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ABSTRACT

The use of green banana flour is attracting food technologist as an important ingredient in the development of 
functional foods being the rich source of resistant starch. Banana is a highly perishable food commodity, and to 
preserve the physicochemical, nutritional, optical, and sensory attributes, which are of great concern. Thus, the aim 
of the present study is to investigate the effect of pre-treatment and dehydration temperature on the quality attributes 
of dehydrated green banana slices. Results of convective drying at 50–70°C with an interval of 5°C indicated that 
drying characteristics and quality parameters were pre-treatment and temperature dependent. The effective moisture 
diffusivity (Deff) increased from 0.41×10-10 to 1.43×10-10 m2/s and 0.63×10-10–1.57×10-10 m2/s for untreated and treated 
samples, respectively, on increasing the dehydration temperature. The activation energy (Ea) was significantly reduced 
on pre-treatment and took lesser dehydration time at respective corresponding temperatures. Henderson and Pabis 
model was found best to describe the dehydration process. The treated dried banana slices at 60°C showed lower 
tendency toward yellowness, color saturation, and browning index, with higher total phenolic content (102.54 mg 
of GAE/g), antioxidant activity (10.92%), and sensory attributes as compared to the products obtained in other 
combinations.

1. INTRODUCTION

Banana is a widely consumed fruit, cultivated predominantly in tropical 
and subtropical regions [1,2]. Banana belongs to the genus Musa and 
the family Musaceae [3]. Most of the cultivars are derived from two 
diploid species Musa acuminata and Musa balbisiana [4,5]. The 
widely grown diverse varieties of genus Musa are Musa Cavendish, 
Musa paradisiaca, and Musa sapientum. Cavendish bananas are sweet 
in taste, also known as dessert bananas and are used mainly in a ripe 
state for table purpose [6], while plantain is starchier and mainly 
used for cooking purposes in unripe conditions. India is the largest 
producer of bananas followed by China and Indonesia. In compliance 
with FAO, worldwide production of banana tends to upsurge and is 
reported as 116.78 million tons and India’s share was 30.46 million 
tons which is about 26.08% of the total world production  [7]. It is 
claimed that banana has several health benefits mainly blood pressure 
control, reducing inflammation, beneficial for cardiovascular 
problems, and digestive health [8,9]. Banana is embedded with several 
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micronutrients mainly minerals such as phosphorous, magnesium, 
sodium, potassium, copper, and zinc as well as vitamin A and C [10,11]. 
Banana is also known as “Happy fruit,” this is due to the presence of 
serotonin that helps to prevent depression and relaxes the body. It has 
hypocholesterolemia activity due to the presence of resistant starch 
that has lower digestibility and thus resulting in a low glycemic index.

Post-harvest handling of bananas generally results in huge losses 
due to the damage caused during harvesting and transportation. 
Furthermore, the small sized bananas are not suitable for marketing 
and not finding any commercial use. One-fifth of the harvested 
bananas is rejected and is generally used as animal feed or disposed 
of. Since, banana is a rich source of starch and other nutrients; thus, it 
offers a potential source for utilization in different food products [12]. 
Banana pulp of these untapped bananas can be utilized to prepare 
banana flour that can be incorporated into different food products. 
During drying apart from the removal of moisture, the process must 
not affect flavor, color, texture, and other quality attributes too during 
dehydration [13,14]. Drying tropical fruits may also confront common 
difficulties such as browning, wettability, shrinkage of cells, and case 
hardening which ultimately lessens its market value and suitability by 
the consumers [15-17].

Pre-treatments of the banana pulp slices may be carried out to prevent 
the color changes during drying. Blanching and application of citric 
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acid, ascorbic acid, common salt, sugar, sulfiting, sulfuring, or its 
combination are commonly used to prevent browning [18]. Citric 
acid pre-treatment is found to be associated with increased thermal 
tolerance and water stability of polysaccharides and inhibits the 
starch retrogradation due to formation of hydrogen and ester bonds 
with starch molecules. The chelating properties of acid help in the 
preservation of color of the product [19].

Since, limited information is available on the effect of citric acid pre-
treatment on the drying kinetics behavior of banana slices and its 
characteristics, therefore, the main purpose of this present research 
was to study the influence of pre-treatment and temperature on the 
drying kinetics and quality attributes including, color, total phenolic 
content (TPC), % DPPH free radical scavenging activity, and sensory 
parameters of green banana slices and to select an appropriate drying 
model for describing the dehydration kinetics. Thus, the present 
approach may likely cost effective with preserving the quality attributes 
to reduce the existing post-harvest losses in the global perspective.

2. MATERIALS AND METHODS

2.1. Sample Preparation and Experimental Setup
Unripe banana of Grand Naine variety was procured from the 
local banana merchant of Sangrur, Punjab. The procured banana 
was washed with running tap water to eliminate foreign particles 
adhering to the surface of the banana fruit. The washed banana was 
peeled to get the slices of various thicknesses (1–8 mm). As per the 
preliminary dehydration, trials for the axial and radial shrinkage of 
the slices of varied thickness were assessed [Figure 1]. The slices 

of 2 mm thickness took 60% less time to achieve the same level of 
final moisture content in comparison to 8  mm thick slices. Thus, 
banana slices of 2  mm thickness were pretreated by exposing the 
slices in 0.4% citric acid solution for 10 min. The dehydration study 
was conducted at five different temperatures, that is, 50–70°C with 
an interval of 5°C in a cabinet drier for at least 8 h. The experiments 
were carried out in triplicates and dried samples were stored in 
airtight containers under refrigeration conditions until further 
analyzed.

2.2. Mathematical Modeling
The data obtained from drying of banana slices were fitted into various 
available drying models, as shown in Table 1. The moisture ratio was 
obtained using the following equation:
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Where MR refers to the moisture ratio, Mt is the moisture content at 
time t on a dry basis, Me is equilibrium constant of moisture on dry 
basis and M0 is initial moisture content on dry basis.

2.3. Non-Linear Regression Analysis
The selection of the suitable drying model is reliant on relevant 
statistical parameters. These models express the curve of drying 
to decide the level of fitness. Non-linear regression analysis of 
moisture ratio was conducted in Statistica 10.1 computer software 
using the Levenberg–Marquardt algorithm [20].The extent of fitness 
was evaluated by use of three attributes: Coefficient of multiple 
determinations (R2), Chi-square (χ2), and root mean square error 
(RMSE) using the equations (2-4), respectively [21].

Higher value of R2 and the lower value of χ2 and RMSE are the 
indicators of the goodness of fit of the model.
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Where MRexp,i and MRpre,i are the ith experimental and predicted 
moisture ratio, respectively, N refers to the number of experimental 
data points, and n is the model constants number.

2.4. Calculations of Effective Moisture Diffusivity (Deff) and 
Activation Energy (Ea)
The effective diffusivity (Deff) was calculated using Fick’s second law 
of diffusion with the hypothesis that there is a constant commencing 
distribution of moisture; moisture migration is by diffusion, minor 
shrinkage, minor external resistance, constant diffusion coefficients, 
and temperature [22].

Figure 1: Comparative characteristics of dehydrated banana slices after 
treatment
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Table 1: Mathematical models used in the present study.

Serial number Model Model equation

1. Newton model MR k t= −exp( * )

2. Page model
MR k tn= −exp( * )

3. Modified page model ‑I
MR k t n= −exp( ( * ) )

4. Modified page model‑II
MR k exp t d n= −* ( / )2

5. Henderson and Pabis
MR a k tn= −* ( * )exp

6. Wang and Singh model
MR at bt= + +1 2

7. Modified Henderson and Pabis MR a k t b g t c h t= −( ) + −( ) + −*exp * *exp * * ( * )exp

8. Two term exponential model MR a k t a k a t= −( ) + −( )*exp *exp* ( * * )1

9. Balbay and Sahin model
MR a k t bn= −( ) −( ) +1 *exp *

10. Two term model MR a k t b k t= −( ) +*exp * * ( * )exp

11. Verma model MR a k t a g t= −( ) + −( ) −*exp * * ( * )1 exp

12. Logarithmic model MR a k t c= −( ) +*exp *

13. Simplified ficks diffusion model
MR a c t

L
= − 



* ( * )exp 2

14. Midilli model
MR a k t b tn= −( ) +*exp * *

2.5. Color Analysis
Color parameters such as lightness (L*), redness (a*), yellowness (b*), 
and total color difference (∆E) of untreated and treated green banana 
samples were analyzed using a Hunter laboratory colorimeter, which 
was fitted with an optical sensor (Hunter Associates Laboratory Inc., 
Reston, VA, and USA). The parameters a* lie in the ranging from -a 
(green) to +a (red). However, the b* value indicates the region ranging 
from  -b (blue) to +b (yellow). Before sample measurements, the 
instrument was first calibrated using reference white and black tiles. 
The total color differences (∆E) between the fresh and dried samples 
were determined using equation 5:

∆E L L a a b b= − + − + −( ) ( ) ( )* * * * * *
0
2

0
2

0
2 � (5)

Where, L0
* , a0

* , and b0
*  are the color parameters of fresh samples; L*, 

a*, and b* are the color parameters of dried samples.

In addition, chroma (C*), hue angle (h°), and browning index (BI) of 
fresh and dried samples were calculated using the Equations (6–8), 
respectively.

C a b* * *= +2 2 � (6)

*
1

*tan bh
a

−  
=   

 
� (7)

0.31 100
0.17

xBI − = × 
  � (8)

where, x a L
L a b

=
+
+ −

* *

* * *

.

. .

1 75

5 645 3 012
� (9)

Where, C* signifies color saturation while h° value varies 0° 
(pure red), 90 (pure yellow), 180 (pure green), and 270° (pure 
blue) [23].

2.6. Determination of Antioxidant Properties
TPC and total antioxidant activity (% DPPH) were investigated using 
the standard method as described [24]. The TPC value was calculated 
and represented as the Gallic acid equivalent/100 g. The antioxidant 
activity was represented as the % DPPH free radical scavenging 
activity.

2.7. Morphological Characteristics
The morphological features of untreated and treated banana flour 
were studied using scanning electron microscopy (SEM) (JSM 
6300 SEM, JEOL, and Tokyo, Japan). The samples were uniformly 
dispersed on an aluminum stub in argon air circumstances before 
being coated with gold using ion sputter. The microstructural 
features of each sample at × 350 magnification were recorded with 
the voltage of 2 kV.

2.8. Sensory Evaluations
Sensory attributes of untreated and treated dehydrated banana 
slice samples were performed using 9-point hedonic scales (9 = 
like extremely and 1 = dislike extremely). The samples were then 
presented before the panelists and they were asked to evaluate the 
samples in terms of their color, appearance, texture, and overall 
acceptability.

2.9. Statistical Analysis
All the analysis was carried out in triplicate and displayed as mean ± 
standard deviation (SD). Duncan’s test was used in one-way ANOVA 
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with the help of SPSS software for analyzing the data at a confidence 
interval of 95% (P < 0.05).

3. RESULTS AND DISCUSSION

3.1. Effect of Thickness on Drying Characteristics
A typical drying curve of various slice thickness is presented in 
Figure 2. The thickness of slice is a key factor, affecting the drying 
properties (moisture ratio and drying time) and shrinkage. It was 
evident that higher slice thickness took greater time to attain final 
moisture content due to higher diffusion path length and also found 
higher percentage of shrinkage in axial and radial directions. Thus, 
the overall product quality may decrease and not further used for 
processing or other applications. Although, the thickness of 1 mm 
and 2 mm was found compatible for the drying experiment because 
it took almost same time to reach the final moisture content. 
However, in case of 1mm thickness, the surface area of slices 
required for dehydration was almost double required space in the 
drier, which further enhances the processing cost. Considering the 
resulted dehydrated slice quality, the thickness of 2 mm was selected 
in this study, as reduced hardness value improves the grinding 
characteristics and products quality.

3.2. Effect of Pre-treatment on Drying Time
Hot water, steam, and microwave blanching as pre-treatment were 
tried; the treatments have resulted in sticky blanched slices due 
to gelatinization of banana starch [3]. Various combinations of 
commonly used pre-treatment to prevent browning were tried and 
found better result with the citric acid pre-treatment to prevent both 
enzymatic and non-enzymatic browning. The effect of the citric acid 
pre-treatment on the moisture ratio of the banana during the drying 
process is shown in Figure 3. Pre-treatment of banana slices before 
drying prevents the browning of fruits during drying and storage 
and also increases the drying rate of fruits and the effect of drying 
operation on quality parameters of fruits is also minimized [15,25]. 
The final drying time for control (untreated) and pre-treated banana 
slices at 50, 55, 60, 65, and 70°C was 480, 440, 420, 360, 340 min, and 
440, 380, 340, 300, and 280 min, respectively. It was observed that 
the citric acid pre-treatment significantly reduced the drying time. 
The drying time was reduced by 8.33%, 13.63%, 19.04%, 16.66%, 
and 17.64% in pre-treated banana slices at 50, 55, 60, 65, and 70°C, 
respectively. Similar results were found [26,27] and revealed the 
air-drying behavior of untreated, and sodium bisulfite and ascorbic/
citric acid treated Dwarf Cavendish and Gros Michel banana slices 

between 40 and 70°C. It was reported that browning of banana slices 
decreased with pre-treatment and increase in drying temperature, 
whereas pre-treatment and temperature did not affect the shrinkage. 
The decrease in drying time with citric acid pre-treatment enables 
lesser thermal degradation of banana slices as compared to untreated 
slices where prolonged heating increased the thermal degradation of 
final product.

3.3. Effect of Pre-treatment on Drying Rate
The amount of water removed per unit time versus drying time is known 
as drying rate. Figure 4 depicts the drying rate of untreated and treated 
banana slices where drying rate decreased continuously with increased 
drying time. The rate of removal of moisture was higher for treated 
sample than untreated samples. Drying of treated and untreated banana 
slices falls under a falling rate period due to internal mass transfer during 
diffusion. Similar results were reported [28,29]. In both cases, there is 
absence of constant rate period, which might be due to unavailability 
of constant water supply required for rapid drying of products for a 
considerable period at the initial stages of drying [30]. It is indicated 
that the diffusion is the major phenomenon governing the movement of 
moisture from banana slices. On the contrary, during the later stage of 
drying, more energy is required to remove the moisture from internal 
tissues and drying rate was found to decrease. Similar results have been 
reported on drying kinetics of banana by various researchers [26,31,32]. 
It revealed that drying of banana usually takes place under the falling 
period and that diffusion mechanism (movement of moisture from a 
region of higher concentration to a region of lower concentration) is 
the dominant physical mechanism prevailing during moisture removal 
process in bananas.

3.4. Kinetic Modeling
The drying data obtained were fitted into different models using 
non-linear regression analysis [Table 1]. The models were evaluated 
based on the coefficient of determination (R2), RMSE and the 
reduced Chi-square (χ2). The results of statistical analysis are shown 
in Tables 2 and 3. Henderson and Pabis model was found to be best 
fitted at all the drying temperature for untreated and treated banana 
slices. It was also seen that the page model was also in close agreement 
to Henderson and Pabis regarding the parameters of fitness criteria. 
The value of drying rate constant “k” was found to increase with 
increase in temperature. It increased from 0.0089 at 50°C to 0.02 at 
70°C. Similar results have been reported in the literature for various 
vegetables [33,34].

3.5. Effective Diffusivity (Deff) and Activation Energy (Ea)
Effective diffusivity was calculated using Fick’s second law equation 
of diffusion, considering infinite slab geometry, a constant moisture 
diffusivity, and uniform initial moisture distribution [35]. The 
effective moisture diffusivities of untreated and treated samples at 
a different drying temperatures of 50–70°C vary from 0.41×10-10 to 
1.43×10-10m2/s for untreated samples and 0.63×10-10–1.57×10-10 m2/s 
for treated sample and found that there is increased in moisture 
diffusivity with the increase in drying temperature and ensured 
that diffusion is most likely to be a physical phenomenon which 
governs the moisture movement. Similar results were reported [26] 
in untreated and pre-treated Dwarf Cavendish and Gross Michel 
banana slices, whereas moisture diffusivity was decreased at 70°C 
in the pre-treated samples probably due to case hardening and starch 
gelatinization above 60°C. It has been reported that during the drying 
of banana slices at high temperatures with a decrease in moisture 

Figure 2: Effect of thickness on moisture ratio, time, and shrinkage properties 
of banana slices at constant air temperature
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Table 2: Statistical analysis and model parameters for untreated banana slices at different drying air temperatures.

Model Parameters Temperature (°C)

50 55 60 65 70

Newton model k 0.0089 0.0111 0.0141 0.0191 0.0223 

R2 0.9922 0.9946 0.9916 0.9896 0.9827

RMSE 0.0424 0.0297 0.0304 0.0287 0.0362

χ2 0.0019 0.001 0.0020 0.0009 0.0014

Page model k 0.0016 0.0033 0.0039 0.0046 0.0052

n 1.3409 1.2591 1.2877 1.3394 1.4824

R2 0.9996 0.9998 0.9985 0.9991 0.9975

RMSE 0.0067 0.0046 0.0109 0.0081 0.0128

χ2 4.5E‑05 2.3E‑05 1.0E‑04 6.9E‑05 2.0E‑04

Modified page I 
model

k 0.0085 0.0106 0.0134 0.0181 0.0207

n 1.3450 1.2591 1.2877 1.3394 1.4824

R2 0.9996 0.9998 0.9985 0.9991 0.9975

RMSE 0.0066 0.0046 0.0109 0.0081 0.0128

χ2 4.5E‑05 2.3E‑05 1.0E‑04 6.9E‑05 2.0E‑04

Modified page II 
model

k 1.0856 1.0590 1.0506 1.0484 1.0527

d 3.5281 2.4332 1.9706 1.6045 0.7930

n 0.1205 0.0690 0.0572 0.0512 0.0146

R2 0.9898 0.9936 0.9910 0.9896 0.9825

RMSE 0.0348 0.0253 0.0277 0.0265 0.0342

χ2 0.0013 0.0007 0.0008 0.0007 0.0012

Henderson and 
Pabis

K 0.0015 0.0030 0.0033 0.0043 0.0048

a 0.9929 0.9919 0.9827 0.9925 0.9861

n 1.3592 1.2735 1.3204 1.3530 1.5129

R2 0.9996 0.9998 0.9986 0.9991 0.9975

RMSE 0.0064 0.0043 0.0103 0.0080 0.0125

χ2 4.2E‑05 1.9E‑05 1.1E‑04 6.7E‑05 2.0E‑04

Wang and Singh 
model

a 0.0059 0.0065 0.0070 0.0075 0.0077

b 0.0000 0.0000 0.0000 0.0000 0.0000

R2 0.9864 0.9602 0.9134 0.8130 0.7520

RMSE 0.0377 0.0687 0.1030 0.1505 0.1731

χ2 0.0015 0.0049 0.0111 0.0236 0.0312

Modified 
Henderson and 
Pabis

a 0.3619 0.3521 0.3542 0.3488 0.3509

k 0.0097 0.0117 0.0147 0.0199 0.0232

b 0.3619 0.3497 0.3477 0.3467 0.3509

g 0.0097 0.0117 0.0147 0.0199 0.0232

c 0.3619 0.3572 0.3486 0.3530 0.3509

h 0.0097 0.0117 0.0147 0.0199 0.0232

R2 0.9897 0.9936 0.9910 0.9896 0.9825

RMSE 0.0348 0.0253 0.0277 0.0265 0.0342

χ2 0.0013 0.0007 0.0008 0.0007 0.0012

Two term 
exponential model

a 1.0007 1.0001 1.0000 1.0000 1.0000

k 0.0088 0.0110 0.0141 0.0191 0.0223

R2 0.9892 0.9934 0.9913 0.9900 0.9827

RMSE 0.0391 0.0291 0.0304 0.0286 0.0362

χ2 0.0016 0.0009 0.0010 0.0009 0.0014

(Contd...)
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Model Parameters Temperature (°C)

50 55 60 65 70

Balbay and Sahin 
model

a 0.0021 0.0064 0.0150 0.0115 0.0124

k 0.0017 0.0031 0.0034 0.0042 0.0028

n 1.3332 1.2687 1.3136 1.3651 1.5084

b 0.0065 0.0012 0.0017 0.0033 0.0013

R2 0.9997 0.9998 0.9986 0.9991 0.9975

RMSE 0.0054 0.0042 0.0102 0.0075 0.0125

χ2 0.0000 0.0000 0.0001 0.0001 0.0002

Two term model a 1.0790 1.0575 1.0505 1.0484 1.0527

k 0.0095 0.0116 0.0147 0.0199 0.0232

b 0.0004 0.0001 0.0000 0.0000 0.0000

R2 0.9895 0.9932 0.9909 0.9899 0.9825

RMSE 0.0324 0.0248 0.0277 0.0264 0.0342

χ2 0.0011 0.0006 0.0008 0.0007 0.0012

Verma model a 1.1816 1.1471 1.1588 1.2375 1.3364

k 0.0105 0.0126 0.0161 0.0230 0.0283

g 1.3315 1.5413 1.7512 2.0283 2.1149

R2 0.9950 0.9970 0.9945 0.9960 0.9921

RMSE 0.0244 0.0172 0.0213 0.0163 0.0228

χ2 0.0006 0.0003 0.0005 0.0003 0.0005

Logarithmic 
model

a 1.1131 1.0718 1.0606 1.0529 1.0610

k 0.0085 0.0109 0.0140 0.0195 0.0226

c 0.0487 0.0239 0.0168 0.0065 0.0107

R2 0.9929 0.9946 0.9916 0.9897 0.9827

RMSE 0.0258 0.0211 0.0252 0.0259 0.0330

χ2 0.0007 0.0005 0.0007 0.0007 0.0011

Simplified Fick’s 
diffusion model

a 1.0856 1.0590 1.0506 1.0484 1.0527

c 0.0000 0.0001 0.0002 0.0001 0.0000

L 0.0689 0.0681 0.1223 0.0725 0.0393

R2 0.9897 0.9936 0.9910 0.9896 0.9825

RMSE 0.0348 0.0253 0.0277 0.0265 0.0342

χ2 0.0017 0.0007 0.0008 0.0007 0.0012

Midilli model a 0.9949 0.9922 0.9828 0.9920 0.9861

k 0.0017 0.0031 0.0033 0.0042 0.0028

n 1.3415 1.2713 1.3193 1.3602 1.5127

b 0.0000 0.0000 0.0000 0.0000 0.0000

R2 0.9997 0.9998 0.9986 0.9992 0.9975

RMSE 0.0057 0.0043 0.0103 0.0073 0.0125

χ2 0.0000 0.0000 0.0001 0.0001 0.0002
RMSE: Root mean square error.

Table 2: (Continued).

content, there is an increase in the effective diffusion coefficient 
which was found to decrease after a certain moisture content was 
reached [36].

A straight line was obtained with a slope (-Ea/R) when ln(Deff) 

was plotted against 1/T from which activation energy was easily 
calculated, as shown in Figure  5. The activation energy of 

treated and untreated samples found to be 40.82 and 60.62  kJ/
mol, respectively. The obtained values are in the suitable range 
(12.7–110 kJ/mol) for similar products reported. Our results were 
in reasonable agreement with the activation energy as reported in 
the literature: 27–33  kJ/mol and 32.65  kJ/mol whereas in close 
agreement and activation energy for banana slices was 51.45  kJ/
mol [26].
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Table 3: Statistical analysis and model parameters for treated banana slices at different drying air temperatures.

Model Parameters Temperature (°C)

50 55 60 65 70

Newton 
model

k 0.0079 0.0105 0.0142 0.0194 0.0221

R2 0.9876 0.9872 0.9820 0.9878 0.9904

RMSE 0.0484 0.0403 0.0429 0.0320 0.0262

χ2 0.0024 0.0017 0.0019 0.0011 0.0007

Page model k 0.0012 0.0017 0.0020 0.0032 0.0037

n 1.3772 1.3512 1.4848 1.3976 1.4824

R2 0.9980 0.9984 0.9989 0.9990 0.9975

RMSE 0.0162 0.0154 0.0110 0.0001 0.0002

χ2 0.0003 0.0002 0.0001 0.0081 0.0128

Modified 
page I model

k 0.0076 0.0117 0.0134 0.0181 0.0207

n 1.3772 1.5154 1.2877 1.3394 1.4824

R2 0.9980 0.9966 0.9985 0.9991 0.9975

RMSE 0.0162 0.0175 0.0109 0.0081 0.0128

χ2 0.0003 0.0003 0.0001 0.0001 0.0002

Modified 
page II 
Model

k 1.1029 1.0997 1.0506 1.0484 1.0527

d 0.6249 5.6063 5.4265 5.5105 4.4667

n 0.0033 0.4216 0.4335 0.6040 0.4635

R2 0.9832 0.9791 0.9910 0.9896 0.9825

RMSE 0.0422 0.0444 0.0277 0.0265 0.0342

χ2 0.0019 0.0021 0.0008 0.0007 0.0012

Henderson 
and Pabis

k 0.0012 0.0015 0.0033 0.0043 0.0048

a 1.0202 0.9999 0.9827 0.9925 0.9861

n 1.3366 1.5157 1.3204 1.3530 1.5129

R2 0.9981 0.9966 0.9986 0.9991 0.9975

RMSE 0.0154 0.0080 0.0103 0.0080 0.0125

χ2 0.0002 0.0003 0.0001 0.0001 0.0002

Wang and 
Singh model

a −0.0055 −0.0068 −0.0070 −0.0075 −0.0077

b 0.0000 0.0000 0.0000 0.0000 0.0000

R2 0.9882 0.9281 0.9134 0.8130 0.7520

RMSE 0.0339 0.0879 0.1030 0.1505 0.1731

χ2 0.0012 0.0080 0.0111 0.0236 0.0312

Modified 
Henderson 
and Pabis

a 0.4409 0.4726 0.3542 0.3488 0.3509

k 0.0087 0.0134 0.0147 0.0199 0.0232

b 0.4033 0.4585 0.3477 0.3467 0.3509

g 0.0087 0.0134 0.0147 0.0199 0.0232

c 0.2632 0.1685 0.3486 0.3530 0.3509

h 0.0087 0.0134 0.0147 0.0199 0.0232

R2 0.9866 0.9791 0.9910 0.9896 0.9825

RMSE 0.0368 0.0444 0.0277 0.0265 0.0342

χ2 0.0014 0.0021 0.0008 0.0007 0.0012

Two term 
exponential 
model

a 1.0006 1.0000 1.0000 1.0000 1.0000

k 0.0077 0.0123 0.0141 0.0191 0.0223

R2 0.9851 0.9791 0.9913 0.9900 0.9827

RMSE 0.0476 0.0512 0.0304 0.0286 0.0362

χ2 0.0024 0.0027 0.0010 0.0009 0.0014

(Contd...)
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Model Parameters Temperature (°C)

50 55 60 65 70

Balbay and 
Sahin model

a 0.0188 0.0045 0.0150 0.0115 0.0124

k 0.0009 0.0011 0.0034 0.0042 0.0028

n 1.4566 1.5306 1.3136 1.3651 1.5084

b 0.0265 0.0033 0.0017 0.0033 0.0013

R2 0.9993 0.9966 0.9986 0.9991 0.9975

RMSE 0.0082 0.0173 0.0102 0.0075 0.0125

χ2 0.0001 0.0003 0.0001 0.0001 0.0002

Two term 
model

a 1.1059 1.0994 1.0505 1.0484 1.0527

k 0.0086 0.0134 0.0147 0.0199 0.0232

b 0.0001 0.0000 0.0000 0.0000 0.0000

R2 0.9865 0.9789 0.9909 0.9899 0.9825

RMSE 0.0368 0.0444 0.0277 0.0264 0.0342

χ2 0.0014 0.0021 0.0008 0.0007 0.0012

Verma model a 1.6754 1.2878 1.1587 1.2375 1.3364

k 0.0113 0.0154 0.0161 0.0230 0.0283

g 0.0279 2.0000 2.0000 2.0000 2.0000

R2 0.9983 0.9906 0.9945 0.9960 0.9921

RMSE 0.0244 0.0172 0.0213 0.0163 0.0228

χ2 0.0002 0.0009 0.0005 0.0003 0.0005

Logarithmic 
model

a 1.1240 1.1140 1.0606 1.0529 1.0610

k 0.0080 0.0126 0.0140 0.0195 0.0226

c −0.0294 −0.0233 −0.0168 −0.0065 −0.0107

R2 0.9877 0.9801 0.9916 0.9897 0.9827

RMSE 0.0345 0.0417 0.0252 0.0259 0.0330

χ2 0.0012 0.0018 0.0007 0.0007 0.0011

Simplified 
Fick’s 
diffusion 
model

a 1.1074 1.0997 1.0506 1.0484 1.0527

c 0.0002 0.0108 0.0108 0.0105 0.0196

L 0.1473 0.8977 0.8579 0.7262 0.9175

R2 0.9866 0.9791 0.9910 0.9896 0.9825

RMSE 0.0368 0.0444 0.0277 0.0265 0.0342

χ2 0.0014 0.0021 0.0008 0.0007 0.0012

Midilli model a 1.0091 0.9992 0.9828 0.9920 0.9861

k 0.0010 0.0011 0.0033 0.0042 0.0028

n 1.4328 1.5240 1.3193 1.3602 1.5127

b 0.0001 0.0000 0.0000 0.0000 0.0000

R2 0.9994 0.9966 0.9986 0.9992 0.9975

RMSE 0.0078 0.0173 0.0103 0.0073 0.0125

χ2 0.0001 0.0003 0.0001 0.0001 0.0002
RMSE: Root mean square error.

Table 3: (Continued).

3.6. Effect of Temperature and Pre-treatment on Proximate 
Composition and Color Properties
Nutrient composition and color are important food quality 
characteristics that affect the nutritional characteristics and the 
acceptance of the product by the consumers. The proximate 

composition and color parameters of untreated and treated samples 
were varied significantly (P < 0.05) by the drying air temperature, 
which is presented in Tables  4 and 5. It is seen that the treated 
sample was found to have a higher L* than the untreated sample 
for all the temperature conditions. It is mainly due to polyphenol 
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Figure 4: Drying rate curve of (a) treated and (b) untreated banana slices (2 
mm) at different drying temperatures.

a b

Figure 3: Moisture ratio curves of (a) treated and (b) untreated banana slices 
(2 mm) at different drying temperatures.

a b

Figure 5: Arrhenius plot for drying of (a) untreated and (b) treated banana slices.

ba

Figure 6: Morphological features of untreated (a) and treated (b) at 60°C 
dried Grand naine flour.

ba

higher temperature and lower for treated samples compared to 
untreated sample. The parameters a*, b*, C*, and h° were similarly 
influenced by the drying air temperature and treatment. Total color 
difference (∆E) was increased with temperature and found more in 
case of untreated sample. As a result, the treated sample dried at 
exactly or below 60°C had a lower tendency toward yellow, lower 
color saturation, lower BI, and a low yellowish hue compared to 
sample dried at higher temperature. Similar kind of findings was 
observed [38]. Therefore, above all the mentioned considerations, 
the sample dried at 60°C or below will almost keep their natural 
color, which further prefer for consumer acceptance and suitable 
for other processing applications.

3.7. Antioxidant Properties
The effect of different drying temperatures on antioxidant properties 
(TPC and %DPPH scavenging activity) of untreated and treated banana 
flour is presented in Table 6. It can be seen that a significant increase 
in TPC (untreated: 81.45–94.68 mg of GAE/100 g; treated: 87.65–
102.54 mg of GAE/100 g) and antioxidant activity (AA; untreated: 
7.41–9.78%; treated: 7.65–10.92%) values for both treated and 
untreated sample was observed with increasing drying temperatures 
from 50 to 60°C. Further, they were decreased due to the degradation 
of heat sensitive bioactive compounds from 94.68 to 72.26  mg of 
GAE/100 g (untreated) and 102.54–80.17 mg of GAE/100 g (treated) 
as the temperature increased from 60 to 70°C. These results correlate 
with the previously reported [39]. However, the treated sample dried 
at 60°C showed the retention of maximum antioxidant properties. It 
may be due to the less time drying required compared to 50°C and 
55°C drying temperatures, which preserved the higher percentage 
of antioxidant properties. While at lower temperatures, prolonged 
exposure drying time may cause oxidative reaction [40]. Moreover, 
higher temperature (>60℃) occurs the degradation of antioxidant 
properties due to loss of heat sensitive elements.

3.8. SEM
SEM images are used to analyzed the information about the 
characterization of starch granules including size and shape, 
presence of other compounds, structural integrity, and surface 
morphology. Figure  6 showed the surface morphology of native 
and treated green banana flour mainly comprised starch and cell 
wall. Large granules of starch appeared irregular, flattened, and 
elongated whereas small granules were round and compact with 
elongated spheroids forms. Smaller granules are probably those in 

oxidase (PPO), which leads to enzymatic browning. However, 
the activity of PPO was increased on exposure of drying 
temperature, slice thickness, and time. As thickness of the slices 
and the exposed temperature affect, the duration of the slices 
remained at wet bulb temperature during the falling rate period 
of dehydrating banana slices and thus the extent of browning in 
dried banana slices. Furthermore, L* value was observed higher 
in the fresh sample, followed by gradual decrease in L* with 
increasing drying temperature. Non-enzymatic Maillard reaction 
at higher temperature leads to the formation of dark pigments, 
further reducing the L* values [37]. Thus, the BI was higher at 

Table 4: Proximate composition of Grand Naine flour dehydrated at 60°C.

Composition (%) Fresh Untreated flour Treated flour

Moisture 75.48±0.15 6.05±0.13 5.73±0.09

Crude protein 1.85±0.13 5.01±0.19 5.22±0.05

Crude fat 0.16±0.02 0.52±0.03 0.47±0.02

Ash 0.36±0.05 2.52±0.13 2.45±0.17

Carbohydrate 20.14±0.98 78.98±1.43 79.53±0.38

Starch ‑ 69.943±1.24 71.43±1.12

Amylose ‑ 15.443±0.08 17.65±0.28

Resistant starch ‑ 28.797±0.73 30.06±0.23
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the training process since the fruits are harvested at the green stage 
before the starch degradation, which occurs during fruit ripening. 
Similar results were reported [41,42]. With the addition of acid, 
the smooth surface of starch granules was lost, and cracks were 
seen on the surface as the acid attacked the surface of granules 
to diffuse into internal part of granules through amorphous and 
crystalline regions. The acid penetration mainly occurred through 
the amorphous region due to their looser structure which was easier 
to attack by hydrogen ions. Thus, this hydrogen causes surface 
alterations and damages external structure through exo-erosion [43]. 
The material that appears on the surface of the granules is most 
likely to be amyloplast membranes, which enclose starch granules 
in the banana fruit cell.

3.9. Sensory Evaluation
Sensory attributes play an important role in determining the 
acceptability of dehydrated food slice. Sensory evaluation of untreated 
and treated banana slices at various drying temperatures is presented 
in Table 7. Results revealed that treated banana slices showed better 
sensory attributes (color, appearance, texture, and overall acceptability) 
than untreated slices. Although, the values of sensory attributes for 
all the untreated and treated samples were found to be within the 
permissible range, with the highest value being noticed for the treated 
sample dried at 60°C. It may be due to the effect of the citric acid pre-
treatment process, which reduced the drying time and improvement of 
the sensory parameters. However, a significant difference (P < 0.05) 
in sensory parameters was observed at 70°C for both the untreated 
and treated sample. Furthermore, higher temperatures resulted in 
degrading quality parameters of dehydrated banana slices, which may 
not be accepted for consumer preferences.

4. CONCLUSION

The effect of citric acid pre-treatment and temperature on banana 
drying kinetics and the quality attributes was investigated. Citric acid 

Table 6: Effect of various drying temperatures on total phenolic content and 
antioxidant activity of untreated and treated samples.

T (℃) TPC 
(mg of GAE/100 g of dm)

AA 
(% DPPH scavenging activity)

Untreated Treated Untreated Treated

50 81.45±1.06c 87.65±0.13d 7.41±1.25c 7.65±0.67c

55 86.02±0.41b 94.96±0.73b 8.08±2.33b 8.67±0.43b

60 94.68±2.33a 102.54±1.22a 9.78±1.03a 10.92±1.36a

65 83.45±1.56c 91.76±1.08c 7.35±1.06c 7.58±1.13c

70 72.26±2.25d 80.17±0.79e 7.06±0.25d 7.17±0.79d

The superscripts a, b, c, d, and e in the same column represents significant effect of 
drying temperatures (P<0.05). TPC: Total phenolic content, AA: Antioxidant activity, 
GAE: Gallic acid equivalent, DPPH: 2,2 Diphenyl 1 picrylhydrazyl.

Table 7: Sensory attributes of untreated and treated samples at various 
drying temperatures.

Untreated slices

T (°C) Color Appearance Texture Overall 
acceptability

50 7.75±0.05a 7.53±0.15a 7.35±0.16a 7.54±0.09a

55 7.67±0.15a 7.47±0.12a 7.31±0.08a 7.48±0.05ab

60 7.73±0.12a 7.57±0.21a 7.38±0.24a 7.56±0.18a

65 7.5±0.1ab 7.33±0.23ab 7.12±0.11ab 7.32±0.11bc

70 7.37±0.21b 7.12±0.11b 7.03±0.06b 7.17±0.08c

Treated slices

50 7.97±0.06a 7.87±0.12a 7.43±0.15ab 7.76±0.05a

55 7.85±0.09a 7.81±0.1a 7.47±0.23a 7.71±0.11a

60 7.97±0.21a 7.9±0.3a 7.53±0.31a 7.8±0.15a

65 7.73±0.12ab 7.6±0.1ab 7.2±0.17ab 7.51±0.07b

70 7.5±0.17b 7.4±0.1b 7.03±0.15b 7.31±0.04c

Note: The superscripts a, b, and c in the same column represents significant effect of 
drying temperatures (p≤ 0.05).

Table 5: Color parameters of untreated and treated samples at various drying temperatures.

Parameters Fresh 50°C 55°C 60°C 65°C 70°C

Untreated

L* 96.14±0.30a 81.56±0.4b 77.49±0.1c 76.22±0.1d 72.68±0.16e 70.8±0.16f

a* 1.42±0.03e 2.56±0.03a 2.49±0.03b 2.49±0.04b 2.19±0.03c 2.07±0.05d

b* 2.56±0.07e 9.92±0.05c 9.46±0.04d 9.42±0.04d 10.15±0.04b 10.91±0.04a

ΔE ‑ 16.37±0.61e 19.91±0.36d 21.09±0.36c 24.67±0.42b 26.69±0.42a

C 2.92±0.07e 10.25±0.05c 9.78±0.05d 9.74±0.04d 10.38±0.04b 11.1±0.04a

h° 60.97±0.72d 75.53±0.14c 75.27±0.15c 75.19±0.19c 77.84±0.15b 79.26±0.22a

BI 3.70±0.09e 14.99±0.07d 15.08±0.06d 15.3±0.07c 16.93±0.04b 18.53±0.11a

Treated

L* 96.14±0.30a 85.3±0.1b 83.46±0.06c 82.79±0.05d 78.64±0.04e 72.46±0.03f

a* 1.42±0.03f 2.88±0.04a 2.76±0.05b 2.68±0.03c 2.51±0.03d 2.29±0.04e

b* 2.56±0.07e 9.87±0.02c 9.75±0.04d 9.83±0.03cd 10.07±0.05b 10.29±0.06a

ΔE ‑ 13.15±0.31e 14.63±0.29d 15.25±0.22c 19.07±0.28b 24.93±0.29a

C 2.92±0.07e 10.28±0.03c 10.13±0.04cd 10.19±0.03cd 10.38±0.05b 10.54±0.06a

h° 60.97±0.72e 73.73±0.17d 74.17±0.22cd 74.75±0.13c 76±0.09b 77.47±0.16a

BI 3.70±0.09e 14.5±0.03d 14.57±0.07d 14.73±0.07c 15.75±0.08b 17.31±0.11a

Results are represented as mean±SD; different letters (a, b, c, d, e, and e ) in the same raw are varied significantly at 95% (P<0.05) confidence level.
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affected the drying characteristics of the banana slices. Pre-treated 
bananas with 0.4% citric acid solution dried faster than untreated 
samples. The entire drying process did not show a constant rate-drying 
period under the process and showed only a falling rate drying period. 
The Henderson and Pabis model was best fitted to the experimental 
drying data with higher coefficient of determination (R2), reduced 
RMSE and chi-square (χ2). Effective diffusivity increased with 
increase in drying temperature. Arrhenius type relationship was used 
to describe the dependence of effective diffusivity on temperature. 
The activation energy (Ea) for moisture diffusion of pre-treated and 
untreated samples was found to 40.82 and 60.62 kJ/mol, respectively. 
A significant color change resulted from decreased L* and a* values 
and increased b* value with an increase in temperature. In this study, 
the treated sample dried at exactly or below 60°C will retain its natural 
color, which could be preferred for acceptance of the consumer and 
suitable for other processing applications. Accordingly, the treated 
sample dried at 60°C showed greater antioxidant properties (TPC 
and AA), and better sensory attributes in terms of color, appearance, 
texture, and acceptability.
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