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Abstract

Background: The retention of health promoting components in nutrient-rich dried food is significantly af-
fected by the dehydration method. Theoretical and experimental investigations reported in the literature have 
demonstrated that intermittent microwave convective drying (IMCD) can effectively improve the drying per-
formance. However, the impact of this advanced drying method on the quality food has not been adequately 
investigated. 
Design: A programmable NN-SD691S Panasonic inverter microwave oven (1100 W, 2450 MHz) was employed 
for the experiments. The microwave power level was set at 100 W and ran for 20 seconds at different power 
ratios and the constant hot air conditions was set to a temperature of 60°C and 0.86 m/s air velocity. 
Objective: In this study, natural bioactive compounds (ascorbic acid and total polyphenol), water activity, 
colour and microstructure modifications which can occur in IMCD were investigated, taking kiwifruit as a 
sample. 
Results and Discussion: The microwave (MW) power ratio (PR) had significant impact on different quality at-
tributes of dried samples. The results demonstrate that applying optimum level MW power and intermittency 
could be an appropriate strategy to significantly improve the preservation of nutrient contents, microstructure 
and colour of the dried sample. The IMCD at PR 1:4 was found to be the ideal drying condition with the 
highest ascorbic acid retention (3.944 mg/g DM), lowest colour change (ΔERGB = 43.86) and a porous mi-
crostructure. However, the total polyphenol content was better maintained (3.701 mg GAE/g DM) at higher 
microwave density (PR 1:3). All samples attained a desirable level of water activity which is unsusceptible for 
microorganism growth and reproduction. 
Conclusion: Overall, IMCD significantly improved the drying performance and product quality compared to 
traditional convective drying.
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Nomenclature

IMCD Intermittent microwave convective drying PR Power ratio

h Hue angle Rpm Round per minute

M Moisture content of the material (g/g DM) aw Water activity

Me Equilibrium moisture content (g/g DM) DM Dry mass (g)

Mo Initial moisture content (g/g DM) ton Microwave on time 

∆ERGB Total colour difference toff Microwave off  time 

AAC Ascorbic acid content (mg/ g DM) RGB Red – green – blue

GAE Gallic acid equivalents (mg/ g DM) TPC Total polyphenol content
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One of the major processes in food industries is dry-
ing. Drying adds value to a product, reduces trans-
portation and storage costs, increases a product 

shelf  life and has the ability to improve the bio-accessibil-
ity and bio-availability of health-promoting compounds 
in food (1). However, the quality of heat-sensitive plant-
based food rapidly deteriorates during conventional dry-
ing, which results in considerable destruction of bioactive 
components and development of undesirable colour, fla-
vour, texture and microbiological spoilage (2). In order to 
shorten the lengthy processing time in traditional convec-
tive drying, high-temperature drying medium can be used. 
However, these types of drying methods generally result 
in quality deterioration, in particular, a high reduction in 
their nutritional value (3, 4). To overcome this issue, an in-
tegrated convective and microwave (MW) drying method 
has been proposed. This hybrid drying method has a po-
tential to improve energy efficiency while maintaining 
desirable product quality by utilising the advantages of 
each drying method (2, 5). This hybrid drying method can 
significantly reduce the processing time due to rapid vol-
umetric heating caused by MW radiation. However, con-
tinuously applying the MW and convective heating can 
result in higher and localised temperatures. These elevated 
temperatures can cause significant quality deterioration in 
thermo-labile foods like fruits and vegetables (6). Due to 
the continuous supply of heat, the atoms and molecules of 
bioactive components’ movement are accelerated, which 
increases the frequency of collisions until the products 
reach the sufficient energy to start the chemical reaction. 
The rate of biological reaction approximately doubles for 
every 10°C increase in temperature (7–9). Prolonged expo-
sure of samples to a drying environment can facilitate the 
degradative reactions (i.e. vitamin C, polyphenol oxida-
tion, protein hydrolysis and beta-carotene isomerisation), 
which eventually reduces the health-promoting benefits 
and antioxidant activity of bioactive ingredients in plant-
based food materials. One such drying method which has 
received attention recently is intermittent microwave con-
vective drying (IMCD). Applying MW radiation inter-
mittently during convective food drying has shown huge 
potential to reduce browning effects, reduce mitigation 
of hydro-thermo-mechanical stresses generated inside the 
sample, and minimise the chemical reactions that lead to 
health-beneficial component losses and adverse physical 
quality modifications (10–13). The results show that this 
style of drying is a promising alternative for drying of 
thermo-labile plant-based food materials. This advanced 
hybrid drying method has two sections within the drying 
cycle, the active drying period and the tempering period 
(2, 14). During the active drying period (when MW is on), 
moisture from the food surface is evaporated and carried 
away, while in the tempering period (when MW is off) 
the temperature and moisture are redistributed from the 

high- to low-concentration regions. Due to the moisture 
gradient, moisture still migrates from the interior region 
to the surface in the tempering period of the drying cycle. 
This allows the high drying rate to be maintained for the 
next active cycle. This cycle of cooling and rewetting the 
sample during the tempering period prevents samples 
from overheating and quality deterioration. Overheat-
ing can also be avoided by controlling the MW supply to 
the sample allowing the energy to be wisely ultilised, and 
therefore, the sample is heated within the safe region en-
suring the food quality. Hence, IMCD has the potential to 
provide an optimal drying process by overcoming the is-
sues associated with continuous hot air and/or continuous 
MW drying (15–17).

Currently, despite the considerable potential of IMCD, 
the impact of IMCD on food quality has not been ex-
tensively examined (2, 18, 19), particularly no study has 
investigated the effect of IMCD on the nutritional qual-
ity attributes of kiwifruit. Kiwifruit (Actinidia chinensis 
Planch) is an attractive, valuable and nutrient-dense fruit 
with inviting green/yellow flesh colour, distinctive flavour, 
taste and many health beneficial ingredients. It is an abun-
dant source of chlorophyll, actinidin, total polyphenol, 
vitamin E and vitamin C with a high level of antioxidant 
capacity while containing no fat or cholesterol (20). Be-
cause of its abundant health benefits, a growing interest 
is being observed in the impact of thermal dehydration 
on the properties of these compounds and their relation 
to other quality characteristics. Kiwifruit is one of the 
highly perishable foods with seasonal availability; many 
preservation methods have been attempted to prolong 
their storage life and make this healthy product com-
mercially available to consumers (21–25). IMCD drying 
could be one potential dehydration method able to extend 
kiwifruits shelf  life and add value by efficiently reducing 
moisture content, hence inhibiting microbial growth and 
deteriorative chemical and enzymatic reactions (26).

Kiwifruit has been investigated for convective drying by 
several researchers (21, 27–30). Similarly, changes in co-
lour (25, 31, 32) and physical properties (33, 34) of hot air 
convective dried kiwifruit have been published. The influ-
ence of conventional drying conditions on bioactive com-
pounds in fresh and dried kiwifruit has also been examined 
by Tian et al. (22), Orikasa et al. (23) and Kaya et al. (24). 
However, no study exits of the impact of IMCD condi-
tions on the drying characteristics and quality attributes of 
kiwifruit. It is especially challenging to produce high-qual-
ity dried kiwifruit as the fresh kiwi contains high amount 
of thermal-sensitive elements while intensive heating treat-
ments generally have detrimental effects on the bioactive 
compounds, colour, water activity and microstructure of 
the product. Therefore, a comprehensive research is re-
quired to obtain an appropriate drying method to ensure 
the quality of nutrition-rich fruits like kiwifruit.
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In this context, the primary aim of this study is to inves-
tigate the quality characteristic change of kiwifruits under 
different IMCD conditions. The retention of AAC and 
total polyphenol content, water activity, colour degrada-
tion and microstructure modification were investigated 
under different IMCD PRs, taking convective air-dried 
sample as a reference.

Materials and methods

Sample preparation for drying
Fresh green Nutri kiwifruits were used for the IMCD 
experiments. They were carefully chosen to be identical 
in shape, size, firmness and ripeness. The fresh samples 
were stored at 4 ± 1°C before experiments. The kiwi-
fruits taken from the laboratory fridge were washed 
with distilled water to remove residue and dirt and then 
allowed to reach room temperature before conducting 
each drying experiment. The initial moisture content of 
the fresh kiwi slices was estimated to be approximately 
83.4 ± 0.03 (% w.b.). The kiwifruit skin was peeled, and 
then slices of  50 mm diameter and 7mm thickness were 
made by cutting perpendicularly to the main core fruit 
axis using a food slicer. One slice of  kiwifruit was dried 
in each IMCD condition and three replicates were car-
ried out.

Drying equipment and experimental procedure
For IMCD experiment, a programmable NN-SD691S 
Panasonic inverter MW oven with a maximum energy 
output of 1,100 W (2,450 MHz) was employed for the 
experiments. The inverter MW oven provides constantly 
true power transmission at the setting values. The MW 
power level was set at 100 W and was turned on for 20 
sec at different PRs, and the hot air drying time was in 
accordant with PR during the MW time off. The hot air 
condition was set to a temperature of 60°C and 0.86 m/s 
air velocity. The kiwifruit slice was placed in the centre 
of the MW cavity, for an even absorption of MW en-
ergy. The moisture loss was recorded at regular intervals 
at the end of power-off  times by placing the sample slice 
on the digital balance. Once the kiwifruit had reached a 
moisture content of approximately 19.5 ± 0.4 (% w.b.), 
the drying process was stopped. Sample temperature was 
regularly checked during the drying process by aFlir E5 
thermal imaging camera to record the maximum sample 
temperature.

The PR (PR = ton : toff) was set at four different modes: 
1:1, 1:2, 1:3 and 1:4. Here ton was the MW on time in sec-
onds and toff was the MW off time in seconds.

An independent hot air convective drying experiment 
was also conducted to compare with the results from 
IMCD, which had the same experimental conditions as 
in IMCD method.

The decrease in the moisture ratio (MR) with the dry-
ing time was used to examine the experimental data. The 
MR denotes the remaining moisture in the kiwifruit sam-
ples in relation to the initial moisture content, which can 
be calculated by Equation (1).

	 MR
M M

M M
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Where M is the moisture content of the material on a dry 
basis, Me is the equilibrium moisture content, and Mo is 
the initial moisture content. For an extended period, the 
Me becomes very insignificant and considerably small as 
compared to M and Mo, and therefore, Equation (1) can 
also be written as MR = M/Mo (35, 36).

Water activity measurement
The water activity (aw) was measured using an Aqualab 
water activity meter (Decagon Devices, Pawkit, USA) 
in stable laboratory condition at 24 ± 0.3°C. The dried 
samples of different drying conditions were kept in a des-
iccant chamber until the sample temperature reach the 
room temperature before placing in the sample cup of the 
water activity meter. The water activity measurements of 
dried product were performed in triplicate.

HPLC analysis of AAC content 
About 4 g of  the fresh sample or 1 g of  dried sample 
was homogenised for 1 min at maximum speed in a Ul-
traTurrax T25 homogeniser in 25 ml of  metaphosphoric 
acid buffer (3% metaphosphoric acid, 1 mM Na2EDTA) 
under low light condition, purging with nitrogen to pre-
vent the oxidation process. The homogenised samples 
were vortexed, then filtered through a Whatman no. 3 
filter paper and diluted again to 25 mL of the extractant 
solution and centrifuged at 10.000 g for 15 min at ambi-
ent temperature.

AAC contents were determined based on the HPLC 
method proposed by Asami et al. (37) with some modi-
fications. The analysis was carried out using an Agilent 
HPLC 1100, G1311A dual pump, G4225A 1260 HiP 
Degasser, equipped with a G1315B DAD absorbance 
detector. The reverse-phase separation was obtained 
using a Waters Symmetry C18 column (4.6 × 250 mm, 
5 µm). The isocratic mobile phase was HPLC graded 
water brought to pH 3.0 by metaphosphoric acid. The 
flow rate was 0.5 mL/min; injection volume was 20 µL, 
and the applied wavelength was 254 nm. Supernatants 
of  the extracted samples were filtered through a 0.22 µm 
Acrodisc syringe Nylon membrane filter before injection. 
The retention time of  AAC peak was archived at 2.6 min. 
A 5-point standard curve was established to calculate the 
ascorbic content of  samples. All samples were tested in 
triplicate.
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Total polyphenol extraction and measurement
The amount of total polyphenols in the samples was de-
termined by Folin–Ciocalteau method (38) with some 
modification. About 4 g of the fresh sample or about 1 
g of dried sample was homogenised in 25 mL of a mix-
ture of acetone and distilled water (70:30 v/v) for 1 min 
at maximum speed (25,000 rpm) in a UltraTurrax T25 
homogeniser. The homogenised samples were shaken 
and then allowed to settle for 1 h at ambient tempera-
ture. Extracts were centrifuged at 10,000 g for 15 min at 
20oC. The supernatant added with 5 mL extractant was 
filtered through a Whatman no. 3 filter paper. Extraction 
processes were repeated three times to get reliable data, 
and the extracts were diluted 10 times with distilled water. 
Then, 1 ml of the diluted extract solution was mixed with 
5 ml of Folin–Ciocalteau reagent (10%) and 4 ml of 7.5% 
Na2CO3 solution. After 30 min of incubation in a water 
bath at 37°C, the absorbance was measured against water 
at the highest absorption wavelength with kiwifruit ex-
traction solution, 760 nm (Cary50 UV Spectrophotome-
ter). A standard curve with gallic acid standard solutions 
was established. The amount of total phenolic content 
(TPC) was in milligrams of gallic acid equivalents/gram 
(GAE) on the dry mass basis.

Microstructure
A scanning electron microscope (Model Mira 3 Tescan, 
Kohoutovice, ČeskáRepublika) was used to examine the 
microstructure of the dried kiwifruit slices. The scanning 
electron microscopy (SEM) analysis was used in order to 
determine the degree of change/damage of the kiwi cells 
caused by the drying process. The fresh/dried kiwifruit 
samples were cut into cubes of 5–8 mm3 by shaft razor 
blade, placed on a SEMstub by carbon strip, then sput-
ter coated with 10 nm gold before observation (Leica EM 
SCD005 sputter coater). Fresh samples were scanned 
under low vacuum conditions (40 Pa), LVSTD detector, 
at an accelerating voltage of 10 kV; while dried samples 
were scanned under high vacuum mode, 10kV voltage, SE 
detector.

Image acquisition and colour analysis
Digital images were obtained using 8.0 megapixels Sam-
sung camera. These images were stored in the bitmap 
graphic format. ImageJ software was employed to anal-
yse digital images in the RGB (Red–green–blue) colour. 
RGB-triplets for every pixel in the image represent the 
intensities of RGB colours in the range 0–255. Before 
processing of the sample images, the preprocessing was 
carried out based on a method proposed by Sharifian et al. 
(39) to avoid the non-uniform light distribution in the 
background and to remove surrounding noises. Colour 
measurement was performed in triplicate in each drying 

condition to determine hue angle and colour change (6). 
The hue angle ho is defined as:
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Colour changes were defined as in Equation (4):

	 E R G B( ) ( ) ( )RGB
2 2 2∆ = ∆ + ∆ + ∆ 	 (4)

Where ΔERGB represents the total colour changes of IMCD 
dried kiwifruit slices compared to the fresh sample.

Statistical analysis
The investigated characteristics were independently per-
formed in triplicate. The mean data were analysed by 
analysis of variance (ANOVA) using SAS (version 9.1; 
SAS Institute Inc., Cary, NC, USA). Least significance 
difference (LSD) tests were employed to determine the 
difference of means, and statistical significance with a 
confidence interval of 95% (p ≤ 0.05).

Results and discussion

Drying process
Experimental drying curves for different PRs of IMCD 
and the reference convective drying curve are presented 
in Fig. 1. It can be seen that the processing times required 
to attain the same final moisture content were different 
at different drying conditions (PRs). The drying time re-
quired to reach the moisture content of 19.5 ± 0.4 (% w.b.) 
from the fresh condition of 83.4 ± 0.03 (% w.b.) at PR 1:1, 
1:2, 1:3 and 1:4 were 88 min, 93 min, 108 min and 151 min, 
respectively, whereas convective drying took 528 min to 
bring the sample to the same moisture content. While in 
all IMCD settings, the moisture content reached <20% 
within 150 min, the convective sample still remained at a 
high moisture content, approximately 75 (% w.b) or 3.04 
(g water/g dry mass). The results demonstrate that IMCD 
can significantly reduce the drying time compared to con-
vective drying.

The drying rate was significantly high at the beginning 
of the IMCD process as the initial available moisture con-
tent in the samples was high. The drying rate was then 
gradually reduced towards the end of the drying process. 
It can be concluded that in the early drying stage, the MW 
energy was mainly absorbed by water near the sample 
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surface, the free and loosely bound water of the sample, 
which was easily removed (40).

It is clear from Fig. 1 that a higher PR led to higher dry-
ing rate during the drying process, resulting in a shorter 
drying time. Because of the volumetric heating charac-
teristics of  MW, the MW energy directly penetrated in-
side the sample and excited water inside the sample. At 
the same time, the sample was gradually heated from 
the outer surface of the sample by the hot air (Kumar 
et al. 2016). The moisture outward flux was eventually 
increased, and drying rate increased considerably. How-
ever, there was an insignificant difference in the drying 
times between drying PR 1:1 and 1:2, especially in the 
final drying period (when the moisture content was <1 g/g 
dry basis), indicating that determining right PR in IMCD 
is critical to increase the drying rate and achieve shorter 
drying times.

Water activity
Another essential quality indicator measured in this 
study was water activity, which allowed determining the 
product stability and safety (41). Water activity charac-
teristics determine many chemical or enzyme reaction 
and biochemical processes, which are important for the 
control of  food product safety and quality. The results 
of  water activity measurement in fresh and dried kiwi-
fruits are presented in Table 1. The fresh material was 
characterised by the average water activity of  0.97 ± 
0.012. According to Sablani et al. (42), the growth of 
microorganisms, the microbiological stability of  food 
materials, depends on the value of  water activity. More-
over, a change in water activity affects the relative speed 
of  chemical, enzymatic and biological reaction (42, 43). 
This can be seen in Table  1; the water activity of  all 
dried samples was less than 0.6, which means that the 
growth of  bacteria, yeasts and moulds will be inhibited 

and the degradation of  chemical reactions will be mini-
mised in all the drying conditions considered. However, 
the highest aw value was obtained in convective drying 
(0.57 ± 0.011) and the lowest aw value was observed in 
IMCD at PR 1:1 (0.34 ± 0.004), which was about 40% 
lower compared to convective drying. In drying pumpkin 
slices, Junqueira et al. (44) found similar results that MW 
drying provided lower water activity in the samples than 
other methods. Water activity describes the bound of 
moisture to a food’s structure and it is related to the en-
ergy required to remove moisture from the sample. It also 
takes part in chemical/biochemical reactions and growth 
of  microbials. Therefore, the results demonstrated that 
the intensity of  MW heating takes a significant part in 
the rate of  bound water removal from the sample, which 
is considered as the most time-consuming process and in-
effective energy use in conventional hot air drying. The 
result suggests that MW effectively reduced the sample 
water activity to the optimum stability level. Attaining 
low water activity at desired moisture level helped to 
extend product shelf  life while maintaining its expected 
quality characteristics.

Fig. 1.  Drying curves at different drying conditions.
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Table 1.  Water activity of samples under different drying conditions

Samples Water activity

Fresh sample 0.97 ± 0.012

Convective drying sample 0.57a ± 0.011

IMCD PR 1:1 sample 0.34d ± 0.004

IMCD PR 1:2 sample 0.41c ± 0.005

IMCD PR 1:3 sample 0.43c ± 0.011

IMCD PR 1:4 sample 0.52b ± 0.005

Different superscript letters (a, b, c, d) indicate significant differences 
(p ≤ 0.05) among the samples under different drying conditions. Identical 
superscript letters indicate no significant difference.
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Ascorbic acid
AAC is one of  the most thermo-labile bioactive com-
pounds in plant-based foods. Therefore, the thermal 
drying processes should be carried out in a way that 
ensures the highest preservation of  AAC in the dried 
food products. The effects of  IMCD at different PRs 
and convective drying on the retention of  AAC in de-
hydrated kiwifruit are shown in Fig. 2. It can be seen 
that drying conditions greatly affected the retention of 
AAC and its content decreased in all drying conditions 
in comparison with the fresh samples. This phenom-
enon could be due to the thermal destruction during 
drying and the exposure of  the samples to the drying 
medium. The degradative chemical reactions of  natural 
bioactive compounds are catalysed by heat and ascor-
bate oxidase enzyme released from disrupted cell mem-
branes during the drying process. The average total AAC 
found in fresh kiwifruit was 91.64 mg/100 g fresh sam-
ple (5.520 mg/g DM), which is consistent with those re-
ported in several varieties and genotypes of  fresh green 
kiwi: 59.65 mg/100 g (45), 65–120 mg/100 g (46), and 
117.65 mg/100 g (24). Because AAC is a heat-sensitive 
nutrient, higher degradation of  AAC was observed in 
convective drying and IMCD at higher PR (e.g. 1:1 and 
1:2) and the retention of  AAC was approximately 52%. 
The temperatures of  samples were found fluctuated dur-
ing each IMCD cycle, which was at peak point at the 
end of  the MV heating period and lowest point at the 
end of  the tempering period. The maximum tempera-
tures recorded were 70°C, 76°C, 81°C and 85°C at PR 
1:4, PR 1:3, PR 1:2 and PR 1:1, respectively. The higher 
frequency of  MV radiation (PR) increased the sample 
temperature during IMCD, which generally degrades 
the heat-sensitive bioactive compounds within the sam-
ple. This result affirms the thermal sensitivity of  AAC at 
intensive heating conditions and lengthy drying process 
of  the samples. The results of  this study show that the 
highest retention of  AAC (p ≤ 0.05) can be obtained at 

drying conditions of  PR 1:4 (3.994 mg/g DM) which is 
a pretty mild condition and relatively short total drying 
time, retaining approximately 71.5% of  AAC from the 
fresh sample, whereas samples dried with hot air drying 
at 60°C retained only 53.2% of  AAC (2.938 mg/g DM), 
which was slightly higher than the retention of  AAC at 
PR 1:1 and PR 1:2. It is also noted that the total drying 
time is significantly longer in convective drying.

Total polyphenols content
The retention of total polyphenol content of the fresh 
and dried kiwi slices is shown in Fig. 3. The average con-
centration of the total polyphenol in fresh kiwifruits was 
4.523 mg GAE/g DM. At the end of the drying process, 
the highest loss of 30.4% of the TPC had occurred at PR 
1:1 (3.150 mg GAE /g DM), followed by 22.7 and 23.5% 
loss in PR 1:2 and PR 1:4 samples, respectively, while the 
loss of TPC was lowest (14%) at PR 1:3. A significant 
difference (p ≤ 0.05) in the TPC between PR 1:4 and PR 
1:3 was observed. In spite of the fact that the drying con-
dition in PR 1:3 was more heat-intensive than PR 1:4, it is 
interesting to observe the highest polyphenol retention at 
PR 1:3 (3.701 mg GAE/g DM) . The above-mentioned re-
sults also demonstrated that the level of TPC retention in 
IMCD is higher than that of AAC. It can be concluded 
that TPC is less heat sensitive than AAC. Also, the MW 
radiation at PR 1:3 might be sufficient to release the bound 
polyphenols by breaking the cellular food matrix for bet-
ter extraction in chemical analysis. The discharge of the 
oxidative and hydrolytic enzymes from the collapsed food 
cells can decompose long-chain polyphenols into simple 
phenolic compounds. Also, newly formed phenolic com-
pounds were the result of the complex heat catalysed 
chemical reaction of the released enzymes and bioactive 
compounds. In addition, more phenolic products can be 

Fig. 2.  Ascorbic acid content of fresh and dried sample slices 
under different PRs 1:1, 1:2, 1:3, 1:4 and convective drying. 
Different letters (a, b, c, d) indicate significant differences 
(p ≤ 0.05) among the samples under different drying condi-
tions. Identical letters indicate no significant difference.
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produced as the result of Maillard reaction under PR 1:3. 
In contrast, thermal destruction by intensive MW heating 
in PR 1:2 diminished polyphenols and longer drying time 
in PR 1:4 and convective drying gained sufficient time to 
facilitate oxidative deterioration of polyphenols (47–49). 
The obtained results also highlighted the advantages of 
combining hot air and intermittent MV to enhance ex-
traction efficiency of the bioactive compounds due to its 
combined effect on the cell membrane. Moreover, the el-
evated temperature induced by MW radiation at suitable 
PR can reduce the degradation of polyphenols by inac-
tivating the polyphenol oxidase, lipoxygenase and per-
oxidase enzymes released from the collapsed tissue (50). 
Many published articles (51–53) reported that MW dry-
ing retains high total polyphenol. On the contrary, an in-
significant difference (p > 0.05) in the TPC was observed 
between drying mode PR 1:4 and convective drying, with 
the retention of approximately 75% (3.277 mg GAE/g 
DM). Overall, compared to fresh samples, all the dried 
samples retained high level of phenolic contents. The low-
est phenolic retention was approximately a third from 
fresh sample observed in IMCD at PR 1:1 as well as in the 
case of convective drying.

Microstructure
As MW penetrating deep into the samples causes vol-
umetric heating and rapid moisture evaporation, it is 

suspected that significant microstructural changes may 
take place during IMCD. However, no investigation on 
microstructural changes in IMCD can be found in the 
literature. Illustration of the microstructure of fresh and 
dried samples derived from different drying conditions 
has been presented in Fig. 4. Prolonged external heating 
in convective drying (60°C) causes case hardening and 
collapses as shown in Fig. 4d. A limited number of pores 
and cell opening can be observed. The hot air drying in-
duced slow water migration with high turgor reduction, 
structural shrinkage and collapse, whereas hot air drying 
coupled with periodic MW heating provided a more po-
rous structure compared to the purely convective drying 
method as depicted in Fig. 4.

The MW reduces the drying time due to rapid mois-
ture evaporation from inside the material. However, cell 
collapse can also be observed due to overheated regions 
resulted from uneven heating during MW heating at 
higher PR. This incident is observed from Fig. 4b and c 
that represents the cracked and collapsed microstructure 
of sample dried at PR 1:1 and PR 1:2.

It is also noted that there is swelling, loss of stability 
and disappearance of many cell walls of kiwifruit struc-
ture in the convective dried sample as well as IMCD sam-
ples at high PRs. It can be explained that the kiwifruit 
cells are composed of a small amount of cellulose, and a 
high amount of pectic polysaccharides (54), which were 

Fig. 4.   Microstructure of sample slice in fresh condition and dried state under different drying conditions. (a) Fresh samples, (b) 
PR 1:1 sample, (c) PR 1:2 sample, (d) convective sample, (e) PR 1:3 sample, and (f) PR 1:4 sample.

(a) (b) (c)

(f)(e)(d)
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degraded significantly during severe thermal stresses in 
hot air convective and higher PRs in IMCD. Therefore, 
the prolonged heating time in continuous hot air drying 
and/or intensive MW heating (PR 1:1 and PR 1:2) re-
sulted in the adverse microstructural changes in kiwifruit. 
The IMCD drying condition PR 1:3 and PR 1:4 main-
tained better kiwifruit microstructure. IMCD at PR 1:4 
obtained a porous structure resembling the structure of 
the fresh sample, less shrinkage and collapses (Fig. 4f) 
compared to the other drying modes. Tian et al. (22) re-
ported similar results for MW-assisted vacuum drying 
which indicated that convective sample had a less porous 
structure with severe cell disruption, while MW vacuum 
drying maintained open pore structure with good appear-
ance. The modification of sample microstructure might 
also affect the other sensor properties, for example, hard-
ness and crispiness. Highly porous structure obtained at 
PR 1:3 and PR 1:4 tends to produce crunchy and crispy 
products, while dense and collapsed structure in dried 
products at PR 1:1 and PR 1:2 usually results in chewy 
and hard products.

Colour degradation
During drying, sample colour can be considerably af-
fected by pigment degradation (55, 56), enzymatic activity 
(57), and Maillard nonenzymatic browning reaction (58). 
The changes in porosity and surface texture also vary the 
reflectance of light on food surface, which ultimately af-
fects viewers’ colour perception (5, 59–61).

The visual appearance, average RGB values along with 
total colour changes altered by different drying condi-
tions are presented in Table 1. It is clearly seen that higher 
PR caused more colour degradation in the sample.

Similar to the change of nutrient content, sample co-
lour was also negatively influenced by higher PR because 
of the accelerated colour degradation reaction occurred 
within the sample due to higher MW irradiation. The ap-
plication of MW heating brought about the rapid colour 
change of the samples, caused by intense thermal effect 
and browning reaction during drying. It is also noted that 
extended drying time in convective drying significantly 

degraded the colour of the dried product. From Table 2, 
it can be stated that a higher PR led to higher colour 
changes in the sample. However, the maximum colour 
change (ΔERGB= 69.56) (p ≤ 0.05) was found in the case of 
hot air drying, while minimum colour changes (p ≤ 0.05) 
took place in PR 1:2, 1:3 and 1:4 IMCD mode.

In addition to colour changes, the hue angle of the 
dried samples in convective drying, as well as IMCD, was 
considerably different from the fresh sample as shown 
in Fig. 5. In light of this finding, it is clear that the hue 
angle (values from 40 to 68) implies high colour changes 
at IMCD PR 1:1, 1:2 and 1:3, but there was an insignifi-
cant difference among these IMCD conditions (p > 0.05). 
However, the colour of the product under these condi-
tions was still better than in the case of convective drying 
(p ≤ 0.05). Hue angle of the sample dried in IMCD with 
the lowest PR (PR 1:4) resulted in the closest hue angle 
to the fresh sample (p ≤ 0.05). Reducing the PR further 
may result in less degradation of colour (closer to the 
hue angle of the fresh sample). However, it will increase 
the total drying time, which might also negatively affect 

Fig. 5.   Average hue angle of the dried sample under differ-
ent PRs 1:1, 1:2, 1:3, 1:4, and convective drying. Different 
letters (a, b, c, d) indicate significant differences (p ≤ 0.05) 
among the samples under different drying conditions. Iden-
tical superscript letters above the bars indicate no significant 
difference.
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Table 2.  RGB values and total colour changes of samples under different drying conditions.

Factor Sample PR 1:1 Sample PR 1:2 Sample PR 1:3 Sample PR 1:4 Sample convective Fresh sample

Red 119.97 ± 21.88 127.42 ± 20.28 119.25 ± 24.51 146.67 ± 20.29 166.45 ± 32.35 105.45 ± 16.00

Green 103.22 ± 21.62 109.77 ± 21.53 102.26 ± 25.39 159.17 ± 22.79 123.25 ± 30.87 144.61 ± 17.73

Blue 41.03 ± 16.02 51.66 ± 16.79 49.51 ± 18.32 71.76 ± 25.17 42.52 ± 23.56 68.22 ± 15.72

ΔERGB 51.60 ± 2.58b 44.40 ± 2.04c 48.31 ± 2.32b,c 43.86 ± 2.06c 69.55 ± 3.37a -

Different superscript letters (a, b, c, d) indicate significant differences (p ≤ 0.05) among the samples under different drying conditions. Identical super-
script letters indicate no significant difference.
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colour as extended time exposure to drying environment 
facilitated browning reaction as in the case of convective 
drying. Therefore, PR 1:4 can be considered the best op-
erating condition for the best colour, AAC retention and 
achievement of shorter drying time.

The product qualities, as described in the above sec-
tions, decrease with the increase of PR due to higher 
temperature induced by intensive MW heating. Although 
some reports in the literature claimed that decreasing PR 
might provide better food quality, it would prolong the 
drying time and increase the overall energy consumption 
(3, 62, 63). Moreover, as demonstrated above, prolonged 
drying time can cause undesirable effects on the quality 
of the samples. Therefore, an appropriate/optimum PR 
should be determined for the optimisation of drying time 
and food quality. In the experiments of IMCD, the tem-
pering period supported the redistribution of the temper-
ature and moisture, especially at lower PR as it allowed 
sufficient time to even out the temperature and moisture 
difference in the sample (64). Therefore, the product qual-
ity was better maintained in IMCD at lower PRs.

Considering the above discussion, it can be concluded 
that better appearance and quality of dried food can be 
achieved by appropriately setting the MW power-on/off  
time in IMCD drying.

Conclusion
Effect of the operating variable (e.g. PR) of IMCD on 
the drying process and product quality were investigated 
in this study. In the IMCD experiments, the drying time 
was significantly reduced in comparison with conven-
tional hot air drying process. The water activity of all 
dried samples was attained at a safe level for extended 
storage. Thus, the microbial growth has been inhibited, 
and degradation of chemical reactions has been retarded. 
In addition, water activity decreased with the increase in 
PR of IMCD resulting in safer products with a longer 
shelf  life. Higher PR and/or extended exposure time to 
the drying environment resulted in a greater degradation 
of the total polyphenol and AAC values. It was observed 
that the PR was a profound factor in the IMCD on the 
health-promoting compounds (AAC and total polyphe-
nols) and colour as well as the microstructure. The best 
drying conditions in this study were identified at PR 1:4 
(MW 20 sec on/80 sec off  at 60°C hot air) in terms of co-
lour and AAC retention. However, it should be noted that 
IMCD at PR 1:3 retained the best total polyphenol. It was 
found that the IMCD method was substantially more ef-
ficient than convective drying as it significantly decreased 
the drying time and enhanced the product nutrient and 
colour quality with a porous microstructure. In addition, 
the highly porous microstructure of IMCD samples sug-
gests better texture compared to hot air dried product. 

However, further lowering PR might not guarantee better 
quality product (e.g. PR 1:4 attain lower total polyphenol 
content than at PR 1:3) and efficient drying performance 
due to prolonged exposure of the products to the drying 
environment. Therefore, the PR should be carefully cho-
sen based on product quality, MW power and drying per-
formance to achieve optimal drying conditions.

Acknowledgement

Authors acknowledge the financial support of Advance 
Queensland Fellowship (AQF), the facilities, and the sci-
entific and technical assistance of the Australian Micros-
copy & Microanalysis Research Facility at the Central 
Analytical Research Facility (CARF), Queensland Uni-
versity of Technology. Authors also acknowledge the con-
tribution of Zachary Welsh and Dr. Chandan Kumar for 
their assistance with the manuscript proofreading.

Conflict of interest and funding
The authors have not received any funding or benefits 
from industry or elsewhere to conduct this study

Author contributions
Nghia Duc Pham and Wayde Martens conceived and de-
signed the experiments; Nghia Duc Pham performed the 
experiments; Nghia Duc Pham and M U H Joardder anal-
ysed the data. M.A. Karim is the leader of the project, 
developed main research plan and contributed to drafting 
the paper.

References

	 1. 	Mujumdar AS. Handbook of industrial drying, Boca Raton, 
FL: CRC/Taylor & Francis; 2007.

	 2. 	Kumar C, Karim MA, Joardder MUH. Intermittent drying 
of food products: A critical review. J Food Enging 2014; 121:  
48–57. doi: https://doi.org/10.1016/j.jfoodeng.2013.08.014.

	 3. 	Botha GE, Oliveira JC, Ahrné L. Microwave assisted air  
drying of osmotically treated pineapple with variable power  
programmes. J Food Eng 2012; 108(2): 304–11. doi: https://doi.
org/10.1016/j.jfoodeng.2011.08.009.

	 4. 	Kumar C, Kumar C, Karim A, Saha S, Joardder UH, J Brown 
R, Biswas D. Multiphysics modelling of convective drying of 
food materials. Proceedings of the Global Engineering, Science 
and Technology Conference, Dhaka, Bangladesh, 2012; 28–29.

	 5. 	Joardder MUH, Kumar C, Karim MA. Food structure: its  
formation and relationships with other properties. Crit Rev 
Food Sci Nutr 2017; 57(6): 1190–205. doi: 10.1080/10408398. 
2014.971354.

	 6. 	Joardder MUH, Kumar C, Karim AA. Effect of temperature 
distribution on predicting quality of microwave dehydrated food. 
J Mech Eng Sci 2013; 5: 562–8. doi: http://dx.doi.org/10.15282/
jmes.5.2013.2.0053.

	 7. 	Sablani SS. Drying of fruits and vegetables: retention of nutri-
tional/functional quality. Drying Technol 2006; 24(2): 123–35. 
doi: 10.1080/07373930600558904.



Citation: Food & Nutrition Research 2018, 62: 1292 - http://dx.doi.org/10.29219/fnr.v62.129210
(page number not for citation purpose)

Azharul Karim et al.

	 8. 	Barsa CS, Normand MD, Peleg M. On models of the tempera-
ture effect on the rate of chemical reactions and biological pro-
cesses in foods. Food Eng Rev 2012; 4(4): 191–202. doi: 10.1007/
s12393-012-9056-x.

	 9. 	Defraeye T, Nicolaï B, Mannes D, Aregawi W, Verboven P, 
Derome D. Probing inside fruit slices during convective drying 
by quantitative neutron imaging. J Food Eng 2016; 178: 198–
202. doi: https://doi.org/10.1016/j.jfoodeng.2016.01.023.

	10.	 Chou SK, Chua KJ, Mujumdar AS, Hawlader MNA,  
Ho JC. On the intermittent drying of an agricultural prod-
uct. Food Bioproducts Process 2000; 78(4): 193–203. doi: 
10.1205/09603080051065296.

	11. 	Chua KJ, Mujumdar AS, Chou SK, Hawlader MNA, Ho JC. 
Convective drying of  banana, guava and potato pieces: effect 
of  cyclical variations of  air temperature on drying kinetics 
and color change. Drying Technol 2000; 18(4): 907–36. doi: 
10.1080/07373930008917744.

	12. 	Jumah R, Al-Kteimat E, Al-Hamad A, Telfah E. Constant and 
intermittent drying characteristics of olive cake. Drying Technol 
2007; 25(9): 1421–6. doi: 10.1080/07373930701536668.

	13. 	Thomkapanich O, Suvarnakuta P, Devahastin S. Study of inter-
mittent low-pressure superheated steam and vacuum drying of a 
heat-sensitive material. Drying Technol 2007; 25(1): 205–23. doi: 
10.1080/07373930601161146.

	14. 	Chua KJ, Mujumdar AS, Chou SK. Intermittent drying of 
bioproducts – An overview. Bioresour Technol 2003; 90(3): 285–
95. doi: 10.1016/S0960-8524(03)00133-0.

	15. 	Joardder MUH, Kumar C, Karim MA. Multiphase trans-
fer model for intermittent microwave-convective drying of 
food: Considering shrinkage and pore evolution. International 
Journal of Multiphase Flow. 2017; 95: 101–19. doi: https://doi.
org/10.1016/j.ijmultiphaseflow.2017.03.018.

	16. 	Kumar C, Joardder MUH, Farrell TW, Millar GJ, Karim MA. 
Mathematical model for intermittent microwave convective dry-
ing of food materials. Drying Technol 2016; 34(8): 962–73. doi: 
10.1080/07373937.2015.1087408.

	17. 	Kumar C, Joardder MUH, Farrell TW, Karim MA. Multiphase 
porous media model for intermittent microwave convective dry-
ing (IMCD) of food. Int J Therm Sci 2016; 104: 304–14. doi: 
http://dx.doi.org/10.1016/j.ijthermalsci.2016.01.018.

	18. 	Barbosa de Lima AG, Delgado JMPQ, Neto SRF, Franco 
CMR. Intermittent drying: fundamentals, modeling and appli-
cations. In J. M. P. Q. Delgado & A. G. Barbosa de Lima (Eds.), 
Drying and Energy Technologies 2016; 19–41. Cham: Springer 
International Publishing.

	19.	 Allaf K, Mounir S, Negm M, Allaf T, Ferrasse H,  Mujumdar A. 
Intermittent Drying. In Arun S. Mujumdar, eds. Handbook of 
Industrial Drying, 4th ed, Boca Raton, Florida: CRC Press; 
2015; 491–501.

	20. 	Ferguson AR, Seal AG, Kiwifruit. In J. Hancock (Ed.), 
Temperate Fruit Crop Breeding 2014; 235–64. Springer 
Netherlands.

	21. 	Darıcı S, Şen S. Experimental investigation of convective dry-
ing kinetics of kiwi under different conditions. Heat Mass Trans 
2015; 51(8): 1167–76. doi: 10.1007/s00231-014-1487-x.

	22. 	Tian Y, Wu S, Zhao Y, Zhang Q, Huang J,  Zheng B. Drying 
characteristics and processing parameters for microwave-vac-
uum drying of Kiwifruit (Actinidia deliciosa) slices. J Food 
Process Preserv 2015; 39(6): 2620–9. doi: 10.1111/jfpp.12512.

	23. 	Orikasa T, Koide S, Okamoto S, Imaizumi T, Muramatsu Y, 
Takeda J.-i, Tagawa A. Impacts of hot air and vacuum drying on 
the quality attributes of kiwifruit slices. J Food Eng 2014; 125(0): 
51–8. doi: http://dx.doi.org/10.1016/j.jfoodeng.2013.10.027.

	24. 	Kaya A, Aydın O, Kolaylı S. Effect of different drying conditions 
on the vitamin C (ascorbic acid) content of Hayard kiwifruits 
(Actinidia deliciosa Planch). Food Bioproducts Process 2010; 
88(2–3): 165–73. http://dx.doi.org/10.1016/j.fbp.2008.12.001.

	25. 	Maskan M. Kinetics of colour change of kiwifruits during hot 
air and microwave drying. J Food Eng 2001; 48(2): 169–75. doi: 
http://dx.doi.org/10.1016/S0260-8774(00)00154-0.

	26. 	Joardder MUH, Brown RJ, Kumar C,  Karim MA. Effect 
of cell wall properties on porosity and shrinkage of Dried 
Apple. Int J Food Properties 2015; 18(10): 2327–37. doi: 
10.1080/10942912.2014.980945.

	27. 	Darvishi H, Zarein M, Farhudi Z. Energetic and exergetic 
performance analysis and modeling of drying kinetics of kiwi 
slices. J Food Sci Technol 2016; 53(5): 2317–33. doi: 10.1007/
s13197-016-2199-7.

	28. 	Kaya A, Aydın O, Dincer I. Experimental and numerical inves-
tigation of heat and mass transfer during drying of Hayward 
kiwi fruits (Actinidia Deliciosa Planch). J Food Eng 2008; 88(3): 
323–30. doi: 10.1016/j.jfoodeng.2008.02.017.

	29. 	Simal S, Femenia A, Garau MC, Rosselló C. Use of exponen-
tial, Page’s and diffusional models to simulate the drying kinet-
ics of kiwi fruit. J Food Eng 2005; 66(3): 323–8. doi: https://doi.
org/10.1016/j.jfoodeng.2004.03.025.

	30. 	Orikasa T, Wu L, Shiina T, Tagawa A. Drying characteristics of 
kiwifruit during hot air drying. J Food Eng 2008; 85(2): 303–8. 
http://dx.doi.org/10.1016/j.jfoodeng.2007.07.005.

	31. 	Benlloch-Tinoco M, Kaulmann A, Corte-Real J, Rodrigo D, 
Martínez-Navarrete N, Bohn T. Chlorophylls and carotenoids 
of kiwifruit puree are affected similarly or less by microwave 
than by conventional heat processing and storage. Food Chem 
2015; 187: 254–62. doi: 10.1016/j.foodchem.2015.04.052.

	32. 	Fathi M, Mohebbi M, Razavi S. Application of image analy-
sis and artificial neural network to predict mass transfer ki-
netics and color changes of osmotically dehydrated Kiwifruit. 
Food Bioprocess Technol 2011; 4(8): 1357–66. doi: 10.1007/
s11947-009-0222-y.

	33. 	An K, Li H, Zhao D, Ding S, Tao H, Wang Z. Effect of osmotic 
dehydration with pulsed vacuum on hot-air drying kinetics and 
quality attributes of Cherry Tomatoes. Drying Technol 2013; 
31(6): 698–706. doi: 10.1080/07373937.2012.755192.

	34. 	Huang D, Li W, Shao H, Gao A, Yang X. Colour, texture, mi-
crostructure and nutrient retention of Kiwifruit slices subjected 
to combined air-impingement jet drying and freeze drying. Int J 
Food Eng 2017; 13(7), doi: 10.1515/ijfe-2016-0344.

	35. 	Bhattacharya M, Srivastav PP, Mishra HN. Thin-layer modeling 
of convective and microwave-convective drying of oyster mush-
room (Pleurotus ostreatus). J Food Sci Technol 2015; 52(4): 
2013–22. doi: 10.1007/s13197-013-1209-2.

	36. 	Schossler K, Jager H, Knorr D. Effect of continuous and inter-
mittent ultrasound on drying time and effective diffusivity dur-
ing convective drying of apple and red bell pepper. J Food Eng 
2012; 108(1): 103. doi: 10.1016/j.jfoodeng.2011.07.018.

	37. 	Asami DK, Hong Y-J, Barrett DM, Mitchell AE. Comparison 
of the total phenolic and ascorbic acid content of freeze-dried 
and air-dried marionberry, strawberry, and corn grown using 
conventional, organic, and sustainable agricultural practices. J 
Agric Food Chem 2003; 51(5): 1237–41. doi: 10.1021/jf020635c.

	38. 	Socha R, Juszczak L, Pietrzyk S, Fortuna T. Antioxidant activ-
ity and phenolic composition of herbhoneys. Food Chem 2009; 
113(2): 568–74. doi: 10.1016/j.foodchem.2008.08.029.

	39. 	Sharifian F, Modarres-Motlagh A, Komarizade MH, Nikbakht 
AM. Colour change analysis of fig fruit during microwave drying. 
Int J Food Eng 2013; 9(1): 107–14. doi: 10.1515/ijfe-2012-0211.



Citation: Food & Nutrition Research 2018, 62: 1292 - http://dx.doi.org/10.29219/fnr.v62.1292 11
(page number not for citation purpose)

Nutritional quality of IMCD dried thermolabile food

	40. 	Khan MIH, Wellard RM, Pham ND, Karim A. Investigation of 
cellular level of water in plant-based food material. International 
Drying Symposium, 2016; 7–10. Gifu, Japan.

	41. 	Moreno JJ. Innovative processing technologies for foods with 
bioactive compounds. Milton: CRC Press; 2016.

	42. 	Sablani SS, Kasapis S, Rahman MS. Evaluating water activity 
and glass transition concepts for food stability. J Food Eng 2007; 
78(1): 266–71. doi: 10.1016/j.jfoodeng.2005.09.025.

	43. 	Pittia P, Antonello P. Chapter 2 – safety by control of water ac-
tivity: drying, smoking, and salt or sugar addition A2 – Prakash, 
Vishweshwaraiah. In: Martín-Belloso O, Keener L, Astley S, Braun 
S, McMahon H Lelieveld H. (Eds.), Regulating safety of traditional 
and ethnic foods. San Diego: Academic Press; 2016; 7–28.

	44. 	Junqueira JRDJ, Corrêa JLG, Ernesto DB. Microwave, convec-
tive, and intermittent microwave-convective drying of pulsed 
vacuum osmode-hydrated pumpkin slices. J Food Process 
Preserv 2017; 41(6): e13250. doi: doi:10.1111/jfpp.13250.

	45. 	Guldas M. Peeling and the physical and chemical properties 
of kiwi fruit. J Food Process Preserv 2003; 27(4): 271–84. doi: 
10.1111/j.1745-4549.2003.tb00517.x.

	46. 	Vissers MCM, Carr AC, Pullar JM, Bozonet SM. Chapter 
seven – the bioavailability of  vitamin C from Kiwifruit. In: 
Mike B, Paul JM, editors, Advances in food and nutrition re-
search. San Diego: Academic Press; 2013; 68: 125–47.

	47. 	Joardder MUH, Brown RJ, Kumar C, Karim MA. Effect 
of cell wall properties on porosity and shrinkage of dried 
apple. Int J Food Properties 2015; 18(10): 2327–37. doi: 
10.1080/10942912.2014.980945

	48. 	Aguilera J.M, Why food microstructure? J Food Eng 2005; 
67(1): 3–11. doi: 10.1016/j.jfoodeng.2004.05.050.

	49. 	De Roos KB. Effect of texture and microstructure on flavour re-
tention and release. Int Dairy J 2003; 13(8): 593–605. doi: http://
dx.doi.org/10.1016/S0958-6946(03)00108-0.

	50. 	McSweeney M, Seetharaman K. State of polyphenols in the 
drying process of fruits and vegetables. Crit Rev Food Sci Nutr 
2015; 55(5): 660–9. doi: 10.1080/10408398.2012.670673.
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