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Abstract: Moisture can lead to microbiological growth in paper packaging, which is commonly used 
in the packaging industry. To enhance its performance, especially in corrugated board for food 
packaging, microbial growth inhibition is crucial. This research focused on coating kraft paper with 
three natural components: chitosan (CS)-mixed styrene-acrylate resin, carvacrol (CAR)-mixed 
styrene-acrylate resin, and CS and CAR-mixed styrene-acrylate resin. The objective was to evaluate 
the coating’s physical and mechanical properties, moisture level, and water resistance, as well as its 
antimicrobial effectiveness. A central composite design (CCD) with a D-optimal design was employed 
to determine the optimal coating composition. The results revealed that kraft paper coated with CS 
demonstrated better water resistance than CAR, while the mixture of CS and CAR showed the lowest 
water resistance. Microbial analysis demonstrated a reduction in total plate count from 240 CFU/g in 
uncoated kraft paper to 150 CFU/g with CS coating, further decreasing to 30 CFU/g with CAR coating. 
Antimicrobial resistance revealed that kraft paper coated with CAR demonstrated the strongest 
antimicrobial activity, while chitosan provided superior water repellency. The combination of both CS 
and CAR, mixed with resin, offered a balanced barrier against moisture and microbial contamination. 
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1. Introduction 

Paper is widely used in the packaging industry for various applications. Kraft paper is a type of 
paper produced through the kraft pulping process, in which wood chips are chemically treated with 
sodium hydroxide and sodium sulfide to break down lignin and extract long cellulose fibers. This 
method results in a paper product that is stronger and more durable than paper made using conventional 
mechanical pulping techniques due to its high tensile strength, tear resistance, and biodegradability. 
Kraft paper is commonly used in corrugated boxes, wrapping paper, food packaging, envelopes, and 
industrial liners. Its natural brown appearance, combined with the ability to be recycled and composted, 
makes it an attractive option in the growing market of sustainable and eco-friendly packaging solutions [1]. 
However, one of the challenging factors in paper packaging is its performance in humid environments, 
which directly poses a significant problem and affects its quality. 

As a natural material, kraft paper can absorb moisture from the atmosphere. The moisture content 
increases and the paper becomes more prone to swelling, weakening its mechanical structure and 
leading to the loss of barrier properties, particularly against water, vapor, grease, and gases [2]. The 
primary component of paper is cellulose, which is hydrophilic in nature. This increases the limitations 
against water and moisture. In wet or humid conditions, paper loses its strength and becomes more 
susceptible to microbial growth [3]. Paper packaging, particularly kraft paper, plays a crucial role in 
ensuring food safety and preserving product quality. However, bacteria commonly found in kraft paper 
packaging, especially when in contact with food, can grow under specific conditions of humidity, 
temperature, and the presence of essential nutrients, leading to food contamination. Studies have 
identified spore-forming Bacillus species, the pathogenic Gram-positive bacterium Staphylococcus 
aureus, and the Gram-negative bacterium Escherichia coli, which is known to cause diarrhea, as 
prominent contaminants in paper-based and corrugated materials [4]. Currently, the issue has been 
solved by coating paper or corrugated paper with plastic films such as polyethylene (PE), 
polypropylene (PP), polyethylene terephthalate (PET), polyvinyl chloride (PVC), and polystyrene (PS). 
Although plastic coatings improve water resistance, they contribute significantly to environmental 
waste due to their non-biodegradable nature [5]. The increasing demand for sustainable and 
biodegradable food packaging materials has led researchers to investigate various bio-based polymers 
and natural additives. Among these, polybutylene adipate-co-terephthalate (PBAT) composites have 
attracted considerable attention. Recent studies have demonstrated that the incorporation of carbon 
nanoparticles, lignin–TiO2 nanoparticles, and bio-based cross-linkers such as gallic acid [6] into PBAT 
matrices can significantly enhance their mechanical properties, barrier performance, and biological 
activity. These advancements highlight the potential of functionalized biodegradable polymers for 
next-generation food packaging applications. Most of these studies focus on fully polymer-based films, 
which often require industrial processing and are less compatible with paper substrates.  

The application of natural materials, particularly biopolymers, as coatings for paper is an effective 
method to improve barrier properties and functional characteristics [7]. Natural bioactive compounds 
such as chitosan (CS) and carvacrol (CAR) offer a promising alternative for coating-based 
functionalization of paper. CS, a deacetylated derivative of chitin, has been widely studied for its 
excellent film-forming ability, biodegradability, and broad-spectrum antimicrobial activity. It has 
been successfully applied in food packaging to extend shelf life and inhibit microbial spoilage. These 
coatings are especially suitable for food packaging. Among the most promising and readily available  
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natural materials are CS, CAR, and water-based styrene-acrylic resin coatings [8]. Both CS and CAR 
are natural compounds.  

Chitosan, a derivative of chitin found in the shells of aquatic animals such as shrimp and crabs, 
is the second most abundant biopolymer in nature after cellulose. It is produced through the 
deacetylation process, which removes acetyl groups from chitin to yield low-acetyl chitosan.    
These are obtained by immersing the chitin in a strong alkaline solution, chemically known as        
poly [β-(1→4)-2-amino-2-deoxy-D-glucopyranose]. This is essentially a modified form of chitin, 
where some of the acetyl groups (–COCH3) on the chitin molecule have been removed, exposing free 
amino groups (–NH2). It is a polymer that is insoluble in almost all organic solvents and water with 
neutral pH or alkaline, but is soluble in weak acids. The chemical structure of chitosan as     
poly-β-(1,4)-2-amino-2-deoxy-D-glucose is shown in Figure 1a. Chitosan exhibits excellent film and 
fiber-forming properties, low oxygen permeability, and enhanced mechanical strength. It resists 
tearing, serves as a barrier to gases and fats, and effectively inhibits bacterial growth, thereby extending 
product shelf life [9]. It has been successfully applied in food packaging to extend shelf life and inhibit 
microbial spoilage. The developed chitosan-based films blended with tannic acid and Moringa oleifera 
have showed significant efficacy in preserving strawberries, underscoring the effectiveness of natural 
bioactive agents in prolonging fruit freshness and inhibiting microbial growth [10]. 

Oregano (Origanum spp.) is a medicinal plant that contains a large amount of phenolic 
compounds from the groups carvacrol and thymol. Oregano essential oils (OEO) have shown the 
ability to inhibit bacterial growth [11]. The chemical structure of carvacrol [2-methyl-5-(propan-2-yl) 
phenol or 5-isopropyl-2-methylphenol] is organized as a structural isomer of thymol, which has the 
same atomic composition but different arrangements of groups on the benzene ring, as shown in Figure 1b. 
CAR, a phenolic compound found in essential oils such as oregano and thyme, has shown strong 
antimicrobial and antioxidant properties. Its mechanism of action involves disrupting the integrity of 
the cell membrane of bacteria and fungi, thereby inhibiting microbial growth [12]. Unlike synthetic 
preservatives, CAR is naturally derived, being classified as GRAS (generally recognized as safe), and 
exhibits high efficacy even at low concentrations [13]. However, due to its volatility and hydrophobic 
nature, its incorporation into polymeric coatings or emulsions is necessary to ensure controlled release 
and stability. Being a hydrophobic compound, although used in low concentrations, its presence may 
slightly enhance water repellency by reducing water permeability; at the same time, it has potent 
antimicrobial activity. It can disrupt bacterial membranes, cause leakage of intracellular components, 
and interfere with cellular metabolism, being effective against both Gram-positive and Gram-negative 
bacteria, as well as fungi.  

These compounds exhibit antibacterial properties and strong antioxidant effects. Styrene-acrylic 
resin was selected as a binder matrix for its ability to enhance the adhesion, flexibility, and mechanical 
strength of the coating layer on kraft paper. As a water-based emulsion polymer, it provides good  
film-forming properties while maintaining compatibility with both hydrophilic and hydrophobic 
additives [14]. In contrast to petroleum-based wax or polyethylene coatings, which hinder recyclability 
and biodegradability, styrene-acrylic emulsions enable the formulation of environmentally friendly 
coating systems when used in conjunction with natural additives. Styrene-acrylic resins, on the other 
hand, are synthetic polymers or copolymers derived from acrylic acid, such as methacrylic acid, and 
esters in Figure 1c. They are widely used in surface coating industries and can be manufactured in 
various physical forms, including solids, solutions, and emulsions. Solid thermoplastic resins are 
typically methacrylate-based beads, while styrene-acrylic resins are prepared as aqueous emulsions. 
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The type of surfactant used in emulsion polymerization affects the water resistance of the dried film. 
These resins, primarily composed of methacrylate ester homopolymers or copolymers, are highly 
resistant to ultraviolet (UV) radiation, hydrolysis, corrosive chemicals, and mechanical impacts. 
Acrylic resin films exhibit high gloss, strong pigment adhesion, excellent surface bonding capabilities, 
outstanding durability, and superior mechanical strength, making them suitable for a wide range of 
industrial coating applications [15]. The chemical structures of chitosan, carvacrol, and styrene-acrylic 
resin are shown in Figure 1. 

 

Figure 1. Chemical structure of (a) chitosan, (b) carvacrol, and (c) styrene-acrylic resin. 

The increasing demand for environmentally friendly and biodegradable packaging materials has 
driven significant interest in enhancing paper-based substrates with natural coatings. This study 
focuses on developing eco-friendly coatings from natural materials for water-repellent and antimicrobial 
kraft paper. Three formulations were evaluated: chitosan, carvacrol, and a chitosan–carvacrol 
composite, each blended with a water-based styrene-acrylic resin. These natural agents are recognized 
for their intrinsic water resistance and antimicrobial activities, making them promising candidates for 
sustainable and food-safe packaging applications. The research further aims to identify the optimal 
formulation ratio to achieve maximum protection against moisture and microbial contamination. A 
comprehensive evaluation of coating performance is conducted through multi-faceted analyses, 
including surface morphology, physical and mechanical properties, and chemical characterization. 

2. Materials and methods 

2.1. Materials 

The materials used in this research included brown kraft paper, KS 230 g, from S. VIWATPAPER 
(1994) Co., Ltd. The antimicrobial agents used in the coating formulations were chitosan and carvacrol, 
which were extracted from oregano oil, both sourced from Xi’an Henrikang Biotech Co., Ltd. These 
antimicrobial agents were tested at concentrations ranging from 0% to 50% by weight. Additionally, a 
water-based styrene-acrylic resin additive from Anwill (Thai) Co., Ltd. was incorporated into      
the coatings at concentrations ranging from 50% to 90% by weight to enhance performance and 
adhesion properties. 
  



759 

AIMS Materials Science  Volume 12, Issue 4, 755–774. 

2.2. Design of the experiment using a mixture design 

To determine the optimal coating ratio for kraft paper, a mixture design approach was employed 
using three key components: CS, CAR, and styrene-acrylic resin (used as an additive). The proportions 
of these components were expressed in weight percentages. A central composite design (CCD), 
integrated with a D-optimal design strategy, was implemented using Design Expert software (Stat-Ease® 
software). This experimental design enabled efficient statistical modeling and prediction of optimal 
coating compositions by evaluating interactions between variables across a constrained mixture space. 
The detailed formulation matrix used for the experiment is presented in Table 1 [16]. 

Table 1. The three-variable mixture design, as composed by Design Expert software. 

Standard order A: CS% (w/w) B: CAR% (w/w) C: Styrene% (w/w) 

0 0 0 0 

1 15 15 70 

2 0 30 70 

3 10 0 90 

4 25 25 50 

5 12.5 7.5 80 

6 50 0 50 

7 30 0 70 

8 0 50 50 

9 7.5 32.5 60 

10 25 25 50 

11 50 0 50 

12 0 10 90 

13 3 20 77 

14 32.5 7.5 60 

15 0 30 70 

16 30 0 70 

17 0 50 50 

2.3. Solution preparation 

The coating formulations were developed based on the composition listed in Table 1, focusing on 
the novel integration of natural bioactive agents (chitosan and carvacrol) with a synthetic styrene-acrylic 
resin binder. This hybrid approach combined natural and synthetic components to create water-based 
emulsions suitable for kraft paper coating. The coating formulations were prepared based on Table 1 
to determine the optimal mixture ratios. The components were mixed using a homogenizer at 625 rpm 
for 1 h. The prepared coatings were then applied as thin films on KS 230 g kraft paper using a bar 
coater no. 25 or thickness 25 µm [17]. The coated paper was then dried in a hot-air oven at 50 °C for 10 h. 
After drying, the coated paper was stored at 25 °C under 65% relative humidity for at least 24 h to 
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stabilize the coating. Once stabilized, the samples were cut into sizes of 10 × 10 cm and 12.5 × 12.5 cm 
and used for testing in subsequent steps. 

2.4. Testing the performance of coated kraft paper 

2.4.1. Thickness test 

The thickness was measured using a digital micrometer with a precision of 0.001 mm (Mitutoyo, 
Japan), following the standard method TAPPI T411 (ASTM-D-645 and D-646). Paper samples     
of 10 × 10 cm were used for the test. For each kraft paper–coated sample, five measurements were 
collected at different points, and the average thickness was determined. 

2.4.2. Water absorption 

To evaluate water absorption, the TAPPI T441 (Cobb Test) was applied on five samples for each 
composition. Kraft paper samples, both coated and uncoated, were cut into 12.5 × 12.5 cm pieces. The 
testing procedure was as follows: the paper was weighed before testing and then placed on a rubber 
mat mounted on the metal base of the testing device. A metal ring was positioned over the sample and 
secured by tightening it with a metal clamp. 100 mL of water was poured into the metal ring covering 
the sample, and the setup was left undisturbed for 2 min. Afterward, the sample was removed and 
placed on absorbent paper to blot away any excess water until no visible moisture remained on the 
surface. Finally, the sample was weighed again to determine water absorption. Water absorption was 
calculated using Eq 1. 

Water absorption (%) = (ೈమషೈభ
ಲ

)100%                                (1) 

Where: W1 is the weight of the paper sample before water absorption (g); W2 is the weight of the paper 
sample after water absorption (g); and A is the surface area of the paper sample (m2). 

2.4.3. Moisture content 

Moisture content was tested according to ASTM D 2216-10 and ISO 18134-1:2017. Kraft paper 
samples were cut into 10 × 10 cm, with three samples for each batch. The initial weight of each sample 
was measured before (Ww) and after drying (Wd). The samples were then subjected to the oven-drying 
method. Drying was carried out at a temperature of 105 °C until the mass of the samples remained 
constant. After drying, the final weight of each sample was recorded to determine the moisture content. 
The result is expressed as moisture content (%) as calculated using Eq 2. 

Moisture content (%) = ቀೈೢషೈ೏
ೈ೏

ቁ 100%                    (2) 

2.4.4. Water resistance 

The water resistance of coated kraft paper was evaluated through static water contact angle 
measurement, a sensitive technique widely used to quantify surface wettability. This method provides 
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insight into how effectively the coating repels water by observing the shape of a water droplet placed 
on the surface. The contact angle (θ) is defined as the angle between the tangent at the droplet’s edge 
and the solid surface, reflecting the balance between adhesive forces (interaction between the liquid 
and solid) and cohesive forces (interaction within the liquid molecules). A higher contact angle (θ > 90°) 
indicates stronger water repellency and reduced surface wettability, while a lower angle suggests 
increased absorption or spreading. In this study, measurements were conducted using a contact angle 
goniometer (KINO, SL150E) with a measurement range of 0° < θ < 180°. The method allows for 
comparative analysis of surface hydrophobicity resulting from different coating compositions, offering 
an understanding of how bioactive agents and binders influence water resistance. 

2.4.5. Tensile test and elongation 

The tensile test was performed according to ASTM D882 and ISO 527. Samples were cut     
into 1.5 × 21 cm, with five samples for each batch to ensure accuracy and reliability of the results [18]. 
The Universal Testing Machine (UTM; HT-2402, HUNGTA INSTRUMENT, China) at a tensile 
speed of 210 mm/min was used. Prior to testing, samples were conditioned for 24 h at a temperature 
of 25 °C and a relative humidity of 65%. Percentage of elongation is the percentage increase in a 
material’s length before breaking, representing its ability to stretch under tensile stress. It is calculated 
by comparing the sample’s length during testing to its original length. It was calculated using Eq 3. 

Elongation (%) = ቀై౛౤ౝ౪౞ ౗౜౪౛౨ ౘ౨౛౗ౡషో౨౟ౝ౟౤  ై౛౤ౝ౪౞

ో౨౟ౝ౟౤౗ౢ ై౛౤ౝ౪౞
ቁ100%                (3) 

2.4.6. Bursting test 

The bursting test was conducted in accordance with TAPPI T403 standards. The testing procedure 
involved preparing test specimens from paper samples that were free from wrinkles and watermarks 
and had been conditioned under test conditions for 24 h. Each specimen was placed between the upper 
and lower rings, ensuring that its edges extended at least 2.5 cm beyond the rings. The specimen was 
then securely clamped with a pressure of not less than 200 psi to prevent slippage during testing. 
Pressure was applied at a uniform rate until the specimen ruptured or burst. The maximum pressure at 
the breaking point was displayed on the gauge and recorded. For each sample, a minimum of five 
specimens per sample were required for testing. 

2.4.7. Fourier Transform infrared spectroscopy (FTIR) analysis 

The chemical composition of the samples was analyzed using an FTIR spectrometer (Spectrum 65 
FTIR; Perkin Elmer, USA). Functional groups in the organic compound molecules were identified by 
scanning with infrared radiation in the electromagnetic spectrum range of 4000–500 cm1 with 32 scans 
and a resolution of 4 cm1. The analysis was conducted using attenuated total reflectance–Fourier 
Transform infrared spectroscopy (ATR-FTIR) to evaluate interactions between the kraft paper and the 
coating layer. Kraft paper samples were cut into 10 × 10 cm for testing. Finally, ATR-FTIR was 
employed to analyze the coated samples, detecting residual chitosan and carvacrol on the paper surface. 
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2.4.8. Scanning electron microscope (SEM) 

The surface morphology and characteristics of uncoated and coated kraft paper were analyzed 
using a SEM (Thermo Fisher Scientific, Phenom ProX, Ireland). SEM images of both uncoated and 
coated paper were captured at magnifications of 500× and 1000× to observe changes in surface 
morphology. Paper samples were cut into 1 × 1 cm for analysis. Prior to scanning, the samples were 
coated with a 5 nm thick gold film to enhance conductivity and imaging quality. 

2.4.9. Antibacterial analysis barrier properties (total plate count) 

Antimicrobial activity analysis of kraft paper coated with styrene-acrylic combined with CS,  
CAR, or a mixture of both was conducted by evaluating the total plate count (TPC), which measures 
the total number of viable microorganisms, including yeast and bacteria [3]. The result was expressed 
in CFU/g (colony-forming units per gram). Paper samples coated with CS, CAR, and a CS–CAR 
mixture in the specified ratio were compared to uncoated kraft paper in order to evaluate their 
antimicrobial effectiveness. The comparison aimed to assess the reduction in microbial growth due to 
the applied coatings. 

2.4.10. Statistical analysis 

One-way analysis of variance (ANOVA) was used to evaluate the statistical significance of 
differences among coating formulations, with the analysis conducted using Microsoft Excel® software. 
For antimicrobial activity, regression analysis based on a mixture design was implemented using 
Design Expert (Stat-Ease®) software; the special cubic model represented the relationship between 
component ratios and antibacterial performance. A significance level of p < 0.05 was used throughout 
to ensure statistical reliability and confidence in the observed differences [8]. 

3. Results and discussion 

3.1. Characterization of coated kraft paper 

The results of coating formulations on coated kraft paper are summarized in Table 2. 
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Table 2. Characterization of different coated kraft paper samples. 

Run CS% (w/w) CAR% 

(w/w) 

Styrene% 

(w/w) 

Thickness 

(mm) 

Cobb test 

(g/m2) 

Moisture 

content (%) 

Tensile 

strength 

(Nf/mm2) 

Yield 

strength 

(Nf/mm2) 

Elongation 

(%) 

Burst testing 

(kgf/cm2) 

Total plate 

count 

(CFU/g) 

0 0 0 0 0.29 60 5.14 4.5 4 17.12 1 240 

1 15 15 70 0.34 54 5.71 4.5 4 20.9 1.2 210 

2 0 30 70 0.32 41 6.25 4.5 3 21.39 1.2 50 

3 10 0 90 0.33 -1 6.38 4.5 4 20.58 1.4 150 

4 25 25 50 N/A N/A N/A N/A N/A N/A N/A N/A 

5 12.5 7.5 80 0.35 37 6.84 4.5 5 21.1 1 40 

6 50 0 50 N/A N/A N/A N/A N/A N/A N/A N/A 

7 30 0 70 N/A N/A N/A N/A N/A N/A N/A N/A 

8 0 50 50 0.33 28 4.40 4.5 3 17.53 1.4 30 

9 7.5 32.5 60 0.32 46 5.18 4.5 5 21.96 1 120 

10 25 25 50 N/A N/A N/A N/A N/A N/A N/A N/A 

11 50 0 50 N/A N/A N/A N/A N/A N/A N/A N/A 

12 0 10 90 0.31 4 6.06 4.5 4 16.87 1 170 

13 3 20 77 0.33 41 5.70 4.5 5 22.28 1.2 120 

14 32.5 7.5 60 N/A N/A N/A N/A N/A N/A N/A N/A 

15 0 30 70 0.31 49 6.33 4.5 4 18.15 1.6 70 

16 30 0 70 N/A N/A N/A N/A N/A N/A N/A N/A 

17 0 50 50 0.32 28 4.98 4.5 4 18.9 1.6 60 
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3.1.1. Thickness 

The average thickness of kraft paper increased by approximately 0.04 mm when coated with the 
three natural substance mixtures (chitosan-based coating, carvacrol-based coating, with carvacrol 
extracted from oregano oil, and chitosan–carvacrol composite coating) combined with a water-based 
styrene-acrylic resin as an additive, compared to uncoated kraft paper (Table 2). The slight increase in 
thickness may be attributed to the penetration of chitosan and carvacrol solutions into the cellulose 
network [19] and the application of both coatings. The average thickness was 0.33 mm, with the 
coating concentration ranging from 0% (w/w) to 50% (w/w), while the styrene-acrylate resin additive 
concentration ranged from 50% (w/w) to 90% (w/w). Thickness is a critical factor as it directly influences 
the physical and optical properties of kraft paper. 

3.1.2. Water absorption 

The Cobb test was used to evaluate the changes in water absorption capabilities of kraft paper 
coated with chitosan and carvacrol under various coating mixture conditions [17]. According to Table 2, 
the uncoated kraft paper presented a water absorption rate of 60 g/m2, indicating its high water-absorption 
capacity. However, these characteristic limits its application in water and moisture-resistant  
packaging [20]. By comparing the water absorption of chitosan-coated kraft paper, carvacrol-coated 
kraft paper, and a chitosan–carvacrol mixture, the results showed that kraft paper coated with a mixture 
of 12.5% chitosan and 7.5% carvacrol with styrene-acrylic resin at 80% (run 5 in Table 2) had a water 
absorption rate of 37 g/m2. This was higher than the carvacrol-coated kraft paper 50% (run 8 in Table 2), 
with a water absorption rate of 28 g/m2. The carvacrol-coated paper exhibited lower water absorption 
than the chitosan–carvacrol mixture, suggesting that carvacrol coating helps reduce water absorption 
to some extent. However, the kraft paper coated with 10% chitosan alone demonstrated the lowest 
water absorption, with a water absorption rate of 1.00 g/m2. This remarkable reduction is due to 
chitosan’s deacetylation reaction, which enhances its film-forming and fiber-forming properties and 
contributes to low oxygen permeability, significantly improving water resistance [21]. In contrast, 
carvacrol, which exhibits antibacterial growth inhibition and antioxidant properties, helps reduce paper 
degradation but has higher water absorption compared to chitosan. Nevertheless, kraft paper coated 
with these substances exhibited significantly lower water absorption than uncoated kraft paper, 
highlighting their potential for moisture-resistant packaging applications [22]. 

3.1.3. Moisture content 

The moisture content of kraft paper coated with a chitosan and carvacrol mixture ranged from 4.40% 
to 6.84%, with an average moisture content of 5.69% (Table 2). Most values were between 5% and 6%. 
The kraft paper coated with chitosan and carvacrol, with styrene-acrylic resin as an additive, exhibited 
a higher moisture content compared to the kraft paper coated with only chitosan. In contrast, the lowest 
moisture content was observed in kraft paper coated with carvacrol alone. The presence of the coating 
influences key material properties, including strength, water resistance, and durability [23]. Overall, 
the moisture content values obtained are considered appropriate and do not negatively impact the 
mechanical properties or storage of the coated kraft paper. 
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3.1.4. Water resistance 

The contact angle test was conducted to evaluate the wetting behavior of kraft paper, both 
uncoated and coated with chitosan, carvacrol, and a chitosan–carvacrol mixture, using styrene-acrylic 
resin as an additive. The contact angle was measured before and after coating to assess changes in 
surface properties. The results, as seen in Figure 2 showed that uncoated kraft paper had a contact 
angle of 97.874° (Figure 2a), indicating a relatively hydrophilic surface, as water spread easily across 
it [24]. A contact angle above 90° suggests high water absorption capacity. After coating with chitosan, 
the contact angle increased to 102.031° (Figure 2b), demonstrating a shift from hydrophilic to 
hydrophobic characteristics [25]. This increase can be attributed to chitosan’s ability to form a   
water-resistant coating layer, making the surface more water-repellent. Statistical analysis confirmed 
that this change was statistically significant (p-value < 0.05). Kraft paper coated with carvacrol (Figure 2c) 
had a contact angle of 98.055°, showing only a slight increase from the uncoated paper [26]. This 
minor change suggests that while carvacrol influences surface wetting behavior, the surface remains 
more hydrophilic compared to chitosan-coated paper. When coated with a mixture of chitosan and 
carvacrol, the contact angle increased to 99.610° (Figure 2d), indicating a slight improvement in 
hydrophobicity compared to carvacrol alone, though still lower than chitosan-only coatings. Overall, 
chitosan-coated kraft paper exhibited the most hydrophobic surface properties [27], likely due to 
chitosan’s strong film-forming and water-resistant characteristics. While coatings with carvacrol and 
the chitosan–carvacrol mixture also increased the contact angle compared to uncoated kraft paper, they 
did not achieve the same level of hydrophobicity as chitosan alone. These findings highlight the 
importance of selecting appropriate coating materials to improve the surface properties of kraft paper, 
particularly for applications requiring water resistance or moisture protection. 

 

Figure 2. The contact angle test on coated paper: (a) uncoated paper; (b) chitosan-coated 
paper; (c) carvacrol-coated paper; (d) mix of chitosan and carvacrol coated paper. 
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3.1.5. Tensile strength and elongation 

The tensile strength of kraft paper coated with chitosan, carvacrol, and chitosan–carvacrol composite 
coatings showed an average value of 4.5 Nf/mm2. This result indicates that the coating materials 
slightly enhanced the mechanical properties of the kraft paper, providing moderate tensile strength 
suitable for packaging applications that require flexibility combined with basic strength performance. 

The tensile testing results, as presented in Table 2, showed that the average percentage elongation 
was approximately 19.7% (Figure 3). The stress–strain patterns of both coated and uncoated kraft paper 
appeared similar, which can be attributed to the inherently brittle nature of paper. The low elongation 
observed is characteristic of paper materials and is consistent with findings from previous studies, 
which indicate that paper possesses limited elongation capacity [28]. 

 

Figure 3. Run stress report. 

3.1.6. Bursting strength 

Kraft paper coated with chitosan, carvacrol, and a composite coating of chitosan and carvacrol 
exhibited a maximum bursting strength of 200 psi or 1.2–1.6 kgf/cm2. This indicates that materials 
coated with these substances possess excellent pressure resistance. There was no statistically 
significant difference observed in the tests at a 95% confidence level. Therefore, both chitosan and 
carvacrol are suitable for applications requiring high pressure resistance, such as the production of 
corrugated packaging boxes designed to withstand compression and crushing forces. 
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3.1.7. FTIR of uncoated and coated paper 

FTIR analysis was conducted to identify molecular interactions between the functional groups of 
chitosan and carvacrol blended with a water-based styrene-acrylic coating. Figure 4 shows the    
FTIR spectra of kraft paper coated with chitosan blended with the water-based styrene-acrylic coating 
in the range of 4000–500 cm1. The FTIR spectra of kraft paper samples coated with chitosan and 
carvacrol at varying concentrations displayed distinct characteristic bands [29]. The bands observed 
between 4000 and 500 cm1 correspond to the stretching vibrations of the –NH2 and –OH groups of 
chitosan, with an absorption peak at approximately 3,478.68 cm1, indicating hydrogen bonding 
between chitosan and carvacrol or between chitosan and the styrene-acrylic matrix [30]. Hydrogen 
bonding often leads to broadening or shifting of these peaks to lower wavenumbers, suggesting 
interaction rather than simple mixing. The appearance or intensification of the C=O stretching band  
of 2000–1000 cm1 suggests that the carboxylic or ester groups from the acrylic resin are engaging in 
dipole–dipole interactions or hydrogen bonding with chitosan’s amino groups [31]. The presence of a 
vinyl group (CH2=CH–) peak at 1600 cm1 confirms the contribution of styrene units [32]. If this peak 
changes in intensity upon the addition of chitosan or carvacrol, it may imply interactions that disrupt 
the conjugation or alignment of vinyl groups, further supporting the presence of molecular-level 
interactions. Changes in the peak at 1,116 cm1, associated with the styrene-acrylic component and –OH 
groups, may also reflect a rearrangement or partial interaction within the polymer matrix upon blending 
with chitosan and carvacrol. Thus, by comparing peak positions, intensities, and profiles across 
different formulations, the FTIR analysis enables the identification of chemical interactions (e.g., 
hydrogen bonding) rather than just physical mixing, confirming that the materials are interacting at a 
molecular level within the coating matrix. Figure 4 shows that the coated kraft paper samples contained 
the tested substances, allowing differentiation in the arrangement of the coating and interactions among 
its components [33]. The presence of styrene-acrylic promoted changes and increased light absorption 
at specific peaks. 
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Figure 4. FTIR spectra of three types of coated paper: (A) paper coated with chitosan 
mixed with water-based styrene-acrylic resin as an additive; (B) paper coated with 
carvacrol mixed with water-based styrene-acrylic resin as an additive; (C) paper coated 
with chitosan and carvacrol mixed with water-based styrene-acrylic resin as an additive. 

3.1.8. Scanning electron microscopy (SEM) 

SEM images (300 µm, 10 kV) of uncoated kraft paper and kraft paper coated with chitosan, 
carvacrol, and their combination using a water-based styrene-acrylic resin as an additive clearly 
revealed changes in surface morphology across the different samples. The uncoated kraft paper (Figure 5a) 
showed irregular fiber aggregation with clearly visible voids between fibers. Numerous fine particles 
were scattered on and between the fibers, suggesting incomplete fiber distribution and poor surface 
uniformity. Upon coating with chitosan (Figure 5b), the surface appeared more homogeneous, and the 
voids between fibers were reduced compared to the uncoated paper. However, the coating layer 
exhibited larger chitosan particles, which partially filled the voids. The relatively large particle size 
contributed to a less refined coating structure, leading to some surface irregularities. In contrast, the 
carvacrol-coated paper (Figure 5c) showed a more refined and uniform surface morphology. No  
visible voids remained between fibers, and the particles formed by carvacrol were significantly smaller 
than those of chitosan, allowing for better penetration into fiber gaps. This resulted in a more 
continuous and compact coating layer, indicating improved coating efficiency. The paper coated with 
a chitosan–carvacrol mixture (Figure 5d) demonstrated the most favorable morphological characteristics 
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among all samples. The surface was highly uniform, with no observable fiber voids and fewer fine 
particles. The combination of both agents enhanced the coating refinement beyond that achieved by 
chitosan alone, producing a more consistent, compact, and high-quality coating layer. These 
morphological changes reflect the impact of each coating formulation on the structural integrity and 
surface quality of the paper, suggesting potential improvements in barrier or antimicrobial performance 
for samples with finer and more complete coatings. 

 

Figure 5. SEM of (a) uncoated paper; (b) chitosan-coated paper; (c) carvacrol-coated paper; 
(d) mix of chitosan and carvacrol coated paper. 

3.1.9. Antibacterial analysis barrier properties 

According to the results of the antimicrobial activity shown in Table 2, the uncoated kraft paper 
exhibited the highest total plate count of 240 CFU/g, indicating its inability to inhibit microbial growth. 
In comparison, the kraft paper coated with chitosan and styrene-acrylic resin at a ratio of 10:90 showed 
a reduced microbial count of 150 CFU/g, demonstrating the antimicrobial potential of chitosan. This 
property is attributed to amino groups (–NH2) in chitosan, which can interact with microbial cell walls, 
disrupt cell membrane integrity, and ultimately inhibit microbial growth [34]. 

Moreover, kraft paper coated with a chitosan–carvacrol composite coating, containing 12.5% 
chitosan, 7.5% carvacrol, and 80% styrene-acrylic resin, exhibited a significantly lower microbial 
count of 40 CFU/g. This result confirms the synergistic antimicrobial effect between chitosan and 
carvacrol. Carvacrol, a natural phenolic compound, exhibits potent antimicrobial activity through a 
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mechanism involving disruption of the cell membrane, leakage of intracellular components, and 
interference with essential cell functions, leading to cell death [35]. 

Notably, the kraft paper coated with 50% carvacrol exhibited the most effective antimicrobial 
activity, with the lowest total plate count of only 30 CFU/g. This finding highlights the high potential 
of carvacrol as a natural antimicrobial agent, especially when applied in an appropriate concentration. 
Furthermore, the incorporation of carvacrol in the coating formulation provided superior antimicrobial 
properties compared to chitosan alone. These results suggest that natural-based coatings, particularly 
those incorporating carvacrol, can be effectively developed for active packaging applications to extend 
the shelf life and enhance the safety of food products [31]. 

3.1.10. Regression analysis of the mixture design 

The summary of the statistics for the antimicrobial effect model shows that the special cubic 
model is better than the other models (Table 3). The special cubic model has a higher adjusted R2 value 
and predicted R2, which means that the model can describe the response variations for all design points 
better than the quadratic model. After the backward elimination was applied to the special cubic model, 
the fittest model, transforming the formula into the actual components, is obtained as follows (Eq 4):  

TPC = 355.8187 x’A + 2.0437 x’B + 1.6687 x’C + 4.65 x’Ax’B – 3.9537 x’Ax’C – 0.0562 x’Bx’C – 0.134 x’Ax’Bx’C (4) 

where x’A, x’B, and x’C represent the proportions of chitosan (A), carvacrol (B), and additive (C), 
respectively. The numbers in the parentheses indicate the standard error for the parameter coefficients. 

The estimated equation reveals that chitosan significantly increases the TPC, with the highest 
positive coefficient of 355.8187, indicating lower antimicrobial effectiveness. In contrast, carvacrol 
shows a much lower TPC contribution of 2.0437, suggesting better antimicrobial properties. Notably, 
the interaction between chitosan and the styrene-acrylic resin additive results in a strong negative effect 
on TPC (–3.9537), highlighting their synergistic antimicrobial activity. Among all tested combinations, 
the carvacrol coating with styrene-acrylic resin demonstrated the greatest antimicrobial effect, exhibiting 
the most negative coefficient (–0.0562). These findings suggest that while chitosan increases microbial 
presence, the combination of carvacrol and the additive is most effective in microbial inhibition. 

Table 3. Regression analysis of the mixture design for antibacterial effects. 

Source Std. Dev. R2 Adjusted R2 Predicted R2 PRESS 
 

Linear 58.15 0.3741 0.1952 0.4771 55850.38 
 

Quadratic 45.73 0.7788 0.5022 
 

+ 
 

Special cubic 14.72 0.9828 0.9484 
 

+ Suggested 

Cubic 
    

+ Aliased 

4. Conclusions 

This study investigated the performance of kraft paper coatings formulated with natural 
compounds and a water-based styrene-acrylic resin (SAR) additive. Kraft paper coated with 10% 
chitosan and 90% SAR exhibited the lowest water absorption value of –1.00 g/m2 and a contact angle  
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of 102.031°, indicating a significant shift from hydrophilic to hydrophobic behavior. However, this 
formulation showed the least antimicrobial activity. 

In contrast, the kraft paper coated with 50% carvacrol and 50% SAR demonstrated higher water 
absorption but achieved superior antimicrobial effectiveness. This is attributed to the presence of 
phenolic compounds in carvacrol, which are known for their potent antimicrobial properties. 
Additionally, composite coating comprised of 12.5% chitosan, 7.5% carvacrol, and 80% SAR achieved 
improved antimicrobial performance compared to the chitosan-only formulation, although with a 
modest compromise in water resistance. 

Overall, the findings suggest that a chitosan–carvacrol composite coating offers a promising 
balance between moisture resistance and microbial protection. This makes it a strong candidate for 
sustainable, active packaging applications, particularly in transportation contexts where durability and 
hygiene are critical. 
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