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Abstract

:

The aging of paper depends on various factors, including environmental conditions, microbiological factors and chemical composition. Chitosan-coated paper is an eco-friendly material that has potential use in various packaging applications due to its mechanical, barrier and antibacterial properties. In this study, the aging stability of chitosan-coated wood-free wrapping paper was evaluated by examining pulp and four paper samples with different quantities of chitosan. Accelerated thermal aging and dynamic thermogravimetric analysis were used to assess the aging stability, while color changes were examined to understand the impact of chitosan coating. The study found that increasing chitosan coating led to improved aging stability due to the improved crosslinking process between chitosan and paper. The coated paper samples displayed a yellowish hue after 72 h of aging, with increased strength and resistance to weight loss. TGA results indicated that the temperature of complete burning of the sample increased with increasing chitosan coating. Additionally, coated paper samples exhibited a more even surface and improved barrier properties. Overall, chitosan-coated paper is a promising material for sustainable and eco-friendly packaging, printing and wrapping applications. This study’s findings have important implications for the development of environmentally-friendly packaging materials that possess desirable mechanical and barrier properties.
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1. Introduction


Due to the versatility of paper, with different properties and capabilities such as recyclability, biodegradability, light weight and good mechanical properties, it is an excellent material for various applications such as packaging, printing, hygiene and household products [1]. Its porous and fibrous network structure and its poor barrier properties, especially its low oil and grease resistance, are among its most important characteristics, which greatly affect its various packaging applications [2]. Furthermore, due to its lipophilic nature, paper absorbs fatty substances that can damage the print and the individual laminated materials [2]. Although various surface modifications of paper, such as the application of waxes and multi-layer lamination with polyethylene, polyvinyl chloride, ethylene–vinyl alcohol copolymer and aluminum films, are used in the market, they pose an environmental problem related to the recycling and recovery of materials [3,4]. In addition, imparting antibacterial properties to paper used in the medical and food packaging sectors can be critical, not only to prevent product deterioration, but also to prevent bacterial growth and thus reduce contamination during storage, transportation and usage.



Recently, the green and sustainable paper and packaging industry has been committed to using raw materials, solvents and reagents that are as environmentally friendly as possible, thereby reducing or eliminating the use and production of hazardous substances and realizing the recycling of resources and waste materials. Against the backdrop of worsening pollution and the energy crisis, the development of sustainable or renewable materials has been identified as a global imperative for the sustainable development of society. The European Green Deal is a comprehensive plan by the European Union to make the European economy more sustainable and reduce greenhouse gas emissions. It also aims to end packaging waste by 2030 and promote reuse and recycling [5].



Therefore, the development of environmentally-friendly, renewable polysaccharide-based composites is of great importance for improving packaging (e.g., food packaging), reducing the generation of hazardous by-products and recycling resources. Renewable polysaccharides, such as cellulose, nanocellulose, hemicellulose, chitosan, starch, pectin, etc., play an important role in the field of paper coatings.



Chitosan is one of the most extensively-used polysaccharides in a variety of applications [6]. It is the product of N-deacetylation of the natural polysaccharide chitin, which has a similar chemical structure to cellulose [4]. Chitosan has many physiological properties, such as biodegradability, biocompatibility, non-toxicity and many others. Therefore, it is widely-used in packaging as a coating, food additive or antibacterial agent. Chitosan has been used to coat paper surfaces to improve the mechanical, barrier and antimicrobial properties of the paper and the coated paper could be used as an alternative packaging material to replace fossil-based packaging [7]. Recent studies on chitosan as a coating have focused on the development of composite coatings or multilayer coatings on the paper surface to combine the good mechanical resistance of the paper material with the barrier properties of coating materials [7,8,9,10,11]. The improvement of the barrier and mechanical properties of the paper by the addition of chitosan was confirmed by the fact that the pores of the paper are filled with chitosan [12,13,14]. This had an impact on reducing water vapor permeability, as well as improving stiffness, strength and toughness [15,16,17,18]. In addition, due to the improved mechanical properties of chitosan, many researchers have proposed chitosan-coated paper as an antimicrobial packaging [19,20,21,22].



Chitosan also exhibits a high sensitivity to numerous types of degradation, including thermodegradation, and studies have revealed that temperatures beyond 200–220 °C present critical degrees of degradation [23,24,25,26]. Researchers have been focused on addition of different plasticizers in the production of chitosan films [25,26]. Namely, different non-volatile polyol plasticizers (glycerol, xylitol and sorbitol) were investigated.



Thermal analysis such as thermogravimetry (TGA) has been widely used for the characterization of polymeric materials, since it monitors physical modifications of chitosan polymer matrix, composites, etc. [27,28,29]. Indeed, during the processing (packaging process) of coated materials, certain processes can seriously damage the polymer matrix. Therefore, controlling the processing and working conditions of any polymer material is important to maintain the material with the desired properties and avoid unnecessary degradation.



Recent advancements in applications of chitosan-based materials in the packaging and paper field include the development of composite coatings or multilayer coatings on paper surfaces to combine the good mechanical resistance of the paper material with the barrier properties of coating materials. These coatings have been shown to improve the mechanical, barrier and antimicrobial properties of paper, which makes them a potential alternative packaging material to replace fossil-based packaging. Furthermore, recent studies have explored the potential of chitosan-based materials as active packaging, which is designed to improve the quality and safety of packaged food products by extending their shelf life and reducing spoilage [30,31,32]. These materials can be used to control the release of active compounds such as antimicrobials and antioxidants to the packaged food product. The recent advancements in the applications of chitosan-based materials in the packaging and paper field have shown great potential for improving the properties of paper and providing more environmentally-friendly packaging alternatives [33,34,35].



As the applications and future possibilities of chitosan-based coatings and composites increase in various fields, this study presents a detailed investigation of the thermal stability of paper coatings. This is unique compared to previous research and is a novelty in that it gathers important information on the aging of paper in combination with bio-based chitosan coatings as packaging materials. This study aimed to form chitosan coatings with different amount of the chitosan on paper samples.



In developing this experiment, the aim was to prepare bio-based chitosan-coated wood-free wrapping paper and to study its strength and thermal stability, giving the answer as to whether chitosan coatings stabilized the desired properties over time.




2. Materials and Methods


2.1. Materials and Preparation Procedures


First, mixtures of cellulose for paper samples were prepared from bleached kraft wood-free pulp samples. The softwood had been delivered by Svenska Cellulosa Aktiebolaget (SCA), Sundsvall, Sweden. The hardwood cellulose had been delivered by Svilosa AD, Svishtov, Bulgaria. A separate cellulose refining process had been conducted using laboratory Valley beater (a laboratory Hollander-type beater), according to ISO 5264-1:1979. Next, the cellulose mixture was prepared in ratio 80:20. The obtained pulp mixture was beaten with a degree of 30 °SR (Schopper Riegler value), in accordance with ISO 5267-1/AC:2004.



The experimental investigations were conducted with one sample of only pulp, one with base-paper and three paper samples coated with chitosan. The wet-end chemical additives used for base paper preparation were added in the following order: (1) alkylketendimer sizing agent—1% of o.d.f (Kemira® Fennosize KD 157YC, Kemira Oyj, Helsinki, Finland); (2) cationic retention additive—0.025% of o.d.f. (modified polyacrylamide with molecular weight 11.106 g/mol and charge density +1.05 from Ciba Specialty Chemicals-Ciba® Percol® Co. (Basel, Switzerland)).



For the laboratory papermaking simulation process, a Rapid-Köthen laboratory paper-sheet machine (Birkenau, Germany) was used. All samples were prepared according to ISO 5269-2:2005, with base weight of 50 g/m2. The wet paper samples were dried at 95 °C under negative pressure of −90 kPa for a duration of 7 min.



Fluka (BioChemika, Tokyo, Japan) Crayfish Chitosan 28191 (2-Amino-2-deoxy-(1->4)-β-D-glucopyranan) with medium viscosity and acetic acid—99.8% with M = 60.05 g/mol—were used for the chitosan coating preparation. Chitosan (1 g) was dissolved in 1% (v/v) aqueous acetic acid (100 mL). The solution was stirred at 300 rev/min on a magnetic stirrer for 24 h, until the complete dissolving of chitosan. In the first 2 h, the solution was heated to 50 °C. The viscosity of the obtained chitosan was 300 mPa∙s.



Laboratory obtained base paper samples (50 g/m2) were coated with 3, 5 and 7 mL chitosan and dried in a vacuum dryer with P = 0.08 MPa and t = 50 °C until the samples were completely dried. The grammages of the obtained coatings were, respectively, 0.5 g/m2, 1 g/m2 and 2 g/m2. Paper samples’ coating was performed with the laboratory coating machine K Control Coater (RK PrintCoat, Royston, UK). The coating machine with automatic control used standard wire-wound bars to produce a uniform and repeatable coating. Stainless steel wet film deposit K-bar 120 µm with wire diameter 1.52 mm was used.




2.2. Methods


2.2.1. Microscopic Analysis


Fiber and paper compositions, with regard to their size and structure, were analyzed by specific microscopic analysis. A small amount of mechanically pre-milled fibers were placed in a porcelain pounder with 10 mL of 1% NaOH for 10 min. After rinsing the sample with distilled water on a fine metal mesh, three visual fields of fibers were prepared on a glass slide and evenly distributed. A drop of Herzberg’s reagent (Cl-Zn-I), according to ISO 9184-3:1990, was dropped on each of the fiber fields and, again, very carefully distributed. Finally, the samples were dried at about 50 °C. After cooling to room temperature, each sample was covered with a thin glass slide so that the fiber samples were evenly distributed, free of accumulations and air bubbles. Stained fiber samples were observed with a VisiScope® TL254T1 (VWR, Milano, Italy) microscope at 100× magnification; objective: 10×/0.25 E-PLAN, eyepiece: WF10×/20 mm.




2.2.2. Structural Properties


Basic weight of all samples was determined in accordance with the ISO 536 standard. Density and porosity were calculated form grammage and thickness, as described in the standard method ISO 534. Smoothness was determined by Bekk method, according to standard ISO 5627:1995. A minimum of 10 probes for each sample were tested. The thickness of samples was measured with a digital micrometer (Mitutoyo Corporation, Kawasaki, Japan) to the nearest 0.001 µm at 10 random locations on each paper.




2.2.3. Strength Properties


Tensile Index, TEA Index and elongation at break of all paper samples were determined on a tensile testing machine Zwick/Roell (Zwick/Roell GmbH, Ulm, Germany), according to ISO 1924-1/2:2000. The tested speed was 20 mm/min. Samples of paper strips 18 cm in length and 1.5 cm in width were used and a minimum of 10 probes for each sample were tested. Tear resistance is the force required to tear the sample after a cut is already made. The test was performed with an Elmendorf tester and proceeded as described in standard ISO 1974:2012. For each paper sheet, four parallel samples were measured. Tear index was calculated in mNm2/g.



All paper samples were analyzed in a standard atmosphere of 23 °C and 50% relative humidity.




2.2.4. Thermogravimetric Analysis


The TGA Q5000 analyzer (TA Instruments Inc., New Castle, DE, USA) was used for thermogravimetric analysis (TGA) of the investigated pulp, uncoated and chitosan-coated paper samples. Square samples (see Table 1) of 5 × 5 mm were cut and placed into the sample dish. A dynamic TGA method was performed, meaning that the temperature continued to increase over time as mass was recorded. The temperature-measuring range was between 10 °C and 600 °C. Heating rate was 10 °C/min.




2.2.5. Thermal Aging of Paper Samples


The accelerated thermal aging of the investigated paper samples was conducted, according to ISO 5630-1:2014, in a closed chamber at 105 °C, with air circulated at a standard humidity of 50%, for a duration of 72 h.




2.2.6. Colorimetric Properties of Paper


The color coordinates L*, a* and b* from the CIE Lab color space were measured after each 6 h of the 72 h of accelerated thermal aging by Konica Minolta Spectrophotometer CM-3630 from Frank-PTI (Birkenau, Germany), according to ISO 5631-2:2008, at measuring geometry and illuminant D65/10°.




2.2.7. Statistical Analysis


Statistical analysis was carried out using one-way ANOVA with a confidence level of 95% (p < 0.05) in Microsoft Excel (version 2016) using data analysis ToolPak. All experiments were performed according to standards and the results were expressed as the mean ± standard deviation.






3. Results and Discussion


The multiplicity of its fiber composition, the wet-end chemical additives’ presence, the production technology and additional calandering, coating or other finishing and ennobling processes determine the paper’s anisotropicity and its multifunctional applicability [36].



Generally, as a packaging material for household application, the obtained paper samples have to have optimal barrier properties with respect to water and grease, excellent optical and surface properties and sufficient strength, all well-balanced with its lower basic weight. Thus, fiber raw materials used were primarily bleached kraft soft- and hardwood tree species’ celluloses.



3.1. Fiber and Paper Sample Analysis


Figure 1 represents the fiber observation results from the microscopic analysis carried out in order to describe the precise type of cellulose used. The cellulose fibers from softwood trees consist of bleached kraft softwood cellulose from pine wood and bleached kraft hardwood cellulose from poplar and beech wood.



It is well-known that the higher the delignification, the stronger the hydrogen bonds in the paper to be obtained. The used Herzberg’s reagent stained the fiber a violet-bluish color, which determined its delignification degree and lignin content as up to 9%, while brown-yellowish designated over 9%. Based on the degree of inter-fiber connection depending on the delignification, we could infer that the strength properties of the obtained paper samples would meet the end users’ requirements. Of essential importance for the successful application of paper are the detailed characterization of its structure and the influence of chemical additives on the complex parameters of paper. As an anisotropic material, paper properties should be determined in different directions, as to provide meaningful scientific discussions, starting with basic weight determination, as well as its thickness, porosity, density and smoothness.



Paper smoothness is of substantial importance for a successful surface-coating process. It also indicates a paper surface structure amendment. From the structural-dimensional base paper and the chitosan-coated paper properties data in Table 2, it is found that the addition of hydrophobic agent and retention additive does not affect the paper surface smoothness (compare sample 0 to sample 1). The obtained coated paper samples are characterized by a dense structure, increasing respectively to the grammage of the chitosan coating.



Regarding the chitosan-coated paper samples (samples 2 to 4), a rise in the paper smoothness is observed. As the chitosan coating amount increases, the effect also increases. As expected, paper sample thickness has mostly the same values. From Table 2 data, it can also be seen that as the chitosan coating grammage increases from 0.5 to 2 g/m2, the density increases and the porosity decreases. The examined chitosan-coated paper samples have even structure, accordingly with the chitosan coating grammage.




3.2. Thermogravimetric Analysis of Uncoated and Coated Paper Samples


Figure 2 shows the weight loss (colored green) and derivative weight loss (colored blue) curves from a thermogravimetric analysis of each of the samples, from which both the beginning and the end of the second stage of the weight loss can be identified. The weight loss of each sample as a function of temperature is shown in Figure 2. The results show that each sample passes through three stages of weight loss. The initial stage of weight loss for samples 0 and 1 takes place between 10 °C and 100 °C, where moisture evaporation occurs. Figure 2a,b shows that the second stage occurs between 257 °C and 412 °C, with weight losses of 77.91% for sample 0 and 79.52% for sample 1, respectively. After 412 °C, the third stage occurs in both samples, where the paper becomes completely degraded.



It has been reported that the TGA curve of pure chitosan has two stages of weight loss in the range from 47 °C to 450 °C. The first occurs in the range of 47–100 °C due to the loss of water molecules, with a weight loss of about 9%. The primary degradation of pure chitosan starts at 247 °C. It is totally degraded at about 450 °C, with a weight loss of approximately 34% [37,38]. Figure 2c–f presents the samples coated with chitosan solutions. Three stages are also detected. It is observed that, with the increase in the amount of chitosan coating, the second stage of weight loss decreases. At 0.5 g/m2 chitosan, the start of the second stage begins at 254.61 °C, and with 2 g/m2, the stage begins at 241.70 °C. From the analysis, when comparing sample 1 (Figure 2b) with coated samples 2, 3 and 4 (Figure 2c–e), it is seen that the weight loss of coated paper samples is slightly lower than the uncoated base paper. With increasing chitosan coating amount, the weight loss slightly increases, but the decreasing trend continues between samples 3 and 4.



The second stages of weight loss of chitosan started at 232 °C to 441 °C and the last stages, in which chitosan continued to degrade, started above 441 °C. This result might be due to the degradation of polysaccharides and decomposition of chitosan molecules. It is also seen that the maximum weigh loss temperature increases with increasing chitosan coating amount.



The thermal degradation patterns of the studied samples are identical, for the cellulose sample, the base paper and the chitosan-coated paper samples (Figure 2f). Undoubtedly, this makes an impression of the different behavior of sample 3 (base paper + 2 g/m2 chitosan), which has different behavior from the other samples’ deviation weight change. This result is probably due to the unevenly-distributed chitosan coating, as a result of larger chitosan coating amount at low base paper weight, which is only 50 g/m2 (Figure 3).




3.3. Colorimetric Parameter Characterization of Uncoated and Coated Paper Samples during Accelerated Thermal Aging


Due to the specific applications investigated in this paper, the change in the color characteristics, especially lightness, of the uncoated and coated papers over time, defined by accelerated thermal aging with duration of 72 h at 105 °C, is also of an increased significance.



Natural aging of paper is too slow to allow for observing changes in an acceptable period. Thereby, laboratory techniques for accelerated paper aging under dry heat or light exposure have often been used [36]. Three major ambitions of carrying out the accelerated paper aging are stated hereafter: firstly, to provide the relative ranking of materials or physical combination of materials in a conveniently short time, with respect to their physical durability or chemical stability; secondly, to predict or to evaluate the potential long-term appropriateness of material systems under proposed conditions of use; thirdly, to elucidate the chemical reactions involved (the degradation mechanism) and the physical consequences thereof. Hydrolytic degradation has been discussed as the most important cause for the decrease in paper strength properties and the lignin content as the most important aging factor [39,40]. In the current experiment, the fiber cellulose material was bleached (lignin content is lower than 9%), so it cannot be a curtailing factor for paper color changes during accelerated thermal aging. Therefore, if changes are observed, they are a result of the applied chitosan coating.



In the CIE L*a*b* color space, color coordinate L* presents the brilliance of paper—its brightness and lightness. The coordinate is vertical; from 0 at the bottom (absolute black), paper has no brightness; through 50 (grey) in the middle; to 100 at the top (absolute white), where paper has maximum brilliance. The lighter the color, the higher the value. The a* scale presents red vs. green scale, at which a positive number indicates red and a negative indicates green. The b* scale presents yellow vs. blue, at which a positive number indicates yellow and a negative number indicates blue. The change in the lightness of the investigated paper samples without and with chitosan coating, in the beginning and after 72 h of accelerated thermal aging, are presented in Figure 4.



As expected, the color coordinate—L*—of the examined paper samples decreases over time. Small differences (nearly to the error of the analysis) between paper samples of only cellulose (sample 0) and base paper (sample 1) have been observed. A comparatively low color parameter variation over time has been observed, being most sensitive during the first 24 h of the accelerated thermal aging. By adding the chitosan coating, paper lightness becomes slightly darker, but remains still very similar to the base paper. When increasing the chitosan coating from 0.5 g/m2 to 2 g/m2 and the duration of the thermal aging, the color of the paper samples becomes darker and the color difference becomes bigger. The location of the curves does not correspond to the amount of chitosan coating. The higher location of the curve characterizing the whiteness of paper with 2 g/m2 of chitosan coating (sample 4) is noticeable. The fact that this paper has an increased whiteness compared to the other two coated samples (sample 2 and sample 3) is probably due both to the poorer distribution of the coating, due to the inability of the paper to absorb this large amount of coating, and to additional cross-linking processes occurring in the chitosan coating at 105 °C. The lightness reversion from 0 h to 72 h of thermal aging for the three investigated coated papers is in the range of 92 to 87, which is not high when taking into account the high temperature when conducting the accelerated aging.



Figure 5 shows the colorimetric properties results for the examined paper samples (color characteristics L*, a* and b*) with and without chitosan coating before and after 72 h for each 6 h of accelerated thermal aging.



The color coordinate measurements, presented in Figure 5, clearly show that the only cellulose sheet material (sample 0) and base paper sample (sample 1) are most stable. No drastic amending of the color has been observed. For the chitosan-coated paper samples (samples 2, 3 and 4), the color revision occurs after 36 h of thermal aging. The values of the colorimetric characteristics decrease, which means darkening of the paper, i.e., becoming yellowish. This change is significant and shows a bigger step for 0.5 g/m2 and 1 g/m2 chitosan-coated paper samples. Therefore, the smaller the coating, the higher the yellowing that is observed. When applying a bigger coating layer, the aging of the paper is slower. This is also proven by the observed increase in the tensile index test results, evidencing the additional cross-linking between the cellulose fibers in the paper and the coating and the chitosan coating itself.



The observed variations in color parameters may also occur due to the laboratory coating technique used. It should be noted that, in industrial paper production, additional processing of the paper, in most cases, occurs before the complete paper web drying and, in cases of impossibility, an abnormality should be foreseen. In an industrial papermaking process, these variations most probably could be prevented.




3.4. Strength Properties of Uncoated and Coated Paper Samples during Accelerated Thermal Aging


Strength properties of paper are a convenient indicator, defining paper’s ability to endure processing. It also determines the load resistance level of the products produced.



Investigated paper strength properties’ description starts with defining the tensile index, the tensile energy absorption index, the elongation and the tear index. The results are presented in Table 3. Most interesting from a scientific point of view are the strength changes, which are as expected after the thermal aging of chitosan-coated papers. The strength reversion of the uncoated paper is well-known [41,42,43]. How much and in which direction the chitosan-coated paper changes occur could be resultant from the coating and base paper adhesion and the level of cross-linking among chitosan molecules.



From Table 3, strength properties are observed that, with respect to the strength properties, the addition of the “wet-end” chemical additives is positive, while for tensile index, the chitosan coating effect is negative. This chitosan coating effect is probably because of the decreased elasticity and plasticity of the base paper. The structure of the paper is more static and the strength decreases, while the elongation increases, based on the increased elasticity of the chitosan. Rather than an observed reduction in tensile index, an increase of about 46.75% is measured at 2 g/m2 chitosan coating compared to the base paper and 10.30% at the lowest chitosan coating (0.5 g/m2). TEA index increases from sample 0 to sample 4, because it has a mathematical dependence on two parameters—tensile and elongation—and, as is visible, the elongation of the samples rises with the coating quantity. As the chitosan coating on paper increases from 0.5 g/m2 to 2 g/m2, the values of the strength indicators increase, both at 0 h and 72 h of thermal aging. This effect is due not only to the bigger coating layer, but also to the improved base paper and chitosan layer adhesion. Undoubtedly, the chitosan crosslinking effect at the higher thermal aging temperature is also visible.





4. Conclusions


Chitosan coating of paper has been an endorsed exemplary method for improving paper properties and for enhancing the range of its application. From the experiments conducted with uncoated and chitosan-coated paper samples of bleached soft- and hardwood pulp (in ratio 80:20), it was found that coated papers had excellent strength and thermal stability during 72 h of accelerated thermal aging. The change in the weight loss of the paper samples as a function of temperature was monitored by TGA. When comparing the weight losses, it was found that, with the increase in the amount of chitosan coating, the second stage of weight loss decreased. At 0.5 g/m2 chitosan, the start of the second stage began at 254.61 °C, and at 2 g/m2, the stage began at 241.70 °C. The second stages of weight loss of chitosan started at 232 °C to 441 °C and the last stages, in which chitosan continued to degrade, were above 441 °C. The weight loss of coated paper samples was slightly lower than the uncoated base paper. The maximum weigh loss temperature increased with increasing chitosan coating amount. A comparatively low color parameter variation over time has been observed, being most sensitive during the first 24 h of the accelerated thermal aging. By adding the chitosan layer, paper lightness became slightly darker, but was still very close to the base paper. Increasing the chitosan coating from 0.5 g/m2 to 2 g/m2 and the duration of the thermal aging, the color of the paper samples became darker and the color difference grew bigger. The lightness reversion from 0 h to 72 h of thermal aging for the three investigated coated papers was in the range of 92 to 87, which was not high when taking into account the high temperature when conducting the accelerated aging. After the aging, rather than observing a reduction in tensile index, an increase of about 46.75% was measured at 2 g/m2 chitosan coating, compared to the base paper, and 10.30% at the lowest chitosan coating (0.5 g/m2).
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Figure 1. Microphotograph of a fiber raw material: (a) bleached sulfate softwood from pine wood; (b) bleached sulfate hardwood from beech wood. 
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Figure 2. TGA curves of (a) Sample 0 (only pulp) reprinted from Ref. [36]; (b) Sample 1 (base paper) reprinted from Ref. [36]; (c) Sample 2 (base paper + 0.5 g/m2 chitosan); (d) Sample 3 (base paper + 1 g/m2 chitosan); (e) Sample 4 (base paper + 2 g/m2 chitosan); (f) All paper samples in a comparative view. 
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Figure 3. Unevenly distributed chitosan coating (in the blue circle area). 
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Figure 4. Lightness of the paper samples without and with chitosan coating during 72 h thermal aging. 
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Figure 5. Colorimetric characteristics L*, a* and b* of paper samples during 72 h of accelerated thermal aging. 
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Table 1. Mass of the samples for TGA analysis.
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	Sample
	General Characteristic
	Mass of the Measured Sample

(mg)





	0
	only pulp
	2.7380



	1
	base paper
	2.3680



	2
	base paper + 0.5 g/m2 chitosan
	2.6950



	3
	base paper + 1 g/m2 chitosan
	2.5190



	4
	base paper + 2 g/m2 chitosan
	2.3580
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Table 2. Structural-dimensional properties of uncoated and coated paper samples.
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Paper

Properties

	
Testing Method

	
Sample




	
0

	
1

	
2

	
3

	
4






	
Grammage (g/m2)

	
ISO 536:2012

	
50.89 ± 2

	
50.96 ± 2

	
50.48 ± 3

	
49.68 ± 3

	
49.95 ± 3




	
Thickness (mm)

	
ISO 534:2011

	
0.081 ± 0.01

	
0.081 ± 0.01

	
0.080 ± 0.01

	
0.078 ± 0.02

	
0.079 ± 0.02




	
Density (kg/m3)

	
ISO 534:2011

	
636.12 ± 1.03

	
629.13 ± 1.02

	
631.01 ± 1.73

	
662.41 ± 1.86

	
666.03 ± 2.17




	
Porosity (%)

	
ISO 534:2011

	
57.6 ± 0.5

	
58.06 ± 0.6

	
57.93 ± 0.8

	
55.84 ± 0.9

	
55.60 ± 0.9




	
Smoothness (Bekk, top side) (s)

	
ISO 5627:1995

	
10.98 ± 1.12

	
10.96 ± 1.19

	
12.27 ± 1.24

	
14.56 ± 1.36

	
16.42 ± 1.93
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Table 3. Strength properties of base and chitosan-coated paper samples before and after 72 h thermal aging.
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Sample

	
Tensile Index (Nm/g)

	
TEA Index (mJ/g)

	
Elongation (%)

	
Tear Index (mN∙m2/g)




	
Thermal Aging (h)




	
0

	
72

	
0

	
72

	
0

	
72

	
0

	
72






	
0

	
65.4 ± 2.04

	
64.9 ± 2.49

	
1270 ± 11.74

	
1020 ± 11.99

	
2.8 ± 1.73

	
2.2 ± 1.03

	
1.1004 ± 0.15

	
0.9803 ± 0.14




	
1

	
66.2 ± 3.80

	
63.1 ± 2.02

	
1320 ± 8.37

	
850 ± 7.28

	
2.8 ± 1.39

	
2.1 ± 1.66

	
1.1009 ± 0.17

	
0.9763 ± 0.20




	
2

	
59.0 ± 3.16

	
69.6 ± 3.27

	
1420 ± 7.17

	
1540 ± 8.95

	
3.6 ± 1.12

	
3.3 ± 1.27

	
1.0854 ± 0.22

	
1.0781 ± 0.27




	
3

	
63.0 ± 2.35

	
75.2 ± 3.01

	
1470 ± 4.86

	
1650 ± 5.43

	
3.6 ± 1.47

	
3.0 ± 1.28

	
1.0927 ± 0.38

	
1.0564 ± 0.40




	
4

	
66.7 ± 4.62

	
92.6 ± 1.51

	
1610 ± 7.98

	
1850 ± 6.60

	
3.6 ± 1.84

	
2.9 ± 1.33

	
1.1065 ± 0.41

	
1.0367 ± 0.46
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