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 Cassava peel and banana midrib, two abundant agricultural wastes, were utilized 
as sources of starch and cellulose to develop environmentally friendly bioplastic 
films. Cellulose was isolated through delignification and bleaching, followed by 
ultrasonication to produce nanocellulose. The obtained nanocellulose was 
characterized using Fourier Transform Infrared Spectroscopy (FTIR), X-ray 
Diffraction (XRD), and a Particle Size Analyzer (PSA), which confirmed distinct 
cellulose functional groups, a crystallinity index of 58.7%, and an average particle 
size of 326.44 nm. Bioplastic films were prepared by blending cassava peel starch 
with banana midrib nanocellulose and varying concentrations of sorbitol as a 
plasticizer. The incorporation of nanocellulose increased thickness, density, and 
tensile strength, while reducing water absorption and water vapor transmission 
rate (WVTR), likely due to the reinforcing effect of nanocellulose within the 
polymer matrix. The addition of sorbitol at different concentrations influenced 
the mechanical properties of the bioplastics, with the composition containing 
0.89 g sorbitol exhibiting favorable tensile strength and elongation. The optimal 
formulation consisted of 2.85 g cassava peel starch, 0.15 g nanocellulose, and 0.89 
g sorbitol, yielding a tensile strength of 2.76 MPa and an elongation of 11.19%. 
These findings demonstrate that incorporating sorbitol and nanocellulose 
significantly enhances the performance of starch-based bioplastics, highlighting 
their potential application in sustainable packaging materials. 

 

1. Introduction 

Plastic is a material that is often used in everyday life, 
especially as packaging. Plastic is lightweight, 
waterproof, and easy to obtain because of its relatively 
cheap price. Synthetic plastics derived from petroleum 
are difficult to degrade, causing environmental pollution. 
Based on the Sistem Informasi Pengelolaan Sampah 
Nasional (SIPSN), it is recorded that waste generation in 
Indonesia reaches 26 million tons per year, with plastic 
waste ranked as the second largest waste [1]. 
Environmental pollution due to plastics that are difficult 
to decompose can be overcome by making bioplastics. 
Bioplastics are polymer compounds that have 
biodegradable and environmentally friendly plastic 
properties. Bioplastics can be derived from composite 
materials such as polymers with biodegradable 

properties, namely cellulose [2], polysaccharides [3], 
lipids [4], and proteins [5]. 

Bioplastics have various advantages, including easy 
degradation and easily available raw material sources, 
one of which comes from biomass. Agricultural biomass 
sources that can be utilized for bioplastics include cassava 
peels as a source of starch. Starch is a natural 
polysaccharide biomass product easily degraded by 
microorganisms [6]. The content in starch consists of 
amylose and amylopectin, which can produce bioplastics 
with good characteristics [7]. Starch can be obtained from 
corn, which contains Lactococcus lactis and has been 
utilized in film production [8], or from potatoes, which 
are widely used in the food industry and have therefore 
been extensively developed concerning pregelatinized 
starch [9]. Starch can also be derived from cassava peel, 
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which contains approximately 44–59% starch [10]. 
Cassava peel, on the other hand, is an agricultural by-
product that is not typically used as a food source, thus 
providing added value to an underutilized waste product. 
Using cassava peel as a starch source also contributes to 
managing agricultural waste generated from the cassava-
based food industry, such as fermented cassava (tapai) 
production. 

Starch-based bioplastics typically exhibit poor 
mechanical properties; therefore, the addition of 
reinforcements such as cellulose is necessary. Cellulose is 
well utilized in bioplastics as a filler or reinforcement 
because it has good mechanical properties [11]. Cellulose 
can be derived from agricultural waste, including banana 
fronds. Cellulose contained in the banana midrib reaches 
more than 80% of the total, potentially making 
bioplastics [12]. In general, the content of banana midrib 
consists of 5% lignin, 63-64% cellulose, and 0.89 g 
hemicellulose [13]. The low lignin content of banana 
midrib makes it an attractive reinforcement material for 
bioplastics, while simultaneously helping to reduce 
agricultural waste accumulation. Cellulose contains 
hydroxyl groups that are stable and difficult to degrade. It 
is also hydrophilic, which leads to poor compatibility with 
hydrophobic polymer matrices [14]. A high cellulose 
content can be achieved using microwave heating at a 
maximum power of 800 W, which is more effective than 
conventional heating methods. Microwave-assisted 
extraction can yield cellulose with a purity of up to 
86.43% [15]. This method accelerates the reaction rate 
and ensures uniform heating, producing high-purity 
cellulose [16]. 

The properties of cellulose can be optimized by 
reducing its particle size. A smaller filler increases the 
surface area, leading to stronger interactions between the 
matrix and the filler [17]. Therefore, nanocellulose has 
been widely developed as a filler for film matrices to 
strengthen their mechanical properties. The best film was 
obtained in the composition with corn starch, 5% 
nanocellulose, and sorbitol plasticizer. The composition 
produced a thickness of 0.256 mm, water vapor 
transmission rate (WVTR) of 2.259 g/m2h, tensile 
strength of 4.69 MPa, and elongation of 56% [18]. A 
higher concentration of nanocellulose can enhance the 
tensile strength and water resistance of bioplastics. 
However, starch and nanocellulose-based bioplastics 
tend to be brittle and lack elasticity; therefore, 
plasticizers are required to improve their flexibility. 
Sorbitol is one of the most effective plasticizers, as it 
enhances the interaction between starch and 
nanocellulose, reduces the WVTR, and increases tensile 
strength compared to glycerol [18]. Additionally, sorbitol 
can weaken intermolecular hydrogen bonds and 
introduce void spaces within the bioplastic matrix [19]. 

The strength of bioplastics can be evaluated through 
tensile strength and elongation tests. Bioplastics 
reinforced with additional materials generally exhibit 
higher tensile strength, as the reinforcing agents help fill 
the voids within the bioplastic matrix, resulting in 
stronger intermolecular bonding [2]. Based on 
Indonesian National Standard No. 7188.7: 2016, the 

tensile strength of plastic ranges from 24.7-302 MPa, 
elongation of 21-200% and hydrophobicity of 99%. The 
mechanical properties of bioplastics are also influenced 
by density, which is the density of the materials that make 
up the bioplastic composite [20]. This research aims to 
make cassava peel starch-based bioplastics, utilize 
banana midrib waste as a source of nanocellulose, and 
determine the best composition of bioplastics. 

2. Experimental 

2.1. Materials 

The materials used in this study included cassava 
peel waste obtained from a tapai-making factory in 
Tanah Sereal, Bogor, and klutuk banana midrib waste 
collected from the Cileungsi area, Bogor. Additional 
reagents included distilled water, a universal pH 
indicator, NaOH (Merck, 10% w/v), H2O2 (Merck, 10% 
v/v), H2SO4 (Merck, 25% v/v), sorbitol, and NaOCl (Merck, 
5% v/v). The instruments used in this study were a 
sonicator, a microwave oven, a Fourier-transform 
infrared (FTIR) spectrometer (Shimadzu IRPrestige-21), 
an X-ray diffractometer (XRD; Bruker D8 Advance A25, 
Germany), a particle size analyzer (Horiba SZ-100Z), a 
tensile strength and elongation tester (Instron 3369), and 
standard laboratory glassware. 

2.2. Cassava Peel Starch Preparation 

Cassava peel waste was first cleaned by removing the 
brown outer skin. A total of 500 g of cassava peels were 
washed, cut into small pieces, and blended. The resulting 
pulp was mixed with one liter of water and filtered using 
a cloth to extract the juice. The filtrate was then left to 
settle for 24 hours to allow suspension formation. The 
resulting suspension was dried to obtain a powder, which 
was then weighed [6]. 

2.3. Isolation of Banana Midrib Cellulose 

A total of 50 g of banana midrib waste was dried in an 
oven at 60°C. The dried material was then mixed with 600 
mL of 10% (w/v) NaOH and heated in a microwave at 800 
W for three minutes. The mixture was rinsed with 
distilled water until a neutral pH was achieved, followed 
by a bleaching process using 5% NaOCl and 10% (v/v) 
H2O2, also carried out in a microwave for four minutes. 
After cooling to room temperature, the mixture was 
washed with distilled water and filtered to obtain 
cellulose fibers [16]. 

2.4. Nanocellulose Synthesis via the Acid Hydrolysis 
Method 

A total of 5 g of cellulose was placed in a 250 mL 
beaker, and 50 mL of 25% H2SO4 (1:10 v/v) was added. The 
mixture was stirred for one hour and then heated on a hot 
plate at 45°C while continuously stirred using a magnetic 
stirrer. After heating, the solution was allowed to cool, 
and 100 mL of distilled water (twice the volume of sulfuric 
acid) was added. The mixture was centrifuged at 5000 
rpm for 30 minutes, and this process was repeated several 
times until the pH reached neutral. The resulting 
suspension was then subjected to ultrasonication for 30 
minutes. The wet nanocellulose obtained was dried in an 
oven at 60°C [14]. 
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2.5. Bioplastic Preparation 

Bioplastics were prepared by dispersing 
nanocellulose in 10% (v/v) acetic acid for 30 minutes prior 
to blending with cassava peel starch. The use of acetic acid 
facilitates the dispersion of nanocellulose by reducing 
aggregation and provides an acidic medium that 
promotes starch gelatinization, thereby improving film 
homogeneity. Cassava starch was then mixed with 30 mL 
of distilled water and blended with nanocellulose and 
sorbitol according to the formulations listed in Table 1. 
The bioplastic solution was then molded using a Petri dish 
and a glass plate, then stored at room temperature for 24 
hours until the bioplastic sheet could be removed from 
the molds [21]. 

Formulations D1–D3 represent the first set of films 
with a lower sorbitol concentration (0.89 g), whereas T1–
T3 represent the second set with a higher sorbitol 
concentration (1.34 g). This variation was designed to 
evaluate the influence of plasticizer content on the 
flexibility and barrier properties of the films. Within each 
set, nanocellulose was varied to determine its 
reinforcement effect. The selected formulations were 
based on preliminary trials, where sorbitol levels of 0.89 
g and 1.34 g provided films with sufficient integrity for 
further characterization. 

2.6. Determination of Moisture Content 

Moisture content determination was performed 
following the AOAC 2016 method [22]. A porcelain cup 
was cleaned and dried in an oven at 105°C for 30 minutes. 
After drying, the cup was cooled in a desiccator and 
weighed to obtain the empty weight. Samples of starch, 
banana midrib pulp, cellulose, and nanocellulose were 
weighed and placed into porcelain cups. The samples were 
then dried in an oven at 105°C for three hours. After 
drying, the porcelain cup was cooled in a desiccator until 
a constant weight was achieved. 

2.7. Tensile Strength (MPa) and Elongation Testing 

Bioplastic tensile strength testing was carried out 
based on ASTM D882 standards using an Instron tensile 
strength tool. The test was conducted by preparing a 2×10 
cm bioplastic specimen, which was clamped on both sides 
with an initial gauge length of 50 mm. The crosshead 
speed was set at 10 mm/min, and all measurements were 
performed at a room temperature of 25°C, under 50% 
relative humidity. The tensile strength (σ) of the 
bioplastics was calculated using Equation 1, where σ 
represents tensile strength (MPa), Fmax is the maximum 
tensile force (N), and A is the cross-sectional area (mm2). 

 𝜎 =
𝐹𝑚𝑎𝑥

𝐴
 (1) 

Each bioplastic composition was also measured for 
elongation to determine the composition with the best 
elongation. The elongation value was calculated using 
Equation 2, with ε (Elongation (%)), ΔL ((L–L0) length 
increment (mm)), and L0 (Initial length (mm)). 

 𝜀 =
∆𝐿

𝐿0
× 100% (2) 

Table 1. Composition of starch, nanocellulose, and 
sorbitol in bioplastic manufacturing 

Composition 
Starch 

(g) 
Nanocellulose 

(g) 
Sorbitol 

(g) 

D1 3.00 0.00 0.89 

D2 2.85 0.15 0.89 

D3 2.70 0.30 0.89 

T1 3.00 0.00 1.34 

T2 2.85 0.15 1.34 

T3 2.70 0.30 1.34 

2.8. Water Vapor Transmission Rate Testing 

WVTR testing of the bioplastics was conducted using 
a Petri dish filled with 15 mL of water and covered with 
aluminum foil. A 2 × 2 cm area was perforated at the 
center of the foil and sealed with the bioplastic film. The 
Petri dish was then placed in an oven at 40°C for 80 
minutes [23]. The weight of the film was measured every 
20 minutes, and the WVTR was calculated using Equation 
3, where n is the weight change (g), t is the time, and A is 
the surface area (m2). 

 𝑊𝑉𝑇𝑅 =
𝑛

𝑡×𝐴
× 100% (3) 

2.9. Water Absorbency Testing 

The water absorption capacity (WAC) test was 
conducted using bioplastic samples measuring 2 × 2 cm, 
with their initial weights (W0) recorded. The samples were 
immersed in a container containing 15 mL of distilled 
water and left to soak for 24 hours. After soaking, the 
bioplastics were removed, gently blotted to remove 
surface water, and weighed to obtain the final weight (W). 
The WAC was then calculated using Equation 4. 

 𝑊𝐴𝐶 =
𝑊−𝑊0

𝑊0
× 100% (4) 

2.10. Density Testing 

The density test was performed using a 10 mL 
pycnometer. The sample mass was measured using a 
digital scale. First, the empty pycnometer was weighed, 
followed by weighing the pycnometer filled with distilled 
water. Then, the pre-weighed sample was placed into the 
pycnometer containing distilled water, and the total 
weight was recorded [23]. The density of the bioplastic 
was calculated using Equation 5. 

 𝐷𝑠 =
𝑊1−𝑊0

(𝑊3−𝑊0)−(𝑊2−𝑊1)
× (𝐷1 − 𝐷𝑎) + 𝐷𝑎 (5) 

Where, Ds represents the density in grams per cubic 
centimeter (g/cm3), W0 is the empty weight of the 
pycnometer (g), W1 is the weight of the pycnometer with 
the sample (g), W2 is the weight of the pycnometer with 
the sample and water (g), W3 is the weight of the 
pycnometer filled with water only (g), D1 refers to the 
specific gravity of water (g/cm3), and Da denotes the 
specific gravity of air at the experimental temperature 
(g/cm3). 

2.11. Bioplastic Thickness Measurement 

The thickness of the bioplastic was measured using a 
digital micrometer with an accuracy of 0.01 mm. 
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Measurements were taken at five different points on each 
sample, and the average value was calculated [24]. 

2.12. Characterization and Testing 

Characterization was performed using Fourier-
transform infrared spectroscopy (FTIR), X-ray 
diffraction (XRD), and a Particle Size Analyzer (PSA). FTIR 
analysis was conducted to identify the functional groups 
present in the samples. Solid samples were mixed with 
KBr, placed on a sample holder, and analyzed over a 
wavenumber range of 4000–400 cm−1. The resulting 
spectra, showing wavenumbers and percent 
transmittance, were interpreted to determine the 
functional groups. 

XRD characterization was carried out to determine 
the crystallinity percentage of the samples. The samples 
were ground to a fine powder, placed evenly on a standard 
XRD sample holder, and analyzed using a Bruker D8 
Advance A25 diffractometer (Germany). 

PSA analysis was performed to determine the particle 
size distribution of the nanocellulose. Samples were 
dispersed in distilled water and sonicated for 45 minutes 
to ensure complete dispersion and prevent 
agglomeration. Particle size measurements were 
obtained using Dynamic Light Scattering (DLS) with a 
Horiba SZ-100Z Particle Size Analyzer. 

2.13. Data Analysis 

The research data were analyzed using ANOVA by 
determining statistical significance using analysis of 
variance with a 95% confidence level (p-value <0.05). 

3. Results and Discussion 

3.1. Cassava Peel Starch 

Cassava peels contain starch ranging from 44% to 
59%, making them a viable source of starch for bioplastic 
production [25]. In this study, the starch yield from 500 g 
of cassava peels was 44.35%. The resulting starch powder 
exhibited a white-brown color and was uniformly ground 
to ≤ 100 mesh, with a moisture content of 11.32% 
(Figure 1). These values comply with the SNI (3729:2008) 
standard, which sets a maximum moisture content of 13% 
for starch [26]. Moisture content testing serves as an 
important reference, as high moisture levels can promote 
mold growth during storage, leading to the degradation 
of starch components. 

 

Figure 1. Cassava peel starch 

3.2. Banana Midrib Nanocellulose 

Cellulose isolation from banana midrib yielded 
89.75% with an average moisture content of 7.66%, 
representing the highest yield obtained in this study. 
Cellulose was isolated through delignification and 
bleaching processes, which removed lignin and 
hemicellulose components, leaving only cellulose. This 
process produced a dark brown cellulose pulp, indicating 
partial lignin dissolution by alkali (Figure 2a). Residual 
lignin was further removed through oxidation and 
bleaching, resulting in white cellulose, which confirmed 
the effective elimination of most lignin and hemicellulose 
(Figure 2b). 

Microwave heating during cellulose isolation 
accelerated the reaction and provided more uniform 
heating compared to conventional hot plate methods. The 
interaction of microwaves with molecules in the NaOH 
solution reduced the hemicellulose and lignin content 
that bound and hindered cellulose. Heating at 800 W was 
identified as the optimal power level to maximize 
cellulose yield during isolation [16]. 

The isolated cellulose was hydrolyzed to obtain white 
nanocellulose (Figure 3). The average yield of 
nanocellulose reached 69.98%, with a moisture content 
of 5.02%. Hydrolysis using 25% sulfuric acid effectively 
facilitated nanocellulose formation. However, excessively 
high acid concentrations may lead to a brownish 
coloration due to the overreaction of cellulose, resulting 
in hydrothermal carbonization and hydrocarbon 
formation [27]. The appearance of a blackish brown color 
indicates degradation and dissolution of cellulose 
components [28]. 

 

Figure 2. Banana midrib: (a) before delignification, and 
(b) after bleaching 

 

Figure 3. Nanocellulose 
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Moreover, temperature also plays a critical role in 
nanocellulose production, as excessively high 
temperatures can induce carbonization of cellulose. In 
this study, heating at 45°C was applied to selectively 
degrade the amorphous regions of cellulose [29]. 
Subsequently, ultrasonication was employed to further 
disintegrate the cellulose fiber structure through 
ultrasonic waves, thereby reducing particle size and 
eliminating amorphous cellulose chains [30]. 

The resulting banana midrib cellulose was further 
characterized using a PSA, revealing an average particle 
size of 326.44 nm (Figure 4). Cellulose particles ranging 
from 10 to 350 nm are classified as nanocellulose [31], 
whereas cellulose nanocrystals typically have diameters 
between 1 and 100 nm [32]. Thus, the particle size 
obtained in this study falls within the nanocellulose range 
but does not meet the smaller size criteria of cellulose 
nanocrystals. This discrepancy is likely due to suboptimal 
mechanical treatment during ultrasonication, which may 
have limited the extent of cellulose chain breakage [29]. 
Increasing the sonication time has been shown to reduce 
particle size further [33]. The produced nanocellulose was 
subsequently used as a binder in a bioplastic formulation. 

The crystalline structure of the nanocellulose was 
characterized using XRD to determine the degree of 
crystallinity (Figure 5). The diffraction pattern revealed 
the presence of both crystalline and amorphous phases. 
Distinct diffraction peaks with high intensity appeared at 
2θ = 15.71°, 22.49°, and 34.51°, consistent with the Joint 
Committee on Powder Diffraction Standards (JCPDS) data 
No. 00-050-2241 (Table 2), confirming the cellulose 
structure. The crystallinity index of the nanocellulose, 
calculated from the XRD data, was 58.7%. This value is 
higher than that reported by Sangbara et al. [34], who 
found a crystallinity of 53.83%. 

 

Figure 4. Mean particle size distribution of nanocellulose 

Table 2. Comparison of XRD peak positions between the 
nanocellulose sample and standard JCPDS data 

Sample 
Sample 
2θ peak 

(°) 

JCPDS 2θ 
peak 

(°) 

Intensity 
(%) 

Nanocellulose 

15.71 17.24 90 

22.49 20.64 100 

34.51 33.41 60 

 

Figure 5. XRD diffractogram of nanocellulose 

 

Figure 6. Bioplastics of various compositions 

3.3. Starch-Nanocellulose Bioplastics 

Bioplastics were fabricated using starch and 
nanocellulose. Starch was first dissolved in distilled 
water, while nanocellulose was dispersed in acetic acid. 
The two solutions were then combined and heated with 
the addition of sorbitol until the mixture thickened. 
Sorbitol was used to enhance the elasticity of the 
bioplastics while maintaining low water content. The 
resulting bioplastics were brown, transparent, and 
flexible (Figure 6). Variations in color and transparency 
among different compositions were primarily influenced 
by the thickness of the bioplastic, leading to minor color 
differences. Compositions D2, D3, T2, and T3 exhibited 
white spots attributed to the presence of nanocellulose. 

3.4. Bioplastic Thickness 

The thickness of each bioplastic composition was 
determined based on the average values, as presented in 
Figure 7. The thinnest film was obtained from 
composition T1 (0.0747 mm), which contained 3 g of 
starch and 1.34 g of sorbitol, while the thickest was 
recorded for composition T3 (0.0943 mm), consisting of 
2.70 g of starch, 0.30 g of nanocellulose, and 1.34 g of 
sorbitol. According to the Japanese Industrial Standard 
(JIS) 2-1707 (1975), plastic films must not exceed a 
thickness of 0.25 mm [35]; hence, all bioplastic 
compositions comply with this specification. ANOVA 
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results revealed significant differences (p < 0.05) in 
thickness among the compositions. The increase in 
nanocellulose concentration was associated with greater 
bioplastic thickness, likely due to the higher total soluble 
solid content, which enhances solution viscosity and 
consequently increases the resulting film thickness [18]. 

Thickness is a critical physical parameter that 
significantly influences the properties of bioplastics, 
including transparency, density, tensile strength, and 
elongation. Generally, thicker bioplastics exhibit lower 
transparency but higher density, tensile strength, and 
elongation. Thickness can be affected by factors such as 
the volume of solution poured and the surface area of the 
mold. Additionally, thickness measurements can indicate 
the homogeneity of the bioplastic components; uneven 
thickness suggests suboptimal mixing, resulting in 
variable measurements across different points. 

3.5. Bioplastic Density 

Density measurements showed that composition T3, 
containing 2.70 g of starch, 0.3 g of nanocellulose, and 
1.34 g of sorbitol, had the highest density value of 4.05 
g/mL (Figure 8). According to SNI 7188-7 (2016), plastic 
materials must have a minimum density of 0.95 g/mL; 
thus, all bioplastic compositions meet this standard [36]. 
ANOVA analysis indicated no significant differences in 
density among the compositions (p > 0.05). 

Nevertheless, density measurement is important as 
it influences properties such as the WVTR. Higher density 
typically correlates with improved mechanical properties 
and lower WVTR. The increased nanocellulose content 
tightens the bioplastic matrix, reducing pore spaces and 
making it more difficult for water vapor to penetrate. 
Consequently, samples with higher nanocellulose 
concentrations exhibited increased density. 

Similar findings have been reported in previous 
studies, where denser film matrices achieved through 
additive incorporation resulted in enhanced compactness 
and reduced porosity, improving barrier properties. 
Although microstructural analysis was not performed in 
this study, the density data align well with these 
structural interpretations. Further microstructural 
characterization will be undertaken in future work [37]. 

 

Figure 7. Thickness of bioplastics with various 
compositions 

 

Figure 8. Density of bioplastics with various 
compositions (error bars represent standard deviation) 

3.6. Water Absorbency of Bioplastics 

The highest water absorption was observed in the 
bioplastic without nanocellulose addition, specifically in 
composition T1, which contained 3 g of starch and 1.34 g 
of sorbitol, reaching a value of 38.43%. In contrast, the 
lowest water absorption, 18.23%, was found in 
composition D3, which contained 2.70 g of starch, 0.3 g of 
nanocellulose, and 0.89 g of sorbitol (Figure 9). All results 
comply with the SNI 7188-7 (2016) standard, which sets a 
maximum water absorption of 21.5% [36]. ANOVA 
analysis revealed significant differences (p < 0.05) in 
water absorption among the bioplastic compositions. 
Bioplastics containing 1.34 g of sorbitol tended to absorb 
more water than those with 0.89 g, likely due to sorbitol’s 
hydrophilic nature. Higher sorbitol content increases 
water absorption [38]. 

Water absorption capacity measures the bioplastic’s 
ability to absorb water and reflects its resistance to 
moisture. Lower absorption values indicate better water 
resistance. The addition of nanocellulose reduced water 
absorption, as cellulose is less soluble in water, which 
decreases the overall hydrophilicity of the starch-based 
bioplastics. Strong hydrogen bonding between starch and 
nanocellulose fills the voids in the matrix, enhancing the 
material’s durability. Water absorption also influences 
WVTR and tensile strength; lower absorption generally 
leads to reduced vapor transmission and improved tensile 
strength. 

 

Figure 9. Water absorption of bioplastics with various 
compositions (error bars represent standard deviation) 
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3.7. Water Vapor Transmission Rate 

WVTR measures the rate at which water vapor passes 
through the surface of bioplastics over time and per unit 
area [20]. This test evaluates the resistance of bioplastics 
to water vapor permeation. Figure 10 shows that the 
highest WVTR values were observed in compositions D1 
and D2, both at 0.053 g/m2·s. ANOVA analysis indicated 
significant differences (p < 0.05) in WVTR among the 
bioplastic compositions. Higher nanocellulose content 
corresponded to lower WVTR values, indicating improved 
resistance to water vapor. This improvement is attributed 
to the reduction in pore size within the bioplastic matrix, 
caused by the formation of a hydrogen bonding network 
between nanocellulose and starch that limits pore 
formation and blocks water vapor pathways [18]. 

WVTR is also influenced by the density of the 
bioplastics; higher-density materials present greater 
resistance to water vapor permeation [23]. The WVTR 
results inversely correlate with density values shown in 
Figure 8, where composition T3 exhibited the highest 
density and lowest WVTR. Increasing nanocellulose 
concentration reduces WVTR because the nanoscale 
particles hinder water movement through the film matrix 
[18]. Additionally, sorbitol decreases WVTR by enhancing 
interactions between starch and nanocellulose, with 
higher sorbitol concentrations further reducing WVTR 
[39]. 

3.8. Tensile Strength and Elongation 

The highest tensile strength was observed in 
composition D2, which contained 2.85 g of starch, 0.15 g 
of nanocellulose, and 0.89 g of sorbitol, with a value of 
2.76 MPa (Figure 11). This tensile strength meets the 
Japanese Industrial Standard (JIS) 2-1707 (1975), which 
requires a minimum of 0.39 MPa [35]. ANOVA analysis 
showed no significant differences (p > 0.05) in tensile 
strength among the compositions. However, the addition 
of 0.15 g nanocellulose increased tensile strength, while 
0.30 g nanocellulose reduced it. This can be caused by the 
thickness of bioplastics and low homogeneity. 
Nanocellulose added in large amounts can reduce 
homogeneity, which weakens the interaction between 
starch and nanocellulose. 

 

Figure 10. WVTR of bioplastics with various 
compositions (error bars represent standard deviation) 

Another reason could be due to the interactions 
between starch, nanocellulose, and sorbitol. At a lower 
nanocellulose loading (0.15 g), nanocellulose may 
contribute to reinforcing the starch matrix through 
hydrogen bonding, thereby enhancing stress transfer. In 
contrast, at a higher nanocellulose loading (0.30 g), 
nanocellulose aggregation is likely to occur, which can 
compromise the structural integrity of the matrix. This 
effect is further modulated by sorbitol concentration, 
since sorbitol functions as a plasticizer. When combined 
with excessive nanocellulose, it may exert an antagonistic 
effect, leading to a reduction in tensile strength. 

The tensile strength obtained in this study is lower 
than that reported by Arifin et al. [18], who achieved 4.69 
MPa with 5% nanocellulose addition. Nevertheless, 
starch-based bioplastics generally exhibit medium 
tensile strength, which is suitable for lightweight 
packaging applications that require adequate protection 
and safety. 

The highest percent elongation in bioplastics was 
observed in composition D2, which contained 2.70 g of 
starch, 0.15 g of nanocellulose, and 0.89 g of sorbitol, 
reaching 11.19%. This value meets the food packaging 
standard JIS 2-1707 (1975), which specifies an elongation 
range of 10–50% [35]. The lowest elongation was 
recorded in composition D1, which contained 0.89 g of 
sorbitol without nanocellulose, at 2.21% (Figure 12). 
ANOVA analysis revealed significant differences (p < 0.05) 
in elongation among the compositions. Increasing 
nanocellulose content generally resulted in lower 
elongation percentages, likely due to the rigid nature of 
nanocellulose, which makes bioplastics more prone to 
fracture under high tensile stress [18]. Additionally, the 
thickness of bioplastics influenced elongation, with 
thicker samples exhibiting higher percent elongation. 

Based on the tensile strength and elongation results 
of samples D1-D3 and T1-T3, it is evident that increasing 
the sorbitol content from 0.89 g to 1.34 g generally 
reduces tensile strength but increases elongation. This 
indicates that higher plasticizer content improved 
flexibility at the expense of mechanical strength. 

 

Figure 11. Tensile strength of bioplastic with various 
compositions (error bars represent standard deviation) 
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Figure 12. Percent elongation of bioplastics with various 
compositions (error bars represent standard deviation) 

3.9. Fourier-transform Infrared Spectroscopy 

Cellulose is a natural polymer made of glucose units 
(C6H10O5)n, containing C–H, O–H, and C–O functional 
groups. The FTIR spectra of nanocellulose and starch 
samples show several characteristic peaks, as illustrated 
in Figure 13. The FTIR spectrum of starch-based 
bioplastics with nanocellulose addition closely resembles 
those of starch and nanocellulose. Key absorption peaks 
appear at 3284 cm−1 (O–H), 2928 cm−1 (C–H), 1637 cm−1 
(C=C), and 1149 cm−1 (C–O) (Table 3). Compared with pure 
starch and nanocellulose, slight spectral shifts are 
observed, particularly in the O–H stretching region and 
the C–O or C–O–C stretching around 1000–1150 cm−1. 
These shifts indicate possible hydrogen bonding and 
molecular interactions between starch, nanocellulose, 
and sorbitol within the bioplastic matrix. No new peaks 
were observed, indicating that the bioplastic’s chemical 
properties are consistent with those of its constituent 
components [40]. 

Table 3. Wavenumbers of FTIR spectra of starch, 
nanocellulose, and bioplastic samples 

Functional 
group 

Wavenumber (cm−1) 

Starch Nanocellulose Bioplastic 

O–H 
stretching 3284 3281 3284 

C–H 
stretching 2935 2988 2928 

C=C 
stretching 

(lignin) 
1656 1653 1637 

O–H 
bending 

1423, 
1337 1429, 1324 1340 

C–O 
stretching 1150 1157 1149 

C–O–C 
stretching 1019 1031 1002 

β-1,4 
glycosidic 

bonds 
931 899 930, 861 

 

Figure 13. FTIR spectra of (a) nanocellulose, (b) starch, 
and (c) bioplastics with 0.15 g nanocellulose added 

At lower nanocellulose loading, enhanced hydrogen 
bonding improves the compatibility between starch, 
nanocellulose, and sorbitol, contributing to increased 
tensile strength. However, at higher nanocellulose 
concentrations, possible aggregation may reduce the 
availability of hydroxyl groups for hydrogen bonding, 
thereby weakening the interfacial interactions and 
decreasing tensile strength. Thus, the FTIR results not 
only confirm the presence of functional groups but also 
provide evidence of molecular interactions that correlate 
with the mechanical behavior of the bioplastics. 

4. Conclusion 

The study successfully developed environmentally 
friendly bioplastics from cassava peel starch and banana 
midrib-derived nanocellulose. The addition of 
nanocellulose increased the thickness and density of the 
bioplastics while reducing water absorption and water 
vapor transmission rate (WVTR). The formulation with 
2.85 g of starch, 0.15 g of nanocellulose, and 0.89 g of 
sorbitol exhibited the highest tensile strength and 
elongation, indicating superior mechanical performance. 
Furthermore, the use of sorbitol at an optimum 
concentration provided the best balance between rigidity 
and flexibility. Therefore, this study highlights the 
potential of cassava peel-based bioplastics as a 
sustainable alternative to petroleum-derived plastics, 
particularly for food packaging applications. However, 
the work is limited by the absence of structural and 
morphological characterizations, such as SEM or TEM, to 
fully establish the structure-property performance 
relationship. Future work should include microstructural 
evaluation, biodegradability testing, and optimization 
with alternative plasticizers to enhance performance and 
expand potential applications. 
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