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Effect of Fruit Thickness
on Microwave Drying Characteristics of Myrtus communis L.
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ABSTRACT: Myrtus communis L. (Myrtle) is an evergreen shrub and its fruit is used in traditional
medicine in hypoglycemic, oral, and stomach diseases therapy. To the best of our knowledge there is
no report on microwave drying of it. Therefore, this study is aimed to evaluate the effect of microwave
power and fruit thickness on drying kinetics, effective moisture diffusivity, activation energy, specific
energy consumption, and quality characteristics of Myrtus communis L.. Thus, four thicknesses (5, 7,
9, and 11 mm) of the fruit were dried at microwave power levels of 450, 600, and 750 W. The kinetics
study revealed that the Midilli et al. model exhibited the best microwave drying behavior of
the samples. Moreover, increasing microwave power and decreasing fruit thickness resulted
in a substantial (P<0.05) reduction in drying time and an increase in drying rate. Fruit thickness also
showed a significant effect (P<0.05) on effective moisture diffusivity and specific energy consumption,
which ranged from 0.453x107 to 8.91x107 (m?/s) and 6.98 to 18.13 (MJ/kg water), respectively.
In addition, the less fruit thickness, the more moisture diffusivity, and the less activation energy.
The calculated activation energies were in the range of 11.46 to 21.76 (W/g). Moreover, as the
thickness of the fruit was reduced and the microwave power was increased, the shrinkage ratio
of the samples was reduced and their rehydration abilities were enhanced. Finally, it was determined
that a microwave power of 750 W and a fruit thickness of 5 mm made better results in terms of quantity
and quality parameters.
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INTRODUCTION

Myrtus communis L. (Myrtle) is an evergreen shrub
which belongs to Myrtaceae family [1-3]. It grows in
Europe, Africa, America and western parts of Asia [1, 4].
It contains some compounds such as caffeic acid, tannins,
and coumarins [1, 5, 6]. Its fruits are in spherical shape
with dark red to violet color and contains tannin,
anthocyanin glucosides, and flavone glycosides [7-9].

Fruits and vegetables are highly perishable to spoilage,
because of their high moisture content (about 80%) [10].
Hence, preservation techniques, such as drying are

necessary [11]. Drying is the oldest and the most popular
storage and preservation method which reduces the water
content, restricts microbiological activity, increases the
shelf life of food products [12]. The Myrtus communis L.
fruits, which is the subject of the present study, grows
during mid-autumn in south and north of Iran. Therefore,
owning to the mentioned medicinal properties, storing of
Myrtus communis L. fruit for a long time using drying
method is a way to use it in other seasons and extending its
consumption period.
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Hot air is the oldest drying method which is based on
exposing the sample to direct stream of hot air in order to
remove moisture [13]. The non-toxicity and uniformity
of the products are features of this method, but it is noted
that the products have poor quality characteristics such as
nutritional content, shape, and color [14, 15]. Therefore,
it is needed to develop some new drying methods, such as
microwave method to overcome the problems.

Microwave drying is a comparatively inexpensive
process in which water moves onto the surface of product
due to dipole heating [16]. In plant processing industry,
it is interested to use microwave energy to dry the crops
due to reduced time and product quality maintenance [17].
Microwave drying induces an efficient energy and
homogeneous distribution of it, in comparison with hot air
drying, which leads to enhance efficiency of moisture
removal [18]. Other benefits of the microwave method are:
causing a puffy structure, being high drying rate [19, 20],
saving energy [21], and reducing drying space [18].
Accordingly, the selected method in this paper is
microwave drying.

Until now microwave method is widely used for drying
different agricultural products such as green peas [22],
okra [23], green soybean [24], onion slices [25] parsley
[26], brown rice [27], and loquat leaves [28]. For example,
Horuz and Maskan [29] studied microwave and hot air
drying of pomegranate arils. They evaluated drying
behavior, rehydration, shrinkage, bulk density, and color
changes of the products and found that in microwave
method, drying rate was higher compared to hot air
method. They were also observed that shrinkage and
drying time was lower compared to hot air method.

In general, determination of the required time and the
impact of different conditions are essential in drying
process to design and to select a desired dryer. Therefore,
it is important to evaluate kinetics of drying. It is
significant for drying process optimization, equipment
design, and product quality improvement [30, 31]. To the
best of our knowledge, there is no information available on
the microwave drying behavior of Myrtus communis L.
Therefore, this is the selected method for drying process
in this work.

Accordingly, this work was aimed to study microwave
drying of Myrtus communis L. under different condition.
Thus, drying curves and its kinetics were evaluated.
Moreover, the effect of microwave power and fruit
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thickness were analyzed on quantity and quality
characteristics. The target characteristics were effective
moisture diffusivity, activation energy, specific energy
consumption of method, and quality characteristic
including rehydration and ratio of shrinkage.

EXPERIMENTAL SECTION
Material preparation

The fresh samples of Myrtus communis L. (blue-black
variety) was purchased from a local market in Lordegan,
Iran. It was harvested during the mid-autumn. The samples
were washed before starting experiments in order to
remove their impurities and pollutions available on the
surface of fruits. Since the Myrtus communis L. fruits are
spherical, their diameter was considered as thickness of the
samples. In order to evaluate effect of fruit thickness, they
were separated and grouped in four thickness of 5+0.02,
740.04, 9+0.05, and 11+0.07 mm. The thickness of
samples were measured by a caliper (Ronix, China). Then,
the washed and grouped samples were kept in zippered
packets and stored in a refrigerator at a temperature of
+4+0.5 °C to reduce chemical and physiological changes
and prevent moisture loss. Initial moisture content were
specified by keeping the samples in an oven dryer (ATRA,
ACEA400L, Iran) at 105 °C for 10hr [25, 32]; that is, the time
which no weight change was detected. The moisture
content of fruits was determined %76+0.5 (g/g d.b.).

Experimental set-up and method

In this study, a programmable microwave apparatus
(Samsung, Samil4, 2450 MHz) was used to supply
microwave energy of drying process. It had an inside
chamber with dimensions of 0.4x0.22x0.4 m® and
consisted of a rotating glass plate with 0.38 m thickness.
The microwave power level was changeable in the range
of 100 to 900 W.

Microwave energy, in general, eliminates free moisture
from the internal space of material, which is known
as volumetric heating. It leads to produce more heat
in the object and as a result the inside temperature reaches
the highest one (refer to Fig. 1). Therefore, moisture inside
the sample will be removed quickly [33]. Microwave
drying method was carried out at three levels of output
power of 450, 600, and 750 W. These powers were selected
based on the initial experiments such a way that burning
of samples was not observed. For each test, 10+0.03 ¢
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Table 1: Frequently used mathematical models describing drying kinetics of food materials

Sample

- J

Fig. 1: Heat and mass transfer direction in Microwave drying
Process.

of the samples with equal thickness was weighted by
a digital balance (accuracy 0.001 ¢, S-ES series, Bell
engineering company, Italy) and placed at the center of
rotating glass plate of microwave oven. Then, change
weight of the fruits was recorded every 30 s by taking out
the samples and weighing on a digital balance. The digital
balance was located near the microwave device and
weighing the samples was done as quickly as possible
to avoid weighing errors. Drying process was accomplished
until final moisture content of %10+1 (g/g d.b.). All
experiments were repeated three times and the mean of
data were reported.

Mathematical modeling

To model the drying kinetics behavior of the Myrtus
communis L. fruits in a mathematical way, 8 widely used
thin layer models were investigated. The models are tabulated
in Table 1. Here, moisture ratio, MR, was defined as [30]:
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/ Model No. Model name Model equation Reference \
1 Page MR =exp (-k t") [35]
2 Logarithmic MR =aexp (-kt) +c [25]
3 Midilli et al. MR =aexp (-kt") +Dbt [33]
4 Newton (Lewis) MR =exp (-k t) [36]
5 Henderson and Pabis MR =aexp (-kt) [33]
6 Two-term MR =aexp (-kit) + b exp (-kat) [33]
7 Two term exponential MR =aexp (-k t) + (1-a) exp (-k at) [32]
\ 8 Verma et al. MR = aexp(-kt) + (1 — a) exp(-gt) [32] j
4 M, - M
Microwave MR = M(t) _ MZ 1)

where M is moisture content of the fruits (g/g d.b.). The
subscripts of t, e, and 0 denote to at any time, equilibrium,
and initial, respectively. Since Me<<M; and M¢<<Mo, the
value of M is negligible [30].

Drying rate, calculated to evaluate drying efficiency, is
defined as [34]:

Drying rate = W )

Where t+dt means at time t+dt and dt is time interval (min).

Regression analysis was performed using Sigma Plot
(Systat Software, Inc., v.12.3) software to evaluate
parameters of the equations. Coefficient of determination (R?)
and Root Mean Square Error (RMSE) were measured to
find the consistency of models [33]. It is noted, the best
model has higher R?-value (closer to one) and lower
RMSE-value (closer to zero).

Effective moisture diffusivity

Drying process consist of two periods of constant and
falling rate [33]. At falling rate period, drying of food
material is controlled by internal diffusion phenomenon.
Fick’s second law of diffusion formulates the phenomenon.
It can be used for different geometries including thin layer,
cylinder, slab and sphere. The Fick’s second law of
moisture diffusion is defined as [37]:

% =Dy V'MR (3)
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Analytical solution of this equation for spherical
geometry of the Myrtus communis L. fruits by assuming
one dimensional moisture, a uniform moisture distribution,
and negligible external resistance is introduced as [37]:

0

Dt
MR = % Lzexp(—nzfc2 e_szj 4)
s 1n r

n=

Where r is radius of the Myrtus communis L. fruits and
Dett is effective moisture diffusivity (m?/s). For long time
of drying process, only the first term of the series is
considered [32, 38]. Hence, a logarithmic form is given
as follows:

2
Dt
Ln(MR) = Ln (%)—“—;ﬁ ()
T r

Therefore, a straight line can be obtained by plotting
In(MR) versus t and Dess values calculated using the slope

of the line as follows:

2

slope = —% (6)

r

Activation energy

Dependence of the effective diffusivity on temperature
is described by Arrhenius equation. According to it,
activation energy (Ea.) during falling rate of drying
is introduced as follows [32]:

E
o0 -0y00] 5] »

Where E, is the activation energy (kJ/mole), Dy is pre-
exponential constant of Arrhenius equation (m?/s), T is the
air temperature (K), and R is the universal gas constant
(kJ/mole.K). However, in the microwave drying method,
the temperature inside the microwave oven chamber
cannot be measured exactly. Thus, microwave power level
could be applied as an alternative direct parameter instead
of temperature [35]. Therefore, Dadali and Ozbek modified
this equation and suggested a new formula as [39]:

E,.m

Desr =Dy exp(-—5-) ®)

Where m is the mass of sample (g), P is microwave
power (W), and E, is activation energy (WI/g). Its
logarithmic form can be written as follows:
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In(Desr ) = —E, (%]Jr Ln(D,) ©)

Therefore, a straight line can be obtained by plotting

m

Ln (De) versus - and activation energy determined
by slope of the line.

Specific Energy consumption

The specific energy consumption, SEC, is expressed as
the required energy (kJ) to eliminate 1 kg water from the
sample. In this study, it was calculated for different
microwave powers and fruit thickness and it defined
as follows [40]:

Emec + Eth
m

SEC = (10)

w

Where Enec is mechanical energy consumption, E is
thermal energy consumption and m, is the mass of
removed water (kg). It is noted that Ene. of microwave
oven dryer is negligible compared to Ew and Eq value
can obtained as follows [41]:

Ey = Pxt (1)

Where P is microwave power (W) and t is time ().
Therefore, the SEC value in microwave drying process
can obtained as follows [35]:

Pxt
m

SEC = 12)

w

Shrinkage ratio

Volume change of food material upon drying
expressed as shrinkage. In this study, it was measured by
liquid (toluene in this study) displacement method as
reported by Horuz and Maskan [29]. In order to avoid
excessive exposure of samples to solvent uptake, the tests
were done as rapidly as possible (less than 15 s). The
shrinkage ratio, S, was determined as follows [29, 42]:

s=Y 4100 (13)
V,

0

Where V is dried fruit volume (ml) and Vj is the fresh
fruit volume (mL).

Rehydration ratio
To measure rehydration ratio of dried fruits, a certain
amount of the dried Myrtus communis L. fruits with the
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weight of 0.5+0.03 g was immersed in 50 ml of distilled
water at 23+0.02 °C and its weight was recorded every 20
min (its weight increases due to the water uptake) until no
weight change was observed. The rehydration ratio was
calculated by [29, 43]:

Wi =Wy
Wy

Rehydration ratio = x100 (14)
Where wg and w; are the fruits weight before and after
water uptake (g), respectively.

Statistical analysis

Here, all drying experiments were performed in
triplicate and mean of data was reported. The obtained data
were analyzed by ANOVA test using software of Minitab
v.19 (Minitab, State College, USA). Tukey’s comparison
test at confidence level of 95% (P<0.05) was used to
compare the means.

RESULTS AND DISCUSSION
Drying curves

The fresh Myrtus communis L. fruits were dried to an
average final moisture ratio, MR, of about 0.1 and drying
curves were evaluated. Fig. 2 illustrates a typical example
of the drying curves for the fruit thickness of 5 mm under
different microwave powers. Similar behavior was also
observed for all other fruit thickness. Based on the results,
the time required to dry the Myrtus communis L. fruits with
thickness of 5 mm was 9.3, 13.7, and 19.6 min under
microwave power of 450, 600, and 750 W, respectively.
Statistical analysis showed that at a specific fruit thickness,
microwave power had a significant effect (P<0.05) on
drying time. As indicated in Fig. 2, drying time was reduced
significantly by increasing microwave power. It is
the results of the more heat absorption due to the higher
microwave power which leads to an increase in sample
temperature. It also increases heat and mass transfer
driving force and drying rate simultaneously, and decreases
drying time, as reported in some literature [44, 45]. In terms
of the microwave power effect on the drying time, similar
behavior were also reported for some food material such
as starch [46], purslane leaves [36], hawthorn fruit [47],
parsley [26], mango [48], spinach [49] and potato [35].

The main factors affecting the drying time are initial
and final moisture contents of the food product, drying
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Fig. 2: Microwave drying curve of Myrtus communis L. fruits
at different microwave power and fruit thickness of 5 mm.

conditions, type of drying system, and inherent
characteristics of the food material [35]. Due to existence
of the high moisture in fruits and vegetables, water is
the major part of dielectric element of the microwave
drying and their reaction with microwave energy is very
strong [35, 50]. Therefore, as long as the moisture content
of these materials is present, the microwave energy
is absorbed quickly. Consequently, the microwave energy
reduces the drying time in proportion to the amount
of moisture remaining in the material [35, 50, 51].

In order to investigate the effect of fruit thickness, the
drying curves at a specific power at different thickness are
plotted in Fig. 3. Fig. 4 also compares the drying time of
all experiments. Maximum drying time was 40.3 min,
belonged to the sample with thickness of 11 mm dried
at 450 W microwave power. Minimum drying time was
9.3 min, obtained at microwave power of 750 W and fruit
thickness of 5 mm which is reduced %79.18 compared
to the maximum drying time. Statistical analysis showed
that fruit thickness had a significant effect (P<0.05) on the
drying time and reducing thickness of Myrtus communis L.
fruits in the range of 5 to 11 mm significantly reduced
microwave drying time. This can be justified in this way
that the less sample thickness, the less distance of mass
transfer from the interior to its surface which causes to
reach the moisture to the surface of sample in a short time,
resulting in reduce drying time. Several researchers
reported similar behavior in terms of the effect of sample
thickness on drying time. Azimi-Nejadian and Hoseini [35]
studied effect of potato slices thickness (3.5 to 9 mm)
on drying time under microwave drying. They reported
that the drying time was decreased with decreasing
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Fig. 3: Microwave drying curves of Myrtus communis L. fruits
at different thickness, dried at microwave power of 750 W.
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Fig. 4: Microwave drying time of Myrtus communis L. fruits at
different thickness and different power levels.
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Fig. 5: Microwave drying rate of Myrtus communis L. fruits at a) different thickness under microwave power of 750 W
and b) different power levels at fruit thickness of 5 mm.

thickness in microwave power range of 200-900 W [35].
In another study, Siifer et al. [51] examined effect of onion
slices thickness (3 to 7 mm) on drying time at microwave
power range of 200-900 W. They indicated that the more
onion slices thickness, the more drying time [51]. Similar
results were also reported for carrot [52], apple slices [53],
and elephant foot yam [54].

In addition, drying rates of Myrtus communis L. fruit
were calculated. A certain number of them are plotted in
Fig. 5 against moisture ratio value (MR). Similar behavior
was also observed for all other operating conditions. As it
is obvious, drying rate increased by increasing microwave
power and decreasing the fruit thickness. Similar result
was also reported for carrot [52]. The maximum drying
rate was obtained at highest microwave power level of 750 W

Research Article

and lowest fruit thickness of 5 mm. The amount of
microwave energy absorption by food products depends
on its moisture content. In the initial stage of the
microwave drying, due to high moisture content of
samples, the drying rate is high and a great energy is
absorbed by the water on the surface of product. This leads
to an increase in the temperature of samples. As the
process continues, the moisture content of the product
decreases and the product surface dries. Subsequently
heat penetration inside the samples through dried layer
is reduced. It leads to less microwave energy absorption
and reduced drying rate. This is in agreement with the results
of some researchers [55, 56]. Besides, drying process
occurred in falling rate period and it is not observed
any constant drying rate period for microwave drying
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of Myrtus communis L. at any of the treatments. This
behavior proves that diffusion was dominant mechanism
for water removal from samples.

Mathematical modeling of drying behavior

The Moisture Ratio (MR) values obtained from the
experiments were fitted to 8 thin layer drying models listed
in Table 1. The results of the fitting are given in Table 2.
The suitability of the models was investigated in terms of
RMSE and R? values. R? values were high enough
(R>>0.97) for all drying conditions which indicates
suitability of all models to describe microwave drying. The
average values of RMSE and R? were in the ranges of
0.973-0.999 and 0.013-0.154, respectively. The best model
to describe microwave drying behavior of Myrtus
communis L. fruits was introduced based on the lowest
RMSE and the highest R?values.

According to the results, Midilli et al. model was the
best one to model microwave drying of Myrtus communis
L. fruits in microwave power range of 450 -750 W and fruit
thickness of 5-11 mm. It is expressed as follows:

MR :aexp(—kt”)+bt (15)

where the estimated parameters of the model are n and
a, dimensionless drying constants, and k, drying constant.
These parameters are bolded in Table 2.

Midilli et al. model was also successfully applied to dry
several other food material under different drying methods
such as microwave-hot air drying of oyster mushroom [57]
and Gundelia tournefortii L. [33]; and microwave drying
of fish, chicken and beef samples [34], pre-gelatinized
starch [46], onion slices [51], Gundelia tournefortii L. [58].
The fitted drying curves of samples to Midilli et al. model
are illustrated in Fig. 6. The result indicates that Midilli et
al. model is suitable in describing microwave drying
characteristics of Myrtus communis L. fruits.

Evolution of effective moisture diffusivity

Effective  moisture  diffusivity may include
vaporization, liquid and vapor diffusion, condensation and
other mass transfer phenomena. On the other hand, there
is not enough information about the mechanism of
moisture transfer within food material during the drying
process. Thus, effective moisture diffusivity is introduced
to demonstrate the overall transfer coefficient of moisture
within food material [23]. In this study, effective moisture

228

Abbasi H. et al.

Vol. 42, No. 1, 2023

diffusivity (Der) values were calculated by slope method
using Eq. (6) at different operating conditions. The results
are shown in Fig. 7. According to the results, Dest values
varied from 0.453x107 to 8.91x107 (m%s) which are
within the given overal range of 10! to 10 (m%s) for
food material [54, 59]. Generally, the more microwave
power, the more Dex values of Myrtus communis L. fruits.
The increase was related to heating energy enhancement
due to microwave power increment, which leads to an
increase in the activity of water molecules. Similar
behavior was also reported for some other food material
such as potato slices [35], carrot pomace [60], elephant
foot yam [54], and okra [23] in term of the effect of
microwave power on the effective moisture diffusivity.
However, according to statistical analysis, microwave
power had no significant effect (P>0.05) on De at a certain
thickness. In addition, Des Values of Myrtus communis L. fruits
increased with decreasing fruit thickness which is in agreement
with the result of Abano et al. (2019) for carrot pomace [60].
Moreover, at a certain microwave power, fruit thickness
had a significant effect (P<0.05) on Des and it increased
significantly with decreasing fruit thickness. The
differences between these results can be related to the
differences in food characteristics, drying methods,
geometric of samples, dryer type, and calculation
method [33, 35].

Evolution of activation energy

The minimum required energy to initiate moisture
diffusion is called activation energy (E.). It was calculated
for all microwave power levels and fruit thickness.
The results showed that E, values of Myrtus communis L.
fruits with thickness of 5, 7, 9, and 11 mm were 11.46,
14.58, 18.24, and 21.76 (WI/g), respectively. Generally,
lower E, values means higher mass transfer coefficient.
According to the results, the less fruit thickness, the more
Det Values of Myrtus communis L. fruits resulted in decreasing
its activation energy. The results are in good agreement
with the range of E, values of some other food product
such as elephant foot yam dried by microwave method
(9.23 to 23.47 WIg) [54].

Specific Energy Consumption (SEC)

SEC values of Myrtus communis L. fruits to reach
a final moisture content of about 0.1 were calculated
for all experiments and the obtained results are illustrate
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Table 2: The results of fitting of experimental data of Myrtus communis L. fruits to 8 thin layer drying models.
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f Page model Logarithmic model \
Microwave power Thickness

k n R? RMSE k a c R? RMSE
5.5mm 0.036 1.169 0.9925 0.116 0.056 1.104 -0.049 0.9915 0.141
4.5mm 0.047 1.038 0.9948 0.107 0.065 0.953 0.093 0.9961 0.113

450W
3.5mm 0.034 1.148 0.9916 0.092 0.061 1.023 0.039 0.9922 0.109
2.5mm 0.112 0.868 0.9925 0.088 0.133 0.797 0.219 0.9963 0.098
5.5mm 0.094 1.068 0.986 0.129 0.137 0.977 0.086 0.9912 0.124
4.5mm 0.049 1.155 0.994 0.117 0.073 1.081 -0.027 0.9921 0.117

600W
3.5mm 0.046 1.149 0.997 0.110 0.054 1.192 -0.167 0.9912 0.112
2.5mm 0.118 0.945 0.981 0.093 0.174 0.828 0.217 0.9917 0.092
5.5mm 0.091 1.353 0.983 0.137 0.149 1.218 -0.129 0.9788 0.145
4.5mm 0.078 1.387 0.989 0.129 0.111 1.377 -0.303 0.9825 0.138
3.5mm 0.092 1.226 0.974 0.143 0.158 1.068 0.0179 0.9756 0.083

750W
2.5mm 0.126 1.091 0.991 0.122 0.162 1.006 0.032 0.9923 0.092

Midilli et al. model Newton (Lewis) model
Thickness

a k n b R? RMSE k R? RMSE
5.5mm 1.008 0.0304 1.318 0.0022 0.9986 0.024 0.056 0.9854 0.128
4.5mm 1.005 0.0362 1.309 0.0024 0.9995 0.015 0.052 0.9919 0.118

450W
3.5mm 1.002 0.0511 1.293 0.0028 0.9993 0.016 0.051 0.9823 0.090
2.5mm 0.999 0.0723 1.278 0.0031 0.9985 0.028 0.083 0.9828 0.087
5.5mm 1.006 0.0401 1.311 0.0025 0.9976 0.035 0.108 0.985 0.130
4.5mm 1.004 0.0557 1.291 0.0028 0.9992 0.047 0.071 0.9867 0.128

600W
3.5mm 1.001 0.0801 1.254 0.0031 0.9985 0.058 0.065 0.9906 0.120
2.5mm 1 0.112 1.237 0.033 0.9994 0.015 0.106 0.9802 0.130
5.5mm 1.001 0.0574 1.384 0.0036 0.9993 0.018 0.162 0.9736 0.102
4.5mm 0.999 0.0871 1.277 0.035 0.9989 0.047 0.147 0.9837 0.108

750W
3.5mm 1.002 0.0118 1.231 0.0033 0.9995 0.016 0.137 0.9789 0.123

\ 2.5mm 0.998 0.171 1.219 0.0031 0.9989 0.063 0.146 0.9889 0.125j
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Table 2 (continue): The results of fitting of experimental data of Myrtus communis L. fruits to 8 thin layer drying models.

/ Henderson and Pabis model Two-term model \
Microwave power Thickness
k a R? RMSE a k1 b kz R? RMSE
5.5mm 0.061 1.061 0.9954 0.116 0.530 0.061 0.530 0.061 0.9954 0.116
4.5mm 0.054 1.028 0.9961 0.114 0.514 0.054 0.514 0.054 0.9941 0.114
450W
3.5mm 0.056 1.057 0.9924 0.109 0.528 0.056 0.528 0.056 0.9924 0.120
2.5mm 0.079 0.972 0.9856 0.125 0.486 0.079 0.486 0.079 0.9856 0.126
5.5mm 0.114 1.044 0.9895 0.126 1.058 0.120 1.097 -0.610 0.9943 0.102
4.5mm 0.077 1.057 0.9951 0.107 0.528 0.077 0.528 0.077 0.9951 0.107
600W
3.5mm 0.069 1.037 0.9959 0.103 0.518 0.069 0.518 0.069 0.9959 0.094
2.5mm 0.107 1.004 0.9803 0.093 0.007 -0.428 1.034 0.123 0.9961 0.113
5.5mm 0.185 1.108 0.9757 0.146 0.554 0.185 0.554 0.185 0.9757 0.149
4.5mm 0.168 1.101 0.9774 0.142 0.550 0.168 0.550 0.168 0.9774 0.145
3.5mm 0.1531 1.083 0.9754 0.132 0.542 0.153 0.542 0.153 0.9754 0.094
750W
2.5mm 0.153 1.033 0.9923 0.081 0.516 0.153 0.516 0.153 0.9923 0.123
Two term exponential model Verma et al. model
Thickness
a k R? RMSE a k g R? RMSE
5.5mm 1.719 0.0807 0.9941 0.114 1.089 0.063 1.179 0.9921 0.108
4.5mm 1.341 0.0578 0.9945 0.118 1.034 0.054 3.405 0.9945 0.093
450W
3.5mm 1.691 0.0728 0.9885 0.124 1.082 0.057 1.189 0.9951 0.086
2.5mm 0.262 0.225 0.9946 0.115 0.003 -0.211 0.093 0.9966 0.098
5.5mm 1.477 0.129 0.9856 0.087 1.059 0.116 5.417 0.9909 0.124
4.5mm 1.699 0.100 0.9939 0.119 1.091 0.08 1.125 0.9968 0.091
600W
3.5mm 1.683 0.092 0.9943 0.111 1.090 0.074 0.516 0.9981 0.109
2.5mm 1 0.106 0.9802 0.131 5.768 0.105 0.105 0.9733 0.135
5.5mm 1.966 0.268 0.9873 0.093 1.275 0.215 1.391 0.9925 0.127
4.5mm 1.965 0.249 0.9918 0.085 1.283 0.199 1.158 0.9947 0.121
750W
3.5mm 1.836 0.212 0.9742 0.154 1.160 0.166 1.980 0.9849 0.134
\ 2.5mm 1.574 0.188 0.9909 0.123 1.055 0.158 3.510 0.9941 0.119 j
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Fig. 6: Experimental moisture ratio and predicted values by
Midilli et al. model for Myrtus communis L. fruits at different
thickness and microwave power of 750 W.

in Fig. 8. They were in the range of 6.98 to 18.13 (MJ/kg
water). The minimum value was belonged to samples dried
under microwave power level of 750 W with fruit
thickness of 5 mm. The maximum value was obtained for
the samples dried under microwave power level of 450 W
with fruit thickness of 11 mm. According to statistical
analysis, at a certain thickness, microwave power had no
significant effect (P>0.05) on energy consumption.
However, as microwave power increased (in the range of
450 to 750 W), energy consumption slightly increased
which is due to lower drying time at lower microwave
power. It indicates that longer drying time consumes more
energy which is in agreement with the results of literature
in terms of the effect of microwave power on the specific
energy consumption of food material drying [41, 44, 61].
In addition, at a certain microwave power, fruit thickness
had a significant effect (P<0.05) on specific energy
consumption. SEC values of Myrtus communis L. fruits
were significantly decreased with decreasing fruit
thickness (in the range of 5 to 11 mm) under a specific
microwave power which is due to the lower drying time
at lower fruit thickness.

In microwave drying process, the energy of the
microwave waves penetrates into the food material. Then
it produces a polarity in water molecules of the material
and heats it up. As a result, it significantly improves
heating rate and uniforms heat distribution of the material.
Consequently, it reduces the required time and energy of
the process. similar results have also reported by several
researchers [50, 62].
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Fig. 7: Effective moisture diffusivity values (Defr) of Myrtus
communis L. fruits at different microwave powers and fruit
thickness.

Shrinkage ratio

In order to investigate the effect of operating
conditions on product quality, shrinkage ratio of fruit
samples was calculated. Generally, shrinkage ratio of
samples decreased with increasing microwave power
levels and decreasing fruit thickness. This might be due to
the lower drying time at higher microwave power and
lower fruit thickness, which gives the sample less time to
shrink. Moreover, steam puffing that occurs in microwave
drying method can be another reason to reduce shrinkage
under higher microwave power [63]. In addition, at higher
microwave power, evaporation of moisture inside the
fruits occurs rapidly. The generated internal vapor pressure
by the evaporation prevents the sample shrinkage. Similar
behavior has also been observed during drying of some
other food products such as kiwifruit [64], Chinese jujube [63],
and pomegranate arils [29]. The minimum shrinkage ratio
of Myrtus communis L. fruits was 21.7% at microwave
power of 750 W and fruit thickness of 5 mm and maximum
value was obtained 47.8% at microwave power of 450 W
and fruit thickness of 11 mm. Accordingly the microwave
power of 750 W and fruit thickness of 5 mm improved the
shrinkage ratio of samples more than the other conditions.

The amount of shrinkage depends on the drying rate.
When a single slice of shrinkable material dries at a slower
rate, like fruit dried at lower microwave power and higher
fruit thickness in this study, the water content differences
between its center and surface is higher. Thus, the material
shrinkage is more intense. However, if the samples dry
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Fig. 8: Specific Energy Consumption (SEC) of Myrtus
communis L. fruits dried at different microwave powers and
fruit thickness.

()
1
o
Sos
X
.2
=
0.6
=]
S
=
§0'4 |1 mm
E +9 mm
02 =7 mm
“+5mm
0 . . . '
0 80 160 240 320 400
Time (min)
(b)
1
(e
S o8
X
.8
=
= 0.6
=]
8
_g 0.4
>
=
()
& 02
0 : ‘ ‘
0 80 160 240 320 400

Time (min)
Fig. 9: Rehydration ratio of Myrtus communis L. fruits at:

(a) different fruit thickness under microwave power of 750 W
and, (b) different power levels at fruit thickness of 5 mm.
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at higher rate, like fruit dried at higher microwave power
and lower fruit thickness in this study, the mentioned
differences is lower. Consequently, it cusses to have
a dried product with a dimension closer to the one of fresh
sample [29]. Therefore, dried samples under higher
microwave power and lower fruit thickness (corresponds
to higher drying rate) shrunk less than the ones dried at
lower microwave power and higher thickness (corresponds
to lower drying rate).

Rehydration ratio

The study of rehydration ratio is used to obtain food
products with much original textural characteristics in the
lowest possible time. Two events occur simultaneously
during the rehydration process including 1) tumescence of
the tissue, and 2) water uptake into the dried material.
Since the drying process structurally destructs the food
material, and the destruction changes water uptake ability
in dried food material [44], therefore, the rehydration ratio
of dried food is used as an important quality parameter
[65]. It is an index revealing physical and chemical
changes and damages caused by drying processes.
Rehydration ratios of dried Myrtus communis L. fruits
were calculated for all experiments. A typical example of
them is shown in Fig. 9. Similar behavior was observed for
all other experiments. According to Fig. 9 (a) and (b),
rehydration ability of the samples was increased by
decreasing fruit thickness. It is in agreement with results
of carrot [52]. This is because the lower drying time at
lower fruit thickness. Moreover, the more microwave
power, the more rehydration ability of the dried Myrtus
communis L. fruits. By exposing the fruits to microwave
power for a long time, their internal structure will destruct.
It can be attributed to the fact that a lower shrunk structure has
greater capacity to water uptake after reconstruction [33].

CONCLUSIONS

Effect of microwave power and Myrtus communis L.
fruit thickness on microwave drying behavior, effective
moisture diffusivity, specific energy consumption, and
quality characteristics including shrinkage ratio and
rehydration were investigated. In the performed kinetics
modeling, among eight mathematical models fitted to the
experimental moisture ratio data, Midilli et al. model had
the best fit to show kinetics behavior of Myrtus communis L.
fruit. The drying time was significantly (P<0.05) reduced
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with increasing microwave power and decreasing fruit
thickness. Drying process occurred in falling rate period
and there was no constant drying rate period under any of
the treatments. Drying rate increased with increasing
microwave power and decreasing the fruit thickness. Fruit
thickness had a significant effect (P<0.05) on effective
moisture diffusivity values and increased significantly
with decreasing fruit thickness. They varied from
0.453x107 to 8.91x107 (m?s). Energy consumption
values were in the range of 6.98 to 18.13 (MJ/kg water)
and fruit thickness had a significant effect (P<0.05) on
energy consumption. Its Minimum value was belonged to
samples dried under microwave power level of 750 W and
fruit thickness of 5 mm. Generally, shrinkage ratio of
samples decreased with increasing microwave power
levels and decreasing fruit thickness. Rehydration ability
of the samples was increased with decreasing fruit
thickness and increasing microwave power. According to
the results obtained in this study, it could be concluded that
higher microwave power (in the range of 450 to 750 W)
and Myrtus communis L. fruits with lower thickness (in the
range of 5 to 11 mm) results in better results in term of
quantity parameters include drying time, drying rate,
effective moisture diffusivity, and energy consumption
and quality indexes including ratios of rehydration and
shrinkage.

Nomenclature

Deit Effective moisture diffusivity, m?%/s
Do Pre-exponential constant of Arrhenius equation, m?/s
Ea Activation energy, kJ/mol
Emec Mechanical energy consumption
Em Thermal energy consumption
k Drying constant, 1/min
m Sample weight, g
MR Dimensionless moisture ratio
M Moisture content (gr water per gr
dry matter) at time t

M+t Moisture content (gr water per gr
dry matter) at time t+dt

Me Equilibrium moisture content
(gr water per gr dry matter)

Mo Initial moisture content
(gr water per gr dry matter)

n Dimensionless drying constant

Microwave power
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R? Coefficient of determination
RMSE Root mean square error
R Universal gas constant, kl/mol.K
S Shrinkage ratio
SEC Specific energy consumption, kd/kg
T Air temperature, K
t Time, min
V Dried sample volume, mL
Vo Fresh sample volume, mL
Wy Sample weight before water uptake, g
Wi Sample weight after water uptake, ¢

Received : Oct. 11, 2021 ; Accepted : Jan. 31, 2022

REFERENCES

[1] Talebianpoor M.S., Talebianpoor M.S., Mansourian M.,
Vafaiee-Nejad T., Antidiabetic Activity of
Hydroalcoholic Extract of Myrtus Communis
(Myrtle) Fruits in Streptozotocin-Induced and
Dexamethasone-Induced Diabetic Rats,
Pharmacognosy Res, 11(2): 115 (2019).

[2] Aydm C., Ozcan M. M., Determination of Nutritional
and Physical Properties of Myrtle (Myrtus Communis L.)
Fruits Growing Wild in Turkey, J. Food Eng., 79(2):
453-458 (2007).

[3] Ozcan M.M., Akbulut M., Estimation of Minerals,
Nitrate and Nitrite Contents of Medicinal and
Aromatic Plants Used as Spices, Condiments and
Herbal Tea, Food Chem., 106(2):852-858 (2008).

[4] Haciseferogullart H., Ozcan M. M., Arslan D., Unver A.,
Biochemical Compositional and Technological
Characterizations of Black and White Myrtle (Myrtus
Communis L.) Fruits, J Food Sci Technol, 49(1):
82-88 (2012).

[5] Ozcan M.M., Simsek S., Characteristics of Myrtle
(Myrtus Communis L.) Fruit and Oils, J. Food Saf.,
68(4): 96-100 (2017).

[6] Ozcan M.M., Uyar B., Unver A., Antibacterial Effect
of Myrtle (Myrtus Communis L.) Leaves Extract on
Microorganisms, Archiv fur Lebensmittelhygiene,
66(1): 18-21 (2015).

[7] Barboni T., Cannac M., Massi L., Perez-Ramirez Y.,
Chiaramonti  N., Variability of Polyphenol
Compounds in Myrtus Communis L.(Myrtaceae)
Berries from Corsica, Molecules, 15(11): 7849-7860
(2010).

233


https://www.phcogres.com/article/2019/11/2/104103prpr16018-0
https://www.phcogres.com/article/2019/11/2/104103prpr16018-0
https://www.phcogres.com/article/2019/11/2/104103prpr16018-0
https://www.phcogres.com/article/2019/11/2/104103prpr16018-0
https://www.sciencedirect.com/science/article/abs/pii/S0260877406001646
https://www.sciencedirect.com/science/article/abs/pii/S0260877406001646
https://www.sciencedirect.com/science/article/abs/pii/S0260877406001646
https://www.sciencedirect.com/science/article/abs/pii/S0308814607006437
https://www.sciencedirect.com/science/article/abs/pii/S0308814607006437
https://www.sciencedirect.com/science/article/abs/pii/S0308814607006437
https://www.sciencedirect.com/science/article/abs/pii/S0308814607006437
https://link.springer.com/article/10.1007/s13197-011-0253-z
https://link.springer.com/article/10.1007/s13197-011-0253-z
https://link.springer.com/article/10.1007/s13197-011-0253-z
https://journal-food-safety.de/Article-Details/245
https://journal-food-safety.de/Article-Details/245
https://www.cabdirect.org/globalhealth/abstract/20153067394
https://www.cabdirect.org/globalhealth/abstract/20153067394
https://www.cabdirect.org/globalhealth/abstract/20153067394
https://www.mdpi.com/1420-3049/15/11/7849
https://www.mdpi.com/1420-3049/15/11/7849
https://www.mdpi.com/1420-3049/15/11/7849

Iran. J. Chem. Chem. Eng.

[8] Senatore F., Formisano C., Napolitano F., Rigano D.,
Ozcan M., Chemical Composition and Antibacterial
Activity of Essential Oil of Myrtus Communis L.
Growing Wild in Italy and Turkey, J. Essent. Oil-
Bear. Plants, 9(2):162-169 (2006).

[9]1 Ozcan M., Chalchat J., Effect of Collection Period
on the Flavour Profiles of the Leaves of Myrtle Tree
(Myrtus Communis L.) Growing Wild in Turkey,
Res. J. Chem. Environ., 8(1):70-73 (2004).

[10] Maisnam D., Rasane P., Dey A., Kaur S., Sarma C.,
Recent Advances in Conventional Drying of Foods,
J. Food Technol. Pres, 1(1) (2017).

[11] Foroughi-Dahr M., Golmohammadi M.,
Pourjamshidian R., Rajabi-Hamaneh M., Hashemi S. J.,
On the Characteristics of Thin-Layer Drying Models
for Intermittent Drying of Rough Rice, Chem. Eng.
Commun., 202(8):1024-1035 (2015).

[12] Lee J.H., Kim H.J., Vacuum Drying Kinetics of Asian
White Radish (Raphanus Sativus L.) Slices, LWT-
Food Sci Technol, 42(1): 180-186 (2009).

[13]Arslan D., Ozcan M., Dehydration of Red Bell-
Pepper (Capsicum Annuum L.): Change in Drying
Behavior, Colour and Antioxidant Content, Food
Bioprod Process, 89(4): 504-513 (2011).

[14] Zzhang M., Chen H., Mujumdar A. S., Tang J,
Miao S., Wang Y., Recent Developments in High-
Quality Drying of Vegetables, Fruits, and Aquatic
Products, Crit. Rev. Food Sci., 57(6): 1239-1255
(2017).

[15] Onwude D.I., Hashim N., Chen G., Recent Advances
of Novel Thermal Combined Hot Air Drying of
Agricultural Crops, Trends. Food Sci. Tech., 57: 132-
145 (2016).

[16] Kampagdee M., Poomsa-ad N., Wiset L., Model for
Drying of Eri Silkworm Pupae With Microwave and
Hot Air Combination, J. Microw Power Electromagn
Energy, 54(2): 110-124 (2020).

[17] Ahmed N., Singh J., Chauhan H., Anjum P.G.A,
Kour H., Different Drying Methods: Their
Applications and Recent Advances, Int. J. Food. Sci.
Nutr., 4(1): 34-42 (2013).

[18] Maskan M., Drying, Shrinkage and Rehydration
Characteristics of Kiwifruits During Hot Air and
Microwave Drying, J. Food Eng., 48(2):177-182
(2001).

234

Abbasi H. et al.

Vol. 42, No. 1, 2023

[19] Alibas 1., Microwave, Air and Combined
Microwave-Air-Drying Parameters of Pumpkin
Slices, LWT-Food Sci. Technol., 40(8): 1445-1451
(2007).

[20] Jia Y., Khalifa I., Hu L., Zhu W., Li J., Li K., Li C,,
Influence of Three Different Drying Techniques
on Persimmon Chips’ Characteristics: A Comparison
Study Among Hot-Air, Combined Hot-Air-
Microwave, and Vacuum-Freeze Drying Techniques,
Food Bioprod Process, 118:67-76 (2019).

[21] Torringa E., Esveld E., Scheewe 1., van den Berg R.,
Bartels P., Osmotic Dehydration as a Pre-Treatment
Before Combined Microwave-Hot-Air Drying of
Mushrooms, J. Food Eng., 49(2-3):185-191 (2001).

[22] Chahbani A., Fakhfakh N., Balti M. A., Mabrouk M.,
El-Hatmi H., Zouari N., Kechaou N., Microwave
Drying Effects on Drying Kinetics, Bioactive
Compounds and Antioxidant Activity of Green Peas
(Pisum Sativum L.), Food Bioscience, 25: 32-38
(2018).

[23] Aamir M. Boonsupthip W., Effect of Microwave
Drying on Quality Kinetics of Okra, J Food Sci
Technol, 54(5): 1239-1247 (2017).

[24] Cao X., Zhang M., Fang Z., Mujumdar A. S., Jiang H.,
Qian H., Ai H., Drying Kinetics and Product
Quality of Green Soybean wunder Different
Microwave Drying Methods, Dry Technol, 35(2):
240-248 (2017).

[25] Demiray E., Seker A., Tulek Y., Drying Kinetics
of Onion (Allium Cepa L.) Slices With Convective
and Microwave Drying, Heat Mass Transf., 53(5):1817-
1827 (2017).

[26] Soysal Y., Microwave Drying Characteristics of
Parsley, Biosyst Eng., 89(2): 167-173 (2004).

[27] Shen L., Wang L., Zheng C., Liu C., Zhu Y., Liu H.,
Liu C., Shi Y., Zheng X. Xu H., Continuous
Microwave Drying of Germinated Brown Rice:
Effects of Drying Conditions on Fissure and Color,
and Modeling of Moisture Content and Stress Inside
Kernel, Dry Technol., 39(5):669-97 (2021).

[28] Fu Y., Feng K.L., Wei S.Y., Xiang X.R., Ding Y.,
Li H.Y., Zhao L., Qin W., Gan R.Y., Wu D.T,,
Comparison of Structural Characteristics and
Bioactivities of Polysaccharides from Loquat Leaves
Prepared by Different Drying Techniques, Int. J. Biol.
Macromol, 145: 611-619 (2020).

Research Article


https://www.tandfonline.com/doi/abs/10.1080/0972060X.2006.10643489
https://www.tandfonline.com/doi/abs/10.1080/0972060X.2006.10643489
https://www.tandfonline.com/doi/abs/10.1080/0972060X.2006.10643489
https://worldresearchersassociations.com/Archives/RJCE/Vol(8)2004/march2004.aspx
https://worldresearchersassociations.com/Archives/RJCE/Vol(8)2004/march2004.aspx
https://worldresearchersassociations.com/Archives/RJCE/Vol(8)2004/march2004.aspx
https://www.researchgate.net/profile/Prasad-Rasane/publication/316507291_Recent_advances_in_conventional_drying_of_foods_a_review/links/59017b96aca2725bd71fc2be/Recent-advances-in-conventional-drying-of-foods-a-review.pdf
https://www.tandfonline.com/doi/abs/10.1080/00986445.2014.900049
https://www.tandfonline.com/doi/abs/10.1080/00986445.2014.900049
https://www.sciencedirect.com/science/article/abs/pii/S0023643808001369
https://www.sciencedirect.com/science/article/abs/pii/S0023643808001369
https://www.sciencedirect.com/science/article/abs/pii/S0960308510001008
https://www.sciencedirect.com/science/article/abs/pii/S0960308510001008
https://www.sciencedirect.com/science/article/abs/pii/S0960308510001008
https://www.tandfonline.com/doi/abs/10.1080/10408398.2014.979280
https://www.tandfonline.com/doi/abs/10.1080/10408398.2014.979280
https://www.tandfonline.com/doi/abs/10.1080/10408398.2014.979280
https://www.sciencedirect.com/science/article/abs/pii/S0924224416303302?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0924224416303302?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0924224416303302?via%3Dihub
https://www.tandfonline.com/doi/abs/10.1080/08327823.2020.1755480
https://www.tandfonline.com/doi/abs/10.1080/08327823.2020.1755480
https://www.tandfonline.com/doi/abs/10.1080/08327823.2020.1755480
http://www.modernscientificpress.com/Journals/ViewArticle.aspx?6ZIT7oAL6Lqarm6Ljqm1AGFgbgIGiRBGHBWZctj9Uc6P1CvMUfy7G+zdk6DuS4kr
http://www.modernscientificpress.com/Journals/ViewArticle.aspx?6ZIT7oAL6Lqarm6Ljqm1AGFgbgIGiRBGHBWZctj9Uc6P1CvMUfy7G+zdk6DuS4kr
https://www.sciencedirect.com/science/article/abs/pii/S0260877400001552
https://www.sciencedirect.com/science/article/abs/pii/S0260877400001552
https://www.sciencedirect.com/science/article/abs/pii/S0260877400001552
https://www.sciencedirect.com/science/article/abs/pii/S0023643806002416
https://www.sciencedirect.com/science/article/abs/pii/S0023643806002416
https://www.sciencedirect.com/science/article/abs/pii/S0023643806002416
https://www.sciencedirect.com/science/article/abs/pii/S0960308519300410
https://www.sciencedirect.com/science/article/abs/pii/S0960308519300410
https://www.sciencedirect.com/science/article/abs/pii/S0960308519300410
https://www.sciencedirect.com/science/article/abs/pii/S0960308519300410
https://www.sciencedirect.com/science/article/abs/pii/S0260877400002120
https://www.sciencedirect.com/science/article/abs/pii/S0260877400002120
https://www.sciencedirect.com/science/article/abs/pii/S0260877400002120
https://www.sciencedirect.com/science/article/abs/pii/S2212429218303638
https://www.sciencedirect.com/science/article/abs/pii/S2212429218303638
https://www.sciencedirect.com/science/article/abs/pii/S2212429218303638
https://www.sciencedirect.com/science/article/abs/pii/S2212429218303638
https://link.springer.com/article/10.1007%2Fs13197-017-2546-3
https://link.springer.com/article/10.1007%2Fs13197-017-2546-3
https://www.tandfonline.com/doi/abs/10.1080/07373937.2016.1170698
https://www.tandfonline.com/doi/abs/10.1080/07373937.2016.1170698
https://www.tandfonline.com/doi/abs/10.1080/07373937.2016.1170698
https://link.springer.com/article/10.1007%2Fs00231-016-1943-x
https://link.springer.com/article/10.1007%2Fs00231-016-1943-x
https://link.springer.com/article/10.1007%2Fs00231-016-1943-x
https://www.sciencedirect.com/science/article/abs/pii/S1537511004001400
https://www.sciencedirect.com/science/article/abs/pii/S1537511004001400
https://www.tandfonline.com/doi/abs/10.1080/07373937.2019.1705331
https://www.tandfonline.com/doi/abs/10.1080/07373937.2019.1705331
https://www.tandfonline.com/doi/abs/10.1080/07373937.2019.1705331
https://www.tandfonline.com/doi/abs/10.1080/07373937.2019.1705331
https://www.tandfonline.com/doi/abs/10.1080/07373937.2019.1705331
https://www.sciencedirect.com/science/article/abs/pii/S0141813019399027
https://www.sciencedirect.com/science/article/abs/pii/S0141813019399027
https://www.sciencedirect.com/science/article/abs/pii/S0141813019399027

Iran. J. Chem. Chem. Eng.

[29] Horuz E. Maskan M., Hot Air and Microwave Drying
of Pomegranate (Punica Granatum L.) Arils, J. Food
Sci. Technol., 52(1): 285-293 (2015).

[30] Aykin-Dinger E., Kilig-Biiyiikkurt O., Erbas M.,
Influence of Drying Techniques and Temperatures
on Drying Kinetics and Quality Characteristics of Beef
Slices, Heat Mass Transf., 56(1):315-320 (2020).

[31] Doymaz i., Demir H., Yildirim A., Drying of Quince
Slices: Effect of Pretreatments on Drying and
Rehydration Characteristics, Chem. Eng. Commun.,
202(10):1271-1279 (2015).

[32] Horuz E., Bozkurt H., Karatag H., Maskan M., Drying
Kinetics of Apricot Halves in a Microwave-Hot Air
Hybrid Oven, Heat Mass Transf., 53(6): 2117-2127
(2017).

[33] Karimi S., Layeghinia N., Abbasi H., Microwave
Pretreatment Followed by Associated Microwave-
Hot Air Drying of Gundelia Tournefortii L.: Drying
Kinetics, Energy Consumption and Quality
Characteristics, Heat Mass Transf., 57(1): 133-146
(2020).

[34] Kipcak A.S. Ismail O., Microwave Drying of Fish,
Chicken and Beef Samples, J. Food Sci. Technol., 58:
281-291 (2021).

[35] Azimi-Nejadian H., Hoseini S.S., Study the Effect of
Microwave Power and Slices Thickness on Drying
Characteristics of Potato, Heat Mass Transf., 55(10):
2921-2930 (2019).

[36] Demirhan E. and Ozbek B., Drying Kinetics and
Effective  Moisture  Diffusivity of Purslane
Undergoing Microwave Heat Treatment, Korean J.
Chem. Eng., 27(5):1377-1383 (2010).

[37] Jebri M., Desmorieux H., Maaloul A., Saadaoui E.,
Romdhane M., Drying of Salvia Officinalis L. by Hot
Airand Microwaves: Dynamic Desorption Isotherms,
Drying Kinetics and Biochemical Quality, Heat Mass
Transf., 55(4):1143-1153 (2019).

[38] Ghnimi T., Hassini L., Bagane M., Experimental
Study of Water Desorption Isotherms and Thin-Layer
Convective Drying Kinetics of Bay Laurel Leaves,
Heat Mass Transf., 52(12): 2649-2659 (2016).

[39] Dadali G., Ozbek B., Microwave Heat Treatment of
Leek: Drying Kinetic and Effective Moisture
Diffusivity, Int. J. Food Sci. Technol., 43(8): 1443-
1451 (2008).

Research Article

Effect of Fruit Thickness on Microwave Drying ...

Vol. 42, No. 1, 2023

[40] Motevali A., Abbaszadeh A., Minaei S., Khoshtaghaza M .H.,
Ghobadian B., Effective Moisture Diffusivity,
Activation Energy and Energy Consumption in Thin-
Layer Drying of Jujube (Zizyphus Jujube Mill),
J. Agr. Sci. Tech.-Iran, 14(3): 523-532 (2012).

[41] Soysal Y., Oztekin S., Eren O., Microwave Drying of
Parsley: Modelling, Kinetics, and Energy Aspects,
Biosyst Eng., 93(4):403-413 (2006).

[42] Joardder M.U. Karim M., Development of a Porosity
Prediction Model Based on Shrinkage Velocity and
Glass Transition Temperature, Dry Technol., 37(15):
1988-2004 (2019).

[43] Keshi O.M., Sadeghi M., Mireei S.A., Quality
Assessment and Modeling of Microwave-Convective
Drying of Lemon Slices, Eng. Agric. Environ. Food.,
9(3):216-223 (2016).

[44] Kipcak A.S., Microwave Drying Kinetics of Mussels
(Mytilus Edulis), Res. Chem. Intermed., 43(3):1429-
1445 (2017).

[45] Hammouda I., Mihoubi D., Comparative Numerical
Study of Kaolin Clay With Three Drying Methods:
Convective, Convective—Microwave and Convective
Infrared Modes, Energ. Convers. Manage., 87:
832-839 (2014).

[46] Jiang J., Dang L., Tan H., Pan B., Wei H., Thin Layer
Drying Kinetics of Pre-Gelatinized Starch Under
Microwave, J. Taiwan. Inst. Chem. Eng., 72:10-18
(2017).

[47] Amiri Chayjan R., Kaveh M., Khayati S., Modeling
Drying Characteristics of Hawthorn Fruit Under
Microwave-Convective Conditions, J. Food Process
Pres., 39(3): 239-253 (2015).

[48] Krishna Murthy T.P., Manochar B., Microwave
Drying of Mango Ginger (Curcuma Amada Roxb):
Prediction of Drying Kinetics by Mathematical
Modelling and Artificial Neural Network, Int. J. Food
Sci., 47(6): 1229-1236 (2012).

[49] Ozkan I.A., Akbudak B., Akbudak N., Microwave
Drying Characteristics of Spinach, J. Food Eng.,
78(2): 577-583 (2007).

[50] Torki-Harchegani M., Ghanbarian D., Pirbalouti A.G.,
Sadeghi M., Dehydration Behaviour, Mathematical
Modelling, Energy Efficiency and Essential Oil Yield
of Peppermint Leaves Undergoing Microwave and
Hot Air Treatments, Renew. Sust. Energ. Rev., 58:
407-418 (2016).

235


https://link.springer.com/article/10.1007/s13197-013-1032-9
https://link.springer.com/article/10.1007/s13197-013-1032-9
https://link.springer.com/article/10.1007/s00231-019-02712-z
https://link.springer.com/article/10.1007/s00231-019-02712-z
https://link.springer.com/article/10.1007/s00231-019-02712-z
https://www.tandfonline.com/doi/abs/10.1080/00986445.2014.921619
https://www.tandfonline.com/doi/abs/10.1080/00986445.2014.921619
https://www.tandfonline.com/doi/abs/10.1080/00986445.2014.921619
https://link.springer.com/article/10.1007/s00231-017-1973-z
https://link.springer.com/article/10.1007/s00231-017-1973-z
https://link.springer.com/article/10.1007/s00231-017-1973-z
https://link.springer.com/article/10.1007/s00231-020-02948-0
https://link.springer.com/article/10.1007/s00231-020-02948-0
https://link.springer.com/article/10.1007/s00231-020-02948-0
https://link.springer.com/article/10.1007/s00231-020-02948-0
https://link.springer.com/article/10.1007/s00231-020-02948-0
https://link.springer.com/article/10.1007%2Fs13197-020-04540-0
https://link.springer.com/article/10.1007%2Fs13197-020-04540-0
https://link.springer.com/article/10.1007/s00231-019-02633-x
https://link.springer.com/article/10.1007/s00231-019-02633-x
https://link.springer.com/article/10.1007/s00231-019-02633-x
https://link.springer.com/article/10.1007/s11814-010-0251-2
https://link.springer.com/article/10.1007/s11814-010-0251-2
https://link.springer.com/article/10.1007/s11814-010-0251-2
https://link.springer.com/article/10.1007/s00231-018-2498-9
https://link.springer.com/article/10.1007/s00231-018-2498-9
https://link.springer.com/article/10.1007/s00231-018-2498-9
https://link.springer.com/article/10.1007/s00231-016-1770-0
https://link.springer.com/article/10.1007/s00231-016-1770-0
https://link.springer.com/article/10.1007/s00231-016-1770-0
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2007.01688.x
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2007.01688.x
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2007.01688.x
https://jast.modares.ac.ir/article-23-4121-en.html
https://jast.modares.ac.ir/article-23-4121-en.html
https://jast.modares.ac.ir/article-23-4121-en.html
https://www.sciencedirect.com/science/article/abs/pii/S1537511006000377
https://www.sciencedirect.com/science/article/abs/pii/S1537511006000377
https://www.tandfonline.com/doi/abs/10.1080/07373937.2018.1555540
https://www.tandfonline.com/doi/abs/10.1080/07373937.2018.1555540
https://www.tandfonline.com/doi/abs/10.1080/07373937.2018.1555540
https://www.sciencedirect.com/science/article/abs/pii/S1881836615300252
https://www.sciencedirect.com/science/article/abs/pii/S1881836615300252
https://www.sciencedirect.com/science/article/abs/pii/S1881836615300252
https://link.springer.com/article/10.1007%2Fs11164-016-2707-4
https://link.springer.com/article/10.1007%2Fs11164-016-2707-4
https://www.sciencedirect.com/science/article/abs/pii/S0196890414007249
https://www.sciencedirect.com/science/article/abs/pii/S0196890414007249
https://www.sciencedirect.com/science/article/abs/pii/S0196890414007249
https://www.sciencedirect.com/science/article/abs/pii/S0196890414007249
https://www.sciencedirect.com/science/article/abs/pii/S1876107017300056
https://www.sciencedirect.com/science/article/abs/pii/S1876107017300056
https://www.sciencedirect.com/science/article/abs/pii/S1876107017300056
https://ifst.onlinelibrary.wiley.com/doi/10.1111/jfpp.12226
https://ifst.onlinelibrary.wiley.com/doi/10.1111/jfpp.12226
https://ifst.onlinelibrary.wiley.com/doi/10.1111/jfpp.12226
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2012.02963.x
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2012.02963.x
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2012.02963.x
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2012.02963.x
https://www.sciencedirect.com/science/article/abs/pii/S0260877405007338
https://www.sciencedirect.com/science/article/abs/pii/S0260877405007338
https://www.sciencedirect.com/science/article/abs/pii/S1364032115014616
https://www.sciencedirect.com/science/article/abs/pii/S1364032115014616
https://www.sciencedirect.com/science/article/abs/pii/S1364032115014616
https://www.sciencedirect.com/science/article/abs/pii/S1364032115014616

Iran. J. Chem. Chem. Eng.

[51] Sufer O., Sezer S., Demir H., Thin Layer
Mathematical Modeling of Convective, Vacuum and
Microwave Drying of Intact and Brined Onion Slices,
J. Food Process. Pres., 41(6): 13239 (2017).

[52] Wang J., Xi Y., Drying Characteristics and Drying
Quality of Carrot Using a Two-Stage Microwave
Process, J. Food Eng., 68(4): 505-511 (2005).

[53] Dai J.W., Xiao H.W., Zhang L.H., Chu M.Y., Qin W.,
Wu ZJ., Han D.D,, Li Y.L, Liu Y.W. Yin P.F,,
Drying Characteristics and Modeling of Apple Slices
During Microwave Intermittent Drying, J. Food
Process. Eng., 42(6): €13212 (2019).

[54] Harish A., Vivek B.S., Sushma R., Monisha J.,
Krishna Murthy T.P., Effect of Microwave Power
and Sample Thickness on Microwave Drying Kinetics
Elephant Foot Yam (Amorphophallus Paeoniifolius),
Am. J. Food Technol., 2(1): 28-35 (2014).

[55] Lascano R.A., Orbiso J.M.E., Dizon E.I., De Villa T.M.,
Ombico M.T., Drying Characteristics and Moisture
Sorption Isotherm of Batuan [Garcinia binucao
(Blanco) Choisy] Fruit, Int. J. Food Eng., 5(4) (2019).

[56] ilter 1., Akyil S., Devseren E., Okut D., Ko¢ M.,
Ertekin F.K., Microwave and Hot Air Drying of Garlic
Puree: Drying Kinetics and Quality Characteristics, Heat
Mass Transf., 54(7): 2101-2112 (2018).

[57] Bhattacharya M., Srivastav P.P., Mishra H.N., Thin-
Layer Modeling of Convective and Microwave-
Convective Drying of Oyster Mushroom (Pleurotus
Ostreatus), J. Food Sci. Technol., 52(4): 2013-2022
(2015).

[58] Evin D., Thin Layer Drying Kinetics of Gundelia
Tournefortii L, Food Bioprod Process, 90(2): 323-
332 (2012).

[59] Falade K.O., Solademi O.J., Modelling of air drying
of fresh and blanched sweet potato slices, Int. J. Food
Sci. Technol., 45(2): 278-288 (2010).

[60] Abano E.E., Amoah R.S., Opoku E.K., Temperature,
Microwave Power and Pomace Thickness Impact
on the Drying Kinetics and Quality of Carrot Pomace,
J. Agric. Eng., 50(1): 28-37 (2019).

[61] Horuz E., Bozkurt H., Karatas H., Maskan M.,
Simultaneous Application of Microwave Energy and
Hot Air to Whole Drying Process of Apple Slices:
Drying Kinetics, Modeling, Temperature Profile and
Energy Aspect, Heat Mass Transf., 54(2): 425-436
(2018).

236

Abbasi H. et al.

Vol. 42, No. 1, 2023

[62] McMinn  W., Thin-Layer Modelling of the
Convective, Microwave, Microwave-Convective and
Microwave-Vacuum Drying of Lactose Powder,
J. Food Eng., 72(2): 113-123 (2006).

[63] Fang S., Wang Z., Hu X., Li H., Long W., Wang R.,
Shrinkage and Quality Characteristics of Whole Fruit
of Chinese Jujube (Zizyphus Jujuba Miller) in
Microwave Drying, Int. J. Food Sci. Technol., 45(12):
2463-2469 (2010).

[64] Maskan M., Drying, Shrinkage and Rehydration
Characteristics of Kiwifruits During Hot Air and
Microwave Drying, J. Food Eng., 48(2): 177-182
(2001).

[65] Mujaffar S., Lee Loy A., The Rehydration Behavior
of Microwave-Dried Amaranth (Amaranthus Dubius)
Leaves, Food Sci. Nutr., 5(3): 399-406 (2017).

Research Article


https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/jfpp.13239
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/jfpp.13239
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/jfpp.13239
https://www.sciencedirect.com/science/article/abs/pii/S0260877404003127
https://www.sciencedirect.com/science/article/abs/pii/S0260877404003127
https://www.sciencedirect.com/science/article/abs/pii/S0260877404003127
https://onlinelibrary.wiley.com/doi/abs/10.1111/jfpe.13212
https://onlinelibrary.wiley.com/doi/abs/10.1111/jfpe.13212
http://www.sciepub.com/AJFST/abstract/1461
http://www.sciepub.com/AJFST/abstract/1461
http://www.sciepub.com/AJFST/abstract/1461
http://www.ijfe.org/index.php?m=content&c=index&a=show&catid=133&id=670
http://www.ijfe.org/index.php?m=content&c=index&a=show&catid=133&id=670
http://www.ijfe.org/index.php?m=content&c=index&a=show&catid=133&id=670
https://link.springer.com/article/10.1007/s00231-018-2294-6
https://link.springer.com/article/10.1007/s00231-018-2294-6
https://link.springer.com/article/10.1007/s13197-013-1209-2
https://link.springer.com/article/10.1007/s13197-013-1209-2
https://link.springer.com/article/10.1007/s13197-013-1209-2
https://link.springer.com/article/10.1007/s13197-013-1209-2
https://www.sciencedirect.com/science/article/abs/pii/S0960308511000605
https://www.sciencedirect.com/science/article/abs/pii/S0960308511000605
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2009.02133.x
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2009.02133.x
https://agroengineering.org/index.php/jae/article/view/872
https://agroengineering.org/index.php/jae/article/view/872
https://agroengineering.org/index.php/jae/article/view/872
https://link.springer.com/article/10.1007/s00231-017-2152-y
https://link.springer.com/article/10.1007/s00231-017-2152-y
https://link.springer.com/article/10.1007/s00231-017-2152-y
https://link.springer.com/article/10.1007/s00231-017-2152-y
https://www.sciencedirect.com/science/article/abs/pii/S0260877404005989
https://www.sciencedirect.com/science/article/abs/pii/S0260877404005989
https://www.sciencedirect.com/science/article/abs/pii/S0260877404005989
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2010.02367.x
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2010.02367.x
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2621.2010.02367.x
https://www.sciencedirect.com/science/article/abs/pii/S0260877400001552
https://www.sciencedirect.com/science/article/abs/pii/S0260877400001552
https://www.sciencedirect.com/science/article/abs/pii/S0260877400001552
https://onlinelibrary.wiley.com/doi/10.1002/fsn3.406
https://onlinelibrary.wiley.com/doi/10.1002/fsn3.406
https://onlinelibrary.wiley.com/doi/10.1002/fsn3.406

