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ABSTRACT 

Most plastic food packaging is non-biodegradable and thus poses a serious threat to the 

environment. To address this problem, bioplastics have been developed as a green alternative 

to the conventional plastics because they are made from biodegradable polymers. Hemp stalk 

is a green waste that owns a high cellulose content and can be further processed to produce a 

value-added product known as nanocellulose. Nanocellulose can be utilized as a biodegradable 

material for use in bioplastics to improve their mechanical and barrier properties. In this thesis 

project, hemp stalk was separated into hemp bast fibers and hurd and used for cellulose 

extraction. Hemp hurd cellulose was obtained with a purity of 85% and a yield of 23.9%, while 

bast cellulose had a purity of 97% and a yield of 49.6%. Next, hemp bast cellulose was used 

as the raw material to prepare nanocellulose. Hemp cellulose nanocrystals (CNCs) were 

prepared via sulphuric acid hydrolysis and owned an average diameter of 16 nm and an average 

length of 244 nm. Hemp cellulose nanofibrils (CNFs) were synthesized by 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation with the addition of 8 mmol of 

sodium hypochlorite (NaClO)/g cellulose and displayed an average diameter of 24 nm and an 

average length of 292 nm. Both CNCs and CNFs showed a good compatibility in the Poly(vinyl 

alcohol) (PVA) film, and the addition of 10% nanocellulose significantly improved the strength, 

stiffness, and ultraviolet-blocking effect of PVA film. In addition, hemp CNFs, Poly-L-lysine 

hydrochloride (PLH), and PVA were used to develop a novel composite film. The film owned 

a high transparency, good mechanical performance, UV-blocking effect, and antimicrobial 

activities against several bacteria, including Salmonella enterica serotype Typhimurium, 

Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa. The PVA/CNF/PLH 

film has great potential to be applied as antimicrobial food packaging. The outcomes of this 

thesis project will promote the circular economy of the hemp industry by converting hemp 
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waste into value-added products and boost the sustainability of the food industry by providing 

an eco-friendly packaging solution. 
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RÉSUMÉ 

 La plupart des emballages alimentaires en plastique ne sont pas biodégradables et 

constituent donc une menace sérieuse pour l'environnement. Pour résoudre ce problème, les 

bioplastiques ont été développés comme une alternative verte aux plastiques conventionnels 

car ils sont fabriqués à partir de polymères biodégradables. La tige de chanvre est un déchet 

vert qui possède une forte teneur en cellulose et peut être traitée pour produire un produit à 

valeur ajoutée connu sous le nom de nanocellulose. La nanocellulose peut être utilisée comme 

matériau biodégradable dans les bioplastiques afin d'améliorer leurs propriétés mécaniques et 

de barrière. Dans ce projet de thèse, la tige de chanvre a été séparée en fibres libériennes et en 

chènevottes et utilisée pour l'extraction de la cellulose. La cellulose de la chènevotte a été 

obtenue avec une pureté de 85% et un rendement de 23,9%, tandis que la cellulose des fibres 

libériennes avait une pureté de 97% et un rendement de 49,6%. Ensuite, la cellulose grasse de 

chanvre a été utilisée comme matière première pour préparer la nanocellulose. Les 

nanocristaux de cellulose de chanvre (CNC) ont été préparés par hydrolyse à l'acide sulfurique 

et possédaient un diamètre moyen de 16 nm et une longueur moyenne de 244 nm. Les 

nanofibrilles de cellulose de chanvre (CNF) ont été synthétisées par oxydation médiée par le 

2,2,6,6-tétraméthylpipéridine-1-oxyle (TEMPO) avec l'ajout de 8 mmol d'hypochlorite de 

sodium (NaClO)/g de cellulose et présentaient un diamètre moyen de 24 nm et une longueur 

moyenne de 292 nm. Les CNC et les CNF ont montré une bonne compatibilité dans le film de 

Poly(alcool vinylique) (PVA), et l'ajout de 10% de nanocellulose a amélioré de manière 

significative la résistance, la rigidité et l'effet de blocage des ultraviolets du film PVA. En outre, 

les CNF de chanvre, le chlorhydrate de poly-L-lysine (PLH) et le PVA ont été utilisés pour 

développer un nouveau film composite. Le film possède une grande transparence, une bonne 

performance mécanique, un effet de blocage des UV et des activités antimicrobiennes contre 

plusieurs bactéries, y compris Salmonella enterica sérotype Typhimurium, Staphylococcus 
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aureus, Escherichia coli et Pseudomonas aeruginosa. Le film PVA/CNF/PLH a un grand 

potentiel pour être appliqué comme emballage alimentaire antimicrobien. Les résultats de ce 

projet de thèse vont promouvoir l'économie circulaire de l'industrie du chanvre en convertissant 

les déchets de chanvre en produits à valeur ajoutée et stimuler la durabilité de l'industrie 

alimentaire en fournissant une solution d'emballage écologique. 
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CHAPTER 1. INTRODUCTION 

1.1 General Introduction 

Hemp (Cannabis sativa subspecies L.) is a plant that has been cultivated for centuries 

and applied in various sectors, such as food, material, and medicine industries. A hemp plant 

is comprised of five main parts, including seeds, leaves, inflorescences, stalks, and roots. Hemp 

seeds are traditionally used to produce food products (e.g., edible oil and protein flour), while 

hemp leaves and inflorescences are used for the extraction of cannabinoids and essential oil 

(Karche and Singh, 2019). However, the hemp stalks and roots are produced as wastes in the 

hemp industry and normally end up in landfill. There is a critical need to convert these green 

wastes into value-added products. Hemp stalk is composed of two main parts, including bast 

fibers in the outer layer and hurd in the inner part. Both of them are rich in cellulose and can 

be used to prepare nanocellulose (Stevulova et al., 2014; USDA, 2019). Nanocellulose is the 

cellulosic material with a structure at the nanometer scale. There are three main types of 

nanocellulose, including cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), and 

bacterial nanocellulose (BNC). CNCs are synthesized through acid hydrolysis with the 

degradation of amorphous regions in cellulose fibers, and have a highly crystalline structure. 

CNFs are highly fibrillated cellulosic materials that are often produced using chemical, 

enzymatic, and mechanical methods (Arrieta et al., 2016; Tian et al., 2016; Du et al., 2019). 

BNC is a natural cellulose nanofiber produced by bacteria (Stanislawska, 2019). Nanocellulose 

has the advantages of being lightweight, biodegradable, and renewable. Additionally, 

nanocellulose has great potential to be used as a filler in food packaging to improve mechanical 

and barrier properties (Moon et al., 2010; Blanco et al., 2018). 

Food packaging has been traditionally used for food preservation. Most plastic food 

packaging is made of non-biodegradable materials and designed for single use. In Canada, only 

20% of food packaging wastes are recovered for recycling and reused, while the remaining 
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packaging wastes mainly end up in landfill that pose a threat to the environment (Tiseo, 2018; 

Brennan et al., 2020; Walker et al., 2021). To address this problem, researchers have paid 

considerable attention to developing bioplastics as alternatives to the conventional plastics. 

Since bioplastics are made from biodegradable synthetic polymers or biopolymers, they are 

sustainable and eco-friendly. However, the mechanical and barrier properties of bioplastics 

remain to be improved (Salgado et al., 2021). In addition, conventional food packaging are 

inert materials that cannot inhibit the growth of foodborne pathogens and spoilage bacteria. 

Thus, antimicrobial food packaging has been developed to improve food safety and quality 

(Yildirim, 2011). Polylysine is an antimicrobial biopolymer with the advantages of being non-

toxic, biodegradable, water-soluble, and thermally stable. It is a generally recognized as safe 

(GRAS) material that has great potential for developing antimicrobial materials (You et al., 

2017; Rodrigues et al., 2020). However, studies on the antimicrobial modification of food 

packaging by polylysine are rarely reported yet.  

Recently, the application of hemp nanocellulose as the raw material for preparing 

biodegradable food packaging has seldom been reported. Moreover, the development of 

composite packaging film that consist of nanocellulose, bioplastics and polylysine has not been 

studied yet. Therefore, this project will investigate a novel work about the production of hemp 

nanocellulose-based antimicrobial bioplastic food packaging which would has great potential 

to be introduced as a new value-added and environmental-friendly packaging type to the food 

industry. 

 

1.2 Research Hypotheses and Objectives 

In this thesis project, there are three main hypotheses: (1) Cellulose in hemp stalk can 

be extracted and used for the synthesis of CNCs and CNFs. (2) Hemp nanocellulose can be 

incorporated in biodegradable packaging materials to develop novel composite films with 
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desirable mechanical and barrier properties. (3) Hemp nanocellulose and polylysine can be 

incorporated in biodegradable packaging materials to develop antimicrobial food packaging 

with potential for commercialization.  

To test the proposed hypotheses, three main objectives should be accomplished: (1) 

utilizing hemp stalk as the raw material to extract nanocellulose, (2) developing novel 

bioplastic packaging incorporated with hemp nanocellulose, and (3) synthesizing antimicrobial 

bioplastic packaging incorporated with hemp nanocellulose and polylysine. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Hemp 

Hemp (Cannabis sativa subspecies L.) is a plant of the family Cannabaceae and has 

been utilized for centuries as the sources of oilseeds, herbal medicines, and fibers for rope, 

sailing canvas, and paper (Karche and Singh, 2019; Farinon et al., 2020). This plant was 

permitted for cultivation in Canada since 1998 and is currently regulated by Health Canada 

under the Cannabis Act. Canada is currently a leading hemp-producing country with 77,800 

acres of hemp cultivated in 2018 (USDA, 2019). A typical hemp plant consists of stalks, seeds, 

leaves, inflorescences, and roots. The applications of hemp are shown in Figure 2.1 and 

described in details in this section. 

 

 

Figure 2.1 Applications of different parts of hemp plants in different industrial fields (Farinon 

et al., 2020). 
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2.1.1 Hemp seeds 

 Hemp seeds contain around 25%-30% lipids, 25%-30% proteins, and 30%-40% dietary 

fibers (Leonard et al., 2019). They also serve as a good source of vitamin E, vitamin B, and 

minerals such as calcium, iron, and phosphorous. Hemp seed oils have been used for the 

production of edible oils (Karche and Singh, 2019; Leonard et al., 2019). Over 80% of hemp 

seed oils are polyunsaturated fatty acids that are known for many health benefits. For example, 

omega-3 fatty acids (e.g., -linoleic acid) can support mental and heart health as well as reduce 

liver fat, while omega-6 fatty acids (e.g., linoleic acid) are capable of providing required energy 

to human body and reduce the risks of chronic diseases and cancers. The optimal ratio of 

omega-6 to omega-3 fatty acids in hemp seed oil for promoting human health has been 

determined to be 3:1. Besides, hemp seed oils comprise other nutritional components, such as 

γ-linolenic acid, -sitosterol, -amyrin, and methyl salicylate. It is worth of mentioning that 

hemp seed oil is a potential renewable energy source since it can be converted into the biodiesel 

with low-emission properties (Karche and Singh, 2019). 

 After oil extraction, hemp seed cake owns a high content of proteins (>25%). There are 

two major proteins in the hemp seed cake, including legumin-type globulin edestin and 

globular-type albumin. Edestin has a high digestibility and can act as globulins in blood plasma 

to promote human immune systems (Leonard et al., 2019; Karche and Singh, 2019). In addition, 

hemp seed cake is rich in fibers (>30%). Particularly, the insoluble fibers are comprised of 46% 

cellulose, 31% lignin, and 22% hemicellulose. They can enhance fecal bulking and retard 

absorption of macronutrients, thereby capable of supporting bowel health and lowering the risk 

of diabetes and cancers. Thus, hemp seed cake has been utilized as a raw material to 

manufacture hemp protein powder with a high fiber level (Leonard et al., 2019; Karche and 

Singh, 2019). 
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2.1.2 Hemp leaves and inflorescences 

Hemp leaves and inflorescences are raw materials for the extraction of cannabinoids 

and the production of essential oil. Cannabinoids are naturally occurring compounds found in 

cannabis. Major cannabinoids in hemp leaves and flowers comprise tetrahydrocannabinol 

(THC), cannabidiol (CBD), and terpenoids (e.g., -caryophyllene and limonene). Among them, 

CBD and THC are the most abundant types and have drawn considerable attention. Currently, 

the applications of CBD are more focused on medical treatments due to its remarkable 

biological activities, such as antiepileptic, antinociceptive, and anti-inflammatory activities. In 

addition, there are rising interests on developing novel CBD-infused foods and beverages for 

the use as functional foods to relieve pain and support the treatment of depression and anxiety. 

CBD oil that meets the THC limit (<0.3% on dry weight basis) required by the regulatory 

agency has been approved for sale and consumption (Charrette et al., 2021; VanDolah et al., 

2019). Legal marketing of CBD-containing food products is being actively considered until 

enough data are collected to support the safe use of CBD oil (Charrette et al., 2021). THC is 

the main psychoactive component in cannabis that has great potential for medical use because 

it possesses mind-altering effects, intoxicating property, and appetite-stimulating properties 

especially for patients with cancer and acquired immune-deficiency syndrome (Karche and 

Singh, 2019). 

 Hemp essential oil is often extracted from the upper part of hemp leaves and flowers 

by steam distillation. The essential oil shows a pale yellowish color, and its main volatile 

compounds include monoterpenes and sesquiterpenes (Karche and Singh, 2019). The terpenes 

in hemp essential oil are lipophilic compounds owning multiple health benefits since they can 

easily penetrate through blood-brain barrier to display anti-inflammatory, analgesic, and 

anxiolytic activities. So far, hemp essential oil has been used as flavoring agents in food 

products such as beverages and bakery products, or added in cosmetics, soaps, and perfume to 
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impart an appealing scent (Vuerich et al., 2019). THC content in hemp essential oil is regulated 

in the range of 0.02%-0.08% (w/w). Besides, limonene and -pinene, two volatile compounds 

in hemp essential oil, can be utilized as insecticides in agriculture (Mediavilla and Steinemann, 

1997).  

 

2.1.3 Hemp stalks 

 In the hemp industry, hemp stalks and roots are green wastes that often end up in landfill 

or go to the disposal system for deduction. Hemp stalks have limited applications for use as 

animal bedding materials and raw materials for fiber products such as paper and ropes. 

Noticeably, hemp stalks are difficult to be processed mechanically. The outer fiber shell of 

hemp stalk called bast is so tough that traditional machines used in conventional farming show 

low efficiency to break down the stalks. In addition, mechanical processing of hemp stalk (e.g., 

decorticating and cutting) is time- and energy-consuming (Khan et al., 2010). Canada is one of 

the world-leading producers of hemp crops, with 77,800 acres of hemp cultivated in 2018. 

Every acre of hemp harvested produces approximately 2-5 tons of stalk waste annually (USDA, 

2019). This large waste stream facilitates the demands for developing value-added products 

based on hemp stalk. Hemp stalk is composed of two parts: bast (20%-40%) and hurd (60%-

80%). Bast is the long, tough fiber on the outer layer of hemp stalk that contains 57%-77% 

cellulose, 5%-9% lignin, and 9%-14% hemicellulose. Hurd is the short, soft fiber located in 

the inner part of hemp stalk that comprises 40%-48% cellulose, 21%-24% lignin, and 18%-24% 

hemicellulose (Stevulova et al., 2014). Because hemp stalk is rich in cellulose fibers, it can be 

utilized as a raw material for cellulose extraction. 
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2.2 Cellulose and cellulosic nanomaterials  

2.2.1 Cellulose 

Cellulose is the most abundant biomass and natural biopolymer on earth. It has been 

gaining increasing attention due to its renewability, biodegradability, and remarkable physical 

and mechanical properties (Tavakolian et al., 2020). As shown in Figure 2.2, cellulose is a 

linear polysaccharide consisted of repeating anhydro-D-glucopyranose units joint by -1,4-

glucosidic linkages and has a basic chemical formula of (C6H10O5)n. Cellulose chains are 

hierarchically combined together to produce microfibrils. This process involves the formation 

of van der Waals forces as well as intermolecular and intramolecular hydrogen bonds among 

molecular chains. Every cellulose microfibril is constituted of repeating well-ordered 

(crystalline) and disordered (amorphous) regions. Bundles of cellulose microfibrils are 

assembled into aggregates (macrofibrils) with combination of lignin and hemicellulose (Arrieta 

et al., 2016; Islam et al., 2018; Seddiqi et al., 2021). In nature, cellulose fibers function as an 

important structural element to support plant cell walls and are present in the tissues of algae 

and the cell membranes of tunicates (Seddiqi et al., 2021). Cellulose and its derivatives have 

been applied in various fields to produce diverse products, such as paper, tensile products, 

packaging, food additives, and biomedical materials for drug delivery and wound dressing. 

They can also be disintegrated into a nanoscale to prepare cellulosic nanomaterials with 

superior mechanical and surface properties (Dufresne, 2019). 
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Figure 2.2 Structures of cellulose fibers (Arrieta et al., 2016). 

 

2.2.2 Nanocellulose 

Nanocellulose is the cellulose extract with a structure at a nanoscale (1-100 nm). It is 

derived from various types of sources, such as cotton, wood, bacteria, tunicates, and industrial 

biomass (Raghav et al., 2021). Nanocellulose are lightweight, biodegradable, and renewable. 

It is classified into three main groups, including cellulose nanocrystals (CNCs), cellulose 

nanofibrils (CNFs), and bacterial nanocellulose (BNC) (Raghav et al., 2021). 

 

2.2.2.1 Cellulose nanocrystals 

CNCs is a needle-shaped nanoparticle with a diameter of 10-30 nm and a length up to 

several hundred nanometers. CNCs are hydrophilic in nature and often synthesized through the 

hydrolysis of cellulose fibers by strong inorganic acid to remove amorphous regions but retain 

highly crystalline regions (Figure 2.3). Most used acids for the preparation of CNCs include 

sulphuric acid, phosphoric acid, and hydrochloric acid. CNCs obtained through sulphuric acid 
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hydrolysis possess a negatively charged surface due to the presence of sulfate half-ester groups, 

which plays a key role in stabilizing and dispersing CNCs in the suspension (Arrieta et al., 

2016; Tian et al., 2016). CNCs own a high surface area-to-volume ratio, biocompatibility, and 

excellent mechanical properties (Islam et al., 2018; Du et al., 2019). To extract CNCs from 

cellulose fibers, a series of treatments are required. The pulp or fiber materials are often pre-

treated with bleaching and sodium hydroxide (NaOH) to remove the non-cellulose portions, 

such as lignin and hemicellulose. After acid hydrolysis of cellulose fibers, several purification 

procedures, such as centrifugation and dialysis, are used to remove the remaining acids and 

any impurities. The final CNC products are obtained in either a suspension or powder form 

(Lee et al., 2019; Lin et al., 2019). 

 

 

Figure 2.3 Synthesis of CNCs by sulfuric acid hydrolysis (Du et al., 2019).  
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2.2.2.2 Cellulose nanofibrils 

CNFs are cellulose fibrils with a diameter of <100 nm and a length up to a few 

micrometers (500 nm–100 m). Compared with CNCs, CNFs are less crystalline because their 

structures contain both amorphous and crystalline phases. CNFs have large surface area, good 

biodegradability, and can be obtained from wood and plant materials, such as hemp fibers, 

cassava peels, and wheat straws (Li et al., 2018; Raghav et al., 2021). CNFs are primarily 

produced through chemical, enzymatic, and mechanical methods. Chemical and enzymatic 

methods are often used as pre-treatments to separate cellulose fibrils. Mechanical processing 

is used to further reduce particle size to obtain CNFs (Du et al., 2019; Trache et al., 2020). For 

example, high pressure homogenization is a widely used mechanical method for the 

preparation of CNFs. Cellulose fibers are broken down through several homogenization cycles 

under high speed and high pressure to generate small and uniform CNFs (Tian et al., 2016). 

Anionization of cellulose through carboxymethylation or phosphorylation is commonly used 

in combination with high pressure homogenization to prepare CNFs. Phosphorylation of 

cellulose is achieved with the addition of phosphate and nitrogen-containing organic 

compounds, such as urea in the high oxygen state. Phosphorylated CNFs carry negative charges 

because of the presence of phosphate substitute hydroxyl groups, which largely reduce the 

cohesion between cellulose fibrils and impart CNFs enhanced flame retardancy and thermal 

resistance. In addition, cationization of cellulose introduces positive charges on CNFs through 

oxidization of hydroxyl groups on the surface by tertiary amines, quaternary ammonium groups, 

or gas plasma modifications. Cationization of CNFs can enhance the dispersion properties and 

antibacterial ability of cellulose fibrils (Yi et al., 2020). In comparison, 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation is considered as the most efficient 

and effective chemical treatment for the preparation of CNFs. As shown in Figure 2.4, 

TEMPO-oxidized CNFs are negatively charged due to the presence of carboxyl groups derived 
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from the oxidation of hydroxyl groups at the C6 position. This surface modification can promote 

the dispersion of fibrils in suspension due to electrostatic interactions (Du et al., 2019; Huang 

et al., 2020).  

 

Figure 2.4 Schematic illustration of CNF synthesis by TEMPO-mediated oxidation (Isogai et 

al., 2011). 

 

2.2.2.3 Bacterial nanocellulose 

BNC is a natural cellulose fiber with a diameter of ~100 nm and a length up to a few 

hundred micrometers (Stanislawska, 2019). BNC can be produced by Gram-positive bacteria 

(e.g., Sarcina ventriculi) and Gram-negative bacteria (e.g., Agrobacterium and 

Gluconacetobacter xylinus) (Raghav et al., 2021). BNC-producing strains are often cultivated 

in media with glucose as the carbon source. BNC is a flexible, highly hydrated membrane with 

white color (Stanislawska, 2019; Krzyżek et al., 2020). BNC is a generally recognized as safe 

(GRAS) material approved by FDA and has excellent mechanical feature, water-holding ability, 

biocompatibility, high chemical purity, great flexibility, and remarkable absorbing property. 

BNC has been applied as materials for drug delivery and wound healing and for the generation 

of paper and textile products (Stanislawska, 2019; Sharma and Bhardwaj, 2019).  
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2.3 Antimicrobial modification of nanocellulose-based materials  

Nanocellulose has great applications in developing novel nanocomposite materials due 

to its unique mechanical properties and surface chemistry. To further improve its potential for 

commercialization, antimicrobial nanocellulose-based materials have been developed for 

diverse applications, such as packaging materials, wound dressings, and drug carriers (Li et al., 

2018; Tavakolian et al., 2020). Antimicrobial modifications of nanocellulose-based materials 

are summarized in this section. 

 

2.3.1 Modification with quaternary ammonium compounds (QACs)  

QACs have been used as antimicrobial agents, surfactants, and disinfectants for 

industrial and household purposes (Tischer et al., 2012). QACs are active cationic substances 

with a general structure of N+R4X-, where R is the hydrogen atom, a plain alkyl group or alkyl 

group substituted with other functional groups and X represents an anion. The antimicrobial 

property of QACs relies on the length of the N-alkyl chain (Buffet-Bataillon et al., 2012). The 

lipophilic alkyl chains of QACs can bind to bacterial cell membrane, thereby reducing the 

permeability of cytoplasmic membrane and causing protein denaturation, disruption of enzyme 

activity, and leakage of cellular content (Hegstad et al., 2010; Tavakolian et al., 2020). 

Different QACs have been used for antimicrobial modifications of nanocellulose. For example, 

CNFs with the modification of glycidyl trimethyl ammonium chloride showed excellent 

antimicrobial properties against Escherichia coli, Staphylococcus aureus, and Pseudomonas 

aeruginosa (Chaker et al., 2015; Saini et al., 2016; Zhang et al., 2016). CNCs grafted with 

cationic porphrin displayed inhibitory effects against S. aureus and Mycobacterium 

smegmatis (Feeze et al., 2011; Li et al., 2018). Moreover, BNC grafted with aminoalkyl groups 

exhibited lethal effects on E. coli and S. aureus without causing remarkable cytotoxicity (Lu 

et al., 2004; Favi et al., 2013; Li et al., 2018). 
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2.3.2 N-halamine modification 

 N-halamines are biocidal compounds that contain one or more covalent bonds between 

nitrogen and halogen, which are formed via the halogenation of amine, imide, or amide groups. 

As shown in Figure 2.5, active halogens present in N-halamines can be chlorine, bromine, and 

iodine (Hui et al., 2013; Balaure and Grumezescu, 2020). N-halamine can inactivate a broad 

spectrum of microorganisms. Upon direct contact with bacteria, the nitrogen halogen bond of 

N-halamine will be broken to release oxidative halogens, which can disrupt the function of 

bacterial cell membrane by oxidizing the thiol or amino groups of proteins (Jiang et al., 2014; 

Cerkez, 2018; Tavakolian et al., 2020). For instance, CNCs grafted with 1-hydroxymethyl-5,5-

dimethylhydantoin was incorporated in a film matrix made of chitosan and PVA. After 

chlorination, an antibacterial film was produced and exhibited inhibitory effects against S. 

aureus and E. coli O157:H7 (Zhang et al., 2019A; Zhang et al., 2019B). In addition, cotton 

cellulose was coated with 3-(3′-acrylicacidpropylester)-5,5-dimethylhydantoin (APDMH) and 

then chlorinated to generate a novel material that could efficiently inactivate S. aureus and E. 

coli O157:H7 (Li et al., 2015).  

 

 

Figure 2.5 N-halamine chemical structure (Balaure and Grumezescu, 2020). 
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2.3.3 Modification with metal nanoparticles 

Metal nanoparticles, such as silver nanoparticles (AgNPs) and gold nanoparticles 

(AuNPs), have strong antimicrobial ability against foodborne bacteria (Li et al., 2018; Gan and 

Chow et al., 2018). Metal nanoparticles are capable of releasing metal ions, which can interact 

with the negatively charged surface of bacteria and disrupt bacterial cell walls. In addition, the 

metal ions can enter bacterial cells, induce the production of reactive oxygen species (ROS) to 

increase the level of oxidative stress, and cause the damage of macromolecules within the cells 

(Figure 2.6) (Sánchez-López et al., 2020). AgNPs and AuNPs have been used to modify 

different types of nanocellulose, including CNCs, CNFs, and BNCs. CNC/AgNPs composites 

showed efficient antimicrobial ability against E. coli, multi-drug resistance E. coli, S. aureus, 

and methicillin-resistant S. aureus (Li et al., 2018; Errokh et al., 2019; Oun et al., 2020). 

BNC/AgNPs composites possessed porous structures, significant mechanical properties, water 

barrier capacity, and antimicrobial activities against E. coli and S. aureus (Li et al., 2018; Alavi, 

2019). CNF/AgNPs composites were able to inhibit the growth of P. aeruginosa, E. coli, and S. 

aureus (Alavi, 2019). Moreover, AuNPs were incorporated in BNC to develop nanocomposites 

that showed stronger antimicrobial effects on E. coli and P. aeruginosa than antibiotics (Li et 

al., 2018). AuNPs-modified CNCs exhibited an inhibitory efficacy against S. aureus. It is 

noteworthy that cellulosic nanomaterials modified with metal nanoparticles have great 

potential for controlling multi-drug resistant bacteria (Van et al., 2017; Li et al., 2018; Su et al., 

2020).  
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Figure 2.6 Antimicrobial mechanism of AgNPs (Sánchez-López et al., 2020). 

 

2.3.4 Modification with metal oxide nanoparticles 

Metal oxide nanoparticles can inactivate bacteria by attacking cell membrane, damage 

intracellular macromolecules (e.g., protein and DNA), and disrupting the reproduction of 

bacteria (Gudkov et al., 2021). Metal oxide nanoparticles, such as zinc oxide nanoparticles 

(ZnO NPs) and copper oxide nanoparticles (CuO NPs), are often employed to improve the 

antimicrobial behavior of nanocellulose (Oun et al., 2020). For example, BNC pellicles were 

modified with ZnO NPs to produce BNC/ZnO NPs composites that could significantly inhibit 

the growth of E. coli, Citrobacter freundii, P. aeruginosa, and S. aureus (Oprea and Panaitescu, 

2020). CNC/ZnO composites developed by using a hydrothermal method showed evident 

antibacterial activity against E. coli and S. aureus (Abdalkarim et al., 2018). Moreover, the 

BNC/CuO NPs composite was reported to show biocidal effects on S. aureus, B. subtilis, E. 

coli, and P. aeruginosa (Oprea and Panaitescu, 2020; Xie et al., 2020). Coating CuO NPs on 

CNFs resulted in composites that exhibited an inhibitory efficacy on the growth of E. coli, S. 

aureus, and Candida albicans (Muthulakshmi et al., 2017; Li et al., 2018; Oprea and Panaitescu, 
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2020). Nanostructures provided by nanocellulose played a critical role in preventing the 

agglomeration of CuO NPs and improving the stability of the resultant composites (Oun et al., 

2020). 

 

2.3.5 Modification with natural antimicrobial agents 

2.3.5.1 Chitosan 

Chitosan is a linear polysaccharide produced by deacetylation of chitin. Chitosan is 

biodegradable, nontoxic, and has antimicrobial activity. Low-molecular-weight chitosan can 

penetrate bacterial cell membrane and bind to nucleic acids to cause cell death, while high-

molecular-weight chitosan can attach and accumulate on cell membrane to inhibit nutrient 

transportation. Chitosan has been used to improve antimicrobial capacity of nanocellulose-

based materials (Sundaram et al., 2016; Li et al., 2018; Sivakanthan et al., 2020). CNC/chitosan 

composites showed biocidal effects on E. coli and S. aureus and were applied to improve the 

quality and safety of ground meat (Dehnad et al., 2014). BNC/chitosan composites were 

demonstrated as biodegradable, sustainable packaging materials with a high tensile strength, 

barrier properties, and notable antimicrobial efficacy against E. coli and Aerococcus viridans. 

Combining chitosan and nanocellulose in a film matrix can result in a novel antimicrobial 

material with the advantages of low cost and high biodegradability (Sharma et al., 2021). 

 

2.3.5.2 Nisin 

Nisin is an antimicrobial polypeptide that can be produced by Lactococcus lactis. Nisin 

can effectively inhibit the growth of Gram-positive bacteria through phospholipid bilayer 

destabilization by adhering to the surface of bacteria and forming transient pores. Since nisin 

is a GRAS material, it has great potential to be used in the food industry as food preservatives 

or antimicrobial agents to modify food packaging (Divsalar et al., 2018). For example, nisin 
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was incorporated in a film made of poly(lactic acid) (PLA) and CNCs to produce a composite 

film that exhibited inhibitory effects against L. monocytogenes in hams (Salmieri et al., 2014B). 

Additionally, nisin was used to modify a chitosan/cellulose composite to impart biocidal effects 

on L. monocytogenes in meat and dairy products. 

 

2.3.5.3 Essential oil  

Essential oil is a concentrated hydrophobic liquid from plant, which comprises a 

mixture of chemical compounds. Some essential oils containing antimicrobial compounds can 

cause bacterial cell wall lysis, leakage of cellular contents, damage of intracellular ATP pool, 

and cytoplasm coagulation. Antimicrobial essential oils are gaining increasing popularity for 

modification of nanocellulose-based composite materials (Sivakanthan et al., 2020). For 

instance, cinnamon essential oil has been added in a composite composed of sugar palm 

starch/CNCs (Syafiq et al., 2021). The resultant materials showed inhibitory efficacy against 

B. subtilis, S. aureus, and E. coli, and the antimicrobial activity is concentration-dependent. 

The composites exhibited significant antimicrobial effects along with the increase in essential 

oil concentration in the film matrix. In addition, oregano essential oil was incorporated into a 

film constructed by PLA and CNCs to form a nanocomposite film owing a strong antimicrobial 

activity against L. monocytogenes (Salmieri et al., 2014A). 

 

2.3.5.4 Polylysine 

Polylysine or epsilon-poly-L-lysine (ε-PL) is a cationic biopolymer composed of L-

lysine residues linked by isopeptide bonds (Figure 2.7) (Hegde et al., 2018). It has advantages 

of being non-toxic, biodegradable, water-soluble, and thermally stable. In addition, it is a 

GRAS material approved by FDA and a natural antimicrobial that can inactive a wide range of 

Gram-positive and Gram-negative bacteria, such as S. aureus, Bacillus coagulans, S. 
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Typhimurium, and E. coli (You et al., 2017; Rodrigues et al., 2020). It can attach to the 

microbial surface and then change the integrity and permeability of cell membranes, thereby 

leading to rapid cell death (Najjar et al., 2007; Zhang et al., 2018; Tan et al., 2019). ε-PL has 

been grafted onto nanocellulose to impart antimicrobial ability. For example, TEMPO-

oxidized CNFs were grafted with ε-PL to form a hydrogel that can effectively inhibit the 

growth of E. coli and S. aureus (Ren et al., 2022). This hydrogel also displayed high tensile 

strength, biocompatibility, and antioxidant ability. Moreover, BNC modified with ε-PL was 

capable of inhibiting the growth of E. coli and S. aureus through contact killing mechanism 

(Hyldgaard et al., 2014; Shahriari-Khalaji et al., 2022). So far, studies on antimicrobial 

modifications of nanocellulose by ε-PL are rarely reported yet. 

 

 

Figure 2.7 Chemical structure of polylysine (Hegde et al., 2018). 

 

 

2.4 Nanocellulose in food packaging  

2.4.1 Traditional food packaging 

Food spoilage is a main cause of food wastage and often occurs during food 

transportation and storage and at the retailer and consumer levels. In the food industry, food 

packaging has been traditionally used to protect food products from microbial, chemical, and 

physical contamination and extend food shelf life (Brennan et al., 2020). However, most 

conventional food packaging is non-biodegradable and designed for single use. In Canada, only 

20% of food packaging wastes are reused or recovered, while the rest of them end up in landfill 
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and pose a serious threat to the environment (Tiseo, 2018). In addition, since traditional food 

packaging is inert and not able to inhibit the growth of spoilage bacteria and foodborne 

pathogens, its antimicrobial capacity remains to be improved to meet the needs of consumers 

and industries (Salgado et al., 2021). 

 

2.4.2 Active food packaging 

Active food packaging is able to absorb or release substances from or into food 

packaging systems to offer extra functions (Han et al., 2018; Yildirim et al., 2018). There are 

two types of active packaging systems, including scavenging systems and releasing systems 

(Figure 2.8) (Yildirim, 2011). Active scavenging systems can absorb moisture, oxygen, 

ethylene, and carbon dioxide from the headspace of packaging. These systems apply absorbers 

or scavengers in sachets placed inside the packaging or incorporate active compounds into the 

packaging materials (Restuccia et al., 2010; Suppakul, 2015). Active releasing systems can 

release antioxidants, antimicrobials, carbon dioxide, flavor, and ethylene into the food products 

or the headspace of food packages (Han et al., 2018). Antimicrobial packaging is the most 

popular releasing systems because it can control microbial contamination and spoilage to 

improve food safety and quality (Yildirim and Röcker, 2018). Antimicrobial packaging 

performs inhibitory effects on microorganisms through either direct or indirect contact. The 

antimicrobial packaging that has direct contact with food products includes wrapping films and 

vacuum packages. Antimicrobials released by the packaging can migrate into food products to 

induce inhibitory effects. Some antimicrobial packaging materials do not have direct contact 

with foods but keep releasing active substances into the headspace of packages to create an 

environment that can inhibit the growth of microorganisms on food surface (Fang et al., 2017; 

Han et al., 2018). Most used antimicrobials in food packaging include essential oils, metal and 

metal oxide nanoparticles (e.g., Ag NPs and ZnO NPs), chitosan, enzymes, and bacteriocins 
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(Yildirim et al., 2018). Active packaging systems, especially antimicrobial packaging systems, 

have been widely studied to extend food shelf life and reduce food waste and loss in the food 

supply chain (Fang et al., 2017). 

 

 
Figure 2.8 Schematic illustration of active food packaging systems (Yildirim, 2011). 

 

2.4.3 Biodegradable packaging  

Biodegradable packaging is the packaging that can break down and decompose 

naturally. Biodegradable packaging serves as an eco-friendly, sustainable packaging solution 

in the food industry due to its low environmental impact. This group of packaging is made of 

biopolymers and/or biodegradable synthetic polymers. Biopolymers include polysaccharides, 

proteins, and polyhydroxyalkanoates, while biodegradable synthetic polymers can be biomass-

derived polymers (e.g., PLA) or petroleum-derived polymers [poly(vinyl) alcohol (PVA)]. For 

example, with the addition of plasticizers, starch can be constructed into flexible thermoplastics 

with low cost, high biocompatibility, and transparency. Nevertheless, water vapor barrier 

capacity of starch films remains to be improved due to the hydrophilic nature of starch (Ribba 

et al., 2017; Salgado et al., 2021). PLA is a biomass-derived polymer prepared through the 

polymerization of lactic acid produced from the fermentation of the biomass rich in cellulose. 

PLA films are biodegradable, hydrophobic, and have been used as commercial packaging in 

the food industry. Drawbacks of PLA films center on poor thermal stability and gas barrier 

properties (Freeland et al., 2022). Moreover, PVA is a typical petroleum-derived polymer 
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because its synthesis involves the use of ethylene. PVA films are biodegradable, biocompatible, 

and has good gas barrier properties and mechanical performance. PVA-based packaging is not 

suitable for high-moisture foods because the material can uptake water, thereby causing 

decreases in water vapor barrier capacity and mechanical strength (Jain et al., 2018; Wang et 

al., 2018; Salgado et al., 2021).  

 

2.4.4 Application of nanocellulose in food packaging 

Within recent years, nanocellulose has gained growing popularity in the synthesis of 

bioplastics. This group of cellulosic nanomaterials can degrade into water and carbon dioxide 

through the activity of microorganisms in land and are advantageous of owning 

biodegradability, low toxicity, renewability, and thermal stability (Arrieta et al., 2016). 

Additionally, they can enhance mechanical performance and barrier properties of bioplastics 

against light, water vapor, and oxygen (Blanco et al., 2018). For example, after CNFs were 

added in starch/chitosan composites, the resultant films showed a significantly higher tensile 

strength and stiffness (Yu et al., 2017). Addition of CNFs also enhanced light and gas barrier 

properties of the composites, which could help retard food spoilage. In addition, nanocellulose 

carries abundant reactive hydroxyl groups on the surface, which can not only contribute to its 

remarkable compatibility in different composite film matrices but also allow it to be chemically 

modified to add desirable functionalities. For example, nanocellulose was incorporated into a 

chitosan/polylysine composite and showed excellent compatibility in the film matrix due to the 

formation of strong hydrogen bonds caused by the hydroxyl groups of nanocellulose (Wahid 

et al., 2019). Therefore, nanocellulose is considered as a promising material for the preparation 

of novel bioplastics for food packaging applications.  

Overall, the cultivation and application of hemp plant in the industry are mainly focus 

on the processing of its seeds, leaves and flowers, while the hemp stalks have limited uses and 
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are treated as green waste. However, since the hemp stalk contains high cellulose content, it 

can be utilized as a desirable raw material for the extraction of wood nanocellulose including 

CNCs and CNFs. As mentioned in the previous studies, CNCs and CNFs can be added into 

food packaging as a filling material to render enhanced physical and biological properties. 

Nanocellulose is also a functional agent that can be well-cooperate with bioplastics such as 

PVA to form a commonly used packaging solution in food industry. In addition, polylysine 

can induce effective antimicrobial effects on CNFs, but the application about modification of 

nanocellulose by polylysine has not been widely studied yet. Thereby, the development of 

hemp nanocellulose-based bioplastic food packaging that be modified by polylysine could be 

feasible and will be investigated in this research project. 
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CHAPTER 3. MATERIALS AND METHODS 

3.1 Materials 

Hemp stalks were obtained from Costa Cana Corp. (Cowichan Vally, BC). Hemp bast 

fibers were manually peeled off from dried hemp stalks, and the rest part was used as hemp 

hurd. Ethanol (100% purity), sodium bisulfate (NaHSO4; 99% purity), NaOH (≥97.0% purity), 

acetic acid (≥99.7% purity), sulphuric acid (H2SO4; 95.0-98.0% (w/w)), sodium chlorite 

(NaClO2; ≥80% purity), sodium hypochlorite (NaClO; available chlorine 10-15%), 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO; ≥98% purity), poly-L-lysine hydrochloride (PLH; 

Mw, >30,000 Da), PVA (Mw, 85,000-124,000 Da; ≥99% hydrolyzed), and glycerol (≥99.5%  

purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA).   

 

3.2 Extraction of hemp cellulose from hemp stalk 

3.2.1 Extraction of hemp hurd cellulose 

The hemp hurd fibers were ground by using a Moongiantgo multifunctional high-speed 

grinder (model, B0866X4YFP). The obtained powder was passed through a metal sieve (mesh 

size, 1.5 mm) and collected for cellulose extraction, which was conducted according to 

previous methods with some modifications (Luzi et al., 2014; Pacaphol and Aht-Ong, 2017). 

Briefly, the powder (50g) was treated by 12% (w/v) NaOH using a solid/liquid ratio of 1:15 at 

80°C for 3 h with continuous stir at 500 rpm. The alkaline-treated sample was washed 

thoroughly by using deionized water for 4-5 times until a neutral pH was achieved. The alkaline 

treatment was repeated one more time to remove the remaining lignin, hemicellulose, and other 

impurities. Afterwards, the sample was bleached at 80°C for 4 h with continuous stir in a 

bleaching solution with a solid/liquid ratio of 1:15. The bleaching solution was prepared by 

mixing equal volume of an acetate buffer (54 g NaOH and 150 mL of acetic acid in 2 L of 

deionized water), 1.7% (w/v) NaClO2 solution, and deionized water. The mixture was then 
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washed by deionized water for 4-5 times. The bleaching step was repeated for at least 3 times 

to obtain the cellulose fibers with a color close to white. Finally, the product was dried at 60°C 

in an oven overnight.  

 

3.2.2 Extraction of hemp bast cellulose 

Hemp bast fibers (30 g) were cut into small pieces (length, 1.5 cm) and treated by 12% 

(w/v) NaOH using a solid/liquid ratio of 1:25 at 80°C for 3 h with continuous stir at 500 rpm. 

The alkaline-treated sample was washed thoroughly by using deionized water for 4-5 times 

until a neutral pH was achieved. The alkaline treatment was repeated one more time to remove 

the remaining lignin, hemicellulose, and impurities. Moreover, the sample was bleached in a 

bleaching solution with a solid/liquid ratio of 1:20 at 80°C for 3 h with continuous stir. The 

mixture was washed with deionized water for 4-5 times. The sample was bleached again in a 

bleaching solution with a solid/liquid ratio of 1:20 at 80°C for 1 h with continuous stir at 200 

rpm, followed by washing with deionized water for 4-5 times. The final product was dried at 

60°C in an oven overnight. 

 

3.2.3 Determination of chemical compositions  

3.2.3.1 Determination of lignin content 

The lignin content of samples was determined according to a reported method with 

some modifications (Song et al., 2019). In brief, samples (200 mg) were immersed in a H2SO4 

solution (72%, w/w; 3 mL) at room temperature for 2 h. After deionized water (112 mL) was 

added, the mixture was boiled for 4 h and then vacuum-filtrated. The acid-insoluble lignin on 

the filter paper was oven-dried at 60°C overnight and weighed. The lignin content was 

calculated in mass fraction by dividing the obtained lignin mass by the initial sample mass. 
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3.2.3.2 Determination of hemicellulose content 

The hemicellulose content of samples was determined according to a reported method 

with some modifications (Song et al., 2019). Briefly, 1 g sample was added into 30 mL of a 

mixture solution containing 0.25 mL of acetic acid, 0.3 g sodium chlorite, and deionized water. 

After the mixture was heated at 75°C for 1 h with continuous stir at 500 rpm, it was cooled 

down by running water, vacuum-filtrated, and washed with deionized water for at least three 

times. The obtained holocellulose was dried at 60°C in an oven overnight and weighed. 

Hemicellulose content can be calculated by subtracting cellulose content from holocellulose 

content. 

 

3.2.3.3 Determination of cellulose content 

The cellulose content of samples was determined according to a reported method with 

some modifications (Song et al., 2019). Hemp holocellulose collected from the previous 

procedures was treated with a 17.5% (w/v) NaOH solution at room temperature for 5 h with 

continuous stir at 500 rpm. The obtained cellulose was vacuum-filtrated and washed 

thoroughly with deionized water for 3 times. The obtained cellulose was oven-dried at 60°C 

overnight and weighed. The cellulose content was calculated by dividing the obtained cellulose 

mass by the initial sample mass.  

 

3.2.4 Color determination  

A CR-410 colorimeter was used to determine L*, a*, and b* values of samples. The 

total color difference (△E) was calculated according to the following formula: △E = [(L* – 

L0*)2 + (a* – a0*)2 + (b* – b0*)2]1/2, where L*, a*, and b* are color parameters obtained from 

samples, and L0*, a0*, and b0* are color parameters obtained from a calibration plate.  
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3.3 Preparation and characterization of hemp nanocellulose 

3.3.1 Synthesis of hemp CNCs 

CNCs were synthesized based on a reported method with some modifications (Luzi et 

al., 2014). Cellulose fibers were degraded using a 64% (w/w) sulfuric acid solution with a 

solid/liquid ratio of 1:8.75. The acid hydrolysis was conducted with continuous stir at 45°C for 

different time periods (30, 45, 60, 75, and 90 min). The reaction was stopped by the addition 

of deionized water (dilution factor, 20). The hydrolysate was centrifuged at 4,612 g for 10 min, 

and the resultant precipitant was collected and rinsed by deionized water. After another 

centrifugation at 4,612 g for 30 min, CNC suspension was dialyzed against distilled water for 

10 d until a neutral pH was achieved. The final product was stored at 4°C for further use.  

 

3.3.2 Synthesis of hemp CNFs 

CNFs were synthesized based on a reported method with some modifications (Isogai et 

al., 2011). CNFs were prepared via the 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-

mediated oxidation method by oxidizing hydroxyl groups of cellulose fibers into carboxyl 

groups. The extracted hemp cellulose fibers were suspended in a solution dissolved with 0.016% 

(w/v) TEMPO and 0.1% (w/v) sodium bromide. The TEMPO-mediated oxidation was initiated 

by adding sodium hypochlorite (NaClO) with different concentrations (4, 8, and 12 mmol/g 

cellulose), respectively. The pH of the mixture was maintained at 10 with the addition of a 2% 

(w/v) NaOH solution until no pH change was observed. The CNF suspension was dialyzed for 

7 d and stored at 4°C for further use.  

 

3.3.3 Transmission electron microscopy (TEM) 

The nanocellulose suspension was diluted to a concentration of 0.1 mg/g and then 

dropped on a S160 200-mesh copper/carbon grid (Agar Scientific, Parsonage Lane, Stansted, 
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UK). The copper/carbon grid was glow-discharged to create a positively charged surface on 

the grid. TEM micrographs were acquired using a Thermo Scientific Talos F200X G2 S/TEM 

at an accelerating voltage of 200 kV.  

 

3.3.4 Zeta potential analysis  

The zeta potential of samples (concentration, 0.1 - 0.2 mg/g) was determined by using 

the Brookhaven NanoBrook Omni particle sizer and zeta potential analyzer. For low-mobility 

samples, zeta potential was measured based on the phase analysis light scattering (PALS) 

measurement.  

 

3.3.5 Determination of charge density 

Conductometric titration was used to determine the amount of surface carboxyl groups 

of hemp CNFs (Jiang et al., 2013). CNF suspension (0.1%, w/v; 50 mL) was added with a 0.1M 

HCl solution to achieve a pH close to 2.5. Then, the mixture was titrated with 0.01M NaOH 

solution at the speed of 0.5 mL/30 s until the pH reached to 11. The conductivity value was 

recorded using a Fisherbrand™ accumet™ AB200 benchtop pH/conductivity meter. The 

density of surface carboxyl groups was indicated by the surface charge (𝜎, mmol/g of CNFs), 

which was calculated via the following equation: 𝜎 = cv/m, where c is NaOH concentration 

(M), m is the mass of CNFs in the suspension (g), v is the volume of NaOH consumed by 

titration. 

 

3.4 Preparation and characterization of PVA/nanocellulose composite films 

3.4.1 Synthesis of PVA/CNC composites 

PVA was added in deionized water to reach to a concentration of 2% (w/v) and heated 

at 210°C with continuous stir until completely dissolved. Glycerol (30%, w/w, based on the 
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weight of PVA) was added and stirred for 15 min at room temperature. After CNCs (5%, 10%, 

and 20%, w/w, based on the weight of PVA) were added and well mixed, the film-making 

solution was cast into square petri dishes (120 mm × 120 mm) and air-dried at ambient 

temperature for 24 h. The films were peeled off from the petri dishes and stored at 50% RH at 

room temperature before further characterization. Four types of films were obtained, namely 

PVA film without CNCs (PVA), PVA film added with 5% CNCs (PVA/CNC5), PVA film 

added with 10% CNCs (PVA/CNC10), and PVA film added with 20% CNCs (PVA/CNC20).  

 

3.4.2 Synthesis of PVA/CNF composites  

PVA was added in deionized water to reach to a concentration of 2% (w/v) and heated 

at 210°C with continuous stir until completely dissolved. Glycerol (30%, w/w, based on the 

weight of PVA) was added and stirred for 15 min at room temperature. After CNFs (5%, 10%, 

and 20%, w/w, based on the weight of PVA) were added and well mixed, the film-making 

solution was cast into square petri dishes (120 mm × 120 mm) and air-dried at ambient 

temperature for 24 h. The films were peeled off from the petri dishes and stored at 50% RH at 

room temperature before further characterization. Four types of films were obtained, namely 

PVA film without CNFs (PVA), PVA film added with 5% CNFs (PVA/CNF5), PVA film 

added with 10% CNFs (PVA/CNF10), and PVA film added with 20% CNFs (PVA/CNF20).  

 

3.4.3 Determination of mechanical properties  

Tensile strength, elongation at break, and Young’s modulus of film samples were 

evaluated using a ADMET MTESTQuattro materials testing system based on a previous 

method (Yu et al., 2017). The width and gauge length of each film were 5 and 30 mm, 

respectively. The stretching speed of the upper grip was set at 20 mm/min before its rupture.  
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3.4.4 Determination of light transmission and opacity  

 A Tecan Spark multimode microplate reader was used to determine the light 

transmission of film samples in the wavelength range of 200-800 nm. The absorbance of film 

samples at 600 nm was used to determine O value, a parameter that indicates film opacity 

(Siripatrawan and Harte, 2010). The O value was calculated with the following equation: 

O = A600nm/N, where A600nm is the absorbance of the film sample at 600 nm, and N is the film 

thickness (mm). 

 

3.4.5 Scanning electron microscopy (SEM) 

A FEI Quanta 450 environmental scanning electron microscope was used to observe 

the surface morphology of film samples. The samples were glued on aluminum stubs, sputter-

coated with a thin layer of platinum (thickness, 4 nm), and then imaged using SEM.  

 

3.5 Preparation and characterization of PVA/CNF/PLH composite films  

3.5.1 Synthesis of PVA/CNF/PLH composite films 

 PVA was added in deionized water to reach to a concentration of 2% (w/v) and heated 

at 210°C with continuous stir until completely dissolved. Glycerol (30%, w/w, based on the 

weight of PVA) was added and stirred for 15 min at room temperature. After CNFs (10%, w/w, 

based on the weight of PVA) were added and well mixed, PLH (7.5% w/w, based on the weight 

of PVA) was added and stirred for 15 min. The film-making solution was cast into square petri 

dishes (120 mm × 120 mm) and air-dried at ambient temperature for 24 h. The films were 

peeled off from the petri dishes and stored at 50% RH at room temperature before further 

characterization. Three types of films were obtained, namely pure PVA film (PVA), PVA film 

added with 10% CNFs (PVA/CNF), and PVA film added with 10% CNFs and 7.5% PLH 

(PVA/CNF/PLH). 
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3.5.2 Characterization of nanocomposite films 

Mechanical properties of film samples were determined based on the method described 

in subsection 3.4.3. Light transmission and opacity of film samples were determined based on 

the method described in subsection 3.4.4. Surface morphology of film samples was determined 

based on the method described in subsection 3.4.5. Fourier transformed infrared (FTIR) spectra 

of film samples were recorded using a Nicolet Summit Pro ATR-FTIR spectrometer within the 

wavenumber range of 4000–400 cm−1 at a resolution of 2 cm−1. For obtaining a good signal-to-

noise ratio, 32 scans were averaged and collected for each FT-IR spectrum. 

 

3.5.3 Determination of antimicrobial effect  

The films were cut into small circular pieces (diameter, 5 mm) and then placed on the 

agar plates inoculated with 150 μL of bacterial suspension (~108 CFU/mL). The bacterial 

suspension was diluted from the overnight culture grown at 37°C with shaking for 12 h. The 

antimicrobial capacity of each sample was determined after incubation at 37°C for 24 h under 

aerobic condition. Four types of bacteria were used in the antimicrobial test, including 

Staphylococcus aureus Newman, Escherichia coli K12, Salmonella enterica serotype 

Typhimurium SL1344, and Pseudomonas aeruginosa PA14. S. aureus, E. coli, and S. 

Typhimurium were separately grown in tryptic soy broth and plated on tryptic soy agar. P. 

aeruginosa was grown in Mueller-Hinton broth and plated on Mueller-Hinton agar (Yamada 

et al., 2011).  

 

3.6 Statistical analysis 

The experimental results were presented in terms of means  standard deviation. 

Analysis of variance (ANOVA) was carried out for data analysis, and one-way multiple 
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comparison test by Duncan test was performed by using the SPSS Statistics software. A P-

value of <0.05 was considered as significant. 
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CHAPTER 4. RESULTS AND DISCUSSION 

4.1 Pre-treatment of hemp stalk 

Hemp stalk was used as the raw material for cellulose extraction (Figure 4.1a). Hemp 

stalk was washed, air-dried, manually processed into bast and hurd fibers (Figure 4.1b-d) and 

then stored at room temperature for further processing. 

 

 

Figure 4.1 Photographs of hemp stalk used for cellulose extraction. (a) The hemp stalk offered 

by the industrial collaborator. (b) The hemp stalk with exposed bast fibers and hurds. (c) Hemp 

hurds used for cellulose extraction. (d) Hemp bast fibers used for cellulose extraction.  

 

4.2 Hemp hurd cellulose  

According to our experiments, the yield of hurd cellulose decreased with more alkaline 

or bleaching treatments applied for cellulose extraction. The extraction of hurd cellulose was 

optimized based on the purity and color of final products. As shown in Figure 4.2, after hemp 

hurd powder was processed with optimum alkaline and bleaching treatments, hurd cellulose 

was obtained in a lump form and showed a milky white color. The yield of hurd cellulose was 

determined to be 23.86%.  
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Figure 4.2 Photographs of hemp hurd powder (a) and extracted hurd cellulose (b). 

 

Main components in hemp bast fibers and hurd include lignin, cellulose, and 

hemicellulose. As shown in Table 4.1, hemp hurd fibers had 20% cellulose and 17% lignin. 

The lignin content was close to the reported result (21%-24%), while the cellulose content was 

lower than the reported result (40%-48%) (Stevulova et al., 2014). This phenomenon was 

possibly due to the loss of cellulose caused by the pretreatment and the differences in growth 

conditions. After alkaline and bleaching treatments, the cellulose content was increased to 85%, 

and the levels of hemicellulose and lignin significantly decreased. Thus, most impurities were 

removed during the extraction process. The bleaching process produced several free radicals, 

such as hydroxyl free radicals and oxygen-derived free radicals, which could damage the 

chromophore of lignin. Meanwhile, the alkaline treatment effectively broke down the bonding 

between cellulose and lignin and solubilized hemicellulose, which promoted the release of 

cellulose from hemp hurd (Lee et al., 2009; Razali et al., 2022).  

 

Table 4.1 Chemical composition of hemp hurd fibers and hurd cellulose. 

Sample Lignin (%) Cellulose (%) Hemicellulose (%) 

Hurd fiber 16.53 ± 0.21 20.16 ± 0.14.66 63.22 ± 0.46 

Hurd cellulose 1.35 ± 0.07 84.69 ± 0.99 9.96 ± 0.62 

Each value is expressed as mean ± standard deviation (n = 3). 
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Thus, the color parameters of hurd cellulose were determined and listed in Table 4.2. 

The hurd cellulose had a high L* value suggesting a color close to white. The positive b* value 

indicate the yellowness of cellulose fibers, which was caused by the presence of lignin residues 

in the sample. The result was comparable to a previous study (Lee et al., 2020), which reported 

that removal of lignin and hemicellulose through the bleaching and alkaline treatments could 

significantly modify the yellow color of fibers in crop stalk. 

 

Table 4.2 Color parameters of hemp hurd cellulose. 

Color parameter L* a* b* 

Hurd cellulose 87.11 ± 0.41 0.40 ± 0.14 3.37 ± 0.31 

Each value is expressed as mean ± standard deviation (n = 3). 

 

4.3 Hemp bast cellulose       

Extraction of hemp cellulose was optimized based on the purity and color of final 

products. Hemp bast cellulose could be extracted in a less harsh conditions compared with hurd 

cellulose. As shown in Figure 4.3, hurd cellulose prepared under the optimum extraction 

condition showed a pure white color. The yield of hurd cellulose was determined to be 49.6%. 

 

 

Figure 4.3 Photographs of hemp bast fibers (a) and extracted bast cellulose (b). 

 

Chemical composition of hemp bast fibers and cellulose is summarized in Table 4.3. 

The cellulose content of hemp bast fibers was almost three times higher than that of hemp hurd. 
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In addition, hemp bast fibers showed a lower lignin and hemicellulose content compared with 

hemp hurd. After alkaline treatment and bleaching treatments, the final product achieved a high 

cellulose purity (97%), and its lignin and hemicellulose contents were controlled at a low level. 

Thus, hemp bast cellulose has a higher purity than hurd cellulose because hemp bast has a 

higher cellulose content but lower lignin and hemicellulose content. As a result, cellulose in 

hemp bast could be more easily released than cellulose in hemp hurd.   

 

Table 4.3 Chemical composition of hemp bast fibers and bast cellulose. 

Sample Lignin (%) Cellulose (%) Hemicellulose (%) 

Bast fiber 10.17 ± 0.29 65.91 ± 1.66.66 15.66 ± 1.522 

Bast cellulose 0.92 ± 0.04 96.56 ± 0.25 1.86 ± 1.52 

Each value is expressed as mean ± standard deviation (n = 3). 

 

The color parameters of bast cellulose were determined and listed in Table 4.4. The L* 

value of bast cellulose was higher than that of hurd cellulose, implying that bast cellulose 

displayed a whiter color than hurd cellulose. In addition, the b* value of bast cellulose was 

close to zero and lower than that of hurd cellulose. After cellulose extraction, the yellowness 

of hemp bast disappeared due to the removal of lignin. Furthermore, hurd cellulose was 

yellower than bast cellulose because it contained a higher amount of lignin residues.    

 

Table 4.4 Color measurement of hemp bast cellulose. 

Color parameter L* a* b* 

Sample 90.49 ± 0.18 0.097 ± 0.02 -0.35 ± 0.07 

Each value is expressed as mean ± standard deviation (n = 3). 
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4.4 Hemp CNCs 

 Hemp CNCs were prepared by removing the amorphous regions of hemp bast cellulose 

by sulfuric acid for 30, 75, and 90 min, respectively. TEM images of hemp CNCs are shown 

in Figure 4.4. Regardless the hydrolysis time, CNC particles all showed a spindle-like shape 

and notable dispersity.  

 

 

Figure 4.4 TEM images of hemp CNCs prepared by 30 min (a), 75 min (b), and 90 min (c) of 

acid hydrolysis. 

 

The diameter, length, and aspect ratio of CNCs were calculated based upon the TEM 

images. As displayed in Table 4.5, hydrolysis time did not significantly affect the average 

diameter, length, and aspect ratio of CNC particles. When hydrolysis time was longer than 30 

min, the particle size was not significantly changed. These results were comparable to those in 

the previous studies (Du et al., 2019; Kargarzadeh et al., 2012). Thus, hydrolysis time of 30 

min was selected for CNC preparation. As shown in Figure 4.5, the suspension of CNCs 

prepared with 30 min of acid hydrolysis showed an ivory white color. Additionally, most CNCs 

had a diameter, length, and aspect ratio in the range of 10-35 nm, 100-450 nm, and 10-40, 

respectively. Thus, the prepared CNCs had a size at nanometer scale. 
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Table 4.5 Particle size of hemp CNCs. 

Sample   Average diameter (nm) Average length (nm) Average aspect ratio 

CNC-30 min 16.0 ± 7.4a 244.3 ± 100.7a.66 17.6 ± 8.9a 

CNC-75 min 15.7 ± 5.6a 234.6 ± 95.1a 16.6 ± 8.7a 

CNC-90 min 15.6 ± 5.7a 242.2 ± 97.3a 17.2 ± 9.0a 

The data with different upper lowercase letters in each vertical column indicate the significant 

difference (P < 0.05). 

 

 

Figure 4.5 Photograph of hemp CNC suspension prepared by 30 min of acid hydrolysis (a) 

and the size distribution of CNCs in terms of length (b), diameter (c), and aspect ratio (d). 

 

Zeta potential of CNCs was measured to determine the surface charges of these 

nanoparticles. As shown in Table 4.6, zeta potential values of CNCs were less than -48 mV. 

Thus, CNCs carried negative surface charges and this was derived from the sulfate half-ester 

groups formed due to sulfuric acid hydrolysis (Kargarzadeh et al., 2012). When zeta potential 

of a suspension is out of the range from -30 mV to 30 mV, the suspension is considered as a 

stable colloidal system because of the sufficient repulsive forces among particles (Angellier et 

al., 2005; Listyanda et al., 2020). Thus, the CNC suspensions prepared in this study had a high 
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colloidal stability and good dispersity. In addition, the CNCs prepared with longer acid 

hydrolysis time showed a lower zeta potential value. CNCs prepared with longer hydrolysis 

time can lead to the formation of more sulfate half-ester groups, which increased the negative 

charges on the surface of particles. As aforementioned, extension of hydrolysis time did not 

significantly influence the particle size. Generally, 30 min of acid hydrolysis was selected as 

the optimal condition to synthesize CNCs.  

 

Table 4.6 Zeta potential of hemp CNCs. 

Hydrolysis time 30 min 90 min 

Zeta potential (mV) -48.48 ± 1.24a -53.04 ± 1.45b 

The data with various upper lowercase letters in each vertical column indicate the significant 

difference (P < 0.05). 

 

4.5 Hemp CNFs 

The diameter, length, and aspect ratio of CNFs were calculated based upon the TEM 

images. As displayed in Table 4.7, all samples displayed an average diameter in the range of 

15-24 nm. TEMPO-mediated oxidation was an effective approach to prepare CNFs. According 

to previous studies, the C6 primary hydroxyl groups of cellulose were converted to C6 

carboxylate groups through TEMPO-mediated oxidation (Tarrés et al., 2017). The amount of 

NaClO added for oxidation could affect surface charge, fibrillation, and dispersity of the final 

CNF product (Patiño-Masó et al., 2019). Therefore, the effect of oxidation on the amount of 

carboxyl groups on CNFs was determined based on a titration method. As shown in Table 4.8, 

the surface charge density of CNFs showed an increasing trend along with a higher amount of 

NaClO added, indicating more carboxyl groups present on the surface of CNFs. Previous 

studies confirmed that the oxidation level of CNFs need to be well controlled. CNFs with a low 

oxidation level have limited fibrillation and dispersity. In comparison, CNFs with a high 
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oxidation level possess a low thermostability. Therefore, 8 mmol NaClO/g cellulose was 

selected for the preparation of CNF.  

 

Table 4.7 Particle size of hemp CNFs. 

Sample   Average diameter (nm) Average length (nm) Aspect ratio 

CNF-4mmol 19.9 ± 7.3a 298.2 ± 102.4a.66 17.1 ± 10.65a 

CNF-8mmol 23.7 ± 10.7b 292.4 ± 135.5a 13.5 ± 6.9b 

CNF-12mmol 15.1 ± 4.9c 187.2 ± 91.3b 12.9 ± 5.8c 

The data with various upper lowercase letters in each vertical column indicate the significant 

difference (P < 0.05). Each value is expressed as mean ± standard deviation (n >100). 

 

Table 4.8 Charge density of CNFs prepared with different amounts of NaClO. 

Amount of NaClO (mmol/g cellulose) 4 8 12 

Charge density (mmol/g cellulose) 0.52 ± 0.24a 1.07 ± 0.11b 1.72 ± 0.01c 

The data with various upper lowercase letters in each vertical column indicates the significant 

difference (P < 0.05). Each value is expressed as mean ± standard deviation (n = 3). 

 

 As shown in Figure 4.6a, purified and concentrated CNFs oxidized with 8 mmol 

NaClO/g cellulose were in a slurry form and displayed a white color. As observed in Figure 

4.6b, CNFs showed nano-fibrillated structures with the diameter in a nanometer scale.  

Additionally, most CNFs had a diameter, length, and aspect ratio in the range of 10-60 nm, 

100-650 nm, and 5-35, respectively (Figure 4.7). CNF product had a wider diameter and length 

range than CNC product because the oxidation could only affect the fibrillation of cellulose 

fibers, but the amorphous regions were retained.  
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Figure 4.6 Photograph of CNF slurry in a glass bottle (a) and TEM image of CNF suspension 

prepared with 8 mmol NaClO/g cellulose (b). 

 

 

Figure 4.7 Size distribution of CNFs prepared by 8 mmol NaClO/g cellulose (a, length; b, 

diameter; and c, aspect ratio). 

 

4.6 PVA/nanocellulose composite films 

PVA is a synthetic polymer that has been applied by the food industry to develop 

biodegradable packaging. In this study, the PVA films were prepared using a casting method. 

As shown in Figure 4.8, PVA film was transparent and had a higher flexibility. Two different 
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types of hemp nanocellulose were incorporated into PVA films to prepare novel composites 

with improved mechanical and barrier properties. 

 

 

Figure 4.8 Photograph of a PVA film prepared using the casting method. 

 

4.6.1 PVA/CNC composite films 

Effects of hemp CNCs on tensile strength, elongation at break, and Young’s modulus 

of composite films are shown in Figure 4.9. As displayed in Figure 4.9a, adding 5% and 10% 

of CNCs significantly improved the tensile strength of composites (P < 0.05), while the tensile 

strength decreased once CNC concentration reached to 20%. Addition of CNCs could provide 

more hydrogen bonds within the film matrix to improve the film strength (Jahan et al., 2018; 

Kim et al., 2019). If CNC content was too high, the interactions between PVA molecules would 

be disrupted, thereby resulting in a decrease in tensile strength. As shown in Figure 4.9b, 

incorporation of CNCs (5%-20%) did not cause a significant change in elongation at break. In 

addition, the addition of CNCs significantly enhanced the Young’s modulus of composite films, 

and it was concentration-dependent (Figure 4.9c). Thus, CNCs could significantly increase the 

stiffness of PVA films. With more CNC added into the film matrix, the stiffness of composite 

film became stronger, which was comparable to the results reported in a previous study (Kim 

et al., 2019). The significant increase in Young’s modulus was due to the high stiffness of 

CNCs and the strong interactions formed between PVA and CNCs that limited the mobility of 

polymers within the film.  
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Figure 4.9 Effects of CNCs on the tensile strength (a), elongation at break (b), and Young’s 

modulus (c) of composite films. The data with different lowercase letters are significantly 

different (P < 0.05). 

 

 Effects of hemp CNCs on the light barrier properties of composite films are shown in 

Figure 4.10. As shown in Figure 4.10a, addition of 5% CNCs in the PVA film significantly 

improved the opacity of composite films. Further addition of CNCs did not cause significant 

change in the film opacity (P > 0.05). As shown in Figure 4.10b, addition of CNCs evidently 

decreased the transmittance of composite films in the wavelength range of 200-400 nm. With 

more CNCs incorporated in the film, the transmittance of film samples exhibited a decreasing 

trend. Although the film opacity was increased with the incorporation of CNCs, the composite 

films still possessed a higher opacity. Moreover, the addition of CNCs can significantly 

decrease light transmission of the film in the wavelength range of ultraviolet. Since ultraviolet 

radiation is a key factor to cause food spoilage, the light barrier properties of PVA/CNC 

composite films can help extend the shelf life of food products (Moon et al., 2011; Silvério et 

al., 2013; Lizundia et al., 2017). 
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Figure 4.10 Effects of CNCs on the opacity (a) and transmission spectra (b) of composite films. 

In the panel (a), the data with different lowercase letters are significantly different (P < 0.05). 

 

 

Figure 4.11 SEM observation of the surface of the PVA film (a) and PVA/CNC composite 

films (b, PVA/CNC5; c, PVA/CNC10; d, PVA/CNC20). Scale bar: 10 µm. 

 

Effects of hemp CNCs on the surface morphology of composite films are shown in 

Figure 4.11. The surface of PVA films with and without CNCs all displayed flat, smooth 

surfaces. No cracks or pores were observed in the films. Incorporation of CNCs into PVA films 

did not cause significant change in film morphology. These results can be explained from two 

aspects. First, CNCs had a good miscibility with PVA and thus were well distributed in the 

film matrix. Second, incorporation of CNCs might restrict the crystallization of PVA molecules 

during film preparation, which promoted the homogeneity and smoothness of the composite 

films (Ben Shalom et al., 2019).  
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Based on the mechanical performance, light barrier properties, and surface morphology 

of composite films, the optimum amount of hemp CNCs added in PVA film was determined 

to be 10%.  

 

4.6.2 PVA/CNF composite films 

Effects of hemp CNFs on the tensile strength, elongation at break, and Young’s 

modulus of composite films are shown in Figure 4.12. As displayed in Figure 4.12a, adding 

a low amount of CNFs improved the tensile strength of composite films, while the tensile 

strength decreased when the CNF concentration reached to 20%. As shown in Figure 4.12b, 

the incorporation of CNFs in PVA films significantly decreased their elongation at break. The 

lowest elongation at break was observed when 20% of CNFs were added. As shown in Figure 

4.12c, the addition of CNFs significantly enhanced the Young’s modulus of composite films, 

and it was concentration-dependent. Addition of CNFs could significantly increase the strength 

and stiffness of PVA films but decrease the film flexibility. The increased tensile strength is 

primarily derived from the formation of strong hydrogen bonds between PVA and CNFs, but 

adding an excess amount of CNFs could disrupt the interactions among PVA molecules and 

result in a decrease in tensile strength. Incorporation of CNFs in the PVA film gave rise to a 

denser network restricting the molecular motility of film components and thus led to a decrease 

in elongation at break (Nasri-Nasrabadi et al., 2014; Kim et al., 2019).    
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Figure 4.12 Effects of CNFs on the tensile strength (a), elongation at break (b), and Young’s 

modulus (c) of composite films. The data with different lowercase letters are significantly 

different (P < 0.05). 

 

Effects of hemp CNFs on the light barrier properties of composite films are shown in 

Figure 4.13. The addition of hemp CNFs evidently decreased the transmittance of composite 

films in the wavelength range of 200-400 nm. The most significant decrease was observed 

around 260 nm. With more hemp CNFs incorporated in the film, the transmittance of film 

samples exhibited a decreasing trend. Thus, addition of hemp CNFs could significantly 

decrease the transmittance of PVA films in the wavelength range of ultraviolet, while the 

transmittance in the visible light range (400-700 nm) was not notably changed. These results 

were consistent to those reported in the previous studies (Yu et al., 2017; Takahashi et al., 2009; 

Fukuzumi et al., 2013). In conclusion, hemp CNFs can help improve the light barrier properties 

of PVA films against ultraviolet. 
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Figure 4.13 Effect of CNFs on the transmission spectra of composite films. The data with 

different lowercase letters are significantly different (P < 0.05). 

 

Effects of hemp CNFs on the surface morphology of composite films are shown in 

Figure 4.14. The surface of PVA films with and without hemp CNFs all displayed flat and 

smooth surfaces. No cracks or pores were observed in the films. Incorporation of CNFs in the 

PVA films did not cause significant change in film morphology. Thus, hemp CNFs had a good 

compatibility with PVA films. CNFs were previously used as a filling material in packaging 

films. Adding a low amount of CNFs in biopolymer-based films could render a more compact 

film structure and reduce the pore size and number within the film (Yu et al., 2019a; Sánchez-

Gutiérrez et al., 2021). When >20% of CNFs from sugarcane bagasse were added in the PVA 

film, fibrillated structures of CNFs were observed on the film surface (Somvanshi and Gope, 

2021). These results were not in agreement with the data in the current study. One possible 

explanation was that the hemp CNFs had a better compatibility in the PVA film than CNFs 

from sugarcane bagasse.  

Based on the mechanical performance, light barrier properties, and surface morphology 

of composite films, the optimum amount of hemp CNFs added in the PVA film was determined 

to be 10%.  
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Figure 4.14 SEM observation of the surface of the PVA film (a) and PAV/CNF composite 

films (b, PVA/CNF5; c, PVA/CNF10; d, PVA/CNF20). Scale bar: 10 µm. 

 

4.7 PVA/CNF/PLH composite films  

In the previous section, it was demonstrated that hemp CNFs had a good compatibility 

with PVA films and could enhance their mechanical performance and light barrier properties. 

However, based on our experiments, the PVA/CNF composite films are inert and not able to 

show antimicrobial effect to improve food safety and shelf life. Therefore, PLH, a 

biodegradable antimicrobial, was incorporated in the PVA/CNF composite with the goal to 

produce a novel material for antimicrobial food packaging.  

 

4.7.1 Film appearance  

The photographs of PVA and composite films are shown in Figure 4.15. As seen in 

Figure 4.15a, the PVA film showed a great transparency. Appearance of the PVA film was 

not significantly changed after the addition of CNFs or PLH. Thus, PVA, CNFs, and PLH were 

miscible in water. Additionally, the remarkable transparency of the PVA/CNF/PLH film would 

allow the consumers to see food products clearly through the packaging film (Ma et al., 2011; 

Yu et al., 2019b). 
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Figure 4.15 The appearance of PVA (a), PVA/CNF (b), and PVA/CNF/PLH (c) films with the 

background of McGill logo.  

 

4.7.2 Mechanical properties  

 Mechanical properties of PVA and composite films are shown in Figure 4.16. Addition 

of CNFs in PVA film led to increases in tensile strength and Young’s modulus and a decrease 

in elongation at break. After further incorporation of PLH, the tensile strength and elongation 

at break of the composite film decreased. Thus, addition of CNFs made PVA film stronger, 

stiffer, and less flexible, which was identical to the results in the previous section. In addition, 

loading PLH in the composite film caused reduced flexibility and strength. Previous studies 

identified that PLH could alter the crystal structure of CNFs, disrupt the film matrix, and thus 

reduce the strength of composite films (Zhu et al., 2010). PLH was also able to induce cross-

linking with PVA and CNFs in the film matrix through hydrogen bonds, which could mitigate 

the mobility of film components and weaken the film flexibility (Wahid et al., 2019).  
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Figure 4.16 Mechanical performance of PVA and composite films (a, tensile strength; b, 

elongation at break; c, Young’s modulus). The data with different lowercase letters are 

significantly different (P < 0.05). P, PC, and PCP indicate PVA, PVA/CNF, and 

PVA/CNF/PLH films, respectively.  

 

4.7.3 Light barrier properties  

Light barrier properties of PVA and composite films are shown in Figure 4.17. With 

the addition of hemp CNFs, the transmittance of PVA film decreased, especially in the 

wavelength range from 200-350 nm. When PLH was incorporated, the film transmittance was 

further reduced. Thus, adding hemp CNFs improved the light barrier properties of PVA films, 

which was in agreement with the results in the previous section. Addition of PLH also 

decreased the light transmission of PVA film, especially in the wavelength range of ultraviolet. 

A previous study reported a similar result that adding ε-PL into a PVA/bacterial cellulose 

composite film led to the decrease in transmittance in the wavelength range of 200-800 nm 

(Wahid et al., 2019). This was because ε-PL could form hydrogen bonds among PVA 
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molecules and cellulose fibers, which disrupted the crystalline structure of the film matrix and 

therefore increased the barrier capacity against light.  

 

 

Figure 4.17 Transmission spectra of PVA and composite films. P, PC, and PCP indicate PVA, 

PVA/CNF, and PVA/CNF/PLH films, respectively. 

 

4.7.4 Surface morphology   

SEM images of PVA and composite films were obtained to observe the surface 

morphology of film samples. As shown in Figure 4.18, addition of CNFs in PVA films did not 

cause a notable change in surface morphology. When PLH was added in the film, the surface 

of the composite maintained a flat and smooth structure. No cracks or pores were observed in 

PVA and composite films. Thus, CNFs had a good filling effect in PVA film, and PLH had a 

remarkable compatibility with the film components. A previous study reported a similar result 

that addition of CNFs did not change surface morphology of a PVA-based film (Wahid et al., 

2019). The authors also identified that addition of nanocellulose increased the roughness of 

film surface, which was different from the results in the current study. One explanation was 
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that glycerol was added as a plasticizer to enhance the miscibility of polymers in the film (Li 

et al., 2020). 

 

 

Figure 4.18 SEM micrographs of the surface of PVA (a), PVA/CNF (b), PVA/CNF/PLH (c) 

films. Scale bar: 10 µm. 

 

4.7.5 FTIR spectra   

FTIR spectra of PVA and composite films are shown in Figure 4.19. For the PVA film, 

two broad peaks at 3255 and 2939 cm-1 were displayed, representing O–H stretching and C–H 

stretching, respectively. The bands at 1326 and 1089 cm-1 were attributed to C–H bending and 

C–O stretching (Dmitrenko et al., 2018; Jahan et al., 2018). The peak at 1654 cm-1 was due to 

C=O stretching derived from the acetate groups in PVA molecule (Thomas et al., 2001). With 

the addition of hemp CNF, the peak due to O–H stretching was shifted to 3269 cm-1, indicating 

the formation of hydrogen bonds among CNFs and PVA (Wu et al., 2019). With the 

incorporation of PLH, two strong peaks appeared at 1649 and 1546 cm-1, which were attributed 

to C=O stretching vibration in the amide I region and N–H bending in the amide II region, 

respectively. These groups were derived from the peptide bonds in PLH molecule (Gao et al., 

2014). In addition, the peak due to O–H stretching was shifted to 3274 cm-1, which was caused 

by the generation of hydrogen bonds among PLH, PVA, and CNFs (Wahid et al., 2019). Thus, 

addition of CNFs and PLH in PVA film largely enhanced hydrogen bonds formed in the film 

matrix.  
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Figure 4.19 FTIR spectra of PVA and composite films. P, PC, and PCP indicate PVA, 

PVA/CNF, and PVA/CNF/PLH films, respectively. 

 

4.7.6 Antimicrobial effect of composite films   

Antimicrobial effects of PVA and composite films are shown in Figure 4.20. Inhibitory 

effects of film samples on Gram-positive and Gram-negative bacteria were determined on the 

agar plates.  PVA and PVA/CNF films showed a milky white color on the agar plate inoculated 

with S. Typhimurium, S. aureus, E. coli, and P. aeruginosa. Both Gram-positive and Gram-

negative bacteria were able to grow after covered by PVA and PVA/CNF films. In addition, 

the agar plates covered by PVA/CNF/PLH film were transparent, indicating that the growth of 

bacteria was significantly inhibited through contact inhibition (Hyldgaard et al., 2014; Tan et 

al., 2019). The results in this study were comparable to those reported in the previous studies 

that both PVA and CNFs do not have antimicrobial activities (Hu and Wang, 2016; Tavakolian 

et al., 2020). ε-PL was added in different biopolymer-based films and exhibited inhibitory 

effects on E. coli, S. aureus, S. Typhimurium, P. aeruginosa, Bacillus subtillis, and Aspergillus 

niger (Zhang et al., 2018; Tan et al., 2019; Geornaras et al., 2007; Wei et al., 2017). The 

antimicrobial ability of ε-PL was because of its positively charged amine groups that could 

change the integrity and permeability of bacterial membrane and inactivate bacterial cells 
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(Zhang et al., 2018; Tan et al., 2019). Due to the presence of PLH, the PVA/CNF/PLH 

composite film was able to inhibit the growth of bacteria through direct contact.  

 

 

Figure 4.20 Antimicrobial effect of P, PC, and PCP films on the agar plates inoculated with S. 

Typhimurium, S. aureus, E. coli, and P. aeruginosa. P, PC, and PCP indicate PVA, PVA/CNF, 

and PVA/CNF/PLH films, respectively. 
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CHAPTER 5. CONCLUSION 

In this thesis project, hemp stalk, a waste produced in the hemp industry, was 

successfully converted into value-added products, including hemp CNCs and CNFs. The 

optimum conditions to extract cellulose from hemp hurd and bast fibers were determined on 

the basis of repeated alkaline and bleaching treatments. Hemp bast cellulose was selected as 

the raw material for the synthesis of hemp nanocellulose due to its high cellulose content (97%) 

and yield (49.6%). Hemp CNCs were synthesized through sulfuric acid hydrolysis for 30 min. 

The CNC product had a high colloidal stability in aqueous suspension and had an average 

diameter of 16 nm and an average length of 244 nm. Hemp CNFs were produced by the 

TEMPO-mediated oxidation with the addition of 8 mmol of NaClO/g cellulose. The CNF 

product had a high dispersity and possessed an average diameter of 24 nm and an average 

length of 292 nm. Application of hemp nanocellulose in developing biodegradable composite 

films was demonstrated in different film matrix. Hemp CNCs showed a good compatibility in 

a PVA film, and the addition of 10% CNCs significantly improved the strength, stiffness, and 

ultraviolet-blocking effect of PVA film. Likewise, hemp CNFs were miscible with PVA in the 

composite film. When 10% CNFs were added, the PVA film displayed increased strength, 

stiffness, and ultraviolet-blocking effect. In addition, hemp CNFs, PLH, and PVA were used 

to develop a novel composite film. The film owned a high transparency, good mechanical 

performance, UV-blocking effect, and antimicrobial activities against Gram-positive and 

Gram-negative bacteria. The PVA/CNF/PLH film was biodegradable, sustainable, and had 

great potential to be used as an antimicrobial packaging to improve food quality and safety.  

Future studies should be addressed from the following three perspectives. First, more 

novel nanocomposite films incorporated with hemp nanocellulose will be developed. In this 

study, hemp nanocellulose was used as a filler in the PVA-based films. In the next step, it is 

necessary to incorporate hemp nanocellulose in the films made of other biodegradable 
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polymers, such as poly(lactic acid) and starch. Second, the antimicrobial activity of the 

PVA/CNF/PLH film should be further investigated in a food model. Since the PVA/CNF/PLH 

film was identified to inhibit the growth of both Gram-positive and Gram-negative bacteria via 

contact inhibition, the film had potential to be used for food packaging. Therefore, the 

antimicrobial effect of the composite in a food model, such as poultry and red meat, should be 

evaluated. Third, the PVA/CNF/PLH film should be produced at a larger scale. In this work, 

all the composite films were prepared using a casting method, which was only suitable for 

making films at a laboratory scale. For this reason, the technologies to prepare the 

PVA/CNF/PLH film at a pilot scale should be explored through extrusion or 

thermocompression in future.  
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