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Abstract: Biocomposites made from whey protein isolate (WPI), chitosan, and silica (SiO2) have the
potential as an environmentally friendly biopolymer material. In this research, the WPI biocomposite
film has been developed by casting method with the addition of chitosan and SiO.. The loading of
SiO:(1, 3, and 5 %w/w) and chitosan (1.5 %w/w) affects the characteristics of the biocomposite film.
The functional groups, morphology, structure, mechanical, thermal, and transparency of the
biocomposite films were evaluated by Fourier transform infrared (FTIR) spectroscopy, Scanning
electron microscope (SEM), X-ray diffraction (XRD), tensile strength, thermogravimetric (TGA),
differential scanning calorimetry (DSC), thickness, swelling, and UV-Vis. The results showed that the
swelling value of WPI/chitosan 78.23% decreased to 69.35% with the use of 5% SiO,. Film
transparency decreased with higher SiO,, while the film tensile strength increased with the addition
of 5% SiO, with a value of 28.83 MPa. The incorporation of SiO, improves the thermal properties of
biocomposite films. According to the results, increasing the amount of SiO, in biocomposite films
boosts their performance, suggesting that they could eventually replace synthetic polymers in
packaging applications.
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1. Imtroduction

The worldwide issue of food product packaging and the negative long-term environmental
impact of nondegradable plastic waste has prompted research into sustainable and green edible
films (Berawi, 2023; Alizadeh-sani et al., 2018). Likewise, several biopolymer biocomposites have
been employed to manufacture environmentally safe food components for packaging (Yusoff et al.,
2021; Wang et al., 2014). Due to their biodegradability, high availability, and renewability,
biopolymers such as protein structures, lipids, polysaccharides, and mixtures are accepted as the
most commonly used materials (Kurek et al., 2014).
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Chitosan is a biopolymer that can be extracted from various sources such as Scylla serrata shells,
mud crab shells, shrimp shells, fungi, and mollusks (Narudin et al., 2022; Pakizeh et al., 2021;
Narudin and Mahadi, 2020; Kaya et al., 2015). The extraction process of chitosan through the
deacetylation of chitin at acidic or alkaline pH can produce valuable linear polysaccharides with
significant potential (Zhang et al.,, 2016). Non-toxic, eco-friendly, biocompatible, and highly
antimicrobial, chitosan is a promising biodegradable film material for food packaging (Khan et al.,
2012). However, chitosan film has a few drawbacks, the most notable being its poor mechanical
qualities and limited moisture resistance. The limitations of chitosan have led to numerous
developments aimed at enhancing the characteristics of the materials, such as adding fillers.

Whey protein isolate (WPI) is a type of biopolymer that is noteworthy due to its unusual
mechanical properties (Kurek et al., 2014). WPl is isolated from whey, a byproduct of the cheese-
making sector. The films generated from WPI are transparent and act as highly effective barriers to
gases. However, they do not demonstrate capabilities or significant moisture barrier properties
(Sothornvit et al., 2009). Therefore, films made of WPI and chitosan have been developed to
overcome these obstacles and to incorporate each components benefits into producing films with
excellent characterization (Pereda et al.,, 2011). However, the incompatibility of WPI and chitosan
has led to poor performance in terms of their mechanical and physical qualities. The proper method
to address this compatibility problem is to integrate particles between the two polymers
(Achachlouei and Zahedi, 2018).

Particles such as titanium dioxide (TiO), zinc oxide (ZnO), clay, and silica (SiO2) have been
studied as potential weakening agents for various polymers (Kusmono and Abdurrahim, 2019;
Celebi and Kurt, 2015; Aryaei et al., 2013). S§iO2 can be employed as a filler in biopolymer films due
to its highly porous structure, high surface activity, and biocompatibility (Talebian and Zare, 2014).
Incorporating the SiO; into the matrix of the corn starch and LDPE biocomposite improved its
mechanical properties (Datta and Halder, 2019). The concentration of filler incorporated into
biocomposite films needs to be increased. Therefore, increasing the amount of SiO, may affect the
mechanical and thermal properties of WPI/chitosan-based biocomposite films due to their benefits
and functional qualities.

WPI-based films reinforced with particles have been extensively studied by various researchers
(Zhai et al., 2021; Alizadeh-sani et al., 2018; Azevedo et al., 2018). However, there is no traceable
literature to combine chitosan with SiO; as a reinforcing agent to obtain WPI-based biocomposites
for packaging. The overall aim of this study is to produce biocomposite films with enhanced
physical, chemical, mechanical, and thermal properties. To achieve this, WPI/chitosan will be
blended with different amounts of SiO> (1%, 3%, and 5% w/w) using the solution pouring process.
The SiO; used in this research was prepared from rice husk ash (RHA) using sodium hydroxide
(NaOH). In addition, the effects on thermal durability, water resistance, morphology, and light
transmission behavior of WPI/chitosan films after incorporating SiO. were determined. The
structure of the biocomposite film was characterized by X-ray diffraction (XRD) and Fourier
transform infrared (FT-IR), while the tensile strength was determined using a tensile test.

2. Methods

2.1. Materials
The materials used to produce the biocomposite film for this study were: WPI (90% protein,
specialities global USA). Chitosan from prawn shells (medical grade, CV. Chimultiguna, Indonesia),
glacial acetic acid (KGAa, Germany), and glycerol (food grade, CV. Rudang Jaya, Indonesia). The
SiO; used in this study was prepared by isolating RHA using NaOH (Merck, Germany), which was
titrated with hydrochloric acid (HCl, Merck, USA).

2.2. Fabrication of 5i0: from RHA
The SiO; used in this study was produced from RHA using the formula published in our previous
research (Zuwanna et al., 2021). After extracting SiO, with a NaOH solution, the filtrate was titrated



361
International Journal of Technology 16(1) 359-369 (2025)

with 3 N HCI, with constant stirring, until the pH=7 in order to achieve complete precipitation. The
silica gel was filtered and heated at 120°C for 12 hours. At 80°C, the resulting xerogel was rinsed
with 100 mL of distillate water and agitated for 15 min. The mixture was then filtered, and the
precipitate was heated at 120°C for 4 hours. After drying, the produced substance is ground into
powder and stored at room temperature until further application. Figure 1 provide a schematic
illustration of the production process of SiO2 from RHA.

Filtrate was o s
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b o Extracting Si0, with a The solution was filtered The silica gel

s %) NaOH solution was filtered — g
_RH ;
F The produced Sl
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5 The precipitate was
After drying heated for 4 hrat ~ Xerogel was rinsed
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distillate water

Si0; stored at room
temperature

Figure 1 The illustration to produce SiO from RHA.

2.3. Biocomposite Film Preparation

WPI suspension (5% w/v) was prepared by dispersing WPI in distillate water and heating it at
90°C for 30 minutes. To prepare the chitosan solution (1.5% w/v), chitosan was dispersed in a 1%
v/v acetic acid solution and stirred continuously for 3 hours at 80°C. Based on preliminary
experiments, the WPI-chitosan suspension was prepared by mixing two polymer suspensions and
stirring magnetically for 15 minutes at 25°C. In the next step, SiO> (1%, 3%, 5% w/w) was combined,
and after mixing for 15 minutes, glycerol (70% w/w) was added to the biocomposite suspension
and stirred for 30 minutes. The film suspension was placed at room temperature for 30 minutes to
degas. The suspended biocomposite film was poured into petri dishes and dried at 55°C for 24
hours. The research work steps are schematically shown in Figure 2, and the code for the resulting
WPI/ chitosan-SiO»-based biocomposite is available in Table 1.

Chitosan solution was

prepared by dispersing + f\
in acetic acid solution \ S5 4
Si0: (1%, 3%,
+ 5% w/w) was

Dispersing WPI in distillate water and
heating it at 90°C

| ‘ -~ 2(:- W ‘ 77‘ combined

Glycerol was added to 4
the biocomposite

$ Y

Biocomposite film o

Biocomposite film was poured

Dried at 55°C for 24 hours into petri dishes

Figure 2 Schematic of the design of WPI biocomposite using the casting technique



362
International Journal of Technology 16(1) 359-369 (2025)

Table 1 Indexing of the formed WPI/chitosan based biocomposite film
Reinforcing agent, SiOa

Type and concentration (%ow /W) Indexing
0 WO
5% (w/w) WPI + 1.5% 1 W1
(w/v) chitosan 3 W2
5 W3

2.4. Biocomposite Film Preparation
The biocomposite film thickness was calculated using a micrometer (Mitutoyo, Japan) with an
accuracy of +0.001 mm. The mean of each sample was calculated after it completed five random
tests. The dimensions of 2 x 2 cm pieces of biocomposite film were dried in a 105°C oven, weighed
at their dry weight (Wi), and then submerged in 50 ml of distilled water at room temperature for 24
hr (Wf). Moisture absorption capacity is determined by applying the following formula (1)
(Gohargani et al., 2020):
Wf-Wi

Swelling (%) = e

x 100 (1)

The chemical composition of the films was tested using an FTIR (IRPrestige-21, Shimadzu, Kyoto,
Japan). The film spectrum was measured using a 25 scan resolution of 4 cm! for the sample, with a
scan range of 4000 to 500 cm!. The XRD of the biocomposite films was measured with an XRD
(Philips, Malvern, UK) set with CuK radiation (A = 0.1541 nm) in the 26 zone of 5-30° with a step
increment of 20 = 0.02 at 40 kV and 30 mA by scanning in the 26 mode. The morphology of
biocomposite WPI/chitosan samples was visualized through scanning electron microscope (SEM)
(VEGA 1II-550, TESCAN, Czech Republic) with an acceleration voltage of 10 kV. Before testing,
samples were manually sliced in liquid nitrogen. The specimens were taped to a stub and thinly
coated with gold. The samples were placed in the SEM chamber and viewed at an intensity of 5000
(surface area). The transparency of the films was analyzed using a UV-Vis spectrophotometer (UV-
1800, Shimadzu, Kyoto, Japan) at a wavelength of 350-850 nm. The tensile strength (TS) and
elongation at break (EB) parameters of the biocomposite film were determined using a universal
testing machine according to the ASTM standard procedure D638. The thermal behavior of
biocomposites can be investigated based on a thermal analyzer. The biocomposite was trimmed 2 x
2 cm before being heated at 20°C per minute from a temperature of 50°C up to 500°C.
Thermogravimetric (TGA) generates data on weight loss as a function of temperature in the form of
TGA curves. The differential scanning calorimetry (DSC) curves specify the thermal properties of
the emulsion film.

3. Results and Discussion

3.1. Thickness of biocomposite film

There was no visible difference in film thickness comparing the several WPI-based
biocomposites. As listed in Table 2, when SiO; was incorporated, the thickness increased. The
addition of SiO,, W0, W1, W2, and W3 biocomposite films have a thickness between 0.18 to 0.23
mm. The increase in SiO» concentration causes W3 to have a higher thickness than WO0. The
combination of SiO2 and chitosan with WPI solution impact the volume of the solution. The more
the SiO, concentration, the more significant the total dissolved solids in the biocomposite solution.
It has been found that the thickness of a film increases as the filler concentration increases (Poerwadi
et al., 2020; Marichelvam et al., 2019). The difference in thickness values between our work and
Zhang et al. (2018) is due to the matrix, the type of SiO; used, and the percentage concentration of
bulking agent applied.
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Table 2 Thickness of biocomposite film

Film catagories Thickness (mm)
WO 0.18 = 0.00
W1 0.18 + 0.004
W2 0.19 + 0.006
W3 0.23 + 0.009

3.2. Swelling Performance of Biocomposite Film
The swelling value is an indicator that explains the amount of swelled material, which influences
the performance of pore size. The degree of swelling in a material depends mostly on crystallinity
and functional group. Furthermore, measuring the swelling level can determine the number of
water molecules absorbed by the biocomposite mass. Due to the presence of SiO,, the swelling rate
of W1, W2, and W3 films was observed to be slower than that of WO films. Their ability to absorb
moisture increased and limited their swelling rate (Table 3).

Table 3 The swelling of biocomposite film

Film categories Swelling (%)
WO 78.23 +£0.22
W1 75.15 £ 0.25
W2 71.13 £0.28
W3 69.35 + 0.23

Adding SiO; and chitosan can reduce the percentage of water absorption, as shown in Table 3.
SiO» and chitosan act as fillers to strengthen the resulting biocomposite. The percentage of water
absorption for biocomposite WO is 78.23%, while the percentages for W1, W2, and W3 are 75.15%,
71.13%, and 69.35%, respectively. W1, W2, and W3 demonstrate more excellent water absorption
than WO. Increasing the concentration of biocomposite fillers causes the forces between the polymer
matrices to become more concentrated, resulting in a more robust biocomposite structure. The
biocomposite's resistance to water migration is enhanced due to the network's robust structure. The
intermolecular hydrogen bonds between WPI, chitosan, and SiO, enhance the cohesion of the
polymer matrix. The mechanism of chitosan and its biocomposites involves interactions such as
hydrogen bonding. Chitosan and its biocomposites have several hydroxyl groups and amino and
carboxylic groups that are helpful for such interactions. Therefore, SiO, and chitosan enhance the
film's barrier properties and the water resistance (Hassannia-Kolaee et al., 2016).

3.3. FTIR analysis

The incorporation of chitosan with SiO, caused changes in the spectrum of the resulting
biocomposite, as depicted in Figure 3. The FTIR results of the biocomposite under various
conditions of adding chitosan and SiO. exhibited the same trend, except for a spectrum shift that
occurred with increasing amounts of immobilized SiO,. The Si-O stretching vibration wavenumber
of siloxane (Si-O-5i) decreases from 1058 cm-! to a lower frequency. It was cross-linking between Si-
O silanol groups and chitosan resulted in the formation of condensation. Figure 3 shows the
absorption of the chitosan groups, such as the absorption at wave number 3346 cm-!, which shows
-O-H stretching vibrations originating from chitosan, and at the peak of the 1660 cm-! spectrum is
an amide group remaining in chitosan, and the absorption at 1405 cm is a -C-O bending vibration
from WPI. This mixing did not result in the formation of chemical bonds, as evidenced by the
appearance of each group in the infrared absorption spectrum (Imani et al., 2022; Sari et al., 2018).
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Figure 3 FTIR spectrum of WPI/chitosan biocomposite film combined with SiOa

3.4. Morphological Biocomposite Films

Figure 4 displays SEM taken from the surfaces of components W0, W2, and W3. According to the
findings, the morphology of W0 is devoid of cracks and aggregates in its structure. On the other
hand, incorporating SiO: fillers and chitosan resulted in a rougher surface. Figure 4 shows that the
fillers are evenly dispersed throughout the W2 biocomposite, forming small voids and agglomerates
(rectangular marks in Figure 4b). Due to the inhomogeneous dispersion of fillers used in the W3
biocomposite film, its surface displays a large number of agglomerates as well as voids. This is
because the WPI denatured during the process. The presence of SiO. and chitosan fillers in
suspension also tends to cause agglomeration in the biocomposite film (Giosafatto et al., 2019).

Figure 4 Surface SEM micrograph of (a) WO, (b) W2, and (c) W3

3.5. Transparency
Transparency indicates polymer admixture and reflects the effect of combining chitosan with
Si0O; as a filler in the matrix (Jiang et al., 2019). The biocomposite transparency test using UV-Vis
light was carried out to determine the transmittance value passed through the biocomposite film in
addition to 1.5% chitosan with 1%, 3%, and 5% SiO. concentrations. The transparency of the
biocomposite is shown in Figure 5.
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Figure 5 The transparency of WPI/chitosan biocomposite film combined with SiOa

The WO biocomposite film had the highest transmittance value across the board for the various
wavelength ranges measured. When SiO; was added to the W1, W2, and W3 biocomposite films,
these films' transparency was significantly reduced compared to WO0. This decrease suggests that
the concentration of SiOin the biocomposite film harms its transparency. The transparency of the
WO biocomposite at 600 nm was measured to be 89.68%, whereas that of W1 was only 53.21%.
Interfacial interactions between chitosan/SiO, and the WPI matrix can cause this. As a result of these
interactions, the path of light can be blocked as it travels through the polymer matrix (Hejazi et al.,
2018). In addition, the presence of SiO: particles in the polymer matrix can increase the amount of
light scattered in the matrix, which could also contribute to this decrease in transparency.

3.6. XRD Characterization

The X-ray diffraction pattern produced by a film is related to the shape of an amorphous crystal.
It depends on the rate at which crystallization occurs in the biocomposite film. Figure 6 illustrates
the XRD patterns of W0, W1, W2, and W3, respectively. The incorporation of chitosan and SiO, in
the biocomposite film resulted in several distinct peaks, including a peak at 19.09° which
corresponds to chitosan. When the biocomposite film was formed using 1.5% chitosan, the resulting
film exhibited an amorphous structure. However, it also provided a relatively good crystalline level,
suggesting that it could be categorized as a semi-crystalline biopolymer. Because the formation of
the protein's amorphous structure can change the chitosan film's physical state, this phenomenon
can be explained by modifying the chitosan structure (Zhang et al., 2016).

wo
wi
w2
w3

Intensity (a.u)

T T T T T T T
10 15 20 25 30 35 40 45 50

2theta(®)

Figure 6 XRD profile on biocomposite film in different concentration SiO.
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At W0, W1, W2, and W3 of the biocomposite film, the peaks appeared at 26 as 19.20°, 19.93°, and
19.97°, respectively. Through the associated with the addition of SiO,, a new peak appears between
26=37.77° and 38.03°. In the biocomposite film, the diffraction peaks that appear at 28 are attributed
to SiOs crystals. This is consistent with (Li et al., 2011), who reported that the amount of TiO, and
SiOs particles increased the crystallinity of WPL In addition, the presence of peaks indicates that the
crystal structure of SiO; is preserved during the production of biocomposite films. Compatibility
between polymers and additives can lead to the formation of homogeneous films with desirable
mechanical and physical properties, which are crucial for composite films (Mohammadian et al.,
2021).

3.7. Tensile Strenght (TS) and Elongation of Breaks (EB)

The effect of chitosan and SiO, on TS and EB is shown in Table 4. Compared to the WO films, the
incorporation of SiO; increased the TS and EB values of the biocomposite films. The TS of the W0
film was 16.96 MPa, and W1, W2, and W3 TS increased to 17.65, 25.69, and 28.83 MPa, respectively.
In comparison, the EB values of each biocomposite film were 21.17%, 25.41%, 25.90%, and 27.12%.
An increase in TS and EB of biocomposite films with the addition of SiO, can occur due to the
uniform distribution of SiO, through interfacial interactions (Jing et al., 2019).

Table 4 The mechanical properties of biocomposite film

Film catagories TS (MPa) EB (%)
WO 16.96 21.17
W1 17.65 25.41
W2 25.69 25.90
W3 28.83 27.12
3.8 Thermal Properties

Thermal properties of WPI-based biocomposite films with the addition of chitosan and SiO; are
presented through TGA and DSC curves. As shown in Figure 7a, the TGA curve depicts a decrease
in sample weight (%) against temperature (°C), while the DSC curve plots the derivative of the
decrease in heat flow (mW) as a function of temperature (°C). The occurrence of multi-step thermal
degradation events was found in both biocomposite films. The initial degradation step below 120°C
results from eliminating water molecules. Furthermore, the weight loss at this stage can be
attributed to the evaporation of low molecular weight compounds and water loosely bound in the
biocomposite film. This weight loss was observed in all samples (W0, W1, W2, and W3). Further
heating produces sharp peaks on the DSC W3. The evaporation of the adsorbed plasticizers and
water molecules corresponds to the second stage of thermal degradation, which occurs between
130°C and 180°C. As indicated by the decrease in weight of the biocomposite film at temperatures
above 285°C, the rate of thermal degradation was most significant at these temperatures. According
to Figure 7b, the initial thermal degradation of the biocomposite film begins at approximately 285°C.
This may result from the loss of hydrogen groups, depolymerization, and degradation of carbon
chains. The maximum thermal decomposition of the W3 biocomposite film was 400°C, indicating
that the thermal stability of the W3 biocomposite film was superior to W0. As demonstrated by
previous research, adding fiber reinforcement increases the thermal stability of the biocomposite by
reinforcing cellulose nanofibrils with chitosan/oregano essential oil and starch (Chen et al., 2020).



367
International Journal of Technology 16(1) 359-369 (2025)

0,5

30 o — 0

0,0 4 Y 1 I-

0,5

2,0 4

Weight (%)

2,5

Heat Flow Q (mW)

3,0

3,5

[ —

)
|
|
|
|
|
L

-60 <

-4,5

T T T T T
T T T T T T 0 100 200 300 400 500
o 100 200 300 400 500

Temperature (°C) Temperature (°C)

(a) (b)
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4. Conclusions

In this study, chitosan and SiO, were used to reinforce the matrix of WPI biocomposite films
made by casting technique. WPI-based biocomposite films with the addition of fillers showed
increased thermal and mechanical characteristics but decreased swelling properties. Based on SEM
analysis, the morphology of W0 is homogeneous and smooth. The addition of filler makes the
surface rougher and more heterogeneous, with small aggregates on the biocomposite surface. The
maximum thermal decomposition of W3 biocomposite is 400°C, which indicates that W3
biocomposite film has better thermal stability than W0. WPI biocomposite films with improved
thermal and mechanical properties can benefit the food packaging industry. A limitation of this
study is that no assessment was made of the durability of the films under different environmental
conditions. This research can be extended to evaluate the long-term durability of biocomposite films
under various environmental conditions to establish their practical application in various
industries. Future research can also evaluate the cost-benefit of producing WPI biocomposite films
on a larger scale.
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