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ABSTRACT: Bionanocomposite film is produced from renewable and biodegradable natural resources. Although
elephant foot yam (EFY) starch (Amorphophallus paeoniifolius) is a promising polymer for bionanocomposite film,
the native hydrophilic properties influence the overall performance characteristics. Incorporating virgin coconut oil
(VCO) and monoglyceride as hydrophobic components can improve mechanical properties and reduce permeability
while increasing the hydrophobicity of the composite. Therefore, this study aimed to determine the effect of adding
VCO and monoglyceride on EFY starch-nanocrystalline film at 3 and 5 wt% concentrations. Experimental tests were
conducted to evaluate the physical and mechanical properties, water vapor transmission rate (WVTR), morphology,
functional groups, biodegradability, and hydrophobicity. The results showed that the addition of 5 wt% monoglyceride
produced optimum outcomes by reducing the WVTR to 3.99 g.m−2.h−1, increasing the thickness to 0.134 mm and
decreasing the solubility to 36.04%. The Universal Testing Machine (UTM) tests showed an elongation of 74.59%,
showing excellent elasticity. The Scanning Electron Microscope (SEM) test showed the bonds formed with starch
granules, leading to a flatter surface. The Fourier Transform Infrared Spectroscopy (FTIR) test also showed an increase
in the wavelength of the C=O groups and a decrease in the O-H groups. The contact angle test processed using image-J
showed high hydrophobicity, consequently reducing the biodegradability of bionanocomposite film by the Aspergillus
niger fungal degradation test. In conclusion, this study successfully developed bionanocomposite film with enhanced
hydrophobicity, elasticity, and barrier properties, highly suitable for protecting food from humid air. The composite
holds great potential for further development as an environmentally friendly packaging solution.

KEYWORDS: Bionanocomposites film; elephant foot yam starch; monoglycerides; nanocrystalline cellulose; virgin
coconut oil

1 Introduction
Conventional plastics made of petroleum oil are easy to find due to the significant function for

packaging [1]. Naturally, plastic degradation takes about 300 to 500 years to decompose fully and causes
environmental concerns [2]. Microplastic particles often enter the food and beverage chain, which have
the potential to carry hazardous chemicals capable of harming human health [3]. Plastic can disrupt the
ecosystem by polluting water and the sea, contaminating the soil, and causing soil degradation. Furthermore,
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plastic production and increasing greenhouse gas emissions worsen the impact of climate change, which
further threatens human health and biodiversity. The promising alternative to overcome the concern is a
biodegradable film, such as bionanocomposite film, which is easier to decompose [4].

Biodegradable film is increasingly recognized as a sustainable alternative to traditional plastics.
Although starch is a prominent biopolymer used in production, several other biopolymers also serve this
purpose, such as polylactic acid (PLA) [5], cellulose [6], chitosan [7], and gelatin [8]. One type of biodegrad-
able film is bioplastics such as bionanocomposite film. Starch is a polymer common in bionanocomposite
film manufacture because it is abundant in nature, eco-friendly, and easily renewed [9]. Indonesia has
abundant types of tubers that can be used as a source of starch including elephant foot yam (EFY), with the
amylose content often reaching 28.29% [10]. Despite the potential, the natural starch-based film has several
weaknesses, such as low mechanical and hydrophilic properties and low water vapor barrier properties [11].
Therefore, many materials are used in bionanocomposite film to overcome the weakness.

Nanoparticles are fillers that function as reinforcement in biopolymer-based film and otherwise called
bionanocomposite [12]. Nanocrystalline cellulose (NCC) is an organic nanoparticle cellulose derivative with
a size of about 1 × 10−9 m [13]. It works optimally as a reinforcement due to the larger active area than normal
cellulose and a high interaction surface area [14]. This can improve the mechanical and physical properties
of bionanocomposite film. However, film reinforced with NCC still improves in certain characteristics,
specifically hydrophobic and barrier properties. Bionanocomposite film can be made by solution casting,
compression molding, injection casting, and other methods. Solution casting entails printing biopolymer
solutions on non-adhesive molds and evaporating solvents to obtain dry and thin bioplastics [15].

Hydrophobic components play a crucial role in improving low water resistance in starch-based bioplas-
tics. Various lipid sources are added to bioplastics due to the ability to increase resistance to water, such as
palm oil, virgin coconut oil (VCO), stearic fatty acids, and others [9]. VCO is a vegetable oil containing lauric
acid as the main saturated fatty acid composition. Many studies have used VCO as a bioplastic plasticizer,
but adding VCO can also affect hydrophobic characteristics [16]. Aside from VCO, monoglyceride has the
potential to be a hydrophobic component due to the lipophilic and hydrophilic structure, hence, it does not
require an emulsifier to homogenize oil in film.

Previous studies including Arifin et al. (2022) [13] reported that using 5% NCC as a nanofiller
in corn starch-based bionanocomposite film increased the tensile strength of film. Fangfang et al. [17]
showed that incorporating VCO into potato starch-based biodegradable film reduced WVTR and increased
mechanical properties. Furthermore, Arifin et al. (2023) [18] reported that using VCO in corn starch-NCC
nanocomposite film with various concentrations increased film elongation. Benedicta and Susanti reported
that incorporating monoglyceride in cassava starch bioplastic could replace the functions of vegetable
oils and emulsifiers [19]. These results underscore the need for more studies to determine the role of
hydrophobic components including VCO and monoglyceride, which have different chemical structures in
bionanocomposite film from other starch sources such as tubers.

This study has wide potential applications in various fields, such as environmentally friendly food
packaging. The addition of hydrophobic components such as VCO and monoglyceride increases moisture
resistance, making the film more suitable for packaging foods that require protection from humid air or
liquids. Film can also be used as a biodegradable protective coating on fruits and vegetables that helps prolong
freshness. In medical care, bionanocomposite film is used for disposable medical products as the material
is biodegradable. Hydrophobic properties facilitate the use as a wrapper for cosmetic and pharmaceutical
products that often require a barrier against water or moisture. This study is significant in addressing global
plastic waste, empowering local resources, promoting sustainability and a circular economy, improving
quality of life and ecological awareness, as well as innovating in renewable material.
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Investigations on adding VCO and monoglyceride into bionanocomposite film are limited. Therefore,
this study aimed to examine the differences in the effect of adding VCO and monoglyceride on the properties
of EFY starch-NCC-based bionanocomposite film. In the experiment, a simple and effective casting method,
easy to implement, requires renewable materials, does not cause waste and pollution to the environment was
used, thereby supporting the circular economy and sustainability.

2 Materials and Methods

2.1 Materials
The materials used include carboxy methyl cellulose (Bratachem, Indonesia), dimodan distilled mono-

glyceride HP-M (PT. Berkat Karya Manna, Indonesia), distilled water, EFY (Brebes, Indonesia), NNC used
was 471.3 nm obtained through microcrystalline cellulose Vivapur MCG 811 F purchased from Germany and
processed by ball milling at PRINT-G Unpad, Indonesia. Other materials used include PP plastic, salt agar
(SA) media, silica gel, sorbitol, tween 80 (Bratachem, Indonesia), and VCO (VIRJINT) from CV. Vermindo
Internasional, Indonesia.

2.2 EFY Starch Extraction
Starch was extracted from EFY in Brebes, East Java, Indonesia. The extraction method was determined

in a previous study with slight modifications [20]. About 3 kg of peeled EFY was added to 12 L of water and
crushed with a blender to reduce the size. Washing was performed several times until starch liquid was clear
to obtain pure starch. The extraction was carried out by filtration of crushed tubers, and the filtrate was used
for decantation for 24 h. Subsequently, the precipitate was dried in the oven at 50○C for 16 h. The dried starch
was crushed with the grinder and sifted with an 80-mesh sieve.

2.3 VCO Emulsion Preparation
VCO emulsion was prepared according to Sanjeewani [21], with slight modification. About 3 and 5 wt%

of VCO, tween 80 based on 50% VCO weight, and 100 mL of aquadest were added to the glass beaker. The
solution was mixed using a homogenizer for 5 min to create a stable emulsion. Subsequently, it was sonicated
with an ultrasonic homogenizer for 5 min at 65% power.

2.4 Monoglyceride Solution Preparation
Monoglyceride solution was prepared according to Arifin et al. [18]. Distilled monoglyceride and 100

mL of aquadest were added to the glass beaker according to the concentration. The solution was stirred and
heated using a hotplate stirrer until the temperature reached 70○C or monoglyceride melted. Subsequently,
monoglyceride solution was sonicated for 5 min at 65% power to mix well.

2.5 Bionanocomposite Film Preparation
Bionanocomposite film was prepared according to Arifin et al. [18] with slight modification. About

3% w/v of EFY starch and 0.5% w/v of carboxymethyl cellulose (CMC) were placed into the glass beaker,
then distilled water was added. The procedure continued with placing 5 wt% NCC into another beaker
glass, and adding distilled water to achieve even dispersion. The NCC dispersion and the VCO emulsion or
monoglyceride were poured into starch solution. Subsequently, the solution was mixed and heated using a
hotplate stirrer until it reached 62○C before adding 2% v/v of sorbitol. This was followed by heating until the
solution reached gelatinization temperature (about 82○C) where all ingredients reacted completely in film
solution. Sonication was then carried out for 10 min at the power of 40%, then degassed for 15 min using
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an ultrasonic bath to remove air bubbles trapped in film matrix. Degassed film solution was poured into the
casting plate with a size of 20 cm × 20 cm and dried at 50○C for 20 h. A flowchart of EFY bionanocomposite
film production is presented in Fig. 1.

Figure 1: Flowchart of EFY bionanocomposite film production

2.6 Bionanocomposite Film Characterization
2.6.1 Film Thickness

Following the method by Ratna et al. [22], the thickness of bionanocomposite film was measured
using a micrometer with an accuracy of 0.01 mm. The measurement was carried out at five spots, including
bionanocomposite film four edges and middle spots.

2.6.2 Film Color
Film color was determined using the method proposed by Urland [23]. The measurement was carried

out using a spectrophotometer CM 5 (Konica Minolta Co., Osaka, Japan) with Spectra Magic software. The
instrument was calibrated using a zero-calibration plate (CM-A124) and white calibration plate (CM-A120),
and the target was CM-A203. Bionanocomposite film test conducted was L* (lightness, 0= black/100=white),
a* (+a* = red/−a* = green), b* (+b* = yellow/−b* = blue).
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2.6.3 Film Solubility
The solubility test was carried out following the method described by Jabraili et al. [24]. Bionanocom-

posite film was cut into a rectangle (2 cm × 2 cm), and dried in the oven at 105○C for 24 h. The dried sample
was weighed to determine the dry weight (a) and immersed in 40 mL of distilled water for 24 h at 25○C.
Filtration was then carried out through the filter paper (b) followed by drying in the oven at 105○C for 24 h
to determine the final dry weight (c). The solubility was calculated using the equation:

Solubil it y (%) = a − (c − b)
a

× 100% (1)

where a = initial weight of dry sample; b = weight of filter paper; c = final weight of dry sample.

2.6.4 WVTR
The water vapor transmission rate was measured according to ASTM E96 [25]. A glass jar was filled with

40% (w/v) sodium chloride to make it condition-saturated and stable at 75% RH. An aluminum cup with a
diameter of 4 cm was filled with 10 g of silica gel, and the sample was placed over the surface of the cup. The
cup was weighed every 8 h, and the weight loss was calculated. WVTR was calculated by determining the
slope (g/h) and dividing by film area covering the cup.

WV TR = slope
A

(2)

where slope = humidity absorption every hour (g.h−1); A = area of film (m2).

2.6.5 Mechanical Properties
Mechanical properties were determined according to ASTM D-882 [26]. The test used Universal Testing

Machine UCT-5 T (Orientec Co. Ltd., Japan) with a 10 mm/min speed and a load cell of 10 kN. The sample
condition preparation before testing was set at 23○C at 50% RH. Tensile strength, elongation, and Young’s
modulus were calculated using the equation:

σ = F
A

(3)

ε = Δl
lo
× 100% (4)

E = σ
ε

(5)

where σ = tensile strength (MPa); F = tensile force (N); A = area of the working force (mm2); ε = elongation
(%); Δl = length increment; lo = initial sample length (cm); E = young’s modulus (MPa).

2.6.6 Biodegradability
According to Nissa et al. [27], biodegradability refers to fungi degradation within a certain period. The

media used was SA and Aspergillus niger, while samples were cut into a size of 1.5 cm × 1.5 cm and placed on
the surface of SA in the petri dish. The sample was dripped with Aspergillus niger which had been diluted.
On the 7th day, the photos of bionanocomposite film were processed using Image-J software to determine
the degradation percentage.



622 J Renew Mater. 2025;13(3)

2.6.7 Contact Angle
Contact angle test was performed according to Abdullah et al. [28], by dripping distilled water onto the

surface of bionanocomposite film. The water droplet on the surface was captured by Canon GX mark II and
processed using Image-J to determine the formed contact angle.

2.6.8 FTIR (Fourier Transform Infrared Spectroscopy)
FTIR was characterized according to El Miri et al. [29] using a spectrophotometer (FTIR-thermo

scientific nicolet iD5, Thermo Fisher Scientific Inc., Waltham, MA, USA). The sample was placed into the
set holder, and the test was carried out in the 500 to 4000 cm−1 range.

2.6.9 SEM (Scanning Electron Microscope)
The morphology of bionanocomposite film was determined according to Jabraili et al. [24] using the

SEM with Energy Dispersive X-ray System JEOL JSM-6360 LA (Tokyo, Japan). The sample was frozen with
liquid nitrogen and cyrofractured before being coated with a thin conductive carbon layer.

2.7 Statistical Analysis
The experimental data were statistically analyzed by One-way analysis of variance (ANOVA) using IBM

SPSS Statistics 22.0. The experiments were repeated three times and Duncan’s multiple range test was used
to evaluate significant differences between treatments at a significance level of 5% (p < 0.05).

3 Result and Discussion

3.1 Film Thickness
Several factors can affect the thickness of film, including the total solid based on the addition of

lipid concentration, the mold used, and the amount volume of bionanocomposite film solution. As shown
in Table 1, there was an increment in thickness trend with increasing concentration, both VCO and
monoglyceride. The highest thickness was 0.134 mm with the addition of 5 wt% monoglyceride. Similar
results were obtained in a study conducted by Arifin et al. where bionanocomposite film was added with
VCO at concentrations of 3 and 5 wt% [18].

Table 1: Thickness, solubility, and WVTR of bionanocomposite film

Treatment Thickness (mm) Solubility (%) WVTR (g.m−2.h−1)
K0 0.109 ± 0.01d 40.59 ± 2.40a 6.56 ± 2.51a

V3 0.118 ± 0.01cd 39.40 ± 3.90a 6.22 ± 0.75ab

V5 0.122 ± 0.01bc 37.97 ± 1.40a 5.58 ± 0.71ab

M3 0.131 ± 0.00ab 39.39 ± 0.80a 5.35 ± 0.27ab

M5 0.134 ± 0.01a 36.04 ± 4.30a 3.99 ± 0.29b

Notes: According to the Duncan test, the mean treatment value denoted by the same letter shows no significant
difference at the 5% test level. K0 = 0 wt% lipid; V3 = 3 wt% VCO emulsion; V5 = 5 wt% VCO emulsion; M3 = 3 wt%
monoglyceride; M5 = 5 wt% monoglyceride.

The ANOVA test results on film thickness showed that the lipid addition in film was significantly
different. The K0 treatment showed no significant differences from V3 but significantly lower than V5, M3,
and M5. This was in line with Xiao et al. (2021), who explained that the increase in total solids occurred
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along with the addition of concentration [30]. Previous studies also reported the increment in thickness value
due to the solid content of the sample [22]. This was presumably due to more material being dispersed in
film matrix with a higher total solids content, thereby increasing the thickness. During the drying process,
film with a higher solids content tended to shrink less because more solids were left behind as the water
evaporated. The high solids content also increased the viscosity of film solution, which made it more
difficult to spread thinly, leading to a thicker film when printed and dried. Meanwhile, the increase in lipid
concentration did not significantly affect the thickness, probably because the concentration differences were
minimal. The interaction between EFY starch as a polymer with NCC and lipids would reduce the movement
of polymer chains and compression to form networks thereby increasing the thickness [31]. Based on the
Japan Industrial Standard (JIS), the thickness value in this study fulfilled the required value of less than
0.25 mm [32].

3.2 Film Color
Bionanocomposite film color is a significant parameter for consumer acceptance. The appearance

representation is shown in Fig. 2. The L* value is a scale for measuring whiteness, where higher levels has
a brighter film. The a* value correlates with redness (positive value) and greenness (negative value). The b*
value correlates with yellowness (positive values) and blueness (negative values) [33].

Figure 2: The appearance of bionanocomposite film. Notes: K0 = 0 wt% lipid; V3 = 3 wt% VCO emulsion; V5 = 5 wt%
VCO emulsion; M3 = 3 wt% monoglyceride; M5 = 5 wt% monoglyceride

The L* and a* ANOVA tests showed that lipid addition had a significant effect, while the b* test had no
significant effect. Based on Table 2, the graph of the L* value in the VCO treatment showed an increment,
and monoglyceride indicated a decrement. The increase in VCO concentration caused a brighter color, while
the addition of monoglyceride concentration caused a darker color. This phenomenon has been reported
by Arifin et al. on cornstarch-based bionanocomposite film where more addition of VCO increased the L*
value [18]. However, increasing the VCO content caused a decrease in the L* value [34].

The V5 treatment had the highest L* value of 98.10 but was not significantly different from KO and V3
treatments. The decrease in L* value with a higher concentration of monoglyceride was in line with [35],
who stated that adding oil emulsion into film caused the light to scatter, decreasing the L* value. However,
this was in contrast to the results obtained by adding VCO. The increment in L* value on VCO addition
was consistent with [18]. The study stated that VCO made the matrix polymer less compact and prevented
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starch crystallization, thereby increasing the L* value. Crystallization of starch could reduce the transparency
of film.

Table 2: L*, a*, b* value of bionanocomposite film

Treatment L* a* b*
K0 97.79 ± 0.25a 0.40 ± 0.13a 2.01 ± 0.25a

V3 98.05 ± 0.27a 0.41 ± 0.02a 1.83 ± 0.95a

V5 98.10 ± 0.17a 0.37 ± 0.06a 1.69 ± 0.17a

M3 96.22 ± 0.05b 0.10 ± 0.01b 1.43 ± 0.03a

M5 96.22 ± 0.92b 0.10 ± 0.004b 1.30 ± 0.10a

Notes: According to the Duncan test, the mean treatment value denoted by the same letter shows no significant
difference at the 5% test level. K0 = 0 wt% lipid; V3 = 3 wt% VCO emulsion; V5 = 5 wt% VCO emulsion; M3 = 3 wt%
monoglyceride; M5 = 5 wt% monoglyceride.

The a* value showed fluctuations where the addition of VCO caused an increase at 3 wt% and a decrease
at 5 wt% compared to KO. The addition of monoglyceride showed a lower value, with V3 having the highest
value but not significantly different from K0 and V5. The addition of monoglyceride has a significant effect
compared to KO. These results possibly occurred due to the characteristics of monoglyceride used, which
tends to be clear when heated. Ho et al. [36] reported that palm oil, monoglyceride lipid component,
was processed to make the color colorless. The b* value showed no significant differences with higher
concentrations of VCO and monoglyceride. The decrease observed was presumably due to the small range
of VCO and monoglyceride added. As described before, monoglyceride are colorless, while VCO is colorless
yet turns yellowish when produced with excessive heat [37].

3.3 Solubility
High-solubility film is not recommended as a packaging material with high water content, specifically

for perishable food [35]. As shown in Table 1, the solubility decreased with the addition of lipids. This
was in line with Sahraee et al. [38], where the addition of 10% N-chitin as a hydrophobic component
reduced solubility.

The ANOVA test results showed that lipid composition had no significant effect on solubility. K0
had the highest solubility value, possibly because it did not contain lipids, hence, the hydroxyl groups as
hydrophilic compounds caused interactions between starch and water [39]. The hydroxyl groups in starch
structure were polar and acted as the primary interaction points with water through the formation of
hydrogen bonds that facilitated the dispersion and solubilization of starch molecules in solution. This was
the main mechanism that increased the solubility of nanocomposite film. The ANOVA test also showed
that monoglyceride had the same effective ability as a hydrophobic component. Although the result did not
significantly affect the solubility, adding lipids decreased the value. The increase in hydrogen bonding in
the matrix polymer caused a decrease in the interaction of the matrix with free water, thereby reducing the
solubility of bionanocomposite film [38]. Adding lipids to the treatments caused hydrophobic components to
be dispersed and changed the polarity of film. The crystallinity was also affected, making film more resistant
to water [33]. In this study, it was suspected that adding VCO and monoglyceride in the polymer matrix
led to an interaction with non-polar or less polar polymer parts to form a hydrophobic phase. This was
assumed to increase stronger internal hydrogen bonds between hydroxyl groups in the polymer chain around
hydrophobic phase, making the polymer more resistant to water absorption and reducing the interaction of
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the matrix with free water. Consequently, the solubility of the nanocomposite film was reduced, making it
more resistant to dissolution.

The fatty acid composition of the lipids might affect solubility. Generally, the difference in chain length
determines hydrophobicity properties, making the lipids more water-resistant. VCO has lauric and myristic
acid, with 12 and 14 carbon atoms. Hydrogenated palm, as the source of monoglyceride, has 15 and 17 carbon
atoms [19]. Crépy et al. [40] also stated that the length of the fatty chain affected hydrophobic properties of
cellulose fatty esters plastics.

3.4 Mechanical Properties
Bionanocomposite film intended for packaging requires good mechanical properties. Table 3 presents

the results of the mechanical properties test. The ANOVA test results showed significantly different values
for tensile strength, elongation, and Young’s modulus.

Table 3: Mechanical properties of bionanocomposite film

Treatment Tensile strength (MPa) Elongation at break (%) Young’s modulus (MPa)
K0 4.88 ± 0.1a 69.17 ± 7.0b 0.07 ± 0.00a

V3 4.07 ± 0.3ab 75.34 ± 9.7ab 0.06 ± 0.01ab

V5 3.74 ± 0.4b 75.18 ± 12.3ab 0.06 ± 0.00ab

M3 3.68 ± 0.9b 90.74 ± 8.1a 0.05 ± 0.01ab

M5 3.22 ± 0.2b 74.59 ± 13.9ab 0.05 ± 0.00b

Notes: According to the Duncan test, the mean treatment value denoted by the same letter shows no significant
difference at the 5% test level. K0 = 0 wt% lipid; V3 = 3 wt% VCO emulsion; V5 = 5 wt% VCO emulsion; M3 = 3
wt% monoglyceride; M5 = 5 wt% monoglyceride; TS = tensile strength; EB = elongation at the breakpoint; YM =
Young’s modulus.

The tensile strength value showed a decrease with the addition of VCO and monoglyceride. This result
was in line with a previous study conducted by Xiao et al. [41] and Binsi et al. [34], who reported that the
addition of lipids led to decreased tensile strength values in film. Although adding VCO and monoglyceride
significantly impacted tensile strength, the 3 wt% VCO did not differ significantly from KO. Based on the
results, K0 had the highest tensile strength significance at 4.88 ± 0.10 MPa. This outcome was attributed to
the favorable interaction between the polymer matrix and nanoparticles, as shown by Abdul Khalil et al. [42].
Conversely, M5 showed the significantly lowest tensile strength compared to other treatments.

The presence of lipids in this study led to diminished tensile strength, with a significant reduction
as lipid concentration increased. This phenomenon was attributed to the aggregation of lipid droplets,
disrupting intermolecular hydrogen bond interactions within the polymer matrix. The incorporation of
lipids creates free volume within film structure, compromising the polymer matrix integrity and reducing
tensile strength [43]. The length of the fatty acid chain could also affect these results. A previous study stated
that as the length of the fatty acid and saturation, film becomes more elastic [40]. Medium to long-chain fatty
acid molecules in VCO and monoglyceride presumably have flexible structures and could act as lubricants
in the polymer matrix of film [44]. These fat molecules fill the spaces between polymer molecules and allow
the chains to move more freely. With this “lubrication”, film matrix could experience greater strain without
breaking, thereby increasing the elongation value. The schematic reaction of EFY bionanocomposite film is
presented in Fig. 3.
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Figure 3: Schematic reaction of EFY bionanocomposite film

The elongation value showed an incremental rise in values. However, fluctuation was observed, where
incorporating VCO and monoglyceride led to increased elongation at 3 wt% and a subsequent decrease at 5
wt%. This was different from the results of Binsi et al. [34], who suggested that higher VCO concentrations
should correlate with increased percent elongation. Xiao et al. [41] showed an increment of elongation as the
VCO concentration increased, followed by a decrease. K0 had the lowest significance, while M3 showed the
highest significance at 90.74± 8.10%. This phenomenon can be attributed to the absence of added lipids in KO
sample, resulting in a lower occurrence of the plastic effect. Adding lipids enhanced elongation values, but
elevating the concentration appeared to diminish elongation. This effect might be attributed to the significant
lipid concentration causing agglomeration, making film more prone to fracture [17].

In line with the trend observed in tensile strength, Young’s modulus value decreased as lipids were
introduced and concentrations increased. The highest significance was attributed to K0, recording a value
of 0.07 ± 0.00 MPa, although not significantly different from V3, V5, and M3. The M5 treatment showed
the lowest significant value at 0.048 MPa. There was a downward trend in Young’s modulus value with
the inclusion of lipids and escalating concentration. This outcome can be attributed to the decrement of
tensile strength, resulting in elevated elongation values and, consequently, a reduction in Young’s modulus
values. Furthermore, an increment of Young’s modulus shows enhanced rigidity. K0 had the highest
significance from the absence of additional lipids that could otherwise function as plasticizers [34]. Based
on JIS, the tensile strength and elongation values were still within the standard, above 0.39 MPa and 70%
respectively [32].

3.5 WVTR
Water vapor tends to diffuse on the matrix with the amorphous surface. The permeability of film is

influenced by the degree of crystallinity, with increased crystallinity leading to a reduction in hydrophilic
groups [38,45]. The trend in Table 1 showed decreasing WVTR values with the addition of lipids at various
concentrations, and the ANOVA test confirmed the significant impact of lipid addition. Decreasing WVTR
values with the addition of lipids was also observed by Binsi et al. [34]. Similarly, Xiao et al. [41] reported
a corresponding effect, with higher concentrations of VCO leading to reduced water vapor permeability in
film incorporating glucomannan, agar, and gum arabic.
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As shown in Table 1, K0 had a significant difference with the inclusion of 5% monoglyceride (M5),
although no significant differences were observed compared to VCO treatments. M5 showed the lowest
level of significance among all treatments. The reduction in WVTR value was attributed to the addition of
lipid that function as a hydrophobic and nonpolar element [43]. The amylose in EFY starch forms starch-
lipid complex, leading to elevated structural integrity and increased hydrophobic characteristics with higher
lipid concentrations [17]. The addition of monoglyceride led to a lower WVTR value compared to VCO.
This observation was likely due to the elongated chain length of fatty acids in monoglyceride, enhancing
hydrophobic properties [19].

Monoglyceride have hydrophilic and lipophilic groups, enabling a more stable interaction between the
hydrophilic component of the matrix polymer and hydrophobic constituents, namely fatty acids monoglyc-
eride [46]. Conversely, VCO emulsion is often unstable during drying, thereby requiring favorable stability.
This stability is crucial for forming a compact film matrix [34]. The addition of NCC within the polymer
matrix elevated the presence of intermolecular hydrogen bonds, reducing hydrophilic groups [38]. These
bonds caused a tortuous film structure, reducing water vapor diffusion efficiency [47]. According to JIS, the
WVTR value of bionanocomposite film evaluated was still within the standard below 7 g.m−2.h−1 [32].

3.6 Biodegradability
Bionanocomposite film made of organic polymers is often easy to degrade. Hydroxyl and carbonyl

groups within these polymers increase susceptibility to breakdown by naturally occurring microorgan-
isms [48]. This is presumably because hydroxyl and carbonyl groups are polar, easily interacting with water
molecules and enzymes produced by microorganisms [49]. This polarity allows microbial enzymes to attach
and recognize reactive sites in the polymer structure. Considering hydroxyl and carbonyl groups can attract
enzyme and water molecules, biochemical reactions triggered by enzymes such as hydrolases or oxidases
become easier in these groups, accelerating the decomposition process. According to [50], fungi play an
essential role in biodegradable plastics by secreting several degrading enzymes, namely cutinase, lipase,
protease, lignocellulolytic enzymes, and several pro-oxidant ions, which cause effective degradation. The
oxidation or hydrolysis process of enzymes degrades polymers from high to low molecular weight due to
the production of functional groups with high polymer hydrophilicity properties. Other factors, such as the
ease of hydrogen bond formation, accessibility in the polymer structure, and the ability to attract moisture,
make it easier for microbial enzymes to recognize and break down the polymer structure, accelerating the
biodegradation process. The decomposition of biodegradable materials is facilitated by microorganisms
and other natural parameters [51]. This was supported by experimental studies by Shalem et al. [52] who
investigated the enzymatic degradation of natural PLA-based bioplastics using various enzymes isolated
and purified from degrading microorganisms. Table 4 presents the result of biodegradability obtained in
this study.

Table 4 and Fig. 4 show that degradation declined with the addition of VCO and monoglyceride. This
trend of reduced degradation was consistent with the study by Suryadinata et al. [53], who explored bacterial
cellulose-polyethylene glycol-based biodegradable plastics added with VCO. Biodegradability ANOVA
showed statistically significant differences among the outcomes. K0 had the highest significance at 86.21%,
potentially attributed to the comparatively greater hydrophilic properties than the other treatments. The
addition of lipids at varying concentrations reduced biodegradability, where V5 and M5 showed the least
significance and did not have significant differentiation. Similar patterns were observed for V3, which did
not have significant differentiation to M3 and K0. The similarity in the degree of degradation was due to the
addition of equal concentrations of VCO and monoglyceride.
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Table 4: Biodegradability degree of bionanocomposite film

Treatment Biodegradability (%)
K0 86.21 ± 1.17a

V3 66.68 ± 1.46bc

V5 63.64 ± 2.86c

M3 67.09 ± 1.17b

M5 63.67 ± 0.96c

Note: According to the Duncan test, the mean treatment value denoted by the same letter shows no significant difference
at the 5% test level. K0= 0 wt% lipid; V3= 3 wt% VCO emulsion; V5= 5 wt% VCO emulsion; M3= 3 wt% monoglyceride;
M5 = 5 wt% monoglyceride.

K0 V3 V5

M3 M5

Figure 4: Biodegradability test results of bionanocomposite film on the 7th day. Note: K0 = 0 wt% lipid; V3 = 3 wt%
VCO emulsion; V5 = 5 wt% VCO emulsion; M3 = 3 wt% monoglyceride; M5 = 5 wt% monoglyceride

The similarity in the degree of degradation resulted from hydrophobic nature of VCO and monoglyc-
eride, making both less able to interact with water. However, this study also showed a slightly diminished
value in addition to VCO compared to monoglyceride. The occurrence was presumed from VCO lauric acid
content, provided with antimicrobial properties capable of inhibiting the degradation of bionanocomposite
film [17].

3.7 Contact Angle
According to Xu et al. [54], surface characterization uses a contact angle measurement to distinguish

hydrophobic and hydrophilic properties. An angle that exceeds 90○ signifies hydrophobicity, while a
measurement below 90○ suggests hydrophilicity. As shown in Fig. 5, K0 had an elevated contact angle
value, potentially attributed to the presence of NCC within the polymer matrix. This inclusion augments
intermolecular hydrogen bonding, and bionanocomposite film tends to be more hydrophobic, as shown by
Sahraee et al. [38]. The effect observed can be attributed to NCC substantial crystallinity, as mentioned by
Ma et al. [55]. The high degree of contact angle at M5 was due to the incorporation of lipids, recognized as
a hydrophobic component by Barrino et al. [56]. These results were in line with the outcomes of Abdullah
et al. [28], where the addition of 5% palm oil elevated the contact angle from 45.95○ to 61.98○.
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Figure 5: Contact angle of bionanocomposite film of (a) K0 and (b) M5. Note: K0 = 0 wt% lipid; M5 = 5 wt%
monoglyceride

Hydrophobicity presumably plays an important role in slowing down the degradation of nanocomposite
film (Table 4) by reducing water absorption, blocking the penetration of enzymes and microorganisms, as
well as slowing down the hydrolysis reaction in the polymer matrix. Consequently, more hydrophobic film
have better resistance to humid environmental conditions, making the degradation rate lower than that of
hydrophilic film [57].

3.8 FTIR
Fig. 6 shows alterations in peak wavenumber, indicating shifts in chemical bonds attributed to the

addition of monoglyceride. The results showed a slight reduction in wavenumber during O-H stretching,
shifting from 3282 to 3278 cm−1 upon the addition of 5% monoglyceride. This observation showed an
interaction between starch and monoglyceride facilitated by hydrogen bonding. A decrease in the peak
wavenumber might also show a decline in the hydroxyl groups of EFY starch [33]. Syafiq et al. [58] and Asad
et al. [59] reported a different result where an elevation in the concentration of cinnamon essential oil led
to an increase in wavenumber for O-H stretching. This trend was attributed to the presence of hydrocarbon
groups in the oil. The nanocomposite film hydrophilic nature shows the O-H groups and the results from
FT-IR analysis provided evidence that K0 had greater hydrophilic properties than M5.

Fig. 6 also shows the shift in the peak from wavenumber 2924 to 2927 cm−1. Asad et al. stated that the
high peak in the 2900–3100 cm−1 wavenumber range showed the aliphatic chain symmetric and asymmetric
C-H stretching [59]. The presence of the peak was also in line with the study by Xiao et al. [41], where
C-H groups correlated with saturated fatty acid chains on film incorporated VCO. A peak appeared at the
wavenumber of 2115 cm−1 in both K0 and M5, corresponding to the C=C groups [60]. FTIR spectrum
wavenumber of bionanocomposite film is shown in Table 5.

The wavenumbers of 1623 and 1633 cm−1 in both K0 and M5 showed that incorporating monoglyceride
increased the presence of C=O groups originating from the fatty acids. Consequently, the M5 showed
increased hydrophobicity [44]. The peaks corresponding to the wavenumber of 1014 and 1004 cm−1 in both
K0 and M5 showed a correlation with the C-O group, which could be attributed to the plasticizer and
polysaccharide components [18]. The peaks in K0 and M5, as shown in Fig. 6, were similar to the previous
study by Xiao et al. [41] and Syafiq et al. [58] with the incorporation of VCO and cinnamon essential oil.
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Figure 6: FTIR absorption of bionanocomposite film of KO (0 wt% lipid) and M5 = 5 wt% monoglyceride

Table 5: FTIR spectrum wavenumber of bionanocomposite film

Wavenumber (cm−1) Absorption peak References
3100–3600 O-H stretching [59]
2900–3100 C-H stretching [59]
2100–2140 C=C stretching [60]
1600–1800 C=O stretching [41]
920–1180 C-O stretching [44]

3.9 SEM
Fig. 7 shows the surface morphology of bionanocomposite film, with Fig. 7a showing the presence of

spherical formations suspected to be starch granules. These granules resulted from the gelatinization process
in the fabrication of bionanocomposite film. The process requires refined starch, water, and a heating step, as
mentioned by Abdullah et al. [28] who investigated starch-based bioplastics incorporated with palm oil. In
the absence of added oil in K0, visible starch granules adopted a sharp, rounded shape, while Fig. 7b shows
a diverse morphology compared to K0. This variance could be attributed to the addition of monoglyceride
lipids. Abdullah et al. [28] reported that including palm oil led to irregular starch granule shapes.

Fig. 7b shows the treatment involving the addition of 5% monoglyceride. In this case, starch granules
appeared more irregular and compact than in Fig. 7a. This alteration was attributed to the bonding between
starch and lipids induced by the lipid addition. Moreover, the visibly rougher surface was more cohesive, as
also reported in a study conducted by Arifin et al. [18]. It was reported that incorporating lipids (VCO) led to
a weak interaction between lipids and the polymer matrix. Lian et al. [61] stated that the addition of thyme
essential oil caused an increase in roughness on the surface and cross-section of film, as also reported by
Abdul Khalil et al. [42]. According to Xiao et al. [41], the heating process facilitates the migration of unstable
lipids towards film surface. This phenomenon leads to an elevated lipid concentration on the surface, thereby
inducing matrix inhomogeneity. In this study, monoglyceride were considered to help distribute lipids into
bionanocomposite film matrix by reducing the intermolecular bonds of starch, thereby reducing the intensity
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of starch and NCC crystal peaks, making it more likely to form an amorphous structure. Monoglyceride
acted as plasticizers that could increase the mobility of polymer chains, making it more difficult for molecules
to form a rigid crystalline structure [41]. This could broaden the X-ray diffraction (XRD) peaks and increase
the amorphous area in the material. In these samples, monoglyceride might show small diffraction peaks
depending on the concentration and degree of crystallinity. The addition of VCO and monoglyceride affected
the crystallization of EFY starch and NCC in the nanocomposite film, affecting the physical and mechanical
properties (Table 3). This was in line with the study conducted by Gao et al. [44], where the crystal peak
disappeared in corn starch/octenyl succinate composite film added with various concentrations of soybean
oil. The result showed that all film had significantly lower crystallinity and a more amorphous structure.

Figure 7: SEM micrographs of bionanocomposite film of (a) K0 and (b) M5. Note: K0 = 0 wt% lipid; M5 = 5 wt%
monoglyceride

4 Conclusion
In conclusion, EFY-NCC starch-based bionanocomposite film with the addition of VCO and monoglyc-

eride was successfully prepared using the solution casting method. The impact of monoglyceride addition on
bionanocomposite film surpassed that of VCO, significantly affecting the composite properties. Compared
to VCO, the addition of monoglyceride had more effect on increasing thickness and elongation, as well as
decreasing solubility and WVTR. Meanwhile, VCO had better values in terms of color, tensile strength, and
Young’s modulus. The addition of 5% monoglyceride produced the best results among the other treatments,
causing a reduction in the WVTR value to 3.99 g.m−2.h−1, the degree of biodegradability to 63.67%, the
solubility value to 36.04%, but increased hydrophobicity to 95.35○ due to the role as a hydrophobic agent.
Although the tensile strength and Young’s modulus decreased with the addition of monoglyceride, the
elongation increased to 74.59% due to the role as a lubricant in the composite matrix. The interaction
of monoglyceride with starch granules and NCC in the composite matrix resulted in the appearance of
softer granules. FTIR tests confirmed the presence of elongated wavelengths for C=O groups and reduced
intensity for O-H groups. Based on these results, the use of sustainable materials in the manufacture
of bionanocomposite film has great opportunities in the application as food packaging that can replace
conventional fossil-based plastics.
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Abbreviation
VCO Virgin coconut oil
NCC Nanocrystalline cellulose
EFY Elephant foot yam
K0 0 wt% lipid
V3 3 wt% VCO emulsion
V5 5 wt% VCO emulsion
M3 3 wt% monoglyceride
M5 5 wt% monoglyceride
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