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middle ages, it was used to spice mead, and in Morocco it 
is used with tea, called sheeba [1].

Drying is one of the most important unit operation often 
used as a final production step in a variety of process indus-
tries. Dried products have some brilliant benefits in com-
parison with moist ones such as easy handling, safe stor-
age, and diversity of usage [2]. Applying inappropriate 
drying method and conditions may lead to some disadvan-
tages e.g., quality deterioration of product and unnecessary 
high energy utilization. Therefore, an accurate knowledge 
of mass transfer mechanism and also energy consumption 
is necessary to optimize the drying parameters, improve the 
exciting dryers and even ideal design for new drying sys-
tems [3].

Depending on the natural properties of fresh products 
and also specific attributes required for dried products, dif-
ferent methods are used. Thin layer drying is the widely 
used method for drying of fruits and vegetables. The math-
ematical modelling and determination of moisture diffusiv-
ity and activation energy are the most advantages of thin-
layer drying technology [4]. Numerous studies have been 
reported on mathematical modelling of thin layer drying 
curves, moisture diffusivity and activation energy for vari-
ous products in the literature such as fig [5], black grapes 
[6], rough rice [7], apples [8], sweet cherry [9], pomegran-
ate arils [10], casuarina equisetifolia wood chips [11], haw-
thorn fruit [3], and lemon slice [12].

Most of the dehydrated products are generally rehy-
drated prior to or during usage. Therefore, a good knowl-
edge of rehydration characteristics, as an important qual-
ity indicator influenced by drying conditions, could be 
practical and should be obtained [13]. Describing rehy-
dration kinetics is important from a processing and engi-
neering point of view. It is important to know how absorp-
tion of water can be accomplished, but also how it will be 

Abstract This study aimed at determining the influence of 
temperature on drying, rehydration and consumed energy 
characteristics of common wormwood leaves during thin 
layer drying. The experiments were carried out at temper-
atures of 50, 60 and 70 °C and a constant air velocity of 
0.7 m s−1. The dehydration duration decreased significantly 
with increasing drying air temperature. The usefulness of 
five different mathematical models to simulate the experi-
mental drying kinetics was evaluated and the Midilli model 
was found to be the best model for explaining the curves. 
Effective moisture diffusivity values were obtained to be in 
the range of 7.099 × 10−8–3.191 × 10−7 m2 s−1. Rehydra-
tion capacity of the dried leaves increased with increasing 
rehydration water temperature and decreasing drying air 
temperature. The specific energy consumption decreased 
with any increment in drying air temperature and varied 
from 17.64 to 32.09 kWh kg−1.

1 Introduction

Artemisia absinthium is an herbaceous-perennial plant, 
with fibrous roots and straight grooved, branched and sil-
very-green stems, growing to 80–120 cm tall. Its leaves are 
spirally arranged, greenish-grey above and white below, 
covered with silky silvery-white trichomes, and bear-
ing minute oil-producing glands. The herb is an element 
in the spirit absinthe, and is used for flavouring in some 
other spirits and wines such as bitters and vermouth. In the 
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influenced by processing variables [14]. Fathima et al. [15] 
investigated the rehydration of various microwave-dried 
greens. Mujaffar and Loy [16] studied the effect of temper-
ature on the rehydration behavior of microwave-dried ama-
ranth (Amaranthus dubius) leaves. Ergün et al. [14] deter-
mined the rehydration behavior of freeze-dried kiwi slices 
by using distilled water at different solid–liquid ratios at 
room temperature.

The drying process not only leads to some changes 
in properties of the final products, but also needs a great 
amount of energy. Therefore, one of the important chal-
lenges of the drying industry is to ensure good quality of 
the final products with high energy efficiency. Energy anal-
ysis have been conducted and reported for drying process 
of different biological products using various drying sys-
tems [17–19].

The objectives of the present study were to (1) investi-
gate the effects of air temperature on drying behavior of 
common wormwood leaves, (2) select the best mathemati-
cal model for describing the dynamic drying curves, (3) 
calculate the effective diffusivity and activation energy, (4) 
determine the rehydration capacity and behavior and (5) 
determine specific energy consumption of the process.

2  Materials and methods

2.1  Samples

The aerial parts of common wormwood were harvested by 
cutting the herb manually to a height of 5 cm above the 
ground before flowering in May/June 2016 from farms of 
Chaharmahal–Va–Bakhtiari province, central Iranian pla-
teau (31°14′, 33°47′N and 49°49′, 51°34′E). Before the 
drying experiments, the leaves were separated from the 
stems accurately. To determine the initial moisture content 
of the samples, four 50 g of the leaves were placed in an 
oven at 105 °C for 24 h [20] and the following equation 
was used:

where M0 is the initial moisture content (kg water kg−1 dry 

matter) of the fresh leaves, and W0 and Wd are the mass (kg) 
of fresh and dried samples, respectively.

The average value of the initial moisture content of the 
leaves was determined to be 2.67 ± 0.021 kg water kg−1 dry 

matter.

2.2  Drying experiments

A laboratory-scale convective hot air dryer (Fig. 1) was 
used to conduct the drying experiments. The drying air was 

(1)M0 =
W0 −Wd

Wd

blown by a centrifugal fan into an electrical heater (7000 W 
heating coils) to heat up desired temperature and then, 
passed to the drying chamber made of a plexiglas cylin-
der with 15 cm height, and internal and external diameters 
14 and 15 cm, respectively. The drying air velocity was 
measured by a hot wire anemometer accurate to 0.1 m s−1 
(Lutron, AM-4201 model, Taiwan) and controlled by using 
a frequency inverter (TECO, 7300 CV model, Taiwan). 
Temperature of the drying air was measured by a PT100 
thermometer accurate to 0.1 °C in inlet of the drying cham-
ber and controlled by using a microcontroller. Furthermore, 
the consumed energy of heating elements was measured 
using a digital power meter accurate to 1 J (Zigler Delta 
Power).

For each drying experiment, the leaves (60 g with a 
thickness of 5 cm) were placed on the drying chamber. 
The experiments were performed at constant air velocity of 
0.7 m s−1 and temperatures of 50, 60, and 70 °C. In the 
experiments, relative humidity of drying air remained at the 
environment relative humidity (approximately 30%).

During the experiments, the samples were weighed 
with a digital balance accurate to 0.01 g (Shimadzu, model 
UW6200H, Japan) at regular time intervals of 5 min and 
the instantaneous moisture content was determined by 
using Eq. (2):

where M is the moisture content at any given time (kg water 
kg−1 dry matter) of the leaves. Also, W is the mass of samples 
at any given time (kg).

In each experiment, drying process of the leaves was 
continued until reaching to the final moisture content of 
about 0.20 kg water kg−1 dry matter. At each drying tempera-
ture, the experiments were replicated three times and the 
average values were used.

Drying rate was calculated by using Eq. (3):

(2)M =

(

(Mo + 1)×W

Wo

− 1

)

Fig. 1  A schematic view of the convective dryer set up
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where DR is the drying rate (kg water kg−1 dry matter min), Mt 
and Mt+dt are the moisture contents (kg water kg−1 dry matter) 
at t and t + dt respectively, and t is the time (min).

2.3  Mathematical modeling

To describe the drying curves of the samples, the five widely 
used mathematical models (listed in Table 1) were selected. 
In the models, MR represents the moisture ratio and defined 
as [21]:

where MR is the moisture content ratio (dimensionless); 
and Mt and Me are the moisture content (kg water kg−1 dry mat-

ter) at any given time and the equilibrium moisture content 
(kg water kg−1 dry matter), respectively.

Curve fitting tool of MATLAB 7.10 (MathWorks, 
Inc., Natick, MA) and nonlinear regression technique 
were applied to fit the models to experimental moisture 
ratio data. To evaluate and compare the fit goodness of 
the applied models, the statistical factors including root 
mean square error (RMSE) and coefficient of determina-
tion (R2) were used. Among the models, a model having 
the minimum RMSE and the maximum R2 was selected 
as the best model to estimate the drying curves [20].

2.4  Determination of effective diffusivity (D) 
and activation energy (Ea)

Liquid and/or vapour diffusion is the main mechanism that 
controls the moisture removing in fruits and vegetables 
during drying process. By considering the only diffusion-
based moisture transfer in thin layer drying, one-dimen-
sional diffusion and Fick’s diffusion equation can be used 
for a simple and accurate analysis of the process. To iden-
tify the moisture transfer, by assuming isotropic behavior 
of the samples with regards to the water diffusivity and 
negligible shrinkage of drying materials, Fick’s second law 
of transient diffusion can be used as follow:

Supposing uniform moisture distribution, negligible 
external resistance, and constant diffusivity through the 
drying process, Crank [22] has given an analytically solu-
tion for Eq. (5) for different solid geometries. For an infi-
nite slab the solution is written as:

(3)DR =
Mt+dt −Mt

dt

(4)MR =
Mt −Me

Mo −Me

(5)
∂M

∂t
= Div(D(gradM))

where D, L, and t are the effective diffusivity (m2 s−1), 
thickness of the slab (m), and the drying time (s), 
respectively.

For long drying periods, Eq. (6) can be simplified to 
only the first term of the series as:

To determine the effective diffusion, the graph of ln(MR) 
against drying time (s) was plotted and Eq. (8) was used:

To calculate the activation energy, the effective moisture 
diffusivity was related with absolute temperature of drying 
air as follow:

Equation (9) was rewritten in logarithmic form as follow:

where D0 is Arrhenius constant or the constant equivalent 
to the diffusivity at infinitely high temperature (m2 s−1), R 
is the universal gas constant (8.314 × 10−3 kJ mol−1 k−1), 
Tabs is the absolute temperature (k), and Ea is the activation 
energy (kJ mol−1).

The graph of ln(D) against 1/Tabs was plotted and activa-
tion energy determined as [23]:

2.5  Rehydration

To determine the rehydration characteristics of the dried 
leaves, dried common wormwood leaves were immersed in 

(6)MR =
8

π2

∞
∑

n=0

1

(2n+ 1)2
exp

(

−
(2n+ 1)2π2Dt

L2

)

(7)MR =
8

π2
exp

(

π2Dt

L2

)

(8)D = −

(

L2

π2

)

Slope

(9)D = D0 exp

(

−
Ea

RTabs

)

(10)Ln(D) = ln(D0)−
Ea

R

(

1

Tabs

)

(11)Ea = −slope× R

Table 1  Mathematical models applied to describe drying curves of 
common wormwood leaves

Model name Model expression

Newton MR = exp (−kt)

Page MR = exp (−ktn)

Henderson and Pabis MR = a exp (−kt)

Diffusion approach MR = a exp (−kt) + (1 − a) exp (−kbt)

Midilli MR = a exp (−ktn) + bt
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distilled water maintained at 25, 50 and 80 °C. Five g of 
the dried leaves was weighed accurately and placed into a 
250 ml beaker containing 150 ml distilled water, agitated 
and allowed to rehydrate for 5 h. At every 30 min inter-
vals, the samples were removed from water, drained and 
weighed. The rehydration was expressed by moisture con-
tent of the leaves during rehydration process [24]. Rehydra-
tion of the leaves continued until the water absorption was 
insignificant and equilibrium moisture content of the rehy-
drated leaves was determined. Rehydration capacity of the 
leaves was calculated as follow [3]:

The experiments were replicated three times and the 
average values were calculated.

2.6  Energy analysis

The obtained data about energy consumption using the dig-
ital power meter was used to calculate the specific energy 
consumption (SEC) index by using the following equation 
[17]:

where E is the consumed energy (kW h) and mw is the mass 
of removed water (kg) from the leaves during the drying 
process.

2.7  Statistical analysis

For statistical analysis a complete randomized design was 
used with three replications. The data was statistically ana-
lyzed using one–way ANOVA by SPSS (19.0), and means 
were compared using the least significant difference (LSD) 
test (P < 0.05).

3  Results and discussion

3.1  Drying characteristics and mathematical modeling

Variation in moisture content (kg water kg−1 dry matter) of the 
common wormwood leaves during drying process at air 
temperatures of 50, 60 and 70 °C are illustrated in Fig. 2. 
Also, Fig. 3 shows the changes of drying rate (kg water 
kg−1 dry matter min) versus moisture content (kg water kg−1 

dry matter) during the process for the leaves. As shown, dry-
ing duration of the samples was affected by air tempera-
ture significantly (P < 0.05) where average drying time 
for temperatures of 50, 60 and 70 °C was obtained to 140, 

(12)

Rehydration capacity =
Weight of rehydrated samples (g)

Weight of dried samples (g)

(13)SEC =
E

mw

80 and 40 min, respectively. This observation agrees well 
with the reported results in the literature e.g., for hot air 
drying of red chillies [25], hot air and vacuum drying of 
kiwi slices [26], convective drying of green bell peppers 
[27] and microwave-vacuum drying of pomegranate arils 
[10]. In fact, at higher drying temperature, heat transfer 
rate between thermal source and the material is increased 
which accelerates moisture evaporation and consequently 
results in lower drying duration [12].

From Fig. 3, it is clear that drying process of the leaves 
at the applied temperatures occurred in the falling rate 
entirely and constant rate period was not observed. This 
observation is in agreement with the reported results for 
hot air drying of some biological products in the litera-
ture [28, 29]. Falling-rate drying period points to control 
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Fig. 2  Variation in moisture content of common wormwood leaves 
with drying time at different drying air temperatures
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the moisture movement in the samples mainly by diffu-
sion. In fact, in falling-rate period, diffusion is the domi-
nant physical mechanism and water migration from the 
interior to the surface of product is controlled by molecu-
lar diffusion [23].

Statistical analyses results obtained through fitting 
experimental moisture ratio data with the mathematical 
models for the temperatures of 50, 60 and 70 °C are pre-
sented in Table 2. As shown, the Midilli model had the best 
performance in describing drying curves of the common 
wormwood leaves. Some researchers have reported similar 
results on the applicability of the Midilli model to simu-
late the drying curves of agricultural materials e.g., oyster 
mushroom [30], white mulberry [31], and pomegranate 
arils [32].

Figure 4 shows the experimental ln(MR) versus drying 
time (min). By using Eq. (8) the effective moisture diffusiv-
ity of the common wormwood leaves was calculated and 
the average values for drying temperatures of 50, 60 and 
70 °C were determined to be 7.099 × 10−8, 1.635 × 10−7 
and 3.191 × 10−7 m2 s−1, respectively. The obtained mois-
ture diffusivity values are generally within the range of 
10−11–10−6 m2 s−1 which is given for food materials [23]. 
The statistical analyses indicated that drying temperature 
in the applied range had significant effect on moisture dif-
fusivity of the leaves (P < 0.05) where any increment in 
drying temperature led to an increment in the diffusivity. 
In fact, resistance of fluid outflow is decreased at higher 
temperatures resulting in facilitated diffusion of water mol-
ecules in the product capillaries and higher moisture diffu-
sivity [12]. Furthermore, the diffusivity values obtained for 
the common wormwood leaves in this study are compara-
ble with those reported in the literature for hot air drying 
of olive leaves (1.05–4.97 × 10−9 m2 s−1) [33], peppermint 
leaves (1.809–4.649 × 10−9 m2 s−1) [20] and bertoni leaves 
(4.67–14.9 × 10−9 m2 s−1) [34].

The ln(D) values were plotted against 1/Tabs (Fig. 5) and, 
by using Eq. (11), the activation energy (Ea) was deter-
mined to be 69.33 kJ mol−1. The obtained activation energy 
is within the general range reported for food materials 
(1.27–110 kJ mol−1) [17].

3.2  Rehydration characteristics

Generally, rehydration is a complex phenomenon which is 
affected by the process conditions and product characteris-
tics. Rehydration of dried products with cellular structures 
is more complex where drying treatments can affect the 
process due to changes in the physical and chemical prop-
erties of the material during removal of water [35]. Table 3 
shows the average values of rehydration capacity for the 
common wormwood leaves dried at the different drying 
and rehydration temperatures. As shown, any increment 
in rehydration water temperature significantly (P < 0.05) 
led to an increment in rehydration capacity. This case can 
be associated to the effect of water temperature on cell 
wall and tissue [3]. Similar results have been reported in 
the literature for different products e.g., betel leaves [24], 
green bell peppers [27] and hawthorn fruit [3]. The results 
obtained in this study showed that rehydration capacity of 
leaves dried at lower temperatures was more than leaves 
dried at higher temperatures. Lower drying temperatures 
may cause more porous structure which lead to higher 
water penetration. Similar results have been reported by 
Seremet et al. [35] in term of drying temperature effects on 
rehydration capacity for pumpkin slices (Table 3).  

Figure 6 illustrates the variations in moisture content 
(kg water kg−1 dry matter) of the leaves dried at 60 °C dur-
ing rehydration process at different water temperatures. 
For the two other drying temperatures the same trends 
were also obtained. As shown, rehydration curves can be 
divided into two regions including fast water absorption 
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and slight water absorption periods. The quick initial 
water uptake is expected due to filling of capillaries and 
cavities near the surface of the leaves. Proceeding water 
absorption, the free capillaries and intercellular spaces 
are filled up with water which leads to a decline of the 
soaking rate. Some researchers have reported a similar 
observation during rehydration of different biological 
products e.g., kiwi slices [14], pumpkin slices [35], and 
betel leaves [24].

3.3  Energy consumption

Specific energy consumption (SEC) for drying of the leaves 
was calculated using experimental data for energy con-
sumption and applying Eq. (13). The SEC value for drying 
temperatures of 50, 60 and 70 °C was obtained to be 32.09, 
26.11 and 17.64 kW h kg−1, respectively. The SEC values 
obtained in this study are comparable with those reported in 
the literature for different products. Torki-Harchegani et al. 
[20] dried peppermint leaves in a convective oven at tem-
peratures of 50, 60 and 70 °C and reported the SEC values 
to be 64.71, 55.37 and 42.72 MJ kg−1 for the applied tem-
peratures, respectively. Aghbashlo et al. [17] investigated 
energy consumption during thin layer drying of berberis 
fruit at drying temperatures of 50–70 °C and air velocities 
of 0.5–2 m s−1, and found the specific energy consump-
tion to be in the range of 20.94–1110.07 kW h kg−1. Fur-
thermore, the results show that any increment in drying air 
temperature caused a decrement in specific energy con-
sumed during dying of common wormwood leaves. This 
observation agrees well with reported consequences in the 

Table 2  Values of coefficients and constants of the models for common wormwood leaves dried at the different air temperatures along with the 
statistical analysis results of the models

Model name Drying temperature (°C) Coefficients and constants R2 RMSE

Newton 50 k = 0.01675 0.9989 0.00917

60 k = 0.03282 0.9887 0.03282

70 k = 0.04643 0.9818 0.04643

Page 50 k = 0.01443, n = 1.036 0.9993 0.00722

60 k = 0.01735, n = 1.201 0.9985 0.01231

70 k = 0.02546, n = 1.309 0.9994 0.00926

Henderson and Pabis 50 a = 1.011, k = 0.01696 0.9991 0.00846

60 a = 1.050, k = 0.03651 0.9923 0.02808

70 a = 1.048, k = 0.06450 0.9853 0.04465

Diffusion approach 50 a = 0.909, k = 0.01662, b = 1.092 0.9988 0.00955

60 a = 1.43, k = 0.04486, b = 2.345 0.9988 0.01154

70 a = 2.61, k = 0.03441, b = 0.669 0.9943 0.03039

Midilli 50 a = 0.9891, k = 0.01139, b = 0.00021, n = 1.102 0.9996 0.00562

60 a = 0.9898, k = 0.01299, b = 0.00057, n = 1.302 0.9993 0.00902

70 a = 0.9965, k = 0.02365, b = 0.00036, n = 1.342 0.9994 0.01073

Table 3  Average values of rehydration capacity at 25, 50 and 80 °C 
for the common wormwood leaves dried at the applied drying air 
temperatures

Drying temperature 
(°C)

Rehydration tempera-
ture (°C)

Rehydration capacity

50 25 3.29

50 3.81

80 4.38

60 25 3.14

50 3.63

80 4.22

70 25 3.01

50 3.54

80 4.09
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literature by researchers during drying of different products 
e.g., nettle leaves [36], apple slices [37], chamomile [38] 
and paddy kernels [39].

4  Conclusion

In the present, common wormwood leaves were dried in 
a convective dryer at air temperatures of 50, 60 and 70 °C 
and water removal, rehydration and consumed energy char-
acteristics of the leaves during thin layer drying were inves-
tigated. Drying process of leaves occurred in the falling rate 
period entirely. The dehydration duration was affected by 
air temperature significantly where average required time 
for water removal from the samples was 140, 80 and 40 min 
for temperatures of 50, 60 and 70 °C, respectively. The 
experimental data was fitted to five thin layer models and 
Midilli best explained the drying curves. Effective moisture 
diffusivity was increased with any increment in air tem-
perature and obtained to be in the range of 7.099 × 10−8–
3.191 × 10−7 m2 s−1. Rehydration capacity of the dried 
common wormwood leaves increased with any increment 
in rehydration water temperature and any decrement in dry-
ing air temperature. Rehydration curves included an ini-
tially fast water absorption period continued by a slightly 
water absorption period. The maximum and minimum spe-
cific energy consumption values were obtained at drying air 
temperatures of 50 and 70 °C, respectively.
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