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Study of gala apples (Malus pumila) thin-layer microwave drying: drying kinetics,
diffusivity, structure and color
Karim KRIAA'?, Ahmed Fayez NASSAR"*

Abstract

The effect of microwave power, sample thickness, and diameter on drying kinetics, effective moisture diftusivity, and activation
energy of apple cylinders for microwave drying were investigated. Also, the effect of the microwave power on the quality of the
dried apples was studied by measuring the surface color change and scanning the surface structure. The same mass of fresh
apples was dried at different power levels. Two diameters and three thicknesses were studied. Aghbashlo model showed the best
fitting for the drying kinetics of apple. The drying time was reduced by increasing the power and the diameter, but the thickness
had no clear effect. The effective diffusivity values ranged between 1.47 x 107 and 24.4 x 107 m?*/s. The effective diffusivity
increased by increasing the three studied parameters. The parameters’ effects on the drying time and the diffusivity were studied
using a full factorial experimental design. The power and the diameter had the highest effect on the drying time. However, the
thickness had the highest effect on the effective diffusivity.

Keywords: microwave drying; kinetics; color change; SEM; design of experience.

Practical Application: The microwave drying parameters of apple slices, were tested in order to study their effect on the color
and structure of the dried product. The best quality obtained with the most adequate drying kinetics (lower energy cost)

corresponds to a microwave power of 500 W.

1 Introduction

Drying is one of the oldest techniques to extend the shelflife
of foods. It involves a simultaneous transfer of mass and heat; to
reduce the moisture of products. Consequently, a decrease in free
water available for weathering reactions; to keep a water activity
(a,) below the minimum activity of microorganism development
(i.e.a, <0.7). Often it is necessary to go to lower values of a_in
order to inhibit chemical and enzymatic reactions of alteration
(lipid oxidation, Maillard reactions, etc.) (Labuza et al., 1972).
Optimization of the drying operation must meet two essential
criteria, which are the energy cost and the preservation of the
biological quality of the final product (color, taste, aroma, smell,
texture, nutritional quality, techno-functional properties, etc.).
Convective drying generally affects the quality of the product
by thermal degradation of specific compounds due to high
temperatures and prolonged drying times (Balti et al., 2018).
To overcome these problems, the food industry has been interested
in microwave drying. One of the most important characteristics
of the use of microwaves is the volume heating effect; the energy
is more absorbed in the wet region than in the dry region of the
product (Khraisheh et al., 1997).

Microwave drying reduces drying time and energy cost
with an improvement in the final quality of the dried product
(color, aroma, and texture). In addition, the final product is
more homogeneous and evenly dried (Polat et al., 2019). On the

other hand, the microwave drying has some disadvantages;
mainly due to the overheating of the product at a high power.
Overheating can alter the texture associated with physical damage
such as carbonizing and blackening of the product by Maillard
reaction or the appearance of an unpleasant odor in the dried
product (Beaudry et al., 2003).

Experimental studies on the drying of the food products
were extensively studied in literature in order to understand
the different phenomena affecting the kinetics to optimize the
operation for the best product quality with the least energy
consumption (Sanga et al., 2000) and (Orsat et al., 2006).
Several mathematical models have been proposed to describe
the drying kinetics (Ertekin & Firat, 2017).

Many experimental works have been published to study the
drying kinetics of apples using different drying methods and their
effect on the quality of the dried apples. Ben Mabrouk et al. (2012)
tested the effect of air temperature and velocity during convective
drying on the characteristics of apple slices. Cuccurullo et al.
(2018) studied the effect of controlling the temperature during
microwave drying on the quality of sliced apples. Djekic et al. (2018)
compared the effects of drying apples using three technologies
(supercritical CO, drying, air drying and freeze drying) on the
quality of dried apples. Ando et al. (2019) evaluated the effects
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Effect of microwave drying on the quality of apple slices

of prefreezing on the drying rate and the properties of apple
dried by vacuum microwave. Polat et al. (2019) investigated the
effect of microwave-vacuum drying on drying characteristics,
protein, mineral content, and color of dried apples. However, it
is seen that there is scarcity in studying the effect of variation of
volume per unit mass of the apple samples on the microwave
drying parameters. Also, few researchers investigated the effect
of the microwave power on the surface color and structure of
the dried apple samples.

The purpose of this research is to investigate the effect of
thickness and diameter of apple cylinders of the same mass on
the drying kinetics of Gala apple at three microwave power levels.
Kinetic data were fitted to eight drying models reported in the
literature. The effective moisture diffusivity and the activation
energy were evaluated as well. An experimental design was applied
to test the effect of the three studied parameters (the microwave
power, the diameter and the thickness of the samples) on the
drying time and diffusivity. Finally, the effect of the microwave
power on the surface quality of the dried apples was studied by
measuring the color change and investigating the structure of
the dried apples using a scanning electron microscope (SEM).

2 Materials and methods

2.1 Sample preparation

Cylindrical samples of fresh Gala apple from the species
(Malus pumila) were prepared. In order to study the effect of the
size on the microwave drying kinetics, two diameters: 10.5 £ 0.2
and 17.5 + 0.3, and three thicknesses: 3.3 + 0.2, 4.5 + 0.2 and
6.0 £ 0.2 mm were prepared.

2.2 Experimental setup and methods of drying

Samples of about 23 g of apple were dried in a microwave
oven (Microwave Research & Applications BP-090/50), operating
at a constant frequency of 2.45 GHz and variable power (360,
500, and 775Watt). The adjustment of microwave power was
made by a digital control unit built in the microwave oven.

The initial moisture content of apples (88.43 + 0.89%) was
determined by oven drying method (Association of Official
Agricultural Chemists, 2010) using ELE international oven
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Figure 1. Schematic diagram of the microwave drying setup.
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(SDO/225/DIG) at 105 °C for 24 hours until the mass did not
change significantly between two weighing successions. The drying
kinetics were determined by continuous measurement of mass
using a 102 g electronic precision balance (OHAUS AT400)
versus time.

The apple cylinders were arranged over a rectangular
polytetrafluoroethylene (PTFE) plate, which was suspended
inside the microwave via nylon wires connected to the balance.
The mass of the sample was recorded manually every one minute.
Figure 1 shows a schematic presentation of the drying experiment.

All drying curves are presented as Moisture Ratio (MR) asa
function of drying time. The MR is calculated from Equation I:

: M

where M: the moisture content at any time, M: the initial
moisture content, and M_: moisture content at the equilibrium.

However, according to Dissa et al. (2011), Sallam et al.
(2015), and others, M_ is relatively small compared to M, and
M thus, it could be neglected. Therefore, Equation 2 was used
to calculate the MR:

M
MR =-—"-
M, @

The drying rate is presented as a function of reduced moisture
content using Equation 3:

d7M _M1+A1_Mz
( dt j,_ dt (&)

where M, is the moisture content at time t+At, and M, is the
moisture content at time t.

2.3 Determination of drying time using an experimental design

An experimental design was used to test the effect of the
three factors studied and their interactions on microwave drying.
Table 1 shows the different levels for each factor used in this work.

The drying time of samples until MR = 0.07 on a wet basis
and the effective diffusivity were chosen as experimental responses
for this study. They were modeled using Equation 4:

n n n
Response= By + 3.5, X;+ X X By X;- X +e¢ )
i=1 i=1j=1

where b is the constant term, b, and b, are the regression
coeflicients, ¢ is the error between calculated and experimental
data, X, and X are the factors, and » is factors number.

A reduced regression model, showing only the significant
variables, was determined after testing coefficients by the analysis
of variance test (ANOVA) at 95% significance level (p < 0.05).
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The design and all analysis of the full factorial design were
performed with Statistical2.

2.4 Mathematical models

As stated by Fortes & Okos (1981), thin-layer drying modeling
of agricultural products assumes that (1) the resistance to the
transfer of matter is uniformly distributed in the homogeneous
isotropic material, (2) the effective diffusivity coeflicient, D, is
independent of the local moisture content, and (3) the variation
of the volume is negligible. Then, the second law of Fick can be
written as in Equation 5:

%’ =Dy VM (5)

Eight semi-theoretical and numerical models mostly deduced
from the second law of Fick’s law were evaluated to fit the
experimental work. These models - listed in Table 2 - were used in
studies of drying kinetics using microwave by several researchers
(Ozbek & Dadali, 2007; Darvishi et al., 2014; Zarein et al., 2015;
Ashtiani et al.,, 2018; Sin Ying etal., 2018), and (Polat et al., 2019).

2.5 Statistical tests of fitting quality

Experimental kinetics data were used to fit the studied models
using nonlinear least-squares regression method. Regression
was carried out using Matlab, R2018a (The MathWorks, Inc.).
The coefficient of determination (R?), the adjusted R* (R? (adj))

Table 1. Coded values for factor’s levels.

and the root mean square error (RMSE) show the fitting quality
of models as described by Equations 6-8:

2 Zznzl(y; _};;')2
R =1- — (6)
(%)
R? (adj):lf[Rz-Z—jZ] @)
n _v 2

n

where Y, is experimental value, Y, is calculated value by using
regression model, Y is arithmetic average of experimental value,
n is the number of experimental points, and df, and df, are
respective degrees of freedom of the error sum of the squares
and the total sums of the squares of the regression model.

All models coeflicients were calculated with 95% confidence
limits (i.e. p < 0.05).
2.6 Calculation of effective diffusivity

The solution of Fick’s second law (Equation 4) for an infinite
slab has been reported by several researchers with the following

Level
Factor Coded Factor
0 1
Power P (Watt) X, 360 500 775
Diameter D (mm) X, 10.5 - 17.5
Thickness t (mm) X, 4.5 6
Table 2. Models used to describe the drying kinetics.
No. Name Reference Model
1 Lewis (Newton, exponential) (Lewis, 1921) MR=exp (_ X t)
2 P: Page, 1949
age (Page ) MR=exp (7 " )
3 Henderson and Pabis (Henderson & Pabis, 1961) MR=a-exp(- kt)
4 Logarithmic (Hukill, 1954)

5 Modified Two-Term exponential ~ (Sharaf-Eldeen et al., 1980)

6 Parabolic (Wang & Singh) (Wang & Singh, 1978)
7 Verma (Verma et al., 1985)
8 Aghbashlo (Aghbashlo, et al., 2009)

MR=a-exp(-kt)+c
MR =a-exp(—kt)+(I-a)-exp(—kat)
MR =1+at+bt*
MR =a-exp(—kt)+(1-a)-exp(-gt)

MR = exp(—klt/(1+k2t))
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assumptions: (1) internal moisture migrates by diffusion; (2)
negligible shrinkage; and (3) negligible external and internal
heat transfer effects (Crank, 1975). The solution is presented
in Equation 9:

8 o0
MR==5Y

2 2 )
1 2exp[—(Zn—]) T De/fl] ©
7% n=1(2n-1)

41?

where D is the effective moisture diffusivity, ¢ is time, L is the
thickness of the slab, and # is the positive integer.

For long drying times, Equation 9 can be simplified by
taking the first term of the series to obtain Equation 10, which
was used to evaluate the effective diffusivity for each experiment.

2
8 7 Doyt
MR =—exp| — - 10

z° p[ 4r (19)

2.7 Calculation of activation energy

Since the drying temperature was not measured in this
study, the modified Arrhenius equation (Equation 11) derived by
Ozbek & Dadali (2007) was used to demonstrate the relationship
between the effective diffusivity and the ratio of the microwave
power to sample mass. This equation was used to calculate the
activation energy and the pre-exponential factor.

-E, - m
De//:DO exp( TD J (11)

where D (m?*/s) is pre-exponential factor, P is the microwave
power (W), m is the mass of the initial sample (g), and E_ is the
activation energy (W/g).

2.8 Color measurement

The surface color of both fresh and dried apple cylinders
was determined by a Minolta CR-400 Chroma Meter (Japan).
Three color measurements were taken for each sample, resulting in
values for three chromatic scales (L*, a*, b¥). Where L* indicates
lightness ranging from no reflection for black (L* = 0) to perfect
reflection for white (L* = 100), a* is the red/green coordinate
with negative values for green to positive values for red, and
b* is the yellow/blue coordinate with negative values for blue
and positive values for yellow. The color difference between
the dried and fresh samples, AE, was calculated according to
Equation 12.

AE =NAL +Ad® + AD? (12)

2.9 Visualization of the structure of the samples

Structure Characterization was performed with a Variable
Pressure Scanning Electron Microscope (SEM) Hitachi S-3400N
model (Hitachi High-Technologies, Japan). Analysis was performed
at vacuum with a primary beam power of 20kV and 30mA.
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3 Results and discussion

A total of eighteen drying experiments were conducted
covering all the possible combinations of the studied variables.
Some experiments were done in replicates to check their
reproducibility. Three different power levels, 360, 500, and 775 W,
were used for drying about 23 g of apple cylinders having 10.5
and 17.5 mm diameters and 3.3, 4.5, and 6.0 mm thickness.
The initial moisture content (M,) was measured four times, with
an average value, 88.4% (+0.8%). The apple samples were dried
until the moisture content was below 7%. The time to reach 7%
moisture content varied between 12 and 59 minutes, depending
on the studied variables.

3.1 Effect of microwave power on the drying kinetics

Figure 2 shows the moisture ratio on a wet basis as a function
of the drying time in minutes for all runs. The drying time for
the same sample size was clearly reduced by increasing the
microwave power. Polat et al. (2019) and Sin Ying et al. (2018)
reported similar results for microwave drying of apples and
bananas, respectively. For the same thickness and diameter, the
drying time to reach a moisture content of 7% was shortened
in average by 54.7 + 2.5% upon increasing the power from 360
W to 775 W. This result was expected because of the higher
amount of heat generated within the sample at the higher
microwave power.

3.2 Effect of sample size on the drying kinetics

As shown in Figure 3, for the same microwave power,
the drying time is reduced by increasing the diameter from
10.5 to 17.5 mm for all runs. The reduction percentages in
the drying time varied between 28% and 49%. However,
there was no apparent effect of changing the thickness on
the drying curves.

3.3 Modelling results for the drying kinetics

The eight models listed in Table 2 were tested for all the
drying experiments. All tested models showed good fitting (R*
(adj) > 0.9391). However, three models clearly exhibited better
fitting than the others with R* (adj) > 0.99 and RMSE < 0.0342
for all runs. These models are Aghbashlo, Page, and Logarithmic
models (respectively with an average of R? (adj) value 0of 0.9987,
0.9982 and 0.9977, and average RMSE value 0f 0.01034, 0.012219
and 0.0135). Table 3 shows the corresponding results of nonlinear
regression and statistical parameters for all experiments for the
best three models.

All obtained results from the Aghbashlo model were
compared with the experimental data and presented in
Figure 4. The scatter plot is very close to the first bisector
(x = y) with a variance not exceeding the half-band of 5%
(p < 0.05). Despite the measurement errors that may occur
due to the heterogeneity of the raw material itself, a high
correlation coeflicient between the proposed model and the
experimental data has been observed in all the cases with an
average of R? (adj) = 0.9987.
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Figure 2. Drying kinetics of apple cylinders at different microwave powers, samples thickness, and diameter.

3.4 Determination of the effective diffusivity and
activation energy

The effective diffusivity D_ for apple samples was calculated
for all runs. D . values were proportional to microwave power,
thickness of the samples, and diameter of the samples for all runs.
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D, values are presented in Table 4, where they ranged between
1.47 x 107 and 24.4 x 107 m*/s. These values are in perfect
agreement with Zarein et al. (2015), who studied microwave
drying of apples. These values are also in good agreement with
Ashtiani et al. (2018) and Darvishi et al. (2014), who dried other
fruits with the microwave.
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Figure 3. Effect of sample size on drying kinetics of apple cylinders for
(a) 360 W, (b) 500 W, and (c) 775 W.

The activation energy was calculated by plotting the natural
logarithm of the effective diftusivity, In(D_), versus mass per
power, m/P, at the same diameter and thickness. All the plots
produced straight lines with 0.948 < R* < 0.999, indicating that
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activation energy profiles follow the modified Arrhenius equation
(Equation 11). The calculated activation energy was between
19.2 and 27.1 g/W for the studied conditions, which is in good
agreement with Zarein et al. (2015) and Darvishi et al. (2014).

3.5 Full factorial experimental design for the drying experiments

The studied responses vary with the experimental conditions,
so ANOVA test is applicable in our case. The application of
this statistical test allows the determination of a multi-linear
dependence on the response of the tested factors (significations
and interactions). Table 5 presents the result of ANOVA test.
For the drying time, the power (P), the diameter (D), the thickness
(1), the quadratic power (P*), and the interaction power diameter
(Px D) are significant, with a p-value < 0.05. However, for the
effective diffusivity, all effects are significant with a p-value < 0.05
except the quadratic power (P?) and the quadratic diameter (D?).

The results show that the main factors for drying time are
the power and the diameter, and they appear in negative signs,
which means that increasing their values reduces the drying time.
Afterward, and with less effect, we find the quadratic power, the
interaction power diameter, and then the thickness. These results are
in agreement with the observation made from the drying kinetics
curves shown in Figures 2 and 3. For the effective diffusivity,
all parameters have positive signs, which means proportional
correlation between effective diffusivity and all parameters. Results
show also that thickness is the most effective factor, which is in
good agreement with the observations made above in Section 3.4.

The validity of the two models is confirmed by the coefficient
of determination, R?, of 98.43% and 96% for the drying time
and diffusivity, respectively, and the adjusted coefficient of
determination, R* (adj), of 97.03% and 93.09% for the drying
time and diffusivity, respectively. Therefore, maintained models
are expressed by Equations 13 and 14:

Time=26.57—23.64-P—16.12-D+13.21-P> +6.40-P-D+5.53-t  (13)
Diffusivity =4.65+4.37 -t +2.76-P+2.26-D+1.98-1-P+1.89-1> +1.63-D-1+0.99-D-P (14)

3.6 Effect of the microwave power on the surface color change

The surface color of the dried samples is a significant factor
for its quality. This is the first parameter for the evaluation of the
product, even before the taste. After microwave drying, samples
were photographed (Figure 5). It is noted that the color of the
samples is not uniform; this is due to the non-uniformity of
the microwave emission beam distribution. It can be seen from
Figure 5¢, d that at high powers, the samples placed in the center
of the plate were burned. So during our analysis of the color,
the central samples are avoided.

The CIE L*, a*, and b* average values for the fresh apple samples
were 71.2,-2.5,and 15.1, respectively. The changes of the three values
were toward darker (AL = negative), more red (Aa = positive), and
more yellow (Ab = positive) dried product. The average changes
in lightness (AL) and total color (AE) for the dried samples were
-6.33 and 11.23 at 360 W, -7.95 and 13.31 at 500 W and -8.94
and 15.52 at 775 W, respectively. These results are in accordance
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Exp. Model Coefficient Adj. R? RMSE
k, k, a c n
1 Aghbashlo 0.058 0.014 - - - 0.9993 0.00765
r 0.055 -0.018 - - - 0.9996 0.00612
2 MR < ex}{(z J]:] k’ t)} 0.057 -0.027 - . - 0.9986 0.01162
3 2 0.089 -0.056 ; . . 0.9952 0.02355
4 0.038 -0.015 - : - 0.9997 0.00489
5 0.058 -0.018 - : . 0.9991 0.00937
5 0.058 -0.019 - ; . 0.9985 0.01195
6 0.092 -0.028 ; . . 0.9981 0.01341
7 0.054 -0.008 : . . 0.9985 0.01102
8 0.081 -0.013 - - - 0.9992 0.00812
9 0.138 -0.017 - - - 0.9971 0.01656
10 0.027 -0.007 - - - 0.9994 0.00676
11 0.032 -0.012 - . - 0.9996 0.00581
12 0.054 -0.017 - - - 0.9991 0.00903
13 0.048 -0.022 - - - 0.9978 0.01460
14 0.032 -0.016 - : - 0.9993 0.00766
15 0.020 -0.009 - - . 0.9992 0.00792
16 0.023 -0.011 : : . 0.9994 0.00683
17 0.030 -0.018 ; . . 0.9994 0.00755
18 0.049 -0.027 - . . 0.9975 0.01639
1 Page 0.041 - - - 1.230 0.9974 0.01498
r 0.034 - - - 1311 0.9971 0.01653
2 MR = exp(—k ;") 0.029 - - - 1.453 0.9983 0.01309
3 0.046 - - - 1.630 0.9992 0.00991
4 0.019 - - - 1.380 0.9963 0.01855
5 0.034 - - - 1.324 0.9992 0.00863
5 0.034 - - : 1.340 0.9993 0.00840
6 0.065 - - ; 1311 0.9997 0.00517
7 0.043 - - . 1.135 0.9980 0.01276
8 0.066 - ; . 1.165 0.9991 0.00890
9 0.117 . - - 1.159 0.9990 0.00991
10 0.016 - - - 1.233 0.9974 0.01436
11 0.016 - - - 1.330 0.9973 0.01503
12 0.034 - - . 1.292 0.9984 0.01169
13 0.023 - - - 1.443 0.9991 0.00905
14 0.013 - - - 1.445 0.9977 0.01431
15 0.008 - - : 1.402 0.9980 0.01284
16 0.009 - - : 1.430 0.9978 0.01361
17 0.011 - - ; 1.494 0.9971 0.01582
18 0.020 - ; . 1.557 0.9989 0.01084
1 Logarithmic 0.056 - 1.208 -0.187 . 0.9991 0.00910
v 0.054 - 1.266 -0.237 - 0.9983 0.01250
2 MR =aexp(~k1)+c 0.050 - 1.510 -0.467 - 0.9965 0.01867
3 0.075 - 1.701 -0.644 - 0.9900 0.03416
4 0.033 - 1.442 -0.414 - 0.9990 0.00969
5 0.059 - 1.242 -0.201 - 0.9976 0.01507
5 0.063 - 1.236 -0.183 - 0.9968 0.01746
6 0.091 - 1.269 -0.230 - 0.9969 0.01692
7 0.053 - 1123 -0.104 . 0.9992 0.00802
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Coefficient )
Exp. Model Adj. R? RMSE
k, k, a c n
8 0.081 - 1.134 -0.112 - 0.9994 0.00688
0.150 - 1.086 -0.048 - 0.9973 0.01589
10 0.024 - 1.300 -0.284 - 0.9998 0.00412
11 0.026 - 1.452 -0.428 - 0.9993 0.00753
12 0.049 - 1.315 -0.284 - 0.9992 0.00861
13 0.043 - 1.491 -0.441 - 0.9971 0.01682
14 0.023 - 1.744 -0.710 - 0.9986 0.01108
15 0.015 - 1.646 -0.613 - 0.9989 0.00945
16 0.016 - 1.775 -0.744 - 0.9987 0.01048
17 0.018 - 2.091 -1.059 - 0.9982 0.01247
18 0.046 - 1.530 -0.470 - 0.9937 0.02578
Table 4. Design of Experience and results.
Exp. Power P (Watt) Diameter D (mm) Thickness t (mm) Time (min) Diftusivity x 107 (m?/s)
1 -1 (360) 1(17.5) -1(3.3) 27.61 3.25
r -1 (360) 1(17.5) -1(3.3) 25.81 3.35
2 0 (500) 1(17.5) -1(3.3) 21.38 3.86
3 1(775) 1(17.5) -1(3.3) 11.9 6.91
4 -1 (360) 1(17.5) 0(4.5) 33.42 4.46
5 0 (500) 1(17.5) 0(4.5) 25.56 6.51
5 0 (500) 1(17.5) 0(4.5) 24.94 6.60
6 1(775) 1(17.5) 0 (4.5) 16.63 9.89
7 -1 (360) 1(17.5) 1(6.0) 34.26 9.88
8 0 (500) 1(17.5) 1 (6.0) 22.48 13.82
9 1(775) 1(17.5) 1 (6.0) 14.99 24.44
10 -1 (360) -1(10.5) 1(6.0) 55.8 5.03
11 0 (500) -1(10.5) 1(6.0) 42.09 6.74
12 1(775) -1(10.5) 1(6.0) 26.99 10.42
13 1(775) -1(10.5) 0(4.5) 25.34 6.00
14 0 (500) -1(10.5) 0(4.5) 35.35 3.82
15 -1 (360) -1(10.5) 0(4.5) 58.92 2.36
16 -1 (360) -1(10.5) -1(3.3) 50.64 1.47
17 0 (500) -1(10.5) -1(3.3) 35,51 2.11
18 1(775) -1(10.5) -1(3.3) 22.06 3.42
! e Ao > with the observations made during the experiments where it was
09 | TRpy Do e 2 noticed that browning occurred more at the higher microwave
¢ EXP.I' < S . . D
opos | * E22 s power levels (Figure 5). The same trend with similar values was
g - gg-g e observed for microwave drying of apple (Polat et al., 2019), mango
074 ° g ! - . . .
8 | rg=g et e (Izli et al,, 2017) and ginger (Izli & Polat, 2019).
Q061 - Exp:7 -7
g | ot it
£ Bl s 3.7 Effect of the microwave power on the structure of the samples
- .
S 04 * Exp.12 %
S | B S SEM analysis can help understanding the effect of microwave
R == ST g drying on hardness, and therefore, product quality. Figures 6
Coail Bl and 7 show the microstructure of the dried apple samples at
R et gitad different microwave power levels.
0 The scanning electron micrographs of Figure 6 show a

Experimental Time of Drying

Figure 4. Calculated values by Aghbashlo model versus all experimental
drying kinetics of apple samples.
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reduction in the size of the cells compared to the sample of the
fresh apple (Figure 6a), which initially contains more water.
We notice that as microwave power increases, cells exhibit
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Table 5. Analysis of variance for the factors and the interactions model of the responses.

Factor Sum of square (SS) Degree of freedom Mean square (MS) F value P value
P 1676.549 1 1676.549 293.7982 0.000001"
P? 134.879 1 134.879 23.6361 0.000894*
D 1149.124 1 1149.124 201.3724 0.000012*
t 90.225 1 90.225 15.8110 0.003224*
Time t? 26.044 1 26.044 4.5639 0.061385 S
PxD 127.385 1 127.385 22.3230 0.001082%
Pxt 3.423 1 3.423 0.5998 0.458510™°
Dxt 0.039 1 0.039 0.0068 0.936307™°
Error 51.358 9 5.706
Total SS 3269.866 17
D 99.2708 1 99.2708 49.7526 0.00002*
t 241.3956 1 241.3956 120.9828 0.000000*
t? 16.0078 1 16.0078 8.0228 0.016300%
P 96.3119 1 96.3119 48.2696 0.000024*
o P 6.4299 1 6.4299 32226 0.100123"
Diftusivity
Dxt 33.8025 1 33.8025 16.9412 0.001712*
DxP 12.3335 1 12.3335 6.1813 0.030237*
TxP 33.9650 1 33.9650 17.0226 0.001684*
Error 21.9482 11 1.9953
Total SS 548.5692 19

For Time R* = 98.43%, R? (adj) = 97.03%; For Diffusivity R? = 96%, R? (adj) = 93.09%; All variables are in coded units, P is the coded value of Power (Watt), D is the coded value of
Diameter (mm), t is the coded value of thickness (mm); NS not significant; *Significant at the level 5%.

Figure 6. Scanning electron microscopy micrographs of apple samples at Magnification 62x: Fresh (a) and dried with microwave at 360W (b),
500 W (c), and 775 W (d).

y
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Figure 7. Scanning electron microscopy micrographs of apple samples at Magnification 415x: Fresh (a) and dried with microwave at 360W (b),
500 W (c), and 775 W (d).
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higher deformation. This behavior can be explained by rapid
kinetics of evaporation, leading to a faster diffusion of water
through the cells, generating turbulence. Turbulence leads to
cells deformation, and possible destruction at high microwave
power (Figure 6d).

On the other hand, Figure 7 shows a very significant reduction
in tissue thickness with the increase in microwave power.
High power during drying might led to a melting of the starch
granules and hence affecting the starch-protein matrix, leading
to structural destruction of the samples as seen in Figure 6-d.
These structural changes are in agreement with previous research
work, studying the effect of microwave power levels on drying
of bamboo shoot (Bal et al., 2017), ginger (Izli & Polat, 2019)
and trabzon persimmon (Celen, 2019).

4 Conclusions

In the present study, microwave drying characteristics of
Gala apples (Malus Pumila) cylinders with different diameters
(10.5 and 17.5 mm) and thicknesses (3.3, 4.5, and 6.0 mm)
at three microwave power levels (360, 500, and 775 W) were
investigated. In total, eighteen different experimental conditions
were studied. The Aghbashlo model, together with Page and
logarithmic models, provided the best fit for the results among
eight tested thin-layer models for all the runs. Increasing the
microwave power decreased the drying time and increased the
effective moisture diffusivity. The diameter of the apple samples
had a similar effect as the power on the drying time and the
effective moisture diffusivity. However, as samples thickness
increases, effective diffusivity increases, but there was no clear
trend on the drying kinetics.

The calculated effective diffusivity was between 1.47 x 107
and 24.4 x 107 m*/s and the activation energy was between 19.2
and 27.1 g/W for the studied samples. An experimental design
was used to express the drying time and the effective diffusivity
as a function of the studied parameters. For the drying time,
the power and the diameter are more significant than other
variables. However, the thickness has the principal effect to
increase the effective diffusivity. Thus, for higher drying rate,
higher microwave powers and larger diameters are preferred.

Applying higher microwave power increased the surface color
change and lowered the lightness of the dried samples, in addition
to the occasional burning effect. Also, the high microwave power
destroyed the surface structure, hence, avoiding high power is
recommended to preserve textural quality of the product.
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