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Introduction

Banana plants are produced in over 135 countries and territories across the tropics and subtropics [1]. Being global food
crops, banana plants have abundant agro-waste which is difficult to dispose of. Over 30 million tons of banana peels are
thrown away annually worldwide, leading to disposal by burning which is environmentally unfriendly [2]. Strong
governments support for environmental conservation, increasing dangers of incineration emissions and increased utilization
of agricultural resources for production of new “green” materials are some of the reasons for increased public interest in
development of materials from renewable sources [3]. Grade four ripe banana peels have been used for production of bio-
plastics with a potential for use in insulation and cosmetic prosthetics [4].
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Therefore, banana peels have a potential of conversion into thermoplastic bio-resins with suitable viscosity requirements
favorably competing with other commercial synthetic resins. Thermoplastic materials including polypropylene, polyethylene,
polyetherethrketone, and poly vinyl alcohol currently dominate as resins for composites development. Phenolic, epoxy and
polyester are the commonly used thermosetting resins [5]. However, demand for bio-materials with favorable properties is
spearheading a paradigm shift from conventional polymers to bio-polymer materials. A new bio-degradable epoxy resin
CHS-Epoxy G520 developed by Spolchemie Limited (Czech Republic) has been discovered to produce bio-composites with
better strength properties for automotive instrument panel applications than synthetic epoxy composites [6].

Bio-resins from different starch sources including potatoes, maize corn and wheat have also been studied and used in bio-
composites development [7]. Unfortunately, these starch sources are food items worldwide. However, raw banana fruits
possess about 20% starch whereas ripe bananas have starch content between 11% to 13%. Grade 1 green banana peels
possess 3% starch, which reduces to between 1% to 2% in grade 4 ripe banana peels [8,9]. Therefore, raw banana peels as
agro-waste possess more starch content than ripe peels. According to Satin [10], starch has two major components: amylose
and amylopectin. These components are very different structurally, amylose being linear and amylopectin highly branched.

The viscosity, shear resistance, gelatinization, textures, solubility, tackiness, gel stability, cold swelling and retro-gradation
are all functions of starch amylose to amylopectin ratio. High percentage amylose content therefore, indicates high viscosity
values. Despite the amylopectin’s high molecular weight, its intrinsic viscosity is very low because of its extensively
branched molecular structure [11,12]. Viscosity is the most important technological characteristic in processing technologies
of polymeric materials. It is the only parameter used for characterization of Newtonian liquid materials [13]. Several studies
on properties of bio-degradable resins have been done [3,14,15]. However, no literature exists on the effect of various factors
on the viscosity of bio-resins from raw banana peels.

Experimental

Development of the banana peels bio-resin

Three (3) kilograms of raw banana peels were obtained from Naguru market (Kampala, Uganda). The peels were washed,
boiled, drained and allowed to cool. The peels were thereafter chopped into smaller pieces, placed into an electric blender and
pureed to obtain banana peels fluid paste. For every 500 g of raw banana peels, 250 ml of water were added for easy
pureeing. These measurements were selected based on the amount of chopped banana peels that could fit in the blender at a
time. Five litres of the fluid paste obtained was stored in a jerrican for testing. The fluid paste was treated with various ratios
of glycerin supplied by Desbro Uganda limited. Glycerin was preferred over other plasticizers because it is a by-product

waste material in the bio-fuel industry, added to avoid brittleness and increase flexibility of the final bio-product [16,17].

Characterization of the banana peels bio-resin

The oven, viscometer, measuring cylinders and glass containers for resin characterization were obtained from The Uganda
Industrial Research Institute. Various resin, glycerin and water ratios were mixed in glass containers of over 85 mm diameter
and 200 ml filling volume. An oven set at various temperatures was used for the prepared test specimens at different time

intervals.
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The Visco Basic Plus Rotational Viscometer (VBCR 320810) with over eight rotational speeds and a set of seven spindles
shown below in FIG. 1 was employed. Viscosity of the samples was determined according to ASTM standard D2196-05 in
(mPa.s) at a constant speed of 100 rpm.

FIG. 1. Rotational Viscometer for bio-resin characterization.

TABLE 1 below also shows various viscosities of common commercial resins used globally in composites development.
There was need for comparison between existing synthetic and bio-resins and the locally made bio-resin from raw banana
peels in terms of viscosity.

TABLE. 1. Viscosity properties of common commercial resins.

Matrices/Resins Viscosity (mPa.s) | Reference
THERMOSETS
Epoxy @ 25°C 25,000 - 45,000 [18]
Green epoxy @ 25°C 8,000 - 14,500 [19]
Polyester 3,000 [20]
Phenolic 500 - 40,000 [21]
THERMOPLASTICS
Urea formaldehyde 300 - 450 [22]
Polypropylene - [20]
Poly vinyl alcohol 65,000 [20,22]
Cornstarch 250 - 1,000 [20,22]
Tapioca @ 113°C 500 - 1,000 [20,22]

Design of experiments for the banana peels bio-resin

Previous studies reveal that modern design of experiments, regression analysis and optimization of various responses can be

achieved through computer software programs including Matlab, SAS, Design Expert, Monte Carlos and Minitab [6,23-25].
3
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Therefore, using design of experiments under Minitab 17.0.1, response surface designs were considered. However, the
Central Composite Rotatable Design was preferred over the Box Behnken and other experimental designs because of its
ability to give factors at five (5) levels and optimization of a new experimental method required [26]. According to the design
display, 5 factors at 5 levels were employed to yield 32 experimental runs.

Three replicates were considered to obtain a wider sample size for better validation and analysis hence a total of 96
experimental runs. Each run was performed five times on the viscometer and the average viscosity recorded. TABLE 2
represents the relationship between factors and levels as input data. The alpha (a) of 2 was used in this experiment to

calculate the actual values for the experiment.

TABLE. 2. Relationship between factors and levels.

Factors Levels

-0, | Low | Medium | High | +a
Coding 2 -1 0 1 2
Temperature (°C) | X: | 25 | 40 60 80 | 100
Time (min) X220 | 30 40 50 60
Resin (mls) Xs |20 | 40 60 80 | 100
Glycerin (mls) Xa | 0 10 15 20 25
Water (mls) Xs | 0 10 15 20 25

This experimental design was used to determine the viscosity yield based on the linear, curvilinear and interaction effects of
various factors using multiple regression analysis. The effect of several factors on a given yield(s) as outlined in the
experimental design can be investigated using regression models, a well-established statistical tool [27,28]. A second order
polynomial regression equation (1) was used to fit the model whereby Y=Viscosity, bo=Constant, b1 to b2o=Coefficients and
X1 to Xs=Factors.

Y= bo + b1X1+. ..b5X5 + b6X1X1+. o b10X5X5 + b11X1X2 + - b20X4X5 (1)

Results

Experimental data analysis for the banana peels bio-resin

From the central composite design technique, 5 factors at 5 levels with a total of 96 experimental runs were considered for
data collection. Various test samples were subjected to different ratios of temperature, time, resin, glycerin, and water as the
inputs to study their effect on the viscosity (Y) of locally produced bio-resin. It was noted that each individual combination
yielded different results of viscosity. Collected data was imported as a datasheet into Minitab 17.0.1 for analysis. During
multiple regression analysis, standardization of the data was effected. The stepwise regression procedure was employed by

adding terms during the regression to maintain a hierarchical model at each step.
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Analysis of Variance (P-Values) and Variance Inflation Factors were checked and verified to ensure model accuracy. A
multiple regression model was developed for the yield in viscosity of the bio-resin. According to the model, the sample data
of 96 points was a precise estimate of the strength of the model. There were no unusual data points to have a strong influence
on the results. Furthermore, the normality test was passed since more than 15 data points were used. The normal probability

plot of residuals for viscosity in FIG. 2 below shows that the data points were normally distributed.
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FIG. 2. The normal probability plot of residuals for viscosity.

Prediction and optimization of the viscosity of banana peels bio-resin

The viscosity model (2) obtained exhibited an R? value of 0.95. According to TABLE 3, Analysis of Variance statistics

showed that the P-value (0.0001) of the general model obtained was less than 5% (P<0.05). Therefore, the model was
deemed as significant. Furthermore, P-values for individual factors, curvilinear and interaction effects revealed that all the
values were less than 0.05 hence significant in the model.

Yyiscosity = 203.4 — 1.689X; — 6.514X, + 3.168X; + 0.74X, — 3.146X5 + 0.00786X;X; + 0.0511X,X;, —
0.00990X3X3 — 0.0877X,X, + 0.04300X,X, — 0.02205X; X3 @)

Percentage contributions of various factors are also outlined, with resin amount contributing the highest percentage of 41% to
the model, water amount at 20% and glycerin amount at 18.6%. Temperature and time contributed 4% and 1.2% respectively.
Curvilinear and interaction effects revealed that interacting temperature with resin amount (X1 x Xs) contributed a higher
percentage of 4.5% to the regression model compared to other effects. Variance Inflation Factors proved that there was no
multi-colinearity among the variables, curvilinear and interaction effects. This is because all the values determined in TABLE
3 were below 5. The developed regression viscosity model was used to design a prediction and optimization report for
viscosity of the developed banana peels bio-resin. The goal was to maximize viscosity yield in the bio-resin. Optimal settings
for viscosity maximization (TABLE 4), top five alternative solutions closest to the optimum settings (TABLE 5), and

sensitivity analysis for the optimum solution (FIG. 3) were obtained.
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TABLE. 3. ANOVA, factor contributions and variance inflation factors of the X-variables.

Source Analysis of Variance (P-Value) | Factor Contributions (%) | VIF
Regression 0.000 95.03
X1 0.000 3.96 1.21
X2 0.024 1.17 1.35
X3 0.000 41.04 1.38
Xa 0.000 18.61 1.66
Xs 0.000 20.00 2.77
X1 %x X1 0.016 0.61 1.55
X2 x X2 0.000 2.07 1.56
X3 X X3 0.001 0.65 1.43
Xa X Xa 0.022 0.04 2.81
X1 %X X2 0.000 2.32 3.29
X1 %X Xs 0.000 4.54 1.36
Error 497
Lack-of-Fit 0.000 4.4
Pure Error 0.57
Total 100.00

TABLE. 4. Prediction and optimization report.

Goal: Maximized viscosity Solution: Optimal settings
Predicted viscosity | 242.01 X1 25 Xa 4.30
95% ClI (229.50, 254.52) | X 20 | Xs 0
95% PI (217.55,266.77) | Xz | 100

TABLE. 5. Alternative solutions: values close to optimal settings.

X1 [ X2 | Xs [Xs | Xs | Predicted viscosity

25 (20 100 0 | O 240.468
100 |60 | 100 | O | O 161.611
40 |50 | 80 |20 |10 104.262
60 (60 | 60 |15 |15 97.554

25 (40 | 60 [15 |15 95.822
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FIG. 3. Settings and sensitivity for optimal solution.

It was observed from TABLES 4 and 5 that optimal settings required to obtain the maximum viscosity for this banana peels
bio-resin, which was 242.01 mPa.s were presented alongside the top five predicted alternatives. The alternatives could be
considered in case the optimal settings were not practical in reality. From the predictive model generated, it was evident that
resin quantity (Xs) contributed the highest percentage towards the model. This is also evidenced by FIG. 3, whereby increase
in Xs resulted into increase in viscosity (Y).

FIG. 3 further revealed that glycerin quantity (X4) had a positive influence on the viscosity (Y) up to an optimum level
beyond which it operates with a negative influence. Temperature (X1), time (Xz2) and water (Xs) all had a negative effect on
the viscosity yield.

Discussion

The results showed that increase in temperature led to decrease in viscosity. This was most probably because temperature
increases the Kinetic energy of the resin molecules hence increasing their mobility and flow. Intermolecular forces holding
the bio-resin molecules together are weakened by increase in temperature hence decrease in viscosity. This concurs with a
study on preparation and properties of cornstarch adhesives whereby viscosity decreased with increase in temperature.
Furthermore, increase in time in relation to gradual temperature rise contributes to continual decrease of viscosity. However,
results also revealed that viscosity increases with increase in bio-resin concentration. This was due to the amylose and
amylopectin ratios in the bio-resin. High bio-resin concentration implies high levels of amylose content that is responsible for
high viscosity levels in starch compounds. This was in agreement with [29] who stated that despite the amylopectin’s high
molecular weight, its intrinsic viscosity is very low because of its extensively branched molecular structure unlike amylose.
Bananas are among the starch sources with relatively high amylose content of 20.7% as noted by YaNez et al. [8]. Glycerin
ratio was noted to increase the viscosity of the bio-resin up to an optimum level beyond which it decreased the viscosity
value. According to Curvelo et al. [30] and Wattanakornsiri et al. [31], glycerol content in the ranges of 20% to 40% or 20%
to 35% without added water has a positive effect on viscosity including improvement of strength and toughness of the
resultant composite materials. However further increase has detrimental effect by reducing the viscosity as evidenced by the
results in FIG. 3.
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This was also confirmed by de Graaf et al. [32], who stated that plasticizers generally have low molar mass, a high boiling
point and exhibit low viscosities and low temperature coefficients of viscosity hence capable of reducing resin viscosity.
Addition of water into the bio-resin also decreases bio-resin viscosity due to low viscosity of water molecules hence lowering
the viscosity of the consequent bio-resin. Consideration of viscosity as an important factor in characterization of the banana
peels bio-resin was supported by Stabik J [33] who stated that viscosity is the most important technological characteristic in
processing technologies of polymeric materials used for characterization of Newtonian liquid materials.

The goal of this analysis was to maximize viscosity yield hence optimal settings yielded maximum viscosity of 242.01 mPa.s
(0.242 Pa.s) for this locally made bio-resin from raw banana peels. At 95%, confidence interval (CI) limits of 229.6 mPa.s to
254.5 mPa.s were established. Similarly, at 95% predicted interval (PI) a viscosity range was also determined between 217.55
mPa.s, and 266.77 mPa.s. This was attributed to high viscosity relating to better resin mechanical properties. Maximization of
viscosity is evidenced by most of the commercial resins including the recently developed biodegradable epoxy resin (CHS-
Epoxy G520: 12000 mPa.s to 14500 mPa.s) that have high viscosity values [6]. However, the obtained viscosity was in close
proximity to some commercial resins including maize cornstarch (250 mPa.s to 1,000 mPa.s) and urea formaldehyde (300
mPa.s to 450 mPa.s) currently used in composites development [22,34]. Therefore, the banana peels bio-resin has potential
for use in bio-composites production.

Conclusion
Raw banana peels bio-resin has been developed and characterized using statistical models. The regression model for viscosity
exhibited a co-efficient of determination (RZ) of 0.95, and an optimum viscosity value of 242.01 mPa.s was recorded. The

viscosity value was in close proximity to existing commercial resins including urea formaldehyde, and maize cornstarch used
in bio-composite development.

Percentage contributions of various factors revealed that resin amount contributed the highest percentage of 41% to the
model, water amount at 20% and glycerin amount at 18.6%. Temperature and time contributed 4% and 1.2% respectively.
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