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(Abstract)

 Recently, interest in developing high-performance biodegradable packaging 

materials to replace conventional petroleum-based synthetic plastics has rapidly 

increased due to growing environmental concerns. Carrageenan films exhibit excellent 

oxygen barrier properties but are susceptible to moisture, while PLA/PBAT blend 

films show good moisture barrier properties but lack sufficient oxygen barrier 

performance. To overcome the limitations of these single materials, this study 

manufactured a bilayer film by combining a carrageenan-based composite film with a 

PLA/PBAT blend film to optimize the overall barrier characteristics.

In this study, the CT1M3 film, prepared by incorporating 1% titanium dioxide (TiO
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₂) and 3% microcrystalline cellulose (MCC) into carrageenan, was fabricated as the 

oxygen barrier layer. The L7B3 film, a blend of PLA and PBAT at a 7:3 ratio, was 

used as the moisture barrier layer, ultimately developing the CT1M3/L7B3 laminate 

film.

The experimental results showed that the CT1M3/L7B3 bilayer film under optimal 

conditions exhibited a very low Oxygen Permeability (OP) of 0.191 ± 0.003 

cc/m2·day, demonstrating excellent oxygen barrier performance. Furthermore, the 

Water Vapor Permeability (WVP) was 0.258 ± 0.069 x 10-9 g·m/m2·Pa·s, confirming 

its role as an effective moisture barrier. The CT1M3/L7B3 bilayer film, combining 

these two layers, achieved simultaneous barrier properties against both oxygen and 

moisture through the synergy of each layer's advantages. Additionally, the 

incorporation of TiO₂ and MCC showed a synergistic effect that further strengthened 

the film's mechanical properties and barrier characteristics.

In conclusion, the CT1M3/L7B3 bilayer film developed in this study compensates for 

the drawbacks of existing biodegradable films and achieves superior barrier 

performance. It confirms its high potential as an eco-friendly food packaging material 

capable of extending the shelf life of food products requiring protection against 

rancidity (oxidation) and moisture absorption.
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CHAPTER 1 Introduction

1. Introduction

Packaging materials have become an essential component of the modern food 

industry, playing a critical role in maintaining product freshness and extending shelf 

life (1,2). During storage and distribution, food products are exposed to various 

environmental factors, among which oxygen is a major cause of quality deterioration 

due to its role because of its involvement in oxidative reactions (3,4,5). Therefore, 

developing packaging materials capable of effectively controlling oxygen permeability 

is essential (6,7). Among currently used high-barrier materials, ethylene-vinyl alcohol 

copolymer (EVOH), polyvinylidene chloride (PVDC), and aluminum-deposited films 

are widely applied due to their excellent oxygen and moisture barrier properties (8). 

EVOH, which is frequently used as a core barrier layer in multilayer packaging, 

exhibits very low oxygen permeability under dry conditions because of its high 

crystallinity and dense hydrogen-bonded network (9,10). However, its barrier 

performance deteriorates sharply at elevated relative humidity, as water molecules 

penetrate the polymer matrix, disrupt intermolecular interactions, and increase chain 

mobility, so additional protective layers are often required, complicating the structure 

and increasing production costs (10,11). PVDC has also been extensively used as a 

coating or barrier layer because it combines good oxygen and water vapour barrier 

properties with reasonable processability, but its chlorine-based backbone raises 

serious concerns regarding the emission of hazardous compounds during incineration 

and the generation of problematic chlorinated residues in recycling streams, leading to 

regulatory and industrial pressure to reduce its use (12). Aluminum-deposited films 

provide excellent barrier properties against oxygen, water vapour, and light owing to 

the presence of a continuous metallic layer, and are therefore used for highly 

sensitive products (13). However, the vacuum deposition process is energy-intensive 

and costly, and the resulting multilayer structures are difficult to recycle because they 
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cannot be easily separated into individual components (14). In addition, the metallic 

nature of these films makes them incompatible with microwave heating, which 

restricts their use in high-value ready-to-heat or convenience foods that require direct 

microwaving. Since these materials are primarily synthetic polymer-based, concerns 

regarding environmental sustainability are increasing (15). The excessive use of plastic 

packaging and the limited effectiveness of current disposal methods are contributing 

to serious environmental issues (16,17,18). Consequently, despite their superior barrier 

performance, these materials, which are primarily synthetic polymer-based, are 

increasingly viewed as unsustainable solutions in the context of modern packaging 

requirements (11,14,19).

Concerns regarding plastic waste are especially prominent in the packaging sector. 

Food packaging commonly relies on materials such as polystyrene (PS), 

polypropylene (PP), polyethylene (PE), and multilayer laminated films (20,21,22). 

However, the recyclability of these materials remains limited. In particular, laminated 

films, which are widely used in the food industry, incorporate interlayer adhesives to 

maintain their heterogeneous structures (19,23). This design makes mechanical 

separation challenging, and the distinct melting temperatures of the individual layers 

prevent remelting, thereby hindering recycling (23,24). Black plastics made from PE 

and PP further exacerbate this issue, as their dark coloration interferes with detection 

by optical sorting systems, resulting in low recycling rates (25). As a consequence, 

the majority of unrecycled plastic packaging is either landfilled or incinerated, 

contributing to environmental contamination, microplastic accumulation, and 

greenhouse gas emissions (26,27). Approximately 40% of global plastic production is 

used for food packaging, yet a substantial portion is not recovered and poses risks to 

ecosystems and human health (28,29,30). These challenges have driven the 

implementation of stricter regulations and initiatives aimed at transitioning toward a 

circular economy (31). In response, biodegradable materials have emerged as 

promising alternatives. Such materials can degrade into benign end products—

including carbon dioxide, water, and biomass—reducing plastic waste and associated 
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environmental burdens (32,33). Moreover, bio-based polymers that integrate 

biodegradability with additional functionalities such as antimicrobial, antioxidant, or 

reinforcement properties are gaining considerable attention for advanced 

food-packaging applications (34,35,36).

Among these biodegradable polymers, several hydrophilic types have been reported 

to exhibit very good oxygen-barrier performance (11). In particular, water-soluble 

polysaccharides such as alginate, pectin, pullulan, and carrageenan can form dense 

hydrogen-bonded networks under dry conditions (37,38). This compact structure 

reduces the free volume and diffusion pathways available to non-polar gases and may 

therefore lead to low oxygen permeability (39). Alginate- and pectin-based films, for 

example, have been described as having relatively good oxygen barrier properties but 

limited water vapour resistance and some degree of brittleness (40,41). Their strong 

affinity for moisture can promote swelling and plasticization of the polymer matrix at 

elevated relative humidity, which accounts for this behaviour (42,43). Pullulan films 

are likewise known for very low oxygen permeability and are often investigated as 

high-oxygen-barrier coatings (44,45). However, their hydrophilic nature is associated 

with increased water vapour permeability and a loss of mechanical integrity in humid 

environments (46). Carrageenan, a linear sulfated polysaccharide extracted from red 

algae, fits within this group and is regarded as a promising candidate for 

biodegradable food packaging owing to its good film-forming ability, non-toxicity, 

and natural origin (47,48). Similar to other hydrophilic polysaccharides, neat 

carrageenan films readily absorb moisture, and the resulting matrix swelling and 

plasticization tend to deteriorate water vapour barrier properties and mechanical 

stability, particularly under fluctuating relative humidity (49,50). In contrast, many 

hydrophobic biodegradable polyesters, such as polylactic acid (PLA) and 

poly(butylene adipate-co-terephthalate) (PBAT), have relatively low polarity and more 

densely packed non-polar chains (51,52). These structural features generally restrict 

their interactions with water molecules and can yield lower and less 

humidity-sensitive water vapour permeability, even though their oxygen barrier 
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performance is often inferior to that of hydrophilic polysaccharide films (53). PLA, a 

thermoplastic polymer derived from renewable resources such as corn starch and 

sugarcane, offers high transparency, good processability, and suitable heat-sealability 

for packaging applications (54). However, its relatively high crystallinity and rigid 

chain structure result in pronounced brittleness and low elongation at break (55,56). 

PBAT, a petroleum-based yet biodegradable aliphatic–aromatic polyester, provides 

high extensibility, tear resistance, and flexural durability, thereby partially 

compensating for the brittleness and low ductility of PLA when the two polymers 

are blended (57,58). Overall, these reported trends suggest that hydrophilic 

polysaccharide-based films, including those derived from alginate, pectin, pullulan, and 

carrageenan, are generally more effective oxygen barriers but more sensitive to 

moisture (11). By contrast, polyester-based films such as PLA/PBAT blends tend to 

offer better resistance to water vapour but less effective oxygen barrier performance 

(59,60). This contrast has motivated the exploration of multilayer structures in which 

a polysaccharide-rich layer contributes primarily to oxygen barrier performance and a 

polyester-rich layer contributes mainly to moisture barrier properties and mechanical 

reinforcement as one possible design strategy for high-barrier biodegradable packaging 

(61,62).

To further enhance these outstanding features, the structural design and material 

capabilities of adhesive films are designed to be rich and versatile (61,63). One 

common strategy is to reinforce a high-barrier or high-density chip matrix (64,65). 

Cellulose-based nano-additives include MCC(microcrystalline cellulose) and 

CMF(cellulose microfibril), graphene-based materials such as Graphene Oxide, 

Graphene Nanoplatelet/metal-inorganic nano-fillers such as Graphene Oxide, and 

TiO2(titanium dioxide) (66,67,68). Among the various additives, we attempted to 

reinforce the film matrix using MCC and TiO2. MCC is a crystalline material 

obtained through acid hydrolysis of naturally occurring cellulose. It is colorless, 

odorless, non-toxic, and biodegradable and is edible (69,70). MCC possesses excellent 

mechanical properties, thermal stability, and bonding potential, making it suitable for 
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structural frame construction in special food applications (71,72). In fact, Park et al. 

(2024) demonstrated that a carrageenan film containing MCC showed greatly 

enhanced UV-blocking ability, oxygen barrier properties, thermal stability, and 

mechanical performance (71). TiO2 is another additive considered safe for food 

contact (73). TiO2 acts as a pathogen adsorbent and propagator, and has 

photocatalytic activity that can inactivate various pathogen groups (74). When TiO₂ is 

added to a polymer film, it enhances structural stability through hydrogen bonding, 

improves mechanical strength and thermal resistance, and acts as an impermeable 

particle that blocks gas diffusion pathways, thereby improving oxygen barrier 

performance (75,76). In a study supporting this, Shaili (2015) demonstrated that TiO2 

can serve as a catalyst in hydrogen polysaccharide-based films (75).

To date, research on carrageenan-based composite films incorporating both TiO₂ 

and MCC remains limited, and a systematic analysis of their structural and barrier 

properties is still lacking. Furthermore, for biodegradable polymer-based films to be 

applied in practical food packaging systems, not only mechanical stability and 

functional performance but also processability must be considered. Therefore, this 

study aims to enhance the structural integrity and barrier functionality of carrageenan 

films through the incorporation of TiO₂ and MCC, followed by lamination with a 

PLA/PBAT blend film. To comprehensively evaluate the performance of the 

developed multilayer films, we measured their thickness, tensile strength, oxygen and 

water vapor permeability, light transmittance, and Hunter color values. In addition, to 

assess antioxidant protection, storage experiments were conducted using sunflower oil, 

and environmental compatibility was examined through a biodegradability test under 

soil burial conditions. This multilayer approach is intended to overcome the 

limitations of single bio-polymer films, develop high-performance biodegradable films 

suitable for real-world packaging applications, and evaluate their potential for future 

use.
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CHAPTER 2 Materials and Methods

1. Materials

In this study, κ-carrageenan was obtained from MSC Co., Ltd. (Yangsan-si, 

Gyeongsangnam-do, Korea). Microcrystalline cellulose (MCC; Avicel® PH-101, 

particle size ~50µm) was purchased from Supelco, Sigma-Aldrich (Ireland). 

Titanium(IV) oxide (anatase type, ≥98.0%purity; TiO₂ = 79.88%) was supplied by 

Daejung Chemicals & Metals Co., Ltd. (Siheung-si, Gyeonggi-do, Korea). 

Poly(butylene adipate-co-terephthalate) (PBAT; Ecoflex® F Blend C1200, BASF, 

Germany) and poly(L-lactic acid) (PLA; Biomer® L9000, weight-average molecular 

weight≈200 kDa, Biomer Inc., Germany) were dried in a dry oven at 50 °C for at 

least 48 h prior to use. Chloroform (CHCl₃) and glycerol were also obtained from 

Daejung Chemicals & Metals Co., Ltd. (Siheung-si, Gyeonggi-do, Korea). Potassium 

iodide (KI) was purchased from Samchun Pure Chemical Co., Ltd. (Seoul, Korea). 

Sodium thiosulfate standard solution (0.01 N), acetic acid(glacial), and corn starch 

(used as an indicator) were purchased from Daejung Chemicals & Metals Co., Ltd. 

(Siheung-si, Gyeonggi-do, Korea). Sunflower oil was obtained from Plus Alpha 

Trading Co., Ltd. (Seoul, Korea). All chemicals were used as received unless 

otherwise stated.

2. Preparation of Carrageenan-Based Oxygen-Barrier Composite 

Films-

Carrageenan-based composite films were prepared using the solution casting 

method. Based on 3 g of κ-carrageenan, microcrystalline cellulose (MCC; 1, 3, and 

5 wt%) and titanium dioxide (TiO₂; 1, 3, and 5 wt%) were dispersed in 100 mL of 

distilled water. The dispersion was homogenized for 15 min using a high-speed 

homogenizer (HG-15A, Daihan Scientific, Korea), followed by ultrasonic treatment in 
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pulse mode at 27% intensity for 10  min (10 sec on /5 sec off) (Model 550, 

Branson Ultrasonics Corp., USA). 

Subsequently, 1.2 g of glycerol was added as a plasticizer, and the solution was 

stirred for 20 min using a magnetic stirrer. The mixture was then heated to 85°C 

and stirred at 750 rpm until complete dissolution of the κ-carrageenan. The 

temperature and stirring speed were reduced to 75°C and 200 rpm, respectively, and 

the solution was gently stirred for 20 min to remove entrapped air bubbles. 

Separately, PLA/PBAT blend (7:3 w/w; total 2 g) was dissolved in 80 mL of 

chloroform (CHCl₃) with continuous magnetic stirring, and cast onto a Teflon-coated 

glass plate to form the substrate layer. The cast film was dried under ambient 

conditions (30 ± 2°C, 17 ± 2% RH) for 24 h. After drying, a circular mold was 

placed on the PLA/PBAT film, and the prepared carrageenan/MCC/TiO₂ solution was 

poured over it to form the top layer. The multilayer films were dried under the same 

ambient conditions for 48 h.

The resulting films were carefully peeled off and conditioned in a 

temperature–humidity chamber (JSTH-150CP, JSR Ltd., Korea) at 25°C and 50% RH 

for 48 h before characterization. Figure 1 schematically illustrates the film fabrication 

process.
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Fig 1. Schematic illustration of the fabrication process for carrageenan-based composite films and CTM/LB multilayer films 

by solution casting.
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3. Oxygen permeability (OP)

Oxygen permeability (OP) was evaluated in accordance with ASTM D3985–05 

using a Mocon Oxtran 2/22 system (Minneapolis, USA). The instrument, equipped 

with a Coulox® colorimetric detector and WinPerm™ software, was operated with 

films mounted in diffusion cells. Measurements were carried out at 23°C, under 50% 

relative humidity, and a pressure of 101,325 Pa, with pure oxygen (100%) serving as 

the testing gas. The OP values were determined from the steady-state oxygen 

transmission rate (OTR) and adjusted based on film thickness, and results were 

expressed in cm³/m²·day.

4. Water vapor permeability (WVP)

The water vapor transmission rate (WVP) of each film was measured using the 

ASTM E96-95 standard method. For experimental preparation, the film was cut into 

7.5 cm × 7.5 cm sizes and stored in a thermo-hygrostat (JSTH-150CP, JSR Ltd., 

South Korea). The cut film was placed between a water vapor transmission cup (2.5 

cm × 6.8 cm) containing 18 mL of distilled water and a lid, and sealed with four 

screws. The weight loss was measured at 1-hour intervals for 8 h in a 

thermo-hygrostat maintained at 25°C and 50% relative humidity. The water vapor 

shear rate (WVTR) was calculated from the slope calculated from the curve based on 

the weight loss of the moisture permeability cup, and the WVP was calculated using 

the following equation: 

WVP=((WVTR × t))/∆p

In the formula, t is the thickness of the film (m), and ∆p is the difference in water 

vapor pressure permeating the film (Pa).
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5. Measurement of light transmittance

Light transmittance of each film was measured using a UV-visible 

spectrophotometer (UV-3600i Plus, Shimadzu, Kyoto, Japan). The films were cut into 

uniform pieces (2 cm × 3 cm) before measurement. The scanning was performed at 

very low speed, and the transmittance was recorded at 50 nm intervals over the 

wavelength range of 200–800 nm.

6. Surface color measurement

The surface colors of the films were measured using a CR-400 Chromaticity meter 

(Konica Minolta Inc., Osaka, Japan). The overall color difference (ΔE) was calculated 

based on a white standard plate (L* = 93.00, a* = 0.44, b* = 4.43). Measurements 

were taken at three random locations throughout the film range, and ΔE was 

calculated using the following formula:

ΔE = [(ΔL*)² + (Δa*)² + (Δb*)²]0.5

The Hunter color values (L*, a*, b*) were obtained by averaging three 

measurements, and the differences from the standard plate were expressed as ΔL*, 

Δa*, and Δb*.

7. Mechanical Properties

Mechanical properties, including tensile strength (TS), elongation at break (E), and 

elastic modulus (EM), were evaluated using a universal testing machine (UTM, 

Model 5565, Instron Engineering Corp., USA) in accordance with ASTM D882-88. 

Film specimens were cut into strips (25 mm × 150 mm), and the initial grip 

separation was set at 50 mm. The crosshead speed during testing was maintained at 

50 mm/min.

Tensile strength (TS) was calculated using the following equation:
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  
where Fis the maximum tensile force (N) and Ais the cross-sectional area of the film 

(m²).

Elongation at break (E) was calculated as:

     
where E0​is the initial gauge length (50 mm), and Ef ​ is the length at break.

Elastic modulus (EM) was determined from the slope of the initial linear portion of 

the stress–strain curve and expressed in GPa.

8. Scanning electron microscopy (SEM)

The structure of C-T1M3 film, L7B3 film, and their bilayer film (C-T1M3/L7B3) and 

microparticle was observed using a field emission electron microscope (FE-SEM, 

S-4800, Hitachi Co. Ltd., Japan). Each film sample was cut into small square pieces 

(1 cm × 1 cm) and mounted on an aluminum stub using conductive carbon tape. 

The samples were sputter-coated with a thin platinum layer for 2 min prior to 

observation. SEM micrographs were recorded at magnifications of 1000 ×under an 

accelerating voltage of 3 kV.

9. Potential Application for Oil Packaging

Sunflower seed oil was dispensed into a 100 mL beaker, and the corresponding 

film samples were placed on the top of the beaker as a cover. The samples were 

stored under normal storage conditions at 28°C for 70 days. 

The method used to measure peroxide formation during the sunflower seed oil 

storage test is described below. 
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Approximately 1.0 g of the sample was weighed and placed in a 250 mL 

Erlenmeyer flask. 50 mL of a mixture of acetic acid and chloroform (3:2, v/v) was 

added to completely dissolve the sample. Immediately, 1 mL of a saturated potassium 

iodide (KI) solution was added, the flask was capped, and gently stirred for 30 

second. The flask was kept in the dark for 10 minute to complete the reaction 

between hydrogen peroxide and iodide. After the reaction, 1 mL of a 1% starch 

solution was added as an indicator. The liberated iodine was immediately titrated 

with a standard 0.01 N sodium thiosulfate (Na2S2O3) solution. The titration was 

continued until the dark blue color completely disappeared and became colorless, 

indicating complete reduction of iodine to iodide (I-).

The POV was calculated according to the following equation:

POV = ((V₁-V₀)×F×0.01)/S

10. Statistical analysis

 All results are reported as the mean ± standard deviation (SD) based on three to 

five independent replicates. Statistical analyses were performed using SPSS (SPSS 

Inc., Chicago, IL, USA). Differences among groups were assessed by one-way 

ANOVA, and multiple comparisons were conducted using Duncan’s multiple range 

test. Statistical significance was set at p < 0.05. Kinetic parameters obtained from the 

lipid-oxidation model (rate constant, k, and area under the curve, AUC) were 

evaluated using the same statistical procedure.
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CHAPTER 3 Results and Discussion

1. Optimization of oxygen barrier properties in carrageenan-based 

composite films

Oxygen permeability quantifies the amount of oxygen gas passing through a unit 

area per unit time and serves as a critical parameter for evaluating the oxygen 

barrier properties of packaging systems (61). Table 1 presents the oxygen 

permeability values of neat carrageenan film and composite films prepared with 

varying ratios of TiO₂ and MCC, including CT1, CT3, CT5, CM1, CM3, CM5, and 

their combinations. The neat carrageenan film, serving as the negative control, 

exhibited an oxygen permeability of 1.669 ± 0.485 cc/m²·day, whereas the 

commercial LID film used as the positive control showed a significantly lower value 

of 0.305 ± 0.018 cc/m²·day. The negative control demonstrated approximately 447% 

higher oxygen permeability compared to the positive control, with this difference 

being statistically significant (p < 0.05). The incorporation of either MCC or TiO₂ 

alone substantially reduced the oxygen permeability of carrageenan films compared to 

the neat film. Films containing MCC at 1%, 3%, and 5% concentrations exhibited 

oxygen permeability values of 0.611 ± 0.007, 0.606 ± 0.032, and 0.560 ± 0.027 

cc/m²·day, respectively, representing reductions of 63.4–66.5% relative to the negative 

control. Similarly, films incorporating TiO₂ at equivalent concentrations displayed 

values of 0.342 ± 0.001, 0.314 ± 0.029, and 0.294 ± 0.032 cc/m²·day, respectively, 

corresponding to reductions of 79.5–82.4%. Both additives significantly improved 

oxygen barrier properties compared to neat carrageenan film (p < 0.05). Composite 

films containing both TiO₂ and MCC exhibited oxygen permeability values ranging 

from 0.192 to 0.550 cc/m²·day. Among all formulations, CT1M3 demonstrated the 

lowest oxygen permeability of 0.192 ± 0.009 cc/m²·day, representing an 88.5% 

reduction compared to the negative control and the highest oxygen barrier 
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performance across all experimental groups (p < 0.05). Notably, the performance of 

CT1M3 exceeded the additive effect of 1% TiO₂ alone with 79.5% reduction and 

3% MCC alone with 63.7% reduction, suggesting a synergistic interaction between 

these two components. The reduction in oxygen permeability can be attributed to the 

complementary mechanisms of MCC and TiO₂ nanoparticles (77). The hydroxyl 

groups on MCC surfaces form strong hydrogen bonding networks with carrageenan 

molecules, resulting in a denser film structure and increased tortuosity of oxygen 

diffusion pathways (71). Meanwhile, TiO₂ nanoparticles act as impermeable 

inorganic fillers that reduce the free volume between polymer chains and physically 

obstruct gas molecule migration, thereby lowering oxygen permeability (75). These 

findings align with previous studies. Park et al. (2024) reported approximately 75% 

reduction in oxygen permeability when MCC extracted from pistachio shells was 

incorporated into carrageenan films. Similarly, Shaili et al. (2015) observed 

approximately 68% reduction in oxygen permeability upon addition of 3% TiO₂ to 

starch-based films (71,75). The present study demonstrates that the CT1M3 

formulation, combining 1% TiO₂ and 3% MCC, achieves optimal balance with an 

88.5% reduction in oxygen permeability relative to the negative control. These results 

confirm that appropriate blending of TiO₂and MCC at a 1:3 ratio represents an 

effective strategy for significantly enhancing the oxygen barrier properties of 

carrageenan films. However, water vapor permeability values across all formulations 

ranged from 20.967 to 26.700 × 10⁻⁹ g·m/m²·Pa·s, showing no statistically 

significant difference from neat carrageenan film at 20.567 × 10⁻⁹ g·m/m²·Pa·s (p > 

0.05). These values were approximately 1,000-fold higher than that of the positive 

control at 0.017 × 10⁻⁹ g·m/m²·Pa·s, indicating that while TiO₂ and MCC addition 

effectively improved oxygen barrier properties, it failed to enhance water vapor 

barrier performance. This limitation is attributed to the abundant hydrophilic 

functional groups (-OH, -OSO₃⁻) within the carrageenan polymer chains, which 

facilitate moisture absorption and permeation. In conclusion, carrageenan composite 

films with the CT1M3 formulation exhibited excellent oxygen barrier properties; 
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however, their limited water vapor barrier performance restricts their stand alone 

application as food packaging materials in high-humidity environments. Therefore, 

lamination with hydrophobic polymer films possessing superior water vapor barrier 

properties is required. To address this limitation, PLA/PBAT-based composite films 

were designed as the hydrophobic outer layer of a multilayer packaging system, and 

their barrier and mechanical properties were subsequently evaluated.
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Table 1. Oxygen permeability and water vapor permeability of carrageenan-based 

composite films with varying TiO₂ and MCC concentrations.

Sample Oxygen 
permeability(cc/m2· day) WVP(x10-9g∙m/m2∙Pa∙s)

Neat Carrageenan 1.669±0.485f 2.057±0.067b

Positive control  0.305±0.018abc 0.002±0.001a

CM1 0.611±0.007e 2.097±0.131b

CM3 0.606±0.032e 2.397±0.095abc

CM5 0.560±0.027de 2.223±0.267ab

CT1 0.342±0.001abcd 2.173±0.087ab

CT3 0.314±0.029abc 2.403±0.145abc

CT5 0.294±0.032abc 2.223±0.132ab

CT1M1  0.217±0.005ab 2.167±0.080ab

CT1M3 0.192±0.009a 2.247±0.360ab

CT1M5 0.506±0.005cde 2.303±0.093abc

CT3M1 0.227±0.075ab 2.223±0.255ab

CT3M3 0.246±0.006ab 2.513±0.376bc

CT3M5 0.550±0.029de 2.670±0.151c

CT5M1 0.228±0.027ab 2.423±0.310abc

CT5M3 0.252±0.031ab 2.380±0.252abc

CT5M5 0.448±0.046bcde 2.393±0.197abc

Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same 

column indicate statistically significant differences (p < 0.05) by Duncan's multiple range test. CT, 

carrageenan with TiO₂; CM, carrageenan with MCC; numerical superscripts denote additive concentration 

(wt%).
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2. Characterization of PLA/PBAT composite films as water-vapor 

barrier layers

To overcome the poor moisture barrier performance of carrageenan-based composite 

films, PLA/PBAT-based composite films were developed and evaluated as 

hydrophobic layers within multilayer packaging structures. The mechanical properties 

of these films are summarized in Table 2. Pure PLA film exhibited relatively high 

tensile strength but possessed a high elastic modulus and limited elongation at break, 

indicating its rigid and brittle nature. In contrast, pure PBAT film showed lower 

tensile strength but a low modulus and high elongation at break, demonstrating its 

flexible and ductile characteristics. The mechanical properties of the PLA/PBAT blend 

films (LB) gradually changed depending on the blend composition. As PBAT content 

increased, the LB films showed decreased tensile strength and modulus, while 

elongation at break increased compared with pure PLA. Among the tested ratios, the 

PLA/PBAT 7:3 (L7B3) blend exhibited mechanical properties most comparable to 

those of the optimized CT1M3 film. The elastic modulus is a key determinant of 

interlayer deformation behavior in multilayer structures (78). When adjacent layers 

possess similar elastic moduli, they deform proportionally under external stress, 

resulting in a uniform strain distribution across the interface (79). Conversely, when 

the modulus mismatch is large, the soft layer undergoes excessive stretching while 

the rigid layer resists deformation, causing stress concentration at the interface and 

potentially leading to delamination during processing, storage, or humidity fluctuations 

(79,80). Based on these considerations, L7B3 film was selected as the hydrophobic 

layer for lamination with CT1M3. The water vapor barrier performance of the selected 

L7B3 film is presented in Table 3. The water vapor permeability (WVP) of L7B3 was 

0.336 × 10⁻⁹ g·m/m²·Pa·s, which was approximately 98.5% lower than that of 

CT1M3 (22.467 × 10⁻⁹ g·m/m²·Pa·s). This value was comparable to that of a 

commercial high-barrier positive control (0.017 × 10⁻⁹ g·m/m²·Pa·s), confirming that 

L7B3 exhibits moisture-barrier performance approaching commercial standards. These 
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results are attributed to the hydrophobic ester-bond-rich structures of PLA and PBAT, 

effectively compensating for the intrinsic moisture sensitivity of the hydrophilic 

CT1M3 film. In conclusion, the L7B3 film demonstrated mechanical compatibility with 

CT1M3 and excellent moisture barrier properties, making it a suitable candidate for 

use as the moisture-barrier layer in multilayer packaging. Subsequent analyses were 

conducted to evaluate the lamination properties of the two films.
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Table 2. Mechanical properties of PLA, PBAT, PLA/PBAT blend (LB) films, and 

CT1M3 film.

Sample Tensile 
strength(Mpa)

Elastic 
modulus(Mpa)

Elongation at 
break(%)

PLA 33.09±0.22c 2028.07±114.84e 5.12±0.92a

L9B1 39.28±0.13d 2208.69±274.22e 11.63±9.21a

L8B2 35.47±1.07cd 1897.19±663.22e 42.51±13.94a

L7B3 24.48±1.59b 1450.71±179.30d 33.58±15.20a

L6B4 14.26±0.41a 679.03±44.58c 24.99±3.47a

L5B5 13.22±1.40a 566.97±42.90bc 12.87±1.41a

L4B6 16.34±0.66a 697.87±124.81c 25.85±7.13a

L3B7 13.42±0.89a 243.91±32.55ab 38.95±8.64a

L2B8 12.41±0.41a 137.29±10.86a 212.10±66.21b

L1B9 14.05±1.45a 104.22±3.43a 324.33±88.83c

PBAT 13.99±2.65a 76.05±3.36a 386.69±180.58c

CT1M3 34.44±1.22c 1201.76±18.81d 17.74±1.96a

Different superscript letters within the same column indicate statistically significant differences (p < 

0.05) by Duncan's multiple range test.
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Table 3. Oxygen permeability (OP) and water vapor permeability (WVP) of control, 

positive control, L7B3, and CT1M3 films.

Sample Oxygen 
permeability(cc/m2· day) WVP(x10-9g∙m/m2∙Pa∙s)

Control (Carr) 1.669±0.485a 20.567±0.666b

Positive control 0.305±0.018b 0.017±0.008a

L7B3 - 0.336±0.006a

CT1M3 0.192±0.009b 22.467±3.591b  

Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same 

column indicate statistically significant differences (p < 0.05) by Duncan's multiple range test. 
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3. Barrier and mechanical performance of bilayer packaging films

1) Scanning electron microscopy analysis

Figure 2 presents cross-sectional field-emission scanning electron microscopy 

(FE-SEM) images of CT1M3, L7B3, and the bilayer film. The CT1M3 film formed a 

uniform and continuous matrix, consistent with the dense and homogeneous 

microstructure typically reported for hydrophilic polysaccharide-based films (81,82). In 

contrast, the L7B3 film exhibited a heterogeneous morphology characterized by distinct 

phase-separated domains and intermittent microvoids. This behavior is consistent with 

previous reports indicating that PLA/PBAT blends are immiscible or partially miscible 

systems that typically form droplet-matrix or sea-island phase separation structures 

across various composition ranges (83,84). The laminated bilayer film displayed two 

distinct yet tightly bonded polymer layers at the interface, forming a stable multilayer 

structure similar to other biopolymer/PLA-based multilayer systems (85,86). Such 

multilayer architectures are widely recognized to enhance gas and water vapor barrier 

properties compared to monolayer films by increasing the effective diffusion path 

length for permeating molecules, as demonstrated in PLA/protein, PLA/gelatin 

multilayer films, and carrageenan-based multilayer structures (85,87,88). Therefore, the 

interfacial morphology observed in this study aligns well with the general mechanism 

by which multilayer structures enhance mass transfer resistance. Overall, FE-SEM 

analysis confirms that the three films possess inherently different microstructures. In 

particular, the laminated CT1M3/L7B3 film structure offers potential advantages in 

maintaining the intrinsic properties of each constituent layer while simultaneously 

enhancing structural stability and barrier performance.
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Fig 2. Cross-sectional FE-SEM images of CT1M3, L7B3, and the laminated CT1M3/L7B3 film.
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2) Evaluation of oxygen and water vapor permeability

The oxygen permeability (OP) and water vapor permeability (WVP) of the selected 

CT1M3 and CT1M3/L7B3 films are presented in Table 4. The neat carrageenan control 

film exhibited the highest oxygen permeability of 1.669 ± 0.485 cc/m²·day, 

confirming its significantly poor oxygen barrier performance. In contrast, the 

commercial LID film used as the positive control showed a significantly lower value 

of 0.305 ± 0.018 cc/m²·day. Consistent with the results described above, the 

carrageenan composite film CT1M3 incorporated with 1 wt% TiO₂ and 3 wt% MCC 

exhibited a substantially reduced oxygen permeability of 0.192 ± 0.009 cc/m²·day, 

representing an 88.5% reduction compared to the neat carrageenan film. The bilayer 

film composed of an inner CT1M3 layer and an outer L7B3 layer demonstrated an 

oxygen permeability of 0.191 ± 0.003 cc/m²·day, corresponding to an 88.6% 

reduction relative to the control film. No statistically significant differences in oxygen 

permeability were observed among the positive control, CT1M3, and bilayer films (p 

> 0.05), whereas the neat carrageenan film maintained substantially higher 

permeability. These results indicate that lamination with the L7B3 layer did not 

compromise the excellent oxygen barrier performance of the optimized carrageenan 

composite film, and the overall oxygen barrier performance of the bilayer structure is 

predominantly governed by the CT1M3 layer. In contrast, the water vapor 

permeability results clearly demonstrate that the L7B3 outer layer significantly 

contributes to moisture barrier performance. The neat carrageenan control and CT1M3 

films exhibited high water vapor permeability values of 20.567 ± 0.666 and 22.467 ± 

3.591 × 10⁻⁹ g·m/m²·Pa·s, respectively, with no statistically significant difference 

observed between them (p > 0.05). This confirms that the addition of TiO₂ and 

MCC did not improve the inherent moisture barrier properties of the hydrophilic 

carrageenan matrix. Conversely, the L7B3 monolayer film exhibited a substantially 

lower water vapor permeability of 0.336 ± 0.006 × 10⁻⁹ g·m/m²·Pa·s, and the 

bilayer film demonstrated an even lower value of 0.258 ± 0.069 × 10⁻⁹ g·m/m²·Pa·s. 
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Neither value showed a statistically significant difference from the commercial LID 

film at 0.017 ± 0.008 × 10⁻⁹ g·m/m²·Pa·s (p > 0.05). The water vapor permeability 

of the bilayer film was approximately 98.7% and 98.9% lower than those of the neat 

carrageenan and CT1M3 films, respectively, representing a reduction of nearly two 

orders of magnitude. Collectively, these results demonstrate that the bilayer structure 

successfully combines the functional advantages of both constituent materials. The 

inner CT1M3 layer provides high oxygen barrier performance comparable to the 

commercial LID film, while the outer L7B3 layer effectively compensates for the poor 

water vapor resistance of carrageenan, achieving water vapor permeability values 

within the same statistical range as commercial high-barrier films. Therefore, the 

CT1M3/L7B3 bilayer film demonstrates potential as a promising high-barrier packaging 

material for foods sensitive to both oxygen and moisture.
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Table 4. Oxygen permeability (OP) and water vapor permeability (WVP) of control, 

CT1M3, L7B3, and CT1M3/L7B3 bilayer films compared with a commercial positive 

control (LID).

Sample Oxygen 
permeability(cc/m2· day) WVP(x10-9g∙m/m2∙Pa∙s)

Control (Carr) 1.669±0.485a 20.567±0.666b

Positive control(LID) 0.305±0.018b 0.017±0.008a

L7B3 - 0.336±0.006a

CT1M3 0.192±0.009b 22.467±3.591b

CT1M3/L7B3 0.191±0.003b 0.258±0.069a

Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same 

column indicate statistically significant differences (p < 0.05) by Duncan's multiple range test. 
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3) Light transmittance and color properties

The optical transmittance and UV-blocking properties of packaging films play a 

critical role in determining the photo-oxidative stability and visual quality of 

packaged foods (89). Table 5 presents the color differences and light transmittance 

values of each film measured at 280 nm and 660 nm. Pure carrageenan films 

exhibited relatively high transmittance values of 36.58% at 280 nm and 57.69% at 

660 nm, indicating poor UV and visible light barrier performance. In contrast, the 

positive control film showed transmittance values of only 0.001% at 280 nm and 

0.55% at 660 nm, demonstrating nearly complete light-blocking behavior across the 

measured wavelength range. This result confirms the excellent optical barrier 

properties of the commercial high-barrier packaging material. The transmittance of 

TiO₂-containing composite films decreased significantly with increasing TiO₂ 

concentration (p < 0.05). The CT films exhibited transmittance values ranging from 

0.002% to 2.65% at 280 nm and from 0.13% to 4.96% at 660 nm. A clear 

decreasing trend in transmittance was observed as the TiO₂ content increased, which 

can be attributed to enhanced light scattering and absorption induced by TiO₂ 

particles dispersed within the film matrix. This UV-shielding mechanism of TiO₂ has 

also been reported in recent reviews on TiO₂-based food packaging films (74). A 

similar trend was observed in C-TM films containing both TiO₂ and MCC. Park et 

al. (2024) reported that MCC extracted from pistachio shells acted as a micro-filler 

within carrageenan films, densifying the film structure and increasing light diffusion 

pathways, thereby enhancing UV-blocking performance (71). Consistent with this 

report, all C-TM films in the present study exhibited significantly lower transmittance 

at 280 nm compared to pure carrageenan films (p < 0.05), along with an overall 

reduction in transmittance at 660 nm. These results align with the improved UV and 

visible light barrier properties observed in MCC-containing composite films. The 

enhanced optical barrier performance can be attributed to the microfibrillar structure 

of MCC, which introduces irregular light scattering pathways within the film matrix. 
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Furthermore, the synergistic interaction between MCC and TiO₂ appears to amplify 

light-blocking efficiency through combined scattering and absorption effects. 

The CT1M3/L7B3 bilayer film exhibited transmittance values of 0.001% at 280 nm 

and 0.56% at 660 nm, which were comparable to those of the positive control. This 

indicates nearly complete UV shielding performance. The superior optical barrier 

behavior of the bilayer structure can be explained by multiple internal reflections and 

scattering events occurring at the interface between the CT1M3 and L7B3 layers, 

which increase the optical path length and effectively suppress overall light 

transmission through the film. 

Color difference analysis further supported these optical changes. Pure carrageenan 

films exhibited the highest L* value (94.49), indicating a bright and highly 

transparent appearance. In contrast, films containing TiO₂ showed decreased L* values 

and increased b* values, resulting in a visually opaque, whitish appearance. This 

change can be attributed to increased light scattering and reflection caused by TiO₂ 

particles. Films containing additional MCC exhibited a further decrease in L* values 

and a significant increase in ΔE values (p < 0.05), indicating greater brightness 

reduction and stronger visual opacity. These color changes were consistent with the 

reduced transmittance observed at both 280 nm and 660 nm, confirming the effective 

enhancement of UV and visible light barrier properties. Overall, the combined 

incorporation of TiO₂ and MCC, along with the application of a multilayer structure, 

significantly enhanced the UV and visible light shielding performance of 

carrageenan-based films. These improved optical properties are expected to be 

beneficial for preventing discoloration and quality deterioration of light-sensitive 

foods. Therefore, the composite and multilayer film design employing TiO₂ and MCC 

presents a promising strategy for the practical application of carrageenan-based 

sustainable packaging materials.
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Table 5. Color parameters (L*, a*, b*, ΔE) and light transmittance at 280 and 660 

nm of carrageenan-based composite and bilayer films.

Sample L* a* b* △E 280nm 660nm

Control 94.489 ± 
0.067ij

-0.332 ± 
0.011f

4.359 ± 
0.070a - 36.583 ± 

2.536g
57.686 ± 

4.871g

Positive 
control - - - - 0.001 ± 

0.002a
0.551 ± 
0.024a

CT1M3/
L7B3

93.698±  
0.059abc

-0.566 ±  
0.234abcde

7.118 ±  
0.166e

2.896 ± 
0.133fgh

0.001 ± 
0.001a

0.559 ± 
0.039a

CM1 94.310 ± 
0.070ghi

-0.391 ± 
0.020ef

4.782 ± 
0.198ab

0.467 ± 
0.197ab

23.294 ± 
1.736f

35.561 ± 
3.090f

CM3 94.548 ± 
0.099ij

-0.449 ± 
0.002def

4.857 ± 
0.127b

0.521 ± 
0.125ab

13.606 ± 
1.826e

21.120 ± 
3.306e

CM5 94.636 ± 
0.140j

-0.490 ± 
0.006cdef

5.019 ± 
0.190b

0.711 ± 
0.143b

8.641 ± 
1.045d

14.410 ± 
1.741d

CT1 93.851 ± 
0.089bcd

-0.623 ± 
0.034abcd

7.634 ± 
0.282fg

3.350 ± 
0.295hi

2.649 ± 
0.519c

4.961 ± 
0.782c

CT3 94.119 ± 
0.056defg

-0.574 ± 
0.058bcde

7.219 ± 
0.076ef

2.895 ± 
0.076fgh

0.025 ± 
0.011a

0.195 ± 
0.026a

CT5 94.397 ± 
0.312huj

-0.483 ± 
0.027cdef

6.482 ± 
0.430c

2.147 ± 
0.425cd

0.002 ± 
0.003a

0.132 ± 
0.012a

CT1M1 93.447 ± 
0.101a

-0.798 ± 
0.008a

7.723 ± 
0.029g

3.554 ± 
0.014i

1.492 ± 
0.292b

3.956 ± 
0.515c

CT1M3 93.624 ± 
0.025ab

-0.461 ± 
0.314cdef

7.419 ± 
0.039efg

3.193 ± 
0.058ghi

0.768 ± 
0.223ab

2.247 ± 
0.470b

CT1M5 93.847 ± 
0.205bcd

-0.753 ± 
0.067ab

7.124 ± 
0.483e

2.871 ± 
0.518fgh

0.556 ± 
0.221a

1.465 ± 
0.528ab

CT3M1 93.896 ± 
0.170bcde

-0.636 ± 
0.069abcd

6.576 ± 
0.362cd

2.316 ± 
0.394cde

0.022 ± 
0.016a

0.213 ± 
0.040a

CT3M3 93.878 ± 
0.287bcde

-0.614 ± 
0.057abcd

6.642 ± 
0.526cd

2.383 ± 
0.586def

0.021 ± 
0.008a

0.208 ± 
0.014a

CT3M5 94.174 ± 
0.061fgh

-0.666 ± 
0.054abc

6.550 ± 
0.191cd

2.240 ± 
0.186cd

0.009 ± 
0.004a

0.175 ± 
0.005a

CT5M1 94.136 ± 
0.077efgh

-0.518 ± 
0.013cdef

6.148 ± 
0.039c

1.834 ± 
0.053c

0.000 ± 
0.002a

0.124 ± 
0.006a

CT5M3 93.643 ± 
0.101ab

-0.608 ± 
0.039abcd

6.992 ± 
0.280de

2.780 ± 
0.294efg

0.002 ± 
0.002a

0.124 ± 
0.003a

CT5M5 93.950 ± 
0.174cdef

-0.566 ± 
0.023bcde

6.202 ± 
0.233c

1.937 ± 
0.268cd

0.001 ± 
0.002a

0.120 ± 
0.005a

Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same 

column indicate statistically significant differences (p < 0.05) by Duncan's multiple range test. 
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4) Tensile properties of bilayer films

The mechanical properties of the CT1M3/L7B3 bilayer film, composed of CT1M3 

and L7B3 films exhibiting mechanically comparable characteristics, are summarized in 

Table 6. The CT1M3/L7B3 bilayer film exhibited a tensile strength of 33.15 ± 3.98 

MPa, which was not significantly different from that of the CT1M3 monolayer film 

(34.44 ± 1.22 MPa) (p > 0.05). Similarly, the elongation at break of the CT1M3 film 

was 17.74 ± 1.96%, showing no statistically significant difference compared to that 

of the CT1M3/L7B3 bilayer film (18.60 ± 5.06%) (p > 0.05). These results suggest 

that the tensile deformation and fracture behavior of the laminated structure are 

predominantly governed by the brittle CT1M3 layer. During tensile loading, failure is 

initiated in the CT1M3 layer, which fractures first and consequently limits the overall 

extensibility of the bilayer film. In other words, although the ductile PBAT-containing 

L7B3 layer is incorporated into the laminated structure, the initial fracture occurs in 

the CT1M3 layer. Therefore, the bilayer design contributes more to enhancing 

structural integrity and barrier performance rather than significantly improving 

elongation behavior (90). In conclusion, the CT1M3/L7B3 bilayer film successfully 

maintained the mechanical strength of the CT1M3 monolayer film while achieving 

improved overall structural integrity and stability through the laminated configuration.



- 30 -

Table 6. Tensile properties of PLA, PBAT, PLA/PBAT blend (LB) films, CT1M3, 

and the laminated CT1M3/L7B3 bilayer film.

Sample Tensile 
strength(Mpa)

Elastic 
modulus(Mpa)

Elongation at 
break(%)

PLA 33.09±0.22c 2028.07±114.84e 5.12±0.92a

L9B1 39.28±0.13d 2208.69±274.22e 11.63±9.21a

L8B2 35.47±1.07cd 1897.19±663.22e 42.51±13.94a

L7B3 24.48±1.59b 1450.71±179.30d 33.58±15.20a

L6B4 14.26±0.41a 679.03±44.58c 24.99±3.47a

L5B5 13.22±1.40a 566.97±42.90bc 12.87±1.41a

L4B6 16.34±0.66a 697.87±124.81c 25.85±7.13a

L3B7 13.42±0.89a 243.91±32.55ab 38.95±8.64a

L2B8 12.41±0.41a 137.29±10.86a 212.10±66.21b

L1B9 14.05±1.45a 104.22±3.43a 324.33±88.83c

PBAT 13.99±2.65a 76.05±3.36a 386.69±180.58c

CT1M3 34.44±1.22c 1201.76±18.81d 17.74±1.96a

CT1M3/L7B3 33.15±3.98c 1114.82±2.08d 18.60±5.06a

Different superscript letters within the same column indicate statistically significant differences (p < 

0.05) by Duncan's multiple range test. 
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4. Structural and chemical characterization of composite and bilayer 

films (XRD and FTIR)

1) X-ray diffraction (XRD) analysis

Figure 3 (a) presents the XRD patterns of neat carrageenan film, carrageenan 

composite films, L⁷B³ film, and laminated films. A strong peak was observed at 2θ 

= 29.45° in the neat carrageenan film. This peak is attributed to KCl crystals, an 

inorganic salt impurity commonly present in commercially supplied κ-carrageenan 

(91). The L⁷B³ film exhibited a relatively broad but intense peak at 2θ = 16.7°, 

corresponding to the characteristic peak of the (200)/(110) crystalline plane reflection 

of PLA α-form (92). Additionally, a peak was observed at 2θ = 29.45°, which has 

been reported as the (216) crystalline plane reflection of PLA α-form (92). Although 

this peak appears relatively weak in melt-crystallized pure PLA films (92), it was 

more clearly observed in the L⁷B³ film prepared by the chloroform solution casting 

process in this study, attributed to higher crystallinity achieved through slow solvent 

evaporation and the nucleation effect of PBAT. These results are consistent with 

previous studies demonstrating that solution casting influences the crystal structure 

formation of PLA (93). 

Changes in diffraction patterns were observed as MCC and TiO₂ were incorporated 

into the carrageenan matrix. The intensity of the peak at 2θ = 29.45° in the CM³ 

film decreased compared to the neat carrageenan film. This reduction suggests that 

MCC particles interfere with the regular arrangement and crystal growth of KCl. 

Despite the addition of MCC, characteristic peaks of cellulose I were not detected in 

the composite films. The strong diffraction peaks of the carrageenan matrix mask the 

relatively weak peaks of MCC present at low concentrations. A similar phenomenon 

has been reported in previous carrageenan/cellulose composite film studies (71). 

The CT¹ film exhibited two notable features. The peak at 2θ = 29.45° was still 

present but with reduced intensity. A new distinct peak appeared at 2θ = 25.4°. This 
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additional peak corresponds to the (101) crystalline plane of anatase TiO₂ (94). This 

confirms that TiO₂ nanoparticles maintain their crystalline phase within the film 

matrix. The presence of this peak indicates successful incorporation of TiO₂ and 

preservation of structural integrity during the film formation process. 

The XRD pattern of the CT¹M³ film simultaneously exhibited characteristics of 

both CM³ and CT¹ films. The peak at 2θ = 25.4° (TiO₂) was clearly observed. In 

contrast, the intensity of the peak at 2θ = 29.45° (KCl) decreased more significantly 

than in either CM³ or CT¹ films alone. This synergistic effect suggests that the 

combined presence of MCC and TiO₂ most effectively suppresses the growth and 

crystallization of KCl impurities. This mechanism is likely related to both MCC and 

TiO₂ particles disrupting the regular arrangement of KCl crystals through steric 

hindrance and interfacial interactions. This is similar to the plasticizer effect reported 

by Sun et al. (2018) in hydroxypropyl methylcellulose/κ-carrageenan films. 

Both surfaces of the laminated film were analyzed by XRD. CT¹M³-L⁷B³ represents 

the measurement from the CT¹M³ layer surface, while L⁷B³-CT¹M³ represents the 

measurement from the L⁷B³ layer surface. In both measurements, the XRD patterns 

exhibited characteristic peaks of both constituent layers. The PLA characteristic peak 

at 2θ = 16.7°, the TiO₂ peak at 2θ = 25.4°, and the overlapping peaks of KCl from 

the CT¹M³ layer and PLA α-form from the L⁷B³ layer around 2θ = 29.45° were all 

observed. The similar diffraction patterns observed on both surfaces indicate uniform 

structural distribution throughout the laminated film and excellent interlayer adhesion. 

Notably, the peak intensity at 2θ = 29.45° remained suppressed on both surfaces, 

confirming that the lamination process effectively controlled KCl crystallization 

without disrupting the crystal structure of individual layers. The preservation of these 

characteristic peaks confirms that the lamination process maintained the structural 

integrity of both the carrageenan composite layer and the PLA/PBAT layer. The 

consistent XRD patterns observed on both surfaces and the reduction in KCl 

crystallinity suggest improved compatibility and molecular-level interactions between 
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the components, which may contribute to the enhanced mechanical and barrier 

properties of the multilayer film (95).

2) Fourier-transform infrared sprctroscopy (FTIR) analysis

Measurements were performed in the spectral range from 4000 cm⁻¹ to 400 cm⁻¹, 

and the FTIR results are presented in Figure 3 (b). Several characteristic absorption 

bands were observed in the neat κ-carrageenan film. The band around 3300 cm⁻¹ is 

attributed to O-H stretching vibration of hydroxyl groups, indicating the presence of 

strong hydrogen bonding within the carrageenan matrix (71). The peak around 2923 

cm⁻¹ corresponds to symmetric and asymmetric C-H stretching vibrations (71). The 

peak at 1654 cm⁻¹ represents amide-I vibration (71). The peak around 1223 cm⁻¹ 

indicates S=O symmetric vibration of the sulfate groups (SO₃⁻) in κ-carrageenan (96). 

The peaks at 1156 cm⁻¹ and 1028 cm⁻¹ are characteristic bands of C-O stretching 

vibration of the sugar ring and glycosidic (C-O-C) bonds in carrageenan (96). The 

peak at 919 cm⁻¹ is attributed to 3,6-anhydro-D-galactose (C-O-C) vibration. The 

peak at 843 cm⁻¹ is attributed to D-galactose-4-sulfate (96). 

The FTIR spectrum of the CM³ film with added MCC exhibited a nearly identical 

pattern to the neat carrageenan film. The characteristic peaks of MCC overlapped 

with the strong absorption bands of carrageenan and were not clearly distinguishable. 

The FTIR spectrum of the CT¹ film with added TiO₂ also showed a similar pattern 

to the neat carrageenan film. This is attributed to the strong absorption of the neat 

carrageenan matrix and the low TiO₂ content (94). The CT¹M³ film also exhibited 

overlapping with the strong absorption bands of the carrageenan matrix. 

In the FTIR spectrum of the L⁷B³ film, the peak at 1752 cm⁻¹ is attributed to the 

ester carbonyl (C=O) stretching vibration of PLA (97). The O-H band at 3310 cm⁻¹ 

observed in carrageenan films was barely detected in the L⁷B³ film, indicating the 

hydrophobic characteristics of the L⁷B³ film (97). The spectrum of the laminated film 

exhibited characteristic peaks from both layers. The O-H band at 3310 cm⁻¹ and the 
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sulfate group peak at 1223 cm⁻¹ from the carrageenan layer, as well as the C=O 

peak at 1752 cm⁻¹ from the L⁷B³ film, were simultaneously observed (96). No new 

peaks appeared due to the bonding of the two layers, indicating that physical 

adhesion occurred without chemical reactions during the lamination process.
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fig 3. XRD patterns (a) and FTIR spectra (b) of neat carrageenan film, 

carrageenan-based composite films, L⁷B³ film, and laminated CT¹M³/L⁷B³ films.
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5. Food application test: lipid oxidation stability assessed by 

peroxide value (POV)

This study evaluated the inhibitory effects of various film systems on lipid 

oxidation in sunflower oil, including an Blank, a positive control, CT1, CM3, CT1M3, 

and a CTM/LB film, using peroxide value (POV) as the primary indicator. POV is a 

widely accepted index of lipid oxidation that reflects the accumulation of primary 

lipid oxidation products, namely hydroperoxides, formed during storage and is 

commonly used to assess the freshness and oxidative stability of edible oils (98). In 

general, oils with a higher degree of unsaturation are more susceptible to oxidation, 

as oxygen readily reacts at double-bond sites to form lipid hydroperoxides, and these 

changes are sensitively reflected in POV values (99). The changes in POV for each 

film treatment over the storage period are presented in Figure 4. Under ambient 

storage conditions (0–70 days), POV increased continuously in all treatments, 

indicating progressive lipid oxidation in sunflower oil. The Blank exhibited the 

highest POV throughout the entire storage period, demonstrating the most rapid 

oxidation, while the neat carrageenan film showed slightly lower values than Blank 

but still maintained relatively high POV levels, indicating limited oxidation inhibition. 

This trend is consistent with previous studies reporting that the oxidative stability of 

sunflower oil varies significantly depending on packaging materials and storage 

conditions, such as exposure to oxygen and light (100). In contrast, the Positive 

group and CTM films containing TiO₂ and/or MCC exhibited intermediate POV 

levels, whereas the CTM/LB film maintained the lowest or near-lowest POV after 

day 3 of storage across most time points. Meanwhile, oxygen transmission rate 

(OTR) measurements (Table 4) showed that CTM and CTM/LB films had 

significantly lower oxygen permeability than the neat carrageenan film (p < 0.05), 

exhibiting oxygen barrier performance comparable to that of the positive control. This 

enhanced oxygen barrier property is considered to play a key role in suppressing the 

increase in POV of sunflower oil, which is in agreement with previous reports 
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demonstrating that differences in packaging materials directly influence the formation 

of primary lipid oxidation products (hydroperoxides) as well as oxidation-related 

volatile compounds in edible oils (101). Therefore, the composite structure based on 

CTM film incorporating inorganic fillers and an LB layer shows strong potential as a 

packaging material capable of improving the oxidative stability of sunflower oil under 

ambient storage conditions, consistent with recent trends in carrageenan-based 

composite film for active and intelligent food packaging applications (47,102,103).
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fig 4. Changes in peroxide value (POV) of sunflower oil during storage (0–70 days) 

under different film packaging systems.
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6. Lipid oxidation kinetics

To quantitatively evaluate the oxidative stability of sunflower oil packaged with 

various films during storage, peroxide values (POV) were measured at 25°C over 

storage periods of 0, 3, 7, 12, 18, 25, and 70 days. The data were modeled using 

both zero-order kinetics (POV = a + k·t) and pseudo-first-order kinetics (ln(POV) = 

ln(a) + k·t). The zero-order kinetic model consistently exhibited superior fit across all 

film conditions, as evidenced by higher R² values, and the corresponding kinetic 

parameters are presented in Table 7. The linear increase in peroxide value over the 

storage period suggests that lipid oxidation proceeded under diffusion-controlled 

conditions, where the reaction rate is primarily governed by oxygen diffusion. Similar 

zero-order kinetic behavior has been reported for oils stored in systems with 

headspace or semi-sealed configurations, where oxygen concentration in the headspace 

remains relatively constant during the initial stages of oxidation (104,105,106,107). 

The experimental setup employed in this study, consisting of vials with limited 

headspace sealed with barrier films and stored isothermally at 25°C, can be 

considered an oxygen-limited environment, which accounts for the nearly linear 

increase in POV over time. The rate constant (k) represents a quantitative parameter 

describing the accumulation rate of peroxides, the primary oxidation products, and 

serves as a direct indicator of lipid oxidation progression. Therefore, k values can be 

utilized as a reliable quantitative metric for comparing lipid oxidation inhibition 

efficiency among different film formulations (107,108). The unpackaged blank 

exhibited the highest k value of 0.33 ± 0.02 meq O₂/kg·day, indicating the most 

rapid oxidation progression. When oil was packaged with neat carrageenan film, the 

k value decreased to 0.20 ± 0.01 meq O₂/kg·day, representing an approximately 

39% reduction compared to the blank. The positive control film demonstrated a 

further reduction in k value to 0.18 ± 0.00 meq O₂/kg·day, corresponding to an 

approximately 45% decrease. CT¹ and CM³ exhibited intermediate k values of 0.22 ± 

0.00 meq O₂/kg·day, which were significantly lower than the blank but higher than 
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the positive control (p < 0.05). The optimized CT¹M³ film exhibited a lower k value 

of 0.16 ± 0.00 meq O₂/kg·day, while the CT¹M³/L⁷B³ bilayer film demonstrated the 

lowest k value of 0.15 ± 0.00 meq O₂/kg·day among all experimental groups (p < 

0.05). This represents an approximately 55% reduction compared to the blank and is 

lower than the positive control, confirming lipid oxidation inhibition performance 

equivalent to or exceeding that of commercial high-barrier films. These results can be 

attributed to the synergistic effect of the excellent oxygen barrier properties of the 

CT¹M³ layer and the water vapor barrier properties of the L⁷B³ layer, which 

effectively suppressed lipid oxidation induced by both oxygen and moisture. In 

summary, zero-order kinetic analysis demonstrated that the oxygen barrier properties 

of films directly influence the rate of lipid oxidation. In particular, the CT¹M³/L⁷B³ 

bilayer film exhibited the lowest rate constant among all experimental groups, 

confirming its potential as an effective packaging material for enhancing the oxidative 

stability of oxygen-sensitive foods (109,110).
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Table 7. Zero-order and pseudo-first-order kinetic parameters of lipid oxidation (k, a, R², RMSE and AIC) for oil samples packaged 

with neat carrageenan and carrageenan/TiO₂/MCC-based films.

Films
Zero-order kinetics Pseudo-first-order kinetics
aK ba cR2 dRMSE eAIC K a R2 RMSE AIC

blank 0.33 ± 
0.02e

1.48 ± 
0.32c

0.99 ± 
0.01b

0.83 ± 
0.22c

1.10 ± 
4.00c

0.04 ± 
0.00a

0.99 ± 
0.07e

0.75 ± 
0.03a

0.46 ± 
0.01d

-6.92 ± 
0.39d

Neat 
carrageena
n

0.20 ± 
0.01c

0.64 ± 
0.26b

0.99 ± 
0.01b

0.42 ± 
0.27a

-9.82 ± 
8.41a

0.04 ± 
0.00a

0.41 ± 
0.10cd

0.86 ± 
0.01b

0.32 ± 
0.02c

-11.90 ± 
1.05c

positive 
control

0.18 ± 
0.00b

-0.04 ± 
0.11a

0.96 ± 
0.01a

0.76 ± 
0.05bc

0.13 ± 
0.83c

0.04 ± 
0.00a

0.06 ± 
0.08a

0.97 ± 
0.01d

0.14 ± 
0.03a

-23.75 ± 
2.77a

CT1 0.22 ± 
0.00d

0.42 ± 
0.09b

0.99 ± 
0.00b

0.39 ± 
0.07a

-9.21 ± 
2.49a

0.04 ± 
0.00a

0.39 ± 
0.03c

0.89 ± 
0.01c

0.29 ± 
0.01bc

-13.36 ± 
0.55bc

CM3 0.22 ± 
0.00d

0.64 ± 
0.09b

0.99 ± 
0.00b

0.56 ± 
0.06ab

-4.14 ± 
1.50ab

0.04 ± 
0.00a

0.52 ± 
0.06d

0.88 ± 
0.00bc

0.30 ± 
0.00c

-13.05 ± 
0.18bc

CT1M3 0.16 ± 
0.00a

0.49 ± 
0.05b

0.99 ± 
0.00b

0.37 ± 
0.05a

-10.07 ± 
1.84a

0.04 ± 
0.00a

0.22 ± 
0.05b

0.90 ± 
0.01c

0.26 ± 
0.03b

-14.84 ± 
1.41b

CT1M3/
L7B3

0.15 ± 
0.00a

0.09 ± 
0.02a

0.97 ± 
0.00a

0.59 ± 
0.02abc

-3.48 ± 
0.45ab

0.04 ± 
0.00a

0.00 ± 
0.00a

0.97 ± 
0.00d

0.15 ± 
0.00a

-22.96 ± 
0.34a

Results are presented as means ± standard deviation. Values with the different superscript letters in the same column indicate that they are statistically different (p < 

0.05).
ak: rate constant (zero-order: meq O2/kg·day; first-order: day−1). 
ba: intercept (zero-order: meq O2/kg; first-order: dimensionless). 
cR2: coefficient of determination. 
dRMSE: root mean square error (meq O2/kg). 
eAIC: Akaike information criterion.
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CHAPTER 4 Conclusion

In this study, biodegradable κ-carrageenan-based composite laminate films with 

enhanced barrier properties were developed for food packaging applications. The 

CT1M3 composite film containing 1 wt% TiO₂ and 3 wt% MCC exhibited an 

88.5% reduction in oxygen permeability (OP) compared to the neat carrageenan film. 

To compensate for the high water vapor permeability (WVP) inherent to hydrophilic 

carrageenan, a bilayer structure was fabricated by laminating CT1M3 with a 

PLA/PBAT (7:3) blend film. The resulting CT1M3/L7B3 bilayer film achieved a 

98.9% reduction in water vapor permeability while maintaining oxygen barrier 

performance comparable to that of commercial high-barrier films. Furthermore, the 

CT1M3/L7B3 film exhibited transmittance values of 0.001% at 280 nm and 0.56% at 

660 nm, demonstrating excellent light-blocking performance in both the UV and 

visible light regions. Kinetic analysis based on peroxide value (POV) measurements 

during sunflower oil storage revealed that lipid oxidation followed zero-order kinetics, 

with the CT1M3/L7B3 film exhibiting the lowest oxidation rate constant (k) among all 

tested samples. These results suggest that the developed CT1M3/L7B3 film has 

potential as a biodegradable packaging material for food products requiring high 

barrier properties. Moreover, since all constituent materials are biodegradable, the 

developed multilayer film is expected to serve as an eco-friendly alternative to 

conventional petroleum-based high-barrier films.
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