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Microwave air spouted drying arranged in two and three-stages was used to improve the drying uniformity, energy efﬁciency and product quality (color, aroma, taste and rehydration capacity) of carrot
cubes. The two and three-stage drying arrangements were designed making use of the information
obtained from drying curves of single-stage microwave air spouted drying. The carrot cubes dried using
the two and three-stage microwave air spouted drying had retention of color, chlorophyll and carotenoids contents and higher rehydration capacity. They also had better drying uniformity in terms of
moisture content, product temperature and sample size. The two and three-stage drying arrangements
had signiﬁcantly higher material loading capacity and energy utilization ratio. The carrot cubes dried
using these two drying arrangements had better ﬂavor and taste after drying as well as after rehydration.
Thus the two and three-stage arrangements had advantages over single-stage microwave air spouted
drying in terms of product quality and energy efﬁciency.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Drying is one of the oldest and the most commonly used
methods of preservation of fruits, vegetables and aquatic products
as it lowers water activity and extends shelf-life (Zhang et al.,
2006). Drying is also regarded as the most energy and time
consuming process when applied to food materials as they have
low thermal conductivity (Ratti, 2001). Different drying methods
are used to dry different food materials; however, each drying
technique has its own advantages and drawbacks. Many conventional drying methods such as hot air, vacuum, and freeze-drying
result into low drying rates, especially in the falling rate period of
drying (Clary et al., 2005). The long drying times at relatively high
temperatures prevailing during the falling rate period often lead to
undesirable thermal degradation of the dried products.
In order to address the limitations of conventional drying
methods, new drying methods and dryers with new heating source
have been investigated and developed in last few decades.
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Microwave is more efﬁcient and more broadly applied among these
novel technologies. The absorption of microwave energy can make
polar molecules (water, fat, carbohydrates, alcohol etc.) change
their position and generate heat. Water in food is the primary
component responsible for dielectric heating. Due to their dipolar
nature, water molecules attempt to follow the electric ﬁeld which
alternates its direction at very high frequencies. Such rotations of
the water molecules generate heat (Zhang et al., 2010). There is an
increased interest in application of microwave in drying of fruits
and vegetables and the ﬁndings of many of such studies have been
reported. Khraisheh et al. (2004) evaluated the retention of ascorbic
acid in potatoes dried using microwave and convective drying.
Potatoes dried under microwave radiation retained much higher
amount of ascorbic acid as compared with air-dried samples. Askari
et al. (2006) studied the effect of hot air and microwave drying on
the rehydration characteristics of apple slices. The rehydration rate
of air-dried, freeze-dried and microwave-dried apple slices was
4.04, 4.84 and 6.76, respectively. Alibas (2007) studied the efﬁcacy
of hot-air, microwave and combined hot air-microwave drying
methods on pumpkin slices and showed that the energy consumption in the combined hot air-microwave drying was the
lowest among these three drying methods. Soysal (Soysal et al.,
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2006) studied the kinetics and energy consumption during the
microwave drying of parsley leaves. They showed that the Midilli
et al. (2007) model ﬁtted the moisture history data and predicted
the drying rate data quite accurately. They also showed that the
increase in the sample loading to an appropriate range improved
the drying efﬁciency.
Despite the fact that the microwave assisted drying provides
higher drying rate and energy efﬁciency compared to the conventional hot air drying; however, the non-uniformity in drying caused
by uneven spatial distribution of the electromagnetic ﬁeld inside
the drying chamber still remains one of the most important limitations in microwave drying process (Yan et al., 2010). This nonuniformity leads to hot and cold spots within the dried products
and negatively impacts the quality of the dried product and also
raises the food safety concerns (Vadivambal and Jayas, 2008).
Currently there are two approaches to address the non-uniformity
issue encountered in microwave-assisted drying: 1) improving the
uniformity of electromagnetic ﬁeld in the microwave cavity; 2)
improving the absorption uniformity of microwave energy by
causing the physical movement of the material within the microwave cavity (Li et al., 2011). The second approach is more effective
than the ﬁrst in enabling inform absorption of microwave energy
by the samples. When the sample is randomly or systematically
moved or displaced during drying, the uniformity of drying can be
signiﬁcantly improved. Such a movement can lessen the dependence on the uniformity of distribution of electromagnetic ﬁeld and
the time/space-averaged microwave energy absorption can be
considered to have the same probability. For example, the uniformity of microwave heating can be signiﬁcantly improved by
combining it with spouted bed or ﬂuidized bed if the material to be
dried is of particulate nature. Kaensup et al. (2002) designed and
used a microwave-vacuum-rotary drum dryer in which the particulates moved and mixed well as the drum rotated, which effectively overcame the uneven distribution of electromagnetic ﬁeld.
Experiments with red chili showed that the rotation of the drum in
this dryer produced high quality dried product; while, the chili
sample was thermally deteriorated when the drum was not rotated.
Feng and Tang (1998) dried apple slices in a microwave-spouted
bed dryer to determine uniformity of temperature in the apple
slices and the quality of the dried product. The results showed that
the combination of the microwave irradiation with spouting
reduced the drying time by 88%. Due to the unique hydrodynamics
of the spouted bed, the slices were effectively mixed and the spatial
temperature variation remained within ±1.4  C during most of the
drying and reached ±4  C at the ﬁnal drying stage. The microwaveassisted spouted bed dryer was applied by Liu et al. (2012) in drying
potato-based snacks food and produced dried products with better
texture, color and dehydration ability. The efﬁcacy (in terms of
rehydration and texture) of the microwave-assisted spouted bed
drying was compare with other methods, such as hot-air drying
and microwave vacuum drying (Mothibe et al., 2014; Zhang et al.,
2012). The above research indicates that the microwave-assisted
ﬂuidized or spouted bed drying is effective method in minimizing
the uneven heating associated with dryers using microwave
energy.
In the above context, the objectives of this study were to (1)
design two-stage and three-stage microwave air spouted drying
arrangements which would achieve better drying uniformity, increase energy efﬁciency and improve product quality; (2) investigate the quality and characteristics of carrot dried and rehydrated
cubes obtained from these two and three-stage drying arrangements; (3) study the drying uniformity of samples of obtained from
these drying systems.
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2. Materials and analysis methods
2.1. Materials
Carrots were purchased from a local supermarket in Wuxi,
China. They were washed, peeled, sliced to cubes of 9  9  9 mm3,
then blanched in a water-bath at 95 Cfor 5 min. The blanched
samples were immediately cooled in chilled water to avoid over
processing and the water was subsequently drained water. The
initial moisture content of the blanched samples was 14.87(±0.03)
g/g dry solids.
2.2. Drying experiments
A laboratory-scale microwave air spouted dryer, developed at
State Key Laboratories of Food Science and Technology was used for
drying the carrot cubes. A schematic diagram of the two and threestage drying arrangements is shown in Fig. 1. The system consists of
the following four basic components: (1) a cylindrical multimode
microwave cavity (stainless steel, 40 cm outer diameter and 200 cm
height), (2) three microwave generators (at 2450 MHz) distributed
symmetrically along the microwave cavity height, (3) a pulsespouted system, a pressure compressor providing the required
pulsed air ﬂow, (4) a control system.
This system of two and three-stage drying was comprised of
different numbers of microwave chambers. In the case of threestage drying, the drying system was comprised of 7 microwave
chambers were arranged in three stages shown schematically in
Fig. 1. The ﬁrst, second and third stages contained four, two and one
microwave chambers, respectively. The same amount of material
was loaded in each chamber during microwave drying. When the
samples were dried in all the four microwave chambers of the ﬁrst
stage for a given length of time, they were mixed and transferred to
the two microwave chambers of the second stage. Finally, the
samples from the second stage were transferred to the third stage
which contained only one microwave chamber. The two-stage
drying system contained three microwave chambers, two in the
ﬁrst stage and one in the second stage, respectively. The efﬁcacy of
these two microwave drying systems was compared with microwave air spouted drying system which had only one microwave
chamber.
The carrot cubes were dried using above mentioned drying
systems until the ﬁnal moisture level was below 0.1 (g/g, d.b). The
original weight of blanched carrot cubes for drying is 400 g. The
microwave power in the case of the microwave spouted bed dryer
was maintained at 800 W. An air compressor was used to provide
the required pulsed air at ambient temperature (25  C). The
spouting was operated in a cycle of open for 2 s and close for 4 s.
The hydrodynamic motion of the sample in the drying cavity was
achieved by using this pulsed air ﬂow. The velocity of air ﬂow was
determined as a function of the height of the material in the bed.
2.3. Determination of moisture content
Moisture content of the samples was measured using the oven
method (GB/T8858-88, National Standard of China). The samples
were dehydrated in an oven at 105  C until they achieved their
constant mass. The mass values of each sample before and after
dehydration were measured gravimetrically. The moisture content
of samples was calculated by using equation (1):

xt ¼

mt  md
md

(1)

where, xt is the moisture content at time t on dry basis (g/g, d.b), mt
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Fig. 1. a. Schematic diagram of microwave air spouted dryer system. 1, water pump; 2, circulating water unit 3, water load; 4, electromagnetic valve; 5, adjustable valve 6. air
compressor; 7. control panel; 8. microwave power source; 9. drying chamber; 10. feeding ball valve. b. Schematic diagram of two and three-stage drying arrangement.

is the mass (g) of material at time t, md is the dry mass of the
material.
2.4. Determination of color parameters
The color attributes of dried carrots in terms of L*,a*, and b*
values were measured using a CR-400 colorimeter (Konica Minolta
Co., Tokyo, Japan) which was calibrated with a white standard
board. The color difference (DE) [equation (2)] was used to describe
the color change during drying and was calculated using the color
values of fresh carrots as the control.

DE ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
2
ðL0  L* Þ þ ða0  a* Þ þ ðb0  b* Þ

(2)

L*, a* and b* color parameters represent brightness to darkness,
redness(þ) to greenness(), and yellowness(þ) to blueness(),
respectively. The reported color parameters are mean values of 6
measurements.
2.5. Measurement of dehydration ratio
The rehydration ratio of dried samples was determined by

immersing them in water heated to 95  C for 10 min. The samples
were then drained and blotted with a paper towel. The weight of
dried and rehydrated samples was measured with an electric balance with a sensitivity of ±0.001 g. The rehydration ratio (RR) of the
samples was calculated using equation (3).

RR ¼

mf
mo

(3)

where, mf and mo are the mass values of rehydrated and dried
carrot samples, respectively.

2.6. Determination of texture parameters
The textural properties (hardness and springiness) of the dried
samples after rehydration were determined using a texture
analyzer (TA-XT 2, Stable Micro Systems, Ltd., Surrey, UK). All of
these tests were carried out at ambient temperature (25  C) using a
stainless steel cylindrical probe (P5). A two-compression or twobite test was performed to compress the original height to 50%.
The time between these two compressions was 3s. Force-time
deformation curves were obtained with a 5-kg load cell applied
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at pre-test speed ¼ 1 mm/s, test speed ¼ 0.5 mm/s, post-test
speed ¼ 10 mm/s, and trigger force ¼ 5 g. The hardness (peak
force of the ﬁrst compression cycle) and springiness (elasticity or
the height that the food recovers during the time that elapses between the end of the ﬁrst bite and the start of the second bite) of
the rehydrated product and original control were measured.

2.7. Drying uniformity measurement
An infrared thermal imaging camera (IRI 4010 Multipurpose
Imager, IRISYS, U.K.) was used to determine the temperature distributions of carrot cubes during microwave-spouted bed drying.
The samples were removed from the drying chamber and immediately placed under the camera for determination of the temperature distribution. The entire batch of sample was discarded once
the temperature distribution was measured. Another batch of
sample was dried similarly to the next set time of time, thermal
imaging was carried out and the sample was discarded. This procedure of temperature distribution was followed for the set times
covering the entire drying.
The uniformity of dried samples was assessed in terms of deviation in temperature, moisture content and shrinkage. Six cubes
were randomly selected for moisture measurements after each
batch of drying and ﬁve batches were tested during the drying
course. The size of carrot cubes after rehydration was selected as yet
another parameter to measure drying uniformity. Five cubes were
randomly selected in each batch for rehydration tests and their size
was measured using a Vernier caliper (Shanghai Nine Volume
Hardware Tools Co., Ltd., Shanghai, China) with a precision of
0.02 mm. Apart from the thermocouple measured temperature
measurement thermal imaging was carried on the samples to
determine the heating uniformity. Ten randomly selected points
were imaged to record the temperature. The maximum temperature variation, which represented the heating uniformity, was
calculated in these points. The thermal images of two-stage drying
arrangements were taken at 45 min interval. And the thermal images of three-stage drying arrangements were taken at the interval
of 25 min and 45 min.

2.8. Determination of chlorophyll and carotene contents
Chlorophyll content is an important indicator of quality in dried
green vegetables. Chlorophyll can be dissolved in 80% acetone or
95% ethanol. In this research, samples were ground in 95% ethanol.
Chlorophyll content was determined by following ARNON method
using a UV2600 spectrophotometer at 663 and 645 nm. The chlorophyll a and chlorophyll b contents of samples were calculated
using Eq. (4) and Eq. (5), respectively.

Chla ðmg=gÞ ¼ ð12:71A663  2:59A645 Þ 

v
 1000
w

(4)

Chlb ðmg=gÞ ¼ ð22:88A645  4:67A663 Þ 

v
 1000
w

(5)

where, A663 and A645 represent the absorption at 663 nm and
645 nm, respectively. v and w represent the volume of the solution
and the mass of sample in the solution, respectively. Carotene was
extracted and analyzed by using the modiﬁed AOAC method
described in Cui et al. (Cui et al., 2004) The carotene content
including a-carotene and other carotenoids was expressed as bcarotene. The b-carotene content of the carrot samples was determined quantitatively by its absorbance at 452 nm.
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2.9. Detection of volatile compounds
An electronic nose (ISENSO Company, China) was used to detect
aroma signals in the samples. The volatile compounds detected by
the electronic nose were expressed in terms of retention times and
peak areas, which represented the type and quantity of each
compound. The sensor array was composed of 14 metal oxide
semiconductor (MOS) type chemical sensors: MOS1 (S1, aromatic),
MOS2 (S2, nitrogen oxides), MOS3 (S3, sulfur-organic), MOS4 (S4,
organic acid ester), MOS5 (S5, biosynthesis of terpene and ester),
MOS6(S6, lentionione), MOS7 (S7, aliphatic hydrocarbons), MOS8 (S8,
ammonia), MOS9 (S9, hydrogen), MOS10 (S10, hydrocarbons), MOS11
(S11, TVOC), MOS12 (S12, sulﬁde), MOS13 (S13, ethylene), MOS14 (S14,
other compound). When the sensors are exposed to the volatile
compounds of the sample, the G/G0 (G is sensor electric conductivity of sample and G0 is sensor electric conductivity of benchmark
gas nitrogen) deviates away from 1. The G/G0 values of 14 sensors
were recorded as the response data for further statistical analysis.
In these tests, a sample (9 g each) was transferred into a 50 ml
glass bottle, sealed with plastic wrap for 15 min to ensure enough
headspace volatiles for detection. Samples were detected by electronic nose immediately. The test lasted 140 s, which was long
enough for the sensors to acquire stable signals. After each test,
cleaning gas (nitrogen) was pumped into the sample gas path for
120e240 s, to normalize the sensor signals. During sampling, the
sample gas was transferred into the sensor chamber at a ﬂow rate of
1L/min and signal was detected every second. The temperatures of
the sample gas detection chamber of the electronic nose were same
as that of the ambient. These tests were carried out in triplicate.
2.10. The voltammetry electronic tongue
The electronic tongue was composed of several different
metallic electrodes (platinum, gold, palladium, titanium, nickel,
etc.) as working electrodes. Metal wires with a diameter of 2.0 mm
and 99.9% purity served as the working electrodes. An Ag/AgCl
electrode was used as reference electrode (saturated KCl, diameter
2 mm) and a platinum electrode with 5.0 mm length and 1 mm
diameter was used as a counter electrode. A 6-channel device
known as “Multifrequency large amplitude pulse scanner, MLAPS”
and built at the Sensory Science laboratory of Zhejiang Gongshang
University and was used as a potentiostat. This instrument was
programmed and operated using a personal computer. This MLAPS
creates and controls the pulses/steps on the working electrodes and
enables these electrodes to work consecutively one by one in threeelectrode conﬁguration. The PC is used to program and control the
pulses and to measure and store the current responses. A thermostated water bath was to maintain the temperature of the cell.
The rehydrated carrot cubes were converted into pulp and the
pulp was heated to 95  C for 15 min in a water bath. The heated
pulp was immediately cooled to the room temperature. The tasteﬂavor proﬁle of the pre-treated pulp was measured using the voltammetry electronic tongue. The voltammetry electronic tongue
consisted of six sensors: AAE (umami), CTO (saltiness), CAO (sourness), COO (bitterness), AE1 (astringency), GL1 (sweetness). These
taste-ﬂavor signals were compared with the reference solution
(30 mM potassium chloride þ 0.3 mM tartaric acid).
2.11. Statistical analysis
Data was analyzed using SPSS software (SPSS 17.0, IBM, Chicago,
IL, USA). Difference among the mean values compared using the
ANOVA procedure. The difference between any two mean values
was considered signiﬁcant at 95% conﬁdence level (p<0.05).
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3. Result and discussion

0.5

3.1. Drying curves

Drying rate g/g (d.b.)/min

0.4

The moisture content-time and drying rateetime proﬁles
shown in Fig. 2 indicated that the entire drying occurred in the
falling drying rate period. This result agrees with the earlier report
of Feng et al. (1999) that the constant drying rate period was not
observed in drying of apple using a microwave and spouted bed
dryer. Two falling drying rate periods were observed as shown in
Fig. 2. The ﬁrst falling rate period was observed closed to the
moisture content of 5.0 (g water/g dry solid). The second falling rate
period was observed at moisture contents less than 1.7 (g water/g
dry solid). This is similar with the earlier reports on the drying of
apples (Feng et al., 1999) and peach (Wang and Sheng, 2006). The
moisture contents 5.0 and 1.7 (d. b.) were two critical moisture
values drying rates fell sharply. In order to improve the drying efﬁciency during the falling rate period, the time of relatively high
dehydration rate have to be extended.
Based on the information obtained from Fig. 2, the moisture
content 1.7 (g water/g dry solid) and the corresponding drying time
of 45 min was chosen as the transfer point of two-stage drying. The
moisture content of 5.0 (g water/g dry solid) was also chosen as the
other transfer point for three-stage drying. As can be observed from
the Fig. 3, the entire drying occurred in the falling rate period even
in the two and three-stage drying. However, during the middle and
later stage of drying, under the same moisture content (d.b.), the
drying rate was higher compared to microwave air spouted drying.
The reason for this may be that due to the uniform distribution of
microwave chambers, it improved the absorption uniformity of
microwave energy, which accelerated the process of mass and heat
transfer of stage-drying arrangements. In addition, throughout
stage-drying arrangements process, no vapor condensation
occurred on the chamber wall, which may consume more microwave energy. According to the analysis above, the increase of material load, which could improve the absorption efﬁciency of
microwave energy, can be used for multi-stage dryers. Because the
magnitude of dielectric properties decreases as the moisture content decreases. When the magnitude of the dielectric properties is
low it results in to decrease in the conversation of microwave energy into heat as the drying proceeds (Feng et al., 1999). Under the
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Fig. 3. Drying rateetime proﬁle of carrot cubes obtained from micorwave air spouted
bed drying and two and three-stage drying.

same moisture content (d.b.), the drying rate was higher in the
multi-stage dryers. In order to enhance the increase of the efﬁciency to absorb microwave energy in the multi-stage dryers, the
method increase of material load could be used during the middle
and later stage of drying, which resulted in the increase of moisture
content.

3.2. Color
Color is one of the most important quality attributes that inﬂuences the general acceptability of products by the consumers
(Xiao et al., 2014). The pigments are the chemical compounds that
impart the observed color. The color parameters L*, a*, b* were used
to assess the effect drying on color of the carrot samples. The color
parameters of rehydrated material were also measured in order to
estimate the reversibility of changes in color. Compared to the fresh
carrots, the color parameters were signiﬁcantly (p < 0.05) affected
by all the drying methods tested (Fig. 4). However, the color parameters of samples dried using two and three stage drying
methods were not signiﬁcantly different (p > 0.05). The color of
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Fig. 2. Moisture content-time and drying rateetime proﬁles of carrot cubes obtained
using single-stage micorwave air spouted bed drying.
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Fig. 4. Effects of two-stage and three-stage drying methods on color of dehydrated
carrot cubes.
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samples dried using the three-stage drying methods were closest to
those of the fresh carrots compared to the two stage and microwave
spouted bed dryer. Interestingly, the samples produced using all
these drying methods had positiveDa values, which implied that
the dried carrots had more redness than the fresh sample. This
might be due to the preservation and concentration of red pigments by these drying methods. It was also reported earlier that the
samples dried at higher temperatures had higher Da value than
those dried at lower temperatures (Feng et al., 1999). In the case of
microwave air spouted batch drying, DL values of samples dried
using two-stage drying were lower while Da values were higher
compared to the fresh sample. Similar trend of change of color
parameters was observed in samples dried using three-stage drying. The dehydrated carrot cubes showed slightly more intense red
color, which is preferred. It can be observed that rehydration
signiﬁcantly (p < 0.05) inﬂuenced the two quality indicators a*and
b* while the L* was only marginally affected. There was a signiﬁcant
increase of the yellowness in the rehydrated samples (Fig. 5)
compared to the fresh sample. These results indicated that rehydrated carrots had different color compared the fresh carrot and
that the rehydration did not recover the original color.
3.3. Surface temperature and distribution
Due to high energy absorption and high drying rates, it is easy to
cause localized overheating in samples during microwave drying.
This overheating can cause severe thermal damage to the quality of
ﬁnal product. The overheating also makes it difﬁcult to control the
drying process. Fig. 6 shows that the sample temperature remained
relatively stable in the ﬁnal stage of the three drying methods. This
is due to the fact that heat energy generated by the microwave was
balanced by the increased evaporative cooling (Wang et al., 2013).
The high surface heat and mass transfer rates provided by the
vigorous pneumatic agitation of spouted bed ensured that the heat
generated by microwave energy was counterbalanced by the rate of
heat removal. Besides, a small drop in sample temperature was
observed during the later stage of drying which can be attributed to
the convective cooling of the inlet air (25  C). The introduction of air
in the later stage of drying increased the heat transfer and reduced
the material surface temperature. A similar temperature-time
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Fig. 5. Effects of microwave air spouted bed and two and three-stage drying methods
on color of rehydrated carrot cubes.
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Fig. 6. Effect of microwave air spouted bed drying and two and three-stage drying on
the mean temperature of carrot cubes.

proﬁle was reported in apple slices when dried using microwavespouted bed (Feng and Tang, 1998).
The thermal images of samples obtained from these three drying methods at different time are presented in Fig. 7. As expected,
the microwave air spouted drying method had much better performance in terms of temperature uniformity of the samples indicating that the air ﬂow improves the uniformity of microwave
drying. When the carrot cubes were spouted by the inlet air, the
random movement of the cubes during drying lessened the need to
depend on the electromagnetic ﬁeld distribution. Thus, the air
spouting resulted into better time and space-averaged absorption
of microwave energy by the samples. Moreover, the air spouting is
capable of taking excess heat from the sample fairly quickly which
helps to avoid the overheating caused by the uneven heating of
microwave.

3.4. Chlorophyll and total carotene content
The carotenoids and chlorophyll contents are important parameters determining the quality of dried green and highcarotenoid vegetables. Carotenoids and chlorophyll are sensitive
to heat and oxygen. The temperature and oxidation are major
causes of degradation of carotenoids. This is because high temperature makes them more susceptible to oxidative reaction as well
as to isomerization of the trans-carotenoids to the less intensely
colored cis-forms (Cui et al., 2004) The effects of the three drying
methods on chlorophyll a, chlorophyll b and total carotenoids
content are presented in Fig. 8. The results showed that the samples
dried in the three-stage drying retained highest amount of total
carotenoids (0.272 mg/g) followed by two-stage (0.266 mg/g) and
conventional microwave air spouted drying (0.244 mg/g). The
retention of chlorophyll a and chlorophyll b by these three drying
methods was signiﬁcantly (p < 0.05) different; the three stage
retained the most, followed the two stage and the conventional air
spouted microwave drying. Due to high energy absorption and high
drying rates in the middle stage of drying, it is easy to cause some
high temperature areas on the surface of the material, which is not
conducive to maintain product quality. The high microwave power
in all these drying methods caused increase of the temperature of
the sample above the its degradation temperature of chlorophyll
(Wang and Xi, 2005).
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Fig. 7. Thermal images of carrot cubes dried using microwave air spouted bed, two and three-stage drying captured at different times; (a): microwave air spouted drying (75 min);
(b): two-stage drying (45 min); (c): two-stage drying (75 min); (d): three-stage drying (25 min); (e): three-stage drying (45 min); (f): three-stage drying (75 min).

3.5. Drying uniformity
As shown in Fig. 7 the surface temperature of the samples
subjected to air spouted microwave drying was uniform and the
maximum temperature difference between the highest and the
lowest temperatures at any given time was 3.7  C. This degree of
uniformity of temperature might be due to the introduction of air at
ambient (25  C) temperature which causes the random three
dimensional movements of samples in the electromagnetic ﬁeld.
This movement alleviates the effect of non-uniform distribution of
electromagnetic ﬁeld to the samples. As shown in Table 1, the
maximum temperature variations in two-stage drying (at 45 min)
three stage drying (25 min) and air spouted microwave drying
(75 min) were ±4.2  C,±3.7  C, respectively. Thus, the spouting
caused by the air during microwave drying not only lowered the
surface temperature of samples but also offered the better drying
uniformity. We also used the mass (Table 2) of dehydrated cubes
and size (Table 3) of rehydrated cubes to further assess the uniformity of drying. The standard deviation in the mass of dehydrated
carrot cubes (three-stage) was ±0.0030 g, while the standard

deviation in the size of the rehydrated cubes was ±0.033 cm. These
low standard deviation values indicated that the microwave
spouted air drying either in single stage or in two or three stages
can bring high level of uniformity in drying.
3.6. Flavor and taste
Aroma is one of the most important quality attributes of food;
however, it is often lost, altered or even destroyed during processing which can result in an unaccepted product (Li et al., 2010).
Fig. 9 shows the aroma of dehydrated carrot cubes obtained from
sensors of the electronic nose. The signals of sensors S2, S5 and S11
(Fig. 9) were high, which meant that these three sensors were
sensitive to the aroma of the samples. The change in the response
signals also indicated that the concentration of some volatile
compounds of dehydrated carrots changed over time. A total of 34
aroma compounds were identiﬁed in these samples out of which
the terpenoids accounted for about 97% of volatiles in raw carrot
(Alasalvar et al., 2001). The response signal of S5 which represented
the biosynthesis of terpene and ester was the highest. The S5 signal
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Fig. 9. Response radar plot of aroma signals obtained using the electronic nose instrument. The carrot cubes were dehydrated using microwave spouted air, two-stage
and three-stage drying methods.

Fig. 8. Effects of different air spouted microwave and two and three stage drying
methods on the chlorophyll and total carotenoid contents of dehydrated carrot cubes.

Table 1
The maximum temperature variation of carrot cubes during dried using air spouted microwave, two and three-stage drying methods and times.
Drying method

1

2

3

4

5

6

7

8

9

Maximum temperature variation ( C)

Microwave air spouted drying (75 min)
Two-stage drying (45 min)
Three-stage drying (25 min)

51.8
54.9
53.3

51.3
56.6
53.6

51.6
56.7
51.3

50.9
57.8
52.9

53.9
56.4
53.8

54.6
59.1
54.1

52.6
56.3
55.4

52.2
59.0
54.5

51.2
59.3
54.6

±3.7
±4.4
±4.1

Table 2
The mass (g) and standard deviation of 6 randomly selecteddehydrated carrot cubes.
Drying method

1

2

3

4

5

Standard deviation

Microwave air spouted drying
Two-stage
Three-stage

0.2718
0.2880
0.2825

0.2750
0.2908
0.2876

0.2633
0.2942
0.2899

0.2579
0.2896
0.2892

0.2705
0.2843
0.2856

±0.0069
±0.0036
±0.0030

Table 3
The size (cm) and standard deviation of 5 randomly selected rehydrated carrot cubes.
Drying method

1

2

3

4

5

Standard deviation

Microwave air spouted drying
Two-stage drying
Three-stagedrying

0.692
0.754
0.742

0.688
0.696
0.714

0.674
0.708
0.764

0.682
0.736
0.732

0.632
0.776
0.678

±0.024
±0.033
±0.032

was higher in samples dried using two-stage drying than it was in
sample dried using air spouted microwave drying. This difference
can be explained as a result of different degree of loss due to the
evaporation and/degradation of more volatile compounds (Soria
et al., 2008). The response signal S11 shows that there was significant increase of proportion of aldehydes in aromatic compounds in
dried samples. It has been reported earlier that the concentration of
2,3-butanedione, 2-methylbutanal, acetone, butanal, butanone and
hexanal (Soria et al., 2008) increased in dried samples (4e7%
moisture) compared to those in fresh carrots (Duan and Barringer,
2012). The response signal S2 indicated the concentration of nitrogen oxides and the lower the response value the better was the
ﬂavor of dehydrated carrot cubes. The data shown in Fig. 9 suggested that the dehydrated carrot cubes dried using the three-stage
drying had better ﬂavor.
The electronic nose is not only a fast and non-destructive
method of sensing aroma, but it is also able to distinguish

 mez et al., 2006). We used
between different stages of ripeness (Go
the principal component analysis (PCA) and linear discriminant
analysis (LDA) to determine whether the electronic nose was able
to distinguish the difference among rehydrated carrot cubes. The
outcomes of the PCA and LDA analyses are shown in Fig. 10. Fig. 10
(a) shows a clearer discrimination among the various clusters
representing the dried carrot cubes. Each group could be clearly
distinguished from the other using the PCA analysis. The ﬁrst
principal component (PC1), explained 99% of the total variation,
while 0.5% of the total variance was explained by PC2. The system
had enough resolution to explain the most of the original data. The
LDA analysis was applied to the same dataset. The high value of
differentitation index (DI) (90.1) showed that the various clusters of
dried carrot cubes were clearly discriminated and classiﬁed [Fig. 10
(b)]. The S8 sensor was the most sensitive in detecting the ammonia
content in rehydrated carrot cubes and higher S8 signals indicated
to the adverse effect of drying. The S8 value of rehydrated carrot
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Fig. 10. PCA (a) and LDA (b) plots of rehydrated carrot cubes dried using air spouted microwave and two-stage and three-stage drying methods.

cubes produced by the three-stage drying was found to be the
lowest. Thus, the carrot cubes obtained from the three-stage drying
were found to be the best in terms of ﬂavor.
In taste assessment in food and pharmaceutical industries is
carried out using human panelists. Due to low objectivity and
recognition and high cost, the human-panel based sensory evaluation method is problematic. The application of taste sensors is
expected to largely improve this situation. The voltammetry electronic tongue is capable of mimicking the human taste sensors and
their communication with the human brain and is able to effectively reproduce the taste sensation (Ha et al., 2015). As shown in
Table 4, the most important taste characteristics of rehydrated
carrot cubes were umami, saltiness and bitterness in decreasing
order. Compared with the reference solution (30 mM potassium
chloride þ 0.3 mM tartaric acid), the umami value of rehydrated
carrot cubes was 3.73 (Table 4), which indicated that the rehydrated
carrot cubes tasted better. This may be due to the fact that the
drying time was short and the sample temperature was also not
high enough to negatively impact the taste of the samples

negatively. It can be concluded from the above analysis that the
rehydrated carrot cubes of obtained from stage-drying arrangement had the better taste.
3.7. The quality and characteristic of rehydrated carrot cubes
Rehydration tests are carried out to evaluate the quality of dried
samples including the physical and chemical changes in the
structure and composition of the smaple (Krokida and Maroulis,
2001). The rehydration ratio of carrot cubes dried by microwave
air spouted drying is shown in Table 5. Compared with other
methods (Feng and Tang, 1998), the carrot cubes dried by microwave air spouted drying had a good rehydration capability. This can
be explained by the rapid evaporation of moisture by microwave
heating which produced porous structure in dried cubes (Yan et al.,
2010). This porous structure in dried samples favors faster and
better rehydration in products. The springiness values of the
rehydrated cubes produced by using air spouted microwave and
two and three stage-drying were 0.816, 0.795 and 0.862,

Table 4
The taste characteristics of rehydrated carrot cubes obtained using voltammetry electronic tongue.
Sample

Sourness

Bitterness

Astringency

Aftertaste-B

Aftertaste-A

Umami

Richness

Saltiness

Rehydrated carrot cubes

22.13

1.55

0.03

0.13

0.13

3.73

0.64

0.52

The above data points are based on the absolute value of the reference solution (30 mM potassium chloride þ 0.3 mM tartaric acid).
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Table 5
The quality and characteristic of rehydrated carrot cubes dried using air spouted microwave, two and three-stage drying methods.
Drying method

Ds (cm) of dehydrated samples

Size (cm) of rehydration samples

Rehydration ratio

Springiness of rehydration samples

Microwave air spouted drying
Two-stage drying
Three-stage drying

0.516 ± 0.008a
0.521 ± 0.014a
0.535 ± 0.012a

0.674 ± 0.024a
0.734 ± 0.033a
0.726 ± 0.032a

3.70 ± 0.17a
3.66 ± 0.23a
3.44 ± 0.19a

0.816 ± 0.082a
0.795 ± 0.071a
0.862 ± 0.090a

The superscripts in the same column with different alphabet are signiﬁcantly different (p < 0.05).

respectively. The higher springiness value indicated to the better
texture (higher elasticity) of the rehydrated carrot cubes. The
higher elasticity or springiness in rehydrated samples may be due
to highly porous structure caused by faster evaporation of water by
the microwave heating at relatively low or benign temperature. The
cubes dried using the two-stage and three-stage drying methods
recovered to 81% of their original size upon rehydration. Similarly,
the cubes dried using the microwave air spouted drying recovered
to 75% of their original size. The above data indicated that the carrot
cubes dried using all these three methods had very good rehydration characteristics.
4. Conclusions
The results of this study show that the spouting air during microwave drying not only offers the better drying uniformity, but
also lowers the surface temperature of samples. The microwave air
spouted in two and three stage-drying arrangements preserved
higher level of color, carotenoids and chlorophyll contents and
produced dried carrot cubes with better rehydration capacity. Both
the two and three stage-drying arrangements maintained better
uniformity in moisture content, temperature and size. Both the two
and three-stage drying arrangements caused greater loss of terpenoids, alcohols and aldehydes and more volatile compounds
were formed at the end of drying. The rehydrated carrot cubes
dried using both the two and three stage-drying had better taste.
Thus, the air spouted microwave drying arranged in two or three
stages was highly efﬁcient drying method which preserved the
color, taste and also produced carrot cubes with high degree of
rehydration capability.
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