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 Abstract 
  

Introduction. The purpose of this study is to explore the 
effects of intermittent microwave drying conditions (microwave 
pulse ratio, microwave power density and slice thickness) on 
drying characteristics and physical properties of beetroots. 

Materials and methods. Drying characteristics and physical 
properties of beetroots were investigated using intermittent 
microwave drying at different microwave pulse ratios (1, 2, 3, and 
4), microwave power densities (1.0, 1.5, 2.0, and 2.5 W/g) and 
slice thicknesses (2, 4, 6, and 8 mm). Moisture analyzer and 
portable water activity meter were used to determine moisture 
content and water activity of beetroots, respectively. The 
weighing method was used to assess the rehydration capacity of 
dried beetroots. In order to evaluate the color quality of beetroots, 
a colorimeter was used.  

Results and discussion. The moisture ratio continuously 
decreased with the extension of drying time at all drying 
treatments. Except for microwave power density of 2.5 W/g, all 
the drying conditions presented a short heating (warm-up) period, 
an approximately constant rate drying period and a falling rate 
drying period. Meanwhile, the drying time decreased with 
increasing microwave power density, while increased 
significantly with the growth of microwave pulse ratio and slice 
thickness. There was no significant difference in the final 
moisture content and water activity of dried beetroots under all 
drying treatments. The rehydration ratio decreased with the 
increase of slice thickness (from 2 to 8 mm), microwave power 
density (from 1.5 to 2.5 W/g), and microwave pulse ratio (from 2 
to 4). Compared to fresh beetroots, all the beetroots after 
intermittent microwave drying had lower a and C values, and 
higher L values. 

Conclusions. Considering drying characteristics and 
physical properties of beetroots, and energy consumption, the 
optimal microwave intermittent drying conditions for fresh 
beetroots are microwave pulse ratio of 2, microwave power 
density of 2.0 W/g, and slice thickness of 2 mm. 
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Introduction 
 
As one of the most important and widely grown vegetables, the global production of 

beetroot (Beta vulgaris L.) was about 301 million tons in 2017 with a harvested area of 4.89 
million hectares [1]. Beetroots contain a variety of nutritional and bioactive ingredients, for 
instance, betalains, polyphenols, ascorbic acids, flavonoids, carotenoids, vitamins, minerals, 
nitrates, and saponins [2]. Recent studies have shown a variety of health benefits for 
beetroots, such as antioxidative, anti-inflammation, antidiabetic, anticancer, anti-obesity 
effects, blood pressure and lipid lowering [3]. Due to its good taste and high nutritional value, 
beetroots are widely consumed and used for manufacturing food coloring agents [4]. Beetroot 
is prone to spoilage due to its high moisture content, making it perishable.   

Drying is one of most widely used methods for preservation of fresh vegetables and 
fruits, which can prevent microbial spoilage and deterioration reactions and allow their use 
during off-season [5]. Microwave drying is an efficient drying method, can enhancement of 
heat and mass transfer, development of internal moisture gradients which increase drying rate 
as well as improvement of product quality [6]. However, the continuous microwave heating 
may easily cause rapid heat transfer, the risk of hot spots, product overheating, and 
undesirable changes in quality [7]. Intermittent microwave drying or microwave intermittent 
drying was proposed on the basis of conventional microwave drying by considering the 
existing problems. In intermittent microwave drying, temperature and moisture are 
redistributed within the product during the microwave off time [8]. Realizing the benefits of 
intermittent microwave drying, several researchers have explored experimentally drying 
kinetics and quality of different vegetables and fruits dried by intermittent microwave drying. 
Zhao et al. [9] investigated the physical changing trend and mechanism of litchi under 
microwave intermittent drying. Aghilinategh et al. [10] studied the effects of intermittent 
microwave convective drying parameters on apple color properties. Dai et al. [11] explored 
the drying characteristics and modeling of apple slices during microwave intermittent drying. 
There are few studies on intermittent microwave drying of beetroots.  

This study proposes a way of improving the drying characteristics and quality indicators 
of beetroots through the application of intermittent microwave drying.  

The objective of the study is to explore the effects of microwave pulse ratio, microwave 
power density and slice thickness on drying characteristics and physical properties (moisture 
content, water activity, color, and rehydration ratio) of beetroots. 
 

 
Materials and methods 
 
Materials 
 
Fresh beetroots (Beta vulgaris L.) were purchased from a local market in the city of 

Xuzhou in Jiangsu Province, China. Before drying, beetroots were stored in a refrigerator at 
4 °C. At the beginning of each experiment, whole fresh beetroots were washed by running 
water. The washed beetroots were peeled and then cut transversely with a stainless steel 
slicer, chopped into 80-mm diameter slices with different thicknesses.  

 
Design of intermittent microwave drying conditions 
 
To investigate the drying characteristics and physical properties of beetroots, a four-

level factorial experimental design with three factors, namely microwave pulse ratio, 
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microwave power density and slice thickness was constructed. The levels of microwave pulse 
ratio were 1, 2, 3, and 4, respectively, microwave power density were 1.0, 1.5, 2.0, and 2.5 
W/g, respectively, and those of slice thickness were 2, 4, 6, and 8 mm, respectively. The 
microwave pulse ratio (PR) was calculated by the following equation [12]: 

                                                         
on off

on

t tPR
t


                                                          (1) 

Where ton is the microwave on-time, and toff shows the microwave off-time. The 
microwave on–off time employed in this intermittent microwave drying was as following: 3 
min on–0 min off (PR = 1), 3 min on–3 min off (PR = 2), 3 min on–6 min off (PR = 3), and 
3 min on– 9 min off (PR = 4). 

Weighed slices of fresh beetroots (260±2 g total mass), were placed symmetrically on a 
30-cm diameter circular fiberglass plate (turntable), which was mounted inside the drying 
chamber and rotated at 4 rpm to ensure uniform microwave irradiation. A microwave drying 
system (SAM-255, CEM Corporation, USA) with a maximum output of 650 W at 2450 MHz 
was used in the experiments. During the drying process, the change in the beetroots’ weight 
was recorded at intervals of 3 min by an electronic balance (CP512, Ohaus Instrument Co. 
Ltd., China). Drying was carried out until the beetroots presented 0.04 g/g on a dry basis. All 
drying experiments were repeated five times. 
 

Determination of moisture content and water activity 
 
The moisture content (wet basis) of beetroots was determined by a moisture analyzer 

(HX204, Mettler Toledo Co. Ltd., Switzerland) at 105 ℃. Moisture content (MC) on the dry 
basis was calculated using the following equation [13]: 

                                                                 w

s

MMC
M

                                                              

(2) 
where Mw is the water mass (g) and Ms is the mass of sample's dry solids (g). Average initial 
moisture content of beetroot was 12.02 g water/g dry solids (g/g)．   

The water activity of beetroots was determined by a portable water activity meter 
(Aqualab 4TE Duo, Rotronic Co. Ltd., USA) at 25 ℃. 
 

 
Moisture ratio 
 
Moisture ratio (MR) was calculated by using the following expression:  

 0

t e

e

M MMR
M M





                                                    

 
(3)

 
where the Mt, M0, and Me are moisture content of sample at any time, initial time, and 
equilibrium,  respectively (g/g). For microwave drying, it can be assumed that Me = 0 [14]. 

 
Drying time 
 
The time taken to the moisture content of beetroots from the initial level (12.02 g/g) to 

0.04 g/g under various intermittent microwave drying conditions was identified as drying 
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time. Therefore, the drying time of beetroots includes microwave on time and microwave off 
time. 

 
Drying rate 
 
The drying rate (DR) was calculated according to the following equation [15]:  
 

  

—

t
t t ΔtM M

DR 


                                                    (4)
 

where DR is the drying rate, g/(g·min); Mt+△t and Mt are the dry basis moisture content of the 
sample at t+Δt and t respectively, g/g; Δt is the time difference between two consecutive 
measurements, min. 

 
Determination of rehydration capacity 
 
The rehydration capacity was performed by dipping 2.0 g dried beetroots into 200 mL 

of distilled water at 80 ℃ for 15 min. The rehydrated beetroots were taken out, the surface 
moisture of rehydrated beetroots were absorbed with absorbent papers, and then weighed. 
The test was performed thrice. Rehydration ratio of dried beetroots was calculated by the 
following expression [16]:   

                                                       2

1

mRR
m

                                                          (5) 

where RR is the rehydration ratio; m1 is the mass of dried beetroots, g; m2 is the mass of 
beetroots after rehydration, g. 

 
Determination of color parameters 
  
Color of beetroots was measured using a colorimeter (CR-400, Konica Minolta Sensing, 

Inc., Osaka, Japan). The beetroots dried by different intermittent microwave drying 
conditions and fresh beetroots were grounded and the measured. The samples were placed in 
a standard light and the Hunter L (lightness), a (redness), and b (yellowness) values were 
determined. The L, a, b values were used to calculate total color difference (∆E), chroma (C) 
and hue angle (H°) to describe color changes after drying. C changes from 0 (dull) to 60 
(vivid) and was calculated by Equation (6) [17]. 

 
2 2C a b                                                    (6) 

  
The color of food samples generally characterizes by calculating hue angle (H°) value 

as shown in the Equation (7). Values of H° range from 0° (red), 90° (yellow), 180° (green) 
to 270° (blue) [18].  

 1tan bH
a

     
 

                                                (7) 

 
Total color change (∆E) indicates the magnitude of color change after drying and was 

evaluated by using the following equation [10]. 
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2 2 2
0 0( ) ( ) ( )0E L L a a b b                                      (8) 

where L, a, and b are the values of dried beetroots, L0, a0, and b0 are the values of fresh 
beetroots. The measurements were done 5 times for each sample. 

 
Statistical analysis 
 
The experimental results were expressed as mean±standard deviation (SD). The 

responses of the physical analyzes were submitted to analysis of variance (ANOVA), 
followed by the Duncan's Test (p < 0.05) using SPSS 20.0 for Windows (SPSS Inc., Chicago, 
IL, USA).  Figures were drawn using Origin 2017 (Origin Lab, MA, USA)  

 
 
Results and discussion 
 
Physical properties of fresh beetroots 
 
The fresh beetroots were analyzed physical properties, which are given in Table 1. The 

beetroot used is high water content vegetable. The moisture content of fresh beetroots was as 
high as 92.32±1.37% on a wet basis, and the water activity up to 0.9852±0.0025. Lightness 
(L), redness (positive a) and yellowness (positive b) of fresh beetroots were 36.83±1.14, 
28.78±2.22 and 6.35±1.06, respectively. The H° value of fresh beetroots was 4.53±0.48, 
indicating a greater tendency to reddish hue.  

 
 Table 1 

Physical properties of fresh beetroots (before drying) 
 

Attribute Content 
Initial moisture content, % 92.32±1.37 

Water activity 0.9852±0.0025 
L 36.83±1.14 
a 28.78±2.22 
b 6.35±1.06 
C 29.47±2.39 
H° 4.53±0.48 

 
 
Effect of microwave pulse ratio on drying characteristics and physical properties of 

beetroots 
 
Microwave pulse ratio represents a ratio which is calculated by dividing the sum of the 

microwave on and off time by the microwave on time [12]. In order to determine the influence 
of microwave pulse ratio on the drying characteristics and physical properties of beetroots, 
the beetroots were dried at the slice thickness of 4 mm and microwave power density of 2.0 
W/g, and the microwave pulse ratio ranged 1, 2, 3, and 4. 

Figure 1 presents the drying curves of beetroots at different microwave pulse ratios. As 
can be seen, the moisture ratio (MR) decreased as drying process at all microwave pulse 
ratios, and the shortest drying time was obtained using the lower microwave pulse ratio (PR 
= 1).  
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Figure 1. Drying curves of the beetroots at different microwave pulse ratios 

 
 
 
The drying rates (DR) of the beetroots at different microwave pulse ratios are shown in 

Figure 2.  
It was reported that microwave drying of high initial moisture materials has three 

periods, a short heating period, a constant drying rate period and a falling drying rate period 
[19]. For beetroots dried at microwave pulse ratio of 1 (PR = 1), the whole drying process 
took place in a warm-up period (short heating period) and then showed a falling-rate phase, 
not existence of a constant drying rate period. When the microwave pulse ratios were 2, 3, 
and 4, three well-defined drying periods were evident, a short heating period, a constant 
drying rate, and a falling drying rate period. As microwave pulse ratio increased, the length 
of the constant drying rate period increased. This phenomenon could be due to the longer 
microwave off time, which provided longer rest time for better moisture and temperature 
distribution inside the sample until the following microwave on time [20]. Similar findings 
are founded in various intermittent microwave drying of  grated carrots [21] and cranberries 
[22]. 

The moisture content, water activity, drying time and rehydration ratio of beetroots at 
different microwave pulse ratios can be seen in Table 2.  
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Figure 2. Drying rate variations of beetroot as a function of moisture on a dry basis at 

different microwave pulse ratios 
 

 
 

Table 2 
Moisture content, water activity, drying time and rehydration ratio of beetroots at different 

microwave pulse ratios 
 

Microwave 
pulse ratio 

Moisture 
content, %  Water activity Drying time, 

min 
Rehydration 

ratio 
1 3.59±0.62a 0.2954±0.0152a 35.4±1.2d 5.27± 0.16ab 
2 3.69±0.48a 0.2988±0.0121a 61.8±2.4c 5.48±0.10a 
3 3.65±0.66a 0.2974±0.0176a 96.6±4.4b 5.05±0.10bc 
4 3.59±0.49a 0.2946±0.0106a 115.8±5.9a 4.94±0.08c 

*Different letters in the same column represent significant differences according to Duncan's Test (p 
< 0.05). 

 
 

Fresh beetroots had a moisture content of 92.32±1.37%, which were dried to moisture 
content of less than 4.00%. As shown in Table 2, the final moisture content of beetroots 
ranged from 3.59±0.62% to 3.69±0.48% on a wet basis, with no significant difference among 
all the microwave pulse ratios. In addition to reducing the weight and volume of materials, 
the reduction of moisture also helps increase the stability of dried products, and increases the 
service life and facilitates the transportation and storage of the product, thereby reducing 
waste and cost [23]. The water activity (aw) of dried beetroots was between 0.2946±0.0106 
and 0.2988±0.0121 (Table 2), and there was no significant difference among all the 
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microwave pulse ratios. The reduction of aw can minimize reactions of deterioration and 
growth of microorganisms, which contribute to the conservation and extension of the product 
shelf life [24]. The drying time of beetroots at different microwave pulse ratios from initial 
moisture content of 12.02 g/g to reach the desired moisture content of 0.04 g/g is shown in 
Table 2. It can be seen from Table 2 that the drying time increased significantly (p < 0.05) 
with the increase of microwave pulse ratio. The drying time with the microwave pulse ratio 
of 1 was the shortest (35.4±2.6 min), while the drying time with the microwave pulse ratio 
of 4 was the longest (115.8±5.9 min). It was found that the whole drying time increased by 
about 227.1% as the microwave pulse ratio changed from 1 to 4. 

Rehydration capacity is a major quality parameter of dried products, which indicates the 
ability of the product to maintain its original shape and reflects the degree of damage to the 
cellular during the drying process [25]. The rehydration ratio of beetroots increased with an 
increase in microwave pulse ratio from 1 to 2 and decreased with a decrease in microwave 
pulse ratio from 3 to 4. Dried beetroots at microwave pulse ratio of 2 showed the highest 
rehydration ratio (5.48±0.10) as compared to other microwave pulse ratios. At microwave 
pulse ratio values of 1 to 2, the beetroots exhibited a high degree of drying and strong ability 
to absorb water. Increasing microwave pulse ratio prolonged the off time for drying beetroots. 
Less porous structures were formed when the microwave was turned off, resulted in a reduced 
rehydration ratio [26]. Similar observation was also reported in microwave vacuum drying 
of tilapia fillets [27]. 

The results of color changes in beetroots for all microwave pulse ratios are given in 
Table 3.  

 
Table 3 

Color parameters of dried beetroots as affected by microwave pulse ratios 
 

Color  Microwave pulse ratio 
1 2 3 4 

L 48.96±0.85a 48.29±0.98ab 47.72±0.89ab 46.91±0.78b 
a 26.03 ±0.38a 24.97±0.79b 22.54±0.42c 20.98±0.15d 
b 5.27±0.23b 6.68±0.35a 5.36±0.25b 5.51±0.05b 
C 26.55±0.42a 25.85±0.84a 23.17±0.47b 21.69±0.17c 
H°  4.88±0.14a 3.58±0.11c 4.13±0.12b 3.72±0.05c 
∆E 12.49±0.91a 12.10±1.12a 12.60±0.87a 12.80±0.9a 

*Data in the same row with different letters are significantly different according 
to Duncan's Test (p < 0.05). 

 
 

Obviously, it can be seen that the L values after drying were significantly higher than 
that of fresh beetroots. The lowest L value obtained from the beetroots dried by microwave 
pulse ratio of 4, which had darker color than other microwave pulse ratios. Compared to fresh 
beetroots, a (redness) values significantly decreased after drying by different microwave 
pulse ratios. It can be seen that a (redness) value decreased with the increasing of microwave 
pulse ratio. The a values of dried beetroots were significantly affected by microwave pulse 
ratio (p < 0.05). The decrease of a value might be due to the degradation of pigments such as 
betacyanins. The highest b value (6.68±0.35) was obtained from beetroots dried at 
microwave pulse ratio of 2, which was significant higher than that of other microwave pulse 
ratios (p < 0.05). 
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The C values of beetroots dried under different microwave pulse ratios were 
significantly lower than that of fresh beetroots (see Table 1 and Table 3). Dried beetroots  at 
microwave pulse ratio of 1 showed the highest C value (26.55±0.42) as compared to other 
microwave pulse ratios. The C values of dried beetroots at microwave pulse ratio of 1 and 2 
were significantly higher than (p < 0.05) that of beetroots at  microwave pulse ratio of 3 and 
4. The lowest H° value (3.58±0.11) was obtained from beetroots dried at microwave pulse 
ratio of 2, while the highest value (4.88±0.14) was obtained from beetroots dried at 
microwave pulse ratio of 1. It has been explained that the reduction in H° value is an 
expression of more darkening color [28]. As can be seen from Table 3, microwave pulse ratio 
has no significant effect on total color change (∆E) (p > 0.05). 

As a result, the beetroots dried at microwave pulse ratio of 1 showed a greater tendency 
towards bright, red, greater color saturation and a more yellowish hue compared to the 
beetroots dried at other microwave pulse ratios. 
 

Effect of microwave power density on drying characteristics and physical 
properties of beetroots 
 

The effect of microwave power density on the drying characteristics and physical 
properties of beetroots was investigated at the microwave pulse ratio of 2 and slice thickness 
of 4 mm. Four different levels of the microwave power, namely, 260, 390, 520 and 650 W, 
were investigated. Based on the initial mass of 260 g, of the fresh beetroot slices, these values 
correspond to microwave power density of 1.0, 1.5, 2.0, and 2.5 W/g, respectively.  

 

 
Figure 3. Drying curves of the beetroots at different microwave power densities 
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The drying curves of beetroots at different microwave power densities are shown in 
Figure 3. It can be seen that the moisture ratio gradually decreased with the drying process 
under all the microwave power densities. It is obvious that the higher the power, the less time 
necessary to dry the beetroots. Higher microwave power density provides more energy for 
sublimation, thus accelerating the drying process. It reveals that drying carried out at higher 
microwave power density give shorter drying duration.  Similar results have been reported in 
microwave drying of apple slices [11] and  bitter melon [29]. 

Figure 4 shows the drying rate curves of beetroots at different microwave power 
densities.  

 

 
Figure 4. Drying rate variations of beetroot as a function of moisture on a dry basis  

at different microwave power densities 
 
 

 
The drying rate increased with the increase of microwave power density. The reason is 

that the weaker microwave radiation cannot completely penetrate the material, so the material 
dehydration starts from the adjacent part of epidermis, and then the dehydrated part forms a 
relatively tight porous network structure, which hindered the migration and removal of 
moisture. While the stronger microwave radiation can penetrate the material more effectively 
so that the material can quickly remove moisture from the inside to the outside [30].  

Results showed that intermittent microwave drying at 2.5 W/g occurred mainly in the 
falling rate period, whereas drying at lower powers resulted in relatively longer constant rate 
periods. It is clearly seen that the drying rate was an increasing trend at the early stage of the 
drying process (Figure 4). In the initial stage of drying, the inside and outside of the material 
were heated at the same time, the temperature rose rapidly, and the moisture inside the 
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material continuously migrated to the outer surface; meanwhile the outer surface was easier 
to dissipate due to evaporation and diffusion, causing a temperature gradient difference 
between the inside and the outside of the material, and the direction of the temperature 
gradient was the same as the direction of water migration, so the drying rate increased [31]. 
At 1.0 and 1.5 W/g, a relatively longer constant drying rate period was observed. In addition, 
the drying rate was in a decreasing trend (falling rate period) at the final stage of the drying 
process. After a short heating process during the early stage of drying, the drying rate at 2.5 
W/g increased to a maximum and then decreased without a distinct constant drying rate 
period. On the contrary, a relatively long constant rate period was visible at lower specific 
powers (1.0 and 1.5 W/g). In the middle of drying period, microwave heating is completely 
used for the vaporization of moisture, and the drying rate is relatively stable. At this time, the 
rate of water loss on the surface of the beetroots is equal to the rate of outward migration of 
internal moisture, so there is a constant rate period. In the later stage of drying, the free water 
in the beetroot was basically removed. At this time, the combined water is mainly contained 
in the beetroots, and the combined water is more difficult to remove, and the absorbed 
microwave energy is reduced, so the drying rate gradually decreases and enters the reduced-
speed drying stage. 

Table 4 shows the moisture content, water activity, drying time and rehydration ratio of 
beetroots dried at different microwave power densities.  

 
 

Table 4 
Moisture content, water activity, drying time and rehydration ratio of beetroots at different 

microwave power densities 
 

Microwave 
power density, 

W/g 

Moisture 
content, % Water activity Drying 

time, min 
Rehydration 

ratio 

1.0 3.60±0.42a 0.2947±0.0090a 117.0±3.8a 5.57±0.16ab 
1.5 3.68±0.44a 0.2962±0.0115a 77.4±2.9b 5.82±0.09a 
2.0 3.69±0.48a 0.2988±0.0121a 61.8±2.4c 5.48±0.10b 
2.5 3.61±0.55a 0.2951±0.0148a 53.4±2.9d 5.11±0.09c 

*Different letters in the same column represent significant differences according to Duncan's Test (p 
< 0.05). 
 
 

The final moisture content of dried beetroots ranged from 3.60±0.42% to 3.69±0.48% 
on wet basis, meanwhile, the final water activity ranged from 0.2947±0.0090 to 
0.2988±0.0121. There were no significant difference in the final moisture content and water 
activity of dried beetroots under different microwave power densities (p > 0.05). It can be 
seen from Table 4 that the drying time decreased significantly with the increase of microwave 
power densities (p < 0.05). The time to dry the beetroots reduced around 47.2% when 
microwave power density increased double (from 1.0 to 2.0 W/g), and when the microwave 
power density was 2.5 W/g, the drying time was only 45.6% of that the microwave power 
density of 1.0 W/g. The lowest drying time (53.4±2.9) of beetroots was found at microwave 
power density of 2.5 W/g.  

It was observed that rehydration ratio decreased as microwave power density increased 
from 1.5 to 2.5 W/g. The lowest rehydration ratio (5.11±0.09) occurred when the microwave 
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power was 2.5 W/g. As we known, the lower rehydration ratio, the more severe damage to 
the cell structure of the sample. 

The color changes of dried beetroots at different microwave power densities are shown 
in Table 5.  

 
Table 5 

Color parameters of dried beetroots as affected by microwave power densities 
 

Color  Microwave power density, W/g 
1.0 1.5 2.0 2.5 

L 48.60±1.20ab 49.99±1.24a 48.29±0.98bc 46.75 ±0.85c 
a 23.67±0.50b 23.30±0.67b 24.97±0.79a 23.72 ±1.13b 
b 6.76±0.33a 6.39±0.41a 6.68±0.35a 5.52±0.66b 
C 24.61±0.57ab 24.16±0.75b 25.85±0.84a 24.35 ±1.25b 
H°  3.41±0.11b 3.56±0.13b 3.58±0.11b 4.26±0.31a 
∆E 12.85±1.25ab 14.26±1.39a 12.10±1.12b 11.22±1.17b 

*Data in the same row with different letters are significantly different according to  
Duncan's Test (p < 0.05). 

 
 
Compared to fresh beetroots (Table 1), the L values of dried beetroots increased 

significantly. The lowest L value (46.75±0.85) of dried beetroots was obtained at microwave 
power density of 2.5 W/g, while the highest value (49.99±1.24) was obtained at microwave 
power density of 1.5 W/g. It can be seen from Table 1 and Table 5, the a values of beetroots 
dried at all microwave power densities were lower than that of fresh beetroots. The highest a 
value (24.97±0.79) was obtained from beetroots dried at microwave power density of 2.0 
W/g, which was significantly different from other microwave power densities (p < 0.05). The 
lowest b value (5.52±0.66) was obtained from the beetroots dried by microwave power 
density of 2.5 W/g, which was significantly different from other microwave power densities 
(p < 0.05). 

It also can be seen from Table 1 and Table 5, the C values of beetroots dried at different 
power densities were obviously lower than that of fresh beetroots. The highest C value 
(25.85±0.84) in the dried beetroots produced using the microwave power density of 2.0 W/g. 
It was observed that microwave power density of 1.0, 1.5 and 2.5 W/g had no significant 
effect on C values (p > 0.05). It can be seen from Table 5 that the highest H° value (4.26±0.31) 
was obtained from the beetroots dried at microwave power density of 2.5 W/g. When the 
microwave power densities were 1.0, 1.5, and 2.0 W/g, the effect on the H° value was not 
significant (p > 0.05). The highest ∆E value (14.26±1.39) was obtained from beetroots dried 
at microwave power density of 1.5 W/g, while the lowest value (11.22±1.17) was obtained 
from beetroots dried at  microwave power density of 2.5 W/g.  

As a result, the beetroots dried at microwave power density of 2.0 W/g showed a greater 
tendency towards red and greater color saturation compared to the beetroots dried at other 
microwave power densities. 
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Effect of slice thickness on drying characteristics and physical properties of 
beetroots 

 
To explore the effect of slice thickness on drying characteristics and physical properties 

of beetroots, the experiments were carried at microwave pulse ratio of 2, and microwave 
power density of 2.0 W/g. 

The drying curves of the beetroots at different slice thicknesses are presented in Figure 
5. The MR decreased as drying process at all slice thicknesses. As the slice thickness 
increased, the drying time required for the beetroots to reach final moisture content increased, 
and the shortest drying time was obtained at the thinnest slice thickness (2 mm). It reveals 
that drying carried out at thinner slice thickness gave shorter drying duration.  

 

 
Figure 5. Drying curves of the beetroots at different slice thicknesses 

 
 

The drying rates (DR) of the beetroots at different slice thicknesses are shown in Figure 
6. The DR of beetroots reduced with the increase of slice thickness. This may be attributed 
to the reason that thicker samples would lead to a longer migration path for the water 
molecules transferred from inner to external [11]. It is easy to see from Figure 6 that the DR 
of beetroots was higher at the beginning of drying, when the moisture content of the beetroots 
was higher. An increase in DR was observed in the initial phase for all slice thicknesses. As 
can be seen in Figure 6, the constant drying rate time was very short. The DR was gradually 
reduced until the end of drying, which is due to the reduction of the moisture available for 
removal and due to the stiffening of the product [24]. It was observed that thinner slice 
thicknesses resulted in higher DR. The same fact was observed by Dai et al. [11] on 
microwave intermittent drying of apple slices. 
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Figure 6. Drying rate variations of beetroot as a function of moisture on a dry basis at different 

slice thicknesses 
 
 

 
Moisture content, water activity, drying time and rehydration ratio of beetroots at 

different slice thicknesses are presented in Table 6.  
 

Table 6 
Moisture content, water activity, drying time and rehydration ratio of beetroots at different 

slice thicknesses  
 

Slice 
thickness, mm 

Moisture 
content, % Water activity Drying time, 

min 
Rehydration 

ratio 
2 3.67±0.66a  0.2977±0.0187a 54.6±2.9d 6.11±0.14a 
4 3.69±0.48a 0.2988±0.0121a 61.8±2.4c 5.48±0.10b 
6 3.62±0.60a 0.2957±0.0145a 78.6±2.9b 4.45±0.13c 
8 3.61±0.46a 0.2961±0.0108a 102.6±4.8a 3.85±0.05d 

*Different letters in the same column represent significant differences according to Duncan's Test (p 
< 0.05). 
 
 

The final moisture content of dried beetroots ranged from 3.61±0.46% to 3.69±0.48% 
on a wet basis, with no significant difference among all the slice thicknesses. There was no 
significant difference in the water activity of dried beetroots obtained at all slice thicknesses, 
and the final water activity was between 0.2957±0.0145 and 0.2988±0.0121. It can be seen 
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from Table 6 that slice thickness had a significant effect on drying time of beetroots. The 
drying time of beetroots increased significantly with the increase of slice thickness (p < 0.05). 
The time to dry the beetroots increased around 87.9 % when slice thickness increased 
quadruple (from 2 to 8 mm). In other words, the drying time of beetroot slices with a thickness 
of 2 mm was only 53.2% of that of beetroot slices with a thickness of 8 mm.  

It was observed that the rehydration ratio was significantly influenced (p < 0.05) by the 
slice thickness (Table 6), in which the higher slice thickness resulted in lower rehydration 
ratio. The highest rehydration ratio (6.11±0.14) was obtained from beetroots with a slice 
thickness of 2 mm, while the lowest value (3.85±0.05) was obtained from beetroots with a 
slice thickness of 8 mm. The rehydration ratio of beetroot slices with a thickness of 8 mm 
was only 63% that of beetroot slices with a thickness of 2 mm. 

The color parameters of dried beetroots at different slice thicknesses are shown in Table 
7.  

 
Table 7 

Color parameters of dried beetroots as affected by slice thicknesses 
 

Color Slice thickness, mm 
2 4 6 8 

L 50.46±0.61a 48.29±0.98b 49.72±0.53ab 48.84±1.49b 
a 26.47±0.23a 24.97±0.79b 22.32±0.56c 21.99±0.61c 
b 6.44±0.13b 6.68±0.35b 8.72±0.41a 8.35±0.43a 
C 27.24±0.26a 25.85±0.84b 23.96±0.67c 23.52±0.71c 
H° 4.03±0.06a 3.58±0.11b 2.43±0.07c 2.51±0.09c 
∆E 13.83±0.62a 12.10±1.12b 14.63±0.55a 13.98±1.34a 

*Data in the same row with different letters are significantly different according 
to Duncan's Test (p < 0.05). 

 
 
The L values for all slice thicknesses were in the range of 48.29±0.98 to 50.46±0.61, 

which were higher than that of fresh beetroots (see Table 1). The maximum L value appeared 
in beetroots with a thickness of 2 mm. It was observed that increasing slice thicknesses 
decreased a value. The decrease in values of a was caused by the degradation of pigments 
such as betacyanins. 

The lowest a value (21.99±0.61) of dried beetroots was obtained at 8 mm, compared 
with dried beetroots of other slice thicknesses. The b values of dried beetroots with different 
thicknesses were higher than that of fresh beetroots. The largest b value (8.72±0.41) occurred 
when thickness of the beetroots was 6 mm. 

It has been reported that C value is a good illustration of the amount of color, can 
distinguishing vivid and dull color [32]. Compared to fresh samples, the C values of dried 
beetroots at different slice thicknesses were significantly reduced. It can be seen from Table 
7 that the increase in slice thickness led to a decrease in C value. The lower C value of dried 
beetroots at 8 mm indicated less saturation and a duller appearance compared with dried 
beetroots in other slice thicknesses. The H° values of dried beetroots showed a significant 
decrease as the slice thickness increased from 2 to 6 mm, and lower than that of fresh 
beetroots. The H° value of dried beetroots with a thickness of 6 mm was the lowest 
(2.43±0.07). The highest ∆E value (14.63±0.55) was obtained from beetroots dried at slice 
thickness of 6 mm, while the lowest value (12.10±1.12) was obtained from beetroots dried at 
slice thickness of 4 mm.  



─── Food Technology ─── 

──Ukrainian Journal of Food Science.  2021.  Volume 9. Issue 1 ── 45 

As a result, the dried beetroots with thickness of 2 mm showed a greater tendency 
towards bright, red, greater color saturation and a more yellowish hue compared to the dried 
beetroots of other slice thicknesses. 

 
 

Conclusion 
 

− The effects of microwave pulse ratio, microwave power density and slice thickness 
were significant on the drying rates, drying time, rehydration capacities and color 
quality; 

− The moisture ratio decreased as drying process at all drying treatments; 
− The short heating (warm-up) periods, approximately constant rate drying periods and 

falling rate drying periods were found in all the drying rate curves, except for the 
microwave power density of 2.5 W/g; 

− The drying time decreased with increasing microwave power density, while increased 
significantly with the growth of microwave pulse ratio and slice thickness;  

− There was no significant difference in the final moisture content and water activity of 
dried beetroots under all the microwave drying conditions;  

− The rehydration ratio decreased with the increase of slice thickness (from 2 to 8 mm), 
microwave power density (from 1.5 to 2.5 W/g), and microwave pulse ratio (from 2 
to 4); 

− All the beetroots after intermittent microwave drying had lower values of a and C, 
and higher values of L than fresh beetroots; 

− Considering drying characteristics and physical properties of beetroots, and energy 
consumption, fresh beetroot slices with 2 mm dried at microwave power density of 
2.0 W/g and microwave pulse ratio of 2 were proposed as the most economic and 
favorable drying conditions. 
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