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To meet the challenge of procuring new sources of natu-
ral polymers without affecting the demands for food
crops, a thermoplastic unripe banana flour (TPF) was pro-
duced, characterized, and blended with metallocene-
catalyzed polyethylene (mPE). Both the pulp and peels of
unripe banana were used to produce flour, whose stability
and thermoplastic properties allowed blending with mPE
in high proportions, that is, 50, 60, 70, and 80%. The
blends were injection molded, and the thermal, mechani-
cal, microstructural, and infrared spectral properties of
the resulting samples were characterized. The blend con-
taining 50% TPF yielded a robust, elastic, and nonbrittle
material. Maleic anhydride grafting on mPE (mPE-g-MA)
promoted interphase adhesion of the polymers and homo-
geneity in the blends. Grafting also influenced the
mechanical, thermal, and microstructural properties of the
blends. The characteristics of the blends make them ideal
for designing biodegradable plastics while exploiting
banana peels, which are usually considered agricultural
waste. POLYM. ENG. SCI., 55:866-876, 2015. © 2014 Society of
Plastics Engineers

INTRODUCTION

Starches from various sources (e.g., corn, potato, rice) are
considered to be biodegradable components that can be
employed in the plastics industry [1]. The structure and physico-
chemical properties of corn, rice, wheat, and potato starches
have been well documented [2]. They can also be blended with
synthetic polymers to improve their biodegradability properties
[3, 4]. Nevertheless, because of the widespread use of starches,
especially for food applications, new sources of these natural
polymers that are appropriate for industrial purposes are
required.

The complete unripe banana (peel and pulp) is of great inter-
est as a candidate source of biodegradable materials. The unripe
banana pulp contains up to 70-80% starch on a dry weight
basis, a percentage comparable to that in the endosperm of corn
grain and the pulp of white potatoes [5]. Furthermore, the
banana peel, which is usually considered to be waste, can
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account for up to 40% of the total weight of a banana [6]. In
general, plant cell wall polysaccharides are an extremely diverse
set of biopolymers that play an important role as structural ele-
ments. They include both soluble fibers (pectins, gums, etc.) and
insoluble fibers (cellulose, lignin, some hemicelluloses, etc.) [7].
Plant-derived fibers and crop derivatives of lignocellulosic com-
position have been reported to be good biodegradable reinforc-
ing fillers [8-10]. Therefore, we hypothesized that the
biopolymers of the banana peels might be useful as a filler and
reinforcing material [11]. During banana ripening, the starch
reserve rapidly transforms into sucrose and is further converted
into glucose and fructose by the activities of amylase, glycosi-
dase, phosphorylase, sucrose synthase, and invertase [12, 13].
Thus, for starch production, it is necessary to process the
bananas while they are unripe.

Bananas are the fourth most important crop in the food
industry worldwide, behind only rice, wheat, and corn [14].
Bananas grow throughout the year. Furthermore, unconsumed
material is generally available [15], which is important because,
as noted by other researchers, the low cost and availability of
underutilized agricultural products make them suitable for the
manufacture of new polymeric materials [16].

This study aimed to prepare unripe banana flour with poten-
tial for use as a matrix, not as a filler, for a biodegradable plas-
tic material. Several granular starches have been blended with
plastics to develop biodegradable materials [17]. However, the
starch is often not well dispersed within the plastic matrix due
to its inherent hydrogen bonding [18]. To avoid agglomeration
and a lack of homogeneity in blending with synthetic polymers,
thermoplastic starches (TPS) have been developed by incorpo-
rating appropriate amounts of water and/or plasticizers into the
pristine starch [19]. Blends containing TPS have been shown to
exhibit improved homogeneity compared to blends containing
only native starch in their formulation, even when the same
plastic matrix was used [20, 21]. Here, the thermoplasticization
process was used to prepare unripe banana flour.

Polyethylene (PE) has the largest worldwide production vol-
ume of all synthetic polymers [22]. This polymer has many
advantages, for example, low cost, excellent chemical resistance,
lightness, durability, and lack of toxicity [23]. PE is synthesized
using either Ziegler-Natta (ZN) catalysts or metallocene cata-
lysts [24]. Ziegler—Natta catalysis produces a relatively broad
distribution of molecular weights [25], and ZN-catalyzed PE
products often have problems such as melt fracture, surface dis-
tortion, and deterioration of mechanical properties. Conversely,
metallocene-catalyzed polyethylenes (mPEs) exhibit superior
physical and mechanical properties because the metallocene
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catalyst yields polyolefins with a narrow molecular-weight dis-
tribution and sparse long-chain branches [26]. Metallocene catal-
ysis produces PE with an excellent degree of control over the
molecular structure [27] and stereospecificity [28] at the com-
mercial scale [29, 30]. In manufacturing, mPE is considered to
be a good option among the available plastics because it has
good mechanical properties.

A simple mixture of PE and starch lacks homogeneity [31]
due to the nonpolar nature of PE. Grafting maleic anhydride to
the backbone of the synthetic polymer can impart polarity to
mPE [32]. Maleic anhydride increases compatibility and
improves interphase adhesion between the natural and the syn-
thetic polymer [33]. In this study, a thermoplastic unripe banana
flour (TPF) was produced and characterized. The TPF was
blended with mPE by extrusion, injection molded, and further
characterized.

MATERIAL AND METHODS
Unripe Banana Flour

Unripe bananas (Musa cavendishii AAA) that had not been
exposed to ethylene gas for ripening acceleration were pur-
chased from Mexico City’s supplies center. This type of banana
is cultivated in the Gulf of Mexico and Ocean Pacific slopes
(14°15" and 22°30’ latitude north). Unripe bananas were sani-
tized with 1% sodium hypochlorite, cut longitudinally into
2 mm thick slices, and sprayed with 5% acetic acid to prevent
enzymatic oxidation. The banana slices were dehydrated at
60°C for 36 h in a F.J. Stokes vacuum chamber (Philadelphia,
USA), followed by powdering in a milling disc, sifting with a
40 mesh sieve, and re-sifting with a 100 mesh sieve to recover
a fine-grained flour. The flour was subjected to a whitening pro-
cess by mixing it with 40% hydrogen peroxide at a weight ratio
of 6:4 in a Teledyne Lab internal mixer (York Pennsylvania) at
a speed of 20 rpm for 60 min. This blend was dried for 24 h at
50°C, followed by an additional milling and sifting process. To
generate thermoplastic material, the flour, water, and glycerol
were mixed in the internal mixer at a 5:3:2 weight ratio for 30
min at 50 rpm. A fraction of the obtained material was dehy-
drated at 60°C for 36 h for characterization. The remaining
material was reserved for blend preparation.

Functionalization of mPE

mPE Engage 8402 (Dow Chemical, Midland, MI), with a
density 0.902 g/cm® (ASTM D 792) and melt flow index of
30 dg/min (190°C/2.16 Kg, ASTM D 1238), was mixed with
1% of maleic anhydride (99% purity from Sigma-Aldrich, St
Louis, MO) and 1% of benzoyl peroxide (Luperox A75, 75%
purity, Sigma-Aldrich) for 40 min. Maleic anhydride grafted
mPE (mPE-g-MA) was extruded from a single-screw extruder
(CICATA-IPN, Mexico City, Mexico; 60, 80,120, and 130°C in
the heating zones and 45 rpm for the screw rotation) and then
milled.

Preparation of TPF and mPE Blends

TPF, mPE, and mPE-g-MA were blended, extruded and
injected using the following proportions: 50% TPF and 45%
mPE (herein termed 50 TPF), 60% TPF and 35% mPE (herein
termed 60 TPF), 70% TPF and 25% mPE (herein termed 70

DOI 10.1002/pen

TPF), 80% TPF and 15% mPE (herein termed 80 TPF), and 0%
TPF and 100% mPE (herein termed neat mPE). All blends con-
tained 5% mPE-g-MA.

Extrusion

TPF and the blends described above were extruded. Extru-
sion was performed at 80, 120, and 180°C in the three heating
zones of the extruder and 200°C in the exit die. The mass flow
and screw speed were set to 110 g/min and 30 rpm, respec-
tively. A feeder (Baldor Electric, AR) was used to control the
mass flow.

Colorimetric Analysis of the Flour

Five samples of the regular, unripe banana flour and the
whitened flour were randomly selected for color index analysis.
A Chroma Meter CR-400 (Minolta, Osaka, Japan) was
employed. The color, represented as color difference AE*, was
calculated as:

AE* = [(AL*)*+ (Aa*)*+ (Ab*)*)"/? (1)

where AL*, Aa*, and Ab* are the differences between the color
parameters of the samples and the white standard (L* = 93.49,
a*=—0.77, b*=1.40) [34]. L*, a*, and b* are parameters of
the CIELAB system [35]. In this system, L* represents light-
ness, and its value extends from O (black) to 100 (white); a*
Indicates the color ranging from red to green; and b* indicates
the color ranging from yellow to blue [36].

Viscosity Analysis

Samples consisting of 3.37 g of regular green banana flour
and TPF (14% humidity) were supplemented with distilled water
to reach a weight of 28.5 g before analysis in a Rapid Visco
Analyzer (Newport Scientific, Australia). The following settings
were used: 10 s for homogenization, followed by 5 min of heat-
ing from 50 to 90°C and 5 min at a constant temperature of
90°C. The samples were then cooled at 50°C for 6 min before
analyzing their viscosity. The total elapsed time was 16 min at a
constant speed of 160 rpm.

Measurement of Thermal Properties

Flour and injected samples were weighed and placed in her-
metically sealed aluminum capsules. The samples were sub-
jected to increasing temperature from 30 to 400°C at a rate of
10°C/min. Their melting temperature, gelatinization temperature,
and enthalpy were determined in a Pyris 1, Perkin Elmer calo-
rimeter (Norwalk, CT). Calibration was performed with indium,
and an empty pan was used as the reference.

Injection Molding

Five samples of each blend and neat mPE were injected
using a Demag Ergotech 50-200 system (Dusseldorf, Germany)
with 50 tons of closing force. The samples were injected into an
eight-cavity mold mechanical properties. The injection tempera-
tures were 140, 150, 160, and 160°C for the heating zones, and
the speed of the screw was 100 rpm. The injection mass flow
rate was 30 cm’/s, and the total volume for each injection was
75 em’. The cooling time between cycles was 20 s.
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TABLE 1. Colorimetric analysis of regular and whitened unripe banana flour.
Regular flour Whitened flour
Sample L* a* b* AE* L* a* b* AE*
1 14.38 0.53 3.13 79.14 27.5 —0.77 5.32 66.07
2 15.11 0.44 3.17 78.41 27.9 —0.7 5.51 65.73
3 14.66 043 3.14 78.86 28.8 —0.73 5.57 64.81
4 14.46 0.47 3.16 79.06 28.3 —0.68 5.52 65.33
5 14.65 0.44 3.15 78.87 27.3 —0.51 5.32 66.32
Mean 14.65 0.46 3.15 78.87 27.96 —0.68 5.45 65.65
Standard deviation 0.28 0.04 0.02 0.28 0.60 0.10 0.12 0.60

Mechanical Properties

The standard test method ASTM D638-10 for measuring the
tensile properties of plastics was used to characterize the
injected samples. All samples were conditioned for 96 h at 23°C
and 50% relative humidity in accordance with ASTM D618-08
prior to testing. Five specimens for each sample (in the form of
standard dumbbell-shaped test specimens) were used to test ten-
sile resistance and elongation. Testing was performed on an Ins-
tron instrument (model 5583, MA), having a load capacity of
150 kN and a weight capacity of 500 kg. A testing speed of
50 mm/min was used. The results were analyzed using the
mechanical testing software Bluehill 3.11 (Illinois).

Microstructural Analysis

Samples of unripe banana flour, TPF, and injected specimens
were mounted on brass stubs with double-sided graphite-filled
tape and were vacuum coated with silver by sputtering (Desk
IV, Denton Vacuum). SEM micrographs were obtained at mag-
nifications of 100X, 250X, 500X, 1000X, and 1500X (JSM-
6390LV, JEOL, Japan).

Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

FT-IR spectra of banana flour, TPF, neat mPE and injected
samples of each blend were obtained using an Attenuated Total
Reflectance FT-IR spectrophotometer (Spectrum Two, Perkin
Elmer, MA). The wavelength range analyzed was 500-
4000 cm ™', The samples were pressed against the objective lens
and analyzed directly.

Composting

Thermoplastic flour and metallocene catalyzed PE injection
molded blend samples (80/20, 70/30, 60/40, 50/50, and 0/100,
TPF/mPE, respectively) were fixed in a 15 X 20 cm? plastic
grid. Five plastic grids were prepared (one for each time point).
The grids were buried between two layers of Organodel com-
post (Agroformuladora Delta, Mexico), a lower layer of 60 cm
and an upper layer of 30 cm. To facilitate further localization,
the plastic grids were placed according to the time at which
they would be collected, and a labeled flag was used to indicate
their locations. After 25, 50, 75, 100, and 125 days under the
compost, the grids were removed.

Weight Loss

Samples were retrieved from the grids and washed with
deionized water. Retrieved specimens were dried for 24 h at
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50°C and allowed to sit for 12 h at room temperature. All sam-
ples were weighed using an analytical balance, and the percent-
age of weight loss was calculated as follows:

. Initial weight — Final weight
Weight loss(%) = Inifial weieht 100 @

SEM Analysis after Composting

The samples were chronologically observed at O days (as a
control) and at 25, 50, 75, 100, and 125 days under compost.
SEM (5 X 5 mm?) coupons obtained from the samples were
mounted on brass stubs with double-sided graphite-filled tape and
were vacuum coated with silver by sputtering (Desk IV, Denton
Vacuum). SEM micrographs were obtained at magnifications of
500X, 1000X, and 1500X (JSM-6390LV, JEOL, Japan).

RESULTS AND DISCUSSION
Colorimetric Analysis

Because the color of the final product is a critical quality
parameter for acceptance by consumers, measuring the color of
unripe banana flour is relevant for industrial decision making
[37]. Unlike starch from corn, rice, and potatoes, the color of our
unripe banana flour is brownish. Table 1 shows the color meas-
urements of the flour. Taking into account the CIELAB parame-
ters of the white standard, the mean L* value of 14.65 + 0.28
correlated with the low lightness of the flour. The high a* value
of 0.46 = 0.04 indicated that the material was more red in color.
The average b* value of 3.15 = 0.2 (deeper yellow) also corre-
lated with the brownish color of the flour. In addition, the large
AE value observed (78.87 = 0.28) is consistent with the lack of
whiteness in our flour [38]. The AE value indicates the numerical
difference between white and the flour color [39]. Similar to reg-
ular starch, it is possible to apply either a bleaching treatment or
a coloring process in a blend with a synthetic polymer. The whit-
ening process resulted in an improvement of the color parameters
L* (27.96 = 0.6), a*(—0.68 = 0.1), and b* (5.45 £0.12), as well
as the color difference AE (65.65 £ 0.6) of the flour compared
with the white standard. The whitened flour acquired an accepta-
ble yellowish color rather than the original brownish color.

Although the raw material was sprayed with a 5% acetic acid
solution to prevent oxidation, the fact that the fruit is highly sus-
ceptible to enzymatic browning may explain the color of the
flour. This browning process occurs because cutting or peeling
the fruit exposes enzymes, such as polyphenol oxidase, to oxy-
gen [40]. The brownish color of the flour could also be
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FIG. 1. Viscosity of the regular and the thermoplastic green banana flour.

attributed to the fibrous component of the flour, the banana
peel. In terms of color appearance, the flour may be of interest
for blending with polyolefins to create recycled and biodegrad-
able products, as appearance is not the most important attribute
of these materials.

Viscosity Analysis

Because our flour is composed mostly of starch, its capacity to
form a viscous paste or a gel was determined by viscosity analy-
sis after a heating and cooling process. A difference was observed
between the maximum viscosity peaks of the regular flour and
the TPF (1726 and 5669, respectively; Fig. 1). This difference of
3493 centipoises (cP) indicated that the glycerol added to the
flour for thermoplasticization could be acting as a coating that
prevents water from permeating into the starch granules. This

Heat flow (mW/g)
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0 50 100 15 200 250 300 350 40
Temperature (*C)

effect would reduce the amount of swelling, which leads to gran-
ular breakage and determines the viscosity. Despite the differ-
ence, both samples had the ability to form gels.

The viscosity of both our flour preparations differed from the
viscosity of the normal banana starch, which had a viscosity
maximum peak of 2880 cP, as previously reported by others
[41, 42]. It is remarkable that the addition of glycerol contrib-
uted to a two-fold change in the viscosity of the TPF. This large
difference in viscosity may be due to the interaction of the amy-
lose and amylopectin components of the starch with glycerol.
The hydroxyl groups of starch form hydrogen bonds with those
of glycerol, reinforcing the structure of the blend. This behavior
would decrease the hydration of the material by neutralizing the
hydration sites and, therefore, produce a viscous fluid whose
viscosity would correlate with the amount of glycerol in the for-
mulation [43, 44]. The rather small amount of cellulose fibers
from the banana peels may have little influence in viscosity.
Because temperature, humidity, and velocity are involved in the
analysis, this characterization is useful for predicting the rheo-
logical behavior of TPF in the extrusion process.

DSC Analysis

In polymers, DSC can reveal thermal transitions, such as the
melting temperature (7,,), crystallization temperature (7.), and
glass transition temperature (Ty) [45]. Gelatinization is a very
important phase transition and is used to describe the molecular
behavior of starch and relate it to the heat and moisture content
[46]. DSC analysis also indicates the amount of energy, more
specifically, the enthalpy, required for a state transition.

When analyzing the whole meal banana flour, well-defined
peaks (endothermic events in the DSC curves) occurring
between 165 and 170°C (Fig. 2a) were observed. These peaks

Heat flow (mW/g)
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FIG. 2. Differential scanning calorimetry for regular (a) and thermoplastic (b) unripe banana flour. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE 2. Melting temperatures (7,,) and Enthalpy (AH) for regular and TPF.
Regular flour TPF
Endothermic peak Endothermic peak Endothermic peak

Sample T °C) AH (/) Ty (°C) AH (/g) T (°O) AH (/g)
1 168 220 130 157 299 46
2 170 172 155 127 303 62
3 165 220 161 57 300 72
4 170 221 170 71 302 23
5 161 185 115 199 296 38
Mean 166.8 203.6 146.2 122.2 300 48.2
Standard deviation 3.8 23.4 229 59.2 2.7 19.4

were attributed to the melting temperature of the flour. Banana
starch gelatinization has been reported to produce a peak
between 70 and 74.5°C and an enthalpy value of 17.5 J/g [47].
Considering that banana flour can have a starch content as high
as 80%, the inability of the flour to reach gelatinization at the
same temperature as the starch, as well as the difference in the
enthalpy value, may be the result of the humidity difference.
Other constituents of the banana peel, such as cellulose, hemi-
celluloses, lignin, and others, could also modify the temperature
and the energy required for fusion [48]. The enthalpy of the reg-
ular flour (Table 2) was higher than that reported for common
starch [49].

The thermal transitions of the thermoplastic flour were mark-
edly different. The thermograms appeared to be affected by the
glycerol and endothermic transformations. Figure 2b shows two
peaks. The first peak occurred between 115 and 170°C, which
was slightly lower than that of the regular flour but higher than
that reported for common starch, and the second peak occurred
at 300°C. The enthalpy was also lower than that of the regular
flour but higher than that expected for common starch (Table
2). Thermoplasticization may have influenced the thermal stabil-
ity of the flour, and the exothermic peaks that appeared at
300°C, which were barely detectable in the regular flour, could
be attributed to the thermal degradation of the cellulose [50,
51]. Because the flour could be used as the base for a biode-
gradable material manufactured by extrusion and injection mold-
ing, these results could be advantageous, as an excess of
humidity would make the extrusion process difficult. In addi-
tion, analysis of the melting temperatures provided a basis for
the extrusion differential heating program.

Further, the blends of TPF and mPE were analyzed. Figure 3
shows a comparative analysis of the two main components, the
grafting reactant, and the blends. Neat mPE has been reported
to have a melting peak at 65°C [52], and our result from the
neat mPE thermo scan was 67°C. The scans of the blends were
slightly shifted to the right, and increases in the flour concentra-
tion reduced the intensity of mPE melting peak. The TPF
yielded two peaks at ~150 and 300°C, as previously observed.
Maleic anhydride showed three very well defined peaks. The
last two MA melting peaks (~230-260°C), the second flour
peak and the neat mPE seemed to interact to yield a singular
thermal behavior in the range of 250-320°C that appeared for
all the blends. For that reason, the peculiar thermograms of the
blends were assumed to be the result of the grafting process, as
well as the presence of cellulose and the additional constituents
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of the flour (pectins, gums, lignin, and the glycerol added for
thermoplasticization), which would require extra energy for their
melting. In a previous thermal stability study, it was reported
that the degradation of mPE and corn starch blends initiates at
320°C [1]. This information is important to graphically confirm
the thermal degradation of the blend material in the 250-320°C
interval. Thermal degradation at this temperature range was also
observed after completing the calorimetric study, when the pans
were opened.

Mechanical Properties

The mechanical properties of biodegradable materials deter-
mine their primary applications. Biodegradable materials pre-
pared from synthetic polymer-starch blends and those derived
from renewable organic sources commonly possess diminished
mechanical properties, such as tensile resistance, compression
resistance, and elongation, compared with regular plastics [53].
Thus, it is necessary to improve the mechanical properties of
materials that are designed to be biodegradable plastics.

To assess the effectiveness of our polymer blends, the
mechanical properties of injected neat mPE as well as the
blends were evaluated. Figure 4a shows a difference of 0.153
MPa (11.71%) in the tensile strength at break between neat
mPE mean and 50 TPF. For biodegradable materials design, the
difference in tensile strength between neat mPE and 50 TPF is
promising, considering the amount of flour used in its prepara-
tion. Unexpectedly, the tensile strength of 60 TPF was greater
than that of neat mPE, which was a positive result considering
its TPF content. The tensile resistance at break of the 80 and 70

Neat mPE

Maleic anhydride

Thermoplastic flour

Comparative heat flow endo up

40 80 120 160 200 240 280 320
Temperature (°C)

FIG. 3. Differential scanning calorimetry. Depicted are the thermograms of
the neat components and the injected blends.

DOI 10.1002/pen



a
g 2.5+
§ 2.04 ®
® 15
£ AT i 1 — —ton—
g 1.04 r—
2 0,54
,g 0.0 . . . r .
80TPF 70TPF 60TPF S50TPF neatmPE
b
g 5-
4 —afge—
3
® 3
2 —einie— =5
— ——————
o 14
B
8 y : v . .
80TPF 70TPF B0TPF 50TPF neatmPE
C
__ 1500,
=
@
g 10004 . e ————
5 %
'§ 500- gl;
u -
80TPF 70TPF B0TPF 50 TPF  neatmPE
TPF concentration

FIG. 4. Mechanical properties of the injected blends and injected neat
mPE. (a) Tensile strength at break. (b) Tensile strength at yield, and (c)
Elongation at break.

TPF blends was slightly lower, and the difference only reached
0.377 MPa (28.86%) compared with neat mPE. Lower values of
tensile resistance were expected for these two last concentrations
because of their larger content of flour.

The tensile resistance at yield, which is the maximum load
that a given material resists, was also evaluated. As expected,
neat mPE had the best tensile resistance, 4.0 MPa. However, the
mean of 2.296 MPa for 50 TPF is a notable result for a natural-
synthetic polymer blend, especially considering that this tensile
resistance value indicated an average load resistance of 95.53 N.
The tensile resistance at yield decreased when the percentage of
TPF was increased in the blend.

It has been reported that the addition of a natural polymer
such as starch or flour to a synthetic polymer generally results
in decreased elongation at break [54]. This decrease is due to
the immiscibility between the two components. The addition of
maleic anhydride, thermoplasticization of the unripe banana
flour, and the homogenization process minimized the immisci-
bility of our blends. Neat mPE and 50 TPF (Fig. 4c) had practi-
cally the same elongation at break. Chemical interactions
between the biopolymers from the flour, glycerol, and mPE-g-
MA generated a compact polymeric matrix, which could have
helped to improve the elongation at break. When the flour con-
tent increased, the elongation capacity of the material decreased.
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The results remained good for 60 and 70 TPF (794.69 and
570.79%, respectively). However, the elongation at break for 80
TPF was not sufficient to consider that blend adequate for fur-
ther utilization.

Microstructure Characteristics

The morphology and size of starch granules depend on the
source plant [55]. Starch granules range between 1 and 110 pm.
The granules of our unripe banana flour (Fig. 5a and b) aver-
aged 30 pum, which is similar to granules from potato starch
[56] and larger than the granules of rice and corn starch. SEM
micrographs showed ovular and irregular granules, as well as
amorphous structures consistent with insoluble fibers. Although
the proportion of fibers observed was low, DSC measurements
revealed that fibers exert an influence on the thermal properties
of the flour by raising the fusion temperature of the banana
starch [57, 58]. In addition, the thermoplasticization process did
not have a detrimental effect on the morphology and microstruc-
ture of the unripe banana flour (Fig. Sc and d).

The behavior of the starch and the flour, when subjected to
high temperatures, has been reported to depend on the moisture
level [2, 59]. Extrusion of the regular banana flour, which was
performed in humidified conditions, produced a homogeneous

Regular unripe banana
flour

Thermoplastic flour

i,
¥oew
&
8

i .

| ok Tt e 0

FIG. 5. Scanning electron microscopy of regular and TPF: (a,b) granule
size and shape, (c,d) distribution of flour particles, and (e,f) microstructure
of extruded flour.
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FIG. 6. Scanning electron microscopy of the mold injected material. Surface and transversal view of the different

TPF preparations.

material (Fig. 5e). Extrusion of the thermoplastic flour, which
was performed in dry conditions, produced a porous material
(Fig. 5f). The pores were most likely generated because, in
absence of humidity, glycerol prevents the gelatinization of the
starch granules, generating a noncompact structure. Moreover,
the resultant extruded material was rigid, hard and frail. In con-
trast, when the banana flour was humidified before extrusion
(Fig. 5e), the heat caused the water to flow through the starch
granules, thereby improving gelatinization and further plasticiza-
tion. Thus, the extruded flour was compact and fibers appeared
to be integrated.

Because microstructural analysis is important for explaining
the mechanical properties, SEM analysis of the injected blends
was performed, both at the surface and in the transverse plane.
For neat mPE, the direction of the flux of injected material was
evident. These samples presented a practically a smooth surface
with no discontinuities or cavities that could affect the mechani-
cal properties, and the transverse view revealed a uniform tex-
ture (Fig. 6). The 50 TPF blend exhibited a slightly rough
surface, and the injection flux appeared somewhat discontinu-
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ous, though the direction was well defined; the transversal view
revealed a porous structure that could be explained by the glyc-
erol content and insufficient humidity level, which prevented
the gelatinization of the starch granules. The porosity at this
flour concentration most likely contributed to the characteristics
of the final material, which was robust, elastic, and nonbrittle.
A similar study found that morphological characteristics were
drastically affected by polymers containing anhydride functional
groups, such as mPE-g-MA [60].

More irregularities were visible on the 60 TPF surface.
Although no major visual differences existed between 50 and 60
TPF (transverse view), their mechanical properties differed in a
TPF-mPE ratio-dependent manner. The surface of 70 TPF
showed a uniformly oriented fibrous structure, and the trans-
verse view showed a honeycomb pattern, which most likely ori-
ginated from the greater proportion of starch and cellulose
fibers from the unripe banana flour as well as the humidity
level. The 80 TPF was disorganized, had cavities and disconti-
nuities, and no layer formation was observed. This microstruc-
ture may explain its poor mechanical properties.
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FIG. 7. Fourier-transformed infrared spectroscopy (FT-IR) analysis for reg-
ular green banana flour and TPF.

It is worth mentioning that, even at the higher flour propor-
tion, starch cumulus never appeared. This result suggests not
only a physical or heterogeneous blending but also interaction
between the starch, cellulose, and mPE induced by the maleic
anhydride. Both superficial and transverse micrographs elucidate
that the mechanical properties observed for our blends depended
on the level of porosity, the size of the cavities, the absence of
a pattern and the disoriented microstructure. Microstructural
changes were correlated with reductions in the tensile resistance
and elongation.

FT-IR Analysis

FT-IR spectra of the regular and TPF were obtained (Fig. 7).
The spectra of both materials were similar. A peak between
3275 and 3300 cm ! that is characteristic of the stretching
vibration of the hydroxyl group (—OH) in cellulose and starch
[61] was observed. The spectrum of the TPF showed an increase
in the width of this peak because the three —OH groups of the
glycerol [C3Hs5(OH);] contributed to the peak intensity. The
peak at 2925-2932 cm ™! was attributed to the vibration of the
asymmetric tension of the —CH, group [62]. The peak between
1622 and 1630 cm ™' corresponded to linked water absorption.
The crest at 1330-1430 cm™' was associated with the bending
vibration of the —OH group. Three peaks appeared in the fin-
gerprint region from 400 to 1250 cm™ ', which are common in
the banana starch. The first one (923—1150 cm™ ') and the sec-
ond one (1148-1150 cm™ ') were attributed to the C—O stretch-
ing vibration mode [63], and the third peak is characteristic of
the C—O—C groups in glycosidic units or the -(1-4) glycosidic
linkages between glucoses in cellulose (1160 cm™"). The band
observed at 860 cm ™' corresponded to the harmonic vibration
of C—H in starch [64] and was larger in TPF.

When analyzing the blends of TPF and mPE, a similar pat-
tern that resembled the TPF spectrum with the incorporation of
PE characteristics was observed for all blends (Fig. 8). The
peaks characteristic of TPF were the broad absorption band of
the stretching vibration of the hydroxyl groups (—OH) in cellu-
lose, starch, and glycerol (3307-3292 cmfl); the hemiacetal
bonds from the starch flour (1638-1650 cm™'); the vibration
peak corresponding to the cyclic —C—C— of the glucose
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(1030-1018 cmfl) in the starch; and the 1151, 924, and
860 cm ™! peaks corresponding to the fingerprint region of the
banana starch. The mPE in the blends contributed additional
peaks to the spectra: the symmetric and asymmetric (2918 and
2850 cm™ 1) stretching bond vibrations of the —CH, and CHj;
groups in mPE [25]; the characteristic —CH, stretching for the
oxidation of synthetic polymers (1460 cm™'); the angular defor-
mation absorption group CHj (1375 cm™ ') and the 719 cm ™!
band, which is typical of PE, also appeared.

The mPE-g-MA spectrum was included, and the absorption
peaks of the anhydride group (1791 and 1714 cm™') were
circled to highlight them. The MA carbonyl stretching absorp-
tion band at 1791 cm ' indicated that a specific quantity of MA
group was grafted onto the molecular chains of mPE. Another
carbonyl symmetric stretching absorption band at 1714 cm ™'
was expressed and confirmed the presence of MA. Although
these MA peaks were not visible in the spectra of the blends
(mPE, banana starch and mPE-g-MA), the homogeneity of the
blends, demonstrated by their mechanical, thermal, and micro-
structural properties, can be attributed to the interphase adhesion
promoted by MA grafting.

Weight Loss

Weight loss is one of the indicators of biodegradation [65].
Figure 9 shows the results of weight loss monitoring for the
samples during composting. The control sample (neat mPE, 0
TPF) had the smallest weight loss after 125 days. The minimal
effect of composting on the mPE was most likely due to its nat-
ural resistance to microbial attack [66]. The lowest weight loss
of all the blends was observed for 50 TPF. Perhaps the homoge-
neity of this blend, resulting from the functionalization of the
mPE, allowed it to resist the enzymatic action of microorgan-
isms due to increased polymer-flour interfacial adhesion. Ther-
mogravimetric assays have previously reported a decrease in the
degradation rate due to MA grafting [67]. The blends 60, 70,
and 80 TPF lost a considerable amount of weight. The 70 TPF
lost 40% of its weight in a short time, but the 80 TPF lost half
of its weight as early as 50 days under compost. The thickness
of the samples was 4 mm. Thus, the observed weight loss rates
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FIG. 8. FT-IR spectra of the blends from 50 to 80 TPF and mPE-g-MA.

Circle encloses the three peaks from MA.
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FIG. 9. Relative weight loss percentage data at 25 days intervals.

revealed a good tendency of deterioration. Interestingly, all the
samples, including the neat mPE, lost more than half of their
final weight loss value in the first 50 days. The results sug-
gested that higher flour content increased susceptibility to

microbial enzymatic attack, consequently improving biodegrada-
tion [68].

SEM Microstructural Analysis

Biodegradation under compost begins with an erosion pro-
cess [69], caused by microorganisms and the environment. Indi-
cators of erosion include fractures, breaches, cavities, and holes.
All these indicators can be monitored by scanning electron
microscopy. SEM analysis allows a visual tracing of biodegrada-
tion when material has undergone composting [70].

The changes in the microstructure of all samples subjected to
composting in this study (Fig. 10) were monitored. The neat
mPE sample showed a smooth surface that remained practically
intact in the micrographs from O to 100 days. Only the final
observation at 125 days exhibited slight deterioration, indicated
by very small pores. This observation correlates with the weight
loss measured for this sample. All TPF/mPE blends underwent
intense changes during composting. The 50 TPF sample showed
a semi-flat surface, and the flux of the injection could only be
perceived at day 0. However, deterioration within 100 days
caused some breaches and holes, and deterioration was even

Day 0 Day 25 Day 50

Day 75 Day 100

Day 125

FIG. 10. Chronological microstructural analysis by SEM of the samples under compost during 125 days. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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more evident at day 125. The 60 TPF did not show a smooth
surface at day 0. The flux of the injection was very marked,
though a compact material was perceived. However, it was
obviously different from the neat material. Micrographs taken
from 25 to 125 days clearly showed erosion caused by the
microorganisms present in the compost. At day 75, a large hole
in the surface was observed. This type of spoilage impacts the
weight loss. The 70 TPF also presented a compact structure at
the beginning, but evidence of deterioration during composting
was evident from 25 to 100 days. At day 125, the sample lost
its structure. Finally, the 80 TPF did not have a homogeneous
surface at the beginning. The high weight loss observed for this
blend could be correlated with the 125 day micrograph, which
clearly showed a loss of structure and lack of solidity. In addi-
tion, fungal conidia were observed in this micrograph, despite
the fact that all the samples were washed with deionized water.
Fungi are present in the compost, and the spread of the conidia
over the surface of the samples could be explained by their high
TPF content.

CONCLUSIONS

A plastic material was generated by blending whitened TPF
with mPE at differential proportions. Grafting MA on the
molecular chain of the synthetic polymer promoted the homoge-
neity of the blends. The characteristics of the thermoplastic flour
made it feasible to blend it with synthetic polymers to produce
biodegradable materials. Blends containing up to 80% thermo-
plastic banana flour were injection molded. One of our plastic
blends, the 50 TPF, exhibited mechanical properties similar to
those of neat mPE, making this blend suitable for industrial pur-
poses. Chronological analysis of weight loss and microstructure
by SEM confirmed the biodegradability of the blends.
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