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Abstract

Background: Packaging of locust beans is done to prevent deterioration and promote its shelf-life. This research was
carried out to develop and evaluate a cocoyam starch-banana peels nanocomposite film for locust beans packaging.
The film was prepared by gelatinizing a mixture of 0.36 g banana peels nanoparticles (~1.14-1.64 nm), 18 g cocoyam

moisture ranges.

starch, and 18 ml glycerol in 300 ml distilled water at 90 °C. The thermal, structural, mechanical and barrier proper-
ties of the film were determined using standard procedures. A 100 g of the locust beans condiment was packaged
using the film and compared with packaging in a low-density polyethylene (LDPE) at 5.16-7.58 pH and 16.67-11.50%

Results: Results indicate approx. 3% weight loss with an increase in temperature (< 250 °C). The heat of decompo-
sition in the process was 4.64 J/g, which depended on the transition temperature. Also, the film has high stiffness
and creep along the line of topography in the atomic force imaging. The material permeates more to CO, (27%) and
H, (679%) but has a low O, (4%) and N, (1%) gas permeabilities. The size of particles in the film was in the range of
3.52-3.92 nm, which is distributed across its matrix to create the pores needed to balance the gases in the micro-
atmosphere. The microbial load of the locust beans decreased with pH and increased with moisture, but this was
generally lower compared to those packaged in the LDPE at p <0.05.

Conclusions: The film was a better packaging material than the LDPE since it recorded lower counts of the microbes
throughout the storage. Thus, the nanocomposite film was effective in controlling the microbial growth of the locust
beans irrespective of the sample moisture and pH over the 30 days packaging duration.
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Background

Packaging is one of the crucial stages in food processing
and preservation, which maintain the quality and pro-
long the shelf life of food products (Chawla et al. 2021;
Ramos et al. 2018; Nasrollahzadeh et al. 2021). The pack-
aging characteristics are dependent on the food product
to be protected, so that different materials can be applied
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for different food products (Dogra et al. 2022; Atta et al.
2022). Traditionally, foods are packaged using the cala-
bash, wooden boxes, immature palm fronds, plantain
stem peels and dry cocoa leaves (Prajapati et al. 2021).
These, however, can reduce the commercial value of the
food since they cannot compete with modern packages
in terms containerization and protection abilities (Gana
Yisa et al. 2018). Thus, conventional materials are there-
fore needed for future food packaging applications.
Locust beans is a vegetable food that is consumed
as seasoning in the diets in Nigeria. The preservation
of the product is normally difficult because of its high
perishability and the offensive odor it presents during
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processing. It is sometimes dried or marinated with salt
to preserve it, but this procedure is often discouraged
because of the quality decline it can cause (Sunmonu
et al. 2020). The traditional packaging materials are also
used to maintain the quality of the product, but this can
cause market decline since the packages may not appeal
to the consumers. Also, the product cannot compete
with the conventional food seasoning such Maggi and
Knor, because of poor packaging. However, the materials
like the nylon are not suitable for locust beans packaging
because they are not biodegradable and can constitute
serious problem to the environment. An improved pack-
aging technology that can address these challenges
should effectively preserve the quality and extend the
shelf-life of the locust beans.

Biodegradable packaging is an example of this technol-
ogy, which can monitor and control the microsphere and
therefore promote the shelf-life of the food. The material
will normally help balance the concentration of gases by
forming stable complexes that attenuate deterioration
and maintain the quality of the packaged food (Chawla
et al. 2021; Mousavi Khaneghah et al. 2018; Sharma
et al. 2020). To achieve this, the biodegradable materi-
als are incorporated with the nanoparticles to create a
smart system with the desired properties. The resulting
nanocomposite materials have been successfully used
to package many types of food products. For instance,
a cassava starch-zinc nanocomposite film has been suc-
cessfully applied for tomatoes (Fadeyibi et al. 2017), okra
slices (Fadeyibi et al. 2019a), cucumber, and garden eggs
(Fadeyibi et al. 2020) packaging. However, the production
of nanocomposite film from a blend cocoyam starch and
banana peels nanoparticles has not been reported. Also,
there is no available information on its practical or com-
mercial application for the packaging of locust beans or
any food product. Thus, the objectives of this research
were to synthesize and characterize a nanocomposite

Table 1 List of materials for nanocomposite film development
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film from the blend of the cocoyam starch and banana
peels nanoparticles, and to evaluate its performance for
the packaging of the locust beans at different pH and
moisture contents.

Methods

Sources of materials

A kg each of cocoyam tubers (Colocasia esculenta) and
unripe banana fruits (Musa anamalu) were purchased
from Ipata market, Ilorin, Kwara State, Nigeria. All other
materials used are listed in Table 1.

Preparation of cocoyam starch

The cocoyam tubers were washed, peeled, and chopped
into sizes, poured into a clean bowl, and then wet milled
using a double disc attrition milling machine (Model SK-
30-SS, NY) to form slurry. The slurry then sieved using
a sieve, with a 150 um mesh size, and allowed to settle
for 24 h. The supernatant water was decanted, and the
starch is placed in foiled aluminum trays and oven dried
at a 70 °C for 18 h. The dried starch was then blended to
obtain starch powder. The percentage yield of the starch
in the cocoyam was 27.6%, and the proportion of amylose
and amylopectin were 15.1% and 84.9%, respectively. The
product was packed in an airtight container for further
study.

Preparation and particle size analysis of banana peels
nanoparticles

Nanoparticles were prepared by processing the unripe
banana fruits to remove the peels using a stainless-steel
knife (13-inch Length) and washed with water to sepa-
rate dirt. The material was cut into small pieces, dried in
an oven at 50 °C for 48 h, and later grounded into fine
powders using the blender (Model ISO14001 China). It
was then subjected to sieve analysis using a mechanical
sieve shaker (Model DSS200, ®200mm, shaking freq. 221

S/n Materials Information

1 Glycerol 1000 ml analytical grade

2 Stainless steel knife 13-Inch length

3 Sieve Muslin cloth white

4 Acrylic sheet (plastic) Size: 3 mm thickness, 4 x 4 feet

5 Plastic cutter Blade dimension—width: 61 mm height: 19 mm
6 Plastic gum Epoxy resin; hardener: dimethyldipropyltriamine
7 Disc attrition mill Model SK-30-SS, NY

8 Mechanical sieve shaker DSS200, ®200mm, shaking freq. 221 times/min
9 Oven dryer BS EN 61010-2-010:2003, Max. temp 250 °C

1

0 Blender

ISO14001 China, 110-120 V-60 Hz, 900 W
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times/min), which separates the particles to categories of
various sizes. The fine samples collected at the pan was
packed in an airtight polythene bag and stored in a desic-
cator for further study.

The size of the banana peels nanoparticles was deter-
mined using a UV-spectrophotometer (Model WSPEC-
TRO-11003, Double beam, wavelength: 190-1100 nm)
at the department of Food and Agricultural Engineer-
ing, Kwara State University, Malete. This was done by
introducing a suspension of the fine particles into the
machine and then allowing the UV light to incident on it.
The amount of the light absorbed and transmitted were
measured in the range of 495-700 nm wavelengths. The
experiment was replicated three times, and the average
values of the absorbance and transmittance of the par-
ticles were measured and recorded. The particle size of
the nanoparticles was determined using Mie theorem,
as reported by Doak et al. (2010). The theorem expresses
the relationship between extinction efficiency, absorb-
ance and the radius or particle size of a material (Eremin
2005), as shown in Eq. (1).

1/3

R— <Qex/l[(np+2m)2+nr2n> / W
247 2mlSny,

m is the relative refractive index of particle at 4; n, is the

complex refractive index of the particle at 4; n,,, is the real

refractive index of the particle at 4; R is the particle size;

Q. is the extinction efficiency.

Preparation of nanocomposite film

Nanocomposite film was prepared by mixing 18 g of
the cocoyam starch and 0.39 g of the nanoparticles with
300 ml of distilled water to form a paste based on trial
evaluation and consistent with previous studies (Fadeyibi
et al. 2017). This was followed by the addition of 18 ml
of glycerol and heating in a burner for 20 min to form a
thermoplastic solution. The solution was poured and
allowed to spread out in a mold of 300 x 150 mm dimen-
sion and dried in an air circulated oven at 60 °C and rela-
tive humidity of 65% for 24 h.

Characterization of the nanocomposite film

The permeability of oxygen, carbon dioxide, nitrogen,
hydrogen, and methane were determined by titration
(Hadassah and Sehgal 2006), while water vapor perme-
ability was determined using Karl Fischer’s methodol-
ogy (Kviesitis 1971). In the titration method, the carbon
dioxide gas was passed through the film sample placed
in a specially crafted lens mold, and the concentration of
the released gas on the film was subsequently measured
(Hadassah and Sehgal 2006). The exhaust gas was col-
lected by dissolving in ethanol and the permeability to
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carbon dioxide was measured by titration of the solvent.
The procedure was repeated for the hydrogen, nitro-
gen, methane, and oxygen gases. The experiment was
repeated three times, and the average values of the meas-
ured gases were recorded as the gas permeability of the
nanocomposite film. In Karl Fischer’s method, the film
sample was dissolved in an alcohol into a solution and
then titrated against sulfur dioxide in the presence of a
buffer (Schoffski and Strohm 2000). A solution of iodine
was then added to the titration cell to oxidize the sulfur
dioxide, and the amount of moisture absorbed by the
film sample was analyzed (Schoffski and Strohm 2000).
The experiment was repeated three times, and the mean
amount of moisture measured was recorded as the water
vapor permeability of the nanocomposite film.

The thermal properties of the nanocomposite film were
determined using the thermogravimetric analyzer (TGA
55- TA Instrument) and a differential thermal analyzer
(DTA) (Fadeyibi et al. 2017; Shanks 2010). In this method,
the film was heated gradually and steadily to 600 °C in
steps of 2 °C in a controlled nitrogen atmosphere. This
results in weight degradation because of temperature
exposure, and the resulting weight change was measured.
The DTA provided information on the glass transition,
crystallization, melting, and sublimation phase transfor-
mations occurring during the TGA analysis. The experi-
ment was repeated three times, and the mean values of
weight loss with the corresponding impact tempera-
ture, and processing energy were recorded as thermal
property.

The microstructural property of the nanocompos-
ite film was measured with the aid of scanning electron
microscopy analysis (SEM, electron microscope model
JEOL JSM-7600E) (Nikov et al. 2020). The analysis was
done by subjecting the film sample to elemental composi-
tion analysis using an energy-dispersive X-ray spectros-
copy (EDS) coupled to the SEM. This provides images
of the physical structure showing the different constitu-
ents, elements, and their distribution. A further test was
performed with the transmission electron microscope
(TEM) to determine the size distribution and structural
characteristics of the film material to 10, 20, and 50 nm
resolutions.

The mechanical behavior of the nanocomposite film
was analyzed using atomic force microscopy (AFM)
(Musevi¢ 2000; Eaton and West 2010). The AFM gives
images of the mechanical characteristics of the film. In
this method, a suspension of the film sample was pre-
pared by dissolving it in ethanol with 0.1 mg/ml con-
centration and then indented at a rate of 0.5 um/s under
ambient temperature of 27 °C condition. A force—dis-
placement curve was obtained by using a triangular
shaped cantilever with the stiffness k=0.17 N/m, made
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with silicon nitride (Wright et al. 2010; Dhahri et al.
2013). To prevent stress concentration, a silicon dioxide
spherical particle (D=1 pum) was attached at the end of
the cantilever. The procedure was repeated three times,
and the average values of displacement with correspond-
ing force of indentation were recorded, as the mechanical
properties of the nanocomposite film.

Microbiological analysis of the packaged locust beans

A kg of African locust beans condiment was purchased
from Malete main market, Kwara State, Nigeria, and
used to evaluate the performance of the nanocomposite
film. In this study, the moisture content and the pH of
the locust beans condiment were varied by drying, using
the air-circulated oven methods, in the range of 16.67—
11.50% and 5.16-7.58, respectively. Thus, nine sam-
ples of the product, each weighing 100 g, were wrapped
separately using the film, and another 100 g of the fresh
sample was wrapped using the LDPE, which serves as
the control experiment (Table 2). The packaged products

Table 2 A layout of the variables for microbial load investigation

Sample Moisture content (%, wb) pH

A 16.67 7.58
B 13.33 7.58
C 11.50 7.58
D 16.67 6.66
E 1333 6.66
F 11.50 6.66
G 16.67 5.16
H 1333 5.16
| 11.50 5.16
Control (LDPE) 25.17 8.18

Letters A to | represent sample labels
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were stored at ambient temperature of 27 °C, and the
bacteria and fungi counts were determined at the end of
30 days storage, using standard methods (Sunmonu et al.
2020; Fadeyibi et al. 2017, 2019b, 2020). The experiment
was replicated three times, and the average values of the
microbial loads were recorded.

Statistical analysis

The data obtained from the barrier, mechanical, thermal,
and structural characterizations were illustrated graphi-
cally. A Duncan multiple range test (DMRT) of the fungi
and bacteria counts was carried out to compare the
means among the film sample and with the LDPE sam-
ple at p<0.05 (Fadeyibi 2022), using an IBM SPSS Statis-
tics Software (version 27.0.1.0). The data were replicated
three times to reduce experimental error, and the average
values and standard errors were determined.

Results

Size range characteristics of the banana peel nanoparticles
The result of the size range characterization of the nano-
particles is presented in Fig. 1. This was expressed as a
plot of the wavelength versus absorbance in the UV
light spectrum. Based on the analysis presented in the
Mie theorem (Eq. 1), we obtained the particle size of the
banana peel nanoparticles in the range of 3.48-4.92 nm
between 495 and 700 nm wavelengths of the spectrum.
The nanoparticles showed a negative response to heat
absorbance but indicated a positive response to heat
transmission at the various wavelengths.

Barrier behavior of the nanocomposite film

The results of the barrier behavior of the nanocomposite
film, which was used to package the locust beans condi-
ment, is shown in Fig. 2. Based on the results presented
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Fig. 1 Effects of absorbance and transmittance of the banana peels nanoparticles
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Fig. 2 Permeability of the nanocomposite film
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in Fig. 2, the nanocomposite film is an excellent mate-
rial that can control the gas concentration (Mohammad-
pour and Naghib 2021) by allowing more carbon-dioxide
(27%) and hydrogen (67%) gases, and less oxygen (4%)
and nitrogen (1%) gases.

Microstructural behavior of the nanocomposite film

The SEM micrographs of the nanocomposite film at dif-
ferent magnification ratios are shown in Fig. 3. This
reveals some irregularities in shape and size by the
appearance of voids within the matrix, thus indicating
that the film contains heterogeneous particles. The TEM
microtopography of the sample at vary temperature with
a 3D picture of 10 nm, 20 nm, and 50 nm resolution of its
microscopic properties is shown in Fig. 4.

Thermal behavior of the nanocomposite film

The TGA/DTA results of the nanocomposite film is
shown in Fig. 5. The weight lost increases with an
increase in the temperature from 0 to 600 °C. At a thresh-
old temperature of <250 °C, only approx. 3% weight of
the nanocomposite film was degraded. The DTA results
on the curve reveal that the phase transition of the film
increase with temperature and the heat of decomposition
was 4.64 J/g.

Mechanical behavior of the nanocomposite film

The results of the AFM measurement of the nanocom-
posite film are shown in Fig. 6. A plot of the various forces
and the film sample as a function of its mutual separation,
which measures the stiffness of the film is also shown in
Fig. 6. The indentation (8) for the nanocomposite film is
positive for the initial few nanometers’ piezo displace-
ment in the approach part of the force curve. However,
due to the nonlinearity of the cantilever spring proper-
ties and AFM piezo’s hysteresis, the indentation became

negative in the last few nanometers piezo displacement at
the end of the approach part of the force curve.

Effect of moisture and pH on the microbial load

of packaged locust beans

The mean comparison of the effect of moisture content
and pH on the microbial loads of the packaged locust
beans using the nanocomposite film and the LDPE is
shown in Table 3. The film is a better packaging mate-
rial than the LDPE since it records lower counts of the
microbes throughout storage.

Discussion

The absorption and transmission characteristics of mol-
ecules indicate the ability of the material to absorb and
convey thermal energy in the packaging system (Hao
et al. 2020). According to Goh et al. (Mohammadpour
and Naghib 2021) and Pesika et al. (2003), a clear relation
exists between the absorbance and particle size of nano-
particles. The authors reported an increase in the particle
size of a zinc oxide nanoparticles with an increase in its
absorbance. Also, a similar effect was reported by Doak
et al. (2010) for the absorption spectra of gold nanopar-
ticles. This property can be useful in the design of active
food packaging material since they can assist in ensuring
heat balance within the film’s microsphere, that may oth-
erwise cause food product deterioration.

Available literature has shown that perishable food
products such as the locust beans typically produce oxy-
gen, hydrogen, nitrogen, water vapor, carbon dioxide or
methane during packaging (Kim et al. 2014; Ghosh and
Singh 2022; Zhao et al. 2022). This can lead to a structural
imbalance that can impact shelf life. Consequently, the
gas concentration must be controlled so that the gases
do not accumulate at destructive levels. This may create
a stable microsphere, with high carbon dioxide and low
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(c)

elements

Fig. 3 SEM micrographs of the nanocomposite film at different magnification ratios a 500, b 600, ¢ 7000, d EDS analysis showing constituent

A

Element Wt (%)

(@) 28.40
(] 7.30
Si 40.80
Mg 3.40
Ca 12.40
Fe 2.40
Na 2.30
S 4.30
K 2.20

EDS analysis

(d)

oxygen gases, which is beneficial for the packaging of the
locust beans. As such, the product will experience anaer-
obic respiration, due to the small amount of oxygen gas
available in the microsphere and raise the concentration
of the carbon dioxide to promote its shelf life. This sup-
ports the findings by Zhang et al. (2020) who used gra-
phene oxide nanosheets to promote the shelf-life of corn
cellulose, and Zhang et al. (2020) who incorporated lignin
in polyvinyl acetate to enhance the water vapor transmis-
sion rate of the film. In other related studies, Fadeyibi and
Osunde (2021) incorporated a zinc nanoparticle in cas-
sava starch, and Raja and Xavier (2021) functionalized a
silane nanoparticle on nanoclay to enhance the keeping

quality of the film during packaging. Therefore, based on
the foregoing, the nanocomposite film can monitor and
control the gas concentration in the microsphere during
food packaging.

The size distribution extends around a narrow band of
500-700 nm, which, according to the Mie theorem (Hao
et al. 2020; Goh et al. 2014), equates to 3.52-3.92 nm of
particle size. Clearly, as expected, the size of the nano-
particles was less than the size of the matrix due to the
presence of starch and glycerol molecules, which is
spread over the film matrix to create the pores necessary
to equilibrate the gases in the microsphere. The micro-
structural characterizations of AlI-N nanocomposite film
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Fig. 4 TEM microtopography showing the particle size and light permeability of the film
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Table 3 Mean comparison among locust

beans samples using

the DMRT

Sample Fungi (x 10> cfu/g) Bacteria (x 10° cfu/g)
Control (LDPE) 230400072 43940009
A 1.1940.007¢ 3.214£0.009°
B 1.1440007¢ 2,880,009
C 11140007 2.56£0.009¢
D 12140007 2.5240.009°
E 0.090.0079 2.11£0.009
F 0.08£0.0079 1.96 +0.0099
G 13240.007° 167 £0.009"
H 1.14£0.007¢ 1.134£0.009'
[ 0.860.0079 1.1940.009

Sample A to | retain their usual properties

Samples with the same letter number (a—j) are not significant at p <0.05

(Li et al. 2018), MoO;-TiO, nanocomposite film (Li et al.
2001), and ZnO-graphene oxide thin film nanocompos-
ites film (Trinh et al. 2021) reported are related studies
that support this finding. In addition, the EDS profile
found in Fig. 3 denotes a strong silicon signal with low
peaks in the potassium group. At the structural level, the
nanocomposite film sample contains 40.80% (by weight)
of the silicon compound and 2.20% (by weight) of the
potassium compound. A similar result was reported by
Nikov et al. (2020) in their work on the microstructural
characterization of laser-ablated nanocomposites in a
magnetic field. The physicochemical and microstructural
properties of a polyvinyl alcohol mixed with a clay nan-
oparticle also did not reveal any obvious aggregation in
the film matrix (Manikandan et al. 2019), nor did the film
under study.

The images at 10 nm and 50 nm show a group of nan-
oparticles that congregate, and the location becomes
darker. There are, however, a few parts showing white
spots because of the lack of particles around them. The
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dark spots may be caused by the presence of small parti-
cles, which have a high surface area, causing a high pro-
pensity for adhesion of the particles around the region
(Manikandan et al. 2019). An appropriate view of defects
causing particle size change may be seen at 50 nm. At
20 nm, the microstructural graphics display the presence
of light permeability. This suggests that the film can have
weak permeability to larger gas molecules.

The heat energy liberated during thermal heating of the
film suggests 4.64 ] of the heat energy needed to degrade
only 1 g of the film sample within the glass transition or
threshold temperature. The thermal stability of a green
film based on the blend of poly (vinyl alcohol) and Eleu-
sine coracana composite film (Manikandan et al. 2019),
and blend of natural rubber and nano cellular whisker
composite film (Thomas et al. 2021) are related stud-
ies that reported low weight degradation found below
the glass transition temperature. Beyond the this, the
film may not be suitable for packaging since a larger per-
centage of its weight was degraded and lost to excessive
heating.

The cantilever displacement line does not overlap the
piezo displacement line, thus resulting in significant
depth of indentation for the retract part of the AFM
force curve of the nanocomposite film. However, toward
the end of the curve both the cantilever displacement
line and piezo displacement line tends to meet and go
along the same path showing equal amount of indenta-
tion. The AFM force curve for the nanocomposite film
shows snap-in and snap-out due to the hydrophilicity of
the material. Snap-in is a condition where the cantilever
suddenly bends or is attracted to the sample due to the
van der Waals attraction. After contact, the indenter will
bend upward as it is continually pushed by the sample in
the upward direction, thus increasing the contact force
on the sample. During retraction, the indenter is initially
prevented from separation due to adhesive forces which
includes the van der Waals forces, the electrostatic force,
capillary force, and the chemical bonds. At a certain dis-
tance of retraction, the indenter suddenly snaps out as
the adhesive forces can no longer sustain the separation
load.

Statistically, as shown in Table 3, there is significant
difference in the number of bacteria counts between
the samples packaged using the nanocomposite film
and those packaged using the LDPE material at p <0.05.
Also, the fungi count in the samples E, F, and I are not
significantly different from each other, but those in A
to D and H are significantly different at p <0.05. The
observed difference can be associated with the pres-
ence of the nanoparticles in the film, which controlled
the microbial activities and prevented their growth
(Fadeyibi et al. 2017). Thus, the nanocomposite film
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was effective in controlling the microbial growth irre-
spective of the sample moisture and pH over the
30 days duration of packaging. In related studies, the
performance starch blended with zinc nanocompos-
ite film has been reported for tomatoes (Fadeyibi et al.
2017), okra slices (Fadeyibi et al. 2019a), and cucumber
(Fadeyibi et al. 2020) preservations. This means that the
film has antimicrobial abilities, just like other similar
films, to control the growth of the microorganisms dur-
ing food preservation.

Conclusions

A novel nanocomposite packaging material was synthe-
sized from the blend of banana peels nanoparticles and
cocoyam starch and evaluated for locust beans packag-
ing. The results showed that the size of the nanoparticles
was in the range of 1.14-1.64 nm. Also, the film perme-
ability was high for the carbon-dioxide (27%) and hydro-
gen (67%) gases, and low for the oxygen (4%) and nitrogen
(1%) gases within the microsphere. This means that it can
control the gas concentration by allowing more carbon-
dioxide and low oxygen concentration within the system.
The size distribution in the film matrix ranges around a
narrow band length of 500-700 nm, which corresponds
to 3.52-3.92 nm particle size range. At a threshold tem-
perature of <250 °C, only approx. 3% weight of the nano-
composite film was degraded. The DTA results on the
curve reveal that the phase transition of the film increase
with the temperature and the heat of decomposition in
the process was 4.64 J/g. This means 4.64 ] of the heat
energy was required to degrade only 1 g of the film sam-
ple within the glass transition or threshold temperature.
The film was a better packaging material than the LDPE
since it recorded lower counts of the microbes through-
out the storage. There is a significant difference between
the microbial loads in the individual sample and their
interaction at p <0.05. Thus, the nanocomposite film was
effective in controlling the microbial growth of the locust
beans irrespective of the sample moisture and pH over
the 30 days packaging duration.
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