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Abstract. The experimental study of germination and water absorption by Triticale 
seeds previously magnetically treated was carried out under laboratory conditions. Seeds 
were magnetically treated for 10 hours under 3.71 mT (milliTesla). The germination 
and absorption processes of treated and control seeds were studied at two different 
temperature levels: 10°C and 20°C, and the resulting hydration data were fitted to 
Peleg’s equation. An increase in water uptake rate has been observed, probably due to 
the applied magnetic field, and may be the explanation for the increase in the 
germination rate of treated seeds also observed.  

At both temperature levels, the treated seeds absorbed more water than the 
control ones, reaching an increase of 50%. At higher temperatures, seeds absorbed 
more water. The adjustment of water absorption by seeds to the Peleg’s model obtained 
at least an R2 of 0.97. 

The action mechanism of magnetic fields on the germination rate is related to 
the water absorption by seeds during the germination process. 
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1. INTRODUCTION 

Although the positive effect of magnetic fields on different plant species is 
generally accepted [1–3], little attention has been paid to triticale, which is 
harvested in almost 40 countries around the world. Many studies have been carried 
out in recent years, mainly focused on investigating new sustainable ways of 
agriculture, given the growing interest in environmental awareness. It is true that 
these techniques should have not only a low impact on the environment, but also at 
the same time might contribute to the increase of the seed germination rate and 
ultimately of crop yield. The fact that magnetic fields meet the requirements of 
organic agriculture makes them a mechanism used by many researchers. 

Exposure of seeds to magnetic fields is one of the most safe and economical 
potential physical pre-sowing treatments to improve seeds germination [4]. 
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Since Murphy [5], one of the first researchers who studied the magnetic field 
effect on seeds germination, other researchers have carried out, many to explain the 
possible implications of magnetic fields on mechanisms related to the early sprouting 
of treated seeds and, the effect on plants growth. An increase in water uptake by 
treated seeds has been proposed as being responsible for a higher rate of germination 
[2, 6–9]. The hydration kinetics of seeds has been also studied at different temperatures 
for modeling water absorption [10] of food [11–12] and seeds [13–15]. 

Water absorption process in agricultural products is divided into two stages: 
the initial one reports a faster absorption rate and the second one a lower absorption 
rate. Different models are usually applied to express the relationship between seed 
moisture content in soaking and time. 

Different theoretical, empirical, or semi-empirical models have been used to 
predict the absorption behavior of seeds and food, but the empirical equation proposed 
by Peleg is widely used in view of its simplicity and suitability in describing the 
absorption process. The relationship between moisture content of seeds in soaking 
and time is usually expressed as other different models, such as Pilosof-Batholomai 
[16], Singh-Kulshrestha [17], and Sopade [18], but the equations are more difficult 
to use compared to that of Peleg.  

Descriptions of equilibrium moisture content of food and grains have been 
frequently made using the Peleg’s model mentioned above, and this equation has 
also been applied to describe absorption characteristic of diverse materials during 
soaking [19–20]. This is the main reason for which Peleg’s model has been selected 
for this article. Additionally, the prediction of water absorption kinetics for a relatively 
long time of uptake, i.e., humidity content balance from short-time experimental 
data, is one of the most advantageous characteristics of Peleg’s equation [10]. 
Nevertheless, Peleg did not state what he considered as short period of time. 

2. MATERIAL AND METHODS 

Germination and water absorption tests were carried out under laboratory 
conditions and the Peleg’s equation was fit to describe the process. 

2.1. SEEDS 

Triticale (X Triticosecale Wittmack) is a hybrid between wheat (genus Triticum) 
and rye (genus Secale). The name triticale is derived from a combination of the Latin 
names of its two components. It was one of the first cereal hybrids (late 19th century). 
Although the appearance of triticale is between wheat and rye, it is morphologically 
more similar to wheat. Triticale offers hope for poor regions, because of its great 
hardiness (a rye trait) and equal or greater yield and nutritional quality than wheat. 

The Spanish Office of Vegetable Varieties (Madrid), a public body which 
ensures quality by following various guidelines of FAO and EU directives, provided 
the X Triticosecale Wittmack seeds.  
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2.2. STATIC MAGNETIC FIELD GENERATION 

Experiments were performed by exposing Triticale seeds to stationary 
magnetic field of 3.71 mT for 10 h. The homogeneous magnetic field was generated 
by a pair of Helmholtz coils switched in parallel. The arrangement of the two 
narrow coils with radius R and separated by the same distance R, shown in Figure 1, 
provides a uniform magnetic field between the coils given by the manufacturer-
Phywe-as:  
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Where μ0 = vacuum permeability, n is the number of turns in each coil, R is 
the mean coil radius (150 mm), then B depends on the I values according to the 
formula B = 7.433 · 10-4 · I. 

 

 
 

Fig. 1 –  Pair of Helmholtz coils arrangement. Mean coil radius (MCR): 150 mm. 
 
The required intensity I, for generating the magnetic flux density was obtained 

using a single output power supply model XA 1525, manufactured by Multimetrix. 
A current I = 5A was chosen, since that is the maximum value provided by 

the device. Seeds located in a homemade box of heavy duty cardboard in the axes 
of the pair of coils were subjected to a homogeneous magnetic field B = 3.71 mT 
according to the before mentioned formula. Seeds were put in the coil box for 
magnetic treatment for 10 h, and control seeds were put simultaneously in the 
control box, but this time the pair of coils were not energized. 

The natural magnetic field was 44.6 µT in the laboratory at that time [21]. 
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2.3. TEMPERATURE 

To study the effect of the temperature on the germination rate and the water 
uptake of seeds, two temperatures were chosen: 20°C is the optimum temperature 
for Triticale seeds for germination on the basis of previous experiments carried out 
by authors, and 10°C was a temperature lower than the optimal temperature. 

The temperature uniformity of experiments was assured by placing the Petri 
dishes containing seeds in the MMM FRIOCELL incubator (Figure 2), and the 
chamber temperature was always displayed. This chamber recovers very quickly 
and keeps the precise regulation. Its cooling system also protects the samples from 
drying during the whole process and its lighting facilities ensure homogenous 
parameters for tests and growth conditions. 

 

 
Fig. 2 –The incubator chamber. 

2.4. GERMINATION TESTS 

In order to achieve uniformity in seed quality evaluation, the germination 
experiments were carried out under laboratory conditions following the protocols 
created by the International Seed Testing Association [22], which develop and 
publish standard procedures in the field of seed testing. After exposure to magnetic 
treatment, a total of 16 samples (four repetitions for the treatment and control under 
both temperatures) of 25 seeds each were placed in 9 cm Petri plates on filter 
papers soaked with 12 ml of distilled water. The Petri plates were labelled as  
C – control and T – treated. 

Experimental and control groups were run simultaneously, ensuring a completely 
randomized design. 

Counts were made at two-hourly intervals and, prior to counting, the germination 
Petri dishes were removed from the chamber. Seeds were scored as germinated 
when the radicle had protruded over 1 mm. Germination was considered completed 
when no further change was perceived during three successive counts, and as the 
record was finalized, the germinated seeds were removed. 
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For each temperature, data analysis of germination was performed by using 
the Germinator software package, freely available by download [23]. The rate of 
germination was assessed by determining the mean germination time (MGT) and 
the time required to germinate 10, 25, 50, 75, and 90 percent of seeds (parameters 
T10, T25, R50’, T75, and T90). The uniformity (U8416) of germination, indicating the 
time interval between 16% and 84% of viable seeds to germinate, and the maximum 
germination percentage, Gmax(%), were also calculated. 

2.5. WATER ABSORPTION TESTS 

25 seeds were randomly chosen, weighed, and placed in Petri dishes containing 
25 ml of distilled water. Petri dishes were labelled as AA (treated seeds) or CC 
(control seeds). Water absorption was determined at various times after immersion. 
At intervals of 15, 30, 60, 120, and 300 minutes, samples were removed from the 
Petri dishes, placed on filter paper and superficially dried with a tissue to eliminate 
the excess water, weighed, and immediately returned to their Petri dishes to 
continue imbibitions.  

A precision electronic scale was used to measure weight of treated and 
control samples before and after immersion. The absorption capacity percentage 
was calculated as changes in weight by using the formula [24]: 

 f i
a

i

W WW = 100
W


   (2) 

Where, Wa is water absorption (d. b. %), Wf is weight of seeds after immersion 
(g) and Wi weight of seeds before immersion (g). 

Experiments were conducted in distilled water at 10°C and 20°C for treated 
and control seeds. To ensure that the test was carried out at all times at the appropriate 
chosen temperatures, Petri dishes were introduced into the chamber described in 
Section 2.3. 

The moisture content versus time curves were plotted at two different 
experimental temperatures, for control and magnetically treated seeds by using the 
Excel software. 

2.6. PELEG’S MODEL 

Peleg proposed a two parameter, non-exponential and empirical equation, 
expressed as:  

 0
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Where t is the time, M0 is the initial mass of N seeds, M is their mass at time t, 
K1 is the Peleg rate constant and K2 the Peleg capacity constant. 
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The constant K1 is related to the mass transfer rate, where, a low value of K1 
indicates the initial rate of water absorption is high. Furthermore, the decrease in 
K1 with the increase in temperature suggests a corresponding increase in the initial 
rate of water absorption. As the constant K2 is related to the maximum water 
absorption capacity, if the K2 value is low, the absorption capacity is high. 

The linearized form of the Peleg equation was used to regress the moisture 
content vs soaking time: 

 1 2
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  (4) 

This equation is similar to the linear equation y = ax + b, then 
0

ty
M M

∼ , x ∼ t, 

a ∼ K2 and b = K1. By fitting t / (M – M0) versus time, a straight line with K2 slope 
is obtained and the ordinate-intercept is K1.  

3. RESULTS AND DISCUSSION 

3.1. GERMINATION TEST 

The cumulative germination curves at 10°C and 20°C are represented on 
Figures 3 and 4, respectively and Table 1 shows the germination parameters (Gmax, 
MGT, R2, T10 to T90 and R50’) and statistical differences provided by Germinator 
software. 

 

 
Fig. 3 – Cumulative germination curve for 10°C: control and treated seeds. 
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Fig. 4 – Cumulative germination curve for 20°C: control and treated seeds. 

 
Table 1 

Statistical results of the germination test. Letters a – c represent statistical different subsets between 
the 10°C treatment and its corresponding control and the 20°C one and its corresponding control. 

(Student t test, P = 0.05). t10, t25, R50’, t75, t90; time to obtain 10, 25, 50, 75, and 90% of germinated 
seeds; U8416, time between 16% and 84% of germinated seeds; R2 fit, determination coefficient. 

MGT, mean germination time. Gmax, maximum germination 

  10°C 20°C 
Parameter C T C T 

T10 (h) 14.3 ± 0.4 b 11.6 ± 0.2 a 10.8 ± 0.3 a 10.02 ± 0.1 a 
T25 (h) 19.2 ± 0.4 b 15.5 ± 0.3 a 12.5±0.2 b 11.7 ± 0.1 a 
R50’ (h) 26.3 ± 0.6 b 21.0 ± 0.6 a 14.6 ± 0.1 b 13.7 ± 0.2 a 
T75 (h) 40.6 ± 1.6 b 29.4 ± 1.8 a 18.1 ± 0.7 a 16.4 ± 0.5 a 
T90 (h) N/A 38.9 ± 3.9 N/A 20.5 ± 2 
U8416 (h) 21.2 ± 1.5 b 18.4 ± 0.4 a 6.07 ± 0.6 a 6.18 ± 0.4 a 
R2 0.984 0.989 0.991 0.994 
MGT (h) 22.3 ± 0.3 b 20.2 ±0.1 a 14.4 ± 0.1 b 13.8 ± 0.2 a 
Gmax (%) 85 ± 1 a 94.6 ± 4 bc 87 ± 1 a 94 ± 3 b 

 
The greatest differences between control seeds and the ones treated were 

obtained at 10°C, probably as the optimum temperature for Triticale seeds germination 
is 20°C. This could mean that the effects of magnetic fields are more powerful at 
temperatures distant from the optimal for triticale.  

At the 10°C temperature, the parameter that obtained a greater difference 
between control and treated seeds was Gmax (%) with a difference of almost 10%.  
A reduction of more than 2 hours in the MGT should also be highlighted. All the 
parameters studied were significantly different between one class of seeds and the 
other.  
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At 20°C, Gmax and MGT were the parameters that benefited most, due to the 
effect of magnetic fields. MGT was mainly benefited by T25 and R50’. 

The adjustments of R2 are greater than 0.98 in all four cases but the value of 
R2 is higher in the treated seeds and slightly higher in the test at 20°C compared to 
the 10°C one.  

It should be noted that studies on this topic tend to address the effects of 
magnetic field on early stages [25–26] or yield increase, rather than on the intermediate 
stages of seedling growth [27–28], which is the reason for choosing the germination 
phenomenon in this research article. During the 1990’s and early 2000’s several 
researchers investigated how magnetism worked and affected seed germination [29].  

Studies have shown a positive response of magnetic field treatments on seed 
germination of cereal seeds. Gholami et al. [30] studied two different wheat cultivars, 
reporting electromagnetic field treatments decreased the time required for germination 
and increased the percentage of germinated seeds. They took also a step further, 
finding an increase in α-amylase content in the seed. In this way Cakmak et al. [31] 
reported that, with as few as doses of 4 mT and 7 mT magnetic field, the germination 
ratio was enhanced, and they found the same results for bean.  

3.2. WATER ABSORPTION TEST 

Charts of water absorption vs soaking time at 10°C and 20°C for treated and 
control Triticale seeds have been drawn in Figures 5 and 6, by using Excel and 
SPSS software, including the logarithmic trendlines and the R2 values.  

 

 
Fig. 5 –  Water absorption curves under 10°C for AA and CC. 

 
From these figures, the course of the hydration shows that the seed water 

content increases according to soaking time at both temperatures, with and without 
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magnetic treatments. The shapes of these curves are typical of water absorption by 
seeds, an initially exponential increase followed by asymptotic increase.  

 

 
Fig. 6 –  Water absorption curves under 20°C for AA and CC. 

 
The experiment data fit very well to a logarithmic curve, with the four values 

of R2 being greater than 0.89 (the four values are those corresponding to the treated 
seeds and the control ones for the two study temperatures). 

After 5 h, the water content of treated seeds was greater than the control ones 
at both temperatures. At 20°C, the moisture content, expressed as percentage, of 
treated and control seeds were 50.0 and 41.7, respectively. Similarly, at 10°C 
treated seeds moisture content was greater (30.9 %) than untreated ones (23.3 %). 

This typical fit, rapid absorption followed by asymptotic behavior, has been 
widely described [32–34]. As stated by Kashiri et al. [35] the asymptotic behavior 
is related to the decrease of the driving force for water transfer as hydration 
progresses and the system is close to equilibrium. Turham et al. [36] studied the 
water absorption in chickpea during soaking and fitted the sorption curves of mass 
vs soaking time, exhibiting the typical behavior at all temperatures. Khazaei [37] 
reported the water absorption process during wood soaking on three varieties of 
wood, exhibiting an initial high rate of moisture sorption followed by slower 
absorption in the later stages, the relaxation phase. 

Hence, Peleg’s equation was suitable for describing the water absorption 
characteristics of Triticale seeds at the hydration temperatures investigated. 

3.3. MODELLING THE PELEG’S EQUATION 

The soaking process of magnetically treated and untreated seeds was studied 
at 10°C and 20°C, and the resulting hydration data was fitted to Peleg’s equation 
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by using Excel and SPSS software. Figures 7 and 8 show the kinetics of hydration, 
fitted to Peleg’s equation at 10°C and 20°C, respectively, and the parameters K1 and 
K2 were estimated and adequately fitted by Peleg’s equation. K1 was obtained of the 
slope of the line and K2 is the ordinate and their values are summarized in Table 2. 

 

 
Fig. 7 – Kinetics of hydration, fitted to Peleg’s equation at 10°C. 

 

 
Fig. 8 – Kinetics of hydration, fitted to Peleg’s equation at 20°C. 
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Table 2  

Kinetics hydration constant at temperatures 10°C and 20°C 

Temperature Treated Control 

 K1 sg-1 K2 g-1 K1 sg-1 K2 g-1 
10°C 17,424 3.4158 14,809 4.3505 
20°C 8,299.7 2.7457 8,438 3.4082 

 
For treated and control seeds, the Peleg’s rate constant K1 decreased significantly 

as the hydration temperature was increased, and soaking temperature affected 
Peleg’s capacity constant K2 to a lesser extent.   

The equation gave a reasonable fit to experimental data for treated and 
untreated seeds at both experimental temperatures. In all cases straight lines satisfy 
the water absorption Peleg´s model with R2 nearly equal to 1 for all temperatures 
and for treated and untreated seeds. 

Kinetic explanations concerning the Peleg’s model have been proposed [35, 
37–38]. The hydration kinetics study of five bambara seed varieties at different 
temperatures was carried out by Jideani and Mpotokwana [39] using Peleg equation. 
Peleg’s rate constant significantly decreased as the hydration temperature was 
increased for each variety, while a decrease in the water absorption capacity with 
increase in temperature was observed. 

Peleg’s model was also used by Hung et al. [40] to predict the water 
absorption in chickpea and field pea at different temperatures, resulting in constant 
K1 variation in accordance with the temperature, and constant K2 almost complete 
stagnation according to the temperature.  

Vasudeva et al. [41] calculated Peleg’s constants K1 and K2 for milled rice 
grains and their hydration behavior was predicted, with a variance range – from 
0.9982 to 0.9995. Water intake by chickpea during soaking process at different 
temperatures with ultrasound was also studied by Yidrim et al. [42], who found a 
decrease in both Peleg’s constants with increased time and temperature. The rate of 
water absorption was more affected with high power ultrasound than low power 
ultrasounds. 

Peleg’s model was used to study carrot drying and rehydration processes, 
achieving a good prediction of the amount of water removal and water uptake in all 
experiments [43]. During the rehydration process, both Peleg’s constants increased 
with the boost in drying temperature. Shittu et al. [44] studied the drying and 
rehydration processes of cultivated carrots, and the Peleg’s model adequately 
adjusted the data resulting from it. Water intake behavior during cereal seeds 
soaking at different temperatures from 10°C to 50°C was studied using Peleg’s 
equation [45] and a reasonable fit to experimental data was obtained. An inverse 
linear relationship was found between the soaking temperature and Peleg constant 
K1 using the Arrehenius equation, while Peleg constant K2 was unaltered by the 
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soaking temperature. The same behavior was observed [46] when studying the 
soaking process of blanched and un-blanched red kidney beans at temperatures 
from 20°C to 60°C.  

4. CONCLUSIONS 

The magnetic treatment increased the germination velocity of Triticale 
seeds, which looks evident in all the parameters evaluated with Germinator 
software. Although the germination velocity is higher at 20°C than at 10°C, it was 
at this latter temperature that the differences in the studied parameters were more 
significant between control and treated seeds. This shows that as we move away 
from the optimum germination temperature of Triticale, the effects of magnetic 
fields are more noticeable. This increase in the germination velocity can be 
justified by a greater water absorption in treated seeds. Likewise, water uptake was 
higher at 20°C than at 10°C. Peleg’s equation adequately described the hydration 
process of seeds under the experimental conditions. 

The equation gave a reasonable fit to experimental data for treated and 
untreated seeds at both experimental temperatures, with an R2 of at least 0.97. 

The greater germination rate of treated seeds is in accordance with the 
greater water uptake of these seeds at both temperatures, although the highest 
significant differences were obtained at 10°C, when the temperature effect is less 
important than the magnetic one.  
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