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Abstract Hot-air drying is a slow energy-extensive process.
Use of intermittent microwave (IM) in hot-air (HA) drying of
food products is characterized with advantages including re-
duced process time, energy saving, and improved final quality.
In this study, the effect of IM-HA drying following an osmotic
dehydration (OD) pretreatment was analyzed on qualitative and
quantitative properties of the output (i.e. effective moisture dif-
fusion coefficient (Deff), shrinkage, bulk density, rehydration
and energy consumption). Temperature and airflow velocity
were fixed at 40°C and 1 m/s, respectively. The process vari-
ables included sucrose solution concentration at five levels (0 or
control, 10, 30, 50 and 70 w/w%), microwave output power at
four levels (0 or control, 360, 600 and 900W), and pulse ratio at
four levels (1, 2, 3 and 4). Use of osmotic dehydration in com-
bination with IM-HA drying reduced the drying time by up to
about 54%. Increasing the osmotic solution concentration to
30% and using higher pulse ratios increased the Deff. The lowest
shrinkage and bulk density as well as the highest rehydration
belonged to the 900 W microwave power and pulse ratio of 4.
The lowest energy consumption was observed when using the
900W power level, showing 63.27% less consumption than the
HA drying method.

Keywords Energy consumption . Intermittent microwave
drying . Low temperature drying . Osmotic dehydration .

Rehydration . Shrinkage

1 Introduction

Potato (Solanum tuberosum) from the Soulanacea family is a
healthy, commercial food with wide applications around the
world. This food is one of the most important agricultural prod-
ucts besides wheat, corn and rice. With high mineral, dietary
fiber and vitamin contents, potato is used as a composition of
functional foods [1]. Increasing public reluctance to use food
with chemical preservatives in their ingredients in addition to the
considerable development of the fast food industry has resulted
into a large demand for dried potatoes with suitable qualitative
characteristics. Dried potato is used as an ingredient of ready-
meal soups and different sauces in different shapes (e.g. granu-
lar, chips, and powder) [2]. It can be dried using different drying
methods including convective, fluidized-bed, freeze-drying,
vacuum, microwave or a combination of them. Freeze-drying
is known as themethod to achieve the highest quality in terms of
shape, minimum color change, and reduced losses of heat-
sensitive nutrients. Freeze-drying is an expensive method, and
thus it is important to investigate more inexpensive drying
methods that yield similar quality. The hybrid IM-HA drying
can be one of these alternatives.

The drying process is a unit operation where moisture or
other liquid volatile substances trapped inside the micro-
scopic structure of the food are forced out by applying
thermal energy. The drying process requires vast amounts
of energy as 2700 kJ is required to vaporize 1 kg of water
at 100 °C. It is much harder to remove moisture from inner
parts of the food than from its surface due to the existence
of continuous moisture [3]. Accordingly, the required en-
ergy for this operation is more than the latent heat of water
vaporization. HA drying is the oldest, most conventional
drying method; however, it has considerable disadvantages
including reduced energy efficiency, longer process time
(particularly at the falling rate drying phase), and intensive
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shrinkage. In addition, the long process time and use of
high temperatures adversely affect qualitative properties
of the food like nutrients, color and texture. Microwave
drying can address these drawbacks to a large extent.
Microwave drying significantly reduces the drying time
and improves rehydration and shrinkage characteristics [4].

The effect of microwave energy on the inner part of a solid
material depends on its dielectric properties, which can control
heat distribution inside the substance. Dielectric properties are
an electric characteristic of a substance measured by the inter-
action of the substance with an electromagnetic field. This
property is dependent on the frequency of the electrical field,
temperature and composition of the substance including its
moisture content [5]. If microwave energy is not used properly
during the drying process, it can adversely affect the product
quality. For example, drying with high microwave powers
leads to fast mass transfer, which in turn causes qualitative
damages including unwanted texture changes. Moreover,
non-uniform heating of samples and formation of hot points
are results of non-uniform distribution of the electromagnetic
field inside the microwave oven. These problems can be partly
addressed using waveguides and a rotating tray.

The microwave energy is rarely used alone in the drying
process, and it is usually coupled with other drying tech-
niques. This is to avoid over-heating and to improve quality
of the product. One of these hybrid techniques is to use mi-
crowave energy in combination with HA drying. Airflow in-
side a microwave system can continuously remove moisture
from around the substances, expediting the drying process. At
the same time, the substance temperature drops as a result of
evaporative cooling during the process. Application of micro-
wave energy as a supplement to the convective drying method
can be done at three phases [6]:

a) At the initial phase of drying: In this method, the micro-
wave energy is applied for a known duration at the begin-
ning of the process, and then the convective drying is
used. In this technique, the microwave energy helps
heating up the inner parts faster to reach the water evap-
oration temperature. At this stage, an outbound vapor
stream is developed from the inner parts, which forms a
porous texture that contributes to moisture removal. In the
next step, application of hot air to the drying process
drives away vapors around the products thus speeding
up the process. This phase continues until reaching a giv-
en moisture content, where the process is terminated.

b) At the middle phase of drying: Here, the microwave en-
ergy is applied to the HA- drying process when the drying
rate starts to decline. At this phase, the moisture content
near the product surface is reduced whereas the inner
sections still has considerable amounts of water.
Therefore, in this mode, microwave energy significantly
increases the drying rate.

c) At the final phase of drying: This technique is used to
remove the water molecules bonded with the product
structure, which cannot be easily removed by the convec-
tive method and large amounts of time and energy are
required. Once reaching a certain moisture level, the con-
vective flow is cut off and replaced by microwave energy.

Microwave-HA drying has been successfully applied to a
number of agricultural products. However, in some cases, it
has been shown that the product quality might decline by con-
tinuous application of microwave energy due to non-uniform
temperature and moisture distribution throughout the product
[7]. Particularly in smaller samples, the continuous method con-
centrates microwaves on a certain spot and over-heat the sample
causing qualitative damages. This effect can bemore destructive
at longer process times. This can be addressed by intermittent
application ofmicrowaves during the process. In the intermittent
application technique, microwave energy is applied as pulses for
a given duration, then it is turned off for another given duration,
and then turned back on [8]. Pulse Ratio (PR) is expressed using
the following equation:

PR ¼ ton þ toff
ton

ð1Þ

where ton is the Bon^ time and toff is the Boff^ time of the
microwave (in seconds). PR values affect the drying rate, prod-
uct quality, and also energy consumption.

Maskan [9] analyzed the qualitative characteristics of kiwi
fruits dried using three different techniques: HA, Microwave
(MC), and hybrid MC (210 W)-HA. The factors compared in
the study were the drying time, shrinkage, and rehydration ca-
pacity of the dried kiwi samples. The drying curves showed that
microwave drying is faster than the other two methods.
Accordingly, the drying times of the microwave and hybrid
MC-HA methods were 89% and 40%, respectively, faster than
the convective method. Although kiwi fruit has high moisture
content, its drying occurred within the falling rate stage of dry-
ing for all three methods. Shrinkage of dried products fromMC,
HA, and MC-HA drying methods was 85%, 81% and 76%,
respectively. Therefore, samples dried with only MC method
had the highest shrinkage. This can be due to high heat gener-
ation and fast moisture removal from sample texture when ex-
posed to microwave energy. MC-dried kiwi fruits had a shorter
process time, and thus their rehydration rate was higher than that
of the other two methods. At the same time, samples dried with
the hybrid MC-HA method had the highest rehydration.

Torringa et al. [10] applied MC-HA drying to mushroom
samples pretreated with NaCl osmotic solution. The objective
was to study the effect of NaCl solution on so dried samples.
The salt concentrations were 10 and 15% (w/w) at 20 and
45 °C using 5 immersion times (10, 30, 50, 70 and
110 min). Specific microwave power was 4 W/g for samples
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during the experiments. The sample to osmotic solution
weight ratio was 1 to 5. Increasing the solution temperature
had the highest effect onmoisture removal rate during osmotic
dehydration. Use of osmotic solution improved dielectric
properties and provided more uniform heating by introducing
salt ions into the sample. These features were further im-
proved by increasing the salt concentration. Results showed
that 30% of the moisture content was removed from mush-
room samples during immersion in the salt solution, which in
turn reduced the drying time of the MC-HA method.
Additionally, application of the salt solution reduced shrink-
age and increased porosity of the final product compared to
the control samples. It also enhanced rehydration of samples.

Sharma and Prasad [11] dried garlic cloves using the hybrid
MC-HA technique to study effective moisture diffusion coef-
ficient (Deff) variations during the drying process under differ-
ent drying conditions. The process variables included four
levels of microwave power (10, 20, 30 and 40 W), four levels
of temperature (40, 50, 60 and 70 °C) and airflow velocity at
two levels (1 and 2m/s). Results showed that Deff increased by
an increase in microwave power and air temperature at a con-
stant velocity. In addition, increased airflow velocity reduced
Deff provided that all other conditions were fixed. This was
due to the decrease in garlic sample temperature when using
faster airflow velocities.

Aghilinategh et al. [4] studied the drying of apple slices
using convective and both continuous (CM) and intermittent
microwave (IM) methods. They analyzed the kinetics of dry-
ing and qualitative characteristics (including color change,
rehydration capacity, bulk density, and phenolic content).
Experiment variables included microwave power at three
levels (200, 400 and 600 W), PR at three levels (2, 3 and 6),
temperature at five levels (40, 50, 60, 70 and 80 °C), and three
airflow velocities (0.5, 1 and 2 m/s). Results showed that CM
drying had the highest drying rate than the convective and
intermittent methods. In addition, increasing microwave pow-
er and air temperature led to an increase in Deff, as its highest
value was recorded for the CM and its lowest for convective
drying methods, because temperature and a consequent in-
crease in vapor pressure in CM drying are higher than those
in the other two methods. This contributes to more moisture
diffusion towards sample surface. In IM drying, the highest
Deff was reported when using 600Wmicrowave power and at
PR of 2. The bulk density decreased while increasing micro-
wave power, temperature and airflow velocity. This can be
due to more product porosity under such conditions. IM-
dried samples had the lowest bulk density because re-
distribution of temperature and moisture at microwave-off
times releases internal stress and thus reduces shrinkage.
Therefore, the highest rehydration was reported to be for

Table 1 On / off times at different microwave powers and pulse ratios

Pulse ratio Time (min)

360 W 600 W 900 W

1 10 min on (10 min total) 4 min on (4 min total) 3 min on (3 min total)
2 1 min on / 1 min off (20 min total) 1 min on / 1 min off (8 min total) 1 min on / 1 min off (6 min total)
3 1 min on / 2 min off (30 min total) 1 min on / 2 min off (12 min total) 1 min on / 2 min off (9 min total)
4 1 min on / 3 min off (40 min total) 1 min on / 3 min off (16 min total) 1 min on / 3 min off (12 min total)

Table 2 Water loss and solid
gain during osmotic dehydration
of samples at different
concentrations of osmotic
solution and immersion times

Concentration of
osmotic solution (% w/w)

Immersion time (min) Water loss
(g water / g product)

Solid gain
(g solid / g product)

10 30 1.14p 0.35n

10 60 1.62o 0.44n

10 90 2.53n 0.60m

10 120 3.36m 0.67m

30 30 6.40l 1.28l

30 60 11.12k 2.59k

30 90 13.36h 3.12h

30 120 15.70g 3.36g

50 30 12.43j 2.80j

50 60 19.57f 7.67e

50 90 24.26d 8.77c

50 120 26.23b 9.79b

70 30 13.15i 2.96i

70 60 21.11e 6.59f

70 90 25.02c 8.23b

70 120 27.79a 9.84a

* Different letters in the same column indicate a significant difference (p < 0.05)
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IM-dried samples. The least color change and the highest phe-
nolic content were achieved in CM-dried samples. This can be
due to the shorter drying time of this method. It has been
shown that ambient oxygen binds with the product ingredients
at long drying times and develops damages such as reduction
of phenolic contents.

According to the literature, there has been no focus on the
effect of simultaneous application of intermittent microwave
and forced convection of hot air on the drying of potato sam-
ples pretreated with a sucrose solution. The objective of this
study was to investigate the combined effect of the osmotic
process and then hybrid drying using intermittent microwave
and hot-air forced convective drying on quantitative and qual-
itative characteristics of potato slices (e.g. drying kinetics,
effective moisture diffusion coefficient, shrinkage, bulk den-
sity, rehydration, and specific energy consumption).

2 Materials and methods

2.1 Raw materials

Potato samples (Agria var.) with approximate moisture con-
tent of 4.82 g water / g dry solids) were purchased from a local
market and were cold stored at 4–6 °C. To obtain uniform
experimental conditions, all potato samples were bought from
one location and one variety. Sucrose (Miandoab Sucrose
Factory, Iran) was purchased for the preparation of the osmot-
ic solution and was kept at room temperature (25 °C). Toluene
was used to measure the volume of samples using the liquid
displacement method.

2.2 Sample preparation

In each period, large, intact firm potatoes were selected and
kept for about 60 min at room temperature to reach tempera-
ture equilibrium. They were then washed, peeled and chopped
into 1.2 × 1.2 × 1.2 cm3 cubes using a hand cutter. For each
experiment, 105 g of potato cubes were prepared and used.

Prior to the blanching process, in order to prevent moisture
reduction and color change, sliced samples were kept in a lid
plate. For the next stage, samples were blanched in a water
bath with a temperature control sensor (Fan Azma Gostar,
model WM22, Iran). A 500-ml beaker containing water was
placed in the water bath. Once it reached 100 °C, the samples
were placed inside the beaker and were blanched for 5 min.

2.3 Osmotic pretreatment

Osmotic solutions of sucrose with distilled water were prepared
at four concentrations (10, 30, 50 and 70% w/w). Before the
drying process, potato slices were immersed in the osmotic so-
lution for 120 min at room temperature. During osmotic dehy-
dration, moisture is removed from samples and replaced by
sucrose [12]. To avoid over-dilution of the osmotic solution over
time [13], a weight ratio of 5 was selected between samples and
the solution. Once a required period was over, the samples were
removed from the osmotic solution, washed with distilled water,
and then wiped clean of its surface water using absorption pads.
In the next stage, moisture content and initial volume of treated
samples were measured.

2.4 Drying experiments

In this study, a hybrid MC-HA dryer (LG SolarDOM, model
SD - 3 8 5 5 SCR , K o r e a , i n t e r n a l d i m e n s i o n s :
480 × 392 × 527 mm, 38 l) with adjustable microwave power
(90, 180, 360, 600 and 900 W at 2450 MHz), equipped with
temperature control (40–230 °C) and also a rotating tray (2.5
RPM) was used, which was designed for household uses.

Table 3 Mean comparison of
water loss and solid gain as
influenced by various process
variables

Process variables Water loss
(g water / g product)

Solid gain
(g solid / g product)

Concentration of osmotic solution (% w/w) 10 2.16c 0.51b

30 11.64b 2.58b

50 20.62a 6.77a

70 21.76a 7.26a

Immersion time (min) 30 8.28c 1.84b

60 13.35b 4.32a

90 16.29ab 5.17a

120 18.27a 5.78a

* For each process variable, different letters in the same column indicate a significant difference (p < 0.05)

�Fig. 1 a Drying Kinetics of control potato samples (without microwave
drying) pretreated with osmotic solutions at concentrations of 0 (control),
10, 30, 50 and 70% during convective hot-air drying. b Drying Kinetics
of potato samples pretreated with osmotic solutions at concentrations of 0
(control), 10, 30, 50 and 70% during both microwave and convective hot-
air drying at 360 W (a,b,c,d), 600 W (e,f,g,h) and 900 W (i,j,k,l) with
different pulse ratios (PR)
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Microwave drying experiments were conducted at 360, 600 and
900Weach for 10, 4 and 3min, respectively, with PRs of 1, 2, 3
and 4. After osmotic dehydration, potato samples were first

exposed to microwaves, and the process was continued using
the convective method at 40 °C and air velocity of 1 m/s. The
moisture content of samples was measured at the end of the

Fig. 1 (continued)
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Table 4 Magnitudes of moisture content after osmotic dehydration (g water / g dry solid), moisture content after microwave drying (g water / g dry
solid), final moisture content (g water / g dry solid), drying time consideringmicrowave on time (min) and drying time considering microwave on and off
times (min) of samples as influenced by concentration of osmotic solution (% w/w), microwave pulse ratio and power

Concentration
of osmotic solution
(% w/w)

Pulse ratio Power (W) Moisture content
after osmotic
dehydration

Moisture content
after microwave
drying

Final moisture
content

Drying time
considering
microwave on time

Drying time
considering
microwave on
and off times

0 – 0 4.71f – 0.21d – 495a

10 – 0 4.31t – 0.21d – 450b

30 – 0 3.18e – 0.20e – 405c

50 – 0 2.31i – 0.20e – 360m

70 – 0 2.28k – 0.21d – 405c

0 1 360 4.73e 2.11fghij 0.19f 370a 370g

10 1 360 4.57j 1.87klmno 0.20e 370a 370g

30 1 360 3.32z 1.52q 0.20e 335d 335b

50 1 360 2.23n 0.77uv 0.20e 280h 280c

70 1 360 2.16q 0.74v 0.20e 280h 280c

0 1 600 4.89b 2.54ab 0.20e 364b 364k

10 1 600 4.25v 2.32bcdefg 0.20e 364b 364k

30 1 600 3.11f 1.70nopq 0.19f 319f 319v

50 1 600 2.13t 0.86stuv 0.19f 274i 274g

70 1 600 2.27l 0.92stuv 0.20e 274i 274g

0 1 900 4.88c 2.40abcde 0.20e 363c 363l

10 1 900 4.50n 2.34abcdef 0.20e 363c 363l

30 1 900 3.23d 1.58pq 0.19f 318g 318w

50 1 900 2.15r 0.91stuv 0.20e 273j 273h

70 1 900 2.05v 0.96rstuv 0.19f 273j 273h

0 2 360 4.70g 2.17efghi 0.19f 370a 380d

10 2 360 4.69h 2.15fghij 0.19f 370a 380d

30 2 360 3.00h 1.16r 0.19f 335d 335p

50 2 360 2.21o 0.91stuv 0.20e 280h 290z

70 2 360 2.24m 0.90stuv 0.19f 280h 290z

0 2 600 4.56k 2.48abc 0.23b 364b 368i

10 2 600 3.96w 2.17efghi 0.21d 364b 368i

30 2 600 3.24c 1.82lmno 0.21d 319f 323t

50 2 600 2.05v 0.87stuv 0.19f 274i 278e

70 2 600 2.13t 1.03rst 0.20e 274i 278e

0 2 900 4.60i 2.24defgh 0.23b 363c 366j

10 2 900 4.41q 1.96ijklm 0.21d 363c 366j

30 2 900 3.25b 1.83lmno 0.20e 318g 321u

50 2 900 2.03w 0.95rstuv 0.22c 273j 276f

70 2 900 1.96z 0.98rstuv 0.20e 273j 276f

0 3 360 4.70g 1.92jklmn 0.20e 325e 345o

10 3 360 4.30u 1.77mnop 0.20e 325e 345o

30 3 360 3.31a 1.59pq 0.21d 280h 300y

50 3 360 2.05v 0.75v 0.21d 235k 255j

70 3 360 3.31i 0.98rstuv 0.20e 280h 300y

0 3 600 4.53m 2.56a 0.20e 364b 372f

10 3 600 4.34u 2.24cdefgh 0.22c 319f 327r

30 3 600 3.02g 1.65opq 0.19f 319f 327r

50 3 600 2.31i 1.18r 0.20e 274i 282b

70 3 600 2.24m 1.07rs 0.19f 274i 282b

0 3 900 4.60i 2.09ghijk 0.20e 363c 369h

10 3 900 4.35s 2.10ghijk 0.20e 318g 324s

30 3 900 3.24c 1.55pq 0.21d 273j 279d

50 3 900 2.08u 0.78uv 0.20e 228l 234l

70 3 900 1.93a 0.86stuv 0.21d 273j 279d

0 4 360 4.91a 1.83lmno 0.19f 325e 355n

10 4 360 4.43p 1.97ijklm 0.19f 325e 355n

30 4 360 3.37y 1.52q 0.20e 280h 310×

50 4 360 2.29j 0.78tuv 0.19f 235k 265i

70 4 360 2.24m 0.85stuv 0.20e 235k 265i

0 4 600 4.55l 2.34abcdef 0.23b 364b 376e

10 4 600 4.45o 2.44abcd 0.20e 319f 331q

30 4 600 3.24c 1.85lmno 0.21d 319f 331q

50 4 600 2.14s 1.01rstu 0.20e 274i 286a

70 4 600 1.98× 0.76v 0.19f 274i 286a

0 4 900 4.83d 2.29cdefg 0.20e 318g 327r

10 4 900 4.25v 2.05hijkl 0.21d 318g 327r

30 4 900 3.58× 1.58pq 0.24a 273j 282b

50 4 900 2.19p 0.83stuv 0.20e 228l 237k

70 4 900 1.97y 0.87stuv 0.20e 228l 237k

* Different letters in the same column indicate a significant difference (p < 0.05)
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microwave phase and also at 45-min intervals during the HA
drying phase. The drying process was terminated once themois-
ture content reached a minimum of 0.2 g water / g dry solids.
Table 1 shows the microwave Bon^ and Boff^ times at different
PRs and power levels.

2.5 Moisture content measurement

The moisture content of potato slices was determined by dry-
ing them in an oven (Fan Azma Gostar, model BM120, Iran)
at 105 °C for 24 h [14].Moisture content (d.b) was determined
using Eq. 2:

MC d:b:ð Þ ¼ Mw

Ms
ð2Þ

where Mw is mass of water (g) and Ms is the mass of sample
dry solids (g). Mean initial moisture content of potatos for
control and treated samples with 10, 30, 50 and 70% sucrose
solutions was 4.82, 4.59, 3.30, 2.15 and 2.06 g water / g dry
solids, respectively.

2.6Water loss and solid gain measurement during osmotic
pretreatment

Samples were immersed in known-concentration solutions
(10, 30, 50 and 70%) for 120 min to determine variations in
solids and water contents of potato samples during osmotic
dehydration. At 30-min intervals, samples were removed from
the solutions to calculate their water loss and solid gain using
Eqs. 3 and 4 [15]:

WL ¼ wi:Mi−wf :M f

wi
ð3Þ

SG ¼ wf : 1−M f
� �

−wi: 1−Mi½ �
wi

ð4Þ

In these relations, w is the sample weight (g),M is the sample
moisture content (w.b), i denotes a untreated fresh sample, and f
shows a sample treated with an osmotic solution.

2.7 Effective moisture diffusion coefficient (Deff)

Since diffusion is the dominant phenomenon for transferring
moisture to surface during the drying process, moisture content
variations are expressed by the Fick’s diffusion equation. With
the assumptions of uniform distribution of the initial moisture
content, moisture transfer by diffusion, constant diffusion coef-
ficient, and insignificant shrinkage and resistance against mass
transfer, Crank [16] solved this equation as follows:

MR ¼ Mt−Me

M 0−Me
¼ 8

π2
∑
∞

n¼1

1

2n−1ð Þ2 exp −
2n−1ð Þ2π2Deff

4L2

 !

t ð5Þ

where MR is moisture ratio, Mt is moisture at the tth mo-
ment (d.b), M0 and Me are initial and equilibrium moisture
contents (d.b), respectively, Deff is effective moisture dif-
fusion coefficient (m2/s), L is a half of sample thickness
(m), and t is the drying time (s). For long drying times,
only the first term of the series is considered. This is due
to the negligible value of other terms of series on moisture
ratio. Since Me is negligible compared to Mt and M0, Eq. 5
can be expressed as follows:

MR ¼ Mt

M 0
¼ 8

π2
exp

−π2Deff

4L2
t

� �
ð6Þ

By taking logarithm from both sides of Eq. 6, the following
equation is obtained:

ln MRð Þ ¼ ln
8

π2

� �
−

π2Deff

4L2

� �
t ð7Þ

Effective moisture diffusion coefficient can be obtained by
plotting the ln (MR) curve against time and then calculating its
slope from Eq. 7.

2.8 Shrinkage measurement

Shrinkage represents the volume changes of the samples
based on the following Eq. [17]:

S ¼ 1−
Vt

V0

� �
� 100 ð8Þ

where S is shrinkage percent, Vt is the apparent volume of the
dried sample after time t (cm3) and V0 is the apparent volume
of the raw sample (cm3). Apparent volume was measured
using the toluene displacement technique with a 50-ml glass
pycnometer. In this method, the weighed sample is placed
inside a pycnometer half-filled with toluene. The remaining
volume of the pycnometer is then filled to the top with more
toluene, and it is weighed. The apparent volume of the sample
was calculated as follows [17]:

V ¼ V f −
Msf

ρs
ð9Þ

Msf ¼ Mtþs−M f −M ð10Þ

�Fig. 2 a Ln (MR) versus drying time of control potato samples (without
microwave drying) pretreated with osmotic solutions at concentrations of
0 (control), 10, 30, 50 and 70% during convective hot-air drying. b Ln
(MR) versus drying time of potato samples pretreated with osmotic solu-
tions at concentrations of 0 (control), 10, 30, 50 and 70% during both
microwave and convective hot-air drying at 360 W (a,b,c,d), 600 W
(e,f,g,h) and 900 W (i,j,k,l) with different pulse ratios (PR)
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where Vf is pycnometer volume (cm3), Msf is the
weight of toluene added to fill up the pycnometer (g),
Mt + s shows the weight of pycnometer plus toluene and

sample (g), Mf is pycnometer weight (g), M is sample
volume (g), and ρs is toluene density (0.87 g/cm3

@20 °C).

Fig. 2 (continued)
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Table 5 Magnitudes of effective
moisture diffusion coefficient
(Deff) at different concentrations
of osmotic solution (% w/w),
microwave pulse ratios and
powers

Concentration of
osmotic solution (% w/w)

Pulse ratio Power (W) Deff (m
2/s)

0 – 0 9.347 × 10-8p

10 – 0 1.007 × 10-7o

30 – 0 1.051 × 10-7l

50 – 0 9.201 × 10-8q

70 – 0 8.324 × 10-8r

0 1 360 1.080 × 10-7p

10 1 360 1.095 × 10-7i

30 1 360 1.124 × 10-7g

50 1 360 1.036 × 10-7m

70 1 360 1.022 × 10-7n

0 1 600 1.051 × 10-7l

10 1 600 1.066 × 10-7k

30 1 600 1.109 × 10-7h

50 1 600 1.022 × 10-7n

70 1 600 1.036 × 10-7m

0 1 900 1.095 × 10-7i

10 1 900 1.109 × 10-7h

30 1 900 1.139 × 10-7f

50 1 900 1.051 × 10-7l

70 1 900 1.051 × 10-7l

0 2 360 1.095 × 10-7i

10 2 360 1.124 × 10-7g

30 2 360 1.139 × 10-7f

50 2 360 1.036 × 10-7m

70 2 360 1.036 × 10-7m

0 2 600 1.036 × 10-7m

10 2 600 1.051 × 10-7l

30 2 600 1.124 × 10-7g

50 2 600 1.007 × 10-7o

70 2 600 1.022 × 10-7n

0 2 900 1.080 × 10-7j

10 2 900 1.124 × 10-7g

30 2 900 1.153 × 10-7e

50 2 900 1.051 × 10-7l

70 2 900 1.051 × 10-7l

0 3 360 1.095 × 10-7i

10 3 360 1.139 × 10-7f

30 3 360 1.212 × 10-7b

50 3 360 1.051 × 10-7l

70 3 360 1.036 × 10-7m

0 3 600 1.066 × 10-7k

10 3 600 1.095 × 10-7i

30 3 600 1.139 × 10-7f

50 3 600 1.007 × 10-7o

70 3 600 1.037 × 10-7m

0 3 900 1.095 × 10-7i

10 3 900 1.163 × 10-7e

30 3 900 1.183 × 10-7c

50 3 900 1.066 × 10-7k

70 3 900 1.066 × 10-7k

0 4 360 1.139 × 10-7f

10 4 360 1.168 × 10-7d

30 4 360 1.241 × 10-7a

50 4 360 1.124 × 10-7g

70 4 360 1.080 × 10-7j

0 4 600 1.051 × 10-7l

10 4 600 1.153 × 10-7e

30 4 600 1.183 × 10-7c

50 4 600 1.051 × 10-7l

70 4 600 1.051 × 10-7l

0 4 900 1.124 × 10-7g

10 4 900 1.168 × 10-7d

30 4 900 1.212 × 10-7b

50 4 900 1.109 × 10-7h

70 4 900 1.108 × 10-7j

* Different letters in the same column indicate a significant difference (p < 0.05)
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2.9 Bulk density measurement

The bulk density of fresh and dried potatoes was determined
using the ration of sample weight (mt) (g) to its volume (cm3),
as follows [3]:

ρb ¼
mt

Vt
ð11Þ

2.10 Rehydration measurement

To measure rehydration ratio, the dried potato samples were
immersed in 500 ml of boiling water for 20 min. The samples
were then taken from water and were wiped with absorbent
pads to remove the excess water. The mass of dried samples
before and after rehydration was determined by a digital bal-
ance. The rehydration percent of dried samples was calculated
by the following Eq. [18]:

R %ð Þ ¼ Mt−M 0

M 0
� 100 ð12Þ

where M0 and Mt were dried sample weight (g) before and
after rehydration.

2.11 Specific energy consumption (SEC)

SEC of the IM-HA drying method was defined as the sum of
SECs of intermittent microwave and convective hot air dry-
ing, as follows [4, 19, 20]:

E1 ¼ P*tm
PR*mvm

ð13Þ

E2 ¼ AVaρaΔHtc
mvc

ð14Þ

ΔΗ ¼ Cp;a þ Cp;v
� �

Tin−Tambð Þ þWλ ð15Þ

E ¼ E1 þ E2 ð16Þ

where E1 is energy consumption inmicrowave drying (kJ), E2 is
energy consumption in convective drying (kJ), P is microwave
power (W), tm is microwave drying time (s), PR is microwave
pulse ratio, A is the area of the sample container (m2), Va de-
notes air velocity (1 m/s), ρa is air density (kg/m3), ΔH is air
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�Fig. 3 a Shrinkage variations of control potato samples (without
microwave drying) pretreated with osmotic solutions at concentrations
of 0 (control), 10, 30, 50 and 70% during convective hot-air drying b
Shrinkage variations of potato samples pretreated with osmotic solutions
at concentrations of 0 (control), 10, 30, 50 and 70% during both micro-
wave and convective hot-air drying at 360 W (a,b,c,d), 600 W (e,f,g,h)
and 900 W (i,j,k,l) with different pulse ratios (PR)
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enthalpy (kJ/kg of dry air), tc is the convective hot air drying
time (s), Cp,a stands for air specific energy (kJ/kg °C), Cp,v is
specific energy of water vapor (kJ/kg °C), W is absolute air

humidity (kg water/kg dry air), Tin is the dryer temperature
(40 °C), Tamb shows the ambient temperature (25 °C), λ is the
latent heat of water evaporation (kJ/kg water), and finally mvm

Fig. 3 (continued)
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and mvc show masses of removed water during microwave and
convective hot air drying (kg), respectively.

2.12 Statistical analysis

In this study, SAS 9.4 was used for statistical analysis as a
5 × 4 × 4 factorial experiment (osmotic solution concentration
× microwave power × pulse ratio) with a completely random-
ized design and three replications. The experiments were con-
ducted to analyze the effect of the study variables on moisture
content, effective moisture diffusion coefficient, shrinkage,
bulk density, rehydration, and specific energy consumption
in the drying process of potato slices. The variables included
osmotic solution concentration at five levels (0 or control, 10,
30, 50 and 70% w/w), microwave power at four levels (0 or
control, 360, 600 and 900W), and pulse ratio at four levels (1,
2, 3 and 4). Duncan’s multiple range test (p < 0.05) was used
for mean comparison.

3 Results and discussion

3.1 Water loss and solid gain during osmotic dehydration

Osmotic dehydration is a mild drying process where the drying
occurs due to the direct contact of the plant/animal texture with a
hypertonic solution (osmotic solution), which triggers water to
move out through the semipermeablemembrane and let osmotic
solution solids to migrate into the food material. The chemical
potential gradient of water between the food material and the
osmotic environment supplies the required power for dehydra-
tion in this process [12]. Osmotic dehydration is widely used as
pretreatment in food drying processes for quality improvement
purposes. The advantages of osmotic dehydration are better col-
or and flavor preservation as well as less energy requirement in
supplementary drying processes due to reduced moisture con-
tent by osmotic dehydration [15, 21].

The water diffusion rate from sample to solution and
also the movement rate of solids from solution to sample
depend on temperature and concentration of the osmotic
solution [22], as any increase in their values would speed
up the mass transfer rate. Solid gain from solution by sam-
ples can improve their dielectric properties, besides im-
proving their flavor. In microwave drying, a portion of
the energy is reflected from the surface of the sample ex-
posed to electromagnetic waves, while the rest of the en-
ergy passes through. The passed energy is also partly
absorbed by the substance. The energy level and character-
istics of each of the three categories are determined by
material dielectric properties. These properties are defined
by parameters such as dielectric constant, loss tangent and
loss factor [20]. Since microwave heating involves ionic
polarization and dipole rotation, the higher the number of

ions, the faster the heating rate. In osmotic pretreatment,
dielectric constant, loss factor and loss tangent largely in-
crease due to water loss and solid gain phenomena.
Therefore, the drying time can be reduced in the IM-HA
drying phase by reducing the initial moisture content and
improving dielectric properties [23]. In osmotic dehydra-
tion, higher solid gain develops more resistance against
mass transfer, which in turn reduces moisture removal rate
at the terminal stages of the drying [12]. It is this impera-
tive to optimize process variables to achieve suitable prop-
erties in the final product.

Table 2 presents water loss and solid gain data of potato
samples during the immersion in the osmotic solutions
with different concentrations and immersion times. For a
constant osmotic solution concentration, increased immer-
sion time led to significant and non-significant increases in
some treatments in terms of water loss and solid gain
(Table 3). The increase was larger at the beginning of the
process boosted by higher osmotic drive at this phase.
Other authors have also reported high water loss and solid
gain rates at the early phases of osmotic dehydration [12].
Increasing the concentration of the osmotic solution also
increased water loss and solid gain (Table 3). This increase
was significant (P < 0.05) for the 10% treatment when
compared to other treatments. High concentrations of os-
motic solution developed a concentration difference, and
thus increased the osmotic pressure. This in turn supplied
the drive to further increase solid gain and water loss of
samples [24]. Mass transfer during osmotic dehydration
depends on different process variables. For further water
loss of the sample textures during this process, it can be
effective to use higher temperatures and shorter periods;
however, solid gain is also inevitable in this phase. If the
objective of the osmotic dehydration process is to mini-
mize solid gain, it is more suitable to apply lower temper-
atures and concentrations; however, longer time periods
should be spent for water loss in this mode.

3.2 Drying kinetics

Decline in the quality of hot-air-dried samples at higher tem-
peratures corresponds to long drying times. Literature results
show that certain chemicals in food materials are sensitive to
temperature and decompose at high temperatures. In addition
to destruction of heat-sensitive compounds, other downsides
of using high-temperature airflow for convective drying in-
clude reduced sensory profiles like texture and color of the
final product. High temperature airflow leads to faster mois-
ture loss at the beginning of the process and reduction in
surface moisture content. This causes hardening [25]. In con-
trast, lower drying rate, longer drying time, and more shrink-
age are the main limitations of using low-temperature airflow
for drying. Using auxiliary energy sources such as microwave,
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ultrasonic and infrared waves in combination with low-
temperature drying can resolve these limitations [26].

Figure 1a shows the drying kinetics of control and
pretreated potato samples at different concentrations of the
osmotic solution for the HA drying method. The initial mois-
ture content of the samples treated with osmotic solution was
lower than the control samples, and it significantly increased
moisture loss by increasing the osmotic solution concentration
(Table 6). According to Fig. 1a, moisture content consistently
decreased in all treatments as the drying time advanced. The
drying process was continued for all samples until reaching
the final moisture content of 0.2 g water/ g dry solids)
(Table 4). Over time, the moisture removal rate (slope) de-
creased in all samples. This can be concluded by reduced
difference between two consecutive moisture contents by
reaching to the end of the drying process. At the same time,
drying curve slopes for samples pretreated with the osmotic
solutions were lower than the control treatment. Increasing the
concentration of the osmotic solution gave rise to a wider
difference between the slopes of pretreated and control sam-
ples. This can be due to a difference in initial moisture content
of pretreated and control samples. In other words,
osmotically-treated samples had slower drying rate (slope)
due to lower initial moisture content. Increase in solid content
of potato samples during immersion in the sucrose solution
acted as the bonding agent of moisture, which in turn made
moisture removal to be much more difficult during drying.
Note that the control sample needed longer drying time to
reach the final moisture content (0.2 g water / g dry solids)
due to its higher moisture content. However, the drying time
of pretreated samples was lower. In general, the drying time
further decreased by increasing the osmotic solution concen-
tration (Table 4). Similar results have been reported by Tan
et al. [27] in drying of osmotaically-treated potatoes.

Figure 1b (a,b,c,d) shows the drying kinetics of control
and pretreated samples for the IM-HA drying method using
360 W and different PRs. The sharp drying slope at the
beginning of the process shows the considerable effect of
microwave energy on moisture content reduction of potato
samples. During the early stages of drying, the samples had
high moisture content. The high moisture content is the
main reason for internal heating during microwave appli-
cation, which leads to increased product temperature and
fast moisture diffusion. As a result, moisture content con-
siderably decreases in a short time period [28]. In other
words, compared to HA-drying (Fig. 1a), the IM-HA dry-
ing technique cuts the drying time in all samples (control
and pretreated). The effect of osmotic pretreatment on dry-
ing kinetics was similar to that in the HA method.

Results showed that sample moisture contents after the
microwave phase further decreased at higher PRs
(Table 6). Accordingly, for all three power levels, the
highest moisture removal of control and pretreated samples

occurred while using PR = 4. Longer off times at higher
PRs facilitated moisture migration from inner sections to
the surface, and, in the next step, by application of the
microwave energy, moisture removal increases at the be-
ginning of each drying period [29]. Pan et al. [29] showed
that drying of squash using 100 °C airflow and longer off
times leads to shorter drying time than that in continuous
microwave drying.

Figure 1b also shows the IM-HA drying process of control
and pretreated potato samples at 600 (e,f,g,h) and 900 W
(i,j,k,l), respectively, under different PRs. In this configura-
tion, the effect of osmotic pretreatment and PR on drying
kinetics was similar to that in the 360 W setting. Results
showed that increasing the microwave power from 360 to
900 W significantly decreased moisture content (Table 6)
and, consequently, reduced the time to reach a similar mois-
ture content (Table 4). Higher microwave powers led to higher
internal heating in samples, faster mass transfer and thus
shorter time to reach the required moisture content [30].

3.3 Effective moisture diffusion coefficient (Deff)

Effective moisture diffusion coefficient is probably the most
important characteristic in physical food handling, which is cen-
tral to engineering analyses of different food processes like dry-
ing. It describes all possible moisture transfer mechanisms in-
side foods. These include moisture diffusion, vapor diffusion,
surface diffusion, capillary flow and viscous flow. Its value in
the IM-HA drying method depends on factors such as micro-
wave power, temperature and airflow velocity (that are highly
effective in the drying rate). Any increase in any of these would
increase the Deff [11]. The food moisture content also affects
Deff, and the latter is higher at the early stages of drying due to
high moisture content. Additionally, when applying microwave
energy to foods with low moisture content, Deff is lower due to
lower energy absorption at low moisture contents.

Figure 2a shows ln (MR) over time for HA-dried samples.
Deff was calculated from slope of this curves during drying
under different experimental drying conditions using Eq. (7).
This equation shows that Deff has a direct relationship with the
curve slope. Similarly, Fig. 2b (from a to l) also presents ln (MR)
values against the drying time of potato samples for the IM-HA
drying technique under different power and PR levels. Table 5
shows Deff values for potato drying using HA and IM-HA tech-
niques with different osmotic solution concentration,

�Fig. 4 a Bulk density variations of control potato samples (without
microwave drying) pretreated with osmotic solutions at concentrations
of 0 (control), 10, 30, 50 and 70% during convective hot-air drying b
Bulk density variations of potato samples pretreated with osmotic solu-
tions at concentrations of 0 (control), 10, 30, 50 and 70% during both
microwave and convective hot-air drying at 360 W (a,b,c,d), 600 W
(e,f,g,h) and 900 W (i,j,k,l) with different pulse ratios (PR)
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microwave power and PR levels. The higher Deff of IM-HA-
dried samples compared to HA-dried samples (Table 5) indi-
cates the effect ofmicrowave energy on fastermoisture removal.

Analysis of the effect of osmotic pretreatment on Deff values
showed that increasing the osmotic solution concentration up to
30% increased Deff; however, at higher concentrations, the trend

Fig. 4 (continued)
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was inversed as Deff decreased with increasing osmotic solution
concentration. These variations were significant (P < 0.05) for
all treatments except for 50 and 70% treatments (in comparison
with each other) (Table 6). It seems that osmotic pretreatment
with lower concentrations (10 and 30%) facilitated moisture
removal and thus increased Deff by preventing further shrinkage
of samples than the control samples. Increased texture resistance
against shrinkage as a result of sucrose gain can be a reason for
higher Deff for concentrations up to 30% (Table 6). Reduction of
Deff in the samples pretreatedwith higher sucrose concentrations
(50 and 70%) is a result of higher sucrose gain of the cellular
texture of potatoes from the osmotic solution, which in turn
leads to higher resistance against moisture removal (Table 3).
In addition, high osmotic solution concentrations might degrade
the fruit texture and disrupt moisture diffusion during drying
[13]. Rahman and Lamb [31] and Simal et al. [32] found similar
behaviors in Deff values of pineapple and apple samples, respec-
tively. Moreover, an increase in PR at different power levels
raised Deff values. This increase was non-significant (P < 0.05)
only in PR values of 1 and 2 (Table 6). Longer off times facil-
itated moisture transfer from center to surface, and, at the next
stage, microwave energy application increased moisture remov-
al and thus Deff at the beginning of every drying cycle [29].

Additionally, for all microwave energy levels, Deff values
were significantly (P < 0.05) higher than Deff of control samples
(Table 6). Analysis of the effect of different power levels showed
that the 900 W power level had the highest Deff and the zero
power level (no microwave application) had the lowest value.
Higher power levels caused faster heating followed by increased
vapor pressure inside samples, which facilitated moisture diffu-
sion to the surface [11]. Deff values at 360 W was also higher
than 600 W. This is likely due to longer exposure to microwave
energy when using 360 W (10 min) than 600 W (4 min).

3.4 Shrinkage

Shrinkage and texture quality of dried samples are their
other qualitative characteristics. During the drying of high
moisture content foods such as fruits and vegetables, var-
iations occur in their shape, density and porosity.
Variations in shape and size of products affect their phys-
ical properties and change the final texture and (mass and
heat) transfer characteristics of the dried products.
Shrinkage disrupts moisture and heat transfer phenomena.
Shrinkage in fruits and vegetables occurs when the visco-
elastic matrix moves towards the space once occupied by
water, which is now removed from the texture as a result of
drying. Shrinkage from different drying techniques can be
measured using direct measurement or through variations
in shrinkage-dependent parameters like porosity [33].

Figure 3a shows the shrinkage kinetics of control and
pretreated potato samples at different concentrations of
the sucrose solution for the HA drying method.

Shrinkage increased significantly in all samples during
the drying time as a result of moisture loss and volume
reduction [14]. The initial shrinkage (following the os-
motic process and at the start of the drying process) in-
creased for samples pretreated with the osmotic solution
as the osmotic solution concentration increased.
Accordingly, the samples pretreated with the 70% sucrose
solution had the highest amount of initial shrinkage. This
can be due to the higher difference in osmotic pressure in
osmotic solutions with higher concentrations, and thus
higher moisture loss of samples and further contraction
of the viscoelastic matrix towards water-free spaces [33].
As the drying draws closer to its end, the difference be-
tween two consecutive shrinkage (slope) decreased. This
is indicative of faster shrinkage at the beginning of the
process and also its reduction as moisture content is re-
duced. This can be due to high Deff and surface hardening
of samples at the beginning of the drying process [17].

In general, the final shrinkage of the pretreated samples
was significantly (P < 0.05) lower than the control sam-
ples. As the osmotic solution concentration increased,
shrinkage showed further decrease (Table 6); as, for the
osmotic solution concentration of 70%, shrinkage was
lower by 12.65% than the control treatment. In agreement
with the study results, Dehghannya et al. [17] reported that
osmotic dehydration reduced shrinkage in the final prod-
uct, and that shrinkage decreased with increasing the os-
motic solution concentration. This is due to formation of a
dense layer on the sample surface made of soluble solids
inside the osmotic solutions with high concentration. At
the same time, given the low initial moisture content and
thus shorter drying time of osmotically-pretreated samples
(Table 4), their shrinkage was also smaller during drying.

Figure 3b (a,b,c,d) shows shrinkage curves for control
and pretreated potato samples for IM-HA drying at 360 W
and different PRs. According to this figure, the initial shrink-
age (as a result of osmotic dehydration) of osmotically-
pretreated sample with high concentrations was higher,
which gave rise to higher shrinkage after the microwave
phase. However, as the drying process continued with the
HA method, the shrinkage difference between pretreated and
control samples narrowed, as the shrinkage at the end of the
process was even lower in the pretreated samples. Generally,
sample shrinkage decreased significantly (P < 0.05) by
14.22% as PR reached 4 from 0 (Table 6). Continuous mi-
crowave application (PR = 1) created larger shrinkage due to
large heat generation and accelerated moisture removal.
Higher PR (longer off time) balanced heat generation, in-
creased moisture removal, and reduced the drying time
(Table 4), which in turn reduced shrinkage.

Figure 3b also shows the shrinkage kinetics of control and
pretreated potato samples dried by the IM-HA method at 600
(e,f,g,h) and 900 W (i, j,k,l), respectively, and different PRs.
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Results from these power levels in relation to the effect of
osmotic solution concentration and PR were similar to the
results obtained for 360W. The effect of different power levels
on shrinkage of potato samples is compared in Table 6.
Shrinkage of potato samples decreased significantly
(P < 0.05) with increasing microwave power. Accordingly,
IM-HA drying at 900 W reduced shrinkage by 13.3% com-
pared to HA drying. This can be due to shorter microwave
exposure as a result of higher microwave power (Table 1).

3.5 Bulk density

Bulk density is a structural property of foods. Structural prop-
erties are important for describing qualitative indices of dried
products. Bulk density is mainly considered for powder prod-
ucts and porous foods. As porosity increases, bulk density
decreases and rehydration increases. The low bulk density of
dried samples is thus a desirable characteristic. Long drying
times lead to larger bulk densities due to increased shrinkage.

Figure 4a shows the bulk density of control and pretreated
potato samples during HA drying. The initial bulk density (after
osmotic dehydration and at the beginning of drying process)
increased for higher osmotic solution concentrations. This can
be due to the increased sucrose gain and shrinkage of samples
(Fig. 3a) and thus their smaller volumes following the osmotic
dehydration. In general, at the early stages of the drying process,
bulk density first followed a gradual rising trend and then a
falling one as the sample moisture content decreased. The bulk
density increased at the early stages of HA drying due to shrink-
age and a large decrease in sample volumes (Fig. 3a). As the end
of the process approached, bulk density decreased as the sam-
ples reached a fixed volume, and the rates of shrinkage (Fig. 3a,
b) and moisture removal decreased. Final bulk density values of
osmotically-treated samples were lower than those of control
samples. As the osmotic solution concentration reached 70%,
bulk density dropped by 10.3%, which was statistically signifi-
cant in some treatments while non-significant in others
(Table 6). This finding can be caused by less shrinkage in
osmotically-pretreated samples (Table 6) and, consequently,
their smaller volume during HA-drying.

Figure 4b (a,b,c,d) shows the bulk density of control and
pretreated samples for the IM-HA dryingmethod using 360W
and different PRs. At the end of the microwave drying phase,
bulk density was lower in all treatments (Fig. 4b). This is due
to the positive effect of microwave application on increasing
moisture removal, internal pressure and thus volume expan-
sion of samples (Aghilinategh et al. [4]). For the rest of the
process (HA drying), density variations were similar to those
reported for HA-dried control and pretreated samples. Bulk
density decreased as PR increased (longer off time). This in-
crease was not significant between PR = 2 and PR =3
(Table 6). By increasing PR from 0 to 4, bulk density showed
a 33.84% decrease. This improvement in dried product quality

can be a result of temperature and moisture redistribution dur-
ing the off-time periods. Accordingly, temperature and mois-
ture gradients at different sample points became smaller,
which resulted into less internal stress [4].

Figure 4b also shows variation curves of bulk density dur-
ing IM-HA drying at 600 (e,f,g,h) and 900 W (i,j,k,l), respec-
tively, using different PRs. The effect of osmotic pretreatment
and pulse ratio on bulk density variations for these two power
levels were also similar to those in drying at 360 W. A com-
parison between the effect of different microwave power
levels on bulk density showed that use of lower microwave
power and higher exposure time (Table 1) increased bulk den-
sity. In comparison of different power levels, the increase was
significant in some and non-significant in others (Table 6).
Aghilinategh et al. [4] also reported similar results for drying
of apple. Long microwave exposure times can negatively af-
fect density, structure and porosity of the dried product.
Therefore, given the longer duration of HA drying and the
subsequent larger shrinkage (Fig. 3a) and bulk density of
HA-dried samples, the hybrid IM-HA technique considerably
reduced bulk density by cutting the drying time. In compari-
son to HA-drying, the IM-HA technique at 900 W reduced
bulk density by 33.84% (Table 6).

3.6 Rehydration

Rehydration of dried products is another qualitative character-
istic. It is the most important stage in using dried fruits and
vegetables. The higher the rehydration in the final product, the
higher their quality and attractiveness. Rehydration is a com-
plicated process that presents the physicochemical changes of
the sample during the drying process. Rehydration level of
dried products is affected by factors such as drying conditions,
different pretreatements, and sample composition. Other pa-
rameters including shrinkage also affect this qualitative factor
as rehydration decreases when the product shrinks and its
density changes [34].

Figure 5a shows rehydration of control and osmotically-
pretreated potato samples during the drying process.
Rehydration increased by increasing osmotic solution con-
centration after the osmotic dehydration (starting point of
IM-HA drying: 0 min) (Fig. 5a). This can be due to further
reduction in moisture content of samples pretreated with
higher osmotic solution concentrations (Table 6), which in
turn increased their capacity to absorb more water in the

�Fig. 5 a Rehydration ratio variations of control potato samples (without
microwave drying) pretreated with osmotic solutions at concentrations of
0 (control), 10, 30, 50 and 70% during convective hot-air drying b
Rehydration ratio variations of potato samples pretreated with osmotic
solutions at concentrations of 0 (control), 10, 30, 50 and 70% during both
microwave and convective hot-air drying at 360 W (a,b,c,d), 600 W
(e,f,g,h) and 900 W (i,j,k,l) with different pulse ratios (PR)
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rehydration phase. Results showed that rehydration improved
by 4.37% when increasing the osmotic solution concentration
to 10%. However, further increase in osmotic solution

concentration reduced rehydration. Accordingly, samples
treated with 70% sucrose solution had 30.89% lower rehy-
dration than control samples. Rehydration variations were

Fig. 5 (continued)
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Table 7 Specific energy consumption of microwave drying, specific energy consumption of hot-air drying and total specific energy consumption at
different concentrations of osmotic solution (% w/w), microwave pulse ratios and powers

Concentration of
osmotic solution
(% w/w)

Pulse ratio Power (W) Specific energy consumption of
microwave drying × 103 (MJ/kg)

Specific energy consumption
of hot-air drying × 103 (MJ/kg)

Total specific energy
consumption × 103 (MJ/kg)

0 – 0 – 769.705a 769.705a

10 – 0 – 663.911b 663.911b

30 – 0 – 658.714c 658.714d

50 – 0 – 568.939c 568.939o

70 – 0 – 501.096b 501.096c

0 1 360 0.271d 234.264b 234.535g

10 1 360 0.257i 269.218c 269.475e

30 1 360 0.340b 267.413d 267.753u

50 1 360 0.325y 414.746d 415.071v

70 1 360 0.349c 483.086c 483.436s

0 1 600 0.193p 223.665b 223.859m

10 1 600 0.250s 191.748c 191.999k

30 1 600 0.263d 204.904d 205.168a

50 1 600 0.246× 338.023d 338.270m

70 1 600 0.277t 301.236c 301.513t

0 1 900 0.285g 190.014b 190.299r

10 1 900 0.271h 184.247c 184.519p

30 1 900 0.274v 218.709d 218.983y

50 1 900 0.284o 311.213d 311.497n

70 1 900 0.326g 280.124c 280.450s

0 2 360 0.287a 235.193b 235.481l

10 2 360 0.287b 236.658c 236.945k

30 2 360 0.315o 318.514d 318.830t

50 2 360 0.370p 353.294d 353.664i

70 2 360 0.397m 359.486c 359.853r

0 2 600 0.252n 175.716b 175.969n

10 2 600 0.234e 207.361c 207.595f

30 2 600 0.275× 202.615d 202.890×

50 2 600 0.261w 324.127d 324.388j

70 2 600 0.257s 254.732c 254.990y

0 2 900 0.230q 184.093b 184.323g

10 2 900 0.269i 192.821c 193.091n

30 2 900 0.330e 195.039d 195.370e

50 2 900 0.330c 277.757d 278.087l

70 2 900 0.401j 241.354c 241.755u

0 3 360 0.179n 250.135c 250.315d

10 3 360 0.286k 221.376d 221.663y

30 3 360 0.288c 233.719e 234.008a

50 3 360 0.311v 375.436e 375.748×

70 3 360 0.385i 330.977d 331.363q

0 3 600 0.206w 206.084c 206.290q

10 3 600 0.234f 176.254d 176.488j

30 3 600 0.282b 200.000e 200.283z

50 3 600 0.280n 277.921e 278.201w

70 3 600 0.232r 394.003d 394.235v

0 3 900 0.222l 182.318c 182.541i

10 3 900 0.235e 193.022d 193.258k

30 3 900 0.277h 191.858e 192.136z

50 3 900 0.309u 225.357e 225.666d

70 3 900 0.321m 302.132d 302.454c

0 4 360 0.250v 234.023c 234.273f

10 4 360 0.261f 240.476d 240.737h

30 4 360 0.314z 211.450e 211.764c

50 4 360 0.328h 340.827e 341.156e

70 4 360 0.376r 331.480d 331.857f

0 4 600 0.228k 182.767c 182.996h

10 4 600 0.215d 168.102d 168.318o

30 4 600 0.268t 206.821e 207.089b

50 4 600 0.293q 245.010e 245.303r

70 4 600 0.284y 277.665d 277.949w

0 4 900 0.205a 232.931c 233.137p

10 4 900 0.228z 194.648d 194.877g

30 4 900 0.256u 207.212e 207.469b

50 4 900 0.263i 312.458e 312.722g

70 4 900 0.317j 323.336d 323.654j

* Different letters in the same column indicate a significant difference (p < 0.05)
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significant at the 5% level (Table 6). Consistent with the
results of this study, Rastogi et al. [35] observed that dried
carrot samples pretreated with the 5 and 10% sucrose solution
had the highest rehydration compared to control samples and
samples pretreated at higher concentrations. Higher osmotic
solution concentrations lead to cellular failure and damage,
which in turn prevent cells from absorbing more water during
rehydration. At the same time, at lower concentrations, su-
crose can maintain protein function and support its 3D struc-
ture, prevent the cellular membrane from damages, and im-
prove rehydration of the samples pretreated with the low-
concentration sucrose solutions [35]. In addition, Noshad
et al. [36] also reported reduced rehydration of osmotically-
pretreated samples. This finding can be due to high sucrose
gain during its immersion in osmotic solution. The gained
sucrose narrows texture pores, which develop more resistance
against water diffusion during rehydration. Furthermore,
stress induced by osmotic dehydration changes the cellular
permeability, which renders cells incapable of absorbing wa-
ter as much as untreated samples [36].

Figure 5b (a,b,c,d) shows rehydration curves for control
and pretreated potato samples for IM-HA drying at 360 W
and different PRs (1, 2, 3 and 4). Following the microwave
drying phase, the rehydration level of osmotically-pretreated
samples was higher than that of control samples. Accordingly,
samples pretreated with 50 and 70% sucrose solution had the
highest rehydration (Fig. 5b). In other words, samples
pretreated with higher osmotic solution concentration had a
higher capacity to absorb water due to their low moisture
content (following the osmotic dehydration and at the begin-
ning of the drying process: time 0 min). The trend was re-
versed for the rest of the HA process, and the final rehydration
of samples pretreated with higher osmotic solution concentra-
tion was lower. Additionally, sample rehydration increased
significantly (P < 0.05) by 38.05% as PR reached 4 from 0
(Table 6). In agreement with these results, Aghilinategh et al.
[4] reported increased rehydration of apple samples for higher
PRs. This can be due to longer off time, balanced heat distri-
bution and thus improved structure of foods.

Figure 5b also shows rehydration curves of control and
pretreated potato samples dried by the IM-HA method at
600 (e,f,g,h) and 900 W (i,j,k,l) and different PRs. The effect
of osmotic pretreatment and pulse ratio on rehydration kinet-
ics of these curves were similar to those in drying at 360W. In
IM-HA drying, rehydration increased by increasing power,
which was significant (P < 0.05) for all power levels com-
pared to the control sample (Table 6). This can be due to
shorter microwave exposure time (Table 1). Shorter micro-
wave exposure reduced shrinkage of samples (Table 6). A
low-shrinkage texture has higher rehydration capacity. The
results supports literature findings [4]. Microwave application
in drying increases internal pressure of samples creating a
puffy structure, which develops a higher rehydration capacity

and better reconstruction of the dried structure. The hybrid
IM-HA method at 900 W improved rehydration by 35.07%
compared to the HA technique (Table 6).

3.7 Specific energy consumption (SEC)

Today, the most important objective of different industries is
to increase profitability and reduce production costs, besides
developing quality products for end users. Use of different
process methods that contribute to less energy consumption
is an important solution for this objective. Energy consump-
tion of different drying processes is either expressed as the
total energy consumption of the process (in Joules) or based
on specific energy consumption (SEC) (in Joules / kg of the
evaporated water). Generally the latter in more important. Use
of microwave energy during the drying process is an effective
way of reducing energy consumption. In this method, as the
microwave energy infiltrates into food materials, it is directly
converted to kinetic energy of water molecules generated
throughout the sample. Therefore, the drying rate increases,
and energy is effectively saved [37]. Intermittent application
of microwave can improve this energy saving because, in
intermittent microwave application, heat is distributed
throughout the sample at certain microwave off times. As a
result, the direct exposure time is much less than the continu-
ous microwave method. Energy consumption in the micro-
wave drying phase depends on its power and also moisture
content, and energy requirement differs by changing the mois-
ture content [38].

Specific energy consumption (SEC) in drying of control and
pretreated potato samples in the IM-HA method at different
power levels and PRs is given in Table 7. Generally, SEC in-
creased when raising the osmotic solution concentration from
10 to 70% (Table 6). Increasing osmotic solution concentration
to 70% increased SEC by 39.51% compared to the control
samples. In comparison with the control samples, this increase
was significant only in the 50 and 70% treatments (Table 6).
According to Table 3, higher solid gain of potato samples during
immersion in the sucrose solution can act as a moisture bonding
agent, which makes moisture removal more difficult and in-
creases SEC. Moreover, SEC was lower for higher PRs, and
the results were significant (P < 0.05) compared to the control
sample (Table 6). By increasing PR from 0 (control) to 4, SEC
showed a 60.86% decrease. According to Table 6, moisture
removal generally increased during the microwave phase.
Therefore, higher PRs led to shorter HA-drying process
(Table 4) and thus less energy consumption.

A comparison between energy consumption at zero power
level (HA drying) with other power levels in Table 6 shows the
significant effect of integrating microwave energy in HA drying
on reduced energy consumption. Energy consumption signifi-
cantly decreased for all power levels compared to the zero pow-
er level (HA drying). The lowest energy consumption was
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observed for the 900 W power level with 63.27% reduction
compared to HA drying. According to Table 6, it seems that
highDeff at 900W led to faster moisture removal and less drying
time (Table 4) and thus decreased energy consumption.

3.8 Sample images

Images of the potato samples dried using the IM-HA tech-
nique at 900 W and PR = 4 with different osmotic solution
concentrations are given in Fig. 6, as an example. The figure
shows improved appearance and reduced shrinkage as osmot-
ic solution concentration increased.

4 Conclusion

The effect of simultaneous application of intermittent micro-
wave (IM) and forced convection of hot air (HA) on the dry-
ing of potato samples pretreated with a sucrose solution was
investigated. Results showed that the highest drying time
(495 min) belonged to the HA-dried control treatment. The
lowest drying time (228 min) belonged to the samples
pretreated with 50 and 70% osmotic solutions at 900 W mi-
crowave power with pulse ratio (PR) of 4. Use of higher mi-
crowave power and PR led to increased Deff. Increasing the
osmotic solution concentration to 70% decreased shrinkage
by 12.65%. Besides, shrinkage was 13.3% lower than the
HA drying when using the hybrid IM-HA method at 900 W.
Moreover, increasing the concentration of the sucrose solution
to 70% reduced the bulk density by 10.30%. Use of IM-HA
drying at 900W reduced bulk density by 33.84% compared to
the HA-dried samples. On the other hand, in IM-HA drying,
rehydration of dried samples was higher than the HA method,
and increasing the microwave power and PR in the former led
to 35.07 and 38.05% effects, respectively. Finally, specific
energy consumption increased by 39.51% (compared to the
control treatment) when increasing osmotic solution concen-
tration to 70%, whereas increased power level and PR reduced
this parameter by maximum 63.27 and 60.86%, respectively.
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