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Microwave assisted osmotic dehydration (MWOD) conditions of banana were optimized using response surface methodology. In this
study, the microwave energy was applied in pulsing form to adjust the intermittent temperature distribution and overheating problem at
respective microwave power level. The experiments were conducted using a face-centered central composite design (FCCD) with four
factors, viz. slice thickness (5-10 mm), sugar concentration (40-60°Brix), microwave power (100-1000W), and time (10-50 min) at three

levels. Multiple regression analysis showed that all process factors significantly affects linearly on the water loss, solid gain, drying
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efficiency, and color difference at p<0.05. The optimum operating conditions were found to be slice thickness of 9.87mm, sugar
concentration of 59.99°Brix, microwave power level of 100W, and osmosis time of 50 min. Under this operating condition, WL, SG,
color difference and drying efficiency were 19.41%, 6.80%, 15.11 and 28.23 (MJ/kg), respectively. The predicted optimum values for

independent variables were validated by performing several experiments and the simulated data were found in closeness to the

experimental ones.
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INTRODUCTION

The product obtained from osmotic dehydration belongs to the class of
intermediate moisture foods (IMF). This is because intermediate moisture foods
are partially dehydrated products which have the moisture content ranging from
20 to 50%. Consequently, osmotically dehydrated products contain moisture in
the range of 65-75% (Rao, 1997). Moreover, osmotic dehydration (OD) is a
partial dehydration method which remove water from food tissues since
hypertonic solution acts as a driving force for moisture diffusion (An et al.,
2013). In this process, there is no need to supply the latent heat because the
moisture is removed by a physical diffusion process instead of vaporization.
Therefore, the process is energy efficient (Azarpazhooh and Ramaswamy,
2012). However, OD is a slow and time-consuming process. Hence, it needs to
develop novel techniques to accelerate the mass transfer rates without adversely
affecting the quality of the product (Rastogi et al., 2002). Thus, a combination of
osmotic dehydration with microwave drying technique may improve the drying
rate by reducing the time and efficient means to reduce energy consumption
(Raghavan and Silveira, 2001; Piotrowski et al., 2004).

Microwave assisted dehydration involves the transformation of electromagnetic
energy into heat which is generated due to molecular excitation into the food
product. Furthermore, this leads to a positive outflow of water resulting faster
drying process and reduction in drying time up to 25-90% (Orsat et al., 2006;
Wray and Ramaswamy, 2013;Wang et al., 2014; Abano, 2016). However,
nonuniform heating of foods during microwave heating is the major drawback for
its application in the food industry. This is because of nonuniform temperature
distribution and central heating effects. For improving temperature uniformity,
the microwave power can be applied in a pulsed form (Gunasekaran, 1999; Li
et al., 2011; Sharifian et al., 2012). During pulsed drying, the total drying
time was considered in two ways that were power off and power on time. The
microwave power on time was referred to as the duration over which radiation
energy was supplied for complete drying. In contrast, there is no radiation energy
furnished during power off time since the variation of product temperature
occurred at the radiation time is balanced due to the proper heat transfer. Thus,
pulsed radiation controls the product temperature which enhances dried product
quality and promotes energy utilization as well (Yang and Gunasekaran, 2004).
Several researchers applied microwave energy during osmotic dehydration either
by immersion or spray mode for various food products (Li and Ramaswamy,
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2006b; Azarpazhooh and Ramaswamy, 2009). Nevertheless, limited effort was
drawn previously for accelerating mass transfer rate during osmotic dehydration
of banana in combination with microwave energy. It is reported that the
application of microwave finish drying reduced the convective drying time about
64.3% for dried banana product (Maskan, 2000).

The banana (Musa paradisica) is an important fruit crop of the world, especially
in the tropical countries. Tropical countries like Bangladesh, banana is available
throughout the year but significant amount of them are spoiled due to their
high perishability and lack of known preservation techniques. This can lead to
a huge financial loss by the grower and country as well. The most important
methods that are widely practiced for preservation of fruits and vegetables are
drying and dehydration (Singh et al., 2007; Taiwo and Adeyemi, 2009; Chavan
et al., 2010). These methods can reduce microbial spoilage of banana during peak
season and its huge wastage can be minimized. In addition to this, osmotic
dehydration (OD) has received a lot of attention in recent years as an effective
method to reduce the water activity of fruits and vegetables. At low water
activity, the growth of microorganisms and most of the chemical reactions which
deteriorate the food are ceased as well as obtain a product of more shelf stable.
Therefore, the aim of this research was to optimize the process variables during
osmotic dehydration of banana slices under pulsed microwave environment by
response surface methodology (RSM).

MATERIAL AND METHODS
Materials

Banana (Musa paradisica) fruits of good quality and ready for ripening was
purchased from the local retail (Dinajpur, Bangladesh) and allowed to ripen
under natural conditions. The yellowish colored banana was selected for
conducting this research. The refined sugar (Fresh refined sugar, United Sugar
Mills Ltd., Narayanganj, Bangladesh) was used for preparing the osmotic
solutions.

Preparation of raw materials

The osmotic solutions were prepared by dissolving required quantity of refined
sugar in distilled water (w/v). The total soluble solids (°Brix) content of the
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solution was measured using a portable digital refractometer (Model-HI96801).
Consequently, the banana was washed in clean water to remove the dirt particles
and peeled manually. Then the samples were sliced into different thickness using
a stainless steel knife and the thickness was measured by a vernier caliper. The
initial moisture content of ripe banana slices were determined using a hot air
oven at 105°C for 24 h (Sutar et al., 2012; Abano, 2016). The initial moisture
content of the ripe banana samples varied from 75.2% to 77.4% (wet basis).

Experimental design

The microwave assisted osmotic dehydration (MWOD) experiments were
conducted using a face centered central composite design (FCCD). The four
factors are sample thickness (A), sugar concentration (B), microwave power (C),
and contact time (D) were taken at three level. The variable levels were chosen
on the basis of previous experiments conducted by several authors (Chavan et
al., 2010; Athmaselvi et al., 2012; Azarpazhooh and Ramaswamy, 2012).
The experimental design included thirty experiments with sample thickness in the
range of 5-10 mm, sugar concentration in the range 40-60°Brix, microwave
power in the range 100-1000W, and contact time in the range 10-50 min. The
sample to solution ratio of 1:30 was kept constant throughout all the experiments
(Wray and Ramaswamy, 2013). The original values of all variables in terms of
coded and actual units are shown in Table 1. All these variables were closely
controlled and accurately measured during experimentation.

Table 1 Process variables and their three levels of experimental design

Variable Name Units Levels
-1 0 1
A Sample thickness mm 5 75 10
B Sugar concentration °Brix 40 50 60
C Microwave power Watt 100 550 1000
D Contact time min 10 30 50

Experimental setup

A domestic microwave oven (Panasonic Model NN-GD5705) with a nominal
output of 1100W at 2450 MHz was used for osmotic dehydration of banana
slices. Therefore, the pulsing ratio is explicated by the following equation
(Hazervazifeh et al., 2018) and summarized in Table 2:

PR — (ton+ toff)
on

Where, t,, is the power on time (min); to is the power off time (min);
PR=Pulsing ratio

Table 2 Microwave power on and off time cycle at different pulsing ratios

Total drying time  Pulsing ratio  Ontime, to,,  Off time, t o (Min)
(min) (min)
10 2 5 5
30 3 10 20
50 25 20 30

Experimental procedure

Osmotic dehydration of banana slices was carried out in a batch system. The
experiments were conducted at various combinations of slice thickness, sugar
concentration, microwave power, and time as per the experimental design. The
glass beaker containing the osmotic solution and banana slices was placed inside
the microwave cavity in a sample to solution ratio of 1:30. During
experimentation, agitation was not performed because it increases the cost of
processing. After completion of total drying time as per experimental design,
samples were withdrawn from the solution, quickly rinsed, gently blotted with
paper towel to remove adhering solution, and then analyzed. Experiments were
runin ftriplicate andthe data are given an average of these results.
The reproducibility of the experiments was within the range of +1.63%. The
water loss (WL) and solid gain (SG) were determined using a mass balance
method as given by El-Aouar et al. (2006).

WL6) = W X 100 e @
Wi
X X.
(W (-5 -W(@-"1))
SG(%) = — T — ®)

I
Where W; and Ws are initial and final samples weights in grams at time (t),
respectively; X; and X are initial and final moisture content at time (t),
respectively, (9/100g initial wet of banana slices)
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Drying efficiency

Drying efficiency is defined as the energy required to evaporate a unit mass of
water (MJ/kg). Drying efficiency was calculated as described by
(Yongsawatdigul and Gunasekaran, 1996).

_ty, xPx(1-m;)x10"°
M; x(m;xm,)

DE

Where DE is the drying efficiency (MJ/kg); ton is the total power on time (s); M
is the initial sample mass (w/w); P is the microwave power input (Watt); m; and
my is initial and final moisture content after OD, respectively.

Color difference

Total color difference (AE) of fresh and osmotically dehydrated banana slices
was measured with a Hunter Lab color meter (USA), Model 45/0-L. The
instrument was calibrated using standard white tile before taking measurements
of each sample. The color of fresh and dehydrated banana slices was assessed in
terms of ‘L', 'a', and 'b" after making a paste of the sample. For determining the
color of the dehydrated sample, the paste was completely filled in Petri dish
hence no light can pass during the measuring process. The obtained values were
recorded and compared with the values of fresh banana sample. The color
difference (AE) was determined by the equation given by (Giri and Prasad,
2007).

AE = J[(L= L) @2 +(0-D)] cvrrrsrrrrsrssrsessrssissnnsns ©)

Color difference (AE) indicates the degree of overall color change of a sample
while comparing color values of an ideal sample having color values of L*, a*,
and b*, respectively. The fresh ripe banana slices were taken as ideal sample in
this case having L*, a*, and b* values of 70.32, 1.33, and 31.81, respectively.

Statistical analysis

Response surface methodology was used to determine the relative contributions
of A, B, C and D to various responses under study such as water loss (WL), solid
gain (SG), drying efficiency (DE), and color difference (AE) of banana slices.
The second order polynomial response surface model was fitted to each of the
response variables (Yy).

3 3 3
Y =b,+ Zbkixi + zbkiixiz + Z bkijxixj ------------------------------------------ (6)

3 i=L i#j=1
Where by, by, buii, and by expressed are the constant, linear, quadratic, and cross
product regression coefficients, respectively. Apart from this, X;° is the coded
independent variable of A, B, C, and D.

The experimental design acquired from FCCD is shown in Table 3. The
experimental design and data analysis was performed using a commercial
statistical package, Design Expert, version 7.0 (Stat-Ease Inc., Minneapolis,
MN). Analysis of variance (ANOVA) was conducted to fit the model

represented by eq. (6) and to examine the statistical significance of the model
terms. The adequacy of the model was assessed using model analysis, lack-of-fit
tests, and R-squared values (R? and Adjusted R?). The co-efficient of variance
(CV) was calculated to find the relative dispersion of the experimental points
from the predicted values of the model. Response surfaces and numerical
optimization were generated using the same software.

Optimization

Numerical optimization technique was used for simultaneous optimization of the
various responses. The possible goals for responses were maximized, minimized
and target whether the independent variables were kept within range. In order to
search a possible solution, the goals were combined into an overall composite
function, D(x), called the desirability function (Montgomery, 2012) which is
defined as:

D(X) = (Y;X Y, Xorrrerreererirnnns X 72 e )

Where Y; ( i=1,2,......n) are the responses and n is the total number of responses
in the measure. Desirability is an objective function that ranges from zero to one
and reflects the desired ranges for each transformed response. The numerical
optimization sort out a point that maximizes desirability function.
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Table 3 Treatment combinations for osmotic dehydration under pulsed microwave conditions

Uncoded process variables Responses
Run Sample Sugar Microwave Contact Water loss Solid gain Drying Color
thickness  concentration power time (%) (%) efficiency difference (AE)
(mm) (°Brix) (Watt) (min) (MJ/kg)
1 10 60 100 50 18.2 4.48 30.13 12.77
2 10 60 100 10 10.7 3.82 8.70 9.91
3 75 50 100 30 13.7 7.19 29.44 24.14
4 5 60 1000 10 10.2 5.15 84.81 14.74
5 5 40 1000 50 22.8 3171 107.09 15.17
6 75 60 550 30 18.2 25.87 59.14 22.8
7 5 60 100 50 18.2 2.19 3181 24.04
8 10 60 1000 10 141 12.08 77.15 23.69
9 5 50 550 30 171 26.80 57.02 26.29
10 (C) 75 50 550 30 17.0 24.67 58.52 25.2
11(C) 75 50 550 30 13.3 19.31 67.44 25.98
12 5 60 100 10 8.6 0.54 17.92 13.91
13 10 50 550 30 17.8 26.37 51.68 29.9
14(C) 7.5 50 550 30 16.1 25.16 47.33 26.95
15 75 50 550 50 215 29.36 83.99 25.84
16 10 60 1000 50 30.7 65.30 77.74 38.03
17 10 40 1000 50 17.8 45.62 97.17 32.32
18 75 50 550 10 7.3 11.45 35.01 22.15
19 5 40 1000 10 10.96 3.05 90.38 9.54
20 75 50 1000 30 23.01 33.86 87.67 30.9
21 5 60 1000 50 30.02 53.99 86.27 26.06
22(C) 7.5 50 550 30 14.6 2217 60.60 23.85
23 5 40 100 10 6.01 3.01 18.24 12.70
24 10 40 1000 10 9.4 4.69 75.52 21.83
25 10 40 100 10 52 2.35 15.79 8.01
26(C) 7.5 50 550 30 16.6 24.37 52.84 28.55
27 10 40 100 50 10.05 4.49 3311 10.85
28 5 40 100 50 10.7 381 70.67 8.86
29 75 40 550 30 9.5 20.90 74.15 18.01
30(C) 75 50 550 30 15.2 2331 50.11 27.92

Note: C =Center point

RESULTS AND DISCUSSION
Model fitting

The design and experimental data for different runs of the osmotic dehydration
process are presented in Table 3. Analysis of variance (ANOVA) was conducted
to determine the statistical significance of linear, quadratic, and interaction
effects of various responses and the results are shown in Table 4 and 5. ANOVA
indicated that the lack of fit was non-significant for all responses (p<0.05) which
implies that the models are sufficiently accurate for predicting the responses. The
coefficient of determination (R?) measures the goodness of fit of the model. The
high values of R? (>0.90) obtained for response variables suggested that the
developed model for WL, SG, drying efficiency (DE) and color difference
adequately explained the total variation in the experimental data. Furthermore,
the adjusted R? value corrects the R? value for the sample size and for the number
of terms in the model. The adjusted-R? value was found to be 0.94, 0.96, 0.89 and
0.94 for WL, SG, DE and color difference (AE), respectively. The R? and
adjusted-R? values for the models were found quite closeness to each other,
demonstrating that non-significant terms were not included. In general, the
adequacy of the models was determined by the coefficient of variation (CV),
which should not be greater than 10% (Giri and Prasad, 2007). Additionally, the
water loss (WL) and color difference showed low CV values (<10%), indicating
that the models of these responses are highly reliable (Table 4 and 5). Therefore,

WL =15.90-0.036A +3.14B +3.76C +5.42D + 0.92AB
—0.16AC-0.54AD +0.02BC +1.48BD +1.88CD
+1.13A% - 2.47B% +2.03C* -1.92D?
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the following second order polynomial equations in the form of coded factors for
various responses are given below.

SG =24.01+2.16A +2.99B +12.42C +10.82D + 0.51AB

+1.76AC +1.06AD +3.38BC +1.99BD +10.40CD  ......vvvvoorresrrrrn, ©)
+1.73A% ~1.47B? —4.32C? — 4.45D”
DE =57.91-540A—-6.03B+29.33C+10.80D oo (10)
AE =26.85+2.0A +2.70B + 4.84C +3.19D —1.32AB
+4.27AC+0.46AD +0.22BC+1.47BD +1.86CD  ....ovvvvveerrrrrrne 11)

+0.81A% - 6.88B° +0.23C* —3.29D*

Where, WL= water loss (%), SG= solid gain (%), DE= drying efficiency
(MJ/kg), AE= color difference, A= sample thickness (mm), B= sugar
concentration (°Brix), C= microwave power (Watt), D= contact time (min)
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Table 4 ANOVA showing the effects of the variables on WL and SG during MWOD of banana

Source Water loss Solid gain
DF B Sum of F- value p-level B Sum of F- value p-level
square square
Model 14 15.90 1108.12 34.65 0.0001° 24.01 7643.05 54.30 0.0001°
Sample thickness (A) 1 -0.036 0.0227 0.0099 0.9218 2.16 84.29 8.39 0.01115
Sugar conc. (B) 1 3.14 177.34 77.64 0.0001° 2.99 160.69 15.99 0.0012°
Microwave power (C) 1 3.76 254.10 111.24 0.0001° 12.42 2777.11 276.34 0.0001°
Time (D) 1 5.42 528.12 231.19 0.0001° 10.82 2108.29 209.79 0.0001°
AB 1 0.92 13.50 591 0.0280° 0.51 4.23 0.42 0.5261
AC 1 -0.16 0.429 0.19 0.6709 1.76 49.70 4.95 0.0591
AD 1 -0.54 4.62 2.023 0.1753 1.06 18.07 1.80 0.1999
BC 1 0.020 0.0064 0.003 0.9585 3.38 182.83 18.19 0.0007°
BD 1 1.48 35.22 15.42 0.0013°% 1.99 63.36 6.31 0.024%
CD 1 1.88 56.32 24.66 0.0002° 10.40 1730.59 172.21 0.0001°%
A2 1 1.13 3.29 1.44 0.2489 1.73 7.79 0.78 0.3924
B’ 1 -2.47 15.85 6.94 0.02% -1.47 5.60 0.56 0.4670
c? 1 2.03 10.69 4.68 0.051 -4.32 48.46 4.82 0.04425
D? 1 -1.92 9.59 4.20 0.06 -4.45 51.28 5.10 0.0392°
Lack of fit 10 24.71 1.29 0.4097"° 127.19 2.70 0.1423
R? 0.97 0.98
Adjusted R? 0.94 0.96
CV.% 9.98 16.77

Note: DF=degree of freedom; p= Coefficient of estimate; S=significant at 5% level of significance (p<0.05); NS= non-significant at 5% level of

significance (p>0.05).

Table 5 ANOVA showing the effects of the variables on drying efficiency (DE) and color difference (AE) during MWOD of banana

Source Drying efficiency Color difference
DF B Sum of F- value p-level DF B Sumof  F-value p-level
square square
Model 4 57.91 18768.13 60.13 0.0001° 14 26.85 177467  32.34 0.0001°
Sample thickness (A) 1 -5.40 525.05 6.73 0.0156° 1 2.00 72.02 18.37 0.0006°
Sugar conc. (B) 1 -6.03 653.65 8.38 0.0078° 1 2.70 131.57 33.56 0.0001°
Microwave power (C) 1 29.33  15489.03 198.50 0.0001°% 1 4.84 421.42 10750 0.0001°
Time (D) 1 10.80 2100.39 26.92 0.0001° 1 3.19 183.39 46.78 0.0001°
AB 1 -1.32 27.81 7.09 0.0177%
AC 1 427 291.77 74.43 0.0001°
AD 1 0.46 3.33 0.85 0.3716
BC 1 0.22 0.74 0.19 0.6698
BD 1 1.47 34.62 8.83 0.0095°
CD 1 1.86 55.48 14.15 0.0019°
A? 1 0.81 1.68 0.43 0.5224
B’ 1 -6.88 122.79 31.32 0.0001%
c? 1 0.23 0.14 0.035 0.8537
D? 1 -3.29 28.12 7.17 0.0172%
Lack of fit 20 1672.70 1.504 0.3457" 10 43.45 1.41 0.3684"°
R? 0.90 0.96
Adjusted R? 0.89 0.94
CV.% 15.25 9.27

Note: DF=degree of freedom; p= Coefficient of estimate; S=significant at 5% level of significance (p<0.05); NS= non-significant at 5% level of

significance (p>0.05).
Effect of process variables on water loss (WL)

The results of WL of microwave assisted osmotic dehydration (MWOD) of
banana slices are presented in Table 3. The WL during MWOD of banana slices
was ranged from 5.2 to 30.7%. The p and B value in Table 4 indicates that the
osmosis time was the most significant variable for WL followed by microwave
power and sugar concentration. These results showed that WL increased with the
increase of contact time. Similar outcomes were reported during microwave
osmotic dehydration of cucumber, apples and seedless guava (Fasina et al.,
2002; Azarpazhooh and Ramaswamy, 2012; Ganjloo et al., 2014). However,
The quadratic terms of the sugar concentration was also highly significant,
whereas the quadratic terms of other process variables were non-significant
(p<0.05).

The combined effects of the two factors on WL can be observed graphically from
the response surfaces and contour plots generated by keeping two other variables
at the center levels. As microwave power and osmosis time increased, there was a
continuous increase in water loss (Fig. 1A). This could be accounted for the
uniform and quick heating effect of microwave energy on water molecules.
Additionally, the high frequency oscillating field applied as radiation energy
during OD result in the dielectric heating of water presence in cell wall of the
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sample. Since, the molecular movement between the sample and osmotic medium
was faster with time because of the thermal energy. In consequence, it promotes
moisture diffusion within the sample, thereby increasing the moisture
permeability throughout the cell and mass transfer by vaporization
(Azarpazhooh and Ramaswamy, 2012; Chandrasekaran et al.,2013;
Venkatesh and Raghavan, 2004). Figure 1B illustrates that WL increased with
the increase of sugar concentration and osmosis time. During the early stage of
the process, the rate of water removal was comparatively high due to the osmotic
pressure gradient between the concentrated solution and the fresh sample. After
that, the rate of WL gradually settled with time towards equilibrium. Similar
findings were reported by several authors for osmotic dehydration of fruits and
vegetables (Li and Ramaswamy, 2006a; van Nieuwenhuijzen et al., 2001;
Ramya and Jain, 2017). The thinner samples of banana slices approached
equilibrium more rapidly than the thicker samples with the increase of solute
concentration (Fig.1C). Nevertheless, when the osmotic solution concentration
increased beyond 50°Brix and slice thickness above 7.50 mm, the rate of water
removal fall apart than the beginning stage. Lerici et al. (1985) reported that the
rate of water outflow depends on the dimension of sample (apple) and decreased
as the sample dimension increased.
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Figure 1 Effect of process variables on water loss of microwave assisted
Effect of process variables on solid gain (SG)

Table 3 showed that the solid gain ranges from 0.54 to 65.30%, indicating that
the variation between the maximum and lowest value of the solid gain was
approximately 65% during microwave assisted osmotic dehydration (MWOD) at
different conditions. The p value in Table 4 suggests that all linear terms of
process variables has significant effects on solids gain at 95% confidence level.
The magnitude of B values showed that the microwave power has the most
pronounced effect on SG followed by the osmosis time, sugar concentration and
slice thickness. These outcomes illustrate that the solids gain (SG) increased with
an increase either of these linear variables during MWOD of banana slices. Since,
the osmotic solution temperature increased with an increase of microwave power
with time results in reduction of solution viscosity, permitting to penetrate more
easily into plant tissues hence raising the solids gain. These results are in line
with the findings of several authors (Azarpazhooh and Ramaswamy, 2012;
Lazarides et al., 1995; Tiroutchelvame et al., 2019). The quadratic terms of
microwave power and osmosis time has the negative and significant effect
whereas the sample thickness and sugar concentration has the non-significant
effect on water loss. The negative coefficient of significant quadratic terms
suggested that an excessive increase in the levels of these variables resulted in the
decreasing trend of SG.

It is noted from Table 4 that the interaction term ‘microwave power and 0smosis
time’ have the most significant effect on SG (p<0.05). This interaction effect
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Figure 2 Effect of process variables on solid gain of microwave assisted
Effect of process variables on drying efficiency (DE)

Table 3 showed that the drying efficiency got during MWOD of samples was
ranged from 8.7 to 107.09 (MJ/kg). Linear effects of all process variables on
drying efficiency were highly significant (p<0.05). Additionally, the microwave
power was the most influential variable for drying efficiency followed by the
time of osmosis (Table 5). Thus, at lower microwave power levels and shorter
time of osmosis can offer lower energy consumption during MWOD of banana
slices under pulsed mode. This outcome was also reported by several researchers
for microwave assisted osmotic dehydration of button mushrooms and
cranberries (Giri and Prasad, 2007; Sunjka et al., 2008). However, sugar
concentration and slice thickness has the significant negative effect on DE. This
explains that an excessive increase of these variable results in the decrease in
drying efficiency.

Effect of process variables on color difference (AE)
The maximum color difference (AE) was found 38.03, whereas the minimum was

8.01 for the dehydrated samples at different operating conditions (Table 3). The p
and P value in Table 5 showed that the maximum positive effect of microwave
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osmotic dehydration (MWOD) of banana slices under pulsed environment

explains the increase on SG with the increase on microwave power and contact
time from 30 to 50 min (Fig. 2A). The higher rate of SG is because of the greater
exposure to microwaves, which results in a decrease in the viscosity of the
osmotic solution with increased temperature over time. The higher temperatures
also cause the individual cellsin the sample to swell, thereby expanding the
cell membrane permeability to sugar molecules thus greater solid gain (Chandra
and Kumari, 2015; Wray and Ramaswamy, 2013). The interaction of sugar
concentration with microwave power has the positive and significant effect on
SG and contributes to enhance the magnitude of solids gain (Fig. 2B). This
behavior is because of the selective absorption of microwave energy by water
molecules in the fruit tissue results in an increase of internal aqueous pressure.
Hence, it is advocating massive out fluxes of water from the fruit counteracting
the solids uptake by the fruit (Azarpazhooh and Ramaswamy, 2009). In
addition, it depicts the increase on SG with the increase on sugar concentration
and osmosis period from 35 to 50 min in Fig.2C. Chandra and Kumari (2015)
reported a similar trend that the gain in soluble solid content is a function of
time. Furthermore, the solid uptake stepped up with the escalation of solute
concentration (Fig.2C). This distinct behavior associated to an increase of the
osmotic gradient between the fruit sample and the osmotic solution. Besides, the
low molecular weight of the osmotic agent (sugar) also facilitate to penetrate
easily into the cell of fruit tissue thus favored solid gain (Eren and Kaymak-
Ertekin, 2007; van Nieuwenhuijzen et al., 2001; Panagiotou et al.,1999).
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power on color difference followed by contact time, sugar concentration, and
sample thickness. These findings revealed that color of the osmotically
dehydrated banana slices deteriorate with an increase of these linear process
variables. This increase in trend enlightened the fact that the breakdown of
dielectric properties of the product which leads to burning of the product surface.
Since, the color properties of banana slices was affected thermally and induce to
fade in color (Wang et al., 2014). Table 5 demonstrated that the quadratic terms
of sugar concentration and osmosis time have the negative and significant
effect on the color difference among the samples. The negative co-efficient () of
the quadratic variables suggested that an excessive increase of these variables
resulted in the significant decrease in color properties of banana slices.

As shown in Figure 3A, the microwave power and slice thicknesses have the
most pronounced effect on total color difference of the samples. The rate of
degradation of color increases as the microwave power extends beyond 550W.
This is due to absorption of more microwave energy by the dipole of the water
molecule, which converted into heat hence elevating of product surface
temperature and tends to scorching of the product surface (Gunasekaran, 1999).
The interaction of microwave power with longer osmosis period has also the
significant effect at a 5% level of significance (Fig. 3B). This phenomenon is
because of the higher microwave power thus favored rapid heating of water
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molecules which create an internal pressure, promoting faster movement of
water-based currents and leading to higher moisture loss from the product.
Consequently, the higher water loss implies a development in the effective
pigment concentration. As an effect, the selective light absorption could enhance
with an increase in the refractive index in the tissue liquid phase that promotes
surface reflection. These two simultaneous effects appear in divergent effects on
color attributes of the product (Falade and Igbeka, 2007). Figure 3C showed
that a significant increase in a color difference of banana slices with the increase
of sugar concentration and contact time (p<0.05). This can be explained by the
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longer time exposure to air and microwaves, since the enzymatic browning
escalated and cell matrix of banana shrunk which led to a change in optical
performance (An et al., 2013). The change in color of banana slices is less when
the thickness of sample within 7 mm associated with the increase of solute
concentration (Fig. 3D). Krokida et al.(2001) reported that the infusion of sugars
can prevent the fruit discoloration during drying for both enzymatic and non-
enzymatic browning reactions.
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Figure 3 Effect of process variables on color difference of microwave assisted osmotic dehydration (MWOD) of banana slices under pulsed environment

Optimization of the microwave assisted osmotic dehydration (MWOD)
process

Numerical optimization was performed using the developed models for water
loss, solid gain, color difference and drying efficiency. The slice thickness, sugar
concentration, microwave power and osmosis time were set in the range while
the response WL was set at the maximum. Furthermore, the solid gain and color
difference were set at the minimum whereas the drying efficiency was set in the
range. The Design Expert program was run for the optimum condition. The best
solution was found with a maximum desirability value, which was selected as the
optimum conditions for MWOD of banana slices. Therefore, the predicted
optimum condition was obtained as slice thickness of 9.87mm, sugar
concentration of 59.99°Brix, microwave power level of 100W, and osmosis time
of 50 min. Table 6 shows the experimental value as well as predicted values of
various responses at optimum condition according to the quadratic model.

Table 6 Comparison of experimental values with predicted values

Responses Values

Predicted Experimental (+SEM)
Water loss (%) 19.41 19.52+0.20
Solute gain (%) 6.80 6.96+0.27
Color change (AE) 15.11 16.98+1.36
Drying efficiency (MJ/kg) 28.23 29.70+1.23

Validation of the model

In terms of model validation, three experiments were performed under the
recommended optimum condition with a slight alteration in slice thickness by
10mm in exchange of 9.87 mm. Moreover, Sugar concentration was replaced
from 59.99°Brix to 60°Brix.The experimental values (mean of three
measurements) and predicted values of various responses are presented in Table
6. The obtained experimental values were found close to the predicted values of
the response surface model, which satisfy the predicted model.

CONCLUSIONS

During microwave assisted osmotic dehydration (MWOD) of banana, the
osmosis time has the most significant effect on water loss (WL). It signified that
when the time of osmosis increased WL also increased. However, the microwave
power was found significant process variable for solid gain (SG), drying
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efficiency and color difference at p<0.05. The desirability function technique was
used for finding the optimum conditions during microwave assisted osmotic
dehydration (MWOD) of banana slices. By numerical optimization technique, the
optimum solution was found to be 19.41%, 6.80%, 15.11 and 28.23 (MJ/kg) for
water loss, solid gain, color difference and drying efficiency, respectively. After
getting optimum conditions, three experiments were carried out to validate
predicted values. The experimental responses were found nearness to the
predicted values from the fitted quadratic models. Therefore, microwave assisted
osmotic dehydration (MWOD) in pulsed form was found as a suitable method for
obtaining intermediate moisture food (IMF) products. Moreover, pulsed
microwave heating can be applied during osmotic dehydration to promote mass
transfer rates.
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