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1. Introduction

Garlic is an important plant of Allium sativum L., which 
has been used by people since ancient times for the 
treatment of certain diseases, to give flavour and aroma 
to foods and for the preservation of some foods (Rahman, 
2007). It is an important source of phenolic compounds 
(Martins et al., 2016) and exerts various biological effects 
such as lowering cholesterol levels, tumour growth, and 
antibacterial activity (Lanzotti, 2006; Lawson, 1998). The 
major bioactive components of garlic are organosulfur 
compounds formed from precursors when garlic is crushed, 
and the most widely known is allicin. Allicin is rapidly 
produced by the action of allinase on alliin (Santhosha et 
al., 2013). Allinase is activated by crushing or cutting the 
garlic gloves (Rahman, 2007; Rahman et al., 2009). Allicin 
(diallyl thiosulfate) is responsible for its pungent smell and 
a major bioactive component in garlic products (Santosha 
et al., 2013). Therefore, minimising the loss of allicin 
degradation during drying of garlic products is crucial for 
a final product with superior quality. The Allicin Potential 

(AP) is defined as the sum of possible free allicin and allicin 
that can be formed from endogenous alliin by catalysis with 
remaining active allinase. Alliin is heat-stable, whereas 
allinase is denatured by heat (Khanum et al., 2004). Allicin 
is unstable at room temperature and may be converted 
to diallyl disulphides and sulphur dioxides after 20 hours 
(Zixing et al., 2017). It was assumed that alliinase would 
be significantly altered during the drying process of garlic 
although still capable of converting alliin to allicin (Krest 
and Keusgen, 1999).

Drying provides one of the oldest and most effective means 
of preserving foods from spoilage. Once dried, many foods 
can be stored successfully for years without refrigeration, 
if appropriately packaged. Drying can cause changes in the 
physical properties such as colour and structure, as well 
as the deterioration of aroma compounds or degradation 
of nutritional substance reducing the product quality (Cui 
et al., 2003; Ratti, 2001). Dehydration has been used an 
efficient method for long-term preservation of garlic slices. 
A variety of drying processes are used for the dehydration 
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of garlic slices but convective drying is one of the methods 
that have been studied extensively. Drying method and air 
drying temperature significantly influence the physical 
properties of garlic slices as well as their allicin content 
(Prati et al., 2014; Zhou et al., 2017).

Drying kinetics is often used to describe the combined 
macroscopic and microscopic mechanisms of heat and 
mass transfer during drying, and it is affected by drying 
conditions, types of dryer and characteristics of materials 
to be dried. Since on-line measurement of temperature and 
moisture is difficult and time-consuming for drying, the 
drying kinetics models are essential for equipment design, 
process optimisation and product quality improvement 
(Giri and Prasad, 2007).

Retention of AP in garlic slices during drying is 
technologically important. Data on the allicin degradation 
in fresh garlic (Arzanlou and Bohlooli, 2010; Prati et al., 
2014) or garlic after dehydration (Abano et al., 2011; 
Mendez-Lagunas et al., 2017; Rahman et al., 2009; Ratti et 
al., 2007) are available in the literature but, to the best of our 
knowledge, kinetic data during the full course of convective 
drying, reaction order and activation energy for allicin 
degradation in actual garlic slices are unavailable. Drying 
temperature and time are two major factors influencing 
the AP loss kinetics of garlic constituents. Current study 
was conducted to determine the kinetics of AP loss from 
garlic slices during drying at three different temperatures 
(50, 60 and 70 °C).

2. Materials and methods

Materials

Fresh garlics were obtained from a local farmer in a 
town of Taskopru, Kastamonu, Turkey. Garlic samples in 
polyethylene packages were kept refrigerated until drying. 
Garlic samples were subjected to mild pressure by hand 
to separate them into cloves. Cloves were peeled and cut 
into slices (with a thickness about 3 mm) by a mechanic 
slicer. Then, slices were kept at room temperature for 
30 minutes for the formation of allicin. The initial moisture 
content of samples (63.8%) was determined by the AOAC 
method (AOAC, 1990). Allicin standard was purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA) while 
chromatographic grade methanol was obtained from Sigma-
Aldrich (St. Louis, MO, USA).

Methods

Drying procedure

Garlic slices were dried in a convective drier (56×40×72 cm, 
w×d×h) manufactured by the Memmert Corporation (UN-
260, Schwabach, Germany). For each drying experiment, 5 

kg of garlics in uniform ripeness, colour and size were used. 
Samples were allowed to equilibrate for 2 hours at room 
temperature. Then, the samples were peeled and sliced with 
garlic slicer to give an average thickness of 3 mm.

Dryer was turned on about 1 h before the drying experiments 
to achieve steady-state conditions before each drying run. 
After the dryer reached steady state conditions for the 
operation temperatures, all samples were uniformly placed 
onto trays as a single layer and dried. For the determination 
of drying kinetics, a group of samples were taken from trays 
at certain intervals and weighed, then returned to the dryer 
immediately. The weight loss of samples was recorded by 
an analytical balance (ITEM PA214C, Ohaus, Parsippany, 
NJ, USA) with a range of 0-210 g (±0.001 g) at 60 minute 
intervals. Samples withdrawn from trays were either used to 
determine the initial dm content of garlic slices or wrapped 
in aluminium foil in polyethylene packages that were kept 
at -24 °C for further analyses. Garlic slices were dried until 
their water content reached approximately 15 g/100 g. 
Drying of garlic slices was monitored for 8 h at 50 °C and 
for 6 h at 60 or 70 °C. All experiments were carried out in 
triplicates.

Mathematical modelling

The dimensionless moisture ratios (MR) and drying rates 
(DR) of garlic slices during drying were determined by the 
Equations 1 and 2, respectively.
	 Mt – Me MR = __________	 (1)
	 M0 – Me

	 Mt+dt – Mt 
DR = ____________ 	 (2)
	 dt

In these equations, MR, DR, Mt, M0, Me, dt, and Mt+dt 
are the dimensionless moisture ratio, drying rate 
(g moisture/g dm × min), moisture content of garlic slices 
at any time t (g moisture/g dm), initial moisture content 
of garlic slices (g moisture/g dm), equilibrium moisture 
content of garlic slices (g moisture/g dm), time between 
consecutive measurements in minutes and moisture content 
of garlic slices at time t+dt, respectively. In order to describe 
the drying behaviour of garlic slices dried at different 
temperatures, five different thin layer drying models in 
Table 1 were used.

In these drying models, MR is a dimensionless moisture 
ratio; a, b and c are model constants; k is a kinetic constant, 
and t is drying time. The coefficient of determination (R2) 
(Equation 3), reduced mean square of the deviation X2 
(Equation 4) and root mean square error (RMSE) (Equation 
5) were used to determine the adequacy of models for 
describing the drying behaviour of garlic slices (Yogurtcu, 
2014). Microsoft Excel (Microsoft Corporation, Redmond, 
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WA, USA) was used in calculations. Higher values of R2 
and lower values of X2 and RMSE for a mathematical 
model indicated better goodness of fit to experimental 
data (Menges et al., 2005; Midilli and Kucuk, 2003).

𝑅𝑅2 = ∑ (𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖−𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖)
2−(𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖−𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖)

2𝑁𝑁
𝑖𝑖=1

∑ (𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖−𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖)
2𝑁𝑁

𝑖𝑖=1

	
(3)

2 = ∑ (𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖−𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖)
2𝑁𝑁

𝑖𝑖=1
𝑁𝑁−𝑛𝑛 	 (4)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = [1𝑁𝑁 ∑ (𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 − 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖)
2𝑁𝑁

𝑖𝑖=1 ]
1/2

	 (5)

In these equations, MRexp,i is the ith experimental 
dimensionless moisture ratio; MRpre,i is the ith predicted 
dimensionless moisture ratio; MRexpmean,i is the mean of 
the ith experimental dimensionless moisture ratio; N is 
the number of observations, and n indicates the number 
of constants in a model.

Determination of allicin potential

Allicin potential is considered as the sum of possible free 
allicin and allicin that can be formed from endogenous 
alliin by catalysis with remaining active alliinase. It was 
determined in both fresh and dried garlic samples by the 
HPLC (LC-20AD, Shimadzu, Japan) analytical procedure 
outlined by Ratti et al. (2007). Fresh or dried samples were 
crushed by a garlic press. Then, crushed samples were 
mixed with 50 ml cold distilled water and subjected to 
ultrasonication for 10 min in an ultrasonic water bath. 
Samples were transferred into polypropylene centrifuge 
tubes and centrifuged at 12,320×g for 20 min at 4 °C. 
Supernatants were filtered using a 0.45 µm PVDF syringe 
filters (Minisart, Sartorious, Waldbronn, Germany). Allicin 
contents of samples were determined by an HPLC system 
equipped with a quaternary pump (LC-20A), a 20 µl loop 
injector, a photodiode array detector (SPD-M20A), a 
degasser (DGU-20A) and a column oven (CTO-20A). Allicin 
fraction was separated on an MZ-Analysentechnik C18 
column (MZ-Analysentechnik GmbH, Mainz, Germany) 
(250×4.6 mm, ID, 5 µm) isocratically at 30 °C by using the 

mobile phase of methanol-water (50:50, v/v) and the flow 
rate of 1 ml/min. Eluents were monitored at 220 nm.

Kinetics models of allicin potential loss

The loss of AP in garlic slices during drying were calculated 
by means of the standard equations for zero (Equation 6), 
first (Equation 7), and second-order (Equation 8) reactions, 
and degradation rate constants were determined by fitting 
the equations to experimental data.

C = C0 + K0t	 (6)

C = C0exp(k1t)		  (7)

	 1	 1
____ =_____+ k2t		  (8)
	 C	 C0	  

where C is the concentration of the studied parameter (i.e. 
allicin potential) at any given drying time, C0 are initial 
values of untreated samples and k0, k1, k2 are rate constants.

The Arrhenius equation (Equation 9) is the most widely 
accepted method of accounting for the temperature 
dependence of the rate constant in food systems. Activation 
energy for the loss of AP in garlic slices during convective 
drying was calculated by the Arrhenius equation.
	 Ea 
k = kaexp(-____ )	 (9)
	 RT

where k is the rate constant at the absolute temperature T 
(K), ka is the frequency factor, Ea is the activation energy 
(kJ/mol), and R is the universal gas constant (8.314 J/mol.K).

Statistical analysis

Data were analysed by the Statistical Analysis System 
software (SAS Institute Inc., Carry, NC, USA). The level 
of significant difference among means was determined 
using the Duncan’s multiple comparison test at α=0.05 and 
the lettering was obtained using the PDGLM800 Macro 
developed by Saxton (2000).

3. Results and discussion

Effect of drying temperature on moisture content and 
drying rate

Garlic slices were dried as a single layer at 50, 60, and 
70 °C in a cabinet dryer. The initial moisture content of 
garlic slices was around 1.76±0.04 kg water per kg dm, 
and they were dried to the final moisture content of about 
0.15±0.04 kg water per kg dm. Figure 1A presents the 
variations in their moisture contents at different drying 

Table 1. Thin layer drying models used to describe drying 
behaviour of garlic slices.

Model Equation References

Henderson and Pabis MR=aexp(-kt) Alibas (2012)
Newton MR=exp(-kt) Menges et al. (2005)
Page MR=exp(-ktn) Doymaz (2005)
Modified Page MR=exp(-kt)n Polatci (2012)
Logarithmic MR=aexp(-kt)+c Toğrul and Pehlivan (2004)
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temperatures. Moisture content decreased by drying 
time at all temperatures, and drying temperature had a 
significant effect on the moisture content of the garlic 
slices as expected.

A falling-rate drying period was mostly found in garlic 
samples dried at different temperatures (Figure 1B) whereas 
a constant-rate drying period was rare. Rapid drying under 
high temperature creates a hardened outer layer in products 
to be dried, which may prevent the moisture removal from 
the central parts of a foodstuff. In current study, the rate of 
moisture transfer from garlic slices was steady as the drying 
temperature increased. The small thickness of garlic slices 
might have prevented the formation of a hardened outer 
layer of garlic slices.

Five thin layer drying models were used to describe drying 
characteristics of garlic sliced dried at three different 
temperatures in a cabinet type drier, and the coefficient 
of determination (R2), reduced chi-square and RMSE values 
were determined for each model. Drying constants and 
coefficients for garlic slices dried at 50, 60 and 70 °C in a 
cabinet type dryer determined by Henderson and Pabis, 
Newton, Page, Modified Page and logarithmic models are 
shown in Table 2.

The mathematical modelling of the experimental data at 
50 °C indicated that with the highest R2 and the lowest 
RMSE values, the Page and Modified Page models 
represented the experimental values satisfactorily while 
logarithmic model was the best for garlic sliced dried at 60 
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Figure 1. Moisture contents (A) and drying rates (B) of garlic slices dried at three different temperatures: ○, 50 °C; □, 60 °C 
and ▲, 70 °C.

Table 2. Constants, coefficients and adequacy of five thin layer drying models by nonlinear regression analysis for describing 
drying characteristics of garlic slices dried at three different temperatures.

Model Temperature (°C) Constants and coefficients X2 RMSE R2

Henderson and 
Pabis

50 k=0.0057 a=0.7765 0.0184 0.1196 0.9787
60 k=0.0074 a=0.6669 0.0119 0.0963 0.9563
70 k=0.0083 a=0.5698 0.0129 0.0983 0.8855

Newton 50 k=0.0057 0.0069 0.0730 0.9787
60 k=0.0074 0.0012 0.0303 0.9563
70 k=0.0083 0.0083 0.0788 0.8855

Page 50 k=0.0339 n=0.7137 0.0092 0.0845 0.9927
60 k=0.0400 n=0.7415 0.0038 0.0547 0.9908
70 k=0.0562 n=0.7079 0.0012 0.0230 0.9403

Modified Page 50 k=0.0087 n=0.7137 0.0063 0.0701 0.9927
60 k=0.0130 n=0.7415 0.0019 0.0380 0.9908
70 k=0.0171 n=0.7079 0.0015 0.0336 0.9403

Logarithmic 50 k=0.2736 a=2.6000 c=0.0610 0.0505 0.1983 0.9884
60 k=0.0122 a=0.9463 c=0.0330 0.0383 0.1727 0.9975
70 k=0.0177 a=1.0794 c=0.0330 0.0064 0.0693 0.9967
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and 70 °C. However, decreases in experimental moisture 
contents indicated that the Page, Modified Page and 
logarithmic models were well compatible for all drying 
temperatures (Figure 2).

Thin layer drying models of the Page and Modified Page 
successfully described the experimental data of garlic sliced 
dried at 50 °C while the logarithmic model was the best fit 
for drying temperatures of 60 and 70 °C (Figure 3).

In a study on drying kinetics of garlic cloves, Sharma and 
Prasad (2001) dried garlic cloves in a microwave dryer at 
40 W microwave power and 40, 50 and 70 °C at 1 or 2 m/s 
air velocity or in an hot air drier at 60 and 70 °C at 2.0 m/s 
air velocity. Authors reported that experimental data was 
described well with the Page model. In a study by Babetto 
et al. (2011), garlic slices with a thickness of 2 mm were 
dried in a laboratory type convective drier at 25, 30, 40, 
45 and 50 °C, and Modified-Halsey model was in good 
conformance with the experimental data. Rahman et al. 
(2009) determined the drying kinetics and allicin potential 
in garlic slices with a 5 mm thickness dried in an air drier 
at 50, 60, 80, 90 and 105 °C, in a vacuum drier at 50, 60 and 
90 °C and in the nitrogen environment at 60 and 80 °C. They 
reported that the Dinçer and Hüseyin model was the best 

for describing experimental data. Madamba et al. (1996) 
investigated the drying characteristics of garlic slices and 
found that the Page and Two-Compartment models were 
the best-fitted drying models for the garlic slices of 2-4 mm 
thickness exposed to drying temperatures at 50, 70 and 
90 °C. In a study by Sacilik and Ünal (2005), dehydration 
properties of the Kastamonu garlic slices of 3-5 mm 
thickness were determined during convective drying at 
40, 50 and 60 °C at a constant air velocity of 0.8 m/s. They 
reported that an increase in the thickness of garlic slices 
prolonged drying time and the most suitable drying model 
was the two-term thin film drying model. Calin-Sanchez et 
al. (2014) pre-dried garlic slices of 5 mm in a convective air 
drier followed by a vacuum microwave drier to determine 
kinetic energy consumption and quality characteristics. 
They found that the Velma model was the best suited to the 
experimental data at 60 °C by convective drying but the Page 
model was the best for vacuum microwave drying at 240, 
260 and 480 W microwave power in a convective pre-drying 
at 60 °C. Rasouli (2011) studied the mathematical modelling 
and colour changes in garlic slices with 2, 3 and 4 mm 
thickness during drying in a convective dryer at 50, 60 and 
70 °C, and found that the Weilbull model was the best fit for 
experimental data. Demiray and Tulek (2014) dried garlic 
slices with 2-3 mm thickness in a convective hot air at 55, 65 
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Figure 2. Comparison of experimental moisture ratio (○) and moisture ratios obtained by Page (□), Modified Page (▲) or logarithmic 
(◊) models for garlic slices dried at 50 °C (A), 60 °C (B) or 70 °C (C) (lines indicate best fit to experimental data for a model).
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and 75 °C and reported that Page and Modified Page models 
described the experimental data the best. In current study, 
similar garlic variety was used but the logarithmic model 
was the best to describe experimental data at 60 and 70 °C 
since a hot air drier used in current study could result in 
the reduction in drying time significantly. Results indicated 
that various factors including drying temperature, type of 
drier used, slice thickness and hot air velocity could have a 
significantly influence on the conformity of a mathematical 
model for describing the experimental data obtained during 
drying of foods.

Allicin potential during convective drying

Allicin in garlic is formed after slicing by the transformation 
of alliin into allysin by allinase enzyme. Initial AP of 
Taskopru garlic slices stored at room temperature for about 
30 min was 10.91±0.15 mg/g dm. In a study by Mendez-
Lagunas et al. (2017), allicin content of fresh garlics was 
reported as 15.67±0.60 mg/g dm. Arzanlou and Bohlooli 

(2010) investigated the AP in Iranian green garlic parts such 
as leaves, shoots and fresh cloves, and reported that the 
AP values in the extracts of leaves, shoots and fresh cloves 
were 0.48, 0.44 and 0.26 mg/ml, respectively. Bocchini et 
al. (2001) determined the AP in purified and non-purified 
extracts of garlic samples, and found that depending on the 
detection methods, AP values in garlic extracts ranged from 
1.7 to 4.6 mg/l, respectively. Abano et al. (2011) determined 
the effect of pretreatments such as citric acid, potassium 
metabisulphite and EDTA on allicin potential of garlic slices 
in a convective type of hot air drier at 45, 50 and 55 °C, and 
found that increase in AP was not linear. They reported 
that the Midilli and Kucuk model was the most suitable for 
untreated garlic slices while the Henderson and Pabis model 
was the best for pretreated counterparts. Canizares et al. 
(2004) investigated the effect of thermal decomposition of 
allicin on garlic extracts and inhibition of in vitro growth of 
Helicobacter pylori in two different methods of extracting 
garlic samples with ethanol and acetone. They reported the 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Experimental moisture ratio

Pa
ge

 m
od

el 
mo

ist
ur

e r
ati

o

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Experimental moisture ratio

Mo
dif

ied
  p

ag
e m

od
el 

mo
ist

ur
e r

ati
o

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Experimental moisture ratio

Lo
ga

rith
mi

c m
od

el 
 m

ois
tur

e  
ra

tio

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Experimental moisture ratio

Lo
ga

rith
mi

c m
od

el 
mo

ist
ur

e r
ati

o  

A B

C D

Figure 3. Conformity of experimental moisture ratios with predicted moisture ratios for garlic slices dried at 50 °C obtained by the 
Page (A) and Modified Page (B) models, at 60 °C obtained by the logarithmic (C) model and at 70 °C obtained by the logarithmic 
(D) model (diagonal lines indicated the best fit).
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AP values of 14.65 g/l in ethanol and 25.74 g/l in acetone 
garlic extracts.

In current study, the graphical method was used to 
determine the reaction order of AP loss in garlic slices 
during convective drying (Table 3). The plot of the inverse 
of AP against drying time indicated that the reaction order 
was second (Figure 4). Reactions occurring in foods are 
usually first-order reactions, while zero- and second-order 
reactions rarely occur. In some cases, however, reaction 
orders may have a fractional value. Although second-order 
reactions are less common in the decomposition of food 
constituents, thiamine decomposition in milk (Horak and 
Kessler, 1981) and ascorbic acid degradation in lemon juice 
(Robertsen and Samaniego, 1986) were reported to be a 
second-order reaction (Cemeroğlu, 2013). Studying the 
effect of thermal degradation of allicin in garlic extracts, 
Canizares et al. (2004) reported a first-order reaction for 
the loss of AP. Ilić et al. (2010) reported that the degradation 
of pure allicin and allicin entrapped in the gel by thermal 
treatment was of a first-order reaction. In current study, 
the reaction order of the loss of AP in garlic slices dried at 
50, 60 and 70 °C was of a second-order.

The loss of AP in Taskopru garlic slices dried at 50, 60 
and 70 °C is shown in Figure 5. The effect of both drying 
temperature and time on the AP of sliced garlic samples was 
statistically significant (P<0.05). Interaction of drying time 
with drying temperature was also found significant (P<0.05). 
The initial AP (10.91±0.15 mg/g dm) of Taskopru garlic 
slices decreased to 7.51±0.10 mg/g dm after 60 minutes 
of drying at 60 °C, and decreased to 7.38±0.32 mg/g dm 
after 120 minutes of drying at 50 °C. Similarly, AP at the 
end of 240 min drying period at 70 °C was 4.92±0.11 mg/g 
dm, while it decreased to 4.91±0.24 mg/g dm at the end 
of 300 min drying time at 60 °C, which were statistically 
insignificant (P>0.05). Rahman and co-workers (2009) found 
that the reduction in AP of garlic slices during hot air drying 

at 60 °C was greater than that at 50 °C. Similarly, they also 
reported that drying at 60 °C under nitrogen gas resulted in 
a greater reduction in AP than drying at 40 °C. Allicin was 
reported to be highly sensitive to thermal decomposition 
at high temperatures (Ilić et al., 2010). The AP of garlic 
extracts could be influenced by the extraction solvent, and 
the loss in AP of garlic extracts with acetone was higher 
than the loss in AP of ethanolic garlic extracts at the same 
temperature (Canizares et al., 2004).

Activation energy is the energy that must be exceeded in 
order for a reaction to take place. Each reaction has its own 
activation energy. The high or low activation energy of a 
reaction indicates that the reaction will be easy or difficult 
(Acartürk, 2007). The activation energy of a reaction 
indicates the rate at which the rate of reaction changes 
depending on the temperature. The activation energy is 
calculated using Equation 9, and the slope of a line obtained 
by plotting the inverse of absolute temperatures against 
negative logarithm of the reaction rates gives the activation 
energy. Activation energy value for the AP loss in garlic 
slices dried at three different temperatures was calculated 
as 25.48 kJ/mol. The activation energy of each reaction 
is unique. The activation energy of reactions occurring 
in foods has a wide range of 8.4 kJ/mol to 628 kJ/mol; for 
example, for simple hydrolysis reactions Ea=4.2-84 kJ/mol, 
for the oxidation reactions of oils by free radicals Ea=62-105 
kJ/mol, for non-enzymatic browning reactions Ea=209-628 
kJ/mol and for enzymatic reactions Ea=16.6-62.6 kJ/mol 
(Cemeroğlu, 2013). Drying foods is related to both heat and 
mass transfer, and the mass transfer rate is directly related 
to the water vapor diffusion rate. There are different studies 
in the literature where activation energies are calculated for 
diffusions during drying in different foods. The activation 
energy for the thermal degradation of pure allicin and 
allicin entrapped in gel was determined as 46 kJ/mol (Ilić 
et al., 2010). Canizares et al. (2004) reported the activation 

Table 3. Statistical results for the determination of the reaction 
order for allicin loss potential in garlic sliced dried at three 
different temperatures.

Temperature 
(°C)

Reaction 
order

X2 RMSE R2

50 0 6.76×106 2.60×103 0.86
1 2.11×10-2 1.30×10-1 0.91
2 4.76×10-8 2.00×10-2 0.96

60 0 1.46×107 3.83×103 0.79
1 1.86×10-2 1.24×10-1 0.87
2 1.61×10-7 4.00×10-4 0.93

70 0 1.87×107 4.32×103 0.77
1 1.68×10-2 1.18×10-1 0.86
2 1.81×10-7 4.00×10-4 0.93

0 50 100 150 200 250 300
0.00000

0.00005

0.00010

0.00015

0.00020

0.00025

Drying time (min)

Inv
er

se
 of

 al
lic

in 
po

ten
tia

l (g
/µ

g) R2=0.9343

R2=0.9373

R2=0.9612

Figure 4. Second order loss of allicin potential in garlic slices 
dried at three different temperatures: ○= 50 °C; □ = 60 °C 
and ▲= 70 °C.
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energy for the thermal degradation of allicin as 97.4 kJ/mol 
in ethanol extracts and as 188.5 kJ/mol in acetone extracts 
of garlic samples.

In current study, activation energy required for the loss 
reaction of AP in Taskopru garlic slices during drying at 50, 
60 and 70 °C was 25.48 kJ/mol. Demiray and Tulek (2014) 
studied the drying characteristics of Taskopru garlic slices 
and reported that the activation energy for drying was 
30.58 kJ/mol. In a study on mango slices dried at 60, 70 
and 80 °C (Akoy, 2014), the activation energy required for 
drying reaction was reported as 30.99 kJ/mol. Activation 
energy shows the degree of the dependency of a reaction 
rate on drying temperature, and the activation energy value 
of each system is unique and can change with the water 
activity level of a system (Cemeroglu, 2013).

The Q10 value indicates how a reaction is influenced by the 
level of drying temperature. For a temperature change from 
50 to 60 °C, Q10 value for the loss of AP in garlic slices was 
calculated as 4.180. When the drying temperature increased 
from 50 to 70 °C, Q10 value changed to 2.858, and it was 
3.065 for a temperature change from 60 to 70 °C. Based 
on Q10 values, increasing the drying temperature from 50 
to 60 °C influenced the most the loss of AP in garlic slices.

4. Conclusions

Drying characteristics and mathematical modelling 
of Taskopru garlic slices dried at 50, 60 and 70 °C were 
determined in current study. The loss kinetics of AP 
was calculated for garlic slices during drying. Drying 
characteristics of Taskopru garlic slices indicated that the 
drying rate at 60 and 70 °C was higher than the rate at 
50 °C as expected while there were similarities in drying 
rates for garlic slices dried at 60 and at 70 °C. Mathematical 
modelling of drying characteristics of Taskopru garlic slices 
revealed that the best conformance of the thin film drying 
models with the highest R2 and the lowest RMSE and chi-
square values at 50 °C was found for the Page and Modified 
Page models; however, at 60 and 70 °C drying process, the 
logarithmic model was the best. The loss reaction of AP 
in Taskopru garlic slices dried at different temperatures 
was of a second-order reaction, and an increase in drying 
temperature had a significant influence on the loss of 
AP in garlic slices. When initial APs of garlic slices were 
considered the highest, after 8 hours of drying of the garlic 
slices at 50 °C, allicin retention rates was 48.5%; however, 
39.1 and 35.8% of initial allicin contents in garlic slices 
were retained at drying temperatures of 60 and 70 °C, 
respectively. Results showed that in order to maintain the 
highest content of allicin in dried garlic products, garlic 
slices should be dried at low temperatures. Moreover, drying 
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Figure 5. Changes in the loss of allicin potential of garlic slices dried at 50, 60 and 70 °C (Bars represent standard deviations 
while different letters across the figure indicate statistical significances at α=0.05 level).
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time is another factor to be considered for the production 
of garlic derivatives with a high economic value, and results 
could be used as a guideline for the best combination of 
drying time and temperature for a product with high allicin 
potential. Slicing Taskopru garlic slices and storing them for 
30 minutes at room temperature resulted in the formation of 
allicin potential with about 11 mg/g dm. It is recommended 
that garlic slices should be allowed to stand for a period 
of time for allicin formation in order to obtain a dried 
product with high AP. Current study on the loss kinetics 
of AP in garlic slices dried at different temperatures could 
be used for dried garlic derivatives with an optimum allicin 
retention rates.
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