

8.0

re
la

tiv
e 

pe
rm

itt
ivi

ty

0 10 20 30
f  ,  MHz

0.000

0.001

0.010

0.100

1.000

10.000

Z 
 , 

 M
   

 



Hlaváčová, Zuzana et al. / Connection Between Biological Material Drying Characteristics and Electrical Properties 

6 Journal on Processing and Energy in Agriculture 19 (2015) 1 

 
Fig. 10. Frequency dependence of capacitance  

for dried apricot No 6 

CONCLUSION 
We found out the connection between drying characteristics 

(as are change in mass, moisture ratio) and electrical properties. 
Most significant factor influencing electrical properties is 
moisture content, and this is the reason why correlation between 
drying characteristic and electrical properties exists. 

The results of the measurements are time dependencies of 
sample mass, moisture ratio, apparent dry mater and moisture 
content. First three characteristics decrease with drying time, 
apparent moisture content increasing with the time. The 
conductivity and relative permittivity of samples increase with 
temperature, while the resistivity decreases. The conductivity 
and relative permittivity reach higher values for higher moisture 
content, while resistivity for lower moisture content. We found 
out that the resistance, capacitance and impedance of the 
measured samples decrease with frequency according to power 
function in measured frequency range. The impedance of the 
samples is increasing with drying time because the moisture 
content of the samples also decreases with drying time. The 
coefficients of determination of the regression equations reached 
high values for all measured quantities and materials.  

Drying characteristics of various agricultural and food 
materials are different and are also influenced by growing 
region, growing season, and weather conditions; therefore, it 
becomes necessary to study drying characteristics of the specific 
product for design of proper and efficient drying conditions. We 
need the knowledge about the temperature dependencies of 
electrical properties at the correction of temperature in moisture 
meters. We can conclude that the measured electrical properties 
are investigated to reveal the quality of food materials and 
quality of drying as well.  
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