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Abstract Banana juice is traditionally processed under

very basic conditions characterized by low efficiency and

poor hygiene. Introduction of mechanical pressing has

created opportunities for upgrading banana juice produc-

tion, but more knowledge is needed about critical factors

for juice release and about optimizing extraction for higher

yield and quality. This study sought to identify and opti-

mize important factors associated with juice release. This

was done using an experimental design (Box–Behnken

design of response surface methodology) involving three

levels of three independent variables: blending speed

(1000–3500 rpm), extraction time (30–240 s), and stage of

ripeness (3–7). A second-order polynomial equation was

created to describe the relationship between dependent and

independent variables. The results showed that juice yield

increased with blending speed, extraction time, and stage

of ripeness, whereas the quadratic (squared) effect of these

factors was a significant decrease in juice yield. Optimum

juice yield (57.5%) was obtained at blending speed

2650 rpm, extraction time 162 s, and ripeness stage 5.

Analysis of variance showed that stage of ripeness signif-

icantly (p B 0.001) affected juice yield. This novel infor-

mation on the underlying factors in banana juice extraction

and on optimization of the process can be used to improve

mechanical extraction of low-viscosity, clear banana juice

and achieve scaling-up of banana juice processing.

Keywords Banana juice � Mechanical juice extraction �
Optimization � Response surface methodology

Introduction

Globally, fresh bananas are mostly consumed in cooking

dishes, roasted, in desserts, or processed into juice and

wine (Mohapatra et al. 2010; Trust 2012). In Tanzania,

bananas are staple food for a large segment of the popu-

lation (Pedersen 2012), but post-harvest losses of bananas

are a problem, with on average 135,158 metric tons lost per

year (Net 2018). In sub-Saharan Africa as a whole, post-

harvest losses of bananas are estimated to be around 30%

(Affognon et al. 2015). Limited knowledge of post-harvest

treatments and of suitable processing methods for bananas

is a major cause of these high losses (Adeniji et al. 2010).

It is therefore important to develop efficient technolo-

gies for use in creating new value chains for banana

products such as juice, snacks, and powders (Mohapatra

and Mishra 2011; Palmer 1979). Moreover, identification

of solutions for extending the shelf-life and reducing post-

harvest losses of banana products would be of great com-

mercial interest. Within the banana value chain, banana

juice extraction is one way of reducing the losses.

Worldwide, banana juice is produced at commercial level

by either enzymatic or mechanical extraction. Use of

pectinolytic enzymes in production of banana juice gives

maximum yield (50–65%) and products with good aroma

(Kumar 2015). In contrast, mechanical extraction gives low

yield (38.1%) (Viquez et al. 1981) and involves addition of

polyethylene strips for improvement of rheological prop-

erties (Kyamuhangire 1998). Moreover, although enzy-

matic methods produce higher banana juice yield,

consumption of energy in the process is high, resulting in
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higher production costs than with mechanical methods

(Landbo et al. 2007; Tapre and Jain 2014). Furthermore,

application of enzymatic methods requires a high level of

technical skills that are unavailable within small-scale

processing.

In East Africa, low-viscosity clear banana juice is pro-

duced locally using a traditional process of macerating a

mixture of ripe bananas and spear grass with the hands or

feet, which makes the process non-hygienic and rudimen-

tary (Byarugaba-Bazirake 2008). Due to these challenges,

there is limited commercial production of low-viscosity

clear banana juice. The hygiene standard of the traditional

method has been improved by replacement of spear grass

with polyethylene strips (Kyamuhangire et al. 2002),

although in a recent study banana juice was released with

an estimated yield of 58% without the use of spear grass or

polyethylene strips (Kibazohi et al. 2017). The traditional

process is purely mechanical and does not involve use of

enzymes or hot water (Kibazohi et al. 2017; Kyamuhangire

1990). However, there are still occasional juice extraction

failures, for unknown reasons (Kyamuhangire and Pehrson

1997; Kyamuhangire et al. 2002).

There is little information available in the literature on

the main processing parameters affecting banana juice

release. Some studies have examined enzymatic processing

of banana juice and optimization of that process (Ibarra-

Junquera et al. 2014; Lee and Yusof 2006; Sagu et al.

2014), but no previous study has focused on exploration

and optimization of processing conditions using mechani-

cal pressing.

The aims of the present study were twofold: (1) to

explore and identify the most significant factors associated

with banana juice release during mechanical pressing; and

(2) to optimize these processing factors for juice yield

using response surface methodology (RSM).

Materials and methods

Raw material

Banana fruits (Pisang Awak, genotype Mbile-AAA-EA)

were purchased at the local market in Dar es Salaam,

Tanzania, and allowed to ripen for 5 days at 28–32 �C
atmospheric temperature and 95–100% relative humidity in

the laboratory. Stage of ripeness of banana fruits was cat-

egorized as follows, using a color index developed by

USDA (2001): Stage 1 = Fully green. 2 = Mostly green,

with some yellow spots. 3 = More green than yellow.

4 = More yellow than green. 5 = Yellow with some green

at the end of the fruit. 6 = Yellow overall. 7 = Yellow

overall with brown specks (Fig. 1).

Banana juice extraction

Banana juice extraction was performed by mechanical

pressing using a variable speed blender (Blixer 4 V.V.,

Robot Coupe, and France) with capacity 4.5 L. Ripened

bananas were washed, peeled, and cut into slices. Before

juice extraction, 500 g banana slices were weighed out and

processed to a pulp in the blender. In the present experi-

ment, different combinations of ripening stage (3, 5, and 7

color), blending speed (1000, 2250, and 3500 rpm), and

extraction time (30,135, and 240 s) were tested in a series

of randomized runs. The resulting juice was hand squeezed

out and separated from the pulp using a piece of white

muslin and juice yield from the fresh sample was calcu-

lated as:

Yð%Þ ¼ W1�W2

W1
� 100% ð1Þ

where Y is juice yield, W1 is weight of banana pulp (i.e.,

500 g wet weight) and W2 is weight of banana waste (also

in g wet weight).

Experimental design and statistical analysis

Using Design Expert Software Version 11, a total of 17

experimental runs with five center points and using dif-

ferent combinations of the independent variables (blending

speed, extraction time, stage of ripeness) were designed, as

presented in Table 1. The significance of each factor on the

response (yield) was determined by analysis of variance

(ANOVA). Each independent variable was assigned three

levels (- 1, 0, and 1), which were selected based on pre-

liminary experiments, and runs were randomized to mini-

mize external variation (see Table 1). Response surface

methodology (RSM) with a Box–Behnken design was used

for optimization of the processing parameters and to study

the effect of individual factors and their interactive effects.

Optimization was performed graphically, with contour and

3D model graphs used to indicate the optimal combination

of processing parameters for maximization of banana juice

yield. Significance level was set at p\ 0.05 for all factors

in statistical analysis. The following second-order poly-

nomial equation was developed to describe the relationship

between dependent and independent variables:

Y ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b12x1x2 þ b13x1x3

þ b23x2x3 þ b11x
2
1 þ b22x

2
2 þ b33x

2
3 ð2Þ

where Y is juice yield, b0 is the intercept, b1, b2, and b12 are

constant coefficients, and x1, x2, and x3 represents blending

speed, extraction time, and stage of ripeness, respectively.
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Results and discussion

Juice yield

Banana juice yield ranged between 22 and 57% (Table 2).

Similar results have been reported in previous studies, e.g.,

58% (Kibazohi et al. 2017), 53% (Kyamuhangire 1990),

54.1% (Gensi et al. 1994), and 55.6% (Gensi et al. 1994).

However, those studies conducted a single-factor analysis,

and thus did not determine interactive and quadratic effects

of different factors.

As indicated in Table 2, stage of ripeness affected juice

yield much more than the other two factors (blending

speed, extraction time). The highest juice recovery was

found for bananas at ripening stage 5, while juice yield

decreased with further ripening (stage 7) (Table 1). This

agrees with previous findings of high juice recovery at

stage 5 of ripening (Kibazohi et al. 2017). High juice

recovery at stage 5 might be attributable to the presence of

a high amount of soluble tannins (Kyamuhangire et al.

2006) and accumulation of protein (Tapre and Jain 2012).

As described in previous studies, condensed tannins are

likely involved in the formation of insoluble tannin-protein

complexes, and this formation is favoured at high amounts

of soluble tannins and proteins, resulting in enhanced

release of juice (Ozdal et al. 2013; Naumann et al. 2014).

Analysis of variance (ANOVA) showed that all factors

had a significant effect (p\ 0.05) on juice yield, with

linear and quadratic effects, but the interactive effect was

non-significant (Table 2). The model described by Eq. (1)

Fig. 1 Categorization of

different stages of ripeness in

banana using a color index

Table 1 Banana juice yield for combinations of the factors blending speed, extraction time, and ripeness index, each applied at three levels

(- 1, 0, ? 1, shown in brackets), applied in randomized order in the 17 different runs in the experimental design

Randomized order Run Blending speed (rpm) Extraction time (s) Ripeness (index no.) Yield (%)

9 1 2250 (0) 135 (0) 5 (0) 57

11 2 1000 (- 1) 135 (0) 7 (1) 0

12 3 1000 (- 1) 135 (0) 3 (- 1) 23

5 4 3500 (1) 135 (0) 3 (- 1) 34

17 5 3500 (1) 135 (0) 7 (1) 0

7 6 2250 (0) 135 (0) 5 (0) 52

8 7 2250 (0) 240 (1) 7 (1) 0

13 8 2250 (0) 135 (0) 5 (0) 55

6 9 2250 (0) 30 (- 1) 7 (1) 0

3 10 3500 (1) 240 (1) 5 (0) 49

14 11 3500 (1) 30 (- 1) 5 (0) 38

15 12 1000 (- 1) 240 (1) 5 (0) 34

16 13 1000 (- 1) 30 (- 1) 5 (0) 24

1 14 2250 (0) 30 (- 1) 3 (- 1) 22

4 15 2250 (0) 135 (0) 5 (0) 56

2 16 2250 (0) 135 (0) 5 (0) 52

10 17 2250 (0) 240 (1) 3 (-1) 33
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was significant (p\ 0.05). The probability value for lack

of fit was p[ 0.05, which indicates that the model ade-

quately fit the actual data. In addition, it shows model

suitability for prediction of variation patterns and thus can

be used for design navigation. Coefficient of determination

(R2) for the predicted model was 0.8764, i.e., only 12% of

the total variation was not explained by the model (Baranyi

et al. 1999; Ross 1996).

The independent variables were found to have a positive

linear relationship with juice yield, but interactive and

quadratic effects showed negative correlations to the yield,

resulting in a curvilinear form of the model graphs:

Y ¼ þ 54:60þ 5:00� Aþ 4:00� B� 14:00� C

þ 0:2500� AB� 2:75� AC� 2:75� BC� 8:83

� A2 � 9:33� B2 � 31:32� C2

ð3Þ

where Y is juice yield, A is blending speed, B is extraction

time, and C is stage of ripeness.

Since the interactive effect was not significant

(p[ 0.05) as indicated in ANOVA (Table 2), the second-

order polynomial model was reduced to only significant

factors:

Y ¼ þ 54:60þ 5:00� Aþ 4:00� B� 14:00� C� 8:93

� A2 � 9:33� B2 � 31:32� C2

ð4Þ

The value of adjusted R2 (0.9763) was then close to that

of R2 (0.9896), indicating that removal of non-significant

factors did not cause any distortion in model efficiency.

Reliability of any experiment is measured by the coeffi-

cient of variation, where a higher value indicates low

reliability (Kelley 2007; Romano et al. 2005). From the

ANOVA results in Table 2, the coefficient of variation was

10.50, indicating good reliability and precision of the

experiments.

Effect of blending speed, extraction time,

and ripening stage on banana juice yield

The effects of blending speed, extraction time, and ripening

stage are represented in 3D graphs in Fig. 2a–c, where

optimum values are within the darker (red) regions. As can

be seen from the diagrams, juice yield increased non-lin-

early with the independent variables up to the optimum

level. However, a decreasing trend in juice yield is evident

beyond optimum conditions, which might be due to the

quadratic nature of the model. Optimal juice yield was

obtained at stage 5 of ripening, but over-ripening (ripeness

stage 7) gave a reduction in juice yield. This is further

explained by the negative coefficient of the quadratic effect

in the model in Eq. (3). These results are in agreement with

previous reports of juice failure with over-ripened bananas

(Kibazohi et al. 2017; Kyamuhangire and Pehrson

1997, 1999). It is postulated that protein–tannin

Table 2 Results of analysis of

variance (ANOVA) for the

quadratic model (Eq. 3)

Source SS DF MS F-value p value

Model 7117.06 9 790.78 74.10 \ 0.0001***

A: Blending speed 200.00 1 200.00 18.74 0.0034*

B: Extraction time 128.00 1 128.00 11.99 0.0105*

C: Stage of ripeness 1568.00 1 1568.00 146.93 \ 0.0001***

AB 0.2500 1 0.2500 0.0234 0.8827

AC 30.25 1 30.25 2.83 0.1361

BC 30.25 1 30.25 2.83 0.1361

A2 327.92 1 327.92 30.73 0.0009***

B2 366.13 1 366.13 34.31 0.0006***

C2 4131.60 1 4131.60 387.16 \ 0.0001***

Residual 74.70 7 10.67

Lack of fit 53.50 3 17.83 3.36 0.1359

C.V. 10.50

R2 0.9896

Adjusted R2 0.9763

Predicted R2 0.8764

SS sum of squares DF degrees of freedom, MS mean squares, F-value fisher value

*Significance at 0.05 level

**Significance at 0.01 level

***Significance at 0.001 level
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interactions are related to juice release in bananas (Kya-

muhangire et al. 2006). Our results suggest that, as ripening

proceeds above stage 5, protein and tannin compounds

previously involved in interactions undergo some bio-

chemical changes that make their active sites unavailable

for such interactions (Goldstein and Swain 1963; Kya-

muhangire et al. 2006). As a result, juice failure occurs.

Examination of the effect of extraction time and blending

speed on juice yield at constant ripeness stage (Fig. 2a)

showed that juice yield increased as extraction time

increased from 30 to 162 s, but with a further increase in

extraction time (above 162 s) juice yield decreased.

As mentioned, juice yield appeared to increase with

ripening stage (i.e., 3–5), but further ripening (stage 7)

decreased juice yield (Fig. 2b). As regards blending speed,

juice yield increased to an optimum speed of 2650 rpm,

while beyond that speed it decreased (Fig. 2c). At a low

speed, the maximum blending time of 240 s was not

enough for mechanical disruption of laticifer cells and to

release tannins allowing interactions with proteins and the

facilitation of juice release. Thus, with lower blending

speed longer time is required to achieve higher yield.

Model analysis

As indicated in Fig. 3a, there is normality of the error term

since the data follow a straight-line trend with no signifi-

cant outliers, showing the relevance of the model. Stu-

dentized residuals are very good indicators of the presence

or absence of outliers (Gomez and Gomes 1976; Raissi and

Farsani 2009). Correlation of residuals and experimental

runs are illustrated in Fig. 3b. There is no defined pattern
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Fig. 2 a–c Response surface methodology diagrams for juice yield (%) as a function of blending speed, extraction time and ripening stage.

d Numerical optimization of juice yield
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and points of experimental order are dispersed, suggesting

that there is no lurking variable that is influencing the

response variable. As shown in Fig. 3d, minor changes in

ripeness stage can lead to great changes in yield, whereas

minor changes in blending speed and extraction time gave

only slight changes in yield. As a result, the curve for

ripeness is steeper than that of the other factors.

Process optimization

The processing parameters were optimized numerically

using the desirability function in design expert software for

maximization of yield. The values obtained for optimum

production of banana juice were: a blending speed of

2655 rpm, an extraction time of 162 s, and stage 5 of

ripening. Desirability shows the interval between the

response and its ideal value, and its value usually falls

within the range 0–1 (Raissi and Farsani 2009). As can be

(c) 

(a) (b)

(d)

Externally Studentized Residuals

N
or

m
al

 %
 P

ro
ba

bi
lit

y
Normal Plot of Residuals

-4.00 -2.00 0.00 2.00 4.00

1

5

10

20
30

50

70
80

90

95

99

Run Number

Ex
te

rn
al

ly
 S

tu
de

nt
iz

ed
 R

es
id

ua
ls

Residuals vs. Run

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

1 3 5 7 9 11 13 15 17

4.81963

-4.81963

0

Actual

Pr
ed

ic
te

d

Predicted vs. Actual

-10

0

10

20

30

40

50

60

-10 0 10 20 30 40 50 60 -1.000 -0.500 0.000 0.500 1.000

-10

0

10

20

30

40

50

60

A

A

B

B

C

C

Perturbation

Deviation from Reference Point (Coded Units)

Yi
el

d 
(%

)

Fig. 3 a–c Analysis of model efficiency in maximization of juice yield. d Perturbation plot showing the effect of the independent variables on

percentage yield of banana juice, where: A is blending speed, B is extraction time, and C is stage of ripeness

J Food Sci Technol

123



seen from the optimum graph (Fig. 2d), the desirability

value was 0.937, which is near to the ideal value (1).

Verification and validation of the model

Verification and validation was performed to check the

significance of the model in predicting the response vari-

able. Four runs (5, 13, 15, and 10) from the 17 runs used in

the experimental design matrix (see Table 1) were used for

verification, as shown in Table 3. Using the model

described by Eq. (3), the predicted value was determined.

There was only a slight difference between the experi-

mental and predicted values, which suggests that the model

is valid.

Conclusion

Response surface methodology (RSM) was used to deter-

mine the optimum process variables (blending speed,

extraction time, stage of ripeness) for mechanical extrac-

tion of banana juice. The model developed for prediction of

processing parameters was significant (p\ 0.001), which

implies that it is suitable for navigation of design space. A

second order polynomial equation showed that juice

extraction is significantly affected by blending speed,

extraction time, and stage of ripeness. The desirability

value obtained was 0.937, showing that the setting of the

independent variables in optimizing the yield was good.

The optimum conditions, determined as the highest juice

yield (57.5%), were a blending speed of 2650 rpm, an

extraction time of 162 s, and stage 5 of banana ripeness.

Degree of ripeness was identified as the most important

factor, as it exerted a highly significant effect (p\ 0.001)

on the response variable. Production of banana juice using

the optimum values of these three physical parameters will

reduce the production costs and maximize the juice yield,

which in turn will enable scaling-up and commercialization

of the process. However, further studies are needed to

validate the model in prediction of physical parameters for

different banana cultivars and larger blender sizes.
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