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Abstract

In this study, mathematical modelling, drying kinetics, rehydration ratio (RR), shrinkage ratio (SR),
color change (AFE), total phenolic content (TPC), antioxidant activity (AA) and microstructural
examination of red and white pitaya fruits dried by hot air drying (HAD) and hot air assisted microwave
drying (HA-MWD) methods were conducted. In the HAD and HA-MWD methods, the effective
diffusion coefficient (D.y) increased as the drying time shortened. While the Page model provides the
best fit to HA-MWD curves, HAD curves are also appropriately defined by the Parabolic Model. The
RR value was found to be higher in the HA-MWD method. TPC values of fresh red and white pitaya
fruits were calculated as 389.71+0.80 and 310.11+0.42 mg GAE 100 g'! DM, respectively. The highest
TPC value in HA drying was determined as 251.35+0.35 mg GAE 100 g! DM at 70 °C. In the HA-
MWD method, TPC and AA decreased due to the increase in microwave power. In SEM monitoring, it
was observed that crack and pore sizes increased with the temperature increase in HAD for both fruit
types. The increase in microwave power caused more damage to the structure in the HA-MWD method.

Keywords: Pitaya, Drying, Effective diffusion, Mathematical modelling, Microstructure.






O© 00 O &N W b~ W N =

W W W W W W W W N N N NN N N N N N = e e = e e e
N N L B WD = O O 0NN RN WND=DD O 0NN R WD = O

INTRODUCTION

Pitaya or dragon fruit (Hylocereus spp.) is considered the fruits of species in the cactus family and are
widely grown in tropical or subtropical regions around the world [1]. Pitaya is generally classified as
white flesh/red shell, red flesh/red shell, and white flesh/yellow shell pitaya according to its flesh and
shell appearance [2]. However, there are three main varieties grown commercially [3].

Dragon fruit generally has a taste resembling a mixture of pear and kiwi. The white-fleshed dragon fruit
tastes like a cross between an unripe kiwi and a pear. The red-fleshed dragon fruit tastes like a mixture
of pear, kiwi, and melon. The taste of the yellow-skinned, white-fleshed dragon fruit is more aromatic
and sweeter than the other two species [4]. Pitaya fruit generally consists of 36-37% shell part, 47-49%
flesh part (pulp), and 14% seeds [5].

Pitaya fruit, especially its pulp layer, contains vitamins, minerals, and nutritional components (group B
vitamins, vitamin E and C, sodium, potassium, calcium, phosphorus, iron, fat, protein, carbohydrate,
flavonoid, crude fiber, betacyanins, phenolics, essential fatty acids, carotenoids, and polyphenols) that
are quite high. It exhibits relatively high antioxidant activity compared to other subtropical fruits [6].
Pitaya fruit has a short shelf life due to its rapid ripening, which limits storage time during transportation
and marketing. Different preservation methods can be used to extend the shelf life of fresh pitaya fruit.
Drying, an alternative process to food preservation, aims to reduce water activity, provide
microbiological stability, extend shelf life, and prevent undesirable physical and chemical changes [7].
When drying foods, the method that will cause the least change in the structure should be preferred.
HAD, one of these methods, is the most widely used method in the industry for the preservation and
processing of fruits and vegetables. In the HAD method, food can be exposed to high temperatures for
a long time to reach the final moisture content. For this reason, undesirable changes occur in the
chemical, physical, and sensory properties of the food [8]. In recent research, the microwave-assisted
hot air drying method has been developed in order to prevent these negative situations in the product
and to obtain the desired higher quality products [9].

Quantitative understanding of the drying process is of great practical and economic importance in many
areas such as process design, quality control, and energy saving. This understanding can be used in the
industry to develop more effective and efficient drying processes. Especially in the drying of foods,
correct management of the drying process ensures the preservation of product quality, prevention of
microbial spoilage, and extension of the shelf life of the products. Additionally, optimizing energy
consumption contributes to reducing environmental impacts by reducing operating costs [10]. Kinetic
models are used to design a process that can carry out the drying process safely and keep the quality at
the highest level. These models help ensure optimum conditions at every stage of the process by
accurately predicting drying time, temperature profile, and moisture content. Quantitative analysis and
kinetic modeling of the drying process significantly enhance process efficiency in industrial applications
while also playing a crucial role in achieving energy savings and sustainability goals. The advantage of

thin-layer drying models, in which foods are dried in a thin layer, is that the equations in this model
4
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require little data and are easy to use [11]. Thin-layer drying equations are equations that include the
change of dimensionless moisture content against time [12].

There are a limited number of studies in the literature comparing HA-MWD with HAD in terms of
drying properties, mathematical modelling, rehydration, and shrinkage properties of pitaya slices. In
addition, the number of studies reporting the change in total phenolic substance and antioxidant activity
content as a result of drying is very few. In this context, this study aims to determine the drying,
rehydration, and shrinkage properties of pitaya slices dried by HA-MWD and HAD methods as well as

to compare their microstructural investigations.

MATERIALS AND METHODS

Material

Red pitaya (RP) and white pitaya (WP) (Hylocereus polyrhizus and Hylocereus undatus) fruits were
obtained from the Erdemli district in Mersin, Turkey. Erdemli is located at 10 m above sea level with
coordinates 36° 36' 17" north latitude and 34° 18' 30" east longitude. Pitaya fruits were sliced in 0.5 +

0.1 cm thickness after peeling.

Drying Procedure

Hot air drying (HAD)

RP and WP fruits were sliced to a thickness of 0.5+0.1 cm and weighed 250 g, placed on metal drying
trays. Pitaya fruits were dried in a hot air drying oven to 14 % moisture content (Arcelik, KMF 833 W,
Turkey). The drying procedure was carried out at an air velocity of 1 m s at temperatures of 50, 60 and

70 °C. All drying processes were carried out in triplicate.

Hot air assisted microwave drying (HA-MWD)

In the HA-MWD method, three temperatures (50, 60 and 70 °C) and two different microwave powers
(100 W and 200 W) were determined. The drying process was carried out in six different parameters:
50 °C + 100 W, 50 °C + 200 W, 60 °C + 100 W, 60 °C + 200 W, 70 °C + 100 W and 70 °C + 200 W.
RP and WP fruits, sliced to a thickness of 0.5+0.1 cm, were placed in a polypropylene drying tray at
250 g each and dried in a hot air assisted microwave (Argelik, KMF 833 W, Turkey).

Drying Characteristics

Moisture content (M;)

Equation 1 was used to calculate the moisture content of RP and WP fruits during the drying process.
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M,: Moisture content at any time
m: Weight of sample (g)
DM: Amount of dry matter (g)

Moisture ratio (MR)
Equation 2 was used to calculate the MR [13]. The M, obtained in Equation 1 was used to calculate the
MR.

MR=_——¢ (2)

At any time t, M; and M, (initial moisture content) are very small compared to M. (equilibrium moisture)

content. Therefore, M; is ignored. The M, is expressed in equation 1.

Effective moisture diffusivity (D)
Fick's diffusion equation (Equation 3.) is used to describe the drying process of agricultural products in

the decreasing period of drying rate [14].

oM )
This equation is simplified by Crank [14] for sliced products as follows, assuming that moisture transfer
occurs only by diffusion, there is no shrinkage in the product, the drying time is long, and a constant

temperature and diffusion coefficient are present. This model is valid for slab-shaped materials and

assumes that moisture diffusion occurs over a flat surface.

MR = > ! ( 2n+1) ZDefft) 4
2/ Cnt 2P TR T T T )

n=1

D,y was calculated by equation (4). In the formula, L is half the slice thickness of the sample before
drying, and t is the drying time. For the long drying time, equation (4) is simplified in a straight line.

Here, the value of n is accepted to be 1 and equation (5) is written as follows [15].

8 w?
In(MR) = In (F) - <m Defft> )

The natural logarithm of the moisture content values is taken, and the graph of the drying time gives a

linear curve, and the Doy (Equation 6.) is calculated from the slope of this line [15].
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Deyy (6)
Mathematical modeling of drying curves

Correlation between the estimated and experimental data of pitaya slices dried with different drying
methods, is explained by the coefficient of determination (R?), chi-square (y2), Root Mean Square Error
(RMSE), Akaike Information Criteria (AIC) values. RMSE is a parameter that measures the deviation
between the predicted and experimental data and determines the accuracy of the model. The RMSE
value is calculated by taking the square root of the average of the squares of the differences between the
values predicted by the model and the real values. A lower RMSE value indicates that the model
performs better and its predictions are closer to the actual data. AIC is used to select the model that best
fits the data set by establishing a balance between the accuracy and complexity of the model. To
determine the model that best estimates the experimental data, the model with the lowest y2, RMSE and
AIC values and the highest R? value should be selected. RMSE (Equation 7), chi-square (y2) (Equation
8) and R? values (Equation 9) and AIC (Equation 10) were calculated as follows [13]. The thin-layer
drying models used in this study are given in Table 1. Calculations were made with the help of the
MATLAB (R2022a, version 9.12) program using the trust-region algorithm and the non-linear curve
fitting toolbox.

Table 1

1
2

N
1
i=0

— ZIiV=O(MRpre,i - 1\4Rexp,i)2
N—n

X2 8)

R2 — Z(MRpre - 1\4Rexp)2 (9)
Z(MRpre,av - I\/IRexp)2

AIC = —=2In(L) + 2p (10)
L: Maximum likelihood value of the model

p: Number of parameters in the model

Determination of RR and SR
Rehydration analysis was performed according to the procedure recommended by Tepe and Tepe [13].
For this purpose, RP and WP fruits weighing 5 g were placed in a glass container. 400 ml of distilled

water was placed on them and taken into a water bath at 40 °C. Temperature control was performed at
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regular intervals throughout the analysis. Rehydration analysis was completed after 24 hours, and pitaya

slices were weighed. The rehydration rate was calculated by Equation (11).

W,
RR% = — 11
b= (1)

W,: weight after rehydration (g)
Wy: weight before rehydration (g)

SR values of dried red and white pitaya slices were expressed with bulk shrinkage. Liquid displacement
technique was used to determine the bulk shrinkage [13]. In this method, hexane was used to measure
the volume change. SR was calculated with the help of Equation 12.

V; — 7V
SR% =100 — -— L

100 (12)

4

v;: volume of fresh pitaya slice (crn3 )

vy volume of dried pitaya slice (cm3 )

Determination of color

Hunter Lab Color Miniscan XE (Model No: 45/0-L, USA) was used for color analysis of fresh and dried
RP and WP fruits. First, pitaya slices were placed on a white surface and a transparent glass was placed
over them. Then, color values were measured with the device away from light. Equation 13 was used to

calculate the total color change (4E).

AE = \/(LB —L*)2 + (aj — a*)?+(by — b*)? (13)

L'pand L": Lightness value before drying and lightness value after drying (0 = black, 100 = white).
a’pand a”: Redness value before drying and redness value after drying (a+ =red, a- =green).

b'pand b": Yellowness value before drying and yellowness value after drying (b+ =yellow, b- =blue).

Determination of TPC

Analysis of TPC was performed following the procedure recommended by Singleton and Rossi [17].
Methanol-water mixture was used as solvent in TPC extraction due to the polar structure of phenolic
compounds. For this purpose, 1 g of pitaya fruit was taken and 25 mL of methanol-water solution (90:10)
was added. Then, the samples became homogeneous with a homogenizer. Homogeneous samples were

centrifuged at 9000 rpm at 4 °C. Centrifuged samples were filtered with a coarse filter. Next, 300 uL of
8
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the resulting filtrate was taken and mixed with 1500 pL of a solution (1:10 ratio of Folin-Ciocalteu
reagent to ultrapure water) and kept in the dark for 5 minutes. Subsequently, 1200 pL of 7.5% NaHCO3
solution was added and left at room temperature for 2 hours. After the incubation period, the absorbance
values of the solutions were measured at 760 nm using a spectrophotometer (PG Instruments T80
UV/VIS, England). To calculate the results, the absorbance of gallic acid standard solutions prepared at
concentrations of 25, 50, 62.5 and 100 ppm was measured. Measurement results were given in gallic

acid equivalent (GAE 100 g! DM).

Determination of AA

Determination of AA was performed according to the DPPH (2,2-diphenyl-1-picrylhydrazyl) method
[18]. For sample extraction, 25 mL of methanol: water (90:10) mixture was added to 1 g of pitaya fruits
and homogenized in a homogenizer. It was centrifuged for phase separation. Centrifuged samples were
filtered through filter paper to separate the clear phase. Next, 150 uL of the filtered samples was taken
and 2850 uL DPPH was added. The mixture was incubated for 1 hour in a dark environment. After 1
hour, the absorbance of the samples was measured at 515 nm using a spectrophotometer. A trolox
standard prepared at different concentrations was used to determine the values corresponding to the

absorbances. Measurement results were given in mmol trolox equivalent (TE 100 g'! DM).

Microstructural analysis (SEM)

The slice structure of pitaya fruits dried using different drying methods was observed using a scanning
electron microscope (Zeiss-Supra 40VP 35 FESEM, Germany). Dried pitaya slices were coated with
gold to provide a reflective surface for the electron beam during SEM monitoring. Photographs of the

samples were taken at 15 kV voltage and 250x magnification [19].

Statistical analysis
Statistical analysis was performed using SPSS software (ver. 26, SPSS Inc., Chicago, IL, USA). One-
way ANOVA and Tukey tests were applied to compare the mean values. Mean values were compared

at a significance level of p < 0.05.
RESULTS AND DISCUSSION

Drying of pitaya fruit

MR graphics of drying of RP and WP fruits by HAD and HA-MWD methods are shown in Fig. 1, and
images of dried pitaya slices are shown in Fig. S1. Drying times and Dy (m? s™!) values are given in
Table 2. When comparing the drying times of RP and WP fruits dried using HAD at 50 °C, 60 °C, and
70 °C, WP fruit dried faster. The reason for this is thought to be due to the high number of seeds in the
WP fruit. Cetin et al. [20] reported that white dragon fruit dried in a shorter time than red dragon fruit.
In the HA-MWD method, the drying time was considerably shorter than the HAD method. RP fruit

9
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dried in 840 minutes at 50 °C, while at 50 °C + 100 W and 50 °C + 200 W, drying times were 315 and
60 minutes, respectively. For both fruit types, drying time was shortened due to the increase in drying
temperature and microwave power. Raj and Dash [8] reported that white-fleshed pitaya fruit dried in
510 minutes at 60 °C. Nordin et al. [21] reported that red pitaya dried in 27 hours in hot air drying at 55
°C and in 6 hours in hot air assisted microwave drying. D.gincreased due to temperature increase in both
fruits in HAD. Dy values of white pitaya fruit were higher. In HA-MWD, as microwave power
increased, Deyincreased. The highest Doy was observed for WP at 70 °C + 200 W. Ayala Aponte et al.
[22] reported an increase in D¢y as drying time decreased. As the permeability of the cell wall increases
at high temperatures, the diffusion of water molecules increases, resulting in an increase in Dy [23]. In
one study, white pitaya fruits sliced 3 and 5 mm thick were dried at 60, 70 and 80 °C. As a result of the
study, the highest Dy was measured in fruits dried at 80 °C with a slice thickness of 5 mm with 9.21x10"
10 (m? s [24].

Fig. 1
Table 2

Mathematical modeling of pitaya fruits

Statistical parameters (y2, RMSE, AIC, R?) of the thin layer modeling used in this study are given in
Tables S3-S6 (Supplementary material). As a result of drying of RP fruits with HAD, the drying curves
were explained with the parabolic model. Because the highest R? and lowest y>,RMSE and AIC were in
the parabolic model. The AIC value was considered as an additional parameter to select the best model.
The experimental values and those predicted by the model showed a strong correspondence, as
confirmed by the AIC. Recently, AIC has been used to more accurately select the best mathematical
model representing the drying curves in different agricultural products [25]. Similar results were
observed for WP fruit dried using HAD. The model that best explains the drying curves was chosen as
a parabolic model. The parabolic model assumes that the rate of water loss is high at the beginning of
the drying process and decreases as the time progresses. This modeling can be used to predict the change
in moisture content of food over the drying period. Drying curves of HA-MWD as a result of drying at
different temperatures and microwave powers were described by the page model. The result was the
same for RP and WP fruits. The highest R? and lowest y?, RMSE and AIC values were detected in the
page model. Whereas the Page model is based on the understanding that the rate of water loss decreases
with time and is dependent on humidity, the parabolic model assumes that the rate of water loss
decreases with time and is independent of moisture [13]. Ayala-aponte et al. [22] applied Newton,
Handerson-Pabis, Peleg, and Weibull mathematical models to the data obtained from pitaya fruits dried
at 50, 60 and 70 °C. The study found that the Peleg model (r* = 0.9904) and Weibull model (+* = 0.9957)
best fit the experimental data. Drying of white pitaya fruit at 200, 400, and 600 W and 60 °C was reported

10
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to fit the Weibull kinetic model [8]. In a study in which Hylocereus undatus shells were dried at 50, 60
and 70 °C, it was determined that the drying kinetics fit the page model [26]. The drying kinetics of
white pitaya fruits dried with heat pump at different slice thicknesses and temperatures were best
described by Avhad and Marchetti model [27]. Newton, Page, Lewis, Henderson, Logarithmic and
Midilli models were applied to the data obtained from drying king oyster mushrooms with four different
methods. As a result of the study, it was seen that Midilli and Page models were more suitable for
simulating the drying process [28]. In a different study, it was reported that the lotus root dried with
different methods was fit to the modified page model (R*> 0.99) [29]. The reason for the difference in
kinetic models may be due to the difference in fruit type, structure of the food matrix, moisture content

of the product and drying conditions.

RR and SR of dried pitaya fruits

The rehydration rate of a dried food is often used as an index of quality. It shows the physical injuries
and chemical changes caused by the removal of water from the cellular structure during the drying
process [30]. RR and SR of dried RP and WP fruits are shown in Table 1. In the HAD method, RR
increased in both fruit types due to the increase in temperature. The increase of RR decreased the
shrinkage of pitaya slices. Doymaz [31] explains the low RR at low temperature due to lower diffusion
of water across the surface and cellular structure damage during the rehydration process. The RR of
dried RP fruit was higher than that of WP fruit (p<0.05). This is because the flesh of the RP fruit was
more than the WP fruit. Therefore, it attached more water to its structure. Accordingly, shrinkage was
observed less in RP fruits. At the same drying temperature, increasing microwave power decreased RR.
The highest RR was determined as 3.354+0.010 and 2.80+0.022 in RP and WP fruits at 70 °C + 100W
drying, respectively (p<0.05). The lowest SR was detected in the 70 °C + 100W drying method (p<0.05).
Since the pore structure of the products dried in microwave drying is greater, it allows more water to be
absorbed, so the rehydration rate is higher [32]. In a study by Raj and Dash [8], hot air and intermittent
microwave methods were used to dry pitaya fruits. As a result of the study, it was found that the lowest
RR was 1.667 in hot air drying, and the highest rehydration rate was found in the intermittent microwave
drying method at 600 W. In a study in which pitaya fruits were dried by hot air and freeze-dried, the RR
of freeze-dried fruit chips was found to be higher. They reported that the reason for this was the
homogeneous cell structure that served as capillary pathways [33]. Similarly, it has been reported that

the RR of apple slices dried in microwave is higher than that of apple slices dried in hot air [34].

Color of dried pitaya fruits

L* a* and b* values of fresh and dried RP and WP slices are shown in Table 3. L* value increases in
both fruit types depending on the temperature increase in HAD. The L* value is an important quality
parameter that expresses the lightness and darkness of the color. In RP fruit, an increase in a* value,

which expresses the redness of the color, was observed due to the increase in temperature in HAD. The

11
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highest a* value was at 70 °C (p<0.05). It was observed that the color values were less preserved in
the long-term drying method at low temperature. Therefore, the highest AE values was calculated for
both fruit types at 50 °C in HAD (p<0.05). For RP fruit, L* and a value decreased due to the increase in
power at the same drying temperature in HA-MWD. The highest AE changes occurred during drying at
50 °C + 200W (p<0.05). Results were similar for WP fruit. The increase in microwave power resulted
in increased AE values. Asthiani et al. [35] reported that the AE values of peach slices dried by hot air
and hybrid hot air-microwave method increased due to the increase in microwave power. Raj and Dash
[17] reported that the color change of Hylocereus undatus fruit dried by intermittent microwave drying
was in the range of 18.643-24.847. It was reported that the L*, a* and b* values of white dragon fruit
dried by hot airdrying method at 60 °C were 16.28 + 1.25, 7.91+00 and 6.08 + 0.97, respectively [36].
Horuz and Maskan [30] reported that the color change caused by the microwave drying method was
greater than the hot air drying method. This indicates that the color is better preserved at low microwave
power in HA-MWD in both fruit types. The color of dried fruit is affected by the degradation of some
pigments, non-enzymatic browning, and oxidation of phenolic compounds, which contribute to changes

in color hue and intensity.
Table 3

TPC of dried pitaya fruits

TPC values of fresh and dried pitaya fruits were shown in Table 4. TPC value of RP fruit was higher
than WP fruit. TPC values of fresh RP and WP fruits were calculated as 389.71+0.80 and 310.1140.42
mg GAE 100 g! DM, respectively (p<0.05). Angonese et al. [37] found the TPC value of fresh white
and red dragon fruit to be 75.6 + 14.4 and 107.4 + 10.8 mg GAE/100g DM, respectively. In both fruit
types, there was an increase in TPC values due to the increase in temperature during HAD (p<0.05). It
is reported that this is due to the shortening of the drying time. Most phenolic compounds are highly
sensitive to heat and easily oxidized. The decrease in total phenolic substance content with drying is
explained by irreversible oxidation and thermal degradation of phenolic components due to long-term
temperature exposure. The highest TPC value in HAD was determined as 251.35+0.35 mg GAE 100 g
' DM at 70 °C (p<0.05). A decrease in the TPC was observed in RP fruits dried by the HA-MWD
method, depending on the increase in microwave power at the same temperature. The highest TPC value
was calculated as 250.95+0.71 mg GAE 100 g! DM at 70 °C + 100W (p<0.05). Raj and Dash [8]
reported that microwave power decreased the TPC of pitaya fruit. Sahin et al. [38] explained that the
decrease in TPC with higher power levels in microwave drying may be due to the temperature increase

due to internal heating and the degradation of polyphenols.

AA of dried pitaya fruits

12
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AA values of fresh RP and WP fruits were found to be 82.89+0.33 and 54.21+0.74, respectively
(p<0.05). The AA value of RP fruit was higher than that of WP fruit (Table 4). Al-Mekhlafi et al. [39],
in a study on seven different pitaya samples, found that the antioxidant activities of red-fleshed fruits
were higher than white-fleshed fruits. In a study, the antioxidant activities of fresh white and red pitaya
fruits were found to be 17.56 and 22.65 pug GA/g, respectively. It was stated that the antioxidant
properties of red dragon fruit are twice the amount due to betacyanin pigment compared to white pitaya
fruit [7]. In HAD carried out at 50, 60 and 70 °C, it was observed that AA increased as the drying
temperature increased. Liatrakoon et al. [40] reported that when they applied heat treatment to white-
fleshed and red-fleshed dragon fruit purees between 50 and 90 °C for 0-60 minutes, the antioxidant
activity of both fruit types increased due to the increase in temperature. A shorter drying time increased
the AA value. In HA-MWD, AA decreased as microwave power increased at the same temperature
(p<0.05). Increasing microwave power increased the internal temperature of the product; therefore, more
loss was observed. In HA-MWD, the highest AA was observed at 60 °C + 100W in both fruit types
(p<0.05). AA values were better preserved in RP fruit than in WP fruit. Similarly, Lee et al. [41] found
that the AA value of red dragon fruit dried by spray drying was higher than that of white fruits.

Table 4

Microstructural analysis of dried pitaya fruits

SEM monitoring of RP and WP fruits dried by HAD and HA-MWD methods is shown in Fig. S2. When
the SEM monitoring of RP fruits dried by HA drying method was examined, the formation of pores and
cracks increased due to the increase in temperature. In SEM monitoring of WP fruits dried at 50, 60,
and 70 °C, crack and pore sizes increased due to the temperature increase. These structural changes
increased the porosity of the fruit slices and contributed to the increase in RR. The highest RR in the
HAD method was determined at 70 °C in both fruit types. This increase in RR prevents excessive
collapse of cellular structures and reduces the SR value. The drying process applied at high temperatures
causes the water to evaporate quickly. This may cause various deformations and breaks on the fruit
surface in SEM monitoring. Cracks and pores formed during drying increase the permeability of the
fruit tissue and directly affect the movement and distribution of moisture. Bassey et al. [7] report that
drying the pitaya fruit at high temperatures will cause the formation of microchannels and pores that
will help remove moisture. When microstructural analysis of RP fruits dried by HA-MWD were
examined; At the same temperature, more porous growth and crack formation were observed due to the
increase in microwave power. It is thought that the reason for the formation of the porous structure is
due to the high volumetric heating. Determination in the pore structure was observed more due to the
increase in temperature and microwave power due to drying of RP fruit with the HA-MWD method.

The largest pore structures and cracks occurred in the 70 °C + 200W drying method. The RR value

13



316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

334

335
336
337
338
339
340
341
342
343
344
345
346
347

348

349

similarly decreased with the increase in microwave power at the same temperature. Increasing
temperature and microwave power caused further expansion of the internal structure. The results are
similar for WP fruit. At the same temperature, more collapse and shrinkage were observed in the
structure with increasing microwave power. Therefore, the lowest SR rates were calculated in the
methods using 200 W microwave power. It has been revealed that increasing microwave power disrupts
the cellular structure of the samples. It has been reported that this may be due to the high diffusion rate
caused by temperature and microwave power [42]. Therefore, the optimum selection of temperature and
microwave power in drying processes is critical to maintain the rehydration capacity and shrinkage rate
of the product. Raj et al. [8] stated that as a result of drying, white-fleshed dragon fruit with the
microwave vacuum drying (200 W, 400 W, 600 W) method, the pore diameter increased due to the
increase in microwave power. In a study, when the SEM images of tomatoes dried with HAD, MW and
HA-MWD methods were examined, it was revealed that the highest deformation occurred in tomatoes
dried with MW and HA-MWD methods [43]. When the HAD method is compared with the HA-MWD
method, it is seen that structural defects are more common in the HA-MWD method. Microwave energy
causes water molecules to move rapidly, accelerating evaporation. However, while the inner surface of
the fruit heats up faster, evaporation may occur slower on the outer surface. In this case, it may cause
more cracks and pores in the fruit structure. Apart from this, high microwave powers and long-term

processing may cause overheating and deterioration of the fruit structure.

CONCLUSION

In this study, drying properties, mathematical modelling, rehydration ability, TPC and AA values and
tissue damage caused by the drying process were examined as a result of drying RP and WP fruits with
HAD and HA-MWD. As a result of the research, the HAD and HA-MWD methods applied were
effective in drying pitaya slices. As a result, although the high temperatures applied provided a short
drying time, they caused structural defects. The HA-MWD method is a more efficient method in terms
of energy consumption since it is completed in a shorter time than HAD. Although the HAD method
can be widely used with low energy costs, it is disadvantageous in terms of energy efficiency due to
long drying times. The HA-MWD method minimizes nutritional value loss by preserving the
bioavailable components of the fruit. The HA-MWD method stands out as a faster and more efficient
method. However, some promising drying methods need to be evaluated. Therefore, in future studies, it
may be recommended to dry pitaya slices using with different pre-treatments and different drying
methods. In this way, the most suitable conditions and methods can be optimized by observing textural

properties and nutrient loss.
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LIST OF SYMBOLS AND ABBREVIATIONS

WP: White pitaya

RP: Red Pitaya

HAD: Hot air drying

HA-MWD: Hot air assisted microwave drying
M, Moisture content

DM: Dry matter

MR: Moisture ratio

M;: Initial moisture content

M, Equilibrium moisture

Dy Effective moisture diffusivity

L: Half the slice thickness of the sample
R?: Coefficient of determination

x2: Chi-square

RMSE: Estimated standard error

RR: Rehydration ratio

SR: Shrinkage ratio

TPC: Total phenolic content

AA: Antioxidant activity

NaHCOj3. Sodium bicarbonate

Ppm: Parts per million

DPPH: 2,2-diphenyl-1-picrylhydrazyl
TE: Trolox equivalent

GAE: Gallic acid equivalent
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Table 1 Some mathematical models used in modeling the drying process
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Fig. S2 SEM images of RP and WP fruits dried by HAD and HA-MWD method
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522  Table 1 Some mathematical models used in modeling the drying process

Model name Model References
Page MR=exp(-kt") [16]
Henderson and Pabis MR=aexp(-kt) [16]
Wang and Singh MR=1 + at + b# [16]
Parabolic MR=a + bt + cf* [16]
Logarithmic MR=aexp(-kt) + ¢ [16]
Lewis MR=exp(-kt) [16]
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540 Table 2 Drying time, effective moisture diffusivity and rehydration ratio of dried pitaya fruits



54 FDifferent letters in the same column indicate significant differences with a confidence of 95 %.

Drying Drying Dey(m?s) RR % (40 °C) SR %
Method time (min)
RP WP RP WP RP WP RP WP

50 °C 1480 840 1.18x1071° 2.03x10°'  2.71+0.014° 2.48+0.014° 85.21+0.18*  84.98+0.32°
60 °C 750 570 2.36x101°  3.04x1071°  2.97+0.028°  2.70+0.024>  83.87+0.17°  81.78+0.24¢
70 °C 540 315 3.38x101°  5.75x1071°  3.20+0.007°  2.73+0.012® 82.34+0.32°  80,34+0.14¢
50°C+ 100W 435 315 3.72x107° 541x10'0  3.20+0.014°  2.57+0.010°¢ 81.79+0.14°  83,61+0.24
50°C+200W 75 60 2.43x10° 287x10°  2.65+0.022°  2.50+£0.010% 86.13+0.39*  84,48+0.31%
60 °C + 100W 415 270 4.23x101° 6.42x1071°  3.13+0.035*  2.65+0.034>  81.11+0.41°  82.12+0.16°
60 °C +200W 70 50  2.52x10°  3.28x10°  2.86+0.020¢  2.56+0.036% 82.01+0.15¢  83.55+0.18"
70 °C + 100W 345 195 4.90x101° 8.79x101° 3.35+0.010° 2.80+0.022*  80.09+0.18¢  79.13+0.21¢
70 °C +200W 67 47  2.60x10° 3.60x10°  2.89+0.016¢ 2.71+0.018"  81.92+0.14°  81.44+0.34°
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TaBle 3 Color of dried pitaya fruits

RP WP
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Drying L* a* b* AE L* a* b* AE
Method

Fresh 19.72+0.89%  38.19+0.63*  -8.10+0.78¢  0.00 58.96+0.25%  -0.79+0.02 4.12+£0.66°  0.00

50 °C 18.90+0.51°  8.96+0.73% -1.29+0.23%  30.02+0.18*  31.44+1.56"  -0.61+0.06" 5.89+0.12%  27.61+0.12°
60 °C 23.74+0.33%>  17.80+0.38>  -1.84+0.26°  20.72+0.24°  38.97+0.88¢  0.28+0.18% 4.34+0.68¢  19.99+0.21°
70 °C 25.53+0.35*  20.01+0.87° -1.72+0.35°  20.06+0.32°¢  51.17+0.74>  -1.17+0.15% 7.58+0.24%°  8.74+0.14¢
50°C + 100W  22.47+0.21%  8.41+0.33% -1.62+£0.52%  30.11£0.17°  40.23+0.86¢  -1.43+0.09° 5.9540.21%  18.94+0.18°f
50 °C +200W  16.00£1.07F  6.10+0.62f -1.95+0.15°  32.88+0.14*  20.64+0.78"  -0.10 +0.10 1.98+0.53¢ 38.39+0.32¢
60 °C + 100W  21.33+0.15%¢  12.31+0.22¢ -1.66£0.15>  26.71+0.20°  44.59+1.35¢  -1.05+0.9¢ 5.53+0.20%  14.55+0.26f
60 °C +200W  19.72+0.52%  6.93+0.52¢F -1.67+0.16™  31.91+0.222  24.36+0.85¢  -0.05+0.10% 2.19+0.28%  34.66+0.25°
70 °C +100W  21.21+0.42¢  13.05+0.71¢ 0.60+0.412 26.64+0.28"  45.72+0.31°  -1.3940.09° 9.45+0.18* 14.43+0.24f
70 °C +200W  10.47+0.105  10.79+0.61°¢  -0.24+0.40°® 29.96+0.24*  35.68+0.73°  -0.55+0.06 2.4140.19%  23.38+0.12°

%5D&fTerent letters in the same column indicate significant differences with a confidence of 95 %.
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Table 4 Total phenolic matter and antioxidant activity of dried pitaya fruits

TPC (mg GAE 100 g' DM)

AA (mmol TE 100 g! DM)
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573

574

575

576

577

578

579

580

581

582

583

584

585

586

Drying RP WP RP WP
Method

Fresh 389.714£0.80* 310.11+£0.42* 82.89+0.33*  54.21+0.74°
50 °C 197.17£0.73"  162.97+0.88'  38.075+0.52¢ 34.82+0.45%
60 °C 227.62+0.62¢  174.45+0.40" 47.42+0.45%  43.11+0.32%
70 °C 251.35+0.35° 197,3+£0.34°  49.35£0.61¢  46.70+0.98°
50 °C + 100W  240.35£1.06° 207.12+0.34% 52.32+0.72°  36.52+0.239%
50 °C +200W 201.6+£0.53¢  192.90+0.72F 41.62+0.507  34.82+0.75%
60 °C +100W 211.25+£0.997 228.22+0.40° 60.22+0.70°  39.18+0.28¢
60 °C +200W  205.07+£0.57¢ 213.52+1.06° 53.22+0.32°  29.07+0.66"
70 °C + 100W  250.95+£0.71° 209.85+0.92¢ 54.25+0.42°  34.35+£0.32¢
70 °C +200W  232.35£0.98¢ 187.52+0.28% 46.22+0.66°  26.57+£0.55"

*Different letters in the same column indicate significant differences with a confidence of 95 %.
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Fig. 1 MR changes of red and white pitaya fruits dried in HAD and MA-MWD
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599

Supplementary Materials

600rable S1 Model constants and statistical parameters of thin layer drying curves of red pitaya fruits in HAD

Model Pretreatment Model Constants x’ RMSE R? AIC
Page 50 °C k= 0,0005017 n= 1,246 0,000196539 0,01349 0,9985 -128,23
60 °C k=0,001236 n=1233 0,000513287 0,02155 0,9962 -116,71
70 °C k= 0,0008958 n= 1,337 0,000311875 0,01665 0,9979 -122,69
Henderson 50 °C k=0,002347 a= 1,051 0,001132342  0,03238 0,9914 -107,22
and Pabis 60 °C k=0,00468  a= 1,054 0,001300417 0,0347  0,9903 -105,55
70 °C k=0,005721 a= 1,069 0,002081387 0,0439  0,9852 -99,915
Wang and 50 °C a=-0,001702 b= 0,0000007307 0,000157079 0,01206 0,9989 -130,92
Singh 60 °C a=-0,003336 b= 0,000002827 0,000186472 0,01314 0,9986 -128,86
70 °C a=-0,004065 b= 0,000004248 0,000228953  0,01456 0,9984 -126,40
Parabolic 50 °C a= 1,003 b=-0,00171 c=0,0000007356 0,000150598 0,01157 0,9992 -131,42
60 °C a= 1,002 b=-0,003347 c=0,000002839 0,000169372 0,01227 0,9989 -130,01
70 °C a=1,024 b=-0,00425 c=0,000004536 0,000216424 0,01387 0,9986 -127,07
Logarithmic 50 °C a=1,021 k= 0,002533 c=0,0365 0,001792807 0,03992 0,9869 -101,70
60 °C a=1,013 k= 0,005262 c=0,0516 0,002389824  0,04609 0,9828 -98,25
70 °C a= 1,033 k=0,006311 c=0,0453 0,00328293  0,05402 0,9775 -94,44
Lewis 50 °C k=0,002196 0,001585175 0,03907 0,987 -103,18
60 °C k= 0,004402 0,001700814 0,04047 0,9861 -102,33
70 °C k= 0,005304 0,002786442 0,0518 0,9781 -96,41

60 FValues marked in bold indicate the best fit mathematical model.
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614rable S2 Model constants and statistical parameters of thin layer drying curves of white pitaya fruits in HAD

Model Pretreatment Model Constants X’ RMSE R? AIC
Page 50 °C k= 0,0002262 n= 1,387 0,000359648 0,01819 0,9969 -120,98
60 °C k= 0,0005261 n= 1,367 0,000254352  0,01513 0,9982 -125,14
70 °C k= 0,0008642 n= 1,466 0,000523169 0,01904 0,9969 -116,48
Henderson 50 °C k=0,002483 a= 1,065 0,002617244  0,04907 0,9772 -97,16
and Pabis 60 °C k=0,004374 a= 1,075 0,002455489 0,04701 0,9825 -97,93
70 °C k=0,008337 a= 1,083 0,004417754 0,06114 0,9741 -90,88
Wang and 50 °C a=-0,001696 b= 0,0000006286 0,000165517 0,01234 0,9986 -130,29
Singh 60 °C a=-0,003005 b= 0,000002236 0,000255699 0,01517 0,9982 -125,07
70 °C a=-0,005618 b= 0,000007622 0,000677328 0,02394 0,996 -113,38
Parabolic 50 °C a=1,015 b=-0,001774 c=0,0000007068 0,000118924 0,01023 0,9991 -134,26
60 °C a=1,025 b=-0,003185 c=0,000002501 0,000120964 0,01014 0,9992 -134,05
70 °C a=1,031 b=-0,006029 c=0,000008716 0,000486749 0,01935 0,9976 -117,35
Logarithmic 50 °C a=1,034 k= 0,002645 c=0,0345 0,003364146 0,05441 0,9719 -94,15
60 °C a= 1,047 k= 0,004679 ¢=0,0331 0,003457322  0,05421 0,9767 -93,82
70 °C a= 1,067 k= 0,008646 c=0,0186 0,005562009 0,06541 0,9704 -88,12
Lewis 50 °C k= 0,002295 0,003328793 0,05653 0,9684 -94,28
60 °C k= 0,004027 0,003002766 0,05341 0,9734 -95,51
70 °C k=0,007617 0,005220731 0,06942 0,9636 -88,88

615 Values marked in bold indicate the best fit mathematical model.
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629 Table S3 Model constants and statistical parameters of thin layer drying curves of red pitaya fruits in HA-MWD

Model Pretreatment Model Constants 1 RMSE R? AIC
Page 50 °C + 100W k=0,001105 n=1276 0,000119716 0,01038 0,9991 -134,18
50 °C +200W k= 0,0009997 n=1,858 0,000429682 0,01939 0,9971 -118,84
60 °C + 100W k= 0,0004191 n=1,500 0,000622485 0,0236 0,9961 -114,4
60 °C +200W £=0,002729 n=1,645 0,000413475 0,01893 0,9971 -119,3
70 °C + 100W k= 0,0007733 n=1,480 0,000329121 0,01697 0,998 -122,04
70 °C +200W  k=0,007102 n=1,420 0,000206993 0,01332 0,9986 -127,61
Henderson 50 °C+ 100W k= 0,005219 a= 1,063 0,002211169 0,04461 0,9832 -99,18
and Pabis 50 °C +200W k= 0,02789 a= 1,143 0,009585024  0,09158 0,9344 -81,58
60 °C + 100W k= 0,006321 a= 1,101 0,004759911 0,06526 0,9698 -89,98
60 °C +200W k= 0,03146 a=1,122 0,006478275 0,07493 0,9547 -86,29
70 °C+ 100W k= 0,008765 a= 1,105 0,003735324  0,05717 0,9772 -92,89
70 °C +200W k= 0,03397 a= 1,089 0,00354973  0,05516 0,9734 -93,5
Wangand 50 °C+100W a=-0,00355 b= 0,000003063 0,000717409 0,02541 0,9947 -112,69
Singh 50 °C+200W a=-0,015 b= 0,00001589 0,002068173  0,04254 0,9859 -99,99
60 °C + 100W a=-0,004151 b= 0,000004168 0,001086568 0,03118 0,9931 -107,71
60 °C +200W a=-0,01883 b= 0,00006203 0,001171223 0,03186 0,9918 -106,81
70 °C + 100W  a=-0,006047 b= 0,000009358 0,00156965  0,03706 0,9904 -103,3
70 °C+200W a=-0,02222 b= 0,0001102 0,00052089  0,02113 0,9961 116,53
Parabolic 50 °C + 100W a= 0,9987 b=-0,003538 c¢=0,000003039  0,000733307 0,02569 0,9944 -112,43
50 °C+200W a= 1,060 b=-0,01810 c=0,0000492 0,001508422  0,03633 0,9904 -103,77
60 °C + 100W a= 1,042 b=-0,004568 c=0,000004985  0,000735325 0,02565 0,9956 -112,4
60 °C +200W a= 1,050 b=-0,0216 c¢=0,00009388 0,000744415 0,0254  0,9952 -112,25
70 °C + 100W a= 1,054 b=-0,006694 ¢=0,00001087 0,000907557 0,02818 0,9949 -109,87
70 °C +200W a= 1,026 b=-0,02374 c¢=0,0001289 0,000488858 0,02047 0,9965 -117,3
Logarithmic 50 °C + 100W a= 1,04 k= 0,005543 c=0,0285 0,002836979 0,05053 0,9785 -96,19
50°C+200W a=1,113 k=0,02951 c=0,0331 0,010844238 0,09741 0,9258 -80,1
60 °C + 100W a= 1,079 k= 0,006681 c=0,0274 0,005782622 0,07193 0,9633 -87,65
60 °C +200W a= 1,093 k=0,03338 c=0,0325 0,00925129  0,08129 0,9467 -82,01
70 °C+ 100W a= 1,079 k= 0,009404 c=0,0335 0,004836003  0,06505 0,9705 -89,79
70 °C+200W a= 1,059 k=0,03634 c=0,0345 0,004502043 0,06212 0,9663 -90,65
Lewis 50°C+ 100W k= 0,004863 0,002892267 0,05102 0,9768 -95,96
50 °C+200W k=0,02423 0,012744411 0,1056  0,9066 -78,17
60 °C + 100W k= 0,00569 0,006494661 0,07623 0,9564 -86,26
60 °C +200W k= 0,02795 0,008713396 0,0869  0,9344 -82,73
70 °C + 100W k= 0,007843 0,005556883  0,06973 0,9636 -88,13
70 °C+200W k= 0,03107 0,004732485 0,06369 0,9616 -90,05

630 *Values marked in bold indicate the best fit mathematical model.
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63&able S4 Model constants and statistical parameters of thin layer drying curves of white pitaya fruits in HA-MWD

Model Pretreatment Model Constants x RMSE R? AIC
Page 50 °C +100W k= 0,0003656 n=1,530 0,000115444 0,01013  0,9992 -134,61
50 °C +200W k=0,001606 n=1,792 0,000471782 0,01998 0,997 -117,72
60 °C + 100W k= 0,0006389 n=1,496 0,000185494 0,01274  0,9988 -128,92
60 °C +200W £k=0,001518 n=1,850 3,20774E-05 0,005123 0,9998 -149,98
70 °C + 100W k= 0,0007938 n=1,560 0,00042375  0,01862  0,9974 -119,01
70 °C +200W k=0,001823 n=1,845 0,000201613 0,0127 0,9989 -127,92
Henderson 50 °C + 100W k= 0,006312 a= 1,098 0,005183656 0,06788  0,9602 -88,96
and Pabis 50 °C +200W k= 0,03055 a=1,124 0,009275131 0,08859  0,9353 -81,98
60 °C+ 100W k= 0,008297 a= 1,104 0,004852372  0,06516  0,9674 -89,75
60 °C +200W k= 0,03185 a= 1,107 0,011714279 0,0979 09174 -79,18
70°C+ 100W k= 0,01111 a= 1,091 0,006640534 0,07371 0,96  -85,99
70 °C +200W k= 0,03448 a= 1,102 0,011902321 0,09758  0,9187 -78,99
Wangand 50°C+ 100W a=-0,003652 b= 0,000001579 0,000165529 0,01213  0,9987 -130,29
Singh 50°C+200W a=-0,01556 b= 0,00001807 0,000689263 0,02415 09952 -113,17
60 °C + 100W a=-0,005042 b= 0,000004983 0,000336924 0,01717 09977 -121,76
60 °C +200W a=-0,01428 b= 0,0001009 0,000196512 0,01268  0,9987 -128,23
70 °C+ 100W a=-0,007182 b= 0,00001066 0,001053567 0,02936  0,9936 -108,08
70 °C +200W a=-0,01553 b= 0,0001245 0,000990528 0,02815  0,9941 -108,82
Parabolic  50°C+ 100W a= 1,017 b=-0,003869 c=0,000002148 0,00105221  0,03047 0,992 -108,82
50°C+200W a=1,0035 b=-0,01782 c¢=0,00001202  0,000802601 0,02606  0,9944 -108,1
60 °C + 100W a= 1,028 b=-0,005476 c=0,000006312 0,000331842 0,01704  0,9978 -111,35
60 °C +200W a= 1,007 b=-0,01483 c=0,00009229 0,000197443 0,01271  0,9987 -121,94
70 °C + 100W a= 1,033 b=-0,007876 c=0,00001353  0,000858953 0,02651  0,9954 -128,17
70 °C +200W a= 1,007 b=-0,01612 c=0,0001141 0,000828185 0,02574  0,9959 -110,53
Logarithmic 50 °C + 100W a= 1,068 k= 0,006713 c=0,0335 0,006069354 0,07318 09538 -110,97
50 °C+200W a= 1,089 k= 10,0325 c=0,0377 0,010498165 0,09425  0,9268 -87,07
60 °C+ 100W a= 1,077 k= 0,008840 c=0,0325 0,005927863 0,07202  0,9602 -80,49
60 °C +200W a= 1,071 k=0,03377 c=0,0374 0,012815929 0,1024 0,9097 -87,35
70 °C+ 100W a= 1,079 k= 0,009404 c=0,0335 0,004836003  0,06505  0,9705 -78,1
70 °C+200W a= 1,056 k=0,01188 c=0,0384 0,009168246 0,08661  0,9509 -89,79
Lewis 50°C+ 100W k= 0,005682 0,006805944 0,07778  0,9445 -82,12
50°C+200W k= 0,02677 0,011789835 0,09988  0,9103 -85,69
60 °C + 100W k= 0,007463 0,006665574 0,07637 0,952 -79,1
60 °C +200W k= 0,02815 0,013372529 0,1046 0,8952 -85,94
70 °C+ 100W k= 0,01004 0,008032866 0,08107  0,9462 -77,59
70 °C+200W k= 0,03059 0,013338613 0,1033 0,8975 -83,7

63%Values marked in bold indicate the best fit mathematical model.
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Fig. S1 Images of dried RP and WP slices
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Fig. S2 SEM images of RP and WP fruits dried by HAD and HA-MWD method
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