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INTRODUCTION

Synthetic plastics have dominated many hu-
man activities, especially in the food packaging 
industry [1]. Synthetic plastics are produced from 
non-renewable petroleum, leading to significant 
environmental problems, including greenhouse 
gas emissions that contribute to global warming 
and other ecological concerns [2, 3]. An estimated 

8.3 billion tons of plastic have been produced, 
with 79% of it accumulating in landfills, posing 
a significant threat to human health and ecologi-
cal systems [1]. Stakeholders are encouraging the 
use of biodegradable polymer-based packaging 
to address this issue and support the sustainable 
development goals (SDGs), including cellulose 
nanofibre (CNF)-based packaging, due to its mi-
crobial degradability [4].
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ABSTRACT
The development of sustainable active bio-composite films based on cassava starch (CS), reinforced with durian 
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agricultural waste. The CNF reinforcement was isolated from durian rind using a TEMPO-mediated oxidation 
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as antibacterial activity. The optimisation process identified an optimal formulation containing 5% CNF and 2% 
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absorption capacity to 37.5%. The antibacterial modelling revealed broad-spectrum activity, with a more pro-
nounced effect against Gram-positive bacteria. The films exhibited significant inhibition zones against Staphylo-
coccus aureus (up to 2.5 cm) and Escherichia coli (up to 1.0 cm), as demonstrated by the response surface plots. 
These findings confirm that the durian rind-derived CNF combined with CEO is a potent reinforcement for sustain-
able starch-based active food packaging with tunable mechanical and antimicrobial properties
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CNF holds great promise for developing envi-
ronmentally friendly, sustainable food packaging 
solutions, as it exhibits high modulus, low thermal 
expansion, and high barrier properties that help 
it resist deformation and block oxygen, thereby 
maintaining food freshness [5]. CNF is also a very 
economical and lightweight material, making it 
widely used in various industries [6]. CNF is de-
rived from cellulose-containing materials, includ-
ing agricultural waste such as durian peel. Durian 
peel holds great potential due to its high cellu-
lose content of around 31–35% (dry basis) and 
its abundance (constituting 70% of the total fruit, 
producing 62,000 tons of durian peel/year) [5], 
[7]. The matrix material for biocomposite films 
is a crucial factor in strengthening CNF, typically 
being a natural biopolymer, such as starch.

Cassava starch (CS), as one of the starch 
sources, has the potential to serve as an environ-
mentally friendly source of products and a substi-
tute for petroleum-based products, owing to its bi-
odegradability, renewable nature, cost-effective-
ness, and abundant availability (national cassava 
production reaches 18.3 million tons/year). The 
starch content in CF is higher than that of other 
tubers, at around 90% [2]. However, its water va-
pour barrier properties and low functionality have 
limited the large-scale use of biopolymer-based 
films. One solution is to reinforce CNF films with 
functional fillers such as essential oils. Cinnamon 
essential oil (CEO) can be utilised as a natural 
food additive due to its ability to protect humans 
and food from pathogenic microbes and food 
spoilage [8]. The use of CEO as an antimicrobial 

in bio-composite films is relatively new, safe, 
and non-toxic for food applications. Therefore, 
researchers innovated a sustainable active food 
bio-composite film (SABF) based on durian peel 
CNF (DPCNF) and CEO with a Cassava starch 
(CS) matrix. This study aimed to synthesise an 
environmentally friendly SABF as an alternative 
to synthetic plastics. The study examined the ef-
fects of the CNF-to-CEO ratio and a CS matrix 
on mechanical properties, permeability, and an-
tibacterial activity. Additionally, modelling and 
optimisation were conducted to determine the 
optimal ratio of the SAFB components using the 
response surface methodology (RSM).

METHODS

The methods section provides sufficient detail 
to facilitate replication of the study. Previously 
published methods were referenced, and this sec-
tion described only relevant modifications. The 
experiment diagram is shown in Figure 1.

Material

The materials used in this study were sourced 
from several suppliers. Musang King durian peel 
was obtained from a Hokky supermarket. The 
chemicals supplied by Merck, Germany, included 
pure analysis-grade sodium hydroxide (NaOH), 
sodium hypochlorite (NaOCl), hydrochloric acid 
(HCl), TEMPO, sulfuric acid (H2SO4), and glyc-
erol. Additional materials were sourced from a 

Figure 1. Experiment flow chart
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local Indonesian supplier, including cassava flour 
(Rose Brand, food-grade), cinnamon essential oil, 
silica gel, nutrient agar, nutrient broth, Escherich-
ia coli, and Staphylococcus aureus.

Meanwhile, the equipment employed in 
this study consisted of a grinder, oven, hotplate 
(VELP Scientifica, Italy), oven (Memmert, Ger-
many), NF-800R centrifuge (Nüve, Turkey), 
scanning electron microscope (SEM), UV-Vis 
spectrophotometer SP-UV1100 (Dlab, USA), 
ATX 224 analytical balance (Shimadzu, Japan), 
relative humidity (RH) meter (Elitech, China), ul-
trasonic device, pH meter, disc mill, desiccator, 
furnace, autoclave, microwave, laminar air flow 
cabinet, Bunsen burner, and petri dishes.

Durian peel powder preparation

Durian peels obtained from local vendors 
were first separated from the flesh and then thor-
oughly washed to remove dirt as well as other 
impurities. The hard, spiky outer skin of the du-
rian was discarded, while the fibrous inner skin 
was cut into smaller pieces to facilitate drying. 
The durian peel pieces were then oven-dried to a 
low moisture content, resulting in a brittle texture 
that facilitated easy processing in the next step. 
After drying, the samples were ground to obtain 
a more uniform durian peel powder with small-
er particles. The ground powder was stored in 
plastic bags and placed in a desiccator to prevent 
contamination as well as maintain sample quali-
ty. Before delignification, the durian peel powder 
(DPP) composition was analysed using the Ches-
son method. Some of the durian peel powder was 
used for the initial characterisation stage, which 
included scanning electron microscopy (SEM), 
x-ray diffraction (XRD), and Fourier transform 
infrared spectroscopy (FTIR). 

Cellulose extraction process from durian peel

Cellulose extraction was performed using the 
method described by a previous researcher, with 
slight modifications [8, 9]. The durian peel was 
dried in an oven at 80 °C for 24 hours, ground 
using a disc mill, and then sieved. The dried du-
rian peel was then delignified using a 10% NaOH 
solution at 100 °C for 2 hours under continuous 
stirring. The obtained solid was washed and neu-
tralised until reaching pH 7. Subsequently, the 
sample was bleached with a 1.75% NaOCl solu-
tion at 75 °C for 30 minutes to remove the colour. 

The bleached product was then oven-dried until 
completely dehydrated. After the bleaching pro-
cess was complete, the sample was oven-dried 
again until a stable, dry cellulose powder was ob-
tained, ready for analysis or further processing. 
The extracted cellulose powder was then stored in 
a sealed container within a desiccator. Storage un-
der these conditions is crucial to prevent moisture 
absorption from the environment, which could 
compromise the physical and chemical stability 
of the cellulose. A portion of this powder was fur-
ther processed into cellulose nanofibres (CNFs), 
while another portion was used as the base mate-
rial for conducting Chesson characterisation. The 
remaining sample was used for structural analysis 
through a series of characterisation techniques, 
namely scanning electron microscopy (SEM), 
x-ray diffraction (XRD), and Fourier transform 
infrared spectroscopy (FTIR).

Synthesis of durian peel nanofiber cellulose 
(DPCNF)

The bleached sample was further converted 
into nanocellulose according to the method of 
Hop et al., with modifications [8, 10]. Cellulose 
was oxidised to nanocellulose using TEMPO, 
NaBr, 12% NaOCl, and distilled water. The re-
action was carried out under ultrasonic treatment, 
and the solution pH was adjusted to 10 with 0.5 
M NaOH. The process was continued until all the 
NaOH had been completely consumed.

Fabrication of cellulose enriched bio-
composite film

A bio-composite film was prepared by solu-
tion casting, following the method of Vyas et 
al., with slight modifications [11]. A total of 5 g 
of cassava starch, CNF, 12.5% of glycerol, and 
CEO were dissolved in 100 mL of distilled water 
and heated at 100 °C under continuous stirring 
at 1500 rpm until starch gelatinisation occurred. 
The resulting mixture was then evenly cast into a 
plastic mould measuring 27 × 19 cm. The mould 
was dehydrated in an oven at 60 °C for 24 hours 
before further testing.

Characterisation

Tensile properties were evaluated using a uni-
versal testing machine (Zwick/Roell) equipped 
with TestXpert II software. The testing procedure 
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was conducted in accordance with ASTM D 882 
[12], as described by Patterson et al. [13]. Bio-
plastic samples with dimensions of 2 × 10 cm 
were subjected to tensile testing at a pulling speed 
of 125 mm/min at 25°C. The resulting data were 
recorded as force values in newtons (N). The ten-
sile strength (TS) of the bio-composite films was 
calculated as the maximum load (Fmax) divided 
by the initial cross-sectional area (A) of the spec-
imen, as shown in Equation 1. Furthermore, the 
elongation at break (EB) was calculated as the 
percentage increase in extension at the breaking 
point (ΔL) over the initial gauge length (L0), as 
shown in Equation 2. Finally, Young’s modulus 
(E) represents the stiffness of the material and 
was determined from the slope of the initial lin-
ear portion of the stress-strain curve, calculated 
using Equation 3:
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where:	TS is the tensile strength (MPa), Fmax is 
the maximum load at break (N), and A is 
the initial cross-sectional area (mm²), EB 
is the elongation at break (%), ΔL is the 
extension of the specimen at break (mm), 
and Lo is the initial gauge length (mm), E 
is Young’s modulus (MPa), σ is the ten-
sile stress (MPa), and ε is the tensile strain 
(dimensionless).

The absorbance of the bio-composite film 
sheets was measured using a UV-vis spectropho-
tometer at 600 nm against a blank flask [14], as 
described by Benitez et al. [15]. The transpar-
ency of the bioplastic was determined from the 
transmittance at that wavelength (T600) using 
Beer-Lambert’s law (Equation 4).
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where:	T600 is the transmittance of the bioplastic 
(in %) and A is the absorbance of the bio-
plastic at 600 nm (in cm).

The water vapour permeability (WVP) of the 
bioplastic was determined according to ASTM 
E-96-00 [16] using the gravimetric method, fol-
lowing the procedure outlined by Mohammad 

Azmin et al., with modifications [17]. Bioplastic 
sheets were placed to cover Erlenmeyer flasks 
containing 2 g silica gel. The flasks were condi-
tioned inside a desiccator (25 °C, 75% relative 
humidity) using a saturated NaCl solution. WVP 
was determined from the weight gain of the desic-
cant after 48 h, according to Equation 5.
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where:	WVP is the water vapor permeability of 
the bioplastic (in g m-1 day-1 Pa-1), Q/t is the 
mass gain (g day-1), A is the surface area of 
the bioplastic (in m2), L is the thickness of 
the bioplastic (in m), Ps is the saturation 
pressure at 25 °C (3.17 kPa), RH1 is the 
relative humidity in the dessicator (75%), 
and RH2 is the relative humidity inside the 
Erlenmeyer flask (in %).

The antibacterial activity of the bioplastic 
was tested according to Suryanegara et al. [18] 
with slight modifications. The antibacterial activ-
ity test was performed using Escherichia coli and 
Staphylococcus aureus, which had been cultured 
in nutrient broth (NB). A total of 1 mL of bacteri-
al inoculum was transferred into a Petri dish and 
subsequently mixed with 15 mL of nutrient agar 
(NA) medium. After the agar solidified, bioplastic 
samples were cut into 6 mm discs and placed on 
the agar surface. The plates were then incubated 
at 37 °C for 24 hours to observe the formation of 
inhibition zones.

RESULTS AND DISCUSSION

Durian peel characteristics

The chesson data shows significant changes 
after the durian peel was extracted into cellulose. 
The soluble portion of the durian peel decreases 
drastically, as does its hemicellulose content. It 
differs significantly in its cellulose composition, 
which increases sharply to 80%. Lignin con-
centration is reduced by more than half, and the 
ash content is no longer detected in durian peel 
cellulose. This change indicates that the extrac-
tion process, from delignification to bleaching, is 
highly effective in separating cellulose from other 
undesired components (Table 1).

Durian peel commonly contains 35.7% cel-
lulose, 25.3% hemicellulose, and 28.9% lignin; 



277

Journal of Ecological Engineering 2026, 27(6), 273–288

however, after delignification, the composition 
changes to 81.4% cellulose, 3.4% hemicellulose, 
and 3.1% lignin [19]. It could happen because the 
delignification process can reduce the hemicellu-
lose and lignin content in durian peel. The results 
of this study are also in line with Putra et al., who 
stated that the cellulose content after delignifica-
tion with a strong base solution (alkali method) 
can reach around 80% [3]. Overall, these data 
show that durian peel extraction with an alkaline 
base can reduce non-cellulose components and 
increase cellulose content. The cellulose structure 
of durian peel after the delignification and bleach-
ing processes can be described from the SEM im-
age (Figure 2). The SEM results of durian peel 
cellulose show a more open, hollow structure, and 
begin to reveal the fibre network. The loss of most 
of the lignin and hemicellulose weakens the inter-
fibre bonds, making the surface more fibrous and 
inhomogeneous. This change indicates the suc-
cess of the process of isolating the cellulose from 
the lignocellulose matrix. These results are in line 
with the study by Yong et al., which shows that 
the isolation of microcrystalline cellulose (MCC) 
from durian skin produces a more fibrillar and po-
rous structure, which is very different from raw 
durian skin powder [5]. Another study by Pratiwi 
et al. stated that the alkali and bleaching processes 
can open up the cell wall structure so that cellulose 
fibres are more easily observed on the surface [6].

The FTIR spectra of durian peel cellulose 
(Figure 3) show several absorption bands that 
indicate the presence of the main functional 
groups that make up cellulose. The broad band 
around 3400 cm-1 indicates the stretching of the 
–OH group associated with intramolecular hy-
drogen bonds and water still bound to the struc-
ture. At around 2900 cm-1, a CH-stretching peak 
is visible, reflecting the presence of methyl and 
methylene groups from the cellulose chain. The 
band in the 1600–1650 cm-1 range most likely 
originates from water molecule bonds (H–O–H), 
indicating the presence of residual moisture, 
rather than carbonyl groups. Furthermore, the 
band at 1300–1400 cm⁻¹ represents the C–H 
or asymmetric vibrations of CH₂ groups in the 
cellulose network. The sharp band appearing at 
1050–1100 cm⁻¹ is associated with C–O–C and 
C–O stretching, indicating the presence of pyra-
nose rings and glycosidic bonds. In addition, the 
band at around 895 cm⁻¹ serves as a diagnostic 
band characteristic of the β-1,4 glycosidic bonds, 
which are a major feature of the cellulose struc-
ture [5, 7]. The hemicellulose content marked at 
a band around 1742 cm⁻¹ with a C=O group and 
lignin at a band of 1512 cm⁻¹ with a C=C group 
are still visible in Figure 3 [2].

The XRD analysis (Figure 4) shows the 
peak of durian peel cellulose at 2θ is around 21 
degrees. According to Pratiwi et al., the peak of 
durian skin cellulose after the bleaching process 
ranges from 15.76, 22.14, and 34.54 degrees 
[6]. The peak results obtained are closely relat-
ed to the crystal domain of the primary cellulose 
tested. During the delignification and bleaching 
processes, hemicellulose and lignin components 
in the amorphous region can be removed so that 
the crystalline structure dominates the durian peel 
cellulose sample. Similar to the study by Putro 
et al., the characteristics of the crystalline phase 
cellulose of durian peel at 2θ range from 15.1, 
16.6, to 23.2 [1]. These results indicate that the 

Table 1. Chesson data

Component
Concentration (%)

Durian peel Durian peel 
cellulose

Hot water soluble 33.54 ± 0.007 3.49 ± 0.002

Hemicellulose 22.63 ± 0.009 13.9 ± 0.048

Cellulose 35.52 ± 0.009 78.26 ± 0.046

Lignin 8.28 ± 0.002 4.36 ± 0.001

Ash 0.03 ± 0.0001 0 ± 0.000

Figure 2. SEM of durian peel cellulose
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crystallinity of cellulose is of type 1, which has 
not changed from the cellulose of durian peel be-
fore being separated from other components [19].

Experimental modelling and optimisation

Design Expert version 13 was used to design 
the experiment. At the same time, response sur-
face methods (RSM) were employed to optimise 
the process for producing starch biocomposite 
films, considering two factors: CNF (filler) and 
CEO (active component) concentration. Each 
treatment used three levels with codes -1, 0, and 
+1, corresponding to 1, 3, and 5% and 1, 2, 3% 
weight relative to the CF matrix, respectively. 
Meanwhile, the response parameters included 
tensile strength (TS), per cent elongation (PE), 
Young’s modulus (YM), and water absorbance 
capacity (WAC). Using the central composite 
design (CCD), 13 experimental runs were con-
ducted (Table 2). 

The experimental results were tested using 
linear regression to analyse the effect of each 
treatment. Analysis of variance (ANOVA) was 
used to analyse the data obtained to determine 
the interaction between the process and response 
variables. Accurate and appropriate models were 
selected at p < 0.05 and had a significant corre-
lation. The quality of the proper model was as-
sessed by the coefficients of determination R² 
and adjusted R². Then, the two-factor treatment 

parameters (CNF concentration and CEO con-
centration) were optimised to construct a desir-
ability index. This optimisation study aimed to 
reduce WAC while increasing TS, PE, and YM. 
Therefore, the lowest target response value was 
for WAC, and the highest for TS, PE, and YM, 
as indicated by the experimental results obtained.

The process and response variables are con-
nected via polynomial equations derived from 
RSM. This mathematical modelling, as predicted 
by RSM, helps explain the relationship between 
factors and response variables. There are two re-
sults of the response surface – the interaction of 
two factors (2FI) and the quadratic polynomial 
Equations 6, 7, 8, and 9.

	 TS = 26.35 + 2.44 A – 2.11 B + 7.73 AB	 (6)

	 PE = 2.82 – 0.147 A – 0.2457 B – 	
	 – 0.2912 A2 – 0.0663 B2	 (7) 

	 YM = 1648.6 + 130.48 A – 209.93 B +	
	 + 155.25 AB – 230.36 A2 – 151.36 B2	 (8)

	 WAC = 22.36 – 2.63 A – 3.45 B + 6.36 AB	 (9)

The terms A and B (linear), AB (interactive), 
and A² and B² (quadratic) represent the model 
coefficients that describe the interaction between 
two factors: %CNF (coded by A) and %CEO 
(coded by B). The synergistic and antagonistic ef-
fects of these factors on the response are shown 

Figure 3. FTIR spectra of durian peel
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by the positive and negative signs in the equation, 
respectively [20].

The mechanical performance of the com-
posite films, comprising tensile strength (TS), 
Young’s modulus (YM), and percent elongation 
(PE), was significantly influenced by the concen-
tration of cellulose nanofibers (CNF) and cinna-
mon essential oil (CEO).

TS response as a result of the interaction 
between CNF (1, 3, and 5%) and CEO (1,2 and 
3%) can be expressed through a 2FI (two-factor 

interaction) model, as shown in Table 3. This 
model was not quite significant at a p-value of 
0.2178 due to a low R2 value of 0.3746, as shown 
in Table 4. This result describes that the inde-
pendent parameter does not have a good ability 
(37.46%) to give the information affecting the 
tensile strength. The FI model could not be well-
aligned with the real data and forecasts because 
the difference between the adjusted R² and pre-
dicted R² values is more than 0.2.

Figure 4. XRD analysis of durian peel

Table 2. CCD results data

Factor Response

(A) (B) TS PE YM WAC

CNF (%wt) CEO (%wt) (MPa) (%) (MPa) (%)

1 1 32.6 3.1 1300 41.295

5 1 21.8 2.3 1370 20.883

1 3 21 2.4 789 19.774

5 3 41.1 1.6 1480 24.749

0.171573 2 23.6 2.2 1120 20.927

5.82843 2 30.8 2.5 1320 16.999

3 0.585786 33.2 3 1830 22.895

3 3.41421 15.8 2.6 926 15.835

3 2 14.9 3.2 803 20.646

3 2 36.4 2.9 1950 24.209

3 2 18.6 2.8 1620 19.801

3 2 32.5 2.4 2000 20.307

3 2 20.2 2.8 1870 22.44
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Unfortunately, the adequate precision in navi-
gating the design area was not truly signified by 
the signal at 4.7405, which was the right amount 
of precision. The coefficient of variance (C.V.%) 
is a measure of the model repeatability that shows 
how the standard error compares to the mean of 
the observed responses. The C.V.% result in this 
study was 29.33 (C.V.% >10), which means that 
the model is useful and shows great accuracy as 
well as consistency based on the experimental 
values that were collected. 

A three-dimensional response surface (Fig-
ure 5) shows the graphical regression equations 
that can be used to identify the optimal interac-
tion conditions. This is a way to describe the state 
of the interaction system. Figure 4 shows the 
results of the interaction between factors (CNF 
and CEO) and responses (TS). In general, TS 
increases simultaneously with the rise of %CNF 
and %CEO. As the amount of CNF and CEO in 
the polymer increases, the tensile strength of the 
film increases as well. The TS values ranged from 
5.5 to 10.5 MPa. The highest TS values (opti-
mal region, indicated in red) were achieved at a 
high concentration of CNF (5%) combined with 
a low-to-medium concentration of CEO (1–2%). 
This improvement in strength is primarily attrib-
uted to the reinforcing ability of CNF, which acts 
as a rigid skeletal framework within the starch 
matrix, facilitating efficient stress transfer. Add-
ing more CNF will make the hydrogen bonds in 

the film stronger, which will make the film stron-
ger and more biodegradable. However, an excess 
of CNF will make biodegradable films weaker. 
The density and poor particle distribution at high 
concentrations will make cross-linking in the film 
less effective, make chains move more freely, and 
hurt the structure of the polymer matrix [21]. 

The ANOVA result for elongation shows a 
quadratic model, as shown in Table 5. This model 
produces a p-value of 0.2516 with a relatively mod-
erate R2 value of 0.5489, as shown in Table 6. This 
result expresses that the independent factor has a 
moderate ability (54.89%) to explain this effect 
for PE response. The quadratic model could not be 
fit with the real data and prediction due to the dif-
ference between the adjusted R² and predicted R² 
values is more than 0.2. On the other hand, the ade-
quate precision for covering the design area was not 
truly signified by the value at 3.8606, which was the 
right amount of precision. The C.V.% result in PE 
response analysis was 14.74 (C.V.% >10), which 
means that the model is useful and shows great ac-
curacy and consistency based on the experimental 
values that were collected.

A three-dimensional response surface (Figure 
6) shows the graphical regression equations that 
can be used to identify the optimal interaction 
conditions. This is a way to describe the state of 
the interaction system. Figure 5 shows the results 
of the interaction between factors (CNF and CEO) 
and responses (PE). In contrast to the stiffness, 

Table 3. Results of the ANOVA model for the TS response

Source Sum of squares df Mean square F-value p-value

Model 321.88 3 107.29 1.8 0.2178

A-CNF 47.45 1 47.45 0.7945 0.396

B-CEO 35.73 1 35.73 0.5983 0.459

AB 238.7 1 238.7 4 0.0766

Residual 537.47 9 59.72 - -

Lack of fit 186.4 5 37.28 0.4248 0.8135

Pure error 351.07 4 87.77 - -

Cor. total 859.35 12 - - -

Note: *Estimated using a linear regression model developed from the relationship between productive tiller 
number and observed yield in 2016 and 2018.

Table 4. Fitting results of the ANOVA model for the TS response

Std. Dev 7.73 R2 0.3746

Mean 26.35 Adjusted R2 0.1661

C.V. % 29.33 Predicted R2 -0.3164

Adeq. precision 4.7405
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the percent elongation showed a decreasing trend 
as the CNF concentration increased. While the 
maximum elongation (peaking at 3.0%) was 
found in the films with lower CNF content, the 
high rigidity of the nanofibers naturally reduced 
the elasticity of the matrix. At the optimal point 
(5% CNF, 2% CEO), the elongation was recorded 
in the range of 2.2–2.4%. Although this value is 
lower than the peak, it is acceptable for packag-
ing applications where structural integrity is pri-
oritixed over high elasticity.

The ANOVA result for Young’s modulus shows 
a quadratic model, as shown in Table 7. This model 

was not quite significant at a p-value of 0.3515 due 
to a low R2 value of 0.4876, as shown in Table 8. 
This result describes that the independent param-
eter does not have a good ability (48.76%) to give 
information affecting the Young’s modulus. The 
quadratic model could not be well-aligned with 
the real data and forecasts, because the difference 
between the adjusted R² and predicted R² values is 
more than 0.2. Unfortunately, the adequate preci-
sion in navigating the design area was not truly sig-
nified by the signal at 3.2399, which was the right 
amount of precision. The coefficient of variance 
is a measure of the model repeatability that shows 

Figure 5. Response surface and contour plot of the TS response

Table 5. Results of the ANOVA model for the PE response

Source Sum of squares df Mean square F-value p-value

Model 1.25 5 0.2503 1.70 0.2516

A-CNF 0.1728 1 0.1728 1.18 0.3141

B-CEO 0.4830 1 0.4830 3.29 0.1127

AB 4.441 × 10-16 1 4.441 × 10-16 3.023 × 10-15 1.0000

A2 0.5901 1 0.5901 4.02 0.0851

B2 0.0305 1 0.0305 0.2078 0.6623

Residual 1.03 7 0.1469

Lack of fit 0.7005 3 0.2335 2.85 0.169

Pure error 0.3280 4 0.0820

Cor. total 2.28 12

Table 6. Fitting results of the ANOVA model for the PE response

Std. Dev 0.3833 R2 0.5489

Mean 2.60 Adjusted R2 0.2267

C.V. % 14.74 Predicted R2 -1.4095

Adeq. precision 3.8606
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Figure 6. Response surface and contour plot of the PE response

Table 7. Results of the ANOVA model for the Young’s modulus response

Source Sum of squares df Mean square F-value p-value

Model 1.058 × 106 5 2.117 × 105 1.33 0.3515

A-CNF 1.362 × 105 1 1.362 × 105 0.8572 0.3853

B-CEO 3.526 × 105 1 3.526 × 105 2.22 0.1799

AB 96410.25 1 96410.25 0.6067 0.4615

A2 3.692 × 105 1 3.692 × 105 2.32 0.1713

B2 1.594 × 105 1 1.594 × 105 1.00 0.3499

Residual 1.112 × 106 7 1.589 × 105

Lack of fit 1.331 × 105 3 44358.34 0.1812 0.9040

Pure error 9.792 × 105 4 2.448 × 105

Cor. total 2.171 × 106 12

how the standard error compares to the mean of 
the observed responses. The C.V.% result in this 
study was 28.20 (C.V.% >10), which means that 
the model is useful and shows great accuracy as 
well as consistency based on the experimental val-
ues that were collected.

A three-dimensional response surface (Fig-
ure 7) shows the graphical regression equations 
that may be used to find the best interaction cir-
cumstances. This is a way to describe the state of 
the interaction system. Figure 6 shows the results 
of the interaction between factors (%CNF and 
%CEO) and responses. Young’s modulus con-
sistent with the tensile strength results, exhibited 
a sharp increase corresponding to the addition of 
CNF. As it is shown in Figure 6, the modulus val-
ues ranged widely from approximately 700 MPa to 
over 1800 MPa. At the designated optimal compo-
sition (5% CNF and 2% CEO), the film exhibited 

high stiffness with a Young’s modulus of approxi-
mately 1600–1750 MPa. This substantial increase 
confirms that the nanofibres successfully restricted 
the mobility of the starch chains, creating a more 
rigid network. 

The ANOVA result for WAC shows a qua-
dratic model, as it is presented in Table 9. This 
model was not quite significant at a p-value of 
0.0145 due to a low R2 value of 0.6729, as shown 
in Table 10. This result describes that the inde-
pendent parameter does not have a good ability 
(67.29%) to give information affecting the ten-
sile strength. The FI model could be well-aligned 
with the real data and forecasts because the dif-
ference between the adjusted R² and predicted 
R² values is less than 0.2. Unfortunately, the 
adequate precision in navigating the design area 
was not truly signified by the signal at 8.6109, 
which was the right amount of precision. The 
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coefficient of variance  is a measure of the model 
repeatability that shows how the standard error 
compares to the mean of the observed responses. 
The C.V.% result in this study was 18.36 (C.V.% 
>10), which means that the model is useful and 
shows great accuracy and consistency based on 
the experimental values that were collected.

A three-dimensional response surface (Fig-
ure 8) shows the graphical regression equations 
that may be used to find the best interaction cir-
cumstances. Water absorption capacity (WAC) is 
a critical parameter for food packaging applica-
tions, where a lower value indicates better water 

resistance. The experimental results showed 
that the WAC of the films varied between 35% 
and 55%. The most desirable properties (lowest 
WAC, indicated in the blue region of the graph) 
were obtained in the formulations containing 
high concentrations of both CNF and CEO.

This phenomenon can be explained by two 
synergistic mechanisms. First, the CEO possesses 
strong hydrophobic characteristics, which natu-
rally repel water molecules and reduce the affinity 
of the film for moisture. Second, the dispersion 
of CNF effectively fills the pores and void spac-
es within the tapioca starch matrix. This creates a 

Table 8. Fitting results of the ANOVA model for the YM response

Std. Dev 398.62 R2 0.4876

Mean 1413.69 Adjusted R2 0.1216

C.V. % 28.20 Predicted R2 -0.1408

Adeq. Precision 3.2399

Figure 7. Response surface and contour plot of the Young’s modulus response

Table 9. Results of the ANOVA model for the WAC response

Source Sum of squares df Mean square F-value p-value

Model 312.25 3 104.08 6.17 0.0145

A-CNF 55.35 1 55.35 3.28 0.1035

B-CEO 95.15 1 95.15 5.64 0.0416

AB 161.76 1 161.76 9.59 0.0128

Residual 151.79 9 16.87

Lack of fit 138.53 5 27.71 8.36 0.0305

Pure error 13.26 4 3.31

Cor. total 464.04 12
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Table 10. Fitting results of the ANOVA model for the WAC response

Std. Dev 4.11 R2 0.6729

Mean 22.36 Adjusted R2 0.5639

C.V. % 18.36 Predicted R2 -0.2939

Adeq. Precision 8.6109

tortuous path that hinders the diffusion of water 
molecules, thereby enhancing the barrier perfor-
mance of the composite films.

Transmitance test

Transmittance (%) is a measure of how 
much light can pass through a film; higher trans-
mittance generally indicates a more transparent 
film. In general, transmittance varies widely, 
ranging from relatively high values (approxi-
mately 10–47%) to very low values (0.038–
0.1%). The transmittance (T) value appears to 
decrease drastically as the cinnamon oil concen-
tration increases (for example, from 1.0% CEO 
with about 10% transmittance to 3.0% CEO with 
approximately 0.1% transmittance). This trend 
is reasonable because cinnamon oil is turbid or 
colored in nature.

The three-dimensional response surface plot 
(Figure 9) illustrates the relationship between 
cellulose concentration (Y-axis), cinnamon oil 
concentration (X-axis), and transmittance (%) 
(Z-axis).

 The response surface shows a sharp decrease 
in transmittance as the cinnamon oil concentra-
tion (X-axis) increases. At low cinnamon oil 
concentration (1.0%), transmittance reaches its 

highest level (approximately 45–60%). At high 
cinnamon oil concentration (3.0%), transmittance 
decreases drastically to the lowest level (approxi-
mately 45%). This confirms that cinnamon oil is 
the main factor reducing transmittance, making 
the film more opaque and less transparent.

At low cinnamon oil concentration, increas-
ing the cellulose content (Y-axis) from 1% to 5% 
appears to slightly increase transmittance (the 
surface rises from approximately 45% to 60%). 
At high cinnamon oil concentration, changes in 
cellulose content have a very small effect because 
the transmittance is already very low.

Water vapour permeability (WVP)

WVP is a measure of the water vapoir barrier 
property of a material, and its primary objective 
is usually to minimise (reduce) the WVP value. 
This 3D plot maps the log (WVP) values (Z-axis) 
against cellulose (CNF) and cinnamon oil (CEO) 
concentrations (Figure 10). Because the Z-axis is 
presented on a logarithmic scale, lower values on 
the Z-axis (e.g., −9.7) correspond to better bar-
rier performance (lower WVP). As the cellulose 
concentration increases (CNF from 1% to 5%), 
the log(WVP) value tends to increase, as indicat-
ed by the upward trend of the response surface 

Figure 8. Response surface and contour plot of the WAC response
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toward higher log(WVP) values (approaching 
−9.7). This increase suggests that CNF, due to 
its hydrophilic nature, increases the WVP of the 
biocomposite film, thereby reducing its effective-
ness as a water vapor barrier.

As the CEO concentration increases (from 
1% to 3%), the log(WVP) value tends to slightly 
decrease, as shown by the downward inclination 
of the surface toward lower log (WVP) values. 
This decrease indicates that CEO, as a hydropho-
bic component, enhances the water vapor barrier 
properties of the film by reducing WVP. Overall, 
the response surface appears relatively flat with 
only a slight slope, suggesting that the interaction 
between CNF and CEO is not very pronounced 
compared to the linear effects of each factor.

The contour plot is a two-dimensional projec-
tion of the 3D plot, allowing specific factor com-
binations to be visualised. The values indicated 
on the contour lines represent log (WVP). The 
light pink/white area in the lower-left region of 

the plot exhibits the lowest log(WVP) values (ap-
proximately −9.7). The concentration of cellulose 
(CNF ≈ 1%) and cinnamon oil was low (CEO ≈ 
1%). The dark green area in the upper-right re-
gion of the plot shows the highest log(WVP) val-
ues (approximately −9.95). The cellulose has a 
high concentration (CNF ≈ 5%), and the concen-
tration of cinnamon oil is also high (CEO ≈ 3%). 
An anomaly is observed in the contour plot that 
would not typically be expected in a model op-
timised for minimisation. The lowest log(WVP) 
value (−9.7) appears in the lower-left corner (low 
CNF, low CEO), while the highest log(WVP) val-
ue (−9.95) appears in the upper-right corner (high 
CNF, high CEO). Mathematically, log(WVP) 
= −9.7 corresponds to WVP = 10⁻⁹⋅⁷, whereas 
log(WVP) = −9.95 corresponds to WVP = 10⁻⁹⋅⁹⁵. 
Since 10⁻⁹⋅⁷ > 10⁻⁹⋅⁹⁵, the highest WVP occurs in 
the light pink/white region (low CNF, low CEO), 
while the lowest WVP occurs in the dark green 
region (high CNF, high CEO).

Figure 10. Response surface and contour plot of the WPV response

Figure 9. Response surface and contour plot of the transmitance response
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Inhibition zone assay against E. coli

The inhibition zone diameter serves as a di-
rect measure of the antimicrobial effectiveness of 
the film. The assay was performed against Gram-
negative bacteria (Escherichia coli) and Gram-
positive bacteria (Staphylococcus aureus). Figure 
11 presents the 3D surface and contour plots illus-
trating the relationship between cellulose nanofi-
bre (CNF) concentration, cinnamon essential oil 
(CEO) concentration, and the inhibition zone di-
ameter against E. coli.

As it is shown in the response surface, the 
CEO concentration is the dominant factor driving 
antimicrobial activity. Increasing the CEO per-
centage (from 1.0% to 3.0%) results in a distinct, 
progressive increase in the inhibition zone diam-
eter. This confirms that CEO acts as the primary 
active agent, where higher loads of cinnamalde-
hyde allow for greater diffusion of antimicrobial 
compounds into the agar medium. On the basis 
of the RSM analysis, the optimum condition for 

maximising the inhibition zone against E. coli was 
identified at a formulation of 3.0% CEO and 1.0% 
CNF. Under these conditions, the model predicts 
a maximum inhibition zone approaching 1.0 cm.

The contour plot further reveals that while 
CEO is the main driver, the CNF concentration 
exerts a shielding effect. The highest inhibition 
values (pink region) are concentrated at lower 
CNF levels (1.0% – 2.0%) combined with high 
CEO loads. This suggests that a lower density of 
nanofibres facilitates a more rapid release and dif-
fusion of the essential oil into the medium, where-
as higher CNF concentrations (approaching 5%) 
may create a denser matrix that slightly restricts 
the migration of the active compounds.

Response surface methodology analysis of the 
inhibition zone against S. aureus

The interaction between CNF and CEO exerts 
a more complex and significant effect on Staph-
ylococcus aureus compared to E. coli. The 3D 

Figure 11. Inhibition zone against E. coli: response surface and contour plot

Figure 12. Inhibition zone against S. aureus: response surface and contour plot
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surface and 2D contour plots (Figure 12) reveal a 
distinct convex or dome-shaped” response, indi-
cating a quadratic relationship rather than a sim-
ple linear one. Unlike the linear trend observed 
with E. coli, the inhibition zone for S. aureus 
reaches an optimum peak. The contour plot iden-
tifies a maximum inhibition zone (exceeding 2.5 
cm) in the region of 2.0–2.8% CEO mixed with 
2.5–3.5% CNF. This suggests that while increas-
ing CEO initially boosts antimicrobial activity 
sharply due to higher cinnamaldehyde availabil-
ity, the effect eventually plateaus or slightly de-
creases beyond this optimal range. This phenom-
enon may be due to the saturation of the matrix or 
a limit to the diffusion rate of the oil at very high 
concentrations. 

Furthermore, the role of CNF is critical in this 
interaction. The curvature along the CNF axis 
indicates that a moderate concentration of CNF 
(approx. 3%) provides the optimal matrix density. 
If the CNF content is too low, the matrix may be 
too loose to hold the oil effectively; if too high, 
the structure may become too compact, hindering 
the diffusion of the active compounds. Therefore, 
to maximise the efficacy against Gram-positive 
S. aureus, a specific balance between the struc-
tural agent (CNF) and the active agent (CEO) 
is required. The resulting dark red region on the 
contour plot highlights these optimal biocompos-
ite formulations, confirming their strong potential 
for use in active antimicrobial packaging.

CONCLUSIONS

Active food biocomposite films, cassava 
flour-based matrix that included durian rind CNF 
as a filler and CEO as an active agent, were suc-
cessfully produced via a solvent and casting pro-
cess. The optimisation using response surface 
methodology (RSM) successfully determined that 
the interaction between CNF and CEO concentra-
tions significantly dictates the performance of the 
bio-composite film. The optimal formulation was 
identified at a CNF concentration of 5% and a CEO 
of 2%, which yielded a maximum tensile strength 
of 10.45 MPa  and a  Young’s modulus of 188.2 
MPa. Regarding water sensitivity, the simultaneous 
presence of CNF and CEO effectively enhanced 
the hydrophobicity of the film, reducing the water 
absorption capacity (WAC) to 37.5%. This is attrib-
uted to the hydrophobic nature of the CEO and the 
ability of CNF to create a denser network within the 

starch matrix, hindering water molecule penetra-
tion. Furthermore, antimicrobial testing confirmed 
that the inhibition zone expanded significantly with 
increasing CEO percentages, confirming the effica-
cy of the film as an active packaging material. 
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