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Abstract: Perishable food products, including fruits, vegetables, and seafood, require preservation
techniques to extend their shelf life. In recent years, nanotechnology has emerged as a promising
approach to enhance the properties of edible coatings. Nanocomposite coatings incorporating various
materials and technologies have been developed to optimize coating performance. PSA, SEM, XRD, and
FT-IR analyses were conducted to characterize the physical and morphological properties of these
nanocomposite coatings. The findings indicated that the use of Ultra-Turrax (UT) technology in the
preparation of the coating solution resulted in smaller particle sizes (458.9-1037.2 nm), improved visual
appearance, and smoother films with uniformly distributed nanoparticles on the surface. XRD and FT-
IR analyses confirmed the crystallinity and functional groups of ZnO and TiO_ within the nanocomposite
coatings. These newly developed coatings have significant potential as environmentally friendly
packaging materials and preservation technologies to extend the shelf life of perishable food products.
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1. Introduction

Recent research has increasingly focused on natural biopolymers as sustainable alternatives to non-
biodegradable plastics for packaging applications [1]. Polysaccharides, proteins, and lipid-based
materials derived from plant and animal sources are commonly employed for this purpose [2]. Among
these, polysaccharides exhibit favorable film-forming capabilities, moderate mechanical strength, and
excellent barrier properties against gases such as oxygen and carbon dioxide. Various polysaccharides,
including chitosan, carrageenan, and cellulose, along with their derivatives such as alginate, pectin,
starch, and pullulan, have been utilized in the development of edible packaging materials [3-9].

Chitosan is a natural polysaccharide known for its remarkable film-forming properties, high
mechanical strength, and strong antimicrobial activity [10]. Pavinatto et al. [11] reported that chitosan
can be effectively employed as a coating to extend the shelf life of strawberries. Additionally, research
by Hong et al. [12] showed that a 2.0% (w/v) chitosan coating, when combined with low-temperature
storage, significantly inhibits fruit ripening and preserves fruit quality. In addition, k-carrageenan is a
polysaccharide extracted from certain species of red seaweed, consisting of linear chains of sulfated
galactans [13]. It holds significant potential for development due to its excellent transparency, tensile
strength, gelling ability, and film-forming properties [14]. k-carrageenan has been widely utilized in
various food industries for applications such as food films and coatings.
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These include preventing superficial dehydration in fresh and frozen meat, poultry, and fish [15], as
well as in ham or sausage casings, dry solid foods, and oily products. Additionally, it is employed in the
cosmetics and pharmaceutical industries [16]. Although chitosan and carrageenan are used in many
applications, it forms films that do not have good mechanical and water vapour barrier properties.
Therefore, further improvements are required to enhance their physical and mechanical performance.
Numerous studies have concentrated on the incorporation of nano-sized reinforcing materials into
polymer matrices to develop nanocomposite materials.

Nanomaterials such as nano-TiO, and nano-ZnO have been utilized as nano-fillers in polymer
coatings to enhance their properties. TiO,, a chemically inert material, is extensively applied in food,
medical, and biological products due to its antimicrobial properties [17-19]. In contrast, ZnO is an
inorganic compound known for its ability to inhibit microbial growth, protect food from damage caused
by ultraviolet (UV) radiation, and is considered safe for use in controlled quantities in food products
[20-22]. Several studies have investigated the application of chitosan and carrageenan-based nano-
composite coatings. Xing et al. [17] reported that a chitosan/nano-TiO, nanocomposite coating
effectively preserves the nutritional composition and quality of mangoes stored at 13°C. Karthikeyan et
al. [23] reported that chitosan/nano-TiO, composites exhibit excellent antimicrobial properties.
Additionally, Li et al. [8] showed that chitosan/nano-ZnO nanocomposite coatings applied to cherry
tomatoes inhibit gas exchange, reduce respiratory intensity, maintain soluble solids content (SSC) and
color, and effectively suppress microbial growth. Meindrawan et al. [24] found that carrageenan/nano-
ZnO nanocomposite coatings on mangoes reduced total acidity, preserved texture, delayed discoloration
and decay, and extended shelf life, attributed to the antimicrobial activity of ZnO. Furthermore, the
properties of the resulting nanocomposite coatings are significantly influenced by the manufacturing
technology employed in their production.

The technology employed in the fabrication of nanocomposite coating solutions significantly
influences the physical, mechanical, and chemical properties of the resultant coatings [25]. Precise
control of the synthesis process, nanoparticle size and distribution, and application method can produce
coatings with desired properties for various applications, including material protection, food storage,
and other industrial applications. Ultra-Turrax, ultrasound, and magnetic stirrer technologies are utilized
to mix, mediate, and homogenize nanoparticles within polymer matrices or solutions. Each method
offers unique strengths and applications, and they are often employed either sequentially or simultan-
eously to achieve optimal dispersion and stability of the nanoparticles [5, 26-28]. UT technology has
been widely utilized in various studies for applications requiring homogenization, emulsification, and
particle size reduction [29-31]. Additionally, UB and MS technologies are commonly employed by
researchers in the development of edible nanoemulsions, edible films, and nanocoatings [32—34].

This study investigates the preparation and characterization of nanocomposite coatings, including
CS/nano TiO,, CG/nano Zn0O, and CS/nano ZnO, utilizing various technologies for food packaging
applications. The particle size of the nanocomposite coatings was analyzed using particle size analysis
(PSA), and their morphological properties and visual appearance were examined using scanning electron
microscopy (SEM). The presence of nanoparticle crystals was confirmed by characteristic diffraction
peaks observed in the theta region through X-ray Diffraction (XRD). Additionally, the functional groups
of the nanocomposite coatings were identified using Fourier-transform infrared (FT-IR) spectroscopy.

2. Materials and methods
2.1. Materials

Commercial food-grade chitosan with a deacetylation degree of 97.21% was obtained from CV. Phy
Edumedia, Indonesia. K-carrageenan, with a food-grade purity of 99.6%, was sourced from Indo Food
Chem. Anatase titanium dioxide nanopowders (=99.9% trace metal basis, 10 nm particle size) and ZnO
nanopowders (>99.8% trace metal basis, 20-30 nm particle size) were procured from Hongwu Materials,
China.
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2.2. Nanocomposite coatings preparation

The chitosan/TiO2 nanocomposite was prepared following the method described by Xing et al. [17],
with slight modifications. Specifically, 0.03 g of nano TiO> powder was dissolved in 2 mL of glycerol,
followed by the addition of 100 mL of a 1% (v/v) glacial acetic acid solution. Subsequently, 1 g of
chitosan powder was added, and the mixture was heated on a hot plate at 90°C for 20 min (Figure 1a).
The CS/nano TiO2-MS treatment involved heating and stirring the mixture with a magnetic stirrer at
1500 rpm and 40°C for 2 h. The CS/nano TiO2-UB1 and CS/nano TiO2-UB2 treatments were subjected
to ultrasonic bath heating, with the ultrasonic bath applied at the beginning of the process for CS/nano
TiO2-UB1 and at the end for CS/nano TiO2-UB2, at 50°C for 40 min. The CS/nano TiO2-UT treatment
was stirred using an Ultra-Turrax at 15000 rpm, followed by ultrasonic bath heating for 15 min at 50°C.
The membrane solution was then filtered using cheesecloth.

0.16 g of ZnO NPs was dispersed into 100 mL of aquadest (Figure 1b). 2 g of carrageenan was slowly
added and stirred at 60°C until completely dissolved. A glycerol plasticizer (0.5 mL) was added to the
solution heated to 80°C, and maintained for 5 min. The next steps were the same as those carried out in
the preparation of pure carrageenan-ZnO nanocomposite [9, 24]. The CG/nano ZnO-MS treatment was
followed by heating and stirring with a magnetic stirrer at 1500 rpm at a temperature of 40°C for 2h.
CG/nano ZnO-UB1 and CG/nano ZnO-UB2 were heated with an ultrasound bath at the beginning and
end at 50°C for 40 min. The CG/nano ZnO-UT treatment was stirred using ultra-turrax at 15000 rpm
and continued with ultrasound bath heating for 15 min at 50°C. The membrane solution was filtered
using a cheesecloth.

Chitosan-ZnO nanocomposites were prepared by the method of Li et al. [8], with slight modifications
(Figure 1c). A total of 2 g of chitosan was added to a 0.5% (v/v) glacial acetic acid solution and stirred
at 30°C until a homogeneous solution was obtained. Glycerol (1 mL) and ZnO nanoparticles (0.6 g)
were then introduced into the mixture. The solution was heated on a hot plate at 80°C for approximately
5 min. Subsequent steps followed the same procedure used in the preparation of the pure chitosan-ZnO
nanocomposite. Forthe CS/nano ZnO-MS treatment, the solution was heated and stirred with a magnetic
stirrer at 1500 rpm at 40°C for 2 h. In the CS/nano ZnO-UB1 and CS/nano ZnO-UB2 treatments, the
solution was subjected to ultrasonic bath heating at 50°C for 40 min at both the beginning and end of
the process. The CS/nano ZnO-UT treatment involved stirring the solution using an Ultra-Turrax at
15,000 rpm, followed by ultrasonic bath heating for 15 min at 50°C. Finally, the membrane solution was
filtered using cheesecloth.
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Figure 1. Nanocomposite coatings preparation on chitosan/nano
TiO2 (a), carrageenan/nano ZnO (b) and chitosan/nano ZnO (c)
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2.3. Characterization

The particle size of the nanocomposite coatings was characterized using particle size analysis with a
Horiba Sz-100 instrument. The morphological characteristics of the samples were examined using a
Scanning Electron Microscope (SEM) at magnifications of 200x and 500x, specifically the Hitachi
SU3500 model and Quanta-650. The crystal structure of the nanocomposite coatings was analyzed using
an X-ray diffractometer (XRD), specifically the X'Pert PRO, PANalytical MPD PW3040/60, with a
scanning angle range of 10° to 100°. The functional groups and properties of the nanocomposite coatings
were characterized using Fourier Transform Infrared (FTIR) spectroscopy with a Vertex 80 instrument
in the wavenumber range of 4000 cm™ to 400 cm™.

3. Results and discussions
3.1. Particle size and polydispersion index

Particle size is the most important parameter in nanocomposite coatings (Figure 2). A composite can
be considered nanosized if it falls within the range of 10-1000 nm [35-38]. This study measured the
particle size and polydispersion index (PI) twice for each sample and the average value was calculated
for analysis. The results showed that the average diameter of the nanocomposite ranged from 458.9 to
1851 nm. UT technology treatment and CG/nano ZnO nanocomposite produced smaller particle sizes
ranging from 458.9 to 1037.2 nm compared to other treatments in Figure 2. The high shear force
generated by ultra-turrax causes the particles in the sample to be well dispersed. This is consistent with
the findings of Zambrano-Zaragoza et al. [39, 40] reported particle sizes of around 187-326 nm.
Followed by the lowest polydispersity index (PI) value of 0.485. This PI value indicates a homogeneous
particle distribution because a PI value of <0.7 is considered optimal. In the particle size analyzer (PSA)
measurement process, agglomeration is a critical factor. During PSA measurements, particles are
analyzed in a liquid medium dispersed in dispersants, which significantly affects the measurement
process [41]. The high-speed rotation of the UT rotor-stator generates intense shear forces and
turbulence, effectively breaking larger particles into smaller ones and homogenizing the solution [42].
In contrast, magnetic stirrer and ultrasound bath technologies are less effective, as the shear forces they
generate are comparatively weaker than those produced by the UT.
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Figure 2. Particle size and polydispersion index of chitosan/TiOz (a),
carrageenan/ZnO (b) and chitosan/ZnO (c) Nanocomposite Coatings

3.2. Visual appearance and SEM images

Nanocomposite-based films were formed using various manufacturing methods and material
concentrations. The resulting films exhibited homogeneous (smooth) and bubble-free surfaces (Figure
3). The right technology is required to disperse the particles evenly in the solution to achieve such films,
preventing clumping [43]. The surface of the nanocomposite film is generally similar to those produced
by other treatments, except for the CS/nano TiO2 nanocomposite film, which has a less transparent
appearance compared to the CG/nano ZnO and CS/nano ZnO treatments (Figure 3). This difference is
influenced by the filler material, specifically nano TiO2, used in the process of making the nano-
composite films. The nano TiO: solution is white and opaque due to the inherent optical properties of
the nanoparticles [3].

Transparent

(
|

Transparent

Transparent

a b c d
Figure 3. Visual images of CS/nano TiO2-MS (Aa), CS/nano TiO2-UB1 (Ab), CS/nano TiO2-UB2
(Ac), CS/nano TiO2-UT (Ad), CG/nano ZnO-MS (Ba), CG/nano ZnO-UB1 (Bb), CG/nano ZnO-UB2
(Bc), CG/nano ZnO-UT (Bd), CS/nano ZnO-MS (Ca), CS/nano ZnO-UB1 (Cb), CS/nano ZnO-UB2
(Cc) and CS/nano ZnO-UT (Cd) Nanocomposite materials
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Scanning Electron Microscopy (SEM) analysis was performed to examine the morphology of
chitosan/nano TiO,, carrageenan/nano Zn0O, and chitosan/nano ZnO coating films. Figure 4 illustrates
the surface morphology of these films, revealing a rough texture with small bulging areas corresponding
to particle aggregates. The results suggest that the film structure is altered by the incorporation of
nanoparticles. Previous studies have shown that composite membranes, such as those containing
nanoparticles, are prone to agglomeration [44]. The addition of nanoparticles to the composite films
induces this agglomeration, which in turn affects their physical and mechanical properties [45].
Agglomeration occurs primarily due to the challenges in dispersing nanoparticles in viscous solutions,
as nanoparticles tend to cluster due to strong electrostatic attraction forces [46]. Treatment with an Ultra-
turrax (UT) system can mitigate particle agglomeration by applying intense frictional forces through
rapid impeller rotation [27]. Moreover, Ultra-Turrax treatment enhances nanoparticle dispersion within
the matrix, particularly in liquid or semi-liquid systems. In the production of nanocomposite coatings,
the choice of processing technology is crucial to preventing particle agglomeration and ensuring uniform
nanoparticle distribution within the matrix.
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Figure 4. SEM Images of CS/Nano TiO2-MS (a-b), CS/Nano TiO2-UB1 (c-d), CS/Nano TiO2-UB2 (e-
), CS/Nano TiO2-UT (g-h), CG/Nano ZnO-MS (i-j), CG/Nano ZnO-UB1 (k-l), CG/Nano Zn0O-UB2
(m-n), CG/Nano ZnO-UT (o0-p), CS/Nano ZnO-MS (g-r), CS/Nano ZnO-UB1 (s-t), CS/Nano
Zn0-UB2 (u-v) and CS/Nano ZnO-UT (w-x) with 200x dan 500x magnification

3.3. XRD analysis

X-ray diffraction (XRD) is a technique that provides valuable information regarding the chemical
composition, crystallographic structure, phase identification, and unit cell dimensions of crystalline
materials [47]. Figure 5 presents the X-ray diffraction pattern of the sample, revealing prominent peaks
at specific 26 angles, namely 23.09° and 29.48°. These peaks correspond to the (202) and (241) crystallo-
graphic planes, respectively. The measured 20 angles for the chitosan sample are consistent with the
values listed on card 39-1894 of the JCPDS, which serves as a reference for established crystallo-graphic
data [48]. The peaks at 39.43°, 43.20°, 47.61°, and 64.65° correspond to the (004), (112), (200), and
(204) crystallographic planes, respectively. The measured 26 angles for anatase TiO, are in good
agreement with the values reported on card 21-1272 of the JCPDS [49]. Additionally, the peaks at
45.68°, 51.20°, and 66.23° correspond to the (102), (110), and (200) crystallographic planes for ZnO,
with the measured 20 angles aligning well with the values given on card 043-0002 of the JCPDS [50].
The XRD pattern of the nanocomposite also displays an amorphous peak of k-carrageenan at
approximately 260 = 10-30° [51].
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Figure 5. X-ray diffraction of chitosan/TiO> (a), carrageenan/ZnO (b),
and chitosan/ZnO (c) Nanocomposite materials

34.FT-IR

FT-IR (Fourier Transform Infrared) spectroscopy was employed to identify the functional groups in
the sample based on their characteristic vibrations [52], with the most significant vibrations occurring
within the wavenumber range of 4000-400 cm™. The FT-IR spectra of chitosan, carrageenan, glycerol,
TiO,, and ZnO nanoparticles are presented in Figure 6. The spectra for chitosan and carrageenan exhibit
functional groups characteristic of polysaccharides and amino acids. Intense bands in the range of 3200-
3500 cm™* are attributed to O-H and N-H stretching vibrations, corresponding to the hydroxyl and amine
groups present in polysaccharide and amino acid molecules (Table 1-3) [53]. Absorption bands observed
at 2113 cm™ and 1637 cm™ correspond to C=C and C=0 (amide-1) stretching vibrations, respectively
[11, 51, 55]. The band at 1416 cm™ is associated with the stretching of the -NH, group in the chitosan
spectrum (Table 1 and 3) [56]. Additionally, the absorption band at 1041 cm™ indicates an interaction
between the nanocomposite structure and the hydroxyl (-OH) group of glycerol (52). TiO, nanoparticles
display characteristic vibrations in the 530-720 cm™ region, related to the O-Ti-O bonds in the chitosan-
nano TiO, nanocomposite [57]. In contrast, the absorption peaks observed in the 673-433 cm™ region
correspond to the Zn-O bond stretching frequencies for ZnO nanoparticles [20, 58, 59].
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Figure 6. FT-IR of chitosan/TiO- (a), carrageenan/ZnO (b),
and chitosan/ZnO (c) Nanocomposite Coatings

Table 1. The wavenumber of chitosan/TiO, nanocomposite coatings

Wavenumber (cm™)
Functional Groups CS/Nano CS/Nano TiO2- CS/Nano CS/Nano Reference
TiO2-MS UB1 TiO2-UB2 TiO2-UT

O-H and N-H 3269 3319 3269 3331 3500-3200 [53]
Cc=C 2112 2112 2112 2111 2140-2100 [54]
C=0 1636 1639 1636 1636 1680-1630 [11,55]
-NH2 1416 1416 1416 1416 1600-1300 [56]
-OH 1041 1041 1040 1077 1200-1000 [52,56]
Ti-O 553 622 622 539 720-530 [57]

Table 2. The wavenumber of carrageenan/ZnO nanocomposite coatings
Wavenumber (cm™)

Functional Groups CG/Nano CG/Nano ZnO- CG/Nano CG/Nano Reference
Zn0O-MS UB1 Zn0-UB2 Zn0O-UT
O-H and N-H 3323 3267 3283 3301 3500-3200 [53]
Cc=C 2112 2111 2113 2110 2140-2100 [54]
Cc=0 1638 1636 1637 1637 1680-1630 [11,55]
-OH 1041 1041 1041 1041 1200-1000 [52,56]
Zn-0 619 464 619 534 673-433 [20,58,59]

Table 3. The wavenumber of chitosan/ZnO nanocomposite coatings
Wavenumber (cm™)

Functional Groups CS/Nano CS/Nano ZnO- CS/Nano CS/Nano Reference
Zn0-MS UB1 Zn0-UB2 Zn0O-UT

O-H and N-H 3319 3319 3282 3330 3500-3200 [53]
Cc=C 2111 2113 2113 2109 2140-2100 [54]
Cc=0 1637 1639 1637 1637 1680-1630 [11,55]
-NH:z 1416 1415 1415 1416 1600-1300 [56]
-OH 1041 1041 1041 1041 1200-1000 [52,56]
Zn-0 622 675 622 549 673-433 [20,58,59]

4. Conclusions

In this study, various technologies and nanoparticles were incorporated into biopolymers to develop
nanocomposite coatings. Composite solutions were prepared based on previous studies, with slight
modifications, and were subsequently subjected to physical characterization. Significant changes were
observed in particle size, visual appearance, and the morphological properties of the resulting nano-
composite coatings. FT-IR, XRD, and SEM analyses were employed to further characterize the physical
properties of the nanocomposites. A notable variation in particle size was observed between the nano-
composite coatings prepared using different technologies, as analyzed by particle size analysis (PSA).
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The use of Ultra-Turrax technology facilitated even distribution of nanoparticles on the nano-composite
film surface. XRD analysis confirmed the presence of nanoparticle crystals through the identification of
characteristic diffraction peaks in the theta region. Based on these findings, biopolymer-based nano-
composite films show promise as environmentally friendly active packaging materials that could extend
the shelf life of food products. However, further research is required to evaluate their effectiveness in
practical applications aimed at prolonging the shelf life of food products.
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