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Abstract 

Increasing concerns about non-degradable plastic packaging have prompted the development 

of sustainable alternatives. Cellulose-based materials, provide a viable solution due to their 

renewable nature and lower environmental impact. The development of effective cellulose 

solvents has facilitated the fabrication of regenerated cellulose (RC) films, enabling the 

production of environmentally friendly packaging materials. This thesis aimed to explore the 

development, properties, and applications of RC films as a biodegradable food packaging 

material, with wood pulps serving as a rich source of cellulose that can be industrially available. 

The objective of Chapter 3 was to investigate the effects of different aqueous solvents on the 

structure and properties of RC films derived from wood cellulose. Cellulose was dissolved in 

either 64 wt.% H2SO4 solution (RC-H4) or NaOH/urea aqueous solution (RC-N4). RC-H4 

films had higher tensile strength (109.78 ± 2.14 MPa) and better folding endurance (20-28 

times) compared to RC-N4 films (62.90 ± 2.27 MPa and un-foldable). Increasing cellulose 

contents in concentrated H2SO4 solution from 3 to 5 wt.% led to improved tensile strength 

(102.61 ± 1.99 to 132.93 ± 5.64 MPa) and unchanged foldability. Additionally, RC-H4 films 

exhibited better water vapor barrier property, transparency, and but lower thermal stability. 

These results facilitated the production of high-performance RC films obtained from two 

aqueous solvents. Chapter 4 examined the influence of wood origin and drying methods on the 

mechanical properties and water vapor barrier performance of RC films. Five different wood 

pulps were dissolved in NaOH/urea solution, and films were dried either at ambient conditions 

or by hot pressing. Results indicated that wood origin had minimal impact on RC film structure. 

However, hot pressing significantly enhanced tensile strength and water vapor barrier property 

of RC films. The hot-pressed RC film made from pine demonstrated comparable performance 

to commercial plastic wrap in preserving cherry tomatoes. The next step was to address the 
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hygroscopic nature of cellulose films, which can diminish their mechanical properties under 

humid conditions. Chapter 5 focused on enhancing the water resistance of cellulose films 

through dual modifications of chemical vapor deposition of organosilanes and the 

incorporation of cellulose nanocrystals (CNC). The modified films had unchanged tensile 

strength (~57 MPa) at RH 60% and reduced water vapor permeability. Besides, these films 

showed effective performance in cookie preservation tests, comparable to commercial plastic 

wrap, while maintaining disintegration rate. Chapter 6 explored the development of 

antimicrobial surfaces inspired by nanostructures found in nature to functionalize RC films. 

This chapter aimed to investigate the effect of surface charge on the antimicrobial properties 

of RC films with chevaux-de-frise-like nanostructures by coating RC films with differently 

charged CNC. Positively charged CNC showed the highest antibacterial activity, effectively 

reducing E. coli and S. aureus populations upon contact. All CNC-coated films demonstrated 

improved mechanical strength and water vapor barrier property. This chapter highlighted the 

potential of using CNC coatings to develop active packaging materials to prevent bacterial 

growth and enhance food safety. Overall, this thesis demonstrates that RC films, derived from 

abundant wood cellulose and processed using various aqueous solvents and modification 

strategies, offer promising alternatives to non-degradable plastic packaging.  
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Résumé 

Les préoccupations croissantes concernant les emballages plastiques non dégradables ont 

conduit au développement d'alternatives durables. Les matériaux à base de cellulose offrent 

une solution viable en raison de leur nature renouvelable et de leur impact environnemental 

réduit. Le développement de solvants efficaces pour la cellulose a facilité la fabrication de films 

de cellulose régénérée (RC), permettant la production de matériaux d'emballage respectueux 

de l'environnement. Cette thèse visait à explorer le développement, les propriétés et les 

applications des films RC comme matériau d'emballage alimentaire biodégradable, avec les 

pâtes de bois servant de source riche en cellulose, disponible industriellement. L'objectif du 

Chapitre 3 était d'étudier les effets de différents solvants aqueux sur la structure et les propriétés 

des films RC dérivés de la cellulose de bois. La cellulose a été dissoute dans une solution de 

H2SO4 à 64 % en poids (RC-H4) ou dans une solution aqueuse de NaOH/urée (RC-N4). Les 

films RC-H4 avaient une résistance à la traction plus élevée (109,78 ± 2,14 MPa) et une 

meilleure endurance au pliage (20-28 fois) par rapport aux films RC-N4 (62,90 ± 2,27 MPa et 

non pliable). L'augmentation du contenu en cellulose dans la solution concentrée de H2SO4 de 

3 à 5 % en poids a conduit à une amélioration de la résistance à la traction (102,61 ± 1,99 à 

132,93 ± 5,64 MPa) sans modification de la pliabilité. De plus, les films RC-H4 ont montré 

une meilleure propriété de barrière à la vapeur d'eau, une transparence accrue, mais une stabilité 

thermique plus faible. Ces résultats ont facilité la production de films RC performants obtenus 

à partir de deux solvants aqueux. Le Chapitre 4 a examiné l'influence de l'origine du bois et des 

méthodes de séchage sur les propriétés mécaniques et la performance de la barrière à la vapeur 

d'eau des films RC. Cinq pâtes de bois différentes ont été dissoutes dans une solution de 

NaOH/urée, et les films ont été séchés soit à température ambiante, soit par pressage à chaud. 

Les résultats ont indiqué que l'origine du bois avait un impact minime sur la structure des films 



IX 
 

RC. Cependant, le pressage à chaud a considérablement amélioré la résistance à la traction et 

la propriété de barrière à la vapeur d'eau des films RC. Le film RC pressé à chaud fabriqué à 

partir de pin a montré des performances comparables à celles du film plastique commercial 

pour la conservation des tomates cerises. L'étape suivante a été de traiter la nature 

hygroscopique des films en cellulose, qui peut diminuer leurs propriétés mécaniques dans des 

conditions humides. Le Chapitre 5 a concentré sur l'amélioration de la résistance à l'eau des 

films en cellulose grâce à des modifications doubles par dépôt chimique de vapeur 

d'organosilanes et incorporation de nanocristaux de cellulose (CNC). Les films modifiés 

avaient une résistance à la traction inchangée (~57 MPa) à RH 60 % et une perméabilité à la 

vapeur d'eau réduite. De plus, ces films ont montré une performance efficace dans les tests de 

conservation des cookies, comparable au film plastique commercial, tout en maintenant un taux 

de désintégration. Le Chapitre 6 a exploré le développement de surfaces antimicrobiennes 

inspirées des nanostructures trouvées dans la nature pour fonctionnaliser les films RC. Ce 

chapitre visait à étudier l'effet de la charge de surface sur les propriétés antimicrobiennes des 

films RC avec des nanostructures de type chevaux-de-frise en les recouvrant de CNC chargés 

différemment. Les CNC chargés positivement ont montré la plus grande activité 

antibactérienne, réduisant efficacement les populations d'E. coli et de S. aureus au contact. 

Tous les films recouverts de CNC ont démontré une résistance mécanique améliorée et une 

propriété de barrière à la vapeur d'eau accrue. Ce chapitre a souligné le potentiel de l'utilisation 

des revêtements CNC pour développer des matériaux d'emballage actifs afin de prévenir la 

croissance bactérienne et d'améliorer la sécurité alimentaire. Dans l'ensemble, cette thèse 

démontre que les films RC, dérivés de la cellulose de bois abondante et traités par divers 

solvants aqueux et stratégies de modification, offrent des alternatives prometteuses aux 

emballages plastiques non dégradables.  
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1.1. Introduction 

The widespread use of petroleum-based, non-degradable plastics has led to significant 

environmental challenges. In Canada, about 4 million tons of plastics are produced annually, 

with food packaging materials accounting for one-third of Canadian household waste. However, 

only 20% of plastics are recovered for reuse and recycling, resulting in persistent pollution, 

landfill overflow, and marine litter (Roy, Mohanty, & Misra, 2022). Additionally, the 

production and disposal of plastic packaging contribute significantly to greenhouse gas 

emissions, exacerbating climate change. Consequently, developing biodegradable food 

packaging materials is crucial to mitigate adverse environmental impacts. 

In response to the environmental issues posed by traditional plastics, cellulose emerges as a 

promising alternative. Cellulose is the most abundant natural polymer on Earth, primarily 

found in the cell walls of plants (Gardner & Blackwell, 1974). It is a linear polysaccharide 

consisting of D-glucose units linked by β-1,4-glycosidic bonds (Zhao et al., 2022). This unique 

structure imparts cellulose with remarkable mechanical strength, making it a fundamental 

component in numerous industrial applications. Given its biodegradability, renewability, and 

non-toxicity, cellulose is an attractive material for sustainable development (Shaghaleh, Xu, & 

Wang., 2018). One of the most exciting advancements in cellulose research is the development 

of cellulose nanocrystals (CNC). CNC is usually derived from natural cellulose fibers through 

processes such as acid hydrolysis, TEMPO oxidation, and enzymatic isolation (Pirich et al., 

2020). These nanocrystals are highly crystalline, with dimensions typically ranging from a few 

nanometers in width to several hundred nanometers in length. CNC exhibits exceptional 

mechanical properties, high surface area, and the ability to form strong hydrogen bonds (Dhar 

et al., 2015). These characteristics make CNC a versatile nanomaterial with potential 

applications in reinforcing mechanical and barrier properties of composite materials. 
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Despite the numerous advantages of cellulose, its insolubility in water and most organic 

solvents poses a significant challenge for processing. To overcome this, various methods for 

cellulose dissolution have been developed, utilizing solvents such as ionic liquids, N-

methylmorpholine-N-oxide, and alkaline solutions (El Seoud et al., 2019). Once dissolved, 

cellulose can be regenerated by precipitating it from the solution using anti-solvents like water 

or ethanol. This regeneration process restructures cellulose into different morphologies, such 

as fibers, films, or hydrogels, while maintaining its intrinsic properties (Tu et al., 2021). 

Regenerated cellulose (RC) films, produced through the dissolution and regeneration process, 

are gaining attention for their application in sustainable packaging. These films exhibit 

excellent mechanical properties, transparency, and biodegradability (Li, Zhang, & Xu., 2012). 

The potential of RC films is particularly significant for food packaging, where maintaining 

product freshness and extending shelf life are critical. The inclusion of CNC into RC films 

improves the mechanical strength and barrier properties against gases and moisture, which are 

essential for effective food packaging. Additionally, CNC can be functionalized to impart 

antimicrobial properties to the films, further extending the shelf life of food products and 

ensuring safety (Li et al., 2019).  

The food packaging industry has established specific performance metrics to ensure the 

effectiveness and safety of packaging materials. For instance, plastic food wraps are expected 

to have a tensile strength of at least 15 MPa to withstand mechanical stresses during handling 

and storage (Han, 2014). Barrier properties are also critical, packaging materials with oxygen 

transmission rates (OTR) below 50 mL/m²/day/atm at 23 ℃ and 75% relative humidity are 

enough to preserve meat under vacuum condition, while OTR of 0.5 mL/m²/day/atm is 

recommended to preserve meat such as cured ham at 5 ℃. Besides, water vapor transmission 

rate (WVTR) of less than 5 g/m²/day is required for effective preservation of perishable foods 
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like meat (Véronique, 2008; Robertson, 2013). By incorporating cellulose nanocrystals (CNC) 

into regenerated cellulose films, this research aims to develop sustainable food packaging 

materials that meet these industry requirements while maintaining biodegradability. 

1.2. Rationale and objectives of the proposed research 

The hypotheses of this project are that (1) RC films obtained from different solvents would 

have different structures and properties; (2) NaOH/urea aqueous solution would be effective to 

prepare RC films from different wood pulps and drying conditions would affect the properties 

of RC films; (3) modification of CNC and organosilane would improve water resistance and 

tensile strength of  RC films, achieving better food preservation while maintaining the 

biodegradability, and (4) different surface charges would affect the mechano-bactericidal effect 

of CNC. The overall objective of this study is to develop wood cellulose-based sustainable food 

packaging.  

The specific objectives of this research are: 

1. To compare the structures and properties of RC films obtained from concentrated H2SO4 and 

NaOH/urea aqueous solutions (Chapter 3). 

2. To investigate the structure and properties of RC films regenerated from various wood pulps 

in NaOH/urea aqueous solvent with air drying and hot-pressing treatment (Chapter 4). 

3. To determine the structure, properties, and compostability of RC films after the modification 

of CNC and organosilanes (Chapter 5). 

4. To determine the influence of differently charged CNC on the properties and mechano-

bactericidal activities of nanostructured RC films (Chapter 6). 

1.3. Organization of the thesis 
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This dissertation comprises seven chapters: Chapter 1 serves as the general introduction, 

offering an overview of the research background, rationale, and objectives. Chapter 2 conducts 

a thorough literature review, encompassing the relevant subject matters involved in this 

research. Chapters 3-6 each present individual full manuscript, delineating the methodology 

and research findings comprehensively. The connecting texts between these manuscripts 

facilitate a seamless transition, demonstrating the logical progression from one chapter to the 

next. Chapter 7, the conclusion and summary, articulates the fulfilment of research objectives, 

discusses the implications of findings, and provides recommendations for future research. 
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Chapter 2. Recent Applications of Regenerated Cellulose Films and Hydrogels in Food 

Packaging 
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2.1. Abstract 

Nowadays, non-degradable plastic packaging materials have created significant disposal and 

pollution issues threatening human health and development. The utilization of biodegradable 

packaging materials can help address the issue. Cellulose is abundant and renewable, and 

cellulose-based materials have been regarded as an alternative to petroleum-based plastic food 

packaging. With the development of cellulose solvents, various regenerated cellulose films and 

hydrogels have been fabricated for different applications. In this review, we summarize the 

recent progress in the preparation of regenerated cellulose films and hydrogels, and highlight 

their potential applications as biodegradable packaging, active packaging, and intelligent 

packaging. Finally, the biodegradability and safety of cellulose-based materials are stated, and 

future opportunities and challenges in this active research area are described.  

2.2. Introduction 

Food packaging waste comprises approximately one-third of all Canadian household waste, 

and only 20% is recovered for reuse and recycling. Among them, synthetic plastics suffer from 

poor biodegradability and limited ways to reuse and recycle, and thus cause serious 

environmental issues. Food packaging developed from natural polymers provides an 

alternative solution and has attracted more and more attention. Cellulose is the most abundant 

renewable and biodegradable polymer on earth, and has several advantages such as 

inexpensiveness, low density, non-toxicity, versatility, and superb mechanical properties [1]. 

Cellulose-based food-packaging materials, for example paper and cloth, have been widely 

utilized. However, with the requirements of improved protection of food products, the 

exploration of novel food packaging with multiple functional properties is urgent. The 

development of various cellulose solvents enabled the processing of cellulose into different 
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forms of materials. Especially, after dissolution, regenerated cellulose (RC) films and 

hydrogels can be fabricated by modulating physical and chemical interactions. They possess 

three-dimensional porous structures, which allow the incorporation of functional fillers and are 

thus applied as active or intelligent packaging materials [2,3,4,5,6•,7,8]. According to the Web 

of Science search result, 10,254 research papers on cellulose-based materials have been 

published in the last two years, and 404 (3.94%) of them are related to food packaging 

applications. The utilization of cellulose-based materials in food packaging is promising and 

still has a huge potential. Several reviews have summarized different forms of cellulose-based 

materials such as cellulose films [9], fibers [10], hydrogels [11•], microspheres [12], and 

composites [1], without the focus on food packaging purpose. Therefore, in this review, we 

have summarized recent strategies for fabricating RC-based films and hydrogels and their 

potential applications in food packaging. The considerations of biodegradability and toxicity 

are highlighted, and future opportunities, challenges, and research directions are described.  

2.3. Recent studies on RC film and hydrogel production  

Extensive studies have discussed various cellulose solvents including N-methylmorpholine-N-

oxide (NMMO), LiCl/DMAc, ionic liquids (ILs), and alkali/urea solutions to develop a more 

efficient and environmentally friendly method for cellulose dissolution and regeneration. The 

NMMO process can be used to dissolve up to 35 wt% cellulose, but the resultant solution is 

unstable; LiCl/DMAc solvent allows the dissolution of cellulose at room temperature but 

requires an activation step as a pretreatment; ILs have good thermal stability but may have side 

reactions during dissolution; and the alkali/urea solvent is easy to prepare but cannot be applied 

to dissolve cellulose with high molecular weight [13•]. Therefore, the selection of cellulose 

solvent is mainly depended on the types of cellulose raw materials and additives, availability 

of facility, and cost. Figure 2.1 demonstrates the common steps in the preparation of RC films 
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and hydrogels, and Figures 2.2 (a)-(d) illustrate the appearance of RC films produced from 

different raw materials and solvents. Recent research mainly focused on optimizing dissolution 

conditions and strategies of non-solvent regeneration that influence morphological and 

mechanical properties of RC films [14]. For instance, cellulose source [15], wood type (hard 

or soft) [16], pulping process (acid sulfite or kraft sulfate) [16], and coagulants [17] used to 

regenerate cellulose were compared to investigate their effects on the morphology of cellulose 

films. Besides, O2 plasma irradiation was proposed as a novel cellulose pretreatment method 

to activate cellulose chains and eliminate glycosidic bonds, improving the dissolution of 

cellulose and mechanical properties of RC films [18]. The effect of dissolution temperature 

was highlighted by Wei et al. that in the range of -2 to -12.5 ℃, a decrease in temperature 

resulted in more cellulose dissolution in NaOH/urea solution [19]. The RC film prepared at -

10 ℃ was optimal due to its best mechanical properties, transparency, and thermostability. 

 

Figure 2.1. Preparation of RC films and hydrogels. 
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Figure 2.2. Photos of RC films (top) and hydrogels (bottom) prepared from (a) microcrystalline 

cellulose in LiCl/DMAc [26], (b) microcrystalline cellulose in NaOH/urea solution [27] 

Copyright 2020 Elsevier, (c) waste corrugated cardboard in AmimCl [28] Copyright 2020 

American Chemical Society, (d) microcrystalline cellulose in BmimCl [29] Copyright 2020 

Elsevier, (e) bagasse cellulose filaments (BCF) [6•] Copyright 2020 Elsevier, (f) oxidized BCF 

[6•] Copyright 2020 Elsevier, (g) oxidized birch fibers [30] Copyright 2021 Elsevier, and (h) 

cellulose from cotton fibers with amino-terminated hyperbranched polyamic anchored 

nanosilver [31] Copyright 2019 American Chemical Society.  

 

The production of cellulose hydrogels is usually achieved by chemical or physical crosslinking 

[11•]. A new strategy namely double-crosslinking has been applied recently to obtain the 

hydrogels with dimensionally stable and recoverable double network structures [20,21]. For 

example, nanocellulose was crosslinked with epichlorohydrin (ECH) and metal salts (FeCl3 or 

CaCl2) to produce double-crosslinked hydrogels [22]. A three-dimensional network was 

formed due to the interconnected nanofibrils with no aggregation in crosslinked domains. A 

deformable cellulose hydrogel (126% of tensile strain) was formed via free radical 

polymerization of synthesized allyl cellulose with transparency of 89% at 550 nm and ionic 



11 
 

conductivity of 0.16 mS/cm [23]. This hydrogel was further immersed in saturated NaCl 

solution to initiate a double crosslinked network, which thus had an improved tensile strain 

(236%) and was still stretchable at -24 ℃, due to the incorporation of physical crosslinking 

maintained the hydrogel integrity [24•]. A similar cellulose hydrogel with tensile strength of 

3.1 MPa, transparency of 90% at 550 nm, and anti-freezing capacity was also reported, where 

ECH was used to crosslink cellulose dissolved in benzyltrimethyl ammonium hydroxide 

solution [25].  

2.4. Potential applications of RC films in food packaging 

Cellophane is the commercial transparent film regenerated from a viscose solution; however, 

carbon disulfide and other by-products of the viscose process cause serious environmental 

pollution [32]. Currently, RC films are prepared from eco-friendly solvent systems, and usually 

form composites with other polymers or additives to improve mechanical properties, optical 

properties, barrier properties, and thermostability. As shown in Figure 2.3, the applications of 

RC films in food packaging can be mainly classified into three aspects: biodegradable 

packaging, active packaging, and intelligent packaging. It was reported that commercial 

cellophane films have the tensile strength of about 18 MPa, initial degradation temperature of 

150 °C, transparency of 91% at 800 nm, and incomplete degradation (94%) in the soil after 4 

weeks [33•]. A pure cellulose film regenerated from durian rind waste was regarded as the 

alternative to cellophane [33•]. It had the smooth surface, transparency of 86%, tensile strength 

of 44 MPa, initial degradation temperature of 345 ℃, and biodegradability (100% decomposed 

in 4 weeks). The cellulose film prepared from pulverized pineapple leaf fibers dissolved in IL 

showed comparable tensile strength and thermal stability, and the pineapple sample packaged 

by the RC film showed the decreased weight loss and well-maintained firmness and vitamin C 

content after 2 days [34•]. Another similar cellulose film regenerated from banana pseudo-stem 
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dissolved in IL also demonstrated the capacity to extend the storage life and commodity rate of 

mango to about 7 days [35]. The incorporation of nanoparticles (nanocellulose, metallic 

nanoparticles, etc.) and polymers (chitosan, xanthan gum, etc.) is the traditional way to 

reinforce the mechanical and barrier properties of RC films [36,37•,38]. A recent study 

recommended that the addition of Ca2+ in cellulose/ionic liquid solution promoted the 

interaction between cellulose chains and significantly improved the tensile strength (28.65 MPa 

to 85.86 MPa) and decomposition temperature (313 ℃ to 351 ℃) of RC films; however, the 

transparency was reduced from ~64% to ~22% at 700 nm [28]. The modulation of polymer 

network structure is another way to enhance the performance. Ye et al. revealed that the well-

ordered arrangement of polymers at nanoscale and macroscale enhanced the formation of 

highly anisotropic cellulose nanofibers, resulting in the improvement of mechanical and optical 

properties [39]. A double crosslinking method was used to control the aggregation of cellulose 

chains in cotton linter pulp (α-cellulose content >95%), yielding cellulose films with 

nanofibrous structures, tensile strength of 253.2 MPa), and transparency of 91% at 800 nm. 

Wang et al. dissolved the same feedstock in benzyltrimethyl ammonium hydroxide solvent 

followed by a simple water evaporation strategy to obtain RC films [40]. The fabricated film 

had a dense network, tensile strength of 158 MPa, light transmittance of 89.94% at 550 nm, 

and O2 permeability of 1.37 × 10-17 cm3 cm cm−2 s−1 Pa−1 in a 40% humidity environment [40]. 

At the same time, some research works focused on the improvement of low elasticity and high 

UV transparency of RC films [41], which may lead to ruptured packaging and deteriorated 

food. Bacterial cellulose (BC), which is free of lignin and hemicellulose, was used to fabricate 

RC films without any purification. The elongation, water vapor permeability, and visual 

appearance of BC films were improved by the addition of glycerol and polyvinyl alcohol (PVA), 

where glycerol showed a significant plasticizing effect and PVA filled the voids of films and 
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decreased porosity. Besides, the incorporation of 2 wt% of graphene oxide (GO) with abundant 

conjugated aromatic structures endowed cellulose films with reduced visible light 

transmittance (78%) and UVA (66.7%) and UVB (54.2%) shielding property [42]. The 

enhanced UV shielding capacity and hydrophobicity of cellulose films were also observed after 

the addition of CeO2 [43]. Typical properties and potential applications of recently reported 

cellulose films are summarized in Table 2.1. 

 

Figure 2.3. Potential applications of RC films and hydrogels in food packaging [6,38,44-47]. 

Copyright 2019 Elsevier; 2020 Elsevier; 2021 Elsevier; 2019 American Chemical Society; 

2021 American Chemical Society. 
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Table 2.1. Typical properties and potential applications of recently reported RC films and 

hydrogels. 

Types Compositions Tensile 
strength 
(MPa) 

WVP  

(10-9 g/m·s·Pa) 

Initial 
degradation 
temperature (℃) 

Applications References 

Films Durian rind C 44 / 270 “Green” and low-cost packaging [33•] 

 Pineapple leaf C 34 / / Pineapple packaging and preservation [34•] 

 Banana pseudo stem C 77 / / Mange packaging and preservation  [35] 

 Waste cardboards C 85.86 / / Thermostable packaging [28] 

 Cotton linter pulps C 106 / 300 Super tough and clear packaging [39] 

 Cotton linter pulps C-Ag 158.2 / 290 Transparent packaging [40] 

 BC-Glycerol-PVA 13.78 0.20 / Transparent packaging [41] 

 C-GO 78.5 / / UV shielding packaging [42] 

 Cotton linter pulps C-CeO2 / / 230 UV shielding packaging [43] 

 CMC-Cur-ZnO 41.8 1.67 210 Antioxidant and antimicrobial packaging [2] 

 BC-ZnO 92.4 / 337 Highly flexible packaging [48] 

 RC-ZnO 126.61 5.42 270 Antimicrobial packaging [49] 

 MCC-GSE 41.87 2.49 170.3 “Green” and low-cost packaging [50] 

 CNC-Gelatin 20 0.03 200 Biodegradable packaging [51] 

 BC-Gelatin-MgO 0.71 0.03 / Egg packaging and preservation [52] 

 CNC-Gelatin-PVA 13.8 0.46 250 Biodegradable packaging [53] 

 Reactive CNF 47 3.40 260 Hydrophobic packaging [54] 

 CNF-ZnO-GSE 140 0.51 221 Antioxidant and antimicrobial packaging [55] 

 MC-CNF-SPA 46.6 0.02 230 Intelligent packaging [56] 

 FP-SCNF-FP 287 / / Low oxygen-permeable packaging [57] 

 OEO-Tween 80-CNF 24.63 / / Antimicrobial packaging [58] 

 OC-Nisin peptide 99.2 0.004 / Antimicrobial packaging [59] 

 CMC-Starch 32.6 3.27 234 Transparent packaging  [60] 

 Gellan gum-HEC-Lignin 39 2.18 148.2 Antioxidant packaging [61] 

 Cotton fabrics C-PVA-Dye 35 / 200 Intelligent packaging [46•] 

 C-Chitosan-Anthocyanins / / / Intelligent packaging [62] 

 C-Chitosan-Alizarin / / / Intelligent packaging [63] 

 Cotton fibers C-Ag 79 0.27 / Active packaging [31] 

 CMC-Ag 58 4.78 / Active packaging [37•] 

Hydrogels CMC-ECH / / / Water absorbing packaging [45] 

 C-MBA / / / Water absorbing packaging [64] 

 BC-GG-PVP-CMC (film) 25.9 0.06 / Blueberries packaging [65] 

 BC-PVP-CMC / / / Fruit packaging [66] 
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Table 2.1. Continue. 

Types Compositions Tensile 
strength 
(MPa) 

WVP  

(10-9 g/m·s·Pa) 

Initial 
degradation 
temperature (℃) 

Applications References 

 C-Chitosan / / / Water absorbing packaging [67] 

 C-ECH / / / Good compressive packaging [68] 

 CMC-Fe3+-PAAm 1.82 / / Highly stretchable packaging [69] 

 C-ECH-PEGDE  1.7 / / Highly stretchable packaging [70] 

 BC-Alginate-Cu ions / / / Active packaging [71] 

 BC-Cur-Cyclodextrins / / 220 Active packaging [72] 

 BC-Cur-Cyclodextrins-Ag / / / Active packaging [73] 

 NaCMC-HPMC-CA-GSE (film) 2.21 / 200 Active packaging [74] 

 CNC-Alginate-Ag / / / Active packaging [75] 

 BC-ECH-PEI / / 240 Active packaging [76] 

 DAC-QE-ZnO / / / Active packaging [77•] 

 C-ECH-ZnO / / / Active packaging [78] 

 ARC-PVA-Borax 0.04 / 250 Intelligent packaging [79] 

 TOBCF-Zn2+ 0.28 / / Intelligent packaging [6•] 

 CNC-Collagen 0.90 / / Biodegradable packaging [80] 

 C-PAAm 0.63 / 150 Highly flexible packaging [81] 

 CNF-NaIO4-PVA 0.43 / 310.9 Thermostable packaging [82] 

Note: WVP, water vapor permeability; C, cellulose; BC, bacterial cellulose; PVA, polyvinyl 

alcohol; GO, graphene oxide; CMC, carboxymethyl cellulose; Cur, curcumin; RC, regenerated 

cellulose; GS, Lemang bamboo; MCC, microcrystalline cellulose; CNC, cellulose nanocrystals; 

CNF, cellulose nanofibrils; GSE, grape seed extracts; MC, methyl cellulose; SPA, saffron petal 

anthocyanin; FP, fluoropolymer; SCNF, succinylated cellulose nanofibers; OEO, oregano 

essential oil; OC, 2,3-dialdehyde cellulose; HEC, hydroxyethyl cellulose; ECH, 

epichlorohydrin; MBA, N,N’-methylene-bis-acrylamide; GG, guar gum; PVP, polyvinyl 

pyrrolidone; PAAm, polyacrylamide; PEGDE, poly(ethylene glycol) diglycidyl ether; NaCMC, 

sodium carboxymethylcellulose; HPMC, hydroxypropyl methylcellulose; CA, citric acid; PEI, 

polyethyleneimine; DAC, dialdehyde cellulose; QE, quercetin; ARC, acidochromic 

regenerated cellulose; TOBCF, TEMPO-oxidized bagasse cellulose filaments.  
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Active food packaging is one of many possible applications of RC films, in which antimicrobial 

agents could be incorporated to inhibit the growth of foodborne bacteria [37•,83,84,85]. A 

comparative study indicated that the CMC films incorporated with Ag, ZnO, and CuO 

nanoparticles (NPs) inhibited the growth of E. coli and S. aureus through the release of reactive 

oxygen species, where Ag NPs showed the best inhibition capacity [37•]. Gu et al. 

demonstrated that hyperbranched polyamide-amine could be used as a binder to ember Ag NPs 

and further control the release rate [31]. The films produced from cotton fibers exhibited a 

microbial inhibition capacity and maintained the freshness of cherry tomatoes for 9 days [31]. 

In recent years, an important trend in active packaging is the replacement of synthetic additives 

with natural antimicrobials such as essential oils and extracts [86]. For instance, poacic acid as 

a plant-based antimicrobial agent was added in cellulose film to suppress the growth of S. 

aureus [84], while oregano essential oil in the film showed an inhibition rate of 99.99% against 

E. coli and L. monocytogenes [58].  

Intelligent cellulose-based films were also designed and employed to monitor the quality and 

condition of packaged food. Ding et al. [46•] used cotton fabrics to construct a pH-responsive 

RC film with PVA and acidochromic dye, which showed the pH-responsive color change within 

pH 7-12, tensile strength of 35 MPa, initial degradation temperature of about 150 ℃, and 

leakage resistance in acidic and basic environments. The prepared intelligent film could be 

used to detect ammonia formation and indicate the freshness of shrimps [46•]. The methyl 

cellulose-based film loaded with saffron petal anthocyanin was reported with a wide pH-

response range from 1 to 14, and successfully applied to indicate the freshness of lamb meat 

[56]. The anthocyanins-embedded cellulose/chitosan film had the pH response ranged from 2 

to 12 and color stability for one month [62], while the similar cellulose/chitosan film embedded 

with alizarin was applied to monitor the spoilage of minced beef [63]. The pH value of minced 
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beef elevated from 6.2 to 6.76 after storage at 4 ℃ for 4 days, and the color of the film changed 

correspondingly from brown to purple, revealing the high microbial load (>7 log CFU/g) 

beyond the acceptable limit [63]. 

2.5. Potential applications of RC hydrogels in food packaging 

Recent studies on RC hydrogels are summarized in Table 2.1. Compared to RC films, the 

applications of hydrogels in food packaging are relatively less. Cellulose hydrogels can be 

regarded as an attractive absorbent material with superhydrophilicity, good structural stability 

after water absorption, and negligible influence on the sensory attribute of food [45,87•], and 

be applied in food packaging to control the humidity and water activity of food. CMC, due to 

its good water holding capacity, was used to crosslink with ECH to form a superabsorbent 

cellulose hydrogel, which had the water retention capacity of 725 g water/g dry hydrogel [45]. 

Yang et al. provided a novel method to fabricate cellulose hydrogels by crosslinking with 

methylenebis acrylamide (MBA) in LiOH/urea solvents [64]. The interactions among water 

and ─OH and ─NH─ groups from polymer network endowed hydrogels with a water 

absorption capacity of 220 g water/g dry hydrogel. The composite hydrogel of CMC and PVP 

at a ratio of 1:1 could absorb 1134% water, and delayed the deterioration of blueberries for 15 

days, while the addition of guar gum slightly decreased the water absorption capacity to 895% 

[65]. A similar CMC-PVP-BC-based hydrogel was applied to package table grapes, spinach, 

and tomatoes at room temperature for 30 days [66]. Alam and Cristopher noted that the water-

absorption property of cellulose hydrogels was relevant to the concentration and chemical 

nature of polymers, and the optimal water absorption capacity (610 g water/g dry hydrogel) 

was found when cellulose hydrogels were crosslinked with 25% of chitosan [67]. However, 

one common limitation of hydrogel is inferior mechanical resistance, which can be improved 

by incorporating crosslinkers or forming composites. Huber et al. [68] increased the content of 
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undissolved micro-cellulose as a physical crosslinker (0-50 wt%) to improve the compressive 

strength of hydrogels from ~130 kPa to ~160 kPa, which reached to 300 kPa by further adding 

10 wt% of ECH as a chemical crosslinker. The reinforcement of mechanical properties of CMC 

hydrogels via the incorporation of Fe3+ was also elucidated, and the increase of Fe3+ content at 

low iron ion concentration levels formed more tridentate coordinates with the carboxyl groups 

of CMC hydrogels [69]. However, the iron ions at high concentrations transformed tridentate 

into monodentate or bidentate, which deteriorated the toughness of hydrogels. Ye et al. 

constructed a double crosslinked cellulose hydrogel by using two cross-linking agents, ECH 

and polyethylene glycol diglycidyl ether, which exhibited the improved compressive strength 

(9.4 MPa) and tensile strength (1.7 MPa), and were 26.3 and 84 times higher than those of the 

single crosslinked hydrogel, respectively [70].  

Like RC films, cellulose hydrogels were also employed as a three-dimensional matrix to 

fabricate antimicrobial or pH-responsive packaging by incorporating functional fillers. 

Compared to the dense structure of films, the porous network of cellulose hydrogels facilitates 

the transportation of bioactive compounds and enables quickly starting signaling pathways. 

The antimicrobial capacity was determined by the network density and concentration of active 

compounds [71]. Curcumin, a natural antioxidant and anti-inflammatory agent, was loaded in 

a BC hydrogel with a release rate of 76.99% in 6 h and significantly inhibited the growth of S. 

aureus [72]. The bactericidal effect was also found in the grapefruit seed extract-loaded 

cellulose hydrogel due to the existence of choline and ethanolamine [72]. Ag NPs were widely 

used to inhibit the growth of gram-negative bacteria (P. aeruginosa), gram-positive bacteria (S. 

aureus), and yeast (C. albicans) [73,75]. A novel strategy was proposed to produce hydrogels 

by using ECH to chemically crosslink BC and polyethyleneimine (PEI) in NaOH/urea solution 

[76]. The disruption of cell membranes by the polycationic nature of PEI caused a bactericidal 
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activity against S. aureus and E. coli. The synergistic effect of several antimicrobial compounds 

in cellulose hydrogels has also been studied. For example, chitosan was crosslinked with 

dialdehyde cellulose to form a hydrogel, which was embedded with ZnO NPs and two bioactive 

compounds (quercetin and onion peel drug) to inhibit the growth of S. aureus and T. rubrum 

[77•]. A similar effect was found in the RC hydrogel prepared from waste sugarcane bagasse 

with cellulose content of about 50% and filled with curcumin and ZnO NPs [78]. For the 

construction of intelligent packaging materials, two pH-responsive dyes (bromothymol blue 

and methyl red) were incorporated in a nanocellulose-based hydrogel as a food quality indicator 

to monitor the freshness of chicken breast [6•]. The hydrogels showed a noticeable color change 

from green to red after three days due to the emission of CO2 from microbial growth, indicating 

the detected microbial loads exceeded the acceptable limit for consumption (>6 log CFU/g). A 

tough, self-healing, and pH-responsive hydrogel was produced from acidochromic cotton 

cellulose (ARC), PVA, and borax, which could recover to the original state within 15 s without 

any external force and display a color change from yellow to red and purple when pH value 

increased from 5 to 12 [79]. Besides, the addition of 0.6% ARC induced the entanglement of 

PVA and ARC, and thus increased the crosslink density of the hydrogel network, reinforcing 

the tensile strength from 5.2 kPa to 35.3 kPa [79]. However, it was noticed that the current 

applications of RC films and hydrogels as intelligent packaging mainly focused on pH-induced 

color change. More strategies could be considered when designing RC based intelligent 

materials for wider food-related applications. 

2.6. Biodegradability and toxicity of cellulose-based materials 

The biodegradability of cellulose may be affected by chemical modifications. Leppänen et al. 

reported that the biodegradation rate of RC depended on the degree of substitution (DS) [88]. 

RC from ionic liquid was completely degraded after 4 weeks in a natural composting 
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environment, while cellulose acetate with DS 2.5 prevented the attachment of enzymes and 

showed no biodegradability in enzymatic hydrolysis and natural composting environment [88]. 

However, cellulose acetate with DS lower than 1.8 can be degraded by esterase and enhanced 

by the synergistic effect of cellulase [89]. Cellulose nanocrystals are usually combined with 

RC to prepare all-cellulose materials; however, the incorporation of micro- and nanocellulose 

could hamper the water diffusion in the polymer matrix and affect the disintegration kinetics, 

leading to a decreased biodegradability [90-92]. Cui et al. demonstrated that okara cellulose 

hydrogels crosslinked by ECH could completely decompose in 28 days [93]. The presence of 

microorganisms in soil initiated the cleavage of crosslinkages and disrupted covalent bonds, 

resulting in the decomposed network structure of hydrogels [94]. Therefore, physical 

crosslinking and mild chemical modification of cellulose-based materials are preferred if the 

biodegradability/composability is a necessity. Regarding the safety and toxicity of cellulose-

based materials, various forms of cellulose including raw cellulose and RC, as well as its 

derivatives such as CMC, cellulose acetate, ethyl cellulose, etc., have been regarded as safe 

food substances according to the U.S. Department of Agriculture and considered as the food 

additives by the FDA regulations. Nevertheless, the release and migration of functional 

additives from RC matrices should be carefully investigated. For instance, a shrimp lethal assay 

indicated that the minor amount of Ag NPs released from cellulose-based nanocomposite had 

no obvious toxicity to shrimp after an exposure of 24 h [95], but Ag NPs with high 

concentration (≥500 μg/mL) showed the significant cytotoxicity to Caco-2 and FHC human 

colon cells [96], and 100 ppm of Ag NPs remarkably decreased the vitality of hepatocellular 

carcinoma cells close to zero over 24 h [75]. It is generally considered that naturally available 

bioactive compounds are low-risk alternatives to metal particles in active packaging. However, 

it ignores the potential toxicity of bioactive compounds at high doses. For instance, β-
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phellandrene (1425 and 2850 mg/kg) and 6-gingerol (20-80 μM) from ginger extract had 

genetic toxicity to human body [97], and hepatotoxicity effect was found with 140 mg - 1000 

mg/day consumption of tea extract [98]. Therefore, the researchers should be cautious when 

designing functional packaging, no matter the additives are natural or manufactured. The 

dosage of bioactive additives released from packaging materials is one of the major factors to 

evaluate the safety issues.  

2.7. Conclusions and outlook 

Recent research focuses on optimizing dissolution conditions and developing new strategies to 

improve the properties of RC films and hydrogels, for example, the double-crosslinking 

method. Both cellulose films and hydrogels exhibit the potential to be applied in food 

packaging. Particularly, the RC films provide a solution for biodegradable wrapping materials, 

and the RC hydrogels can serve as a three-dimensional matrix for absorption and quick signal 

response. Various organic and inorganic fillers can be incorporated in RC films and hydrogels 

to enable special functionalities, such as antimicrobial property and pH-responsive color 

change. Generally speaking, RC materials are safe to be used for food packaging, but the 

release and migration of functional fillers should be evaluated. Future research in the following 

areas is required to promote their real applications: 

1. The design of food packaging materials should be linked to a specific food product. Many 

research works generally focused on the improvement in mechanical and barrier properties 

of packaging materials, but did not mention the requirements for any food products. 

Therefore, for the development of novel packaging materials, various aspects such as initial 

status, storage condition, and quality change of food product should be understood in 
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advance, and the properties should be evaluated to see if they reach the targeted values 

rather than simply stating “good” or “improved”. 

2. The feasibility of new packaging materials should be considered. Processes should be 

available for mass production, and all the modifications and additives should be 

economically practical. The selection of a cost-effective cellulose solvent system and the 

efficient recycling of solvent will help reduce the cost of RC materials.  

3. The release and migration of functional fillers from RC packaging at different conditions 

(pH, temperature, solvent, food components, etc.) should be carefully studied. Suitable 

functional fillers and immobilization methods (e.g. stable during food processing and when 

contacting with food products) should be selected with the consideration of application of 

packaging materials. Generally speaking, chemically bonded active compounds are more 

stable compared to physically linked ones, but the fate of these chemicals in the 

environment after the materials are disposed and their effects on biodegradability should 

also be evaluated. 

4. The utilization of artificial intelligence in the design of functional food packaging materials 

may be a future trend. Based on the structure of polymers and additives and preliminary 

experiment, the properties of targeted materials such as mechanical strength, flexibility, 

permeability, thermal stability, and biodegradability can be predicted, so as to facilitate the 

development of novel packaging materials and link them with specific food products. 
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Connecting Text 

Chapter 2 summarized the recent studies on the production methods of RC films and hydrogels 

and their properties and functions as food packaging materials. RC films as a solution of 

biodegradable food packaging materials was pointed out. In chapter 3, the effects of two 

aqueous solvents on the structure and properties of wood cellulose films were explored. Firstly, 

RC films were produced by dissolving wood cellulose in either a concentrated H2SO4 solution 

or a NaOH/urea aqueous solution. Secondly, the mechanical properties and flexibility of RC 

films from different solutions were compared. Thirdly, the structure of RC films was studied 

by scanning electron microscopy, molecular weight test, Fourier-transform infrared 

spectroscopy, and X-ray diffraction. Finally, the effect of RC film structure on the moisture 

uptake, water vapor permeability, optical properties, and thermal stability was investigated. 
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Chapter 3. Wood Cellulose Films with Different Foldabilities Triggered by Dissolution 

and Regeneration from Concentrated H2SO4 and NaOH/Urea Aqueous Solutions 
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3.1. Abstract 

Forests are a major source of wealth for Canadians, and cellulose makes up the “skeleton” of 

wood fibers. Concentrated H2SO4 and NaOH/urea aqueous solutions are two efficient solvents 

that can rapidly dissolve cellulose. Our preliminary experiment obtained regenerated wood 

cellulose films with different mechanical properties from these two solvents. Therefore, herein, 

we aim to investigate the effects of aqueous solvents on the structure and properties of wood 

cellulose films. Regenerated cellulose (RC) films were produced by dissolving wood cellulose 

in either 64 wt% H2SO4 solution (RC-H4) or NaOH/urea aqueous solution (RC-N4). RC-H4 

showed the higher tensile strength (109.78 ± 2.14 MPa), better folding endurance (20-28 times), 

and higher torsion angle (42°) than RC-N4 (62.90 ± 2.27 MPa, un-foldable, and 12°). The 

increased cellulose contents in the H2SO4 solutions from 3 to 5 wt% resulted in an improved 

tensile strength from 102.61 ± 1.99 to 132.93 ± 5.64 MPa and did not affect the foldability. 

RC-H4 also exhibited better water vapor barrier property (1.52 ± 0.04 × 10-7 g m-1 h-1 Pa-1), 

superior transparency (~90% transmittance at 800 nm), but lower thermal stability compared 

to RC-N4. This work provides special insights into the regenerated wood cellulose from two 

aqueous solvents and is expected to facilitate the development of high-performance RC films 

from abundant forestry resources. 

3.2. Introduction 

The accumulation of non-degradable plastic waste poses an environmental menace, 

perpetuating pollution and causing harm to ecosystems. The development of renewable and 

biodegradable materials is imperative to reduce dependence on conventional petroleum-based 

plastics, alleviating environmental damage and promoting a sustainable future. Cellulose, the 

most abundant natural polymer on Earth, has emerged as a promising substitute for non-
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renewable resources due to its significant industrial applications and unique properties like 

biocompatibility and biodegradability.  

However, cellulose faces application limitations due to its intricate structure marked by 

extensive intra- and intermolecular hydrogen bonding. This structural stability renders 

cellulose insoluble in most common liquids, hindering its widespread utility. Solvents like N-

methylmorpholine-N-oxide (NMMO), ionic liquids (ILs), and LiCl/DMAc have been 

developed for cellulose dissolution and regeneration [1]. Despite the partial success, the 

dissolution of cellulose by these solvents often accompanies undesirable properties. For 

instance, NMMO-solubilized cellulose solutions are thermally unstable; ILs are expensive and 

may lead to side reactions during dissolution; and LiCl/DMAc requires an activation process 

before dissolution. Besides, the recyclability and sustainability of these solvents remain some 

concerns [2]. Aqueous NaOH/urea solution is considered as an industrially feasible "green" 

solvent that can rapidly dissolve 4 wt% cellulose with a molecular weight of <1.14 × 105 g/mol 

in 2 mins at −10 ℃ [3]. The dissolved cellulose can be shaped into desirable forms such as 

fibers [4,5], films [6], hydrogels [7,8], and composite materials [9,10] through the processes of 

spinning, casting, coating, etc. However, the NaOH/urea aqueous solution has the limitations 

in cellulose molecular weight and concentration [11], so an extra acid hydrolysis treatment is 

usually performed to decrease the molecular weights of the wood fibers before dissolution and 

the contents of cellulose are generally lower than 4 wt% [12,13].  

The interaction between H2SO4 and cellulose has been studied for centuries. Numerous studies 

have demonstrated that concentrated solutions of H2SO4 (63-72 wt%) are capable of breaking 

hydrogen bonds and penetrating the crystalline and non-crystalline domains of cellulose, 

resulting in the lower molecular weight cellulose, nanocellulose, and even sugar [14,15,16]. 

Besides, earlier studies have shown that a gradual reduction in the temperature of concentrated 
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H2SO4 aqueous solutions from elevated temperatures to room or lower temperatures limited 

the hydrolysis of cellulose, leading to dissolution without significantly affecting the molecular 

weight of the cellulose. For instance, 1 g/mL of microcrystalline cellulose dissolved in 70 wt% 

H2SO4 at 5 ℃ had a yield of 72.7% after precipitation with water [17]. Huang et al. disclosed 

that 64 wt% H2SO4 aqueous solution was capable of dissolving 5 wt% cellulose at −20 ℃ 

within 2 min with a slight decrease of the molecular weight of cellulose from 4.10 × 105 g/mol 

to 3.34 × 105 g/mol [18]. Chen et al. designed a two-step concentrated H2SO4 dissolution system 

that was capable of dissolving 150 g/L of cellulose within 5 min at −10 ℃ [19]. The regenerated 

cellulose (RC) hydrogels had a yield of 97.1% and a polymerization degree of 71% of those of 

original cotton cellulose [19]. Besides, a few attempts have been made to dissolve the low 

contents of cellulose (2-3 wt%) in 64 wt% H2SO4 solution at low temperatures to produce RC 

films with tensile strengths of about 60-70 MPa [18,20,21].  

To explore the potential applications of wood cellulose through dissolution and regeneration 

from aqueous solvents, our preliminary experiment showed significant differences in the 

mechanical properties and flexibility of wood cellulose films fabricated with concentrated 

H2SO4 and NaOH/urea aqueous solutions, which have never been reported. Therefore, this 

study aimed to explain the differences by comparing the structures and properties of RC films 

obtained from these two aqueous solutions. Their mechanical properties, flexibility, 

morphology, molecular weight, crystallinity, optical properties, and thermal stability were 

studied in detail, which sought to provide valuable insights into the sustainable processing of 

wood cellulose through aqueous solvents. 

3.3. Materials and methods 

3.3.1 Materials 
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The bleached spruce pulps were provided by FP Innovations (Pointe-Claire, QC, Canada). 

Sulfuric acid (95.0-98.0%) was purchased from Millipore-Sigma (Oakville, ON, Canada). 

Sodium hydroxide (>97.0%) and urea (>99.6%) were obtained from Fisher Scientific (Ottawa, 

ON, Canada).  

3.3.2 Preparation of wood cellulose films 

The pretreatments and dissolution of spruce pulps in NaOH/urea solution were based on our 

previous study with slight modifications [22]. The recovery rate of spruce pulps after acid 

hydrolysis was 91.58 ± 2.07%. Cellulose solution was casted with 1 mm thickness and 

coagulated in a 5 wt% H2SO4 aqueous bath at 25 ℃ for 7 min to produce RC films. The air-

dried RC films obtained from NaOH/urea solution were labeled as RC-N4. The dissolution of 

spruce pulps in acid solvent began with the addition of 3, 4, and 5 wt% ground hydrolyzed 

spruce pulps into 64 wt% H2SO4 solutions at −20 ℃, respectively. The solutions were stirred 

for 10 min at 1500 rpm under an ice bath, centrifuged at 120 g for 1 min to remove bubbles, 

and then casted with a thickness of 1 mm on a glass plate, followed by coagulation in 10 wt% 

NaOH at 25 ℃ for 7 min. The RC films obtained from the H2SO4 solutions were dried in air at 

room temperature and coded as RC-H, and RC-H3, RC-H4, and RC-H5 based on their cellulose 

contents. 

3.3.3 Characterization of wood cellulose films 

3.3.3.1 Mechanical properties and flexibility 

RC films were conditioned (25 ℃ and 60% relative humidity) and tested for mechanical 

properties by using ADMET MTEST Quattro eXpert 7600 series (MA, USA) with a load cell 

of 250 lb. and a crosshead speed of 5 mm/min [22].  
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A torsion angle test was performed to determine the flexibility of RC films [23]. The 

conditioned RC films were cut into stripes with dimensions of 50 mm × 10 mm (length × width) 

and measured by the ADMET MTEST Quattro eXpert 9000 torsion testing system with a grip 

distance of 20 mm and a rotating speed of 3 deg./s until breakage.  

The folding endurance of RC films was manually tested by iteratively folding RC film in a 

consistent position until it broke. The total count of folds required for RC films to develop 

cracks was designated as the folding value [24,25].  

3.3.3.2 Morphological analysis 

A Hitachi TM1000 SEM (Hitachi Co. Ltd., Tokyo, Japan) with an acceleration voltage of 4 kV 

was used to observe morphologies of RC films [21].  

3.3.3.3 Molecular weight and yield rate 

The determination of viscosity-average molecular weight (Mv) was conducted according to the 

TAPPI T230 standard test method [26]. The yield rate was calculated based on the ratio of the 

mass of air-dried RC films to the mass of hydrolyzed spruce pulps for dissolution. 

3.3.3.4 Density and porosity 

The density and apparent porosity of RC films were calculated based on previous study [27]. 

3.3.3.5 Fourier transform infrared spectroscopy (FT-IR) 

The structure of RC films was determined by a Cary 630 Fourier-transform infrared 

spectroscope equipped with an ATR sampling module (FT-IR, Agilent Technologies, Santa 

Clara, CA, USA) [28]. 

3.3.3.6 X-ray diffractometry (XRD) 

The crystalline profile of RC films was measured by a high-resolution X-ray diffractometer 
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(Empyrean, Malvern Panalytical Ltd, Malvern, UK) [29].  

3.3.3.7 Moisture uptake 

RC films were cut into squares (40 mm × 40 mm) and dried in an oven until a constant weight 

(𝑚𝑚𝑖𝑖) was attained. The moisture absorption measurement was performed under 60% relative 

humidity at 25 ℃ for 4 days and the weight of films (𝑚𝑚𝑑𝑑) was recorded. The moisture uptake 

percentage was calculated based on Eq. (1): 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑢𝑢𝑀𝑀𝑢𝑢𝑢𝑢𝑀𝑀 (%)  =  
𝑚𝑚𝑑𝑑 −𝑚𝑚𝑖𝑖

𝑚𝑚𝑖𝑖
 ×  100% (1) 

3.3.3.8 Water vapor permeability (WVP) 

The water vapor permeability of RC films was determined by following ASTM E96-92 

standard method [30]. 

3.3.3.9 Optical properties 

RC films with similar thickness of about 12 ± 1 μm were fabricated to compare optical 

properties. The optical transmittance of RC films was measured by a DU 800 UV/vis 

spectrophotometer (Beckman Coulter, Brea, CA) in the range of 400-800 nm, using air as 

background. 

3.3.3.10 Thermogravimetric analysis 

TGA of RC films was performed using the thermogravimetric analyzer Discovery 5500 (TA 

Instruments Inc., New Castle, DE, USA). Thermograms of samples were collected from 30 to 

600 ℃ with a heating rate of 10 ℃/min in nitrogen (10 mL/min).  

3.3.4 Statistical analysis 
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All tests were performed in triplicates, and the data were presented as the mean ± standard 

deviation. One-way analysis of variance (ANOVA) and Duncan's multiple-range test were 

employed for statistical analysis by SPSS statistical software (version 26, IBM SPSS Inc., New 

York, NY) with significant differences at p < 0.05. 

3.4. Results and discussion 

In our preliminary experiment, RC films obtained from concentrated H2SO4 solution had better 

flexibility. The mechanical properties of RC films are shown in Fig. 3.1A. RC-H4 exhibited a 

higher tensile strength of 109.78 ± 2.14 MPa compared to RC-N4 (62.90 ± 2.27 MPa). Notably, 

RC-H5 showed the highest tensile strength of 132.93 ± 5.64 MPa and elongation percentage of 

3.91 ± 0.19%, indicative of increased cellulose chains available for extension and 

rearrangement. The tensile strength of RC-H5 was higher than RC films from corn stalk pulp 

fines in DMAc/LiCl solution (106.11 MPa) [31], wood pulp cellulose in ionic liquids (124.5 

MPa) [32], cotton linter in NaOH/urea solution (108.1 MPa) [10], corncob in NMMO aqueous 

solution (73.1 MPa) [33], hardwood pulp cellulose in LiBr aqueous solution (67 MPa) [34], 

and wood pulp cellulose in CO2/DBU/DMSO system (91 MPa) [35]. As shown in Fig. 3.1B-

D, the flexibility of RC films was determined by rolling, bending, and folding. All four RC 

films were rollable and bendable. However, RC-N4 fractured at the first folding, while all RC-

H films showed only slight cracks after 20-28 folding cycles. Besides, as shown in Table 3.1, 

RC-N4 exhibited a low torsion angle of 11.84 ± 2.02°. Three RC films obtained from H2SO4 

solutions withstood a larger torsion angle of about 42°.  
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Fig. 3.1. (A) Stress-strain curves of RC films. Photos of RC films during (B) rolling, (C) 

bending, and (D) folding. 

Table 3.1. Tensile strength, tensile strain, Young’s modulus, and torsion angle of RC films. 

Samples Tensile strength 

(MPa) 

Tensile strain 

(%) 

Young’s 

modulus (GPa) 

Torsion angle (°) 

RC-N4 62.90 ± 2.27d 2.56 ± 0.30b 4.50 ± 0.16b 11.84 ± 2.02b 

RC-H3 102.61 ± 1.99c 1.95 ± 0.10c 5.95 ± 0.06a 45.26 ± 3.96a 

RC-H4 109.78 ± 2.14b 2.21 ± 0.07c 6.00 ± 0.02a 42.07 ± 6.67a 

RC-H5 132.93 ± 5.64a 3.91 ± 0.19a 6.04 ± 0.06a 41.78 ± 1.60a 

The morphology of RC films was observed by SEM and is shown in Fig. 3.2A. No obvious 

undissolved fibers were found on the surface of RC films obtained from H2SO4 and NaOH/urea 

aqueous solutions. RC-N4 had an uneven and rough surface, which was attributed to the 

inevitable shrinkage of the film during the regeneration and drying process [36,37]. In contrast, 

RC-H3, RC-H4, and RC-H5 showed similar even and smooth surfaces. It was worth noting 

that, by applying similar amounts of cellulose solutions (about 1 mm thickness), the thickness 

of RC-N4 was the largest (29.28 ± 1.07 μm). RC-H3, RC-H4, and RC-H5 exhibited similar 
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layered structures with decreased thicknesses of 11.41 ± 0.24 μm, 13.09 ± 0.27 μm, and 13.47 

± 0.15 μm, respectively. The different thicknesses of RC-N4 and RC-H films could be linked 

to the different porosities caused by various coagulation rates. Li, Zhang, and Xu observed that 

raising the coagulation temperature from 25 ℃ to 45 ℃ augmented the diffusion speed of the 

coagulant [38]. This enhancement resulted in a notable increase in the average pore size on 

both the surface (from 342 nm to 809 nm) and the cross-section (from 140 nm to 343 nm), 

which facilitated the formation of a thicker film with larger pore sizes. 

 

Fig. 3.2. SEM images of (A) surface and (B) cross-section of RC films. 

The Mv value of the original spruce pulp was 3.46 × 105 g/mol, which was decreased to 1.91 × 

105 g/mol after acid hydrolysis. RC-N4 showed a slightly decreased Mv value of 1.62 × 105 

g/mol, while three RC films prepared from concentrated H2SO4 aqueous solution had the Mv 

values of about 5 × 104 g/mol. However, RC-H films had the higher yield rates in the range of 

84.06% to 86.35% compared to 80.17 ± 2.87% of RC-N4 films. Since NaOH/urea aqueous 

solution is more efficient to dissolve cellulose with molecular weight <1.14 × 105 g/mol, the 

undissolved cellulose fibers with high molecular weight might be eliminated after 

centrifugation and led to the decreased yield rate of RC-N4 [3]. As shown in Fig. 3.3A, the 

density of RC-H4 (1.22 ± 0.02 g/cm3) was obviously higher than that of RC-N4 (0.93 ± 0.01 
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g/cm3). The increase of the cellulose contents from 3 wt% to 5 wt% resulted in the denser films 

with higher densities from 1.16 ± 0.04 g/cm3 to 1.28 ± 0.03 g/cm3 and reduced porosities from 

28.67 ± 2.52% to 21.41 ± 1.99%. It was due to the increased cellulose chain entanglement at a 

higher cellulose concentration [18], leading to the significant improvement in tensile strength 

from 102.61 ± 1.99 to 132.93 ± 5.64 MPa. It was reported that the fast coagulation rate during 

the regeneration process would facilitate the lateral shrinkage of RC films [39,40], which might 

lead to a rougher film surface, lower film density, and larger film thickness of RC-N4 films 

[41]. At the same time, the decreased cavities and free space in RC-H films contributed to their 

higher tensile strength [42]. 

 

Fig. 3.3. (A) Density and porosity, (B) FT-IR spectra, and (C) XRD patterns and crystallinity 

index of RC films.  

FT-IR spectra and XRD diffraction patterns were collected to investigate the effect of aqueous 

solutions on the structure of RC films. As shown in Fig. 3.3B, all RC films displayed similar 

FT-IR spectra to spruce pulps, indicating no chemical reactions during the dissolution and 

regeneration process. Characteristic absorption bands of spruce and RC films were observed at 

around 3600–3000, 2886, 1427, and 893 cm-1, which were ascribed to O─H stretching 

vibration of hydroxyl groups, C─H stretching vibration, ─CH2 symmetrical bending vibration 
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of cellulose I crystalline structure, and ─C─O─C─ bridge stretching of the amorphous region 

and cellulose II crystalline structure, respectively [43,44]. However, changes in the intensity of 

peaks were observed. For instance, two sharp peaks at 3340 and 3273 cm-1 were flattened and 

broadened after dissolution and regeneration, which were related to the intra- and 

intermolecular hydrogen bonds in cellulose, respectively [45]. The concentrated H2SO4 

aqueous solution dissolved cellulose by breaking interchain hydrogen bonds in cellulose, and 

the rearrangement of cellulose happened during regeneration and drying [46]. The disturbed 

intermolecular interactions partially reformed during the rapid coagulation process, leading to 

decreased peak intensities. The asymmetric ─CH2 bending vibration at 1427 cm−1 belonged to 

the cellulose I crystalline structure, while the ─C─O─C─ bridge stretching at 893 cm-1 

represented the amorphous region and cellulose II crystalline structure [22]. The ratio of peaks 

at 1427 and 893 cm−1 was defined as the “crystallinity index” (CI), which decreased after 

dissolution and regeneration, indicating the reduced crystallinity and transition from cellulose 

I structure to cellulose II structure. Fig. 3.3C presents the change of cellulose polymorph. 

Spruce pulps showed diffraction peaks at 14.8° (1ī0), 16.3° (110), 22.5° (200), and 34.5° (004) 

with a CI value of about 73.6%, representing a typical cellulose I structure [21]. After 

dissolution and regeneration, RC-N4 showed a cellulose II structure with a broad diffraction 

peak at 21.0° and a small broad peak at 12.6° and a decreased CI value of about 42.3%, which 

was coordinated with FT-IR results [47]. However, the main peak of three RC-H films slightly 

shifted to a lower 2θ of 20.5°, and the intensity of diffraction peak at 12.6° reduced or even 

disappeared. These results suggested an expansion of the cellulose I lattice rather than a 

transformation to cellulose II, resulting in an amorphous RC film with lower CI values. It was 

because the hydrated sulfate ions disrupted the formation of hydrogen bonding network during 

regeneration, leading to an increase in disordered regions [48]. Similar amorphous structures 
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were observed in RC films prepared from microcrystalline cellulose [49] and eucalyptus [50] 

dissolved in ionic liquids and cotton cellulose powder [51] dissolved in LiCl/DMAc solution. 

Besides, the increased cellulose contents from 3 wt% to 5 wt% further decreased the CI values 

from 29.13% to 22.20%, which was ascribed to the increased chain entanglement and 

interruption of free chain mobility during coagulation [52]. However, this result diverged from 

previous studies, which have reported that cellulose with higher molecular weights and CI 

values led to higher tensile strength of RC films [53,54,55,56]. Therefore, in our opinion, the 

high mechanical strength and good foldability of RC-H films should be attributed to the high 

density and amorphous structure. Similar results were observed in cellulose nanofiber films, 

where the increased density from 0.8 to 1.0 g/cm3 improved tensile strength from about 55 to 

80 MPa [57]. Besides, amorphous cellulose has been reported to be more flexible and mobile 

due to its less ordered structure compared to crystalline cellulose [58]. The structural and 

foldability differences between RC-N4 and RC-H films are elucidated in Fig. 3.4. The 

disruption of interchain hydrogen bonds in cellulose occurred during dissolution, and the 

regeneration triggered different crystalline and entangled structures. RC-N4 films exhibited 

higher molecular weight, increased crystallinity, higher porosity, and brittleness. In contrast, 

RC-H films were characterized by lower molecular weight, more amorphous structure, higher 

density, and better foldability. 
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Fig. 3.4. Proposed mechanisms of wood cellulose dissolution and regeneration from 

NaOH/urea and concentrated H2SO4 aqueous solutions. 

To evaluate the potential applications of wood cellulose films regenerated from two aqueous 

solutions, their other physical properties were studied and compared. In Fig. 3.5A, the moisture 

uptake percentage of different RC films was depicted. Previous studies have suggested that 

crystalline cellulose, characterized by a more ordered structure, tends to exhibit lower moisture 

sensitivity compared to amorphous cellulose, particularly at RH below 75% [59]. However, 

our findings deviated from this expectation, and all RC films demonstrated a similar moisture 

uptake of about 15 wt%. This discrepancy could be attributed to the interplay between moisture 

sorption and material porosity. Although RC-N4 exhibited a higher CI, its lower density and 

higher porosity facilitated moisture absorption within the films [60,61]. The comparison of 

WVP values of RC-N4 and RC-H films is illustrated in Fig. 3.5B. The RC-N4 showed a higher 

WVP value of 4.82 ± 0.28 × 10-7 g m-1 h-1 Pa-1, whereas three RC-H films had significantly 

lower WVP values, ranging from 1.25 ± 0.02 to 1.52 ± 0.04 × 10-7 g m-1 h-1 Pa-1. It was ascribed 

to the more convoluted path formed by higher film density. The increase in cellulose content 

from 3 to 5 wt% didn't show any significant effects on moisture uptake percentage and WVP 

of RC-H films. The slightly increased values of RC-H5 might be attributed to the enhanced 
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affinity of film to moisture and the intensified capillary force at a high cellulose content [62]. 

The WVP values of RC-H films were lower than the RC films fabricated from microcrystalline 

cellulose in 1-butyl-3-methylimidazolium chloride (4.68 × 10-7 g m-1 h-1 Pa-1) [63], bamboo 

pulps in 1-ally-3-methylimidazolium chloride (2.51 × 10-7 g m-1 h-1 Pa-1) [64], cotton linter in 

NaOH/urea aqueous solution (8.21 × 10-6 g m-1 h-1 Pa-1) [65], microcrystalline cellulose in 

LiCl/DMAc (2.29 × 10-5 g m-1 h-1 Pa-1) [66], and cellulose pulp in NMMO solvent (1.43 × 10-

5 g m-1 h-1 Pa-1) [67]. 

 

Fig. 3.5. (A) Moisture uptake and (B) WVP of RC films. 

As shown in Fig. 3.6A, the transmittance of RC-N4 was lower than those of RC-H films. The 

RC-N4 film had the higher porosity, which refracted the incident light and resulted in less light 

being transmitted through the film. The increased cellulose contents led to a higher density of 

RC-H films, which prevented light scattering and decreased the opacity of films. This 

phenomenon could be explained by Snell's Law that photon scattering primarily occurs at 

interfaces with different refractive indexes, so the higher porosity resulted in more interfaces 

within the films and more scattered light [68,69]. The optical transparency of RC-H films at 

800 nm was about 90%, which was comparable to those of RC films prepared from cotton 

linter in LiOH/urea solution (91.2%) [70], durian rind in LiCl/DMAc solution (86%) [71], 
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wood pulps in ZnCl2·3H2O solution (about 90%) [72], and higher than those of wood pulps in 

NaOH solution (about 75%) [73], bed sheet in H2SO4 solution (about 50%) [21], cotton linter 

in NaOH/urea solution (about 60%) [10], and wood pulps in DMSO (about 80%) [74]. 

The TGA and DTG curves of RC films were presented in Fig. 3.6B and C, respectively. All the 

films showed a slight weight loss of about 10% up to 250 ℃, corresponding to the dehydration 

of RC films. The main weight loss occurred in the range of 270-390 ℃, which was due to the 

decomposition and carbonization of cellulose [75]. The maximum decomposition temperature 

(Tmax) of RC-N4 was about 348.38 ℃, which was higher than those of RC-H3 (343.02 ℃), 

RC-H4 (324.51 ℃), and RC-H5 (322.78 ℃). It could be explained by the different amounts of 

cellulose crystalline structures, where cellulose with a higher CI value had a higher 

decomposition temperature, and therefore better thermal stability [76].  

 

Fig. 3.6. (A) Optical property of RC films. (B) TGA and (C) DTG curves of RC films. 

3.5. Conclusion 

Both concentrated H2SO4 and NaOH/urea aqueous solutions are efficient to convert wood 

pulps into RC films. However, the structure and properties of RC films from different aqueous 

solutions varied. The RC films generated from NaOH/urea solution exhibited the loose layered 

structure with high CI value and the brittle feature, while the films obtained from H2SO4 
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solution showed the high density with more amorphous region and the good foldability. 

Especially, the RC-H5 films showed the highest tensile strength (132.93 ± 5.64 MPa) and 

tensile strain (3.91 ± 0.19%), and could be folded up to 28 times before breakage. The moisture 

uptake of RC films was determined by both the crystalline structure and porosity, but the water 

vapor barrier property was more affected by the density of RC films. The RC-N4 films had a 

high CI value, resulting in the lower light transmittance and better thermal stability. It is the 

first time to compare wood cellulose films regenerated from different aqueous solutions, and 

these findings will provide valuable insights into the construction of cellulose films as a 

sustainable alternative to nondegradable plastics. 
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Connecting Text 

In Chapter 3, we investigated the effects of concentrated H2SO4 and NaOH/urea aqueous 

solutions on the structure and properties of RC films, highlighting differences in mechanical 

properties and foldability triggered by these two solutions. However, the use of concentrated 

H2SO4 in industrial applications poses significant challenges due to its high corrosion risk, 

safety concerns, and environmental implications. Besides, the higher porosity of RC films 

produced from NaOH/urea aqueous solution is beneficial for reagent accessibility and 

subsequent modifications. Therefore, we selected NaOH/urea aqueous solution for fabricating 

RC films in the following chapters. In Chapter 4, we produced RC films from different wood 

species and drying methods and compared their mechanical and water vapor barrier properties. 

Firstly, five types of wood pulps were pretreated and dissolved in NaOH/urea solution. 

Secondly, the resulting films were dried either under ambient conditions or by hot pressing. 

Thirdly, we compared the structure, mechanical, and barrier properties of the RC films. Finally, 

RC films with highest tensile strength and water vapor barrier property were selected to 

compare to plastic wrap for preserving cherry tomatoes. 
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Chapter 4. Wood Cellulose Films Regenerated from NaOH/Urea Aqueous Solution and 

Treated by Hot Pressing for Food Packaging Application 
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 4.1. Abstract 

Cellulose films made from ‘green’ solvent provide the possibility to mitigate environmental 

pollution caused by non-degradable plastic packaging. Herein, regenerated cellulose films were 

prepared from five wood pulps in NaOH/urea aqueous solution, dried either at ambient 

conditions or by hot pressing, and tested as biodegradable packaging materials. The results 

revealed that different wood origins did not cause much difference in the structure of cellulose 

films. However, hot-pressing could not only efficiently remove water from wet films, but also 

significantly improve the tensile strength and water vapor barrier property of regenerated films. 

The RC-P-HP film had the tensile strength of 85.00±3.26 MPa, Young's modulus of 6.45±0.36 

GPa, and water vapor permeability of 3.59±0.14×10−7 gm−1h−1Pa−1, and exhibited the similar 

capacity as the commercial plastic wrap during the preservation of cherry tomatoes for up to 

16 days. Therefore, this study demonstrates a feasible strategy to fabricate wood cellulose films 

for biodegradable food packaging. 

4.2. Introduction 

Food packaging waste accounts for approximately one-third of all household waste in Canada 

(Diggle & Walker, 2020). Among them, plastic waste has low secondary market value and high 

resistance to degradation and only 20% is collected for reuse and recycling (Diggle & Walker, 

2020; Huang & Wang, 2022). The accumulation of this non-degradable waste has severe 

impacts on marine and terrestrial ecosystems, resulting in the urgent demand for eco-friendly 

food packaging materials. Cellulose is the most abundant biopolymer and has been explored 

as a potential alternative to petroleum-based plastics owing to its availability, renewability, and 

biodegradability (Shi, Wu, Luo, Yu, & Li, 2022). Wood is the most important source of 

cellulose, and the type of wood (e.g. hardwood and softwood) and processing conditions such 
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as pulping and bleaching can affect the structure of isolated cellulose (Tang et al., 2021). Wood 

cellulose has been studied for applications in papermaking, textiles, biomedical, and high-

performance materials (Jia et al., 2018). Recently, the development of packaging materials 

from wood cellulose nanofibrils (CNF) has been reported. For example, Missio et al. (2020) 

fabricated an antioxidative film by combining CNF from Acacia mearnsii bark and tannins. 

Tayeb, Tajvidi, and Bousfield (2020) developed an oil barrier packaging material using CNF 

from a bleached softwood kraft pulp, and Muthoka, Panicker, Agumba, Pham, and Kim (2021) 

infiltrated CNF and chitosan into bleached fir veneer wood to form a transparent package. 

Besides the utilization of CNF, natural cellulose fibers can also be easily converted into 

different materials through dissolution and regeneration (Huang, Wang, Zhang, & Chen, 2016). 

Traditional solvents for cellulose dissolution, such as N-methylmorpholine-N-oxide (NMMO), 

LiCl/DMAc, and ionic liquids (ILs), have significant disadvantages involving tedious handling 

processes, high energy consumption, and/or inefficient recyclability (Huang et al., 2016). The 

NaOH/urea aqueous system is a “green” solvent of cellulose that can disrupt the intra-

/intermolecular hydrogen bonds of the supramolecular structure within cellulose (Cai & Zhang, 

2005). It has been reported that the NaOH/urea system can be used to rapidly dissolve 

unbleached softwood kraft pulp and spruce pulp at low temperatures after a mechanical or 

chemical pretreatment (Shi et al., 2018; Gong, Wang, Tian, Zheng, & Chen, 2014). However, 

the structure and properties of regenerated cellulose (RC) films from various wood pulps have 

not yet been well studied. Moreover, drying methods of cellulose films, such as air drying, 

freeze-drying, oven drying, and hot pressing, can also affect the performance of the films. 

Among them, hot pressing is a convenient way to dry cellulose films in a short time using 

elevated temperatures and pressures (Rol, Billot, Bolloli, Beneventi, & Bras, 2020). Qing, Sabo, 

Wu, Zhu, and Cai (2015) found that the hot-pressed cellulose nanofibril (CNF) films showed 
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improved mechanical properties compared to the freeze-dried and air/oven-dried samples. 

Similar results were observed by Hasan, Wang, and Tajvidi (2021) that the CNF films treated 

by hot pressing exhibited decreased water vapor and oxygen permeability due to better 

consolidation of layers in the film structures. 

Therefore, to develop wood cellulose films as biodegradable food packaging materials, in this 

work, various hardwood (aspen, eucalyptus, and maple) and softwood (pine and spruce) pulps 

were dissolved in NaOH/urea aqueous solution, and the corresponding RC films were dried 

either in the air at room temperature or by hot pressing. The structure and properties of RC 

films were characterized, and the RC film with the best mechanical and barrier properties was 

selected to preserve fresh cherry tomatoes. 

4.3. Materials and methods 

4.3.1 Materials 

The bleached kraft pulps of aspen, eucalyptus, maple, pine, and spruce were kindly provided 

by FPInnovations (QC, Canada). Sulfuric acid (95.0-98.0%) was purchased from Sigma-

Aldrich (Oakville, ON, Canada). Sodium hydroxide (>97.0%) and urea (>99.6%) were 

purchased from Fisher Scientific (Mississauga, ON, Canada). Distilled water was utilized 

throughout this study.  

4.3.2 Preparation of wood cellulose films 

The wood pulp (2g) was placed in 200mL of H2SO4 solution for 48h at 25℃ with continuous 

stirring at 200rpm to reduce the molecular weight of cellulose via hydrolysis, where the 

concentrations of H2SO4 solutions were 30wt.% for aspen, pine and spruce pulps, and 25wt.% 

for eucalyptus and maple pulps. After acid hydrolysis, the samples were thoroughly washed 

with water, dried in an oven at 100℃ for 16h, and dissolved (4wt.%) in the aqueous solution 
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containing NaOH/urea/H2O in a 7:12:81 wt ratio. The solvent and wood pulps were pre-cooled 

to -20℃ and stirred at 2000rpm for 8min. The obtained solutions were centrifuged at 120×g 

for 5min at 25℃ to degas and precipitate the insoluble fractions, and then cast on the glass 

plate and coagulated in 5 wt.% H2SO4 aqueous bath at 25℃ for 5min to produce RC films. In 

one treatment, the wet RC films prepared from aspen, eucalyptus, maple, pine, and spruce were 

air dried at 25℃ and coded as RC-A-AD, RC-E-AD, RC-M-AD, RC-P-AD, RC-S-AD, 

respectively. In another aspect, the wet films were dried between two stainless steel plates of a 

hot press machine (3895, Carver Inc., USA) at 90℃ and 0.4MPa for 10min, followed by hot 

pressing at 120℃ and 18MPa for 10min. The hot-pressed RC films were labelled as RC-A-HP, 

RC-E-HP, RC-M-HP, RC-P-HP, RC-S-HP, respectively.  

4.3.3 Characterization of wood cellulose films 

The recovery rate of cellulose after acid hydrolysis was calculated using a gravimetric method 

by the Equation (1): 

𝑅𝑅𝑀𝑀𝑅𝑅𝑀𝑀𝑅𝑅𝑀𝑀𝑀𝑀𝑅𝑅 𝑀𝑀𝑢𝑢𝑀𝑀𝑀𝑀 (%) =
𝑊𝑊2

𝑊𝑊1
× 100% (1) 

Where 𝑊𝑊1 is the dry weight of wood pulps before acid hydrolysis, and 𝑊𝑊2 is the dry weight of 

wood pulps after acid hydrolysis. 

Before viscosity-average molecular weight (Mv) measurement, original wood pulps, acid 

hydrolyzed wood pulps, and hot-pressed RC films were stored at 25℃ and 50% RH for 4 days 

to ensure same water content. The intrinsic viscosity [η] of each sample was conducted 

according to the TAPPI T230 standard test method. The degree of polymerization (DP) was 

determined by the Mark-Houwink-Sakurada equation, and the Mv values were calculated by 

multiplying DP by the molar mass of anhydrous glucose unit (162g/mol).  
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𝐷𝐷𝐷𝐷0.9 = 1.65[𝜂𝜂] (2) 

Before density measurement, RC films (5 cm×5 cm) were conditioned at 25℃ and 50% RH 

for 4 days. The thickness of the films was determined with a micrometer (resolution of 0.001 

mm, Mitutoyo 547-400S, Japan) at 10 random points. The density was calculated by the ratio 

of weight and volume, and the apparent porosity was calculated based on the densities of RC 

films (ρf) and crystalline cellulose (ρc = 1.63g/cm3) as shown in Equation (3) (Aulin, Gällstedt, 

& Lindström, 2010): 

𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅 (%) =
ρc−ρ𝑓𝑓
ρc

× 100% (3) 

The FT-IR spectra of RC films were recorded on an Agilent Technologies Cary 630 FT-IR 

spectrometer (Agilent Technologies Inc., CA, USA) as the average of 64 scans with a resolution 

of 2 cm-1. The crystalline profile of wood pulps and RC films was measured using a high-

resolution X-ray diffractometer (Empyrean, Malvern Panalytical Ltd, Malvern, UK) with 

copper Kα radiation (1.54178 Å) in 2θ ranging from 4° to 40°. The surface morphology of RC 

films was observed by a Hitachi TM1000 SEM (Hitachi Co. Ltd., Tokyo, Japan) with an 

acceleration voltage of 4kV. The samples were sputter-coated with a 4nm layer of gold-

palladium using a Leica EM ACE200 coater (ON, Canada) prior to observation. 

The tensile strength, elongation at break, and Young's modulus of RC films were tested at 25℃ 

and 50% RH by using an ADMET MTEST Quattro eXpert 7600 single-column testing system 

(MA, USA) with a load cell of 250 lb. and a crosshead speed of 5 mm/min. The water vapor 

permeability (WVP) of RC films was determined based on the ASTM E96-92 standard (ASTM, 

1995). A dried film was taped on the top of a glass flask containing 3g of anhydrous calcium 

chloride. The sealed glass flask was then located in a desiccator with water to reach a relative 

humidity of 100%. The weight change of the flask was recorded periodically at 25℃. The WVP 
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(g m-1 h-1 Pa-1) of films was calculated by the Equation (4): 

𝑊𝑊𝑊𝑊𝐷𝐷 =
∆𝑚𝑚 × 𝑢𝑢

𝐴𝐴 × ∆𝑇𝑇 × ∆𝐷𝐷
(4) 

Where ∆𝑚𝑚 is the weight change of the flask (g) during time ∆𝑇𝑇 (h), 𝑢𝑢 is the thickness of each 

RC film (m), A is the exposed area of the film (7.85 × 10-5m2), and ∆𝐷𝐷 is the partial water vapor 

pressure difference between two sides of the film (Pa). The oxygen transmission rate (OTR) of 

RC films was determined at 23℃ and 0% RH using the Mocon Ox-Tran Model 2/22 (Mocon, 

Minneapolis, USA). The oxygen permeability (OP) was calculated by the Equation (5): 

𝑂𝑂𝐷𝐷 =
𝑂𝑂𝑇𝑇𝑅𝑅 × ℓ
∆𝐷𝐷′

(5) 

where 𝑂𝑂𝑇𝑇𝑅𝑅 is oxygen transmission rate, ℓ is the film thickness, and ∆𝐷𝐷′ is the partial pressure 

of oxygen (kPa). 

4.3.4 Study of shelf life 

The evaluation of the preservation effect of cellulose films on fruits was based on the methods 

of Guo, Chen, Wu, Li, and Sun (2020) with slight modifications. Fresh cherry tomatoes washed 

with deionized water were placed in glass jars and covered with polyvinyl chloride plastic wrap 

(Kirkland Signature Stretch-Tite Plastic Wrap - 11 7/8×750 Feet) and RC-P-HP. The tomatoes 

without any package were set as the control. All samples were stored at 25℃ and 50% RH for 

a maximum of 3 weeks to monitor the appearance and weight loss.  

4.3.5 Statistical analysis 

Each measurement was performed in triplicate, and the experimental data were presented as 

the mean ± standard deviation. Analysis of variance (ANOVA) was applied for the statistical 

analysis, followed by multiple comparison tests via Duncan’s multiple-range test. All the 

analyses were carried out through SPSS statistical software (version 26, IBM SPSS Inc., New 



74 
 

York, NY) with significant differences within samples at p < 0.05. 

4.4. Results and discussion 

As listed in Table 4.1, all the samples had a high recovery rate (~90%) after acid hydrolysis. 

The Mv values of original wood pulps ranged from 2.87×105 to 6.28×105g/mol, which decreased 

to the range of 1.53×105 to 2.33×105g/mol after acid hydrolysis. The molecular weight of hot-

pressed RC films was relatively lower because a few insoluble fractions (~0.3%) were removed 

by centrifugation and the slight degradation happened during dissolution and regeneration 

process (Wang, Zhao & Deng, 2008).  

Table 4.1. Recovery rate and molecular weight (Mv) of wood pulps and hot-pressed films. 

Wood pulps Recovery rates (%) 
Mv (g/mol) 

Original wood pulps After acid hydrolysis  Hot-pressed films 

Aspen 89.53±0.35 6.28×105 2.33×105 1.70×105 

Eucalyptus 92.25±1.11 4.41×105 1.53×105 1.15×105 

Maple 90.01±1.73 2.87×105 1.70×105 9.23×104 

Pine 91.85±2.01 5.26×105 1.90×105 1.46×105 

Spruce 92.42±1.86 4.54×105 1.85×105 7.51×104 

The average thickness of RC films produced by air-drying was 33±3μm, while the hot-pressed 

RC films were significantly thinner (27±1μm). As shown in Fig. 4.1, different sources of wood 

pulps did not affect the density and porosity of RC films, but the hot pressing treatment 

remarkably increased the density from approximately 0.95g/cm3 to 1.15g/cm3 and reduced the 

porosity from about 35% to 22.5%. Similar results have been reported that RC films dried with 

applied pressure could form dense structures (Shahi, Min, Sapkota, & Rangari, 2020). The 
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decreased free space and cavities in RC films could contribute to the improvement in 

mechanical strength and gas barrier properties (Aulin et al., 2010; Wakabayashi, Fujisawa, 

Saito, & Isogai, 2020).  

 

Fig. 4.1. Density (A) and porosity (B) of RC films. Different letters on the tops of columns 

represented the significant difference (p<0.05). 

FT-IR spectra and XRD diffraction patterns of various wood pulps and RC films were collected 

to investigate the effects of cellulose dissolution and regeneration in NaOH/urea aqueous 

solution and different drying methods on cellulose structure. As shown in Fig. 4.2 A-C, all 

samples displayed similar FT-IR spectra with no new peaks after dissolution, regeneration and 

drying, which demonstrated no chemical modifications happened during film production. 

However, changes in the intensity of the peaks were observed. For instance, the intensities of 

absorption peaks at around 3360 and 3269cm-1 decreased after dissolution and regeneration, 

while the hot-pressed films presented even lower intensities than the air-dried films. These two 

peaks were attributed to the O─H stretching vibration of the hydroxyl groups, which indicated 

the intra- and intermolecular hydrogen bonds in cellulose, respectively (Zhou & Wang, 2021). 

The hydrogen bonds were broken during the dissolution, and the rearrangement happened 

during the regeneration and drying process. The rapid coagulation and drying process of RC 
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films led to the disturbed intermolecular interaction and decreased intensities at 3330 and 

3269cm−1 (Lindman, Medronho, Alves, Costa, Edlund, & Norgren, 2017). Besides, the peak at 

1427cm-1 was the absorption band of the crystalline cellulose due to asymmetric ─CH2 bending 

vibration, while the peak at 898 cm-1 was the ─C─O─C─ bridge stretching, representing the 

amorphous region and cellulose II crystalline structure (Md Salim, Asik, & Sarjadi, 2021) The 

ratio of peak intensities at 1427 and 898cm-1 was defined as “crystallinity index”, which was 

decreased after dissolution and regeneration, indicating the decrease in crystallinity and the 

transition from cellulose I to cellulose II structure (Md Salim et al., 2021; Zhou et al., 2021). 

As shown in Fig. 4.2 D-E, the wood pulps displayed similar diffraction peaks at about 14.8° 

(110), 16.3° (110), 22.5° (200), and 34° (040), which were typical cellulose I structure (Zhou 

et al., 2021). After the dissolution and regeneration process, the RC films showed cellulose II 

structure with broad diffraction peaks at 20.2° and 22.6°, corresponding to (110) and (020) 

crystallographic planes, respectively (Razali et al., 2022). The crystallinity indices (CI) of RC 

films were significantly lower than those of the wood pulps. It indicated a crystal 

transformation of cellulose I to cellulose II during dissolution and regeneration, which was in 

accordance with the FT-IR results. The sources of wood pulps did not affect the diffraction 

patterns of RC films.  
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Fig. 4.2. Fourier transform infrared spectroscopy spectra of wood pulp cellulose (A), air-dried 

RC films (B), and hot-pressed RC films (C). X-ray diffraction patterns and crystallinity index 

of wood cellulose pulps (D) and RC films (E). 

The morphology of RC films dried by different methods was observed by SEM. As shown in 

Fig. 4.3 A, no obvious undissolved fibers were observed on the surface of RC films, indicating 

a good solubility of hydrolyzed wood pulp cellulose in NaOH/urea aqueous solution. However, 

the air-dried RC films showed uneven and rough surfaces and layered cross-sections (Fig. 4.3 

B), which might be due to the inevitable non-uniform shrinkage during the air-drying process 

(Ketola et al., 2018). In contrast, the hot-pressed RC films possessed smooth and uniform 

surfaces and dense internal structures. It was because the hot pressing treatment could facilitate 

the stretch and rearrangement of cellulose chains and effectively reduce the free space and 

cavities in the RC films (Wang et al., 2013). Moreover, the air-dried RC films were not as 
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transparent as the hot-pressed ones (Fig. 4.3 C). It was due to the uneven structure and larger 

thickness of air-dried RC films. The high transparency of RC films is beneficial for displaying 

the food products in packaging.  

 

Fig. 4.3. SEM images of RC films: surface (A) and cross-section (B). Photos of RC films (C). 

The mechanical properties of RC films are essential because food packaging materials need to 

maintain the integrity and preserve the quality of packaged food (Ai et al., 2021). As shown in 

Fig. 4.4 A and Fig. 4.4 C, the tensile strength and Young’s modulus of RC films produced from 

pine were significantly higher than those of other RC films. It might be due to the variation of 

molecular weight and CI of cellulose from different sources (Aulin et al., 2010; De Silva & 

Byrne, 2017; Mokhena et al., 2021; Yousefi et al., 2013). For example, the higher Mv value of 

cellulose could enhance the intermolecular entanglement, leading to an improved tensile 
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strength of cellulose film (Jin et al., 2019); however, the aggregation and entanglement of 

cellulose chains also restricted the molecular orientation during dissolution and regeneration 

processes, and resulted in the decreased tensile strength (Xie et al. 2021). At the same time, the 

high content of the crystalline structure led to an enhanced tensile strength (Shi et al., 2021). 

As expected, the hot-pressed RC films possessed notable enhancement in tensile strength and 

modulus compared to the air-dried films. These different mechanical properties were attributed 

to the density and porosity (Cazón, Velazquez, & Vázquez, 2019). It has been demonstrated 

that pores and free volume affects the mechanical properties of the material, since the less solid 

material per unit volume, the weaker the resistance to deformation (Cao et al., 2020; Su, Rao, 

He, & Wei, 2020). The RC-P-HP sample exhibited the highest tensile strength of 

85.00±3.26MPa and Young's modulus of 6.45±0.36GPa and was stronger than the RC films 

fabricated from bamboos in DMAc/LiCl solvent (81.09MPa) (Gao, Li, Zhang, Tang, & Chen, 

2021), corncob residue in ionic liquid (70.63MPa) (Song, Chen, Chen, Xu, & Xu, 2021), bed 

sheets in NaOH/urea solution (76.21MPa) (Zhou & Wang, 2021), and cotton linter pulps in 

NaOH/urea solution (73.40MPa) (Reddy, Varada Rajulu, Rhim, & Seo, 2018).  
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Fig. 4.4. Mechanical properties (A-E) and WVP (F) of RC films. Different letters on the tops 

of columns represented the significant difference (p < 0.05). 

The WVP values of RC films dried by different methods are shown in Fig. 4.4 F. Despite the 

sources of wood pulps, the air-dried RC films displayed similar WVP values ranging from 

4.14±0.19 to 4.59±0.11×10−7 g m−1 h−1 Pa−1, while the hot pressing treatment significantly 

decreased the values to the range of 3.43±0.36 to 3.89±0.15×10−7 g m−1 h−1 Pa−1. The hot-

pressed films had reduced apparent porosity, which slowed down the diffusion of water vapor. 

It is well known that the water vapor barrier property of cellulose films is not ideal because of 

their hydrophilic nature, and chemical modifications are usually required (Li, Wang, Wang, 

Qin, & Wu, 2019). The improvement in barrier properties through hot pressing treatment could 

avoid using chemical reagents and eliminate possible contamination from chemical residues. 

It was worth noting that the WVP values of most RC films in this work were lower than those 

of RC films manufactured from oil palm biomass (4.68×10−7 g m−1 h−1 Pa−1) (Amalini, Haida, 
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Imran, & Haafiz, 2019) and cotton linter pulp (8.21×10−6 g m−1 h−1 Pa−1) (Reddy et al., 2018).  

Packaging materials with suitable mechanical and barrier properties can protect food products 

from physical damage, oxidation, loss of nutrients, and dehydration, and thereby extend the 

shelf life (Pandey, Sharma, & Gundabala, 2022; Yilmaz, Demirhan, & Ozbek, 2022). Based on 

the above-mentioned results, the RC-P-HP film with relatively good tensile strength and water 

vapor barrier property was selected for the shelf-life study and comparison with commercial 

plastic wrap. As shown in Fig. 4.5 A, the unpackaged cherry tomatoes became soft and 

exhibited obvious wrinkles on the surface on day 10, and completely deteriorated with a putrid 

odor on day 16. However, the tomatoes packaged with plastic wrap and RC-P-HP film well 

maintained their bright red color and hardness on day 10, and only showed minor shrinkages 

without putridity on day 16. The dehydration of fruits affects their shelf life and commercial 

value (Fich, Fisher, Zamir, & Rose, 2020). The weight loss of unwrapped and packaged cherry 

tomatoes over 16 days was monitored and displayed in Fig. 4.5 B. The unwrapped tomatoes 

lost about 21.72% of their original weight on day 16. This was lowered to 10.40% and 11.25% 

when commercial plastic wrap and RC-P-HP film were applied, respectively. The weight loss 

of cherry tomatoes was mainly due to water loss from transpiration and respiration processes. 

The WVP value of RC-P-HP (3.56±0.14×10-7g m-1 h-1 Pa-1) was higher than the plastic wrap 

(2.37±0.17×10-8g m-1 h-1 Pa-1). However, the OTR value of plastic wrap exceeded the detection 

limit (2000cc/m2 day), and its OP value was higher than 0.02cc m-1 day-1 atm-1 compared to 

3.01±0.49×10-5cc m-1 day-1 atm-1 for RC-P-HP. It was reported that the composite film of 

gelatin and carboxymethyl cellulose with a WVP value of 5.47×10-7g m-1 h-1 Pa-1 and OP of 

1.32×10-4cc m-1 day-1 atm-1 led to 23.22% weight loss of packed cherry tomatoes after 14 days’ 

storage (Samsi, Kamari, Din, & Lazar, 2019). Thus, RC-P-HP effectively prevented the weight 

loss of cherry tomatoes due to the significantly reduced OP and relatively low WVP values. 
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Fig. 4.5. Appearance (A) and weight loss (B) of cherry tomatoes under different packaging 

conditions. 

4.5. Conclusion 

After acid hydrolysis, five wood pulps were successfully dissolved in NaOH/urea aqueous 

solution. The type of wood pulps showed no remarkable impact on the structure of RC films, 

and all films were transparent for displaying the packaged products. Furthermore, the hot 

pressing process resulted in the RC films with smoother surfaces and fewer cavities compared 

to the air-dried films, which contributed to the dramatically improved mechanical strength and 

water vapor barrier property. Among all the samples, the RC-P-HP film made from pine showed 

the best properties and could effectively prevent the weight loss and deterioration of the 

wrapped cherry tomatoes for up to 16 days. This performance was comparable to the 

commercial plastic wrap, and thus the hot-pressed RC films had the potential applications in 

biodegradable food packaging.  
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Connecting Text 

In Chapter 4, five wood pulps did not lead to significant structural difference in RC films, while 

the hot-pressing treatment resulted in a denser structured RC film with improved tensile 

strength and water vapor barrier property. However, the hygroscopic nature of cellulose 

diminished the superior mechanical properties of RC films and limited the application of RC 

films under high humidity and wet conditions. Chapter 5 aimed to enhance the water resistance 

of RC films under high humidity conditions without changing their disintegration rate. Firstly, 

CNC was isolated from wood pulp using concentrated H2SO4 solution. Secondly, RC films 

were dually modified by chemical vapor deposition of two organosilanes and incorporation of 

CNC. Thirdly, the effects of dual modifications on structure, mechanical, and barrier properties 

of RC films were investigated. Finally, the food packaging performance and disintegration 

ability of modified RC films were examined. 
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Chapter 5. Enhancing Water Resistance of Regenerated Cellulose films with 

Organosilanes and Cellulose Nanocrystals for Food Packaging 
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5.1. Abstract 

Cellulose has been explored as potential alternative to traditional petroleum-based packaging 

materials, but its hygroscopic features lead to fast penetration of water and reduced mechanical 

properties of cellulose-based materials under humid and wet conditions. Chemical vapor 

deposition of organosilanes can incorporate hydrophobic moieties to overcome water 

sensitivity, but also decrease the strength of cellulose films. Herein, two commonly used 

organosilanes were selected to improve the water resistance of cellulose films, and cellulose 

nanocrystals were incorporated to compensate for the loss in mechanical strength. The results 

revealed that the films with dual modifications showed the unchanged tensile strength of 

around 57 MPa when the environmental relative humidity increased from 0 to 60% and the 

highest wet strength of about 12 MPa compared to the original and singly modified cellulose 

films. The water vapor permeability significantly decreased from 4.07 × 10−7 to about 3.3 × 

10−7 g·m−1·h−1·Pa−1 after the modification, and all the films could completely disintegrate 

within 14 days. Moreover, the cookies preserved by the modified cellulose films for 100 days 

showed similar weight gain (~1.2%) and lower peroxide value (~5.6 meq/kg) than the ones 

covered by commercial plastic wrap. Therefore, this study presents a promising approach to 

develop cellulose films with enhanced water resistance for food packaging applications. 

5.2. Introduction 

Cellulose is an abundant and environmentally friendly natural polymer that has been developed 

as a potential alternative to replace traditional petroleum-based packaging materials (Zhao, Lyu, 

Lee, Cui, & Chen, 2019). Derived mainly from wood pulp, cellulose can be dissolved in 

aqueous NaOH/urea solution, overcoming dense hydrogen bonding and enabling its conversion 

into various forms of food packaging, including hydrogels (Zhao et al., 2022), films (Ramesh 
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& Radhakrishnan, 2019), coatings (Jin, Tang, Liu, Wang, & Ye, 2021), etc. Regenerated 

cellulose (RC) films are the primary form for developing biodegradable food packaging 

materials, owing to their rapid and efficient preparation process involving dissolution and 

regeneration. Furthermore, the films can be subjected to a hot-pressing treatment to 

significantly improve their tensile strength and gas barrier properties, while also achieving a 

dense structure and smooth surface (Huang, Maltais, Liu, & Wang, 2022).  

Although the produced RC films have great potential in food packaging, the fast penetration of 

water molecules and swelling of RC films are commonly observed under wet or humid 

conditions, which are due to the natural hygroscopic features of cellulose. Besides, the 

absorbed water molecules weaken the intermolecular hydrogen bonding of cellulose, leading 

to the reduced mechanical strength and restricted barrier properties of RC films (Liao et al., 

2012). Many efforts have been devoted to incorporating hydrophobic moieties onto 

hygroscopic surfaces, including impregnation of resins (Wu et al., 2018), incorporation of wax 

(Zhu, Ying, Zhang, Xu, & Chang, 2022), coating with surfactants (Wang, Liu, Chen, Zhang, & 

Lu, 2018), and chemical modifications such as acylation (Deng, Huang, Zhou, Chen, & Fu, 

2016), esterification (LakshmiBalasubramaniam, Howell, Tajvidi, & Skonberg, 2022), 

silylation (Yu, Zhang, Tang, & Zhou, 2019), grafting (Yuan & Wen, 2018), etc. In recent years, 

researchers have focused on developing hydrophobic cellulose films to overcome the water 

sensitivity for packaging purpose. For instance, Li et al. (2019c) fabricated a hydrophobic 

cellulose film by attaching 10-undecylenoyl chloride onto cellulose nanofibril film (CNF) by 

vacuum filtration. Esterification with syringic acid and vanillic acid, using carbodiimide and 

tosyl chloride coupling agents, enhanced the hydrophobicity of CNF films 

(LakshmiBalasubramaniam et al., 2022), and another cellulose-based bioplastic was produced 

by esterifying cellulose with C6-fluorinated carboxylic acid (Guzman-Puyol et al., 2022). 
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A cost-effective method for imparting hydrophobicity to RC films is through the process of 

silylation, utilizing chemical vapor deposition (CVD) of organosilanes (Yu, Zhang, Tang, & 

Zhou, 2019). The CVD process is based on the chemical reaction between a heated substrate 

and gas-phase precursors. This convenient and scalable modification approach allows for 

uniform coverage of the surface of substrates, ensuring consistent hydrophobicity throughout 

the cellulose-based materials. For instance, Leal et al. (2020) reported the silanization of 

bacterial cellulose with trichloromethyl silane for a hydrophobic surface with a water contact 

angle of approximately 130º. Cheng and Gupta (2018) designed a roll-to-roll module to enable 

uniform coating of 1500 cm2 of cellulose paper. Yu et al. (2019) fabricated a hydrophobic 

cellulose filter via CVD of reactive organosilane vapor for oil/water separation. CVD of 

organosilanes enables the transformation of cellulose-based materials into hydrophobic ones 

by coupling silane groups with the ─OH of cellulose through a condensation reaction. However, 

the reduced hydrogen bonding leads to a decreased tensile strength of modified films. 

Furthermore, Solala, Bordes, and Larsson (2018) reported that the water vapor barrier property 

of nanocellulose films was not enhanced after hydrophobic modification because of the 

unaltered porous structure. Therefore, the incorporation of nanofillers (clay, metallic 

nanoparticles, carbon nanotubes, nanocellulose, etc.) in the modified RC film is necessary to 

improve the mechanical and barrier properties. Among them, cellulose nanocrystals (CNC) 

have acquired increasing attention as nano-sized reinforcing agents of polymer matrices 

because of their abundance, renewability, biodegradability, high aspect ratio, high strength, and 

safety (Babaei-Ghazvini & Acharya, 2023).  

We hypothesized that incorporating CNC can improve water resistance and tensile strength of 

organosilane-modified cellulose films, achieving better food preservation while maintaining 

their biodegradability. This is the first attempt to apply the dual modifications of CVD of 
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organosilanes and CNC to the hot-pressed RC films for potential food packaging applications. 

In this work, the effects of CVD of organosilanes and incorporation of CNC on the water 

resistance of RC films prepared from bleached pine pulp were investigated. Two commonly 

used organosilanes, methyltrimethoxysilane (MTMS) and 1H,1H,2H,2H-

perfluorooctyltriethoxysilane (PFTS), were selected as examples, because MTMS is one of the 

most promising candidates for the fabrication of hydrophobic surfaces due to its low 

environmental impact, low overall cost, and low boiling point (102-104 ℃) (Zheng & Fu, 2019; 

Yu, Zhang, Tang, & Zhou, 2019; Tang, Xie, Hess, & Breedveld, 2017), while PFTS is a 

common hydrophobization modifier and has been used to produce stable and durable 

superhydrophobic surfaces on cotton fabric (Li et al., 2020), metallic glass (Zhang et al., 2021b), 

wood (Pandit et al., 2020), paper (Teng et al., 2020), etc. The structure and properties including 

the disintegration rate of the modified RC films were characterized, and the capacity of cookie 

preservation for 100 days was compared to that of commercial plastic wrap. 

5.3. Materials and methods 

5.3.1 Materials 

The bleached kraft pulps of pine were provided by FP Innovations (Pointe-Claire, QC, Canada). 

Sulfuric acid (95.0-98.0%) was purchased from Millipore-Sigma (Oakville, ON, Canada). 

Sodium hydroxide (>97.0%), urea (>99.6%), cellulose dialysis tubing (molecular weight cut-

off 12-16 kDa), sodium bromide (99.0%), MTMS (97%), and PFTS (97%) were purchased 

from Fisher Scientific (Ottawa, ON, Canada).  

5.3.2 Preparation of CNC 

A grinding machine (KRUPS, ON, Canada) was applied as a mechanical pretreatment to reduce 

the size of pine pulps. The ground pine pulps (10 g) were hydrolyzed with 100 mL of H2SO4 
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solution (64 wt.%) at 800 rpm for 60 min at 45 ℃. Acid hydrolysis was stopped by diluting the 

mixture with 10-fold ice water, and the excess H2SO4 solution was removed by centrifugation 

at 7500 rpm for 10 min at room temperature until a turbid suspension was obtained. The 

collected suspension was dialyzed against the DI water for 1 week in a dialysis membrane until 

the pH reached 7. The neutralized CNC was then freeze-dried and stored at room temperature. 

The morphology of CNC was observed by a Talos F200X G2 transmission electron microscope 

(TEM, Thermo Fisher Scientific, Waltham, MA, USA) at 200 kV. 

5.3.3 Fabrication and modification of RC films 

The ground pine pulps (2 g) were placed in 200 mL of H2SO4 aqueous solution (30 wt.%) for 

48 h at 25 ℃ with continuous stirring at 200 rpm to reduce the molecular weight of cellulose 

from 5.26 × 105 g/mol to 1.90 × 105 g/mol, as demonstrated in our previous study (Huang et 

al., 2022). After acid hydrolysis, pine pulps were thoroughly washed with water and dried in 

an oven. An aqueous solution containing NaOH/urea/H2O in a weight ratio of 7:12:81 pre-

cooled to -12 ℃ was used to dissolve pine pulp cellulose at a concentration of 4 wt.% with 

continuous stirring at 2000 rpm for 10 min. When the solution temperature reached to 25 ℃, 

CNC powder (5 wt.% based on the pine pulp content) was added to the solution and stirred for 

an additional 5 min at 2000 rpm, which was then cast on a glass plate with a thickness of about 

0.8 mm and coagulated with 5 wt.% H2SO4 at room temperature for 5 min. The wet films were 

washed with water and then compressed by a hot press machine (3895, Carver Inc., USA) at 

105 ℃ and 0.3 MPa for 10 min, followed by hot-pressing at 120 ℃ and 15 MPa for 10 min. 

The pristine RC films and CNC-reinforced RC films were coded as RC and RC-CNC, 

respectively. The CVD of organosilanes was performed according to the method of Yu et al. 

(2019). Specifically, RC or RC-CNC films (3 g) and a small glass vial containing the 

organosilane (MTMS or PFTS, 7 mL) were placed in a desiccator (diameter of 16.4 cm) under 
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heating conditions for three days. The heating temperatures for MTMS and PFTS were 120 ℃ 

and 150 ℃, respectively. The MTMS and PFTS-modified films were coded as RC-M, RC-

CNC-M, RC-P, and RC-CNC-P, respectively. 

5.3.4 Characterization 

5.3.4.1 Thickness and silane content of modified films 

The thickness of the films was determined with a micrometer (resolution of 0.001 mm, 

Mitutoyo 547-400S, Japan) at 10 random points. The silane content of organosilane-modified 

films was measured by the gravimetric method (Yu et al., 2019): 

𝑆𝑆𝑀𝑀𝑆𝑆𝑢𝑢𝑆𝑆𝑀𝑀 𝑅𝑅𝑀𝑀𝑆𝑆𝑀𝑀𝑀𝑀𝑆𝑆𝑀𝑀 (𝑚𝑚𝑚𝑚/𝑚𝑚) =
𝑤𝑤𝑡𝑡 − 𝑤𝑤0
𝑤𝑤0

(1) 

where 𝑤𝑤𝑡𝑡 is the weight of modified film and 𝑤𝑤0 is the initial weight of the film. 

5.3.4.2 Fourier transform infrared spectroscopy (FT-IR) 

The structures of RC and modified films were analyzed using a Cary 630 Fourier-transform 

infrared spectroscope with an attenuated total reflectance sampling module (FT-IR, Agilent 

Technologies, Santa Clara, CA, USA). The FT-IR spectra were recorded at a resolution of 2 

cm-1 with 64 scans in the range of 4000-650 cm–1, using the empty accessory as blank.  

5.3.4.3 X-ray diffractometry (XRD) 

The crystalline profile of RC and modified films was measured using a high-resolution X-ray 

diffractometer (Empyrean, Malvern Panalytical Ltd, Malvern, UK) in 2θ ranging from 5° to 

40°. The crystallinity index (CI) was calculated as Eq. 2: 

𝐶𝐶𝐶𝐶 (%) =
𝐴𝐴𝑐𝑐

𝐴𝐴𝑐𝑐 + 𝐴𝐴𝑎𝑎
× 100% (2) 

where 𝐴𝐴𝑐𝑐 denotes the crystalline area of the XRD pattern and 𝐴𝐴𝑎𝑎 is the amorphous area of the 
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XRD pattern. The crystalline area is consequently obtained by subtracting the area of the 

amorphous regions of the sample from the area of the total XRD pattern. 

5.3.4.4 Film morphology analysis 

RC and modified films were stretched to break, and their surface and cross-sectional 

morphologies were observed by a Hitachi TM1000 SEM (Hitachi Co. Ltd., Tokyo, Japan) with 

an acceleration voltage of 4 kV after sputter-coating with a 4 nm layer of gold-palladium using 

a Leica EM ACE200 coater (Vaughan, ON, Canada).  

5.3.4.5 Water contact angle (WCA) 

The WCA of the films was measured by a contact angle apparatus (OCA 20, Dataphysics 

Instruments, Filderstadt, Germany) using the sessile drop method. A piece (1 cm × 1 cm) of 

sample was fixed on a microscope slide by double-faced adhesive tape to prevent the rolling 

of the flat surface during wetting. Water droplets (6 μL) were then placed on the sample 

surfaces. Images were captured and analyzed with the goniometer at 25 ℃. The contact angle 

was measured and given by the goniometer based on the shape of the sessile drop, and the 

measurement was repeated for at least three samples of the same material with three tests for 

each sample. 

5.3.4.6 Mechanical properties 

To measure the mechanical properties of RC and modified films under different environments, 

the films were conditioned at 25 ℃ and i) 0% relative humidity (RH) with vacuum for three 

days (a condition that simulates a dry condition), ii) 60% RH with a saturated sodium bromide 

solution for three days (a condition that simulates an ambient environment), and iii) immersed 

in water for 12 h (a condition that simulates a wet environment), respectively. The dimension 

of film specimens was 50 mm × 20 mm × 0.03 mm (length × width × thickness). The tensile 
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strength, elongation at break, and Young's modulus of films were tested using an ADMET 

MTEST Quattro eXpert 7600 single-column testing system (MA, USA) with a load cell of 250 

lb and a crosshead speed of 5 mm/min.  

5.3.4.7 Water vapor permeability (WVP) 

WVP of RC and modified films was determined based on the ASTM E96-92 standard. A dried 

film was taped on the top of a glass flask containing 3 g of anhydrous calcium chloride. The 

sealed glass flask was then located in a desiccator with water to reach 100% RH. The weight 

change of the flask was recorded periodically at 25 ℃. The WVP (g m-1 h-1 Pa-1) of films was 

calculated by Eq. 3: 

𝑊𝑊𝑊𝑊𝐷𝐷 (𝑚𝑚 𝑚𝑚−1 ℎ−1 𝐷𝐷𝑢𝑢−1) =
∆𝑚𝑚 × 𝑢𝑢

𝐴𝐴 × ∆𝑇𝑇 × ∆𝐷𝐷
(3) 

where ∆𝑚𝑚 is the weight change of the flask (g) during time ∆𝑇𝑇 (h), 𝑢𝑢 is the thickness of each 

film (m), A is the exposed area of the film (7.85 × 10-5 m2), and ∆𝐷𝐷 is the partial water vapor 

pressure difference between two sides of the film (Pa). 

5.3.4.8 Oxygen permeability (OP) 

The oxygen transmission rate of RC and modified films was determined at 23 ℃ and 0% RH 

using the Mocon Ox-Tran Model 2/22 (Mocon Co., Minneapolis, USA). The OP was calculated 

by Eq. 4: 

𝑂𝑂𝐷𝐷 (𝑅𝑅𝑚𝑚3 𝑚𝑚−1 𝑑𝑑𝑢𝑢𝑅𝑅−1 𝑢𝑢𝑀𝑀𝑚𝑚−1) =
𝑂𝑂𝑇𝑇𝑅𝑅 × ℓ
∆𝐷𝐷′

(4) 

where 𝑂𝑂𝑇𝑇𝑅𝑅 is the oxygen transmission rate, ℓ is the thickness of the film, and ∆𝐷𝐷′ is the partial 

pressure of oxygen (kPa). 

5.3.5 Preservation of cookies 
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Commercial white chocolate cranberry shortbread cookies were selected to evaluate the 

preservation effect of RC and modified films. About 16 g of cookies were placed in glass jars 

(diameter of 5.4 cm and height of 4.5 cm) and covered with plastic wrap (Kirkland Signature 

Stretch-Tite Plastic Wrap – 11 7/8 × 750 Feet), RC, RC-CNC, RC-CNC-M, and RC-CNC-P 

films, respectively. The cookies without any package were set as the control. All samples were 

stored in the desiccator at 25 °C and 60 % RH with a saturated sodium bromide solution for a 

maximum of 100 days to monitor the weight gain. 

After 100 days of storage, the peroxide value (PV) of the fat fraction extracted from the milled 

cookies was determined based on the AOAC standard (AOAC, 2005). Specifically, 15 g of the 

crushed cookies were mixed with 30 mL petroleum ether and kept for 15 h. The filtrate was 

evaporated to remove petroleum ether and subsequently dissolved in 30 mL of chloroform-

glacial acetic acid mixture (2/3, v/v). The sample was stirred after the addition of 1 mL of 

saturated KI aqueous solution, followed by the addition of 75 mL of water and 1 mL of 1% 

starch solution. The reaction solution was titrated with 0.01 N sodium thiosulfate. All samples 

were analyzed in duplicate. The PV was expressed as milli-equivalents of active oxygen per 

kilogram of fat (meq/kg) and calculated by Eq. 5: 

𝐷𝐷𝑊𝑊 (𝑚𝑚𝑀𝑀𝑚𝑚/𝑢𝑢𝑚𝑚) =
(𝑅𝑅2 − 𝑅𝑅1) × 0.01 × 1000

𝑤𝑤
(5) 

where 𝑅𝑅2 and 𝑅𝑅1 are the volumes (mL) of sodium thiosulfate solution consumed by the sample 

and the blank, respectively, and 𝑤𝑤 is the sample weight (g). 

5.3.6 Disintegration test 

The disintegration test of RC and modified films was carried out based on the ISO-20200 

standard (ISO, 2004). Briefly, a laboratory scale of a synthetic waste matrix consisting of 40 % 

sawdust, 30 % rabbit feed, 10 % ripe compost, 10 % corn starch, 5 % saccharose, 4 % corn oil, 
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and 1 % urea was prepared. After that, the dry waste was mixed with water in 45:55 ratio and 

heated to 58±2 ℃ to simulate the composting condition. The cellulose films were cut into 25 

mm × 25 mm and buried at a depth of 6 cm in a composting reactor containing reconstituted 

wet waste, and water was added periodically to maintain the humidity in the compost. Before 

measuring the weight of the cellulose films, the synthetic waste matrix was carefully removed 

from the surface with tweezer. The degree of disintegration of the film was expressed by the 

mass reduction calculated from the initial weight (𝑚𝑚𝑖𝑖) and the measured weight (𝑚𝑚𝑑𝑑) by Eq. 6: 

𝑀𝑀𝑢𝑢𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑑𝑑𝑀𝑀𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆 (%) =
𝑚𝑚𝑖𝑖 − 𝑚𝑚𝑑𝑑

𝑚𝑚𝑖𝑖
× 100% (6) 

5.3.7 Statistical analysis 

The weight gain and PV of cookies during preservation were measured in duplicate. All other 

tests were done in triplicate. The experimental data were presented as the mean ± standard 

deviation. Analysis of variance (ANOVA) was applied for the statistical analysis, followed by 

multiple comparison tests via Duncan's multiple-range test. All the analyses were carried out 

through SPSS statistical software (version 26, IBM SPSS Inc., New York, NY) with significant 

differences within samples at p < 0.05. 

5.4. Results and discussion 

The thickness of hot-pressed RC films was 29±2 μm, which did not change after the 

incorporation of CNC and chemical modifications. The contents of MTMS and PFTS in RC-

CNC-M and RC-CNC-P films were 39±8 mg/g and 43±5 mg/g, respectively. The TEM image 

of CNC is shown in Fig. 5.1A. The rod-shaped CNC had a length and diameter of 184.02±11.26 

nm and 11.24±0.81 nm, respectively, and the aspect ratio was 13.04±0.14. FT-IR spectra and 

XRD diffraction patterns were collected to investigate the effects of CNC and organosilanes 

on the structure of RC films. As shown in Fig. 5.1B, RC-CNC film displayed a similar FT-IR 
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spectrum to the RC film, indicating no chemical reactions happened after incorporating CNC. 

The peaks at 3330 and 3269 cm-1 were ascribed to the O─H stretching of the hydrogen-bonded 

hydroxyl groups, which represented the intra- and intermolecular hydrogen bonds in cellulose, 

respectively (Li et al., 2019b). Besides, the asymmetric ─CH2 bending vibration at 1427 cm-1 

belonged to the cellulose I crystalline structure, while the ─C─O─C─ bridge stretching at 893 

cm-1 represented the amorphous region and cellulose II crystalline structure (Huang, Tao, 

Ismail, & Wang, 2020). New peaks related to organosilanes were observed after chemical 

modification. For instance, two peaks were found in RC-CNC-M at 1260 and 780 cm-1, which 

were attributed to the Si─C vibration (Yu et al., 2019). A slight increase in peak intensity near 

1230 cm-1 was observed in RC-CNC-P due to the presence of C─F stretching in the pine pulps 

(Kowalczuk & Pitucha, 2019). Moreover, the modification of RC-CNC by the organosilanes 

led to a decrease in the intensities of the peaks at around 3360 and 3269 cm-1 owing to the 

formation of covalent bonds between ─OH of cellulose and organosilanes. As shown in Fig. 

5.1C, the acid-hydrolyzed CNC exhibited the diffraction peaks at about 14.8° (110), 16.3° 

(110), 22.5° (200), and 34° (040), for cellulose I structure with a CI of 75.24% (Beroual et al., 

2021). The RC and RC-CNC films showed similar cellulose II structures with broad diffraction 

peaks at 20.2° and 22.6°, corresponding to (110) and (020) crystallographic planes, respectively 

(Huang et al., 2020). This result was in accordance with the regenerated cotton linter cellulose 

films reinforced by 5% cellulose nanowhiskers, in which the cellulose I structure was not 

obvious (Qi, Cai, Zhang, & Kuga, 2009). However, the incorporation of CNC resulted in an 

increase in CI values from 60.55% to 70.91%. The chemical modification of MTMS and PFTS 

did not affect the cellulose II structure of RC-CNC films, but slightly decreased the CI values 

to 68.46% and 64.21%, respectively. The morphology of RC films before and after 

modifications was observed by SEM. As shown in Fig. 5.1D and 5.1E, the RC and RC-CNC 
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films had smooth and uniform surfaces without any undissolved fibers. The incorporation of 

CNC did not lead to the obvious changes in the surface and cross-section of RC film. However, 

irregular aggregates of organosilanes were observed on the surfaces of RC-CNC films after 

chemical modification. The interactions between organosilanes and cellulose under heating 

condition have been proposed in three ways: organosilanes can (1) form monolayers on the 

surface of RC films via self-assembly, (2) react with surface ─OH groups to form covalently 

linked monolayers, and (3) condense with water and surface ─OH groups to form a highly 

cross-linked 3D network (Jin et al., 2011; Yu et al., 2019). The pristine RC films had a WCA 

value of 75.22°, which was not changed after the incorporation of CNC (77.49°). After the 

modification with MTMS and PFTS, more hydrophobic surfaces were observed with the 

increased WCA values of 109.71° and 102.53°, respectively. 
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Fig. 5.1. (A) TEM image of CNC, (B) FT-IR spectra, (C) XRD patterns and crystallinity index, 

and (D) surface and (E) cross-sectional morphologies of RC and modified films. Inset: Water 

contact angle of RC and modified films. 

As shown in Fig. 5.2, the tensile strength of RC films was 66.37±2.79 MPa under 0% RH. 

After chemical modification with MTMS and PFTS, this value decreased to 41.02±0.11 MPa 

(RC-M) and 42.92±1.58 MPa (RC-P), because the hydrogen bonding between cellulose chains 

was weakened. When exposed to 60% RH for 3 days, the tensile strength of RC films decreased 

significantly to 52.09±2.80 MPa, while those of RC-M and RC-P films had insignificant 

changes, which were 38.75±0.62 MPa and 39.57±1.4 MPa, respectively. It was worth noting 

that the incorporation of CNC compensated for the degradation of mechanical properties of the 

organosilane modified RC films, resulting in the tensile strengths of RC-CNC-M of 57.11±1.52 

MPa (0% RH) and 56.79±3.67 MPa (60% RH) and RC-CNC-P of 59.67±1.09 MPa (0% RH) 

and 58.87±3.75 MPa (60% RH). Moreover, the hydrophobic modification limited the water 
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penetration and reduced the degradation of the mechanical properties under wet condition. The 

wet tensile strengths of RC-CNC-M and RC-CNC-P were 11.83±0.54 MPa and 12.95±0.11 

MPa, respectively, which were comparable to the water-resistant cellulose nanopaper (11 MPa) 

(Zhang, Ismail, & Liimatainen, 2021a) and the refined and dip-coated cellulose paper (10.8 

MPa) (Liu et al., 2022b), and stronger than the diisocyanate-modified hydrophobic filter paper 

(4.8 MPa) (Zhou et al., 2020) and the hydrophobic ethyl cellulose paper (7.8 MPa) (Liu et al., 

2022a). 

 

Fig. 5.2. Mechanical properties of RC and modified films under (A) 0% relative humidity, (B) 

60% relative humidity, and (C) wet condition. (D) Stress, (E) strain, and (F) Young’s modulus 

of RC and modified films under different conditions. 

The WVP values of RC films before and after modifications are shown in Fig. 5.3A. The WVP 

of pristine RC film was 4.07±0.18×10−7 g m−1 h−1 Pa−1. The addition of CNC led to the 
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increased crystalline structure and thus the longer water vapor diffusion pathway, so the WVP 

value of RC-CNC reduced to 3.74±0.18×10−7 g m−1 h−1 Pa−1. The hydrophobic modification 

can decrease water vapor penetration by forming droplets on the surface and preventing the 

adsorption of water molecules (Li et al., 2019a), and the WVP values of RC-CNC-M and RC-

CNC-P were 3.25±0.08×10−7 g m−1 h−1 Pa−1 and 3.35±0.19×10−7 g m−1 h−1 Pa−1, respectively, 

which were lower than those of hydrophobic cellulose nanofibril films (1.22×10−5 g m−1 h−1 

Pa−1) (Li et al., 2019c), hydrophobic graphene oxide-incorporated RC films (4.86×10−7 g m−1 

h−1 Pa−1) (Xu et al., 2019), and hydrophobic acylated microfibrillated cellulose films (5.35 

×10−7 g m−1 h−1 Pa−1) (Deng et al., 2016).  

 

Fig. 5.3. (A) WVP and OP of RC and modified films. (B) Weight gain of cookies under different 

packaging conditions, and (C) peroxide values of cookies before (original) and after 100 days 

of storage. 

The pristine RC film had an OP value of 1.34±0.33×10−5 cm3 m−1 day−1 atm−1. The addition of 

CNC to RC films increased the tortuosity, which hindered oxygen diffusion and led to a 

decrease in OP. However, the chemical modifications by two organosilanes interacted with the 

─OH groups and decreased the polarity of RC films. This resulted in a slight increase in OP 

despite the incorporation of CNC. RC-CNC-M and RC-CNC-P had a similar OP of about 
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1.37×10−5 cm3 m−1 day−1 atm−1 and an oxygen transmission rate of about 0.3 cm3 m-2 day-1, and 

thus could be considered as high oxygen barrier food packaging materials (<10 cm3 m-2 day-1) 

(Mirmehdi, Hein, de Luca Sarantópoulos, Dias, & Tonoli, 2018), which were better than the 

cellulose nanofibers and fluoropolymer coating packaging film (1.20×10−5 cm3 m−1 day−1 atm−1) 

(Kim, Choi, & Jin, 2020) and the composite packaging film consisting of RC, zinc oxide 

nanoparticles, and curcumin (2.93×10−3 cm3 m−1 day−1 atm−1) (Saedi, Kim, Shokri, Kim, & 

Shin, 2023).  

The preservation effects of RC and modified films on cookies are shown in Fig. 5.3B, where 

all cookies had similar sigmoidal curves with rapid weight gains within the first 25 days 

followed by a gradual slowing down. The unpackaged cookies exhibited the highest increase 

in weight due to moisture absorption after 100 days (1.34±0.03%), while the use of plastic wrap 

and RC films (both unmodified and modified) obviously impeded the water vapor transmission. 

Although the plastic wrap had slightly better capacity of controlling weight gain (1.19±0.02%), 

the cookies wrapped by RC-CNC-M and RC-CNC-P showed the similar changes of 1.21±0.04% 

and 1.23±0.05%, respectively, and were relatively lower than those of RC and RC-CNC films. 

The PV value is an important indicator of the freshness and quality of fats and oils (Okparanta, 

Daminabo, & Solomon, 2018). The unpackaged cookies had the highest PV value of 8.94±0.26 

meq/kg after 100 days. The plastic wrap significantly reduced the PV of cookies to 6.51±0.37 

meq/kg, similar to the sample packaged with pristine RC film (5.88±0.66 meq/kg). The RC-

CNC film showed the lowest PV value of 5.30±0.58 meq/kg, while RC-CNC-M and RC-CNC-

P had a slight decrease in blocking oxygen due to the reduced polarity, resulting in the PV 

values of 5.76±0.17 and 5.55±0.18 meq/kg, respectively. The changes in the final PV values 

were due to the different OP and WVP of the packaging films. Specifically, oxygen can easily 

penetrate through high OP packaging films, resulting in higher rates of cookie oxidation during 
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the storage (Lu & Xu, 2010), while the reduction in WVP weakens the prooxidant feature of 

water and reduces the oxidation rate of lipids in the hydrolysis of triacylglycerols to 

diacylglycerols, monoacylglycerols, and free fatty acids (Mildner-Szkudlarz, Siger, Przygoński, 

Radziejewska-Kubzdela, & Zawirska-Wojtasiak, 2022). 

Fig. 5.4A shows the effects of CNC and organosilane modifications on the disintegration 

process of RC films. Pristine RC film fully disintegrated in about 12 days, whereas RC-CNC 

film and chemically modified films needed about 14 days. The addition of CNC delayed the 

disintegration rate since it acted as a reinforcing agent and increased the crystallinity of RC 

films and prevented the penetration of water. The RC-CNC-MTMS and RC-CNC-PFTS films 

disintegrated slower in the first week due to the hydrophobic surface preventing water diffusion 

and penetration, but they also reached 100% disintegration on day 14.  

 

Fig. 5.4. (A) Visual appearance of RC and modified films at different composting times. (B) 

Degree of disintegration of RC and modified films under composting conditions. 

5.5. Conclusion 

The hypothesis has been confirmed that the dual modifications by incorporating CNC and 

coupling organosilanes successfully enhanced the water resistance and tensile strength of RC 

films. The selected two model organosilanes MTMS and PFTS showed similar effects on 
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modifying the hydrophobicity, where the water contact angles of RC-CNC-M and RC-CNC-P 

increased from 75.22° to 109.71° and 102.53°, respectively, compared to the unmodified RC 

film. The existence of CNC compensated for the deteriorated mechanical properties caused by 

the weakened intermolecular hydrogen bonding. The modified RC films exhibited the well-

maintained tensile strength of around 57 MPa in the humid ambient environment (RH 60%), 

and the wet strength of about 12 MPa was much higher than those of the control samples and 

many other cellulose materials. Moreover, RC-CNC-M and RC-CNC-P possessed the 

significantly reduced WVP (3.25±0.08×10−7 g m−1 h−1 Pa−1 and 3.35±0.19×10−7 g m−1 h−1 Pa−1) 

and high oxygen barrier capacity (<1 cm3 m-2 day-1), leading to the comparable effect to the 

commercial plastic wrap in the cookie preservation test for 100 days. Importantly, the modified 

RC films maintained their ability to completely disintegrate within 14 days. Therefore, this 

work offers significant potential for developing sustainable packaging materials with good 

performance. 
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Connecting Text 

In Chapter 5, the dual modifications by incorporating CNC and CVD of organosilanes 

enhanced the water resistance and tensile strength of RC films. In order to develop cellulose-

based antibacterial food packaging, our previous studies have fabricated a chevaux-de-frise-

like nanostructure through the coating of CNC onto RC films via vacuum filtration. Chapter 6 

aimed to explore the effect of surface charge of CNC on the mechano-bactericidal activity and 

the performance of chevaux-de-frise-like nanostructure in meat preservation. Firstly, wood 

pulp was hydrolysed by hydrochloric acid to produce CNC (HCNC) with limited charges. 

Secondly, HCNC was modified by TEMPO oxidation or amination to produce CNC with 

highly negative (TCNC) or positive (ACNC) charges. Thirdly, the effects of chemical 

modifications on the charge and morphology of CNC were investigated. Finally, the topology, 

mechanical, barrier, and antimicrobial properties, and meat packaging performance of CNC-

coated RC films were examined. 
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Chapter 6. Effect of Surface Charge on Mechano-Bactericidal Activity of Cellulose 

Nanocrystals Constructed Chevaux-de-Frise and Meat Preservation 
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6.1. Abstract 

The nanostructured insect wings have inspired the development of antimicrobial surfaces with 

mechano-bactericidal activity. For the first time, a chevaux-de-frise-like nanostructure was 

fabricated through the coating of cellulose nanocrystals (CNC) onto regenerated cellulose (RC) 

films via vacuum filtration and the impact of contact time, temperature, and surface topography 

on eliminating foodborne bacteria was examined. Herein, our focus is to explore in more detail 

how the surface charge of CNC affects the mechano-bactericidal activity and the performance 

of chevaux-de-frise-like nanostructure in meat preservation. CNC with neutral (weak), 

negative, and positive charges were prepared by hydrochloric acid hydrolysis (HCNC), 

TEMPO oxidation (TCNC), and amination (ACNC), respectively, and showed similar 

reinforcing effects on the tensile strength (increased from 74.23 ± 1.20 to about 100 MPa) and 

water vapor barrier property (reduced from 1.83 ± 0.08 to about 1.20 × 10−7 g m−1 h−1 Pa−1). 

Among them, RC-ACNC showed the highest log reduction against Escherichia coli (0.83 ± 

0.06) and Staphylococcus aureus (0.69 ± 0.04) after 5 min contact, respectively, indicating the 

important role of attractive force in fast eliminating bacteria upon contact. It was worth noting 

that, during the meat preservation test, all three CNC-coated RC films exhibited a similar 0.4 

log reduction of bacteria after day 4, likely due to the same physical attachment with an 

extended contact time. Therefore, the construction of chevaux-de-frise nanostructure from 

CNC on food packaging provides a sustainable strategy to contribute to preventing bacterial 

growth. 

6.2. Introduction 

Nanostructures such as nanopillars (Xie et al., 2022), nanospikes (Elbourne et al., 2019), and 

nanopins (Chu et al., 2016) that adorn the surfaces of insect wings (cicadas, dragonflies, and 
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damselflies) have the extraordinary ability to repel and inhibit bacteria through purely physical 

means (Ivanova et al., 2021; Mainwaring et al., 2016; Román‐Kustas et al., 2020). Ivanova et 

al. (2012) reported that the shear stress induced by Pseudomonas aeruginosa (P. aeruginosa) 

adhering to the nanopillars of cicada wings led to cell membrane rupture within 3 min. A 

follow-up study performed by Dehghani et al. (2021) indicated that cicada wings inhibited 50% 

colony formation of P. aeruginosa through surface contact. Besides, Gram-positive bacteria, 

characterized by their robust and thick cell walls, exhibited greater resistance to mechano-

bactericidal effects than Gram-negative bacteria (Zhao et al., 2023). Compared to chemical-

based antimicrobial strategies, this inherent mechano-bactericidal surface has advantages in 

preventing the potential migration of harmful substances into food products. Moreover, the 

excessive usage of chemical antimicrobial agents can result in the development of 

antimicrobial resistance in pathogens, which can greatly reduce the effectiveness of antibiotics. 

Therefore, the construction of nanostructured surfaces with antimicrobial activities should be 

considered as a sustainable and efficient means to address bacterial threats. 

In recent years, techniques like metal-assisted chemical etching (Luo et al., 2020), 

hydrothermal synthesis (Hayles et al., 2021), nanoimprint lithography (Lohmann et al., 2022), 

and electrochemical anodization (Maher et al., 2022) have been explored in the pursuit of 

synthetic nanostructured surfaces with antibacterial potential. Notably, most of these endeavors 

have employed metals and glass as substrates to engineer nanopillar-based antibacterial 

structures (Linklater et al., 2021), while the use of natural nanomaterials in constructing 

mechano-bactericidal surfaces remains an underexplored frontier. Cellulosic materials have 

garnered significant attention in recent years, and nanocellulose acts as a renewable high-

performance building block and holds promise in various applications (Trache et al., 2020). 

Our previous research has demonstrated that cellulose nanocrystals (CNC) can be coated onto 
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the surface of regenerated cellulose (RC) films through vacuum filtration, resulting in the 

formation of chevaux-de-frise nanostructure with mechanical bactericidal activity that 

inhibited the bacterial growth of Escherichia coli and Listeria monocytogenes (Zhou et al., 

2022). More efforts are required to understand this novel nanostructure, and one of the most 

important questions is how surface attachment affects antibacterial efficiency. Considering the 

negative charge on the majority of bacterial surfaces (Abbaszadegan et al., 2015), we 

hypothesized that the chevaux-de-frise constructed by positively charged CNC could facilitate 

the adhesion of bacteria in contrast to weak and strongly negatively charged CNC, resulting in 

a better mechano-bactericidal effect within a short contact time. 

Therefore, in this study, three types of CNC with neutral (weak), negative, and positive charges 

were prepared by hydrochloric acid hydrolysis (HCNC), TEMPO oxidation (TCNC), and 

amination (ACNC), respectively. Their impact on the structure, surface topology, water vapor 

barrier property, mechanical properties, and mechano-bactericidal activity of RC films was 

evaluated. Subsequently, CNC-coated RC films were tested as active food packaging for meat 

preservation, and the growth of bacteria was monitored.  

6.3. Materials and methods 

6.3.1 Materials 

Bleached spruce pulp was supplied by FP Innovations (Pointe-Claire, QC, Canada). Sodium 

bromide (99.0%), sodium hypochlorite (12% available chlorine), sodium borohydride (97%), 

sodium periodate (99%), sodium hydroxide (>97.0%), urea (>99.6%), ethylenediamine 

(>98%), and RC membrane dialysis tubes with a cut-off of 12-16 kDa were obtained from 

Fisher Scientific (Ottawa, ON, Canada). Sulfuric acid (95.0-98.0%), hydrochloric acid (37%), 

(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) (98%), and ethylene glycol (99%) were 
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purchased from Millipore-Sigma (Oakville, ON, Canada). Tryptic soy broth, Luria-Bertani 

broth, tryptic soy agar (TSA), and Luria-Bertani agar (LBA) were acquired from Becton, 

Dickinson and Company (Franklin Lakes, NJ, USA). Phosphate-buffered saline (10 × PBS) 

was supplied by VWR International (Mississauga, ON, Canada).  

6.3.2 Preparation of CNC with different charges 

Mechanical pretreatment involved grinding spruce pulp with a KRUPS grinder (Ontario, 

Canada) to reduce particle size. A quantity of 6 g of ground spruce pulp underwent hydrolysis 

with 180 mL of a 4 N HCl solution at 400 rpm and 80 ℃ for 6 h. The acid hydrolysis process 

was terminated by homogenizing the solution with ten-fold ice water. Subsequently, the excess 

HCl was eliminated through centrifugation at 7550 rpm for 10 minutes at 25 ℃ in 5 cycles. 

The HCl-hydrolyzed CNC was freeze-dried after dialysis and marked as HCNC. The yield of 

HCNC was 75.52 ± 1.32% (w/w). 

The TEMPO-oxidized CNC (TCNC) was prepared using the TEMPO/NaBr/NaClO system as 

described by Zhang et al. (2020). The yield of TCNC was 86.81 ± 1.86% (w/w). The 

preparation of aminated cellulose nanocrystals (ACNC) followed the method described by Jin 

et al. (2015) with minor adjustments. NaIO4 (4 g) was added to 200 mL HCNC suspension (0.5 

wt.%) under dark conditions and stirred at 250 rpm and 45 ℃ for 5 h, which was stopped by 

introducing 10 mL of ethylene glycol. After dialysis, 11.12 mL of ethylenediamine was 

incorporated into 200 mL of dialdehyde CNC suspension (0.5 wt.%) to reach 30 

equivalents/glucose unit. The mixture was stirred continuously at 200 rpm and 30 ℃ for 6 h, 

and then the resulting imine intermediate was reduced in situ with 0.58 g of NaBH4 for 3 h at 

25 ℃. The product was then freeze-dried after dialysis. The yields of dialdehyde CNC and 

ACNC were 62.08 ± 2.64% and 87.14 ± 3.15%, respectively.  
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6.3.3 Preparation of chevaux-de-frise-like surfaces 

The chevaux-de-frise-like surfaces were fabricated using all-cellulose materials based on our 

previous study (Zhou et al., 2022). Firstly, a quantity of 3 g of ground spruce pulp was 

continuously stirred in a 300 mL solution of 30 wt.% H2SO4 at 25 ℃ and 200 rpm for 48 h. 

This process reduced the molecular weight of spruce cellulose from 4.54 × 105 g/mol to 1.85 

× 105 g/mol (Huang et al., 2022b). The hydrolyzed spruce pulp (0.75 g) was added into 25 mL 

of pre-cooled H2SO4 solution (64%, w/v) at -12 °C and stirred at 1700 rpm for 8 min. The 

mixture was centrifuged at 1000 rpm for 3 minutes to eliminate air bubbles, which were then 

cast onto a glass plate and regenerated in a NaOH solution (10%, w/v) at 25 ℃ for 7 min. The 

RC films underwent a 30 min washing process with running water. A 0.1 wt.% CNC suspension 

was then deposited dropwise on the RC film under vacuum filtration to yield a 3 wt.% dry 

weight of RC film, which was subsequently dried under ambient conditions. The original RC 

film was designated as RC, while the RC films coated with CNC were identified as RC-HCNC, 

RC-TCNC, and RC-ACNC, corresponding to the respective types of CNC employed. 

6.3.4 Characterization 

6.3.4.1 Zeta potential 

The zeta potential measurements of HCNC, TCNC, and ACNC were carried out at room 

temperature by electrophoretic light scattering coupled with phase analysis light scattering 

(Zeta-PALS, Brookhaven Instruments Corporation, Holtsville, NY, USA).  

6.3.4.2 Fourier transform infrared (FT-IR) spectroscopy  

An Agilent Cary 630 FT-IR spectroscopy coupled with an ATR module (Agilent Technologies, 

Santa Clara, CA, USA) was used to examine the structures of RC film, HCNC, TCNC, and 
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ACNC, according to Huang et al. (2023a). The spectral range was 4000-500 cm–1 with 64 scans 

and the spectral resolution was 2 cm-1. 

6.3.4.3 X-ray diffractometry (XRD) 

The crystalline characteristics of RC film, HCNC, TCNC, and ACNC were determined by a 

Panalytical Empyrean 3 X-ray diffractometer (Malvern Panalytical Ltd, Malvern, UK) with 

diffraction angle from 4° to 40°, according to Flores-Jerónimo et al. (2021). The crystallinity 

index (CI) was computed based on the crystalline area and total area. 

6.3.4.4 Morphological analysis 

The morphology of HCNC, TCNC, and ACNC was examined using a transmission electron 

microscope (Talos F200X G2, Thermo Fisher Scientific, Waltham, MA, USA). The 

morphology of RC and CNC-coated RC films were examined utilizing a field emission 

scanning electron microscope (FEI Quanta 450, Hillsboro, OR, USA) at 20 kV.  

An atomic force microscope (MFP-3D, Asylum Research, Santa Barbara, CA, USA) was 

employed to investigate surface topographies of CNC-coated RC films. The surface roughness 

parameters of each sample were analyzed using Gwyddion software (version 2.6, Gwyddion 

Team). 

6.3.4.5 Water contact angle (WCA)  

A contact angle measurement system (OCA 20, Dataphysics Instruments, Filderstadt, Germany) 

was employed to determine the WCA of each film as described by Huang et al. (2023a).  

6.3.4.6 Moisture uptake  

A 2 cm × 2 cm square cut of the films was conditioned in a desiccator with a diameter of 17.2 

cm at 25 ℃ using anhydrous calcium chloride to maintain 0% relative humidity (RH) until 
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constant weight (𝑚𝑚𝑖𝑖) was achieved. Films were then conditioned in an environment simulating 

ambient conditions, set at 60% RH, using a saturated NaBr solution at 25 ℃ for 4 days to 

determine the weight (𝑚𝑚𝑑𝑑). The moisture uptake of the films was computed using Equation 1: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑢𝑢𝑀𝑀𝑢𝑢𝑢𝑢𝑀𝑀 (%)  =  𝑚𝑚𝑑𝑑−𝑚𝑚𝑖𝑖
𝑚𝑚𝑖𝑖

 ×  100%        (1) 

6.3.4.7 Water vapor permeability (WVP) 

ASTM E96-92 standard was employed to evaluate the WVP of RC and CNC-coated RC films 

as described by Huang et al. (2022b).  

6.3.4.8 Mechanical properties 

Films measuring 5 cm × 1 cm (length × width) were conditioned in a controlled environment 

(25 ℃ and 60% RH) for 4 days before determining mechanical properties. The stress-strain 

curve of each film was obtained using ADMET MTEST Quattro eXpert 7600 series (MA, USA) 

with a crosshead speed of 5 mm/min.  

6.3.5 Bactericidal activity 

Two bacteria strains were employed for the antibacterial assessment, encompassing 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). To reanimate strains, both 

bacteria were revived from -80 ℃ and streaked onto TSA and LBA plates, respectively, and 

then incubated at 37 ℃ for 24 hours. The isolated colonies were selected and inoculated into 4 

mL of broth media, and the mixture was subjected to continuous shaking at 37 ℃ and 175 rpm 

for 16 h. Bacterial solutions were prepared at a concentration of approximately 108 CFU/mL 

and then diluted with PBS to the specified concentrations for subsequent experiments. The 

antimicrobial evaluations of RC and RC-CNC films were conducted following a previous study 

with minor adjustments (Zhou et al., 2022). Film samples were sliced into squares of 2 cm × 2 
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cm and deposited in a Petri dish to contact a 100 μL volume of bacterial suspension (at a 

concentration of approximately 105 CFU/mL) for 5 min. 

6.3.6 Meat preservation  

The pork tenderloin procured from a nearby grocery store was sliced into pieces of 1 cm × 1 

cm × 0.3 cm (length × width × thickness). CNC-coated RC films were employed to wrap pork 

loin as an experimental group. The two control groups were kept unwrapped and covered with 

the original RC film, respectively. Each sample was positioned in a closed Petri dish and 

preserved at 4 ℃. The total viable count (TVC) for each sample was assessed at 0, 2, 4, 6, and 

8 days of storage, following the procedure outlined by Huang et al. (2023b).  

6.3.7 Statistical analysis 

One-way analysis of variance (ANOVA) and Duncan's test based on 95% confidence intervals 

were used to analyze significance by using SPSS 26.0 software (IBM SPSS Inc., New York, 

NY). 

6.4. Results and discussion 

The TEM images of different CNC samples are shown in Figure 6.1A. HCNC presented a rod-

shaped structure with dimensions of 201.45 ± 36.22 nm and 10.53 ± 2.27 nm in length and 

diameter, respectively, contributing to an aspect ratio of 19.56 ± 3.43. After TEMPO oxidation, 

TCNC showed a similar average length of 194.34 ± 18.59 nm, diameter of 11.96 ± 2.25 nm, 

and aspect ratio of 19.17 ± 1.13. No significant difference was found for ACNC either (length 

of 182.64 ± 26.40 nm, diameter of 10.23 ± 3.91 nm, and aspect ratio of 18.37 ± 3.44). This 

result suggested that the chemical modifications did not impact the size and morphology of 

CNC. However, the chemical modifications successfully changed the surface charge of CNC. 

As shown in Figure 6.1B, HCNC displayed a weak zeta potential of -7.71 ± 1.01 mV. Carboxyl 
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groups were introduced on TCNC after TEMPO oxidation, leading to a highly negative zeta 

potential value of -69.89 ± 0.60 mV. The amino groups presented on ACNC resulted in a 

positive charge with a zeta potential of 38.16 ± 0.41 mV. In general, a CNC suspension is 

regarded as unstable when its absolute zeta potential value is less than 15 mV (Clogston & 

Patri, 2011). Thus, aggregated HCNC was observed by TEM, while TCNC and ACNC were 

well-dispersed. 

The structures of pure RC film and three different types of CNC were studied by FT-IR and 

XRD. As shown in Figure 6.1C, typical cellulose bands were evident in all samples, including 

the O─H stretching at 3500-3200 cm-1, C─H stretching vibration at 2885 cm-1, asymmetric 

─CH2 bending vibration at 1427 cm-1, O─H bending at 1315 cm–1, and ─C─O─C─ bridge 

stretching at 893 cm-1 (Huang et al., 2022b). The presence of the N─H bending vibrational 

peak at 1650 cm-1 and the absence of the C═O stretching vibrational peak signified the 

conversion of dialdehyde CNC into ACNC (Jin et al., 2015). The peaks of ACNC at 3337 and 

3279 cm–1 were due to the overlapped N─H and O─H stretching vibrations (Pokhrel et al., 

2020), while the TCNC sample displayed a peak at 1598 cm–1 originating from C═O vibration 

introduced by TEMPO oxidation at the C6 position (Abou-Zeid et al., 2021). As shown in 

Figure 6.1D, RC film exhibited the diffraction peaks of cellulose II structure at 12.3° (110) and 

20.2° (110) with a crystallinity index of 30.78% (Huang et al., 2022a). All three CNC samples 

displayed similar diffraction peaks of crystalline cellulose polymorphism Iβ at 14.8° (110), 16.5° 

(110), 22.7° (200), and 34° (040) (Cao et al., 2021). Compared to HCNC, the crystallinity 

indexes of TCNC and ACNC decreased from 81.66% to 79.97% and 68.94%, respectively, 

which suggested that the crystalline structure of HCNC was slightly dismantled by oxidation 

and amination processes (Wu et al., 2020). Therefore, three CNC samples with similar 
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dimensions and crystalline structures but different surface charges were successfully obtained 

for the construction of a chevaux-de-frise-like nanostructure. 

 

Figure 6.1. (A) TEM images and (B) zeta potential of different CNC samples. (C) FT-IR 

spectra and (D) XRD patterns and crystallinity index of RC film and CNC samples.  

The morphology of RC and CNC-coated films was examined using FE-ESEM and AFM. As 

shown in Figure 6.2, pristine RC film did not have any undissolved fibers, and the thickness 

(~13 ± 1 μm) and cross-sectional morphology were not affected after depositing CNC. All three 

types of CNC were not vertically attached to the RC film like the nanopillars on insect wings. 

Instead, they formed an intricate and chevaux-de-frise-like nanostructure through 

interlacement. HCNC was partially clustered on the surface of the RC film due to its low charge, 

whereas TCNC and ACNC with higher absolute charges were randomly and uniformly 

distributed on the surface. The surface roughness parameters of CNC-coated films such as root-

mean-square (RSM) roughness (Rq), average roughness (Ra), maximum height (Rmax), 
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skewness (Rsk), and kurtosis (Rku) were obtained through the analysis of AFM images and 

summarized in Table 1. All three modified films had similar values across these parameters, 

indicating that the charges of CNC did not have a significant effect on the formation of 

chevaux-de-frise. It has been reported that a positive correlation existed between bacterial 

adhesion and Rq within the range of 0.64 - 21 nm (Yang et al., 2022), and the graphite-like 

carbon wrinkled coating (Rq of 2.03 nm) resulted in a maximum absorption of up to 1.3 × 105 

cells mm-2 for P. aeruginosa (Nguyen et al., 2019). Furthermore, the rough surfaces 

outperformed smooth surfaces in producing shear force for efficient mechano-bactericidal 

action due to Rsk and Rku (Dehghani et al., 2021; Luan et al., 2018), where Rsk quantifies the 

asymmetry of the height probability distribution and Rku signifies the sharpness of the 

roughness profile. Dehghani et al. have compared two nanopillars-decorated cicada wings with 

different roughness parameters and found that the higher Rsk and Rku values of cicada wings 

led to better bactericidal efficiency against P. aeruginosa (Dehghani et al., 2021). The 

nanostructured Ti surface had the Rsk of 0.1 and Rku of 2.5, and exhibited inhibition rates of 

80.7 ± 12.0% and 86.8 ± 11.6% towards susceptible and resistant Staphylococcus aureus, 

respectively (Wandiyanto et al., 2019), while in this study, the CNC-coated RC films had the 

similar Rsk (0.15 - 0.33) and Rku (2.48 - 2.64) values.  
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Figure 6.2. (A) Surface and (B) cross-sectional morphologies of RC and CNC-coated RC 

films. (C) Surface topology of CNC-coated RC films.  

Table 6.1. Surface roughness parameters of CNC-coated RC films. 

Samples RMS 

roughness (nm) 

Roughness 

average (nm) 

Maximum 

height (nm) 

Surface 

skewness 

Surface 

kurtosis 

RC-HCNC 10.99 8.68 96.86 0.15 2.61 

RC-TCNC 11.18 8.68 88.47 0.15 2.64 

RC-ACNC 10.63 8.58 90.01 0.33 2.48 

Graphite-like carbon 

coating (Nguyen et al., 

2019) 2.03 / / 0.59 2.32 

Nanostructured Ti surfaces 

(Wandiyanto et al., 2019) 8.8 6.2 / 0.1 2.5 

As depicted in Figure 6.3A, an increase in the WCA from 41.85 ± 2.57° to 64.90 ± 2.84°, 59.68 

± 3.91°, and 64.66 ± 1.74° was observed for RC films after HCNC, TCNC, and ACNC 
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coatings, respectively. It was because of that the dispersed CNC trapped surrounding air 

pockets to form a network of air cushions (Figure 6.3B), leading to the decreased contact area 

and penetration rate of water droplets (Hu et al., 2016). This further resulted in the reduced 

moisture uptake of RC film from 14.49 ± 1.73% to 9.54 ± 0.40%, 8.51 ± 1.33%, and 10.93 ± 

0.66% for RC-HCNC, RC-TCNC, and RC-ACNC, respectively. Figure 6.3D shows the WVP 

of RC and CNC-coated RC films. The original RC film displayed a WVP value of 1.83 ± 0.08 

× 10−7 g m−1 h−1 Pa−1. The deposition of CNC and the formation of air cushions constructed a 

tortuous path for water vapor diffusion and decreased WVP values of RC-HCNC, RC-TCNC, 

and RC-ACNC to 1.11 ± 0.01, 1.20 ± 0.04, and 1.20 ± 0.09 × 10−7 g m−1 h−1 Pa−1, respectively, 

which were lower than those of other antimicrobial films such as ZnO nanopillars-incorporated 

cellulose film (8.46 × 10−7 g m−1 h−1 Pa−1) (Xie et al., 2022) and ZnO reinforced cellulose-

based film (7.88 × 10−7 g m−1 h−1 Pa−1) (Pan et al., 2022), and similar to xanthan/hydroxypropyl 

methylcellulose/tea polyphenols composite film (1.20 × 10−7 g m−1 h−1 Pa−1) (Chen et al., 2022). 

As shown in Figure 6.3F, the original RC film had a tensile strength of 74.23 ± 1.20 MPa, 

which was improved to 95.03 ± 5.73 MPa, 105.06 ± 4.24 MPa, and 104.83 ± 8.86 MPa with 

HCNC, TCNC, and ACNC coatings, respectively. The tensile strength of CNC-coated RC films 

was higher than those of other reported nanostructured antimicrobial packaging materials, 

including chitosan/nano-ZnO/organoclay composite film (38.86 ± 1.49 MPa) (Rodrigues et al., 

2020), ZnO nanopillars-incorporated cellulose film (55.0 MPa) (Xie et al., 2022), and bionic 

polystyrene film with nanopillar structure (40.0 MPa) (Du et al., 2023). Similar to our previous 

observation (Huang et al., 2023a), RC-HCNC, RC-TCNC, and RC-ACNC exhibited higher 

Young’s modulus but decreased tensile strain values compared to RC film, because the rigid 

CNC surface coating well bonded to the RC matrix and formed a scaffolding effect to improve 

the resistance to loading, and at the same time, restrict the extension of RC films. 
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Figure 6.3. (A) WCA of RC and CNC-coated RC films. (B) Schematic illustration of water 

droplets on RC and CNC-coated RC films. (C) Moisture uptake, (D) WVP, and (E-H) 

mechanical properties of RC and CNC-coated RC films. 

As shown in Figure 6.4A, after 5 min of contact, pristine RC film did not show any antibacterial 

effect. RC-ACNC exhibited significant bactericidal activity against E. coli and S. aureus with 

0.83 ± 0.06 and 0.69 ± 0.04 log reductions, respectively. However, RC-HCNC and RC-TCNC 

had similar roughness parameters to RC-ACNC but did not have obvious antibacterial 
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properties. It might be ascribed to the fact that the positively charged RC-ACNC was effective 

in quickly attracting bacteria to achieve an antimicrobial effect, while the strong negative 

charges of RC-TCNC affected the contact between bacteria and chevaux-de-frise-like 

nanostructure. The weakly charged RC-HCNC formed bundles with a smaller surface area, 

leading to a decrease in bactericidal activity (Ivanova et al., 2020). The cellulose films 

decorated with ZnO nanopillars showed about 0.27 and 0.24 log reductions for E. coli and S. 

aureus, respectively, ascribing to the mechanical rupture of cell walls (Xie et al., 2022). 

Nevertheless, our previous studies have elucidated that the production of reactive oxygen 

species was not the main driving force for CNC-coated RC films to inhibit bacteria and the 

structure of bacteria did not change after contact (Zhou et al., 2022), so the mechano-

bactericidal properties of RC-ACNC might be based on sub-lethal mechanical damage that did 

not immediately kill the bacteria but resulted in apoptosis-like cell death (Zhao et al., 2022). 

Besides, RC-ACNC was more effective in inhibiting the growth of E. coli than S. aureus. A 

comparable outcome was noted on a silicon nanopillar surface, where a greater efficacy against 

gram-negative bacteria of P. aeruginosa was observed compared to gram-positive bacteria of 

S. aureus. This heightened effectiveness was associated with more evident deformation, which 

was attributed to the variations in the rigidity of the cell's outer walls (Ivanova et al., 2020).  

The RC and CNC-coated RC films were applied as antimicrobial packaging for meat 

preservation. As shown in Figure 6.4B, the initial TVC value of raw pork loins was 4.95 ± 0.12 

log CFU/g, which was slightly higher than the reported values of 4.7 and 4.41 log CFU/g 

(Leelaphiwat et al., 2022; Vargas Romero et al., 2021). The bacteria in pork packaged by RC 

film and unwrapped pork grew very rapidly during the storage period, whereas all three CNC-

coated films had significant inhibitory effects on bacterial growth, although the bactericidal 

activity was only presented on the contact interface between the pork and films. RC-ACNC 
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had about 0.3 log reduction on day 2, and this value slightly increased to 0.4 log reduction on 

day 4. Surprisingly, RC-HCNC and RC-TCNC did not show obvious antimicrobial properties 

in the 5-minute contact experiment but could inhibit the growth of bacteria during pork 

preservation, and the TVC values gradually increased to a similar 0.4 log reduction as RC-

ACNC. It indicated that the physical attachment of the chevaux-de-frise-like nanostructures on 

pork surfaces could gradually compensate for the antimicrobial effect caused by the lack of 

attractive force. Therefore, the deposition of CNC on the surface of packaging films can be 

considered as a preliminary antimicrobial measure and be used synergistically in combination 

with other antimicrobial approaches to extend the shelf life of packaged foods. 

 

Figure 6.4. (A) Antimicrobial activities of RC and modified films. (B) TVC of pork loins 

during storage at 4 ℃.  

6.5. Conclusion 

Three CNC samples were obtained by acid hydrolysis, TEMPO oxidation, and amination, and 

exhibited similar morphology and crystalline structure but different surface charges. The 

chevaux-de-frise-like nanostructures were formed by coating three CNC samples on the surface 

of RC films via vacuum filtration, which enhanced the tensile strength (to about 100 MPa) and 

water vapor barrier property (to about 1.20 × 10−7 g m−1 h−1 Pa−1). The hypothesis has been 
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confirmed that RC-ACNC with a positively charged surface was more effective in attracting 

negatively charged foodborne bacteria, leading to higher antibacterial activities against E. coli 

and S. aureus after 5 min contact. The RC-ACNC coated RC film also showed a stronger 

bacterial inhibition capacity in the first 2 days of meat storage, but the difference among the 

three CNC coatings was not significant after day 4. It was probably attributed to the tight 

contact between packaging films and meat that physically forced bacteria to adhere to the 

chevaux-de-frise-like surfaces. Therefore, this work demonstrates the importance of attractive 

force and tight contact between CNC-constructed chevaux-de-frise and bacteria for inhibiting 

bacterial growth and the potential to build sustainable nanostructures for active food packaging.  
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Chapter 7. General Discussion 
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Cellulose presents a promising alternative for mitigating the environmental impact caused by 

the accumulation of non-degradable petroleum-based packaging materials (Su et al., 2023). Its 

advantages include inexpensiveness, low density, non-toxicity, versatility, and excellent 

mechanical properties (Joo et al., 2023). However, cellulose's complex molecular structure and 

the strong hydrogen bonding between its molecules make it difficult to dissolve in common 

solvents such as water and ethanol. The development of various solvents, such as NMMO, 

LiCl/DMAc, ionic liquids, and alkaline aqueous solutions, has enabled the production of RC 

films with diverse structures and properties (Baghaei & Skrifvars, 2020). Cellulose-based food-

packaging materials, such as cellophane, have been widely utilized. Nonetheless, with the 

growing demand for improved food protection, there is an urgent need to explore novel food 

packaging materials with multiple functional properties. This can be achieved by constructing 

cellulose-based composites with the incorporation of functional polymers and/or additives to 

enhance mechanical properties, optical properties, barrier properties, thermal stability, and 

antimicrobial properties (Baghaei & Skrifvars, 2020). This study investigates strategies to 

produce sustainable food packaging from wood cellulose. 

In Chapter 3, the structures and properties of wood cellulose films obtained from concentrated 

H2SO4 and NaOH/urea aqueous solutions were compared. Mechanical and barrier properties 

are crucial for evaluating the packaging performance of films. Tensile strength is defined as the 

maximum stress a material can withstand while being stretched or pulled before breaking. 

Results showed that RC films obtained from H2SO4 solution (RC-H4) exhibited higher tensile 

strength (109.78±2.14 MPa), folding endurance (20-28 times), and torsion angle (42°) 

compared to those from NaOH/urea solution (62.90±2.27 MPa, un-foldable, and 12°). The 

cellulose content from 3 to 5 wt.% in H2SO4 solution positively correlated with tensile strength 

without affecting foldability. Additionally, RC-H4 demonstrated better water vapor barrier 
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property and transparency but lower thermal stability compared to RC-N4. Further analyses 

revealed differences in film morphology, molecular weight, crystallinity, and other properties 

between the two solvent systems. Notably, RC films from the H2SO4 solution exhibited more 

amorphous structure, attributed to sulfate ions disrupting hydrogen bonding during 

regeneration (Sadeghalvad et al., 2021). This amorphous structure contributed to improved 

foldability of RC films. In contrast, RC-N4 films showed higher porosity and crystallinity, 

affecting moisture uptake and light transmittance. The findings suggest potential applications 

for RC films regenerated from both solvents, each with unique properties. RC films from 

H2SO4 solution could be suitable for applications requiring higher mechanical strength and 

foldability, while those from NaOH/urea solution could be beneficial for applications requiring 

higher porosity for reagent accessibility and subsequent modifications. Overall, this study 

provides valuable insights into the sustainable processing of wood cellulose through different 

aqueous solvents, offering a promising alternative to non-degradable plastics. The comparison 

of RC films obtained from different solutions highlights the effect of solvent systems on the 

structure of RC films, facilitating the development of high-performance RC films from 

abundant forestry resources.  

In Chapter 4, wood cellulose films obtained from NaOH/urea solution were used to investigate 

the effect of different wood species and drying methods on the structure and properties of RC 

films. Three hardwood (aspen, eucalyptus, and maple) and two softwood (pine and spruce) 

pulps were firstly acid hydrolyzed and then dissolved in NaOH/urea aqueous solution, followed 

by air-drying or hot-pressing treatment to obtain RC films. Different wood species did not lead 

to the variation in the thickness of RC films while hot-pressing treatment decreased the average 

thickness of RC films from 33 ± 3 μm to 27 ± 1 μm. Hot-pressing produced denser RC films, 

as evidenced by increased density (from 0.95 to 1.15 g/cm³), decreased porosity (from 35% to 
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22.5%), and reduced free space and cavities in the cross-sectional area of the films. FT-IR and 

XRD analyses indicated that the wood species and treatment methods resulted in similar 

chemical structure and cellulose II crystalline structures in the RC films, without any chemical 

modifications. However, hot-pressing produced smoother, more uniform film surfaces with 

denser internal structures, enhancing film transparency. Tensile strength was influenced by the 

molecular weight, CI value, and density of the films. Hot-pressed pine films, with a high 

viscosity-average molecular weight of 1.46 × 10⁵ g/mol, CI value of 55.65%, and density of 

about 1.15 g/cm³, exhibited the highest tensile strength of 85.00 ± 3.26 MPa, outperforming 

commercial cellophane (18 MPa) (Zhao et al., 2019).  

Besides, the denser hot-pressed RC films reduced the water vapor diffusion pathway, leading 

to lowered WVP values from 4.14 ± 0.19 to 4.59 ± 0.11 × 10−7 g m−1 h−1 Pa−1 to 3.43 ± 0.36 to 

3.89 ± 0.15 × 10−7 g m−1 h−1 Pa−1. The hot-pressed pine films were compared with commercial 

plastic wrap for packaging cherry tomatoes, showing similar weight loss percentages and 

shrinkage after 16 days of storage without putridity. Considering the higher WVP (3.56 ± 0.14 

× 10-7 g m-1 h-1 Pa-1) but lower OP (3.01 ± 0.49 × 10-5 cc m-1 day-1 atm-1) values of hot-pressed 

pine films than those of plastic wraps (2.37±0.17×10-8g m-1 h-1 Pa-1 and more than 0.02 cc m-1 

day-1 atm-1), the weight loss of packaged cherry tomatoes was primarily due to the water loss 

from transpiration and respiration processes (Jalali et al., 2020). Overall, RC films obtained 

from different wood species exhibited similar dissolution and regeneration processes, leading 

to no significant structural differences and morphology. Hot-pressing treatment provided a 

sustainable option to enhance the mechanical and barrier properties of RC films without adding 

any chemical additives, extending the shelf life of packaged cherry tomatoes similar to 

commercial plastic wraps. 

However, the hygroscopic nature of cellulose facilitated the absorption of moisture from the 
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environment, which posed a threat to the tensile strength and integrity of films during 

transportation and storage processes (Cheng et al., 2022). Therefore, in Chapter 5, we aimed to 

enhance the water resistance of RC films under high humidity or even wet conditions without 

compromising their degradability. CNC was isolated from wood pulp through an acid 

hydrolysis process and added to cellulose solution to produce CNC-reinforced RC films, 

followed by the CVD of two organosilane examples (MTMS and PFTS) for dual modification. 

The presence of peaks at 1260 and 780 cm-1 due to the Si─C vibration and peaks at 1230 cm-1 

due to the C─F stretching confirmed the modification of RC films by MTMS and PFTS, 

respectively (Yu et al., 2019; Kowalczuk & Pitucha, 2019), but they did not change the 

thickness of RC films (29 ± 2 μm). The addition of CNC increased the CI value of RC films 

from 60.55% to 70.91% without changing their cellulose II structure, which was then decreased 

to 68.46% and 64.21% after modification of MTMS and PFTS, respectively. The chemical 

modification increased water contact angle (higher than 100°) while detrimentally affected the 

tensile strength of RC films. For instance, the RC films modified with MTMS and PFTS 

showed the reduced tensile strength from 66.37 ± 2.79 MPa to 41.02 ± 0.11 MPa and 42.92 ± 

1.58 MPa under 0% RH, respectively, due to decreased hydrogen bonding between cellulose 

chains. Therefore, the addition of CNC, which acted as nanofillers, was necessary for RC films 

to compensate for the degraded mechanical strength to 57.11 ± 1.52 MPa and 59.67 ± 1.09 

MPa, respectively. The dual-modified films with increased hydrophobicity maintained the 

tensile strength of MTMS (56.79 ± 3.67 MPa) and PFTS (58.87 ± 3.75 MPa) modified RC 

films with the addition of CNC at 60% RH. In comparison, the pristine RC films showed a 

decreased tensile strength of 52.09 ± 2.80 MPa at 60% RH. Immersing the modified films into 

water for 12 h as an extreme condition yielded a tensile strength of about 12 MPa, better than 

the 4.5 MPa of pristine RC films. Moreover, the dual modification decreased the water vapor 
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penetration and adsorption, resulting in the reduced WVP values of RC films from 4.07 ± 0.18 

× 10−7 g m−1 h−1 Pa−1 to about 3.3 × 10−7 g m−1 h−1 Pa−1. It should be noted that the addition of 

CNC and dual modification did not change the OP value of modified RC films (about 1.37 

×10−5 cm3 m−1 day−1 atm−1), which could be explained by the fact that CNC decreased the 

oxygen diffusion pathway and organosilanes interacted with hydroxyl groups and decreased 

the polarity of RC films. The modified films were used to preserve chocolate cookies at 25 ℃ 

and 60% RH for 100 days and compared with commercial plastic wrap. The weight gain of 

preserved cookies packaged with modified films was comparable to that of plastic wraps. PV 

values were determined to evaluate the freshness of oils inside of cookies, and lower values 

indicated a fresher food (Srivastava & Mishra, 2021). Surprisingly, the dual-modified RC films 

led to similar PV values of cookies to those packaged in plastic wraps, because both oxygen 

and moisture caused the degradation of lipids. The disintegration test indicated that dual 

modification only delayed the full disintegration process by 2 days (from 12 days to 14 days), 

which was due to the decreased water penetration into RC films. Overall, this study presented 

a simple and feasible method to improve the water-resistance of RC films without changing 

their disintegration capacity, providing a significant potential for developing sustainable 

packaging materials with good performance. 

Another promising application of cellulose-based films is antimicrobial packaging, which uses 

cellulose as a matrix to incorporate various antimicrobial ingredients such as metallic 

nanoparticles and chemical preservatives (Zhang et al., 2021). However, excessive usage of 

chemical antimicrobial agents can result in the development of antimicrobial resistance in 

pathogens and may migrate into food products, posing harmful effects. One of the novel and 

promising strategies was to fabricate nanostructured cellulose film with mechano-bactericidal 

ability, mimicking the nanopillars and nanospikes on the surface of the insect wings (Linklater 
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et al., 2021). Our previous study successfully fabricated a chevaux-de-frise-like nanostructure 

by depositing acid-hydrolyzed CNC on the surface of RC films using vacuum filtration and 

investigated the effects of cellulose concentrations, contact time, and temperature on the 

mechano-bactericidal activity. Therefore, Chapter 6 aimed to investigate the effect of the 

surface charge of CNC on the mechanical and barrier properties, mechano-bactericidal activity, 

and meat preservation performance of nanostructured RC films. The hydrochloric acid 

hydrolyzed CNC (HCNC) with limited charges was modified by TEMPO oxidation or 

amination to produce CNC with highly negative (TCNC) or positive (ACNC) charges. The 

TEM observation proved that chemical modification did not change the rod shape of three 

different CNC, which showed similar lengths in the range of 180 to 200 nm and diameters in 

the range of 10 to 12 nm. The surface charge of HCNC was -7.71 ± 1.01 mV, which changed 

to -69.89 ± 0.60 mV and 38.16 ± 0.41 mV after incorporating carboxyl groups and amino 

groups, respectively. FT-IR analysis showed a peak at 1598 cm–1 from C═O vibration 

introduced by TEMPO oxidation (Fan et al., 2022). Besides, the presence of the N─H bending 

vibrational peak at 1650 cm-1 and the increased peak intensities at 3337 and 3279 cm–1 were 

due to the overlapped N─H and O─H stretching vibrations, indicating the anchoring of amino 

groups on CNC (Koshani et al., 2022). The morphology of pristine and CNC-coated RC films 

was observed by FE-SEM. It should be noted that all CNC were not vertically attached to the 

surface of RC films like nanostructured insect wings, but rather formed an interlaced chevaux-

de-frise-like nanostructure. The aggregation of HCNC was found during TEM and FE-SEM 

observations, which was due to the low surface charge to dispense homogeneously. The 

topology and roughness parameters of three differently charged RC films were determined by 

AFM. An uneven surface with a maximum height of about 90 nm was found for three CNC-

coated RC films and the root-mean-square roughness was about 11 nm. The rougher surface of 
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CNC-coated RC films compared to graphite-like carbon coating and nanostructured Ti surface 

provided more opportunities for bacterial adhesion (Nguyen et al., 2019; Wandiyanto et al., 

2019). Besides, the similar improvement of barrier properties of RC films after CNC-coating 

was indicated by WCA, moisture uptake, and WVP, which was due to the formation of air 

cushions that prevented the penetration of water droplets. A similar tensile strength of about 

100 MPa was found for three CNC-coated RC films, which was due to the scaffolding effect 

of CNC to improve the resistance to loading. For mechano-bactericidal activities of CNC-

coated RC films, RC-ACNC films with positive surface charges inhibited the growth of E. coli 

and S. aureus with 0.83 ± 0.06 and 0.69 ± 0.04 log reductions after 5 min of contact, 

respectively. Notably, RC-HCNC and RC-TCNC had similar roughness parameters to those of 

RC-ACNC but did not exhibit any antibacterial properties within 5 min of contact. In 

comparison, the cellulose film decorated with ZnO nanopillars showed about 0.27 and 0.24 log 

reduction for E. coli and S. aureus, respectively, which was mainly due to the mechanical 

rupture of cell walls (Xie, Pan & Cai, 2022). Our previous study elucidated that the production 

of reactive oxygen species was not the main driving force for CNC-coated RC films to inhibit 

bacteria and their nanostructured surfaces were not sufficient to cause significant deformation 

of the attached cells (Zhou et al., 2022). Several studies have demonstrated that the elongation 

and deformation of the cells were affected by the height and aspect ratio of nanopillars. For 

instance, the distortion and rupture of S. aureus were more evident when the height of the 

anodic aluminium oxide nanopillar increased from 200 nm to 400 nm (Wu et al., 2018). 

However, a decreased antimicrobial effect caused by cell deformation was observed when the 

height of the silica nanopillars increased from 360 nm to 400 nm, which was attributed to the 

fact that the nanopillars with high aspect ratios were more flexible and more easily clustered 

together to form bundles with a larger surface area, thus altering the surface nanostructures and 
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leading to a decrease in the bactericidal activity (Ivanova et al., 2020). In this study, the 

mechano-bactericidal properties of RC-ACNC might be based on sub-lethal mechanical 

damage to adherent bacteria that did not immediately kill the bacteria but resulted in apoptosis-

like cell death. Besides, RC-ACNC was more effective against Gram-negative bacteria (E. coli) 

than Gram-positive bacteria (S. aureus). A comparable outcome was noted on a silicon 

nanopillar surface, where it exhibited greater efficacy against P. aeruginosa compared to S. 

aureus. This heightened effectiveness was associated with more evident deformation, which 

was attributed to variations in the rigidity of the cell outer walls (Ivanova et al., 2020). Wu et 

al. (2018) reported that the antimicrobial behavior of nanostructured surfaces was also affected 

by surface roughness, nanopillar height, distribution distance, and nanopillar density. Films 

with lower Rq (4.4 nm) and higher nanopillar density (~70 pillars μm-2) only showed 0.11 log 

reduction against S. aureus, which was improved to 1.70 log reduction by increasing Rq (39.1 

nm) and optimizing nanopillar density (~40 pillars μm-2). The RC and CNC-coated RC films 

were applied as antimicrobial packaging for meat preservation. The initial TVC value of raw 

pork loins was 4.95 ± 0.12 log CFU/g and grew very rapidly during the storage period, whereas 

all three CNC-coated films had significant inhibitory effects on bacterial growth, although the 

bactericidal activity was only presented on the contact interface between the pork and films. 

RC-ACNC had about 0.3 log reduction on day 2, and this value slightly increased to 0.4 log 

reduction on day 4. Although RC-HCNC and RC-TCNC did not show any significant 

antimicrobial effects in a short 5-minute contact experiment, they demonstrated the ability to 

inhibit bacterial growth during meat preservation. Despite the lack of immediate effectiveness, 

their gradual impact resulted in a reduction of TVC comparable to that observed with RC-

ACNC. This highlights the importance of the physical attachment of chevaux-de-frise-like 

nanostructures to pork surfaces, compensating for the initial absence of attractive force. 
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Therefore, the deposition of CNC onto packaging film surfaces can serve as an essential 

preliminary antimicrobial measure to extend the shelf life of packaged foods. This study 

underscored the significance of attractive forces and close contact between CNC-constructed 

nanostructures and bacteria in inhibiting bacterial growth. It not only provided insights into the 

development of sustainable nanostructures for active food packaging but also emphasized the 

potential of such strategies in addressing food safety and preservation challenges. 

  



151 

 

 

 

 

 

 

 

Chapter 8. Contribution to Knowledge and Recommendations for Future Research 
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8.1. Conclusion 

The primary objective of this thesis was to develop wood cellulose-based sustainable food 

packaging as the alternatives to traditional petroleum-based plastics. The literature review 

showed that cellulose can be dissolved into different solvents to fabricate RC films and the 

applications of RC films in food packaging can be mainly classified into three aspects: 

biodegradable packaging, active packaging, and intelligent packaging (Chapter 2). Therefore, 

we compared different methods to produce RC films and investigate their potential as 

biodegradable food packaging materials with improved functions (Chapter 3-6).  

Chapter 3 compared RC films regenerated from concentrated H2SO4 and NaOH/urea aqueous 

solutions. It was found that the choice of solvent significantly influenced the structure and 

properties of the resulting films. RC films from NaOH/urea solution exhibited a loose layered 

structure with high crystallinity index values but were relatively brittle, whereas those from 

H2SO4 solution displayed higher density with more amorphous regions and good foldability. 

Moisture uptake of RC films was determined by both the crystalline structure and porosity. 

Water vapor barrier property was affected by the density of RC films and thermal stability was 

influenced by the crystallinity of RC films. 

In Chapter 4, five different wood pulp species were dissolved in NaOH/urea solutions and dried 

at ambient and hot-pressing conditions to prepare RC films. It was observed that different wood 

pulps did not significantly impact the structure of RC films. However, hot-pressing treatment 

markedly improved the density of RC films, leading to enhanced tensile strength and water 

vapor barrier property. The hot-pressed RC films obtained from pine had highest tensile 
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strength of 85.00 ± 3.26 MPa and lowest water vapor permeability of 3.59 ± 0.14 × 10−7 g m−1 

h−1 Pa−1, and exhibited the similar capacity as the commercial plastic wrap during the 

preservation of cherry tomatoes for up to 16 days.  

Chapter 5 reported the modification of RC films by incorporating CNC and coupling 

organosilanes to improve their water resistance and mechanical properties while maintaining 

biodegradability. The dual modifications successfully increased water contact angles of RC 

films and maintained tensile strength of around 57 MPa in RH 60% environment. Moreover, 

modified films had WVP of about 3.3 × 10−7 g m−1 h−1 Pa−1 and high oxygen barrier capacity 

of less than 1 cm3 m-2 day-1, and were comparable to the commercial plastic wrap in the cookie 

preservation test for 100 days. Importantly, the modified RC films maintained their ability to 

completely disintegrate within 14 days.  

In Chapter 6, three different CNC samples with neutral, negative, and positive charges were 

coated on the surface of RC films to obtain chevaux-de-frise-like nanostructure. Three different 

CNC led to similar reinforcing effects on the tensile strength (increased from 74.23 ± 1.20 to 

about 100 MPa) and water vapor barrier property (reduced from 1.83 ± 0.08 to about 1.20 × 

10−7 g m−1 h−1 Pa−1) of RC films. RC films coated with positively charged CNC had the highest 

log reduction against Escherichia coli (0.83 ± 0.06) and Staphylococcus aureus (0.69 ± 0.04) 

after 5 min contact, respectively. Besides, all three CNC-coated RC films exhibited a similar 

0.4 log reduction of bacteria in packaged pork loins after day 4, likely due to the same physical 

attachment with an extended contact time.  
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Overall, wood pulps were proved to be a potential source for the fabrication of cellulose-based 

sustainable food packaging with multifunction to replace conventional non-degradable plastics. 

Enhanced water resistance through dual modifications and mechano-bactericidal property by 

deposition of CNC provide a foundation for further advancements in the field of advanced 

packaging materials, addressing environmental concerns associated with plastic pollution and 

promoting a more sustainable future. 

8.2. Contribution to original knowledge 

The important contributions of this research to knowledge are as follows: 

1. This study systematically revealed the effects of two different aqueous solutions 

(concentrated H2SO4 and NaOH/urea aqueous solutions) on the structure and properties of RC 

films.  

2. This study demonstrated the structure and properties of RC films obtained from different 

wood species and drying methods and evaluated the performance of hot-pressed RC film for 

preserving cherry tomatoes. 

3. This work provided a dual modification strategy through the incorporation of CNC and 

chemical vapor deposition of organosilanes to improve water resistance of RC films without 

changing their disintegration rate. 

4. This work revealed the effect of surface charge of CNC on the mechano-bactericidal property 

and meat preservation performance of nanostructured RC films, contributing to creating 

antimicrobial food packaging without any chemical preservatives. 
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8.3. Recommendations for future research 

Building upon the current study, future research directions may include: 

1. Optimization of solvent systems: Further exploration of alternative solvent systems to 

optimize the regeneration process and enhance the properties of RC films. 

2. Scale-up and commercialization: Investigating the scalability of the developed RC films and 

modifications for commercial production, including cost analysis and environmental impact 

assessment. 

3. Long-term stability studies: Conducting long-term stability studies on RC films with various 

modifications to assess their durability and performance over extended periods under different 

storage conditions. 

4. Exploration of additional functional additives: Exploring the incorporation of other 

functional additives, such as antioxidants or UV-blocking agents, to further enhance the 

protective properties of RC films for specific food packaging applications. 

5. RC films with self-healing ability: Developing RC films with self-healing properties to 

improve their longevity and robustness. This can involve incorporating microcapsules and 

constructing dynamic bonds to repair damaged films spontaneously. By maintaining the 

integrity and effectiveness of the packaging over time, such self-healing films can significantly 

extend the shelf life and usability of biodegradable food packaging materials. 
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