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Abstract: This study investigates the applicability of a microwave–convective dryer (MCD) to the
processing of pumpkin slices considering the influence of process variables such as air temperature
and microwave power on some thermal (drying time and specific energy consumption (SEC)), quality
(rehydration ratio (RR), shrinkage (S), color, and vitamin C content), and bioactive (total phenol (TPC)
and antioxidant contents (AC)) features. The impacts of temperature and microwave power were
explored on the thermal, quality, and bioactive properties using the the response surface method
(RSM). In each experiment, 100 g of the pumpkin samples was dried at an airflow of 1 m/s and
various air temperatures (50, 60, and 70 ◦C) and microwave powers (180, 360, and 540 W). The results
indicated that the temperature and microwave power can significantly affect the drying time and
SEC (p ≤ 0.01) such that increasing the temperature and microwave power decreased the drying
time and SEC. The highest RR, AC, TPC, and vitamin C, as well as the lowest color variation and
shrinkage, were observed at microwave power of 360 W and temperature of 60 ◦C. The optimal
drying of the pumpkin samples involved the temperature of 63.66 ◦C and microwave power of
426.94 W. The predicted response for the mentioned condition included the drying time of 47.38 min,
SEC of 30.87 MJ/kg, S of 25.44%, color of 12.74, RR of 5.21, TPC of 658.24 MgGA/100 gdw, AC of
82.11%, and VC of 4.78 mg/g DM.

Keywords: pumpkin; energy; optimization; total phenol content; shrinkage

1. Introduction

Pumpkin (Cucurbita maxima) is a rich source of phenolic, flavonoids, vitamins (A
and C), amino acids, polysaccharides, and minerals [1]. The high moisture content of the
pumpkin, however, has led to its rapid microbial corruption. Therefore, drying could be
an efficient approach to prolonging the useful life of this product while maintaining its
properties [2,3].

Drying is a common and classic approach in the processing of agricultural products
that can prolong their durability by inhibiting the activities of microorganisms [4]. This
method also facilitates transportation at lower costs by decreasing the weight and volume
of the product [5]. The space required for the storage of the products will also decline,
which can increase the quality and efficiency of the food products [6,7].

The conventional drying of agricultural products with direct sunlight and wind has
some drawbacks such as long drying time, undesirable changes in the quality of the product,
exposure of the product to uncontrolled situations, and unstable climate conditions [8].
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These issues can be resolved by novel and industrial methods that have gradually replaced
the traditional approaches. Convective drying with hot air is one of these methods. In a
convective dryer, the hot air is in contact with the samples, resulting in the evaporation of
the moisture content of the product. The final product, however, experiences considerable
chemical and physical alterations due to long exposure to high temperatures, which can
decrease the quality of the product while enhancing the energy consumption [2]. Microwave
drying involves the radiation of electromagnetic waves, which can heat the product by
penetrating its texture, leading to the rapid loss of moisture while preventing surface
damage to the samples [9,10]. The high speed of the process, precise control of the operation,
low energy consumption, and improved quality are among the advantages of this method
compared with conventional convective dryers [11]. The preservation of the quality of the
final product such as its physical (form, color, and texture) and nutritional (antioxidants,
vitamins, and pigments) features is of crucial significance in attracting the customer’s
satisfaction. Samples may experience some changes in these features during heat and
mass transfer processes and chemical reactions [12]. Due to their low thermal conductivity,
agricultural products require longer drying times and higher temperatures, and therefore,
the use of novel dryers (e.g., hybrid microwave–convective dryers) is of vital significance
for decreasing the adverse effects on the quality of the product and resolving the process
drawbacks such as the poor desorption of water and high energy consumption [13]. The
microwave method in combination with the other drying methods is far better than any
method alone as the combination can improve the drying efficiency and quality of the final
product [14].

Junqueira et al. [1] explored the kinetics of drying pumpkin slices with microwave, con-
vective, and microwave–convective dryers. They found that the microwave dryer can offer
higher quality, shorter drying time, higher effective moisture diffusion coefficient, and bet-
ter color compared with the convective dryer, although convective drying can present a final
product with lower shrinkage and better water desorption. Intermediate behavior was ob-
served in the case of a hybrid microwave–convective dryer. Abbaspour-Gilandeh et al. [14]
examined the drying of terebinth with various methods including convection, MCD, in-
frared (IR)–convective, and IR dryers. They showed the better quality of the products
dried with MCD in terms of bioactive parameters such as total phenol content (TPC), total
flavonoid content (TFC), and antioxidant capacity (AC). The drying time of the hybrid dry-
ers was longer. Horuz et al. [15] investigated the TPC, antioxidant capacity (AC), vitamin
C, color, water desorption, texture, and sensory features of apricot slices dried by a MCD
and a convective dryer. They found that the use of microwave decreased the drying time
by 50%, while the convective dryer achieved better performance in preserving the bioactive
properties and vitamin C. The water desorption also increased at high microwave powers.
This study introduced a hybrid dryer as an efficient method for drying apricot.

As energy is a major challenge in today’s world and industrial dryers are highly
energy-demanding despite their high value, a precise investigation of the currently avail-
able systems is necessary for finding the optimal condition with minimum energy consump-
tion; reduced destruction of the samples; and fast, uniform, and controlled heating. The
response surface method (RSM) refers to a series of statistical and mathematical modeling
methods and analyses for estimating the relationships between response variables under
the influence of several independent variables [3,16]. RSM has several superiorities over
the other approaches including the presentation of a mathematical equation between the
variables. RSM requires fewer experiments to predict the trends in the variations. Moreover,
the optimal points can be obtained with this method regarding the target of the problem
and the range of the independent variables in an independent and controllable manner.

Pham and Karim [17] optimized various parameters in drying papaya including the
drying time, vitamin C, color, and water activities using a MCD. Their results indicated
that the microwave power of 1.038 W/g and air temperature of 50 ◦C are the best treatment;
in another study, it was indicated that the best AC, TPC, shrinkage, and drying time for
parchment coffee dried in a microwave–fluidized bed dryer can be achieved at an air speed
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of 1.4 m/s and microwave power of 500 W [18]. Li et al. [19] optimized the extraction of the
AC, TPC, and RR of Termitomyces albuminosus mushroom in a MCD. Their results indicated
that the best condition (the highest AC, TPC, and RR and lowest color variations) can be
obtained at microwave power of 2 W/g and air temperature of 57 ◦C. Zahoor and Kahn [20]
addressed the optimization of various parameters of red bell pepper drying (ascorbic acid,
TPC, total flavonoid content, total carotenoid content, DPPH radical scavenging activity,
RR, and total color variations) when dried with a microwave–fluid-bed dryer. Their results
showed that the optimal point involved 468.04 W, air temperature of 60.14 ◦C, and air
speed of 16.82 m/s. Nanvakenari et al. [21] determined the optimal rice drying parameters
in a dryer (IR–microwave–fluid bed) with the temperature of 68 ◦C, air speed of 5 m/s,
microwave power of 900 W, and IR power of 1479 W. Therefore, the optimization of the
drying condition is necessary for various types of plants. Investigations of the previous
studies indicated that no study had addressed the optimization of the physical–thermal and
bioactive properties of pumpkin slices with MCD using RSM. In this regard, the present
study is aimed and investigating and predicting the independent variables (air temperature
and microwave power) on the response variables (drying time, SEC, RR, color, shrinkage,
TPC, and AC) using the RSM.

2. Materials and Methods
2.1. Sample Preparation

Pumpkins (Cucurbita maxima) were purchased from a local market in Sardasht city
(West Azerbaijan, Iran). Before the experiments, the samples were kept in plastic bags in the
refrigerator at the temperature of 4 ± 1 ◦C to maintain their initial moisture content (MC).
To reach the ambient temperature, the pumpkins were placed at room temperature 2 h
before the experiments. The samples were then washed and cut into slices with a thickness
of 3 mm using a cutter. They were then placed in the dryer. The pumpkin slices were
placed in an oven (Memmert, UFB 500, Schwabach, Germany) to determine their initial MC
in three replicates at 105 ◦C for 24 h [22,23]. The initial MC of the pumpkin samples was
determined to be 6.38 (dry basis (d.b.)). Finally, the MC was reduced to the determined
value of 0.10 d.b. in all the experiments.

2.2. Hybrid Microwave–Convective Dryer

In this project, pumpkin samples were dried using a hybrid microwave–convective
dryer designed by the Department of Biosystems Engineering of Mohaghegh Ardebili
University [24]. This dryer incudes a centrifugal blower (1 hp/3000 rpm), an electric engine,
air heater elements, a dryer chamber, air-transferring tubes, two microwave magnetrons
(LG2M246, Jiangsu, China), a magnetron cooler at the end of the dryer (two fans, P/N
2123XSL, Kaohsiung, Taiwan), a hot air control system, a microwave control system, and an
inverter (LS. Gyeonggi-Do, Korea) to adjust the rotation speed of the blower. A thermostat
was also utilized to regulate the input air (Atbin, Tehran, Iran). The power control circuit
of the dryer was based on the on/off structure. The products were placed on a stainless-
steel tray with a Teflon mesh attached to the base. The required hot air was supplied
by 3 heaters with a total power of 1200 W. The speed of the hot air was measured with
a blade anemometer (Lutron AM-4216, Telangana, India) with a resolution of 0.01 m/s.
The pumpkin slices were dried in a MCD at the 3 temperatures of 50, 60, and 70 ◦C, the
3 microwave powers of 180, 360, and 540 W, and an airflow of 1 m/s. For each experiment,
100 g pumpkin was employed. The variations in the weight of the samples were precisely
measured (GF-600, Tokyo, Japan) with accuracy of 0.001 g and recorded every 5 min. This
trend continued until the relative moisture content of the samples approached 0.1 d.b.
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2.3. Kinetics of Drying

The moisture ratio (MR) during the drying of the samples was determined with
Equation (1) [22,25]:

MR =
Mt − Meq

M0 − Meq
(1)

2.4. Specific Energy Consumption

The specific energy consumption of a drying process refers to the energy required to
evaporate one kilogram of water from the product. The specific energy consumption in the
microwave dryer can be obtained from Equation (2) [4,26]:

S.E.CMic =
PMic · t

MW
(2)

The SEC of the convective dryer can be determined with Equation (3) [27]:

SECCon = (C Pa + CPvha)QtT
(T in − Tam)

MWVh
(3)

Therefore, the SEC of the hybrid MHD (SECMic-Con) can be determined by summing
the SEC values of the convection (SECCon) and microwave drying (SECMic) based on
Equation (4) [28]:

SEC Mic−Con = SEC Mic + SEC Con (4)

2.5. Color

Color is often determined by the color characteristics model of RGB, CMYK, and Lab.
Here, a Lab model was employed to determine the color of the food products. To this
end, a color meter (HP–200, China) was applied. The color variations (∆E) in the samples
before and after the drying were assessed as brightness (L), redness-greenness (a), and
yellowness-blueness (b) with Equation (5) [23]:

∆E =
[
(∆L∗)2 + (∆a∗)2 + (∆b∗)2

]0.5
(5)

Values of ∆L*, ∆a*, and ∆b* were determined with Equation (6):

∆L∗ = L∗
0 − L∗

∆a∗ = a∗0 − a∗

∆b∗ = b∗0 − b∗
(6)

L* (brightness of the image) varies from zero (black) to 100 (complete light reflection).
The a* parameter also ranges from −60 to +60 where the positive and negative values
represent red and green colors, respectively [29]. The index of b* also varies from −60
to +60 where the positive and negative values correspond to yellow and blue colors,
respectively [30]. L*, a*, and b* are related to the samples after drying, while L0, a0, and b0
correspond to the fresh samples.

2.6. Shrinkage

Shrinkage is one of the major physical alterations occurring during the drying process
due to moisture evaporation. Shrinkage was determined after measuring the initial and
secondary volume of the samples and calculating the volume variation using the toluene
liquid displacement method in a glass pycnometer through Equation (7) [31–33]:

S(%) = (
V0 − V

V0
)× 100 (7)
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2.7. Rehydration Ratio

The physical and chemical alterations to the dried products and their rehydration
before the final use are shown as RR. The dried pumpkin samples were immersed in
distilled water at the ratio of 1:10 at 20 ◦C. They were removed from the water after 2 h., the
surface moisture of the samples was eliminated, and the rehydration ratio was calculated
with Equation (8) [34]:

RR =
Wr

Wd
(8)

2.8. Total Phenol Content

The total phenol content of the samples was determined with Folin–Ciocâlteu reac-
tant [33]: 0.4 mL of the extract was mixed with 3 mL of Folin–Ciocâlteu reagent (to prepare,
Folin–Ciocâlteu solution was diluted distilled with water at the ratio of 1:10). After resting
for 5 min at room temperature, 3 mL of 7% sodium bicarbonate was added. The absorbance
of the samples was read with a spectrophotometer at 725 nm after 90 min of storage at
room temperature (22 ◦C). The results were reported in terms of milligrams of gallic acid
present in 100 mL of extracted extract

2.9. Antioxidant Activities

Antioxidant activity was measured with DPPH free radical inhibition method. The
extract (2 mL) was mixed with 2 mL of DPPH methanolic solution. After shaking for 30 min
in a dark place, the absorbance of the mixture was measured at 520 nm. The free radical
inhibition percentage was calculated with Equation (9) [9,23]:

Antioxidant activity (% DPPH reduction) =
Ai − At

At
× 100 (9)

2.10. Vitamin C

First, the extract was prepared. For extracting, 300 mg of the powdered sample was
poured into an Erlenmeyer flask, followed by adding 30 mL of 4.5% metaphosphoric acid
solution and 5 min of stirring. The prepared solution was centrifuged at 4000 rpm for
15 min. The centrifuged solution was kept in a refrigerator at 4 ◦C for 1 h. Vitamin C was
measured with HPLC (made in Iran, Danchrom hplc) and separated with a Eurosphere
column (Eurospher, C18, 5 × 4/6 × 250). The injection volume was 20 µL, and the column
temperature was kept at 25 ◦C. The absorbance of the samples was read at 245 nm and a
flow rate of 1 mL/min, using 0.01% sulfuric acid as the mobile phase. The vitamin C level
was determined by comparing the area under the peaks and the inhibition time with the
equations obtained by the standard diagram of ascorbic acid [35].

2.11. Statistical Analysis and Optimization

The response surface method was employed to optimize drying conditions in terms
of the effects of the independent variables (air temperature and microwave power) on the
dependent variables (drying time and SEC, RR, color and shrinkage, AC, TPC, and vitamin
C). Experiments were carried out according to the central composite design (CCD) using
Design Expert software at three levels for each independent variable (Table 1). The optimal
points were separated based on the desirability index, and the highest predicted index
represents the best conditions for pumpkin drying. In this study, the common second-order
model used in the response surface method is described according to Equation (10) [25,27]:

y = β0 + ∑k
i=1 βixi + ∑i ∑j βijxixj + ∑k

i=1 βiix2
i + ε (10)
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Table 1. Independent variables and their levels.

Independent Variables Coded Variables
Levels

−1 0 +1

Air temperature (◦C) X1 50 60 70
Microwave power (W) X2 180 360 540

Tables 1–3 list the coded levels of the variables, the number of tests, and the 13 experi-
mental data, respectively. The optimization experiments were performed in 13 replications
with the central composite design; 5 repetitions were defined for the central point (Table 2).
To determine the optimal conditions regarding the goals of the study, drying time, SEC,
color, and shrinkage were used at their lowest levels, while RR, AC, TPC, and vitamin C
were at their highest amount.

Table 2. Face-centered central composite design of pumpkin slice drying experiments in an MCD
using Design Expert 10 software.

Exp. Run
Actual Values (Coded Values)

Replication
Air Temperature (◦C) Microwave Power (W)

1 60 (0) 360 (0) 5
2 50 (−1) 180 (−1) 1
3 50 (−1) 360 (0) 1
4 50 (−1) 540 (+1) 1
5 60 (0) 180 (−1) 1
6 60 (0) 540 (+1) 1
7 70 (+1) 180 (−1) 1
8 70 (+1) 360 (0) 1
9 70 (+1) 540 (+1) 1

Table 3. Central composite design and experimental data obtained for the response variables.

Run

Air
Temperature

Microwave
Power Drying Time SEC S Color RR TPC AC VC

C W min MJ/kg % - - mg GA/100 gdw % mg/g DM

1 70 180 60 35.1626 43.38 19.22 3.44 511.59 72.99 1.576
2 60 360 65 37.1955 25.99 12.55 5.21 644.57 79.91 4.592
3 60 360 75 40.0549 26.66 13.05 5.48 666.8 83.24 5.05
4 60 360 60 33.6253 25.08 12.05 4.89 654 80.95 4.254
5 70 360 40 31.6376 31.12 15.87 4.66 623.69 78.59 3.512
6 60 360 70 39.5216 26.1 13.64 5.13 642 80 4.328
7 50 540 80 38.4805 47.77 22.34 3.22 559.54 66.24 2.569
8 60 180 90 47.1273 37.35 15.44 3.89 552.27 65.59 2.154
9 70 540 25 20.0793 35.68 16.35 4.08 577.98 74.11 3.059
10 50 360 110 48.9678 40.25 17.55 3.57 527.65 68.11 1.852
11 60 540 45 29.2443 29.17 13.68 4.28 608.87 77.11 3.658
12 50 180 160 60.2436 57.35 25.58 2.96 459.35 59.23 1.165
13 60 360 64 35.1482 25 12.17 4.96 658 81.8 4.52

3. Results
3.1. Drying Kinetics

Figure 1 shows the variations in the MR of the pumpkin slices vs. the drying time for
various powers. Examining Figure 1 shows that there is no constant drying speed stage
in the drying process of pumpkin layers and that the whole drying process takes place
in the period of decreasing drying speed. This shows that the physical phenomenon of
diffusion is the most likely driving effect of moisture escape. It can be seen that in the
initial stages of drying, the slope of the drying speed is high and that in the later stages, this
slope decreases. The reason for this could be the high amount of moisture released in the
initial stages of the drying process. With the passage of time, the humidity of the product
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decreases, and then the amount of moisture released from the product decreases; then the
drying speed of the pumpkin layers decreases, and then the drying time increases, which
can be seen in the final stages of the drying process. By comparing Figure 1, it can be seen
that the drying time decreases with the increase in temperature, which can be due to the
increase in the movement of water molecules in the product due to heat and the increase in
its evaporation rate [26].
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Agronomy 2022, 12, 2291 8 of 24

The slope of the diagram also rose by increasing the microwave power, while the
drying time showed a decremental trend. These trends can be attributed to the volumetric
heat induction by the microwave within the samples, which accelerated the vapor release
and enhanced the drying rate [36]. In other words, higher microwave power will result
in more mass and heat transfer in the pumpkin slices. This will lead to a considerable
pressure difference between the center and the surface of the slices [37]. Similar results
were reported for drying various crops using the MCD, for instance tomato [26], red bell
pepper [20], potato [31], and mushrooms [38]. Rashidi et al. [39] explored the drying of
tomato powder compressed tablets using a microwave–convective dryer. They found
that the drying time of the tablets varied from 122.4 to 129.2 min. With the simultaneous
increase in the input air temperature, input air speed, and microwave treatment time, the
moisture evaporation rate of the samples showed an augmentation, shortening the drying
time of the compressed tomato power tablet.

3.2. Drying Time

Tables 4 and 5 respectively show the fitted statistical values of the dependent variables
(drying time, SEC, shrinkage, color, RR, TPC, AC, and VC) and the regression-fitted model
coefficients of the response variables (microwave power and air temperature). According
to Table 4, all the responses had determination coefficients (R2) above 0.93. The variation
coefficients of all models were less than 5 except for VC (≈11), indicating the proper
repeatability of the models. Regarding the insignificance of the lack-of-fit factor, all the
presented models managed to well predict the dependent variables. Table 4 shows the
model coefficients fitted for the regression equation for the response variables. For a better
understanding of the combined effects of both variables on the response variable, analysis
of variance graphs and response surface contours were drawn for each fitted model as a
function of two independent variables.

Table 4. Statistical values fitted for dependent variables by RSM.

Source Time SEC S Color RR TPC AC VC

Model Linear Linear Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic

Model (p-value) 0.0001 a 0.0001 a 0.0001 a 0.0001 a 0.0001 a 0.0001 a 0.0001 a 0.0001 a

Lack of Fit
(p-value) 0.88 ns 0.82 ns 0.76 ns 0.78 ns 0.7 ns 0.06 ns 0.05 ns 0.06 ns

R2 0.98 0.96 0.99 0.96 0.98 0.95 0.93 0.95
Adj. R2 0.98 0.95 0.99 0.94 0.98 0.93 0.89 0.93

Predicted R2 0.97 0.93 0.99 0.91 0.96 0.82 0.73 0.83
C.V. 1.6 3.03 0.67 5.21 3.17 1.51 1.68 11.23

Std. Dev. 0.067 0.19 0.024 7.668 × 10−3 3.40 × 10−3 0.37 0.14 0.12
a represents a significant difference at the 0.1% probability level; ns means no significant difference.

Table 5. Coefficients of the model fitted to the regression equation of response variables (A: air
temperature and B: microwave power).

Response Intercept A B A2 B2

Ln (Drying time) 4.189 −0.525 a −0.376 a - -
(SEC) 0.5 6.131 −0.821 a −0.744 a - -

Ln (Shrinkage) 3.248 −0.138 a −0.104 a 0.318 a 0.248 a

1/(Color) 0.079 0.005 a 0.003 b −0.019 a −0.010 a

1/(Rehydration ratio) 0.195 −0.029 a −0.016 a 0.051 a 0.049 a

(TPC) 0.5 25.495 0.595 a 0.803 a −1.374 a −1.258 a

(Antioxidant capacity) 0.5 8.974 0.321 a 0.198 a −0.326 a −0.445 a

Ln (VC) 1.483 0.186 a 0.330 a −0.474 a −0.378 a

a represents a significant difference at the 0.1% probability level; b represents a significant difference at the 0.5%
probability level.

The results of the variance analysis of the drying time using the response surface
method in Table 6 showed that only the linear effect of air temperature and microwave
power on the drying time response variable is significant (p < 0.01).
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Table 6. Analysis of variance for drying time response using RSM.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 2.51 2 1.26 278.52 <0.0001 significant
A-Air temperature 1.66 1 1.66 367.99 <0.0001

B-Microwave power 0.85 1 0.85 189.05 <0.0001
Residual 0.045 10 4.510 × 10−3

Lack of Fit 0.015 6 2.574 × 10−3 0.35 0.8807 not significant
Pure Error 0.030 4 7.414 × 10−3

Cor Total 2.56 12

Figure 2 shows the individual effect of each independent variable (air temperature and
micro-wave power) on drying time. With increasing air temperature or microwave power,
the drying time exhibits a decreasing trend. These findings are consistent with previous
studies on drying papaya [17], mushrooms [19], tomato [26], and white mushrooms [38].
Higher temperatures lead to the rapid loss of free water in the samples, i.e., the product
dries in a shorter time. This phenomenon can be assigned to the increase in the thermal
gradient inside the samples [38]. Increasing microwave power also reduces the drying
time due to the larger vapor pressure difference between the surface and the interior of the
pumpkin with the penetration of microwave energy [20].
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Figure 2. The effect of air temperature and microwave power alone on drying time.

3.3. SEC

The ANOVA results obtained from the RSM for SEC are listed in Table 7. As seen, only
the linear effect of air temperature and microwave power is significant on SEC (p < 0.01).

Figure 3 shows the effect of each variable on the SEC. With increasing air temperature
and microwave power, the SEC exhibits a descending trend. A decline was reported in
the SEC with increasing air temperature and microwave power by Taghinezhad et al. [40],
Maftoonazad et al. [41], El-Mesery & El-khawaga [26], and Zia and Alibas, [42], who dried
quince, onion, tomato, and blueberry with a MCD, respectively.

The microwave increases the internal temperature of the products through the po-
larization of water molecules. It prevents surface hardening during the drying process
with the destructive structure and formation of channels with a larger diameter. This
leads to the better removal of moisture and ultimately a reduction in SEC [43]. Other
researchers reported that the reduction of SEC is directly related to the shortening of the
drying pe-riod [11,26,44]. Therefore, an increment in microwave power reduces the SEC
due to the significant reduction in drying time [45].
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Table 7. Analysis of variance for SEC response using RSM.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 7.37 2 3.68 106.95 <0.0001 significant
A-Temperature 4.05 1 4.05 117.47 <0.0001

B-Microwave power 3.32 1 3.32 96.44 <0.0001
Residual 0.34 10 0.034

Lack of Fit 0.14 6 0.023 0.44 0.8209 not significant
Pure Error 0.21 4 0.052
Cor Total 7.71 12
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Figure 3. The effect of air temperature and microwave power alone on SEC.

3.4. Shrinkage

The lowest shrinkage (25.08%) was recorded at 60 ◦C and a microwave power of
360 W, while the highest shrinkage (57.35%) was observed at 50 ◦C and a microwave power
of 180 W. Additionally, the ANOVA results in Table 8 indicate that the linear effect of air
temperature and microwave power, as well as their quadratic expression, is significant on
the shrinkage (p < 0.01). The combined effect of these two variables on shrinkage is not
significant.

Figure 4a depicts the combined effect of air temperature and microwave power on
shrinkage, which first decreases followed by an increase. The product will experience more
shrinkage at fast mass transfer processes, which is generally due to the pressure imbalance
between the internal and the external pressures of the material when the water exits the
food, leading to the deformation of the product and sometimes its cracking [46,47].

During the drying process, air replaces the intercellular water upon its separation from
the product; this causes tension in the cell structure. Finally, the tissue fails to maintain
its structural network, and the outer structure of the cell collapses, leading to shrinkage.
Similar results have been published for pumpkin [1] and walnut [48].

Figure 4b shows the separate effects of air temperature and microwave power. Temper-
ature enhancement from 50 to 60 ◦C led to the decremental trend of the shrinkage changes,
and the further increase in temperature from 60 to 70 ◦C caused an ascending trend in the
shrinkage with a mild slope. The effect of microwave power on shrinkage also decreased
with increasing microwave power from 180 to 360 W. Further increase in the microwave
power from 360 to 540 W increased the shrinkage. Therefore, the lowest shrinkage occurred
at 60 ◦C and a microwave power of 360 W. The uniform distribution of heat throughout the
samples is effective in reducing the shrinkage.
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Table 8. Analysis of variance for shrinkage response using RSM.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 0.90 4 0.22 402.21 <0.0001 significant
A-Temperature 0.11 1 0.11 204.45 <0.0001
B-Microwave

power 0.065 1 0.065 116.56 <0.0001

A2 0.28 1 0.28 499.45 <0.0001
B2 0.17 1 0.17 304.40 <0.0001

Residual 4.474 × 10−3 8 5.592 × 10−4

Lack of Fit 1.431 × 10−3 4 3.578 × 10−4 0.47 0.7585 not significant
Pure Error 3.043 × 10−3 4 7.607 × 10−4

Cor Total 0.90 12
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Figure 4. (a) The combined effect of air temperature and microwave power on shrinkage (b) The
effect of air temperature and microwave power alone on shrinkage.
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3.5. Color

The ANOVA results for the color index in Table 9 suggest the significance of the linear
relationship between air temperature and microwave power and their second-order term
with the color response. Figure 5 shows the effects of the independent variables of air
temperature and microwave power combined (a) and separate (b).

According to Figure 5a, the combined effect of the independent variables on the color
index is not significant as it first decreases and then increases. High air temperature and
microwave power showed a negative effect on pumpkin color parameters, indicating that
quick drying was not optimal for maintaining the color parameters. Temperature elevation
caused significant changes in color. The effect of microwave power was less significant, but
the color difference increased at higher microwave powers. Kumar et al. [49] also observed
darker okra samples dried at higher air temperatures and microwave powers, which could
have been due to the formation of brown pigments through the Maillard reaction. Color
variations can be observed in Figure 5b.

Table 9. Analysis of variance for color response using RSM.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 2.341 × 10−3 4 5.853 × 10−4 50.43 <0.0001 significant
A-Temperature 2.085 × 10−4 1 2.085 × 10−4 17.96 0.0028

B-Microwave power 8.921 × 10−5 1 8.921 × 10−5 7.69 0.0242
A2 1.029 × 10−3 1 1.029 × 10−3 88.67 <0.0001
B2 2.968 × 10−4 1 2.968 × 10−4 25.57 0.0010

Residual 9.285 × 10−5 8 1.161 × 10−5

Lack of Fit 2.850 × 10−5 4 7.124 × 10−6 0.44 0.7753 not significant
Pure Error 6.436 × 10−5 4 1.609 × 10−5

Cor Total 2.434 × 10−3 12
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Figure 5. (a) The combined effect of air temperature and microwave power on color (b) The effect of
air temperature and microwave power alone on color.

To describe the individual effects of air temperature and microwave power on the
color index, according to each figure, it can be said that temperature elevation from 50 to
60 ◦C reduced the color variations. Then, a further increase of the air temperature from
60 to 70 ◦C enhanced the color changes. Concerning the microwave power, an increase
in the power from 180 to 360 W decreased the color changes. While a further increase in
the microwave power from 360 to 540 W led to an upward trend. Therefore, the smallest
color changes occurred at 60 ◦C and a power of 360. W. Karimi et al. [50] dried Gundelia
tournefortii L. with a MCD and concluded that the total color variation (∆E) of the dried
samples was the lowest at 60 ◦C (among three temperatures of 60, 70, and 80 ◦C) and power
of 300 W (among microwave powers of 180, 300, and 450 W). Based on their observations,
more browning occurred at higher microwave powers. The same trend was reported for
purple cabbage [51], sour cherries [52], and bitter gourd [53].

3.6. Rehydration Ratio

According to Table 10, which presents the ANOVA results for RR, the linear and
quadratic relationships of air temperature and microwave power were significant to RR
(p < 0.01). For microwave power, only the linear relationship was significant with RR.
The combined effect of the air temperature and microwave power with the dependent
variable of RR is depicted in Figure 6a; the combined effect of these two factors was not
significant on RR as it first increased followed by a decline. The increase in RR with the
increase in microwave power may have been due to the high pressure in the empty space
of the dried pumpkin samples as a result of high microwave power. The evaporation of
internal water by absorbing microwave energy and the creation of pores in dried pumpkins
prevent volume contraction and the hardening of the samples, thus increasing the RR [54].
These results are consistent with the reports of Kumar and Shrivastava [55] and Zahoor
and Khan [20]. However, when the microwave power exceeded 360 W, the RR decreased
due to the damage to the cell structure caused by the excessive microwave power. RR first
rose with the increase in air temperature, suggesting that the increase in temperature in the
lower levels enhances the water evaporation rate from the surface and the pressure gradient
between the inside and the surface of dry materials. Increasing the pressure gradient helps
the rapid escape of water from the inside to the surface and improves the RR by forming
some capillary channels [56]. However, temperature increase beyond 60 ◦C led to excessive
dehydration, structural destruction, severe volume contraction, and the hardening of the
material and thus worse rehydration ratios [57].
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According to Figure 6b, RR increased with increasing temperature from 50 to 60 ◦C
and then decreased with further increase in temperature from 60 to 70 ◦C. Regarding the
effect of microwave power on RR, an increase in microwave power from 180 to 360 W led
to an upward trend, which turned into a descending trend with the further elevation of
microwave power from 360 to 540 W. The highest RR is shown in Figure 6b for each of
the factors. Specifically, the highest RR was for samples dried at 60 ◦C and a microwave
power of 360 W. Li et al. [19] investigated the drying of mushroom slices in convective
and microwave dryers. They observed the highest RR coefficient at 60 ◦C and microwave
power of 2.49 W/g. They also showed that an increase in the temperature from 40 to
60 ◦C increased the RR, which then decreased with the further elevation of air temperature
from 60 to 80 ◦C. Power levels above and below 2.48 W/g exhibited lower RRs, which is
consistent with the results in this research. A similar trend was also reported for drying
purple cabbage by Liu et al. [51].

Table 10. Analysis of variance for RR using RSM.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 0.030 4 7.399 × 10−3 125.84 <0.0001 significant
A-Temperature 5.288 × 10−3 1 5.288 × 10−3 89.93 <0.0001

B-Microwave power 1.546 × 10−3 1 1.546 × 10−3 26.29 0.0009
A2 7.326 × 10−3 1 7.326 × 10−3 124.59 <0.0001
B2 6.769 × 10−3 1 6.769 × 10−3 115.12 <0.0001

Residual 4.704 × 10−4 8 5.880 × 10−5

Lack of Fit 1.704 × 10−4 4 4.260 × 10−5 0.57 0.7014 not significant
Pure Error 3.000 × 10−4 4 7.500 × 10−5

Cor Total 0.030 12
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Figure 6. (a) The combined effect of air temperature and microwave power on rehydration ratio
(b) The effect of air temperature and microwave power alone on rehydration ratio.

3.7. Total Phenol Content (TPC)

Table 11 presents the ANOVA results for TPC under the influence of the two variables
air temperature and microwave power. As seen, the linear relationship between microwave
power (p < 0.1) and air temperature (p < 0.5) with TPC is significant. The quadratic term
was also significant for both independent variables (p < 0.05).

Table 11. Analysis of variance for TPC response using RSM.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 21.48 4 5.37 39.87 <0.0001 significant
A-Temperature 2.13 1 2.13 15.82 0.0041

B-Microwave power 3.87 1 3.87 28.74 0.0007
A2 5.22 1 5.22 38.73 0.0003
B2 4.38 1 4.38 32.48 0.0005

Residual 1.08 8 0.13

Lack of Fit 0.92 4 0.23 5.90 0.0569 not
significant

Pure Error 0.16 4 0.039
Cor Total 22.56 12

Figure 7a shows the combined effect of air temperature and microwave power on the
TPC. According to part a, their combined effect on the TPC is not significant, as it first
showed an upward trend followed by a descending one. Better preservation of TPC was
achieved by increasing the microwave power and temperature, which could be attributed to
the faster and shorter heating of the product due to high power and temperature, resulting
in better TPC preservation. Horuz et al. [52] investigated the TPC of dried sour cherries
using a convective dryer and a hybrid MCD and reported a higher loss of polyphenols
in the convective dryer, which might be due to the degradation of phenols in the long-
term exposure of the product to temperature. However, under different drying methods,
phenolic compounds are mainly dependent on the composition and stable changes of these
compounds at various drying conditions. Moreover, heating destroys oxidative enzymes,
thus helping preserve more phenolic compounds [58].
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Figure 7. (a) The combined effect of air temperature and microwave power on TPC. (b) The individual
effects of air temperature alone and microwave power alone on TPC.
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The impacts of each variable and the variation trend of TPC are separately shown in
Figure 7b. As the air temperature increased from 50 to 60 ◦C, the TPC showed an ascending
trend that then decreased with the further increase in air temperature from 60 to 70 ◦C. For
the microwave power, the increase in microwave power from 180 to 360 W increased the
TPC, which then declined with the further increase in power from 360 to 540 W.

3.8. Antioxidant Capacity

Table 12 lists the ANOVA results for AC under the influence of the two independent
variables, air temperature and microwave power. The linear relationships of temperature
and microwave power with AC were significant. The air temperature had a higher influence
on the AC than the microwave power. Their quadratic term also showed a significant
relationship with an antioxidant response.

Table 12. Analysis of variance for AC response using RSM.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 2.20 4 0.55 26.37 0.0001 significant
A-Temperature 0.62 1 0.62 29.75 0.0006

B-Microwave power 0.24 1 0.24 11.33 0.0099
A2 0.29 1 0.29 14.11 0.0056
B2 0.55 1 0.55 26.28 0.0009

Residual 0.17 8 0.021

Lack of Fit 0.14 4 0.036 6.08 0.0543 not
significant

Pure Error 0.024 4 5.893 × 10−3

Cor Total 2.37 12

Figure 8a presents the influence of air temperature against microwave power on the
AC. As seen, the AC first increased by enhancing the air temperature and microwave
power, which could be attributed to the remarkable decline in the processing time at higher
temperatures. With further increases in temperature, antioxidant capacity decreased. Ac-
cording to Table 12, the combined effect of air temperature and microwave power was
not significant on AC. Higher AC is related to shorter drying time and higher concen-
trations of anthocyanins and phenolic compounds. On the other hand, the temperature
enhancement in the samples as the result of temperature and microwave power elevation
during the drying process can decrease the anthocyanins and phenolic compounds, which
are the major causes of AC in food products. These findings aligned with the work of
Samoticha et al. [58].

The effects of the air temperature and microwave power are separately presented in
Figure 8b. Increasing the air temperature from 50 to 60 ◦C led to an increase in the AC,
while further temperature elevation to 70 ◦C resulted in a decline in the AC at a slight slope.
Concerning the microwave power, the AC showed an ascending trend with enhancing
the microwave power from 180 to 360 W that turned into a descending trend with further
power increase to 540. W. Horuz et al. [15] utilized a hybrid MCD drier and convective
drier to dry apricots. Their investigation of the AC of the dried samples indicated that the
higher drying temperatures and longer times can result in the loss of TPC and AC.
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Figure 8. (a) The combined effect of air temperature and microwave power on AC. (b) The effect of
air temperature and microwave power alone on AC.

3.9. Vitamin C

Table 13 lists the ANOVA results for the effects of air temperature and microwave
power on vitamin C. As can be observed, the linear and quadratic relationships of tempera-
ture and microwave power with vitamin C were significant. Microwave power exhibited
a stronger effect on the variation in vitamin C as depicted in Figure 9, where the vari-
ation in vitamin C with microwave power occurred at a steeper slope compared with
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the temperature. Ascorbic acid is highly sensitive to high temperatures and long drying
procedures.

Table 13. Analysis of variance for vitamin C response using RSM.

Source Sum of
Squares df Mean

Square
F

Value
p-Value
Prob > F

Model 2.50 4 0.62 41.67 <0.0001 significant
A-Temperature 0.21 1 0.21 13.88 0.0058

B-Microwave power 0.66 1 0.66 43.79 0.0002
A2 0.62 1 0.62 41.52 0.0002
B2 0.40 1 0.40 26.43 0.0009

Residual 0.12 8 0.015
Lack of Fit 0.10 4 0.025 5.65 0.0610 not significant
Pure Error 0.018 4 4.501 × 10−3

Cor Total 2.62 12

Figure 9a shows the combined effect of air temperature and microwave power on
vitamin C. Increasing the temperature and microwave power up to 60 ◦C and 360 W,
respectively, increased the vitamin C content, beyond which it showed a decline. Regarding
this figure and the ANOVA results, the combined effect of temperature and microwave
power on vitamin C was not significant. The decline in the vitamin C in the pumpkin slices
can be attributed to the heat susceptibility and irreversible oxidative reactions occurring
during the drying process, which is in line with the work of Hossain et al. [59], who assessed
the nutritional content of tomato powder. The separate effect of each factor (air temperature
and microwave power) is depicted in Figure 9b.
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Figure 9. (a) The combined effect of air temperature and microwave power on vitamin C. (b) The
individual effects of air temperature and microwave power on vitamin C.

Tekgül et al. [60] investigated the vitamin C in nectarine powder dried with a con-
vective dryer at various temperatures and determined that the most vitamin C could be
obtained at 50 ◦C due to the heat susceptibility of this compound.

3.10. Optimization

The operation conditions of a microwave–convective drier for drying pumpkin slices
were numerically optimized. The optimization aimed to minimize the drying time, SEC,
shrinkage, and color of the samples while maximizing their rehydration ratio, TPC, an-
tioxidant capacity, and vitamin C. The results of the optimization process can be found
in Table 14. Figure 10 also shows the predicted and optimized values of the independent
and dependent variables defined to optimize the process of pumpkin drying. The optimal
conditions for drying pumpkin slices in a hybrid MCD involve the respective air tem-
perature and microwave power of 63.66 ◦C and 426.94W (independent variables), which
resulted in the following dependent variables: drying time = 47.38, SEC = 30.87 MJ/kg,
S = 25.44, the color of 12.47, RR = 5.21, TPC = 658.24 MgGA/100 gdw, AC = 82.11%,
vitamin C content = 4.78 mg/g, and DM with the confidence level of 0.901.

Table 14. Results of optimization by desirable function of RSM.

Number Air
Temperature

Microwave
Power

Drying
Time SEC Shrinkage Color RR TPC AC VC Desirability

1 63.668 426.941 47.389 30.879 25.449 12.743 5.210 658.241 82.112 4.789 0.901
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4. Conclusions

The increase in the awareness of consumers of the prominent role of heat in food
processing has guided the food industry to use modern technologies to produce highly
nutritional products with the least adverse effects on human health while maintaining the
desired quality, appearance, and sensory properties. The results of this study confirmed
the applicability of a HMD for drying pumpkin slices with proper features. The conditions
of drying pumpkin slices were optimized considering targets including minimum drying
time, SEC, shrinkage, and color variation and maximum RR, TPC, and antioxidant capacity.
The optimal condition for drying pumpkin slices with a microwave–convective dryer
included the temperature of 63.66 ◦C and microwave power of 426.94 W, which resulted in
drying time, SEC, shrinkage, color variation, RR, TPC, antioxidant capacity, and vitamin C
of 47.38 min, 30.87%, 25.44, 12.74, 5.21, 658.24 GA/100 gdw, 82.11%, and 4.78 mg/g DM,
respectively, with the confidence level of ~0.901.
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Nomenclature

Ai Sample absorbance
At Control absorbance
Cpa Specific heat capacity of air [and 1828.8 J/kg ◦C]
Cpv Specific heat capacity of vapor [1004.16 J/kg ◦C]
MR Moisture ratio [-]
Mt Moisture content [g water/g dry matter]
Mw Weight of loss water [kg]
Mb Initial moisture content [g water/g d.m.]
Me Equilibrium moisture content [g water/g dry matter]
ha Absolute air humidity [kgvapor/kgdry air]
k Number of variables and ε is the error
P Microwave power [W]
Q Input air to drying chamber [m3/min]
RR Rehydration ratio [-]
SECCon Specific energy consumption in convective drying [kJ/kg]
SECMic Specific energy consumption in microwave drying [kJ/kg]
SECMic-Con Specific energy consumption of the hybrid MHD [kJ/kg]
Tin Inlet air to drying chamber and respectively [◦C]
Tout Ambient air temperatures [◦C]
t Drying time (min)
V0 Initial volume [cm3]
V Final volume [cm3]
Vh Specific air volume [m3/kg]
Wr The weight of wet samples [g]
Wd The initial weight of dry samples [g]
y Predicted response
L* Brightness index
b* Yellow–blue index
a* Red–green index
∆E Total color difference
β0 Constant
βi Linear coefficients
βjj Second-order coefficients
βij Denotes the reciprocal coefficient
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