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ABSTRACT

This study aimed to produce new edible coatings based on the mixture of sago starch, 
cellulose nanofiber (CNF), glycerol, and tween-80.The effect of sago starch (5–10 g of 
starch/100 ml of distilled water), CNF (0.5–20% w/w), glycerol (10–30% w/w), and 
tween-80 (0.5–10% w/w) based on sago starch concentration on contact angle (CA), water 
vapor permeability (WVP), oxygen permeability (PO2) and tensile strength (TS) properties 
of the edible coatings were optimized using factorial experimental design (2k).The result 
showed that the linear model for all independent variables was significant (P<0.05) on 
all responses (dependent variable).The sago starch concentration depicted a significant (p 
< 0.001) positive effect on contact angle; CNF showed a statistically significant effect on 
WVP, PO2, and TS; tween-80 showed a significant effect on all dependent variables, whereas 
glycerol only affected WVP. The optimum concentrations of sago starch, CNF, glycerol, and 
tween-80 were predicted to be 5 g/100 ml distilled water, 20% w/w, 10% w/w, and 0.5% 
w/w based on sago starch, respectively to obtain the minimum contact angle, WVP, PO2, 
and the maximum TS. The predicted data for the optimized coating formulation were in 
good agreement with the experimental value. This work revealed that the potential of sago 

starch/CNF based coating formulation could 
be effectively produced and successfully 
applied for coating of food.

Keywords: CNF, coatings, film, sago starch 

INTRODUCTION

The edible coating is a postharvest 
technology that can preserve fresh products 
by modifying the internal atmosphere of 
the fruit or vegetables by creating a semi-
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permeable barrier to gases (O2 and CO2), moisture content, and movement of solids, 
consequently slowing the respiration rate and quality changes during storage (Deng et al., 
2018). The effectiveness of edible coating in extending the shelf life of fruits and vegetables 
is determined, among others, by high barrier characteristics, suitable mechanical properties, 
high wettability, and good sensory qualities (Lopez-Polo et al., 2020; Sapper et al., 2019). 
The function and performance of the edible coating are influenced by the composition of 
the raw materials, the manufacturing process, and the method of application (Andrade et 
al., 2014).

Sago starch is a type of polysaccharide that has the potential to be used as material 
for making edible coatings because of its abundant availability, low cost, and higher 
productivity compared to other types of starch such as cassava starch, corn starch, and 
rice starch and contains high amylose approximately ± 28.84% (Karim & Tie, 2008; Zhu, 
2019). Edible starch coatings have good gas barrier characteristics, produce a thin and 
transparent film, colorless and tasteless, and adhere well to the surface of fruit or vegetables 
(Punia et al., 2022; Thakur et al., 2019). However, the hydrophilic nature and high amylose 
content of starch cause the film or edible coating to be sensitive to high water content, 
thus affecting the water barrier properties and its mechanical properties become low, high 
water absorption (Shih & Zhao, 2021; Syafri et al., 2019) and low wettability coefficient 
of coating solution (Basiak et al., 2017). To overcome these, using cellulose nanofiller-
reinforcement to the starch-based polymer has been confirmed as a new way for improving 
mechanical strength, gas permeability, and water barrier resistance properties (Bangar & 
Whiteside, 2021b; Shih & Zhao, 2021).  

The development of edible coatings with the addition of nano reinforcement such as 
cellulose nanofiber (CNF) as a filler in a biopolymer matrix such as starch is very promising 
because it has good barrier properties, is small (diameter <100 nm) and uniform particle 
size, has high mechanical characteristics, water binding ability, has the same chemical 
structure as starch and is safe for health (Azeredo et al., 2017; Deng et al., 2017a). In recent 
years, CNF has been extensively studied and demonstrated to be effective to enhance the 
performance of  biopolymer edible coatings/films such as chitosan (Ghosh et al., 2021), 
tapioca, potato and corn starch (Shih & Zhao, 2021), potato starch, tapioca starch, and 
chitosan (Gopi et al., 2019), banana starch (Tibolla et al., 2019), mango seed starch (Silva 
et al., 2019). Meanwhile, the addition of nano cellulose at high concentrations causes 
agglomeration in the coating solution.

Glycerol as a plasticizer is added to the starch coating and film to reduce the 
intermolecular forces of the polymer chains to reduce brittleness and increase the flexibility 
of films and coatings. However, the addition of glycerol (>33%) can increase water vapor 
permeability and decrease the mechanical characteristics of the film and coatings (Santacruz 
et al., 2015; Syafri et al., 2019; Thakur et al., 2019a). A surfactant (i.e. tween-80) is also 
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added to the coating material formula to increase the wettability and result in lower surface 
tension values (Santacruz et al., 2015). According to (Deng et al., 2017b), the addition of 
10% (w/w dry basis) surfactant to the polymeric matric materials produced good wettability 
of coating formulation to the surface of fruits. Therefore, for the enhancement of functional 
properties of the coating, it is necessary to optimize the ingredients formula of coating.

To the best of our knowledge, no previous research has been conducted to prepare 
sago starch in combination with CNF or optimization of coating materials. The objective 
of this study was to optimize the coating material formula (sago starch, cellulose nanofiber 
(CNF), glycerol, and surfactant concentration) to produce an edible coating with low 
permeability value (WVP and O2), low contact angle, and high tensile strength. In addition, 
this work would produce new information about the interaction between sago starch, CNF, 
glycerol, and surfactant concentrations on properties of coatings and films and produce 
a high-quality edible coating that is more environmentally friendly and competitive with 
wax coating materials.

MATERIALS AND METHODS

Materials

Sago starch produced by HD (HD Micro, Small and Medium Enterprises (MSME) 
Yogyakarta, Indonesia), 3% cellulose nanofiber (CNF) high fine slurry was obtained 
from the Process Development of the Maine University (ME, USA), mature green “Mas” 
bananas (Musa acuminata ‘Lady Finger’) fruits were harvested from a local farmer 
(Sleman, Yogyakarta, Indonesia), technical glycerol and distilled water purchased from 
Progo Mulyo CV (Yogyakarta, Indonesia), Tween-80 (Merck, Germany) obtained from 
Chemmix Pratama CV (Yogyakarta, Indonesia).

Preparation of Sago Starch and CNF Edible Coatings and Films 

Sago starch and CNF nanocomposite edible coating were produced by the casting method 
according to the previous research method, with some modification (Balakrishnan et al., 
2017; Meneguin et al., 2017; Tibolla et al., 2019; Widaningrum et al., 2015). Sago starch as 
a matrix (5–10 g) was diluted with 100 mL of distilled water while stirring at 700 RPM for 
10 minutes at room temperature. Simultaneously, the CNF as a reinforcing agent (0.5–20% 
w/w) based on sago starch weight was dispersed in 50 ml of distilled water using a digital 
overhead stirrer (MULAB Type MS-40) at 700 RPM for 10 minutes. After that, the starch 
solution was added with the cellulose nanofiber (CNF) suspension, and the mixture was 
agitated by a digital overhead stirrer at 750 RPM for 20 minutes at room temperature. The 
mixture solution was then heated to 65°C and added tween-80 (C64H124O26) as a surfactant 
material at varying concentrations (0.5–10% w/w of sago starch) while being stirred at a 
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speed of 750 RPM. After the temperature of the solution reaches 70°C, different amounts 
of glycerol (C3H8O3) (10 - 30% w/w), based on sago starch weight, as the plasticizer, was 
added to the solution and continuously heated for 25 minutes while being stirred to obtain 
the film-forming and coating solutions. 60 ml of the coating solution at a temperature of 
60°C was poured onto acrylic plates (20 cm x 20 cm) and dried at room temperature for 
2–3 days. The concentrations were chosen based on preliminary experiments. The resulting 
film was stored for five days at room temperature before testing. For the measurement of 
the contact angle, it was done by applying the coating solution directly to the banana’s 
peel then measured using a digital microscope.

Figure 1. Schematic representation of preparation of sago starch (SS)-CNF nanocomposites
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Characterization of the Coating and Film

Contact Angle (CA). The measurement of the contact angle is based on the method used 
by Deng et al. (2017b) and Rahayoe (2015). The coating solution was taken using a 500 
µl syringe, then dripped from a height of 10 mm horizontally on the surface of a banana 
skin. After 30 seconds, the coating layer on the banana’s peel was taken using a digital 
microscope (Dino-Lite AM2111 series). The results of these images were analyzed using 
Image J software to determine the contact angle between the droplets of the coating solution 
on the surface of banana skins. Measurement of contact angle was conducted at 3 points 
of each part of a banana’s peel.

Water Vapor Permeability (WVP). The WVP of films was determined by the water 
desiccant method based on ASTM E 96 (1995).  First, a circular-shaped edible film of 30 
mm diameter was placed at the top of the WVP bottles containing 10 g of silica gel. Then, 
the WVP bottles were placed in a desiccator containing distilled water to produce RH 90 
%. Finally, WVP bottles were weighed using an analytical balance (OHAUS) every hour 
for 8 hours of observation. As a result, the WVP is determined from Equations 1, 2, and 
3, respectively:

        (1)

=      (2)

    (3)

Where WVT is the water vapor transmission rate (g/hour.m2), G is the change in weight 
(from a straight line, g), t is time (hours), G/t = slope of a straight line (g/hour), A is the 
area of the mouth of the bottle (m2), ΔP is the difference in water vapor pressure, mm Hg 
(1.333 x 102 Pa), S is the saturated vapor pressure at the test temperature, mm Hg (1.333 x 
102 Pa), R1 is the relative humidity in the bottles samples, while R2 is the relative humidity 
of the environment, WVP is water vapor permeability (g/m s Pa).

Oxygen Permeability (PO2). Permeability measurement of edible coating and film to 
oxygen was determined by the method proposed by Kubík and Zeman (2013) with slight 
modifications. The film to be tested was fixed between two acrylic chamber boxes with 
adhesive glue at the lips of the boxes. Then, the two chambers’ boxes were fixed firmly 
using screws. The box was made from acrylic with the size of 15 x 15 x 15 cm with a 
hole at the base or the top of the boxes with a size 10 cm x 10 cm to regulate the initial 
oxygen concentration in the boxes. The upper chamber was filled with pure oxygen with 
a concentration of about 50–80%, while the bottom chamber was flushed using nitrogen 
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to lower oxygen concentration to around 18%. The changes in the oxygen concentration 
in the bottom box were measured every 10 minutes for 1.5 hours. Oxygen permeability is 
calculated according to the Equation 4 of Kubík and Zeman (2013) as follows:

       
           (4)

Where Px is the film permeability (m3/m2.s.Pa); ρ is the oxygen density in the bottom box 
(kg/m3); ρi is the initial oxygen density in upper box (kg/m3); M is the molecular weight 
mass of the oxygen (kg/mol); V is the volume of the chambers box (m3); R is the universal 
gas constant 8314 (J/k mol K); T is the temperature (K); t is the time of the observation 
(s), and; S is the area of the film (m2).

Film Thickness Measurement and Mechanical Properties. The film thickness was 
measured using a digital micrometer (Mitutoyo, Co., Code No.293–236, Japan) with an 
accuracy of ±0.001 mm. Measurements were taken from 8 different positions for each film 
sample (R. Thakur et al., 2018). The thickness measurement results are then averaged.

The tensile strength (TS) of the film was tested using the universal testing machine 
Zwick type Z0.5. The measurement method was based on (ASTM D882, 2010) with several 
method modifications from Cazón et al. (2018) and Ventura-Aguilar et al. (2018). The film 
was cut with a dumbbell with a size of 150 mm x 50 mm. Prior to measurements, the films 
were preconditioned at ±55% RH at 25°C in a desiccator containing sodium nitrate for 
five days. The measurement began with the film being clamped between the grips, with an 
initial distance between the grips being 50 mm at a speed of 10 mm/minute. Measurements 
were repeated two times for each sample. The value of tensile strength (MPa) of the film 
could be directly obtained from the measurement results.

Experimental Design and Optimization

In this study, a factorial experimental design (2k) was performed to assess the individual and 
combined effects of the main component of coating, namely the concentration of starch (X1), 
CNF (X2), glycerol (X3), and tween-80 (X4) on the contact angle, WVP, oxygen permeability 
(PO2) and tensile strength, as responses variable. Construction of experimental factorial 
designs and data analysis was performed using Design Expert Software (Version 12.0.3.0, 
Stat-Ease Inc., Minneapolis, MN). The experimental design included different combinations 
of two levels (i.e., high (+1) and low levels (- 1)) of four independent variables and six 
additional replicates at the center point, leading to the 22 runs experimental design (Kania et 
al., 2021; Lavecchia et al., 2015). The minimum and maximum levels of each independent 
variable were determined based on recommendations from previous researchers (Deng et 
al., 2017a; Tibolla et al., 2019; Widaningrum et al., 2015). 
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The factors, levels, and responses values are presented in Table 1. To estimate the 
significance of the model, an analysis of variance (ANOVA) was undertaken with confidence 
levels higher than 95%. Pareto charts were also constructed to project the significance of 
factors X1, X2, X3, and X4 or the collective effect of factors; 3-D response surface plots were 
prepared to reveal the relationship and interactions between the four independent variables 
and responses. The optimization was based on the following combination: minimizing 
contact angle, WVP, PO2, while maximizing TS. The numerical optimization to achieve 
the optimum concentrations of four independent variables (X1: sago starch, X2: CNF, X3: 
glycerol, and X4: tween-80) and to obtain the best nanocomposite coating/film properties 
including contact angle, WVP, PO2, and TS were utilized. For validation of the regression 
models, the experimental data and fitted values predicted by the models were compared 
and percent error (PE) was calculated for each response. 

RESULTS AND DISCUSSIONS

Interaction Effects of Coating Formulations on Contact Angle (CA)

In this study, the wettability of the coating was determined by the contact angle (ɵ) of the 
coating solution onto the banana skin surface. The value of CA of the coasting formulation 
on a banana epicarp in a range from 18.08o to 88.29o is shown in Table 1. It is noted that 
to gain the best coating; it is important to select a coating formulation with a low contact 
angle (ɵ) to generate closer to completely wetting, strong adhesion, weak cohesion, and 
a lipophilic condition (Andrade et al., 2014; Deng et al., 2017a).The significance of each 
model, independent variables, and interactions to the responses were evaluated based on the 
p-value, in which a p-value less than 0.05 was considered statistically significant (Kania et 
al., 2021). The analysis of variance (ANOVA) evaluation (Table 2) for CA showed the linear 
model term was significant (p-value < 0,005). In order to evaluate the goodness of fit of the 
model, different parameters including the coefficient of determination (R2), the lack of fit F 
value, and the adequate precision were performed. In this study, the value of R2 was 0.9384, 
the adequate precision was 20.4057 (< 4), and the lack of fit values was non-significant 
(p-value > 0,005), which indicate an adequate of the applied model and shows model can 
be used the prediction of contact angle of the coating solution. Moreover, Table 2 also 
represents that the contact angle of the coating formulation was influenced significantly 
(P < 0,005) by the linear effect of sago starch (X1) and tween-80 (X4) concentrations. 
However, CNF, glycerol levels and other combinations did not show a significant effect 
on contact angle value. The relation between and independent variables and the response 
can be expressed by Equation 5:

  (5)
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Equation 5 shows that starch concentration had more influence than the tween-80 
concentration on the contact angle, as the coefficients are 25.55 and 6.51, respectively. 
A positive coefficients value of the starch concentration means that the response (contact 
angle) is increased when the sago starch level increases. 

The importance of significant main factors and interactions can be presented in the 
Pareto chart shown in Figure 2a. As shown in the Pareto chart, the factorial effects of very 
important main factors (above Bonferroni limit) were found to be in the following order: 
sago starch > tween-80. In order to show the combined effect of independent variables on 
the contact angle of the coating formulation, 3D response surfaces plots have been presented 
(Figure 2b). It was observed that the decline of contact angle was a function of starch and 
tween-80 concentration. The minimum amount of contact angle value could be observed 
at the low level of starch and higher tween-80 concentration (see Figure 2b). It may be 
associated with an increased contact angle as results of high starch concentration was due 
to an increase in viscosity of coating solution, which influences the amount of the materials 
adhered to the fruit surface and was difficult to spread on a solid surface (Soto-Muñoz et 
al., 2021; Soradech et al., 2017). Whereas, the addition of tween-80 resulted in a lower 
contact angle, probably due to it was might be caused by the humectant impact of surfactant 
and the hydrophobic chain of tween-80 could not interact with the polymers rich in polar 
groups; thus the film became hydrophilic (Stachowiak et al., 2020). In addition, several 
previous studies reported that surfactant diminished cohesion forces, hence decreasing the 
surface tension and increasing the wettability (Deng et al., 2017a; Riva et al., 2020; Sun et 
al., 2021).Thus, this surfactant improved compatibility between the solution and the fruit 
skin surface (Vieira et al., 2016). The lower contact angle indicated the higher interaction 
between coating solution and skin of surface, better hydrophilicity of the surface, and high 
degree wetting generates coating solution spreads easily on the fruit skin (Patil et al., 2021). 

Table 1
The factorial experimental design (24) results

No

Independent variables Responses

Run Starch
(% w/v)

CNF
(% w/w)

Glycerol
(% w/w)

Tween-80
(%w/w)

Contact 
Angle 

(o)

WVP
 x10-11

(g/Pa s m)

PO2

(cm3/m2.
day Pa)

TS 
(MPa)

1 16 5 (-1) 0.5 (-1) 10 (-1) 0.5 (-1) 24.88 0.859 1314.77 23.15
2 15 10 (1) 0.5 (-1) 10 (-1) 0.5 (-1) 86.29 4.845 939.114 3.29
3 19 5 (-1) 20 (1) 10 (-1) 0.5 (-1) 35.44 0.607 745.268 25.56
4 2 10 (1) 20 (1) 10 (-1) 0.5 (-1) 88.29 1.032 982.803 26.65
5 18 5 (-1) 0.5 (-1) 30 (1) 0.5 (-1) 29.22 0.341 2228.03 10.38
6 26 10 (1) 0.5 (-1) 30 (1) 0.5 (-1) 87.66 1.090 2763.47 6.17
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Table 2
Significance level (P) calculated for investigating the effect of sago starch (X1), CNF (X2) glycerol (X3), and 
tween-80 concentration (X4) into composite coatings and films the model fitting

Table 1 (Continue)

No.

Independent variables Responses

Run Starch
(% w/v)

CNF
(% w/w)

Glycerol
(% w/w)

Tween-80
(%w/w)

Contact 
Angle 

(o)

WVP
 x10-11

(g/Pa s m)

PO2

(cm3/m2.
day Pa)

TS 
(MPa)

7 30 5 (-1) 20 (1) 30 (1) 0.5 (-1) 30.41 0.653 4235.97 13.61

8 28 10 (1) 20 (1) 30 (1) 0.5 (-1) 85.38 1.797 786.182 6.05

9 10 5 (-1) 0.5 (-1) 10 (-1) 10 (1) 18.08 5.058 28769.9 2.36

10 4 10 (1) 0.5 (-1) 10 (-1) 10 (1) 66.58 5.651 21260.9 0.77

11 13 5 (-1) 20 (1) 10 (-1) 10 (1) 25.35 2.289 3181.23 3.66

12 11 10 (1) 20 (1) 10 (-1) 10 (1) 73.52 1.70 1 7503.29 9.08

13 14 5 (-1) 0.5 (-1) 30 (1) 10 (1) 19.08 3.504 4824.51 1.69

14 7 10 (1) 0.5 (-1) 30 (1) 10 (1) 69.53 2.902 24692 1.85

15 3 5 (-1) 20 (1) 30 (1) 10 (1) 28.65 0.534 2426.95 6.33

16 1 10 (1) 20 (1) 30 (1) 10 (1) 62.67 0.592 4011.19 12.13

17 27 7.5 (0) 10.25 (0) 20 (1) 5.25 (0) 29.68 0.587 8083.38 10.37

18 29 7.5 (0) 10.25 (0) 20 (1) 5.25 (0) 47.45 1.664 8899.55 5.19

19 5 7.5 (0) 10.25 (0) 20 (1) 5.25 (0) 61.73 0.312 5637.9 14.39

20 8 7.5 (0) 10.25 (0) 20 (1) 5.25 (0) 49.27 1.944 6582.57 18.55

21 6 7.5 (0) 10.25 (0) 20 (1) 5.25 (0) 49.27 0.214 5009.85 11.15

22 22 7.5 (0) 10.25 (0) 20 (1) 5.25 (0) 50.96 0.652 15539.1 12.95

Independent Variable CA WVP PO2 TS
Model Linear <0.0001* 0.0025* 0.0075* 0.0121*

X1 (starch) <0.0001* 0.0642 ns 0.3737 ns 0.2423ns

X2 (CNF) 0.524ns 0.0005* 0.0046* 0.0117*

X3 (glycerol)  0.893ns 0.0042* 0.2796ns 0.0582ns

X4 (tween-80) 0.010* 0.0035* 0.0009* 0.0016*

X1X2 0.518 ns 0.2072 ns 0.5598 ns 0.1029
X1X3 0.766 ns 0.2870 ns 0.2128 ns 0.5942 ns

X1X4 0.312 ns 0.0343* 0.2233 ns 0.0397 *

X2X3 0.570 ns 0.0413* 0.3279 ns 0.3220 ns

X2X4 0.900 ns 0.0104* 0.0050* 0.7975 ns

X3X4 0.974 ns 0.2051 ns 0.0930 ns 0.0183*



Pertanika J. Sci. & Technol. 31 (1): 351 - 372 (2023)360

Rahmiyati Kasim, Nursigit Bintoro, Sri Rahayoe and Yudi Pranoto

Figure 2. Analysis of (a) Pareto chart, (b) response surface of contact angle (CA) as a function of sago starch-
tween-80

Interaction Effects of Coating Formulation on Water Vapor 
Permeability (WVP)

In the present study WVP values of the coating were in the range from 0.214 x 10-11 to 
5.651 x 10-11 g/ Pa s m (Table 1). The model P-value of 0.0025 implies the linear model 
was significant (Table 2). As shown in Table 2, a high R2 value (R2 > 85) and close to the 
value of adjusted R2 indicates that the model adequately represented the real relationship 
between the response and independent variables and is reliable for the prediction of WVP 
properties of the nanocomposite films and coatings as a function of tested variables (sago 
starch, CNF, glycerol and tween-80). The adequate precision value was greater than 4 
(10.8625), and the lack of fit was non-significant (p = 0,6405) indicating an adequate 
signal and the model fit the test well with a small error. Furthermore, the statistical model 
reveals that WVP was affected significantly (95%) by the individual factor, namely CNF 

Table 2 (Continue)

Independent Variable CA WVP PO2 TS

X1X2X3 0.801 ns 0.0631 ns 0.0638 ns 0.1573 ns

X2X3X4 0.901 ns 0.2118 ns 0.1280 ns 0.1272 ns

R2 0.9384 0.9282 0.9030 0.8888

Adjusted R2 0.9276 0.8205 0.7576 0.7220

Adequate Precession 20.4057 10.8625 8.7020 8.6262

Lack of fit 0.9959 ns 0.6405 ns 0.3757 ns 0.6406ns

Note. * Significant; ns Not significant
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concentration (X2), glycerol concentration (X3), tween-80 concentration (X4), and by the 
interaction between factor (starch-tween 80 concentrations (X1X4), CNF-glycerol (X2X3), 
and CNF-tween 80 (X2X4). The relationship between responses (WVP) and independent 
variables was obtained as follows:

    (6)

Equation 6 indicates that the CNF concentration had more impact than glycerol 
concentration on reduction of WVP, as coefficients are 0.9403 and 0.6644, respectively. 
Moreover, the value of positive coefficients of tween-80 concentration represents an 
increase of WVP. It is well known that better coating formulation had low WVP. 

The factorial effects of very important main factors and their interactions were found 
to be in the following order: CNF > tween-80 > glycerol > CNF-tween > starch-tween > 
CNF-glycerol, as presented in the Pareto chart in Figure 3a. The evolution of WVP as a 
function of sago starch, CNF, glycerol, and tween-80 concentrations was presented in the 
3D response surfaces plot in Figure 3b-d. It can be seen that the WVP value was reduction 
when CNF and glycerol concentrations were increased (Figure 3b and d), and the interaction 
starch of tween-80 (Figure 3b) was low concentration coating formulation. The lowest 
WVP (0.214x10-11 g/Pa s m) was obtained in the coating formula with a composition of 
7.5% (w/v) starch, 10.25% (w/w) CNF, 20% (w/w) glycerol, and 5.25% (w/w) tween-80. 
The WVP value in this study was lower when compared to previous studies, such as those 
reported by Soofi et al. (2021) in lemon waste powder film incorporated with 6% CNF 
(1.12 ± 0.09×10-7 g/Pa h m or 3.11± 0.09×10-11 g/Pa s m), Kim et al. (2021) in films based 
on TEMPO-oxidized CNF and sodium carboxymethyl cellulose (CMC) (0.77 x 10-9 g/Pa s m) 
& Yuan and Chen. (2021) in the corn starch-nanocellulose composite films (4.41 x10-4 g/
Pa h m or 1.22 x10-7 g/Pa s m). It indicates that the coating formulation in this study has 
an excellent barrier of water vapor. 

The effect of reducing WVP as a result of added CNF on composite films and coating 
can be related to the following reasons: (1) The shape of cellulose fibers reduces the free 
space in the polymer matrix, obstructing the passage of water vapor through the surface 
film. Furthermore. nanocellulose interfaced with the glycerol in the film acts as a water 
vapor barrier (Da Silva et al., 2015). (2) The reduction in free hydrophilic groups (OH) 
and the matrix cohesiveness as a result of the formation of hydrogen bonds between CNF 
and biopolymer matrix implies a  strong interaction between CNF and biopolymer matrix 
(Da Silva et al., 2015; Soofi et al., 2021). (3) The CNF leads to the formation of the long and 
zigzag pathways and acts as an obstacle to the extent of the diffusion path of water vapor 
transmission rate through the surface of the film (Bagheri et al., 2019; Paula et al., 2019; 
Soofi et al., 2021). (4) The CNF filling of void spaces between biopolymer chains reduces 
the mobility of chains. consequently decreasing the diffusion rate of water molecules and 
resulting in lower permeability (Bagheri et al., 2019; Soofi et al., 2021). (5) The high 
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crystalline properties of CNF restricted the passage of water vapor, resulting in a slower 
diffusion process and lower permeability (Xu et al., 2019). Likewise, in our, work increased 
glycerol in the starch and CNF composite film formulation decreased WVP. It may be due 
to the reduced density of the starch matrix, slow crystallization kinetics, and low glass 
transition temperature as a result of increased glycerol content in starch film  (Thakur et 
al., 2019a). According to Da Silva et al. (2015), nano cellulose combined with glycerol acts 
as a barrier, thereby reducing water vapor permeability. Similar observations were reported 
by Thakur et al.  (2019a), who indicated that the WVP value diminished at 20% (w/w of 
total starch) glycerol concentrations, but increased at 40% (w/w of total starch). Tween-80 
has a HLB number of 15, indicating that it is readily soluble in water. Hydrophilic part of 
the tween-80 contributes to the increasing in WVP (Maniglia et al., 2019).
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Interaction Effects of Coating Formulation on Oxygen Permeability 

Table 1 shows oxygen permeability changes with variation of formulation of coating. As 
can be seen from Table 2 for the PO2, the p-value of less than 0.05 shows linear terms is 
acceptable (significant). Moreover, the high determination coefficients (R2) value (>85%), 
the “adeq. Precision” more than 4, and a non-significant lack of fit indicate that the model 
can be used to navigate the design space. The factors, namely CNF (X2), tween-80 (X4) 
concentration, and interaction of these factors (X2, X4) are statistically significant to the 
model (p-value ≤ 0.05), while the remaining factors are not significant. Linear equation of 
the oxygen permeability as a function of factors of CNF(X2), and tween-80 (X4) is given 
by Equation 7: 

 (7)

The value of negative coefficients of CNF (Equation7) represents that low PO2 can be 
achieved by using a high concentration of CNF.

The factorial effects of the main important factors and their interactions were found 
to be in the following order: tween-80> CNF >CNF-tween-80, as presented in the Pareto 
chart in Figure 4(b). In order to visualize the effect of interactions of independent variables 
on PO2, 3D response surface plots were depicted Figure 4. In general. a decrease in PO2 of 
edible films was obtained with the increases in CNF concentration and low concentration of 
tween-80 (Figure 4b). The lowest PO2 (745.268 cm3/m2 day Pa = 0.0087 cm3/m2 s Pa) was 
reached at the highest of CNF (20% w/w) and lowest tween-80 concentration (0.5). PO2 
value in this work was lower than PO2 (0.65 x 1013 cm3/m s Pa) of corn starch film reported 
by Ribeiro et al., (2007). The fact that CNF has good oxygen barrier properties can be due 
to several reasons, as follows: (1) The dense network structure is formed by nanofibrils with 
more complexity, smaller pores, and more uniform particle size. Considering this fact, a 
complex, dense network increases the tortuosity for the diffusion of gases. Consequently, 
oxygen gas was compelled to diffuse through a more tortuous pathway throughout the film. 
It increases the time for the gas to navigate macroscopically throughout the film. thereby 
decreasing the permeability within the films. (2) The CNF films have higher entanglements 
within the film, which improve the tortuosity or extended the diffusion path; thereby, the 
oxygen molecules penetrate more slowly through the CNF films. (3) The high crystalline 
structure and a network structure held together via strong inter and intramolecular hydrogen 
bonds within the nanofibrils contribute to the gas barrier properties (Bangar & Whiteside. 
2021a; Ferrer et al.. 2017; Siti Hajar et al.. 2021; Serpa & Vel. 2016). Furthermore, the 
present work has the same result as that reported by Ortega-toro et al. (2014), who found 
that PO2 increased when surfactants were incorporated into the corn starch film. Whereas, 
the oxygen permeability is not much affected with the addition of varying the amount of 
plasticizer, as observed in previous works (Agarwal, 2021). 
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Figure 4. Analysis of (a) Pareto chart, (b) response surface of PO2 as a function of CNF-tween-80 

Interaction Effects of Coating Formulation on Tensile Strength 

The result of the tensile strength test of varying formulas of the film (0.77 to 26.65 MPa) is 
displayed in Table 1. As observed in Table 2, it was found that p-values of tensile strength 
for the linear model were significant. The value of R2 was 0.89, the adequate precision 
was 8.626 (< 4), and the lack of fit values was non-significant (p-value > 0,005), indicating 
adequate signal. It was also reported that the tensile strength of the composite film in the 
present study was significantly influenced by individual factors (CNF (X2) and tween 80 
concentration (X4)) and combination by factors (starch-tween (X1X4) and glycerol-tween-80 
(X3X4). The linear equations for tensile strength as a function of the four independent 
variables was given below (Equation 8): 

(8)

The positive coefficients value of CNF concentration (3.34) in equation 8 indicated 
enhancement of TS. Whereas the value of the negative coefficient of tween-80 concentration 
showed diminished TS of starch film or coating. 

As can be seen in the Pareto chart in Figure 5a, the factorial effects of very important main 
factors and their interactions (above Bonferroni limit) were found to be 
in the following order:  tween-80 > CNF > glycerol-tween > starch-tween-80. The 3D 
response surface in Figure 5b-c depicts that the addition of 5–20% CNF significantly 
improved TS (Figure 5b). A Similar result regarding the effect of  CNF of TS has been 
described by previous authors (Li et al., 2018b; Xu et al. 2019). As can be seen in Figure 
5c and d, the opposite effect was observed with the addition of tween-80, which reduced 

0.5  
2.4  

4.3  
6.2  

8.1  
10  

  0.5
  4.4

  8.3
  12.2

  16.1
  20

0  

5000  

10000  

15000  

20000  

PO
2 

(c
m

3/
m

2.
da

y.
pa

)

CNF (% (w/w))
Tween-80 (% (w/w))

3D Surface

Design-Expert® Software
Factor Coding: Actual

PO2 (cm3/m2.day.pa)
(adjusted for curvature)
Design Points:

Above Surface
Below Surface

745.268 28769.9

X1 = B: CNF
X2 = D: Tween-80

Actual Factors
A: starch = 7.5
C: Glycerol = 20

Design-Expert® Software
Factor Coding: Actual

PO2 (cm3/m2.day.pa)
(adjusted for curvature)
Design Points:

Above Surface
Below Surface

745.268 28769.9

X1 = B: CNF
X2 = D: Tween-80

Actual Factors
A: starch = 7.5
C: Glycerol = 20

b

0.00

1.16

2.31

3.47

4.63

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Pareto Chart

X: Rank
Y: t-Value of |Effect|

Bonferroni Limit 3.52959

t-Value Limit 2.14479

D-Tween-80

B-CNFBD

ABC
CD

C-Glycerol
A-starch

Design-Expert® Software

PO2

A: starch
B: CNF
C: Glycerol
D: Tween-80

Positive Effects 
Negative Effects 

a(a) (b)



Pertanika J. Sci. & Technol. 31 (1): 351 - 372 (2023) 365

 Formulation Coatings of Sago Starch and Nano Cellulose Fiber

TS value obviously at all starch concentrations and high CNF concentration, respectively. 
Several past studies supported this result (Li et al., 2018a; Xu et al.. 2019). The highest TS 
value (26.65 MPa) in our work was obtained at high CNF concentration (20%) and low 
Tween 80 (0.5) in sago starch film/coating formulation (Table 1). TS value in this work was 
higher than that reported by a previous study (Shih & Zhao., 2021) in the film of tapioca 
starch incorporated 20% CNF (24.32 MPa) and the film is based on potato starch with 
10% CNF (19.13 MPa). Several reasons have been argued for increasing the TS value of 
film by CNF: 1. Similar chemical structures of CNF and starch lead to a strong interaction 
between CNF and sago starch through the intermolecular hydrogen reaction, and CNF can 
be uniformly dispersed in the starch matrix, causing the compatibility between starch and 
CNF and efficient stress transfer from matrix to CNF (Li et al. 2018; Soofi et al., 2021), 
TS of films is directly associated with dispersion, compatibility, and hydrogen bonding 
between starch and nano cellulose (Bangar & Whiteside, 2021a), 2. The presence of CNF 
in void spaces between polymer chains caused decreasing mobility of chain and related with 
the change of crystalline is and the high mechanical strength of CNF (Hajar et al., 2021; 
Soofi et al., 2021), 3. Nano-sized CNF promoted strong intermolecular force, resulting in 
the rigidity enhancement of the films and, therefore high TS (Siti Hajar et al., 2021). In 
addition, it could be related to that surfactant are small size molecules that could persist 
between starch chains, like glycerol, increasing even more chain mobility and enhancing 
the initial plastic effect. The higher hydrophile-lipophile balance (HLB) value of tween 
80 could interact with glycerol or water, facilitating its presence between starch chains 
which weaken the intermolecular hydrogen bonding. Therefore, resulting in the decrease 
of mechanical properties (Rodriguez et al., 2006).
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Figure 5. Analysis of (a) Pareto chart, (b) response surface of tensile strength as a function of starch-CNF, 
(c) starch-tween-80, and (d) tween-glycerol 

Optimization of Coating Formulation

The optimization of the formulation of the coating solution was based on the four criteria: 
(1) minimizing contact angle; (2) minimizing water vapor permeability; (3) minimizing 
oxygen permeability; (4) maximizing tensile strength. Also, the importance value of 4 
(++++) was selected for all criteria. The optimum concentration for producing the best 
characterization of starch and CNF coating was obtained with the addition of sago starch 
(5% w/v), CNF (20% w/w), and glycerol (10% w/w), and tween-80 (0.5% w/w) with 
maximum desirability 90%. The high desirability value in this work indicates that this 
formula is suitable for use.

Verification Experiments and Validation of the Model Equations
Verification experiments were conducted on the central points of the factorial design (7.5% 
w/v), CNF (10.25% w/w), glycerol (20% w/w), and tween-80 (5.25 % w/w) to validate the 
equations model adequacy and the result of film characterization compared to the predicted 
data. Table 3 shows the experimental and predicted value for the dependent variables at the 
center point. The percentage error (PE) was used for the evaluation of prediction accuracy. 
A small percentage error value   indicated that the accuracy of response surface equations 
was better and the experimental values were close to the predicted values. From Table 3 it 
could be observed that the percentage error of the prediction equations differed according 
to the predicted parameters. The values of percentage error ranged from 8–15% with the 
smallest value was for WVP and the largest was for tensile strength. It meant that the most 
accurate prediction was for WVP with the percentage accuracy of around 92% and the 
least accurate was for tensile strength with the accuracy of around 85%. 

(c)

  0.5
  2.4

  4.3
  6.2

  8.1
  105  

6  
7  

8  
9  

10  

0  

5  

10  

15  

20  

T
S 

(M
Pa

)

starch (% (w/v)) Tween-80 (% (w/w))

3D Surface

Design-Expert® Software
Factor Coding: Actual

TS (MPa)
(adjusted for curvature)
Design Points:

Above Surface
Below Surface

0.7742 26.648

X1 = A: starch
X2 = D: Tween-80

Actual Factors
B: CNF = 10.25
C: Glycerol = 20

Design-Expert® Software
Factor Coding: Actual

TS (MPa)
(adjusted for curvature)
Design Points:

Above Surface
Below Surface

0.7742 26.648

X1 = A: starch
X2 = D: Tween-80

Actual Factors
B: CNF = 10.25
C: Glycerol = 20

(d)

0.5  

2.4  

4.3  

6.2  

8.1  

10  

  10
  15

  20
  25

  30

0  

5  

10  

15  

20  

TS
 (M

Pa
)

Glycerol (% (w/w))

Tween-80 (% (w/w))

3D Surface

Design-Expert® Software
Factor Coding: Actual

TS (MPa)
(adjusted for curvature)
Design Points:

Above Surface
Below Surface

0.7742 26.648

X1 = C: Glycerol
X2 = D: Tween-80

Actual Factors
A: starch = 7.5
B: CNF = 10.25

Design-Expert® Software
Factor Coding: Actual

TS (MPa)
(adjusted for curvature)
Design Points:

Above Surface
Below Surface

0.7742 26.648

X1 = C: Glycerol
X2 = D: Tween-80

Actual Factors
A: starch = 7.5
B: CNF = 10.25



Pertanika J. Sci. & Technol. 31 (1): 351 - 372 (2023) 367

 Formulation Coatings of Sago Starch and Nano Cellulose Fiber

CONCLUSION

The optimization of the coating formula was carried out to obtain the minimum value of the 
contact angle, oxygen permeability, water vapor permeability, and strong tensile strength. 
The value of contact angle depends on starch and tween-80 concentration. The reduction 
of WVP is influenced by the amount of CNF, glycerol, and tween-80. The addition of CNF 
in coating solution affects permeability (WVP and O2) and tensile strength. The best film 
and coating characteristics were obtained in the formulation containing 5% (w/v) starch, 
20% (w/w) CNF, 10% (w/w) glycerol, and 0.5% (w/w) tween-80. Verification model 
were performed on the central points of the factorial design (7.5% w/v), CNF (10.25% 
w/w), glycerol (20% w/w), and tween-80 (5.25 % w/w) resulted in the value contact angle 
(49.1o), WVP (1.90 x10-11 (g/s Pa m), PO2 (6763.966 cm3/m2 day Pa), and TS (9.68 MPa) 
respectively. 
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