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Dried fruit slices are important, healthy, and popular snacks and gain importance day by day due to their high nutritional content. In
this context, this study mainly focused on the production of healthy apple chips snacks and the determination of degradation kinetics
of antioxidant activity, total phenolic compounds, and color values of apple chip snacks during convective hot air drying at three
different temperatures (45, 55, and 65°C) and sample thicknesses (1.5 and 5+ 0.5 mm). The drying kinetics, desorption isotherms,
activation energy, and half-life of the apple chip snack were also calculated. The Page and GAB models are the best models for the
determination of the drying (>0.992) and desorption (>0.9979) behavior of apple snacks with the highest R* values. The drying of all
samples took place in the falling rate period. The D.g values increased depending on the increasing air temperature and slice
thickness. The antioxidant activity, total phenolic compounds, and total color change of the 5mm thick samples were degraded
following the first-order reaction kinetics. The higher antioxidant activity, phenolic compounds, L* values, and lower half-life values
were observed in conditions where the thickness (1.5 mm) and temperature (45°C) are low. The activation energy values calculated for
the total phenolic compounds are higher than those calculated for the antioxidant activity. As a result, it can be concluded that apple
chip snacks with high nutritional value can be produced by choosing low temperatures and slice thickness.

1. Introduction

Apple is a very popular fruit consumed both in season and
out of season. The high nutritional value (ascorbic acid and
polyphenol contents, and antioxidant activity), health-
promoting effects (cardioprotective effects, and so on),
and the desired taste are among the reasons for the pref-
erence for this fruit [1-3]. Apple chip snack, as a novel food
product, has desired crispy taste and high nutritional value,
and flavor. Apple chip snacks can be obtained by hot air
drying, freeze-drying, puffing drying, or combined drying
techniques such as hot air drying + puffing drying [4]. Zhu

et al. [4] reported that the hot air + CO, puffing dried apple
chip snacks have a higher rehydration rate, and sensorial and
textural properties compared to other drying techniques. In
addition, several studies related to the development of
functional apple snacks using emerging technologies such as
vacuum impregnation [5-7], ohmic heating [7], and novel
integrated freeze-drying process [8], are in the literature.
Hot air drying is a suitable technique for the production
of apple chip snacks because of providing uniform hot air
and temperature distribution over the product, the sim-
plicity of the process, ease of the production, low energy
consumption and drying time, and is cheap [9]. The air
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temperature, airflow rate, relative humidity, and product
thickness are important factors in terms of both de-
terminations of drying behavior and the quality (color, total
phenolic content, and antioxidant activity) of the product
[9-11]. For this reason, the effect of process parameters has
to be investigated and optimum conditions have to be de-
termined. When the studies were examined, although there
were studies in which different methods were used to obtain
apple chips, there was no study examining the change in the
phenolic content and antioxidant activity of apples during
the drying process. The aim of this study is to determine the
effect of different drying temperatures (45, 55, and 65°C) and
thicknesses (1.5 and 5+0.5mm) on the drying kinetics,
drying rate, effective moisture diffusivity, color, antioxidant
activity, and total phenolic compounds of apple chip snacks.
In addition, desorption isotherms and color, antioxidant
activity, and total phenolic degradations during drying were
also investigated. The activation energy and half-life of the
apple slices were also calculated.

2. Material and Methods

2.1. Material. Granny Smith variety of apples (12+1cm)
that were at the same maturity level were supplied from
Pamukkale/Denizli. The apples were taken from equal sizes
as much as possible and stored in the refrigerator (4°C) until
drying. The apples were washed, dried, peeled, and inedible
parts were removed. The thickness of the apple slices was
determined using a caliper, and the apples were sliced with
a knife (1.5 and 5+ 0.5 mm).

2.2. Methods

2.2.1. Drying Apple Slices with Hot Air. The apple slices were
dried at three different drying temperatures (45, 55, and
65°C) and constant air velocity (0.2 m/s) in a drying cabinet
(Yiicebag Makine Tic. Ltd. Sti., {zmir, Turkey). From the
beginning, the tray used for weighing was removed from the
dryer every 30 min and weighed, and the data were recorded.
After drying, the product was first kept at room temperature
for 30 minutes in the desiccator, then at 4°C for 1 hour, and
then cooled and frozen at —20°C. During the drying process
(every 30min), the total antioxidant and total phenolic
compounds, and color values were determined.

Drying kinetics were determined and effective moisture
diffusivity (D.g) and activation energy (E,) values were
calculated.

Moisture content (equation (1)) and drying rate
(equation (2)) were calculated according to the given
equations:

M, =22 (1)

t+dt Mt

Drying Rate(DR) = M i , (2)
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where M, is the moisture content at any time ¢ (kg water/kg
dry matter (DM)), m is the weight of the sample (g), DM is
the amount of DM contained in the sample (g), M;,4; is the
moisture content at time ¢+ dt (kg water/kg DM), and dt is
the drying time (min).

D, was calculated according to Fick’s second law
(equation (3)); the series was simplified and the first term
was used [12].
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where ¢ is the time (s), D, is the effective moisture dif-
fusivity (m?/s), L is the thickness (m). For long drying times
(MR <0.6), a limiting case of equation (3) was assumed and
expressed in the logarithmic form as in the following

equation:
8 ‘D
InMR = ln<—2) —(ﬂ Zeff)t, (4)
s 4L

where D is typically calculated by plotting the experi-
mental moisture ratio in the logarithmic form versus drying
time. From equation (4), a plot of InMR versus drying time
gives a straight line with a slope of the following equation:

2

D
Slope = ——<ff (5)
P 417

The relationship between the D.g and the air tempera-
ture was assumed to be the Arrhenius function and E, was
calculated using the following equation:

E
Deff = DO exp<_R_%>> (6)

where D, is the preexponential factor (m?/s), E, is the ac-
tivation energy (kJ/mol), T is the absolute temperature (K),
and R is the gas constant (R =8.31451 J/molK).

2.2.2. Modeling Studies of the Drying Kinetics. The selected
thin-layer drying models are shown in Table 1. The fit of the
models was determined by the regression coefficient (R?),
the error of the root mean square (RMSE), and the chi-
square (Xz) values [12].

2.2.3. Modeling of the Desorption Isotherms. The models
used to determine the moisture sorption isotherms of foods
are given in Table 1. The parameters (k, C, and M,) of the
sorption models were determined from the experimental
data by nonlinear regression analysis using the Microsoft
Excel program (MS Office Excel 2016). The fit of the models
was determined by the regression coefficient (R?), the error
of the root mean square (RMSE), and the chi-square (Xz)
values.
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TaBLE 1: Thin layer drying and desorption models.

Models Equation Reference
Page MR=exp (-kt") [13]
. . Henderson and Pabis MR =a exp (-kt) [14]
Thin layer drying models Lewis MR = exp (—kt) [15]
Logarithmic MR =a exp (-kt)+b [16]
Guggenheim, Anderson and de Boer (GAB) M = (M(Cka,/[(1 - ka,)(1 - ka,, + Cka,,)]) [17]
Braunauer, Emmett and Teller (BET) M = (MCka,/[(1-a,)(1+ (C-1)a,)]) [18]
Desorption models Oswin M =k(a,/l1—a,)" [19]
Henderson M =k(-In(1- aw)/C)(l/") [20]
Halsey M = (-C/lna,)"" [21]

2.2.4. Analysis

(1) Water Activity Measurement. The water activity values of
fresh and dried apple slices were determined using a water
activity measuring device (GBX, Fast-Lab, France) with an
accuracy of +£0.001.

(2) Preparation of Extracts. In order to obtain the extract,
approximately 2 g of apples were taken during the drying
process and crushed with a mortar. The crushed samples
were taken into flasks and 10 mL of 70% ethanol was added.
It was exposed to ultrasonication in an ultrasonic water bath
(Wise Clean Wisd WUC-DO06H, Daihan, South Korea) for
10 min, then agitated for 15 min in an orbital shaker (SHO-
1D, Daihan, South Korea) at 200 rpm and centrifuged for
10 minutes at 10°C at 7450 rpm (NF 800R, Niive, Turkey).
The upper phase was taken into a 25 mL flask, the remaining
residue was passed through the same processes again and the
obtained upper combined with the previous one, and the
extract was completed with 70% ethanol to 25 mL volume.
The prepared extracts were stored at —20°C.

(3) Determination of Antioxidant Activity by DPPH
Method. DPPH stock solution was prepared in methanol
with a final concentration of 24 mg/100 mL. The solution
was diluted with methanol by diluting the stock solution so
that the final absorbance was 1.20 +0.02. The calibration
curve was obtained with Trolox®. Trolox® solution was
prepared with a concentration of 12.5mg/25 mL and a final
concentration of less than 50 M in the spectrophotometer
cuvette for the Trolox® calibration curve. In the experi-
ments, 150 yuL of the sample or standard 2850 L of DPPH
working solution was mixed in test tube and the reaction
was continued for 60 minutes in a dark environment. At the
end of the time, the absorbance was read in a spectro-
photometer (EMC-11, Duisburg, Germany) at a wave-
length of 515nm. Samples that did not fall within the
calibration curve range at the end of the reading were
diluted until they entered this range [22].

(4) Determination of Total Phenolic Compounds. The
Folin-Ciocalteu (FC) method has used the determination of
the total phenolic compounds of samples. The
Folin-Ciocalteu agent was diluted 1:10 by volume using
distilled water. To prepare the sodium carbonate solution

(20%), sodium carbonate was weighed to 75g/L and the
measuring flask was filled to the volume line with distilled
water. In order to prepare the gallic acid calibration curve,
500 mg/L stock solution was prepared and dilution was
made so that the final concentration was 5-100 mg/L in the
linear region. 2mL of sample or standard was taken and
10 mL of diluted FC agent was added. 8 mL of 20% sodium
carbonate was added between 1-8 minutes after the reaction
started and the mixture was left in a dark environment for
2hours. At the end of the period, absorbances were read at
760 nm wavelength. If the results read did not fall within the
calibration curve, necessary dilutions were made [23].

(5) Color Measurement. The color values of the samples were
measured with a colorimeter (Hunter Associates Laboratory,
Model: MiniScan XE, USA). In addition, Hue Angle,
Chroma, and total color change (AE) values were
calculated [24].

2.2.5. Modeling Studies for Investigation of Bioactive Com-
ponents and Color Changes

(1) Kinetic Models. The zero-order, first-order, and second-
order kinetic models were presented in equations (7-9),
respectively.

C=Cytkyxt, (7)
C=C,* exp(zk, *t), (8)
1 1

~= : 9
c g Rt ®)

where C is the value of bioactive component or color pa-
rameter at any time ¢, C, is the bioactive component or color
parameter value at time t=0, ko, k;, and k, are the kinetic
constants (1/min), and ¢ is the drying time (min).

The degree of dependence of the reaction on temperature
was determined by calculating both Qo and activation
energy values. The relationship between reaction rate and
temperature was defined by Arrhenius in 1889, and this
expression, which is still valid today, is given in equation
(10). The activation energy was calculated using this equa-
tion. E, was calculated by using the slope of the line obtained
by drawing the 1/T-Ink graph:



-E
k = ky * exp(R—T“>, (10)

where k is the kinetic constant (min™), k, is the Arrhenius
constant or frequency factor, R is the gas constant (8.314]/
mol-K), and T is the temperature (K).

2.2.6. Calculation of the Qo Value and Half-Life Time.
Q1o value, which is another kinetic coefficient showing the
dependence of the reaction on temperature, is a criterion
that shows the effect of increasing the temperature by 10°C
on the reaction rate [23] and was calculated using the fol-

lowing equation:
k, (10/T,-T,) (1)
Qlo = IZ 5

where k, is the kinetic constant at temperature T (1/min), k,
is the kinetic constant at temperature T, (1/min), T} and T,
are the temperatures (K).

Half-life time is the time required for the loss of 50% of
the bioactive components [23]; for the first-order reactions,
it is presented in the following equation:

t = -In(0.5) k™. (12)

2.2.7. Statistical Analysis. The data obtained as a result of the
experiments carried out in two parallels and three replica-
tions were analyzed by using the SPSS statistical package
program 20.0 (SPSS Inc., USA). The level of difference
between the means was determined using the Duncan
multiple comparison test (p <0.05).

3. Results and Discussion

3.1. Drying Kinetics of Apple Slices. The initial moisture
content and water activity of the apple slices were found as
6.74kg water/kg DM and 0.962, respectively. The water
activity values of apple chip snacks were measured as 0.348
(45°C), 0.278 (55°C), and 0.299 (65°C) for 1.5 mm thick
samples and 0.425 (45°C), 0.396 (55°C), and 0.353 (65°C) for
5mm thick samples, respectively. The changes in the
moisture content of samples versus drying time are given in
Figure 1. As can be seen in Figure 1, the drying times de-
creased with the increase in the drying temperature and the
decrease in the slice thickness. The drying time of 1.5mm
and 5mm thick samples ranged between 120-180 min and
180-330 min, respectively. As a matter of fact, it took
120 min for the moisture content of 1.5 mm thick apple slices
to decrease from 6.74 to 0.27 kg water/kg DM at a temper-
ature of 65°C. During the process, the process was completed
in 180 minutes for apple slices with a thickness of 5 mm at
the same temperature. In this context, it can be said that both
drying temperature and slice thickness have a significant
effect on the drying time (p<0.05). Similarly, Jeevar-
athinam et al. [25] reported that temperature has a signifi-
cant effect on drying time, moisture removal, and drying
rates. It is expected that the drying time will decrease as the
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product thickness decreases and the temperature rises. As
the thickness decreases, the amount of water that will
evaporate from the product will decrease as well as the
distance related to the water reaching the surface will de-
crease, thus reducing the drying time [26, 27]. With the
increase in temperature, the evaporation rate of water in-
creases, which shortens the drying time. It is also known that
the temperature gradient is inversely proportional to the
drying time. As the temperature increases, the gradient
increases, and the drying time becomes shorter. Similar
findings were also obtained by several researchers
[25, 27-30]. The hot air drying times of apple slices (4 mm
thickness x 20 mm radius) were found as 195, 170, and
140 min for 50, 60, and 70°C temperatures and 1.5 m/s air
velocity [28]. Hot air (60-65°C, 0.5m/s), microwave-
vacuum (2W/g), freeze (plate temperature of 30°C at
0.2kPa), microwave-vacuum (2 W/g) + freeze-drying time
(plate temperature of 30°C at 0.2kPa) of apple slices
(20 x 20 x 8 mm) were found as 5.5h, 0.6 h, 24h, and 12.5,
respectively [29]. The hot air drying times of organic apple
slices were found as 400, 300, and 240 min (5mm thick
slices) and 640, 560, and 460 min (9 mm thick slices) for 40,
50, and 60°C drying temperatures, respectively [27]. Dif-
ferent drying techniques, product thicknesses, and drying
conditions affect the drying time. A study has investigated
the effect of drying temperature (40-50°C), airflow rate
(0.6-1.1 m/s), apple slice thickness (4-12 mm), and relative
humidity (25-28-40-45%); it was stated that the most
important factor was found as slice thickness. The 3-fold
increase in apple slice thickness increased the drying time by
more than 500 min. In addition, researchers reported that,
although the thickness is not important in the presence of
free water to be removed at the beginning of drying, the
importance of the thickness increases as the amount of water
that will evaporate decreases [31].

Table 2 shows the model parameters of selected thin-
layer drying models for the determination of the drying
behavior of apple snacks. When Table 2 is examined, it is
seen that all selected thin-layer models explain the drying
behavior of apple chips with a high R* value (>0.972). The
highest R* and lowest X* and RMSE values were generally
obtained from the Page model. In addition, mathematical
models that are simple and contain fewer terms are generally
preferred to describe the drying behaviors of food materials.
In this context, it is appropriate to choose the Page model.
Similarly, in the literature, it is reported that the Page model
could adequately describe the drying behavior of fluidized
bed drying of apple cubes [32], and the hot air drying be-
havior of cylindrical apple slices at different temperatures,
slice thicknesses, air velocities, and relative air humidities
[31]. The drying (k, h™') and model (n, dimensionless)
constants of the Page model generally increased with in-
creasing temperature. Vega-Galvez et al. [33] reported that
the drying constant increased whereas the model constant of
the Page model decreased depending on the increasing
temperature. In addition, the drying constants of the Page
model obtained for 1.5mm thick samples are higher than
that obtained for 5 mm. It is thought that the reason for this
situation is that the apple slices dried faster at high
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FiGure 1: Changes in the moisture content values of apple slices during drying ((a) =1.5+ 0.5 mm thickness, (b) =5 + 0.5 mm thickness).

temperatures and low thickness due to the high evaporation
rate. MR values that are calculated with the Page model
versus experimental MR values are shown in Figure 2. MR
values were generally gathered around a straight line. This
shows that the Page model explains the hot air drying be-
havior of apple slices to a high extent.

The drying rates of apple slices were calculated and
graphs were drawn of the drying rate versus moisture

content (Figure 3). Although a temperature rise period was
observed for the 5 mm thick apple slices that were drying at
55 and 65°C temperatures, the drying of all samples took
place in the falling rate period. This is expected for biological
materials. It shows that the moisture movement in the apple
slices is mainly controlled by molecular diffusion [28]. In
addition, with the increase in temperature, the evaporation
rate of water increased and the drying rate increased. This is



(a)

(b)

FIGURE 2: Predicted MR versus experimental MR ((a) = 1.5+ 0.5 mm thickness, (b) =5+ 0.5 mm thickness).
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TaBLE 2: Thin layer mathematical models.
Models Thickness (mm) tem]I))?rI::lglrzlE" Q) Model parameters X 2 RMSE R?
45 k=1.566 n=1103 0.0012 0.0287 0.992
Page 55 k=2.342 n=1.175 0.0009 0.0249 0.995
65 k=2.533 n=1112 0.0008 0.0220 0.996
45 k=1.540 a=1.007 0.0013 0.0299 0.992
Henderson and Pabis 55 k=2163 a=1.003 0.0011 0.0266  0.994
15 65 k=2.397 a=1.001 0.0009 0.0229 0.996
’ 45 k=1.531 0.0011 0.0300 0.992
Lewis 55 k=2.159 0.0009 0.0266 0.994
65 k=2.394 0.0007 0.0229 0.996
45 k=1.653 a=0.987 b=0.024 0.0013 0.0270 0.993
Logarithmic 55 k=2.295 a=0.985 b=0.019 0.0011 0.0240 0.995
65 k=2.521 a=0.986 b=0.016 0.0011 0.0210 0.997
45 k=0.403 n=1.072 1.48E-05 0.0035 0.999
Page 55 k=0.588 n=1173 1.55E-05 0.0034 0.999
65 k=0.581 n=1413 3.11E-05 0.0047 0.999
45 k=0.439 a=1.016 0.0001 0.0101 0.999
Henderson and Pabis 55 k=0.664 a=1.029 0.0007 0.0226  0.995
5 65 k=0.732 a=1.054 0.0035 0.0500 0.977
45 k=0.431 0.0002 0.0118 0.998
Lewis 55 k=0.645 0.0008 0.0257 0.993
65 k=0.695 0.0035 0.0550 0.972
45 k=0.400 a=1.047 b=-0.040 5.18E-05 0.0062 0.999
Logarithmic 55 k=0.538 a=1117 b=-0.104 0.0002 0.0123 0.998
65 k=0.423 a=1372 b=-0.350 0.0009 0.0228 0.995
1 B 1
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an expected situation. It was also observed that there was an
inverse relationship between the thickness and the drying
rate. When the drying rates of apple slices were examined
depending on the thickness, it can be said that the drying
rates of 1.5mm thick apple slices are approximately
3-4 times higher than those with a thickness of 5mm.
Similar findings were also obtained by Wang and Chao [34]
and Sacilik and Elicin [27]. Wang and Chao [34] studied the
effect of different thicknesses (3, 5, and 7mm) and air

temperatures (50, 60, and 75°C) on the drying rate of the Fuji
apple slices, and the researchers stated that the drying rate
increased with increasing drying temperature and de-
creasing slice thickness. The effective diffusion coeflicient
was calculated from the slope obtained by plotting the graph
of In MR versus In t (min). D.g values were calculated as
337E-07 (R*=0.982), 3.73E-07 (R*=0.9335), and
4.29E - 07 (R*=0.9405) m?/s for 1.5 mm slice thickness and
3.07E—06 (R*=0.9458), 3.12E-06 (R*=0.9062), and
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FIGURE 3: Changes in the drying rate of apple slices versus moisture content ((a)=1.5+0.5mm thickness, (b) =5+ 0.5mm thickness).

4.31E - 06 (R*=0.9551) m*/s for 5 mm slice thickness at 45,
55, and 65°C temperatures. These values were found lower
compared to the estimated values for apple slices. The D.g
values of hot air-dried apple slices were calculated as
485E-9m?/s [35], 1.9E-10 and 7.0E-10m?/s [31],
227E-10 and 4.97E-10m?%*s [27], 0.964E—09 and
2.28E—09 [36], 1.70E — 09-4.45E — 09 m*/s [37], 0.841E — 9-
2.060E —9m?/s [38]. Different drying conditions (temper-
ature, air flow rate, and so on) and slice thickness may be the
reason for different values. The D.s values increased

depending on the increasing air temperature and slice
thickness. Similar findings were also obtained by [4, 27, 31].
This is thought to be due to the fact that air temperatures
accelerate moisture diffusion. In addition, Zhu et al. [35]
reported that the temperature rising intensified the mobility
of water molecules. Activation energy values were calculated
as 10.56kJ/mol and 14.70kJ/mol for 1.5mm and 5mm
sample thicknesses, respectively. It can be stated that 5 mm
thick samples are more susceptible to temperature change
compared to 1.5 mm thick samples. Higher E, values such as



28.37kJ/mol [39], 19.80 kJ/mol [28], 19.34 k]/mol [36], and
113.018 kJ/mol [35] were observed for hot air-dried apple
slices. It can also be stated that 5 mm thick samples are more
susceptible to temperature change compared to 1.5mm
thick samples.

3.2. Desorption Isotherms. In order to determine the de-
sorption isotherms of apple slices, the water activity values of
samples were measured at half-hour intervals during drying,
and the compatibility of these values with the models was
examined and the results were given in Table 3. When
Table 3 is examined that although y* and RMSE values for
GAB model are higher than BET and OSWIN models for
1.5mm slice thickness, the highest R* values were obtained
from the GAB model. The lowest R* values were obtained
from the BET model. The BET model gives the most suitable
results in water activity values between 0.05 and 0.45,
however, our water activity values are not in this range. It
may be the reason for low R? values [40]. For both thick-
nesses, it can be said that the GAB model is the best model
for the determination of the desorption behavior of apple
slices with the highest R* value. GAB model was also found
the best model for representing the desorption isotherm
5mm thick apple slices at 45°C [33]. According to the
monolayer (C) values which ranged between 0 and 2 (except
for the BET model for 1.5 mm thickness), it can be stated that
all isotherms are J-Type [41]. It can be said that there is an
increase in the k value depending on the temperature, but
there is no trend for the monolayer (C) and monolayer
moisture content (M) values. In addition, the k values
calculated for 1.5mm thick samples were higher than that
calculated for 5 mm, and the opposite effect was observed for
the C value.

3.3. Antioxidant Activity, Total Phenolic Compounds, and
Color Values. The antioxidant activity and total phenolic
compounds of fresh apple slices were found as 289.24 ymol
Trolox equivalence/100g DM and 957.63mg Gallic acid
equivalence/100g DM, respectively. During the drying
process, quality losses of dried foods occur depending on the
drying conditions. For this reason, the changes in antioxi-
dant activity, total phenolic compounds, and color values of
apple chips during the drying process were investigated.
While 1.5mm thick samples lost 50% of their antioxidant
activity in the first half-hour, 5 mm thick samples were lost
in 1hour. It was also observed that 90% of the antioxidant
activity was lost as a result of the drying process for all
thicknesses and temperature values. The antioxidant activity
values of apple chips were measured as 32.37, 34.44, and
31.60 ymol Trolox equivalence/100g DM for 1.5mm
thickness and 24.41, 31.45, and 25.79 ymol Trolox equiva-
lence/100 g DM for 5mm at 45, 55, and 65°C, respectively.
According to the antioxidant activity values, it can also be
said that the highest values were observed for 55°C tem-
perature and 1.5mm thickness. The drying times of the

Journal of Food Quality

5mm thick sample were longer than the 1.5mm thick
sample. It may be the reason for lower antioxidant activity.
Lower drying times result in higher quality in the dried
product by minimizing undesirable changes [42, 43]. It is
known that polyphenols and ascorbic acid contribute to the
antioxidant activity of apples [2]. As a result of the drying
process, approximately 55% decrease occurs in the total
phenolic compounds of apples, while the loss of antioxidant
activity is around 90%. It is known that ascorbic acid de-
composes under the influence of heat, light, and metal. This
is thought to be due to the loss of ascorbic acid.

The total phenolic compounds of the apple chips de-
creased depending on the increasing drying temperature and
increasing thickness (411.90, 398.00, and 361.86 mg Gallic
acid equivalence/100 g DM for 1.5 mm thickness and 368.45,
340.94, and 303.99 mg Gallic acid equivalence/100 g DM for
5mm thickness at 45, 55, and 65°C, respectively). The
phenolic compound loss is around 55%. Kidon and Gra-
bowska [42] reported that the initial total phenolic content
of red flesh apple is 421 mg GAE/100 g DM and convective
drying (60°C) and convective (60°C) + microwave vacuum
(60s at 1.0kW, 60s at 0.2kW, 20s without microwave
radiation at 28 kPa) drying processes caused 20% reduction
in the total phenolic content.

The color values of fresh apple slices were measured as
L=7241, a=041, and b=19.63, respectively. The color
values of 1.5 mm thick samples were L =70.49, a=8.37, and
b=34.50; L=65.35 a=15.05, and b=36.26; L=73.52,
a=9.54, and b=35.32 for 45, 55, and 65°C, respectively. The
color values of 5 mm thick samples were L =62.06, a = 13.65,
and b=38.68; L=62.81, a=10.28, and b=34.42; L=68.72,
a=10.21, and b=39.99 for 45, 55, and 65°C, respectively.
According to the color values of the final product, it can also
be said that the L value was generally found to be lower than
the initial value (fresh apple), and the a and b values were
found to be higher. Similar findings were also obtained for
hot air-dried, freeze-dried, hot air + puffing dried, and hot
air + CO, puffing dried apple slices [4], microwave + freeze-
dried, microwave-vacuum + freeze-dried, freeze-dried, and
hot air-dried apple slices [29]. Sacilik and Elicin [27] also
reported that higher temperatures resulted in darker apple
slices. Although the L value of the samples with a thickness
of 5 mm was found to be lower than those with a thickness of
1.5 mm, generally higher a, and b values were obtained. In
addition, a general decrease in color values was observed
depending on the temperature. The heat effect and enzy-
matic and nonenzymatic browning reactions may be the
reason for the formation of brown pigments that cause the
lower and higher g, b, and AE values [42]. The AE values of
apple slices were calculated as 16.97, 23.25, and 18.19 for
1.5mm thickness and 25.40, 20.20, and 22.90 for 5mm
thickness at 45, 55, and 65°C, respectively. In light of these
findings, it can be said that the total color change increases
significantly as the thickness increases (p <0.05). In addi-
tion, although the effect of temperature change in 1.5mm
thick samples was found to be statistically significant
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TaBLE 3: Desorption model parameters and statistical results.
Models Thickness (mm) tem]I))?r’:tllgerlE“ Q) Model parameters X 2 RMSE R?
45 k=0.983 C=4.885 M ,=0.316 0.250 0.378 0.9992
GAB 55 k=1.162 C=0.321 M ,=1.097 1.871 3.270 0.9979
65 k=2.001 C=0.463 M ,=0.239 0.641 0.506 0.9999
45 C=13.587 M ,=0.258 0.005 0.058 0.5706
BET 55 C=3917 M ,=0.334 1.164 0.881 0.5051
65 C=381.090 M ,=0.272 0.968 0.762 0.3014
45 k=0.531 n=0.754 0.122 0.295 0.9112
Oswin 1.5 55 k=0.582 n=0.829 0.858 0.756 0.7934
65 k=0.760 n=0.715 1.040 0.790 0.8920
45 C=0.708 n=0.020 11.710 2.892 0.9662
Henderson 55 C=0.647 n=-0.168 26.981 3.902 0.8536
65 C=0.566 n=0.607 41.995 5.020 0.9128
45 C=1.127 n=1012 17.612 9.011 0.8940
Halsey 55 C=0.974 n=1.022 13.367 10.554 0.7582
65 C=0.872 n=0.870 14.254 12.771 0.8757
45 k=0.941 C=1.209 M ,=0.665 0.138 0.326 0.9992
GAB 55 k=0.979 C=1.036 M ,=0.459 0.643 0.671 0.9979
65 k=0.991 C=1742 M ,=0.348 0.324 0.450 0.9999
45 C=4.238 M ,=0.331 0.400 0.582 0.5706
BET 55 C=1.098 M ,=0.293 0.849 0.824 0.5051
65 C=1.335 M ,=0.271 0.416 0.558 0.3014
45 k=0.520 n=0.839 0.171 0.380 0.9112
Oswin 5 55 k=0.420 n=0.906 0.699 0.748 0.7934
65 k=0.324 n=0.964 0.314 0.485 0.8920
45 C=1.131 n=0.562 0.057 0.220 0.9662
Henderson 55 C=1.361 n=0.426 0.585 0.684 0.8536
65 C=1.334 n=0.491 0.343 0.507 0.9128
45 C=0.359 n=1.020 0.481 0.638 0.8940
Halsey 55 C=0.256 n=0.756 4.039 1.798 0.7582
65 C=0.243 n=0.850 0.739 0.744 0.8757
TaBLE 4: 0, 1°* and 2" order reaction kinetic constants.
. 0 order reaction 1°* order reaction 274 order reaction
o Thickness L. 5 L 2 L. 2
Temperature (°C) kinetic constant R kinetic constant R kinetic constant R
(mm)
(ko) (k) (k)
45 74.25 0.7338 0.7182 0.9220 0.0097 0.9914
55 1.5 85.60 0.6890 0.7863 0.8991 0.0100 0.9956
Antioxidant activity 65 117.81 0.7980 1.1067 0.9480 0.0149 0.9865
45 44.98 0.8620 0.4792 0.9848 0.0074 0.9524
55 5 70.88 0.9492 0.6101 0.9892 0.0080 0.8246
65 82.68 0.8319 0.8090 0.9853 0.0120 0.9623
45 191.03 0.9918 0.2941 0.9940 0.0005 0.9724
55 1.5 222.42 0.9981 0.3432 0.9774 0.0006 0.9235
Total phenolic 65 303.65 0.9958 0.4933 0.9807 0.0009 0.9357
compounds 45 107.42 0.9794 0.1728 0.9966 0.0003 0.9957
55 5 181.53 0.9682 0.3118 0.9905 0.0006 0.9848
65 214.65 0.9721 0.3897 0.9931 0.0008 0.9699
45 8.7268 0.9749 0.5902 0.9208 0.0426 0.8496
55 1.5 8.1814 0.6736 0.1855 0.7320 0.0077 0.7603
Total color change (AE) 65 3.6072 0.8530 0.1625 0.8697 0.0100 0.8561
45 0.7939 0.9976 0.0334 0.9969 0.0014 0.9959
55 5 9.0028 0.9675 0.6317 0.9881 0.0520 0.9540
65 11.309 0.7587 0.7099 0.8240 0.0542 0.8978
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TaBLE 5: Kinetic parameters of antioxidant activity and total phenolic compounds degradation of apple slices.

Temperature ("C) Thickness (mm) Q 1o value k (1/min) t 12 (h) E , (kJ/mol)
45 1.031 0.0097 0.36
55 1.5 0.0100 0.35 19.02
.. .. 65 1.490 0.0149 0.23
Antioxidant activity 45 1273 0.4792 145
55 5 0.6101 1.14 23.39
65 1.326 0.8090 0.86
45 1.164 191.03 2.50
55 1.5 222.42 2.16 20.65
. 65 1.365 303.65 1.58
Total phenolic compounds 45 1.804 01728 401
55 5 0.3118 2.22 36.53
65 1.250 0.3897 1.78

(p <0.05), the effect of temperature on the total color values
of 5mm thick samples was found to be insignificant
(p>0.05).

3.4. Modeling Studies for Investigation of Bioactive Compo-
nents and Total Color Changes. Their degradations were
investigated using zero, first- and second-order reaction
kinetic models, and the results are given in Table 4. The
reaction kinetics, in which the highest R? values were ob-
tained, was chosen as suitable. The total phenolic com-
pounds of the 1.5 mm thick samples conformed to the 0™-
order reaction kinetics. Both the antioxidant activity and
total phenolic compounds of the 5 mm thick samples were
degraded in accordance with the 1st-order reaction kinetics.
However, the antioxidant activities of 1.5 mm thick samples
were degraded in accordance with the second-order reaction
kinetics. Arora et al. [2] also reported that the degradation
kinetic of the antioxidant activity and total phenolic content
of apples after cutting followed the first-order reaction ki-
netics. It was observed that the AE values of the apple slices
changed in accordance with the first-order reaction kinetics.
Palazon et al. [44] reported that a higher correlation co-
efficient was obtained from the zero-order reaction kinetic
model for L*, a*, b*, and AE* values of apple-based beikost
samples stored at 37°C, whereas the higher correlation co-
efficient was obtained from 1*-order reaction kinetic model
for vitamin C and HMF. Saavedra et al. [45] reported that the
pseudo-zero-order reaction kinetic model satisfactorily
described the changes in AE* values of apple cluster snacks
stored at 18, 25, and 35°C.

It is important to determine the shelf life, which refers to
the nutritional and sensory acceptability of foods [45].
Considering these reaction kinetics, Q;o value, half-life, and
activation energy values were calculated and the results are
given in Table 5. In all three reaction kinetics, the reaction
rate constants increased with the increase in temperature
and decreased as the thickness increased. For both antiox-
idant activity and total phenolic compounds, the Q;, value
calculated for 65—-55°C temperatures was found to be greater
than that calculated according to 45-55°C temperatures. The
half-life decreased with increasing temperature and in-
creased with thickness. Higher activation energy values were

calculated for 5 mm thick samples. In addition, it can be said
that the activation energy values calculated for the total
phenolic compounds are higher than those calculated for the
antioxidant activity.

4. Conclusion

Nowadays, as the perception of living a healthy life has
grown, there is an increase in the pattern of consumption of
healthy snacks. One of the products frequently consumed
within the scope of these snacks is apple chips. In this study,
the changes in the quality characteristics of apple slices at
different air temperatures and slice thicknesses were in-
vestigated during the production of apple slices consumed as
a healthy snack. According to the findings of this study, it
was concluded that during the drying process, approxi-
mately 45% of the total phenolic compounds and 10% of the
antioxidant activity of apple chips were preserved. It is also
concluded that the thinner samples (1.5 mm) were dried
faster and the biochemical quality are better preserved than
thick samples (5 mm). Although the drying temperature of
65°C is advantageous in terms of drying time and rate, it was
observed that the antioxidant activity, phenolic compounds,
and color of the samples dried at 45°C were better preserved.
In this context, conditions, where the thickness and tem-
perature are low, can be considered advantageous in terms of
preserving the quality characteristics of apple chip snacks. It
is predicted that the findings obtained from this study will
shed light on the selection of drying conditions to preserve
the quality properties of apple slices for scientific studies on
the drying of apple slices. Furthermore, work will be carried
out on the effect of different drying techniques such as freeze
and puffing on the antioxidant activity and total phenolic
compounds of the apple chip snacks.
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