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THESIS STRUCTURE

Chapter 1: The initial chapter focuses on the chemical modification of crystalline
nanocellulose, aiming to enhance its properties or improve its intrinsic performance. This
modification involves the creation of new covalent or electrostatic bonds through the

addition of specific chemical groups.

Chapter 2: The second chapter examines various natural polysaccharides, investigating the
formulation of suspensions to produce films and membranes for packaging purposes. The
objective was to create environmentally friendly films that could serve as prototypes for
materials with functional advantages over traditional plastics. Some of these films were
enriched with antioxidants to produce active packaging, which helps slow the oxidation of
packaged food and cosmetic products. This active packaging is especially beneficial for
extending the shelf life of perishable goods. The films underwent a range of tests to assess
their chemical and physical properties, such as mechanical strength, transparency,
flexibility, and barrier performance. Additionally, the antioxidant activity of the enriched

tilms was evaluated to confirm their effectiveness in preventing oxidation.

Chapter 3: The third chapter addresses the preparation of suspensions and their application
as coatings for paper substrates using various deposition techniques like dip-coating, spin-
coating, and slot-die coating. The research focuses on the ability of polysaccharide

suspensions to enhance the barrier properties of paper against air, oxygen, and moisture.
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Introduction

1. Packaging

The term “packaging’ refers to the instrument used for the preservation of a product
including intangible aspects of the production process, industry and aesthetics
(Wikipedia).
Packaging can be divided into three categories:

e Primary

e Secondary

e Tertiary

Ll _ad

Primary Secondary Tertiary
packaging packaging packaging

Figure 1 - Representative diagram of packaging types (Wikipedia)



Primary packaging refers to the part that is in direct contact with the product; the
material used, and its properties play a crucial role in maintaining the product's
preservation and quality. This packaging also displays mandatory information required

by regulations, such as the expiration date, ingredients, and more.

Secondary or multipackaging serves as both the unit for sale to consumers and for retail
distribution and does not directly touch the product. Its primary role is to communicate
with the consumer, often through its visual appeal and design elements, to attract

attention.

Tertiary packaging, on the other hand, is not intended for consumers. It is used to
facilitate the transportation and handling of the product during distribution.

An emerging category of packaging gaining significant attention is active packaging.
This type not only fulfills traditional packaging functions but also interacts with the

product by releasing active molecules that help extend the product’s shelf life (Grimaldi
et al., 2022).

For packaging to be deemed suitable, it must meet several key requirements. Among the
most important characteristics are barrier properties, which refer to the material's ability
to resist the penetration of moisture, oxygen, carbon dioxide, fats, and oils. Additionally,
the material must be resistant to the passage of water, microorganisms, and aromatic
compounds. Barrier properties are affected by the material's thickness and crystallinity,
as well as the size and polarity of the substances trying to permeate it. The movement of
permeants depends on factors such as storage conditions and the cohesive energy
between the material and the molecule. Lower cohesive energy values lead to greater
permeation, and vice versa. Water vapor and oxygen are the primary permeants because
they can easily transfer from the external environment. Packaging made from paper or
cardboard typically lacks these barrier properties, which is why it is often combined with

materials like plastic, glass, or metal.

To improve the barrier properties of paper, synthetic polymers such as polyethylene

(PE), polypropylene (PP), and ethylene vinyl alcohol (EVOH) are commonly used.



However, the use of non-renewable materials presents potential risks to both health and
the environment by increasing the production of greenhouse gases like CO: and
methane. Moreover, these materials complicate the recycling process, as plastics are
insoluble in water, further raising costs. Recent data indicates that plastics represent a
significant portion of global packaging, accounting for 36% of the market in 2020
(PlasticsEurope, n.d.). Their widespread use is linked to their low cost, strong mechanical
properties, and versatility in production. The most commonly used polymers, including
polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET), and
polystyrene (PS), have demonstrated considerable adaptability across various industries,

particularly in the food and pharmaceutical sectors (Hopewell et al., 2009).

1.1. Environmental issues related to the use of plastics in packaging

Although plastics offer several functional benefits, their widespread use has sparked
significant environmental concerns. The production of plastic heavily relies on fossil
fuels, contributing to greenhouse gas emissions. A major issue is the difficulty in
managing plastic waste after consumption. Most plastic polymers can take centuries to
break down in the environment, leading to their accumulation in both land and marine
ecosystems, resulting in global pollution (Thompson et al., 2009). Microplastics, which
are plastic particles smaller than 5 millimeters, present a direct threat to marine life and
even human health, as they can be ingested by organisms and enter the food chain (Cole
et al.). Additionally, plastics have harmful effects on biodiversity, degrading natural

habitats and impeding the regenerative abilities of ecosystems (Rochman et al., 2013).

As aresult, there has been growing interest in sustainable alternatives to petroleum- and
metal-based plastics in recent years. Biopolymers have gained significant attention due
to their advantageous properties, such as biodegradability, non-toxicity, and
biocompatibility. Some of the most researched biopolymers include polysaccharides
(such as chitin, chitosan, cellulose, starch, and alginate), lipids (various waxes and free

fatty acids), and proteins (like zein and gluten).



1.2. Alternative materials to plastic in packaging

In response to the significant environmental issues linked to plastic use, there has been
an increasing focus on researching and adopting alternative materials that maintain
packaging functionality while minimizing environmental impact. Key alternatives

include bioplastics, glass, metal, wood, and paper.

Bioplastics, which are made from renewable resources like corn, sugarcane, or other
biomass, present a promising alternative to conventional polymers. These materials can
be biodegradable or compostable, offering the advantage of shorter decomposition times
compared to traditional plastics (PlasticsEurope, n.d.). However, challenges remain,
including high production costs and the ability to biodegrade effectively under real-

world environmental conditions.

While glass is non-biodegradable, it is a more sustainable option due to its 100%
recyclability and the ability to be reused without losing its physical properties (Yuan et
al., 2024). However, its weight and fragility can limit its use, particularly in food
packaging.

Wood and paper, as natural materials, have gained popularity in sustainable packaging,
especially when combined with waterproof coatings to enhance their durability (Shen et
al., 2020). These materials offer an environmentally friendly, renewable option, although
they may not be suitable for all types of products. The future of sustainable packaging
will depend on the ability to balance industrial demands with environmental
considerations, alongside ongoing research into new, high-performance, eco-friendly

materials.

Natural polysaccharides like cellulose, chitosan, galactomannan, and glucomannan are
attracting attention for their potential use in packaging. These biopolymers offer a
sustainable alternative to traditional plastics, thanks to their biodegradability,
biocompatibility, and widespread availability. Among these, cellulose and chitosan are
the most widely studied, while galactomannan and glucomannan, though less known,

are emerging as valuable components in packaging materials. The growing interest in
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these substances is driven by the need to address the environmental impact of plastic
waste and the pursuit of sustainable solutions across industries, particularly in food and

pharmaceuticals.

1.3. Natural polysaccharides

Natural polysaccharides are complex polymers made up of monosaccharides linked by
glycosidic bonds. These biopolymers are essential in many biological and industrial
processes due to their wide range of physicochemical properties. Key examples of natural
polysaccharides include cellulose, starch, chitosan, and hyaluronic acid. Their
supramolecular structure is defined by the self-assembly of polymer chains into organized
forms such as microfibrils, lattices, or gels. The morphology of natural polysaccharides can
vary significantly depending on their source and the treatments they undergo. The
macroscopic properties of these polysaccharides are closely tied to their molecular and
supramolecular structures. For example, cellulose is renowned for its excellent mechanical
strength and thermal stability, making it suitable for use in various industries. Due to their
properties and versatility, polysaccharides have been explored as raw materials for creating
films and coatings that can serve as packaging materials, especially for food preservation,
due to their effective barrier properties against gases like oxygen and carbon dioxide (Verma

et al., 2024).
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1.3.1. Cellulose and nanocellulose
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Figure 2 — Structure of cellulose (Ahmed-Haras Et. Al., 2020)

Cellulose, depicted in Figure 2, is the most abundant biopolymer on Earth (Pylkkanen et
al., 2020), found in a variety of organisms such as plants, marine animals like tunicates,
algae, fungi, bacteria, and invertebrates. It was first isolated in 1838 and is a high-
molecular-weight homopolymer composed of anhydro-D-glucose units connected by a-
1,4 glycosidic bonds, with each unit rotated 180° relative to the next (Klemm et al., 2005a).
The polymerization degree (DP), or the number of glucose units in a chain, can reach up
to 20,000 (Kroon-Batenburg & Kroon, 1997a). The repeating segment, called cellobiose,
consists of two glucose units, each containing six hydroxyl groups that can form both

inter- and intramolecular hydrogen bonds.

Cellulose chains are asymmetrical along their molecular axis: one end has a chemically
reducing group, while the other has a pendant hydroxyl group, known as the non-
reducing end. According to the literature, around 36 cellulose chains aggregate to form
protofibrils, which then combine into microfibrils, ultimately forming the fibers that

make up the plant cell walls (Lefebvre & Gray, 2005).

There are four polymorphic forms of cellulose: I, II, III, and IV, with forms I and II being
the most common. Polymorph I has a crystalline structure with parallel chains, and it
splits into two phases: I, found in bacterial cellulose, and If3, typical of cellulose derived
from wood. The transition from polymorph I to polymorph II can occur irreversibly
through mercerization with high concentrations of NaOH or by chemical regeneration

with a suitable solvent followed by re-precipitation. Polymorph II has a more rigid
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structure due to the antiparallel arrangement of chains, which is advantageous in the
paper industry (Kroon-Batenburg & Kroon, 1997b). Type III cellulose is produced by
treating polymorph I with liquid ammonia at low temperatures or with organic amines
such as ethylenediamine (EDA), and this transformation is reversible. Finally,

polymorph IV is generated by subjecting polymorph III to high-temperature treatment.

Cellulose's linear structure and its ability to form fibers make it an ideal material for
producing packaging. Cellulose derivatives like cellulose acetate and ethyl cellulose are
widely used due to their excellent mechanical strength and their barrier properties
against gases and moisture, making them suitable for food packaging (Moon et al., 2011).
A major challenge with cellulose, however, is its hydrophilicity, which can hinder its
ability to protect products from moisture effectively. Chemical modifications such as
acetylation and grafting with synthetic or natural polymers can enhance its barrier
properties. Additionally, combining cellulose with other natural or synthetic polymers
to create composite films can improve barrier performance by reducing the absorption

of oxygen and moisture (Jiang et al., 2021).

Nanocellulose

Nanocellulose is a highly promising material that has gained significant attention in both
research and industrial sectors. It refers to cellulose derivatives that have been processed
to achieve nanoscale structural dimensions. Nanocellulose is an advanced biomaterial
derived from the chemical or mechanical treatment of cellulose. While the structure of
cellulose is generally organized, some amorphous regions, caused by distortions in the
tibers, are present. These regions can be removed through esterification of the hydroxyl
groups (-OH) with organic or inorganic acids, or by breaking the oxygen atom of the
glycosidic bond via chemical or mechanical treatments, resulting in partially crystalline

nanocellulose.

Depending on the extraction method used, three types of nanocellulose can be obtained:

(i) crystalline nanocellulose (CNC), primarily produced through chemical treatments of
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cellulose, (ii) fibrillated nanocellulose (CNF), which is derived from the mechanical
disintegration of cellulose, and (iii) bacterial nanocellulose (BNC), produced by bacteria
such as Acetobacter. Of these, CNC is the most common. The nanocrystals of CNC have a
diameter ranging from 2 to 30 nm and can extend to several hundred nanometers in
length. Nanocrystalline cellulose offers a variety of advantageous properties, including
a large specific surface area, high elastic modulus, excellent thermal stability, optical
transparency, biocompatibility, non-toxicity, and low production costs. Recent research
has highlighted the impressive mechanical properties and transparency of nanocellulose,
particularly CNC and CNF, making them ideal candidates for use in biodegradable
packaging (Klemm et al., 2005b; Luo et al., 2020).

Nanocrystals are typically obtained through acid hydrolysis of cellulose fibers, a process
that targets the degradation of glycosidic bonds in the more amorphous regions, which

are more susceptible to acid attack (Lefebvre & Gray, 2005).

Cellulose can be extracted from various sources, including natural materials like cotton,
agro-food waste, and industrial byproducts such as textile waste (Potenza et al., 2022).
Common acids used in hydrolysis include sulfuric acid, hydrochloric acid, phosphoric
acid, bromic acid, or mixtures of acids. During sulfuric acid hydrolysis, the acid not only
catalyzes the hydrolysis but also forms a sulfuric ester with the primary hydroxyl group
of the glycosidic ring, which contributes to the stability of the nanocrystals. The
electrostatic repulsion from the sulfate anions on the surface of the crystals keeps the
colloidal solutions stable. Two reaction mechanisms for acid hydrolysis have been
described, as shown in Figure 3 (Lu & Hsieh, 2010a). In contrast, hydrolysis with
hydrochloric acid (Araki et al.,, 1998) (Figure 4) does not alter the primary hydroxyl

groups of cellulose, resulting in non-functionalized nanocrystals.
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Figure 4 — Acid hydrolysis with hydrochloric acid (Habibi et Al. 2010a)
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The surface functionalization of nanocellulose

The surface of nanocellulose crystals can be modified and functionalized (Araki et al.,
1998; Habibi et al., 2010b), allowing for the creation of nanomaterials specifically
designed for particular applications (see Figure 5). The modifications primarily target the
hydroxyl groups (-CH20H) on the cellulose nanofibers, and one of the main goals of this
functionalization is to alter the surface properties, such as enhancing their compatibility
and dispersibility in particular solvents (Habibi et al., 2010b). Since cellulose is a
hydrophilic material that tends to absorb moisture, various functionalization methods
(Figure 5) are employed to control the moisture sensitivity of nanocellulose-based
materials. These techniques include esterification, silylation, amidation, urethanization,
and etherification, which help make the nanocellulose surface more hydrophobic. This
functionalization primarily modifies the surface without altering the internal structure

or the original morphology of the cellulose's alcohol groups.

Additionally, hydrophilic groups, such as carboxylic, phosphoric, or sulfonic groups, can
be added to introduce a negative charge to the surface. This modification enables the
stabilization of nanoparticles through electrostatic interactions. Chemical processes that
allow the incorporation of these hydrophilic groups include phosphorylation,

carboxymethylation, sulfonation, and oxidation (S. Sharma et al., 2023).
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Figure 5 — Possible surface functionalization of cellulose nanocrystals (S. Sharma Et. Al., 2023)

Oxidation of nanocellulose

One of the most extensively studied functionalizations of CNC is the oxidation of the
primary hydroxyl group to a carboxyl group. The oxidation method using 2,2,6,6-
Tetramethylpiperidine-N-oxyl (TEMPO) is the most widely researched (Figure 6).
TEMPO is a stable, water-soluble nitroxide radical that is commercially available and
does not pose safety concerns, as it has tested negative in the Ames test. This oxidation
is highly selective, converting the primary hydroxyl groups to carboxylic groups, with
TEMPO acting as the mediator in the presence of NaBr (which serves as a co-catalyst)
and NaClO (the primary oxidant). The optimal reaction conditions involve a pH of 10
and a temperature range between 0 and 10 °C. These conditions facilitate oxidation at the

surface of the nanocrystals while preserving the internal crystalline structure.
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Figure 6 — Tempo-mediated cellulose oxidation reaction scheme (Habibi Et. Al., 2010a)

The primary oxidant, NaClO, oxidizes TEMPO to N-oxoammonium (TEMPO+), which
then oxidizes the primary hydroxyl groups of cellulose to aldehydes (Kato et al., n.d.).
Some of the aldehyde intermediates are further oxidized to carboxyl groups by NaClO,
while the remaining ones undergo oxidation by TEMPO+. N-hydroxy-TEMPO is
oxidized by NaBrO, which is formed from NaBr through oxidation by NaClO,
regenerating the catalytically active N-oxo-ammonium species. Therefore, TEMPO and
NaBr act as catalysts, and only NaClO is consumed during the oxidation process. NaClO
reacts with TEMPO only during the initial stages of the reaction, after which NaBrO takes
over, as it is more reactive towards TEMPO and N-hydroxy-TEMPO. Once the initial
stages are completed, NaClO primarily oxidizes NaBr, which then regenerates NaBrO.
The oxidation rate of both primary and secondary alcohols increases as the pH of the
reaction solution rises, which is why most processes are carried out under basic

conditions (Bailey et al., 2007).

Considering the chemo-selectivity of the reaction concerning pH, it was observed that
under basic conditions, primary alcohols oxidize faster than secondary alcohols, while in
acidic or neutral conditions, secondary alcohols oxidize more quickly. Energy

calculations of the potential transition states indicated that the attack on the nitrogen
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atom is favored because the positive charge is more delocalized on this atom, leading to
a more stable intermediate. Conversely, attacking the oxygen atom results in the
formation of peroxide with a relatively weak O-O bond. Alkaline conditions promote a
higher degree of dissociation of the primary hydroxyl groups, increasing their
nucleophilicity and facilitating their reaction with TEMPO+. The covalent bond between
primary alcohols and TEMPO+ is favored over bonding with secondary alcohols due to
steric reasons. Under basic conditions, the hydration of aldehyde intermediates and

subsequent deprotonation of an OH group interacting with TEMPO+ are also favored.

Cellulose nanocrystals oxidized by TEMPO are commonly used as precursors for further

functionalization, such as:

Functionalization by amidation

In this type of functionalization, an amide covalent bond is formed between the

carboxylate groups on the cellulose surface and the amine group of a primary amine.

z
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Figure 7 — Reaction scheme of oxidized nanocrystalline cellulose amidation (Ruiz-Palomero Et. Al., 2015)

During the reaction, an ester intermediate is formed between the activated carboxyl
group and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Eyley &
Thielemans, 2014). Subsequently, attack by N-hydroxy succinimide (NHS) on the
carboxylic carbon and elimination of a ureic derivative occurs. Finally, the primary
amine binds to the carboxyl group forming the amide bond and restoring N-hydroxy

succinimide.
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Figure 8 — Mechanism of the amidation reaction with EDC/NHS (Eyley & Thielemans, 2014)

Functionalization by esterification

The anhydroglucose units of cellulose nanocrystals (CNC) contain three -OH groups that
are susceptible to modification. When cellulose nanocrystals (CNC) react with dodecyl
succinic anhydride (DDSA), succinylation occurs, meaning a succinyl group is attached
to the cellulose. This reaction primarily takes place at the C2 position, where modification
of the hydroxyl group is most likely to happen. However, the grafting process can also
impact the hydroxyl groups at the C3 and C6 positions of the glucose units in the
cellulose structure. This modification with DDSA alters the properties of CNC, making
it more hydrophobic, which enhances its potential as a reinforcing agent in composite or

hydrophobic materials (Trinh et al., 2022).
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Figure 9 — Schematic diagram of succinylation reaction of nanocrystalline cellulose with dodecyl succinic anhydride

(Trinh Et. Al., 2022)
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1.3.2. Chitosan, Galactomannan and Glucomannan
Chitosan

Chitosan is a polysaccharide that is abundantly found in the cell walls of fungi and in the
exoskeletons of crustaceans, insects, and other arthropods. Due to its diverse properties
and versatility, it is extensively researched for use in biomedical, environmental, and

industrial applications.

Chitosan is a linear polysaccharide composed of (3-(1—4)-D-glucosamine (deacetylated)
and N-acetyl-D-glucosamine (acetylated) units. Its structure closely resembles that of
cellulose, but it differs by having an amine group (-NH,) instead of a hydroxyl group (-
OH) at the C2 position. This gives chitosan distinct characteristics, such as a positive
charge in acidic environments, which is important for various applications (Rinaudo,
2006). Chitosan is produced by deacetylating chitin (Figure 10), which can be achieved
through either chemical or enzymatic methods. The chemical method involves treating
chitin with sodium hydroxide (NaOH) at elevated temperatures, while enzymatic
deacetylation uses enzymes like chitin deacetylase. The degree of deacetylation (DD), or
the ratio of free amine groups to acetylated groups, plays a crucial role in determining
the material's properties (Kumar et al., 2004). Generally, a higher DD enhances solubility
in acidic solutions and improves biological properties, affecting solubility,
biocompatibility, and mechanical properties, with chitosan having a higher DD being

more soluble in water.
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Figure 10 — Theoretical chemical structures of (a) chitin and (b) chitosan (Mei Et. Al., 2024)
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Chitosan is biodegradable and biocompatible, characteristics that allow its use in biomedical
applications for drug delivery and wound healing. Its biodegradability is linked to the
activity of enzymes such as lysozyme, which degrade chitosan into non-toxic compounds.
Furthermore, chitosan can easily be chemically modified to obtain derivatives with specific
properties. For example, its reaction with anhydrides or acyl halides can produce
hydrophobic derivatives, while its modification with thiol groups or negative charges can
improve its interaction with proteins or cell membranes (Kean & Thanou, 2010). Chitosan
shows excellent compatibility with other polysaccharides such as cellulose, making it a
valuable biopolymer for composite materials. This compatibility is due to the formation of
hydrogen bonds between the amine and hydroxyl groups of chitosan and those of cellulose,
improving the mechanical strength and thermal stability of the material. Chitosan-cellulose
composites are increasingly used in drug delivery and food packaging due to their

combination of mechanical resilience and biodegradability (El-Araby et al., 2023).

Glucomannan and Galactomannan

Galactomannan and glucomannan are gaining recognition as promising polysaccharides
in the packaging industry due to their functional properties and biodegradability. While
not as widely used as materials like cellulose and chitosan, these polysaccharides are

attracting attention for their ability to form gels, emulsify, and stabilize.

Glucomannan (Figure 11) is a water-soluble polysaccharide made up of long linear
chains of glucose and mannose in a roughly 1:1.6 ratio. Its chemical structure features 3
(1—4) bonds linking the glucose and mannose units alternately along the polymer chain.
The high hydrophilicity of glucomannan, coupled with its ability to form thick solutions
even at low concentrations, results from the arrangement of hydroxyl groups (-OH)
along the chain, which interact with water molecules (Kapoor et al., 2024). Derived
primarily from the root of Amorphophallus konjac, glucomannan is known for its

significant water absorption capacity, forming dense gels.

22



This gel-forming ability is particularly beneficial in packaging applications that require
moisture barriers, enhancing the preservation of the packaged goods (Luo et al., 2019).
Glucomannan can also be combined with other polysaccharides such as cellulose or
chitosan to create composite films with improved mechanical and barrier properties,
contributing to the development of more sustainable packaging options (Nampoothiri et
al., 2020). The use of natural polysaccharides like galactomannan and glucomannan in
packaging presents a promising solution to reducing the environmental impact of plastic
waste. These materials are biodegradable and derived from renewable resources, making
them an eco-friendly alternative. Their properties can be further enhanced through the
incorporation of nanomaterials or chemical modifications, offering new opportunities for
high-performance packaging in the food, pharmaceutical, and cosmetic industries (Shen
et al., 2020). For example, Wu et al. (2020) found that incorporating tara gum (from 10%
to 60%) significantly improved the strength of mixed gels compared to pure k-
carrageenan. Additionally, JT et al. (2020) developed a composite film combining clay, k-
carrageenan, and carob gum, which exhibited strong mechanical properties, reduced
water vapor permeability (WVP), and improved antibacterial activity against L.
monocytogenes when 16% clay was added by weight. Emerging technologies like 3D
printing and customized bioplastics are facilitating the integration of these biopolymers
into large-scale manufacturing, promoting a shift towards a more sustainable packaging

industry (Shen et al., 2020).
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Figure 11 — Structure of KG (Kapoor Et. Al., 2024)
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Galactomannans consist of a mannose (M) backbone with single galactose (G) residues
linked by a-1,6 bonds. They are commonly found in the endosperm of legumes (Martins
et al., 2010). The main commercial galactomannans include guar gum, tara gum, and
carob seed gum, with M/G ratios of 2:1, 3:1, and 4:1, respectively. The branched structure
gives galactomannan gelation and stabilization abilities, which are particularly useful in
the food and pharmaceutical industries, where it is often used as a thickener and
stabilizer in emulsions and suspensions (Sharma et al., 2021). Additionally, its
compatibility with other biopolymers, such as cellulose, allows for enhanced mechanical
properties and the formation of composite materials with potential applications in
sustainable industrial sectors (P. Sharma et al, 2021). In the packaging sector,
galactomannan stands out for its potential as a thickening or gelling agent, especially in
the production of biodegradable films, where it improves the stability and shelf life of
packaged products. Its mechanical properties can be optimized by combining it with

other biopolymers or nanomaterials to increase strength and durability (Bhat et al., 2015).
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Figure 12 — Structure of Galactomannan (Wang Et. Al., 2023)

Both polysaccharides possess excellent biocompatible and biodegradable properties,
making them ideal for applications in the biomedical and environmental sectors,
including film production and the development of eco-friendly packaging materials
(Nagarajan et al., 2024). Their combined use with other biopolymers, such as cellulose,
can further enhance the mechanical and thermal properties of these materials, opening

new frontiers for their use.



1.4. Use of polysaccharide suspensions as coating

Coating involves applying a thin film to substrates such as paper or lignocellulosic materials
to enhance their properties, including strength, barrier performance, and durability.
Reinforcing coatings are used to improve mechanical strength and moisture resistance,
making them more suitable for packaging and other technical applications. Polysaccharides
like chitosan and crystalline nanocellulose (CNC) are particularly promising for coatings
due to their biodegradability and their ability to form robust films. Chitosan is valued for
its antibacterial properties, while CNC is used to enhance mechanical strength. Positive
results have been obtained when lignocellulosic substrates are treated with CNC (Basile et
al., 2018; Bergamonti et al., 2020;Fornari et al.,, 2024 ; Haghighi Poshtiri et al., 2024).
Additionally, CNC is noted for its transparency when applied to lignocellulosic materials
(Bellia et al., 2023). Recent studies have demonstrated that incorporating these materials into
matrices made of starch or other biopolymers significantly improves the barrier and

mechanical properties of paper (Xue et al., 2022).

Viscosity is a critical property in coating processes, as it directly affects the ease of
application, the formation of uniform films, and the final performance of the material.
Materials with the appropriate viscosity allow for smooth application, ensuring an even
distribution on the substrate without forming bubbles, streaks, or other imperfections that
could degrade the coating's effectiveness. The optimal viscosity depends on the specific
application and coating technique, such as spraying, gravure, or lamination (Cazon et al.,
2017). In polysaccharide-based coatings like those using chitosan and CNC, viscosity plays
a crucial role in the formation of strong, uniform films. Chitosan, which is soluble in acidic
environments, can be prepared in solutions with varying viscosities, ideal for creating
coatings with different mechanical and barrier properties (Priyadarshi & Rhim, 2020). CNC,
with its crystalline structure, contributes to high viscosity and mechanical reinforcement,
improving the resistance and barrier qualities of films, thereby optimizing coating
performance (Cazon et al., 2017). Viscosity can also be modified by adding plasticizers or
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stabilizing agents, which enhance flexibility and resistance without compromising the

coating’s adhesion to the substrate (Potier et al., n.d.).

Coating deposition methods include a variety of techniques, such as:

» Blade coating (which uses a blade to spread the coating evenly on flat surfaces),

e Roll coating (where rollers apply the coating, suitable for large-scale continuous
applications),

» Spray coating (which applies a spray of coating material and is used for irregular
surfaces),

o Dip coating (where the substrate is immersed in the coating solution and then
withdrawn to control the thickness),

o Electrodeposition (used for conductive surfaces, involving an electric current to
deposit the coating),

» Slot-die coating (involves the uniform delivery of the solution over a surface through

a distribution system, ensuring even coverage across the entire coating area).

The choice of deposition technique depends on the material characteristics and the specific
coating requirements, with various adaptations made for reinforcement coatings, such as
those based on nanocellulose or chitosan. The following section discusses two key

deposition methods employed in the experiments for this thesis.

SPIN COATING

Spin coating is a technique used to apply a thin liquid layer onto a rotating substrate by
utilizing centrifugal force (Figure 13). The coating is generally obtained from polymer
solutions, where the viscosity and surface tension of the solution determine the formation
of a uniform film on the substrate. As the substrate spins, the liquid thins out due to

centrifugal movement and solvent evaporation.

26



The process consists of four main stages: dispensing the liquid, accelerating the substrate,
centrifugal fluid flow outward, and drying through evaporation. The critical stages for
determining the final coating thickness are the fluid flow (third stage) and evaporation
(fourth stage). Factors such as the amount of liquid dispensed, final rotation speed, solution
viscosity, concentration, and duration of spinning all influence the thickness and diffusion
of the film. Generally, increasing the rotation speed results in a thinner film (Herrera et al.,

2016).

However, spin coating has certain limitations, particularly at larger scales. These include
high material waste (only 2-5% of the dispensed liquid adheres to the substrate, while the
remaining 95-98% is discarded), challenges in achieving a uniform coating on larger
substrates, and limited reproducibility. Despite these drawbacks, spin coating is commonly
used in research laboratories, especially for developing new coating formulations for

packaging and devices (El Amrani et al., 2024; Herrera et al., 2016; Sahu & Panigrahi, 2009).
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Figure 13 — Spin coating process

SLOT-DIE COATING

The Slot-Die coater is a highly versatile deposition technique used to apply thin liquid
tilms onto a substrate. This technique allows for high levels of coating uniformity across
the entire length/width of the surface, with film thickness ranging from a few nanometers

to several micrometers, and deposition speeds ranging from a few centimeters per
27



second to several meters per second. Coating materials are usually dissolved in solutions
with varying viscosities. This is a pre-metered coating technique. The coating material is
applied to the substrate through a coating head known as a slot-die. The advantages of
the slot-die coating process include film thickness control, contactless coating
mechanism, production speed, and scalability of coating areas. The disadvantages
include operational issues due to the high complexity of the equipment and process
optimization. Slot-die coating was developed for industrial use and is applied in large-

scale production environments (Whitaker et al., 2018).

To achieve good deposition, it is necessary to control certain key parameters. These
parameters are found within what is called the coating window, which is a map of
coating parameters, and within this map are the ranges of values that can be applied to
achieve a defect-free coating.

The coating window parameters include:

e Ratio between the slot-die height and the wet film thickness (Ho/twet)

The height of the slot-die is important for determining the quality of the deposited film,
as it controls the distance the meniscus must travel to maintain the deposition process
stable. The final wet film thickness (twet) is determined by the coating width (W), the
volumetric pump flow rate (Q), and the relative speed between the slot-die and the
substrate during coating (U).
Twet=Q/WU.

e Pump volume flow rate (Q)

e Coating speed (U)

e Pressure difference between the upstream and downstream faces of the meniscus

(Ap)

e Capillary number of the liquid coating (Ca)

Capillarity refers to the phenomena due to the interaction between the molecules of a

liquid and a solid, and to surface separation. The forces involved in this phenomenon are

cohesion, adhesion, and surface tension. The capillary number (Ca) is a dimensionless
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number representing the relative effect of viscous forces compared to the surface tension

of the substrate.

This number is defined as: Ca = po /Y, where p is the viscosity of the liquid, o is the fluid

velocity, and Y is the surface tension.

For good deposition, the MINIMUM WET THICKNESS must be set, i.e., the minimum
thickness that can be used at a given speed for good deposition. The higher the speed of
the substrate movement, the greater the film thickness. When the deposited layer is
thicker than the minimum deposition layer (T > Tmin), coating uniformity problems

occur.

Deposition speeds Vmin, Vmax must also be set: substrate movement speeds below and
above which good coating is not possible. Starting from zero speed, a suitable Vmin is
reached, and then the maximum speed (Vmax) is set for a given film thickness (Whitaker

et al., 2018)

The quality of the final film depends on many factors, including factors outside the ideal
coating window. Slot-die coating is a mechanical process in which parameter
optimization is crucial to obtain uniform coatings; however, mechanical imperfections
such as irregular movement in the pump and coating systems, poor parallelism between
the slot-die and the substrate, and external vibrations in the environment can lead to
undesirable variations in film thickness and quality. Therefore, the slot-die coating
equipment and its environment must be properly specified to meet the requirements of
a given process and avoid defects in the coated film caused by imperfections in the

hardware or environment.

Coating solution in

Figure 14 — Representative diagram of slot-die coating (Wikipedia)
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Chapter 1

CNC SURFACE FUNCTIONALIZATION AND
CHARACTERIZATION

1. Abstract

This chapter focuses on the study of the functionalization of nanocrystalline cellulose
and the chemical characterization of the products obtained. Various modifications can
be carried out on nanocellulose: non-covalent modifications, in which small molecules
or macromolecules are adsorbed onto the surface of the nanocrystals by exploiting
electrostatic and van der Waals interactions, or covalent modifications, in which the

primary OH groups on the surface glucose units are replaced.
The functionalizations performed are:

o Oxidation mediated by the persistent radical 2,2,6,6-Tetramethylpiperidine-N-
oxyl (TEMPO), which enables the selective oxidation of primary hydroxyl groups
to carboxylate functionality.

e Amidation by means of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC-HCI) and N-hydroxy succinimide (NHS), yielding a further
functionalisable compound. From the reaction between the amide product and

different reagents, a material with modifiable properties can be produced.

» Esterification using dodecyl succinic anhydride (DDSA), chosen to provide the

CNC with greater hydrophobicity due to its long chain.
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2. Experimental
2.1. Materials

The following were used as solvents Distilled water, methanol (Sigma-Aldrich), ethanol

(96%, Sigma Aldrich).

The reagents used are: Cellulose nanocrystals (CelluForce NCC®; production no. 2015-
011) purchased from CelluForce (Canada); TEMPO (Sigma Aldrich); NaBr (Sigma
Aldrich); NaClO (Sigma Aldrich); 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC-HCI) (Sigma Aldrich); N-hydroxy succinimide (NHS) (Sigma
Aldrich); ethylenediamine; triethyl amine (TEA); trioctyl methyl ammonium chloride
(SERVA Feinbiochemica Heidelberg/ New York); and dodecyl succinic anhydride
(DDSA) (SERVA Feinbiochemica Heidelberg/ New York).

2.2. Reaction of oxidation of cellulose sources: preparation of TEMPO-oxidated

nanocellulose

Cellulose nanocrystals (CelluForce NCC®) were utilized to perform the oxidation
reaction. The oxidation of the primary alcohol was achieved using the free radical 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO), following the method previously developed in
our laboratory as part of a thesis project (Fedele, 2021). In this procedure, a suspension
of CNC was prepared, and TEMPO was added while maintaining a constant ratio of
millimoles of TEMPO to grams of cellulose. TEMPO, NaBr (sodium bromide), and
NaClO (sodium hypochlorite) were then added sequentially, with the quantities of NaBr
and NaClO varied according to the details provided in Table 1. To ensure thorough
removal of any residuals and achieve a neutral pH, the sample underwent dialysis using
Sigma Aldrich cellulose acetate dialysis tubes (diameter=15mm, width=23mm pore
size=sMWCO 12400). The oxidised samples were named ‘CNCox’ followed by the

experiment number.
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Table 1 — Experimental data for TEMPO mediated oxidation reaction of CNC

Sample | Cellulose(g) | Tempo NaBr NaClO T | Reaction
(nmol/g) | (mmol/g) [ (mmol/g) | (°C) time
CNCox1 0,22 2 0,5 6 25 6h
CNCox2 0,11 2 0,5 6 25 6h
CNCox3 0,22 2 0,5 12 25 6h
CNCox4 0,22 2 0,5 3 25 6h
CNCox5 0,11 2 1 6 25 6h
CNCox6 0,11 2 5 6 25 6h
CNCox7 0,11 2 10 6 25 6h
CNCox8 0,11 2 4 6 25 6h
CNCox9 0,11 2 4 6 25 6h
CNCox10 0,11 2 4 6 25 6h
CNCox11 0,11 2 10 6 25 6h
CNCox12 0,11 2 10 6 25 6h
CNCox13 0,11 2 4 6 25 6h
CNCox14 0,11 2 5 6 25 6h
CNCox15 0,11 2 4 5 25 6h
CNCox16 0,11 2 5 5 25 6h

2.3. CNC amidation reaction

The amidation reaction (at room temperature for 12 hours) was carried out following the
procedure outlined in the literature (Ruiz-Palomero et al., 2015). A suspension was
prepared by combining CNCox (700 mg), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC-HCl), and N-hydroxy succinimide (NHS) in methanol
(20 mL). Then, a solution of ethylenediamine and triethylamine (TEA) in methanol (10
mL) was added to the suspension. The resulting precipitate was washed with
dichloromethane and ethyl acetate to remove impurities and excess reagents, followed
by a final wash with water to neutralize the pH to 7. The resulting samples were stored

as a powder under the name CNCox-CH.



Table 2 — Table showing the amounts, expressed in mmol and mg, of the reactants used in the reaction

EDC-HCI NHS Ethylenediamine TEA
mmol 1,2 1,2 18 2,2
Mg 460 280 900 222
chemical o OH
- o HaN.__~ ™
structure \H ol wo NH, N
N
C;.N
N

24.  Functionalization of CNC with docecyl succinic anhydride (DDSA)

The functionalization with dodecyl succinic anhydride (DDSA) was carried out
following the procedure described in the literature (Trinh et al., 2022). DDSA was chosen
due to its long alkenyl chain, which enhances the hydrophobicity of CNC (Trinh et al.,
2022). The hydroxyl group (-OH) on the CNC surface reacts with the anhydride group
of DDSA, forming an ester bond (-O-C=0O) and releasing the anhydride. This reaction
introduces an ester group (-COO-Ci2Hzs) onto the CNC surface. A 3% CNC solution in
distilled water was prepared, and DDSA powder was added. The reaction was carried
out at room temperature for approximately 6 hours, with the pH monitored and

maintained at 9 by adding NaOH.

Bn

0

Figure 15 — Chemical structure of succinic anhydride (Wikipedia)
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3. Methods

3.1. pH measurements

The pH of the aqueous suspensions of CNC was tested with a Crison Basic 20 pH meter.

The average of the measurements taken in triplicate was taken into account.

3.2. Conductimetric titration

The degree of oxidation of the CNCox samples was determined using conductimetric
titration, based on the method outlined by Habibi et al. (2006), with a Dosimat 665
dispenser (Metrohm) and a Crison microCM 2201 conductometer. Prior to the titration,
50 uL of 1.2 M HCl was added. The samples were titrated with a standardized 0.00978
M NaOH solution, prepared using potassium hydrogen phthalate, and dispensed with
an automated burette. The conductivity was recorded after each addition of titrant.
Multiple trials were performed to identify the optimal number of data points to
accurately generate the titration curve. A total of 15 mL of titrant was used, with
measurements taken at 1 mL intervals from 0 to 4 mL, at 0.3 mL intervals from 4 to 8 mL,
and at 1 mL intervals from 8 to 15 mL. Once the data were collected, the equivalence
volumes for the titration of the strong acid and weak acid were calculated. The difference
between these two volumes, in terms of equivalents, represents the amount of weak acid,
which correlates with the quantity of oxidized nanocrystals. The titration curve consists
of three segments: the first segment (Figure 1) represents the titration of the strong acid,
which was added in a known amount to each sample. In this phase, the conductivity
decreases linearly as NaOH is added, due to the neutralization of free protons, which
contribute to the solution's conductivity. Once the buffer region is reached, the curve
flattens, as the carboxylated cellulose nanocrystals behave as a weak acid, following the
equilibrium:
CNC-COOH 2 CNC-COO™ + H*

Finally, with excess NaOH, the conductivity increases due to the presence of OH™ ions
in the solution. To determine the equivalent volume from the titration curve, the length

of the plateau must be identified, which corresponds to the difference between the
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volume where the buffer system ends and the volume where it begins. The initial volume
of the buffer system is determined by the intersection point of the line representing the
strong acid phase (orange line in Figure 16) and the line interpolating the buffer region
(black line in Figure 16). Similarly, the final volume of the buffer system is found by the
intersection of the flat section of the curve and the line corresponding to the base excess

(blue line in Figure 16).

Figure 16 — Image related to the method for calculating the equivalent volume

After obtaining the two equivalence volumes, V1 and V2, formula (1) was used to

calculate the degree of oxidation (OD %) of the individual samples:

162xCx (VZ—VJ_}

x 100
w=36xCx (Va=17)

DO (%) =

In this formula, C represents the concentration of NaOH (mol/L), V1 and V2 are the
volumes of NaOH (in L), and wis the mass of the dried sample (in g); the value 36
corresponds to the difference between the molecular weight of an anhydrous glucose
unit (AGU) and that of a unit of sodium salt, while 162 is the molecular mass of an AGU
unit. The error associated with the degree of oxidation was also calculated, propagating
the volume uncertainty in the parameter described above. The uncertainty on volume

corresponds to 1/1000th of the flow rate of the burette, which in this case is 50 mL.
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3.3.  Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra, in ATR mode, of all samples were obtained using the Thermo-Nicolet
Nexus spectrometer, equipped with the Thermo Smart Orbit ATR diamond accessory, in
the range 4000-400 cm™ and with a spectral resolution of 4 cm™. The software used for

curve fitting LabSpec 5 (Jobin Yvon Horiba, Kyoto, Japan).

3.4. Solid-state NMR (SSNMR)

SSNMR measurements were carried out using a Bruker Avance Neo spectrometer,
operating at Larmor frequencies of 500.13 MHz for 'H and 125.77 MHz for 3C.
Depending on the sample size, either a double-resonance CP/MAS probe (with 4 mm
rotors) or a triple-resonance H/X/Y CP/MAS probe (with 2.5 mm rotors) was employed.
The 3C experiments were performed at various MAS frequencies (5-15 kHz), using a CP
IH-13C sequence with a contact time of 1 ms, selected based on preliminary tests and
literature references, and a recycling delay of 5-7 seconds. The number of scans ranged
from 400 to 40,000, depending on the sample and probe used. The 13C chemical shifts
were referenced to the signal of adamantane at 38.46 ppm as an external standard. All

experiments were conducted at room temperature, using dry air as spin gas.

4. Results and discussion

4.1. Oxidised CNC results

pH mesurements

For all the solutions obtained, the pH values were measured (Table 3).

The presence of acid groups makes the solutions acidic (pH~3), amine groups or NaOH
make the solutions basic (pH~10). In the case of oxidised cellulose, the dialysis process

makes it possible to eliminate reagents with pH values close to neutrality.
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Table 3 — Results of vH measurement

SAMPLE pH
CNC-OX 6.2 (5)
CNC-NH 8.3 (3)

CNC-DDSA 9.2(1)

Conductimetric titration

The degree of oxidation (OD%) of the oxidized CNC (CNCox) was evaluated through
conductivity titration. The results, shown in Table 4, align with the literature (Habibi,
2014), ranging from 3% to 12%, depending on the amount of NaClO used. An exponential
increase in the degree of oxidation is observed as the NaClO amount rises, confirming
the effectiveness of the reaction. This trend is particularly noticeable in samples 1 and 3,
where the NaClO amount increased from 6 to 12 mmol (Table 1). An increase in OD was
noted for samples treated with 1 and 5 mmol/g, whereas no significant change occurred
with a 10 mmol/g treatment. Additionally, the amount of co-catalyst necessary to achieve
an optimal reaction rate was evaluated, aiming to minimize the use of both the co-catalyst

and primary oxidant to balance reaction time and yield.

Two sets of samples, CNCox 12-13 and CNCox 14-15, were oxidized with 6 mmol and 5
mmol NaClO, respectively, using varying co-catalyst amounts. In both cases, the samples
with a higher OD were those treated with a larger quantity of co-catalyst. Notably, a
good degree of oxidation was achieved with samples CNCox 12 and 15 by using less
oxidant but a higher amount of co-catalyst. To investigate the role of basicity in the
reaction, samples CNCox 8, 9, and 10 were prepared by adding different amounts of
NaOH before introducing the primary oxidant. The ratios were 0 mmol:1g (CNCox 11),
6 mmol:1g (CNCox 12), and 12 mmol:1g (CNCox 13). The results indicate that adjusting

the pH with a strong base had no significant impact on the reaction.

This suggests that the addition of the primary oxidant is sufficient to create a suitable

basic environment to start the reaction. The timing of the reactions was also evaluated
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by performing some syntheses. It was observed that about 3h of reaction time is required

to obtain a good DO.

Table 4 — Results of conductimetric titration

SAMPLE | DO (%)
CNCox1 4.1
CNCox2 3.1
CNCox3 13.0
CNCox4 2.1
CNCoxb5 5.4
CNCox6 9.3
CNCox7 6.9
CNCox8 7.1
CNCox9 5.3
CNCox10 6.0
CNCox11 3.0
CNCox12 9.6
CNCox13 8.1
CNCox14 9.9
CNCox15 7.2
CNCox16 9.8

Fourier Transform Infrared Spectroscopy (FTIR)

To confirm the oxidation reaction of nanocrystalline cellulose (CNC), the product was
characterized by FTIR spectroscopy. Figure 17 shows a spectroscopic comparison

between CNCox and the non-oxidized starting CNC.
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Figure 17 — Spectroscopic comparison between CNCox and CNC



From the spectroscopic analysis, it is evident that the CNC bands are primarily
characterized by vibrations linked to the OH groups. The bands corresponding to the
stretching vibrations of the OH groups involved in intermolecular hydrogen bonding
appear at 3340 cm™ and 3280 cm™. The stretching vibrations of the CH and CH, groups
are observed around 2900 cm™ and 2860 cm™!, while bands at 1160 cm™ and 1030 cm™
are associated with the stretching vibrations of the ether group in the pyranose ring (vas
C-O-C) and the C-OH group of carbon C6, respectively. At 1200 cm™, a weak peak is
observed, attributed to the stretching vibration of the sulfate group resulting from
hydrolysis with sulfuric acid. A peak at 895 cm™ corresponds to the stretching vibration
of the C-O-C group involved in the glycosidic bond between two adjacent rings (Potenza
et al., 2022). The band at 1640 cm™ is associated with the bending vibrations of adsorbed
water molecules on the cellulose. Additionally, a weak band at 1604 cm™, related to the

stretching vibration of the C=O carboxylate group, is seen in all CNCox spectra.

Solid-state NMR (SSNMR)

Cellulose oxidation was also investigated by means of the analytical technique solid-state
nuclear magnetic resonance, thanks to which the signals attributed to the carbon atoms
in the polymer chain can be appreciated and the crystallinity index of the samples can be

derived.
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Figure 18 — 3C CP/MAS spectrum for a): oxidized cellulose (CNCox); b) CNC. The numbering scheme of
the carbon atoms of the 6-loop anhydroglucopyranose unit is shown in the box
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The spectra for cellulose (b) and oxidized cellulose (a) are shown in the figure. In these
spectra, signals for C1 are observed between 104 and 106 ppm, C2, C3, and C5 between
71 and 76 ppm, C4 signals between 82 and 90 ppm, and C6 signals between 62 and 66
ppm, which correspond to the carbon atoms of cellulose in their characteristic spectral
regions.

For the C4 signals, the narrower band between 88 and 90 ppm is associated with the
carbon atoms in the internal structure of the nanocrystals, while the broader band

centered at 84 ppm corresponds to the cellulose chains on the surface of the crystals.

The classical numbering of the carbon atoms in the glucose molecule's six-membered

ring was used to identify the carbon atoms (Atalla et al., 1980; Earl & VanderHart, 1980).

The signals corresponding to the amorphous part, for the other carbon atoms, are weaker
than those associated with the crystalline part. Both spectra exhibit broad bands,
indicating the low degree of order in the samples. The relative intensities of the signals
from the crystalline and amorphous components can be used to estimate their quantities

and the crystallinity index (CI).

To quantify the contributions of the crystalline and amorphous components of cellulose,
as shown in Figure 19 and Table 5, the spectra were fitted using the non-linear least

squares method available in the SPORT-NMR software (Geppi & Forte, 1999).

Figure 19 — 13C CP/IMAS spectrum fitting of oxidized cellulose (CNCox). On the
left are the experimental (black) and calculated (red) spectra, on the right are the
experimental spectrum (black) and the peaks for fitting (blue).
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Table 5 — Chemical shift values obtained from the best “fit” and relative peak areas obtained from
analysis of the ¥C CP/MAS spectrum of CNCox

Chemical shift (ppm) Assignment Area Area %
106.09 Carbon 1 23.9 2.9
105.29 Carbon 1 76.4 9.3
104.34 Carbon1 39.0 4.7
89.90 Carbon4 (crystalline) 7.60 0.92
89.28 Carbon 4 (crystalline) 10.7 1.3
88.68 Carbon 4 (crystalline) 76.5 9.3
84.70 Carbon 4 14.1 1.7

(amorphous)
84.20 Carbon 4 28.8 3.5
(amorphous)
83.00 Carbon 4 8.80 1.1
(amorphous)
76.20 Carbon 2,3,5 67.0 8.1
75.27 Carbon 2,3,5 52.3 6.4
74.48 Carbon 2,3,5 79.7 9.7
72.73 Carbon 2,3,5 159 19
71.61 Carbon 2,3,5 74.8 9.1
65.81 Carbon 2,3,5 44.3 5.4
65.20 Carbon 6 19.2 2.3
(crystalline)
63.50 Carbon 4 40.4 4.9
(amorphous)

The integration of the C4 signal is used to calculate the crystallinity index (CI). The
spectral areas considered are from 80 to 93 ppm (A80-93, which includes all C4 signals)
and from 86.5 to 93 ppm (A86-93, representing the crystalline C4 signals).



The crystallinity index is calculated using the following formula:

CI = A86-93 / A80-94 - 100

The relative intensities of the C4 signal components can also be employed to estimate the

lateral dimensions of cellulose fibrils (LFDs) (Newman, 1999).

Assuming an average size of 0.57 nm for the cellulose polymer, the average LFD value is

determined by the formula:

LFD=0.57 -n

where n refers to the number of cellulose polymer chains perpendicular to the cross-

section of the nanocrystalline cellulose.

Table 6 — Crystallinity index (CI) and lateral fibril size (LFD) of oxidized cellulose from spectra analysis

and signal integration.

Sample s.rI. Probe Method Cl LFD
CNC-ox 15 kHz 4 mm Integration 64% 5,7 nm
CNC-ox 15 kHz 4mm Fitting 65% 5,9 nm

Fig.20 shows the peak expansion around 174.9 ppm where the carboxyl group carbon

signal can be observed (Cui et al.; 2014; Liu et al; 2018).

Figure 20 — Expansion of the 3C CP MAS spectrum of the CNCox in the spectral region showing the COOH

ppm

42



4.2. Amidated cellulose results

Elemental analysis
To check for the presence of nitrogen atoms, an elemental analysis was carried out, the

results of which, i.e. the percentage amount of carbon, hydrogen, nitrogen and sulphur

atoms, are shown in Table 7.

Table 7 — Elementary analysis results

Sample C (%) H (%) N (%) S (%)
CNC 40,31 40,31 / 1,05
CNCox-NH 40,93 6,22 2,34 0,66

Fourier Transform Infrared Spectroscopy (FTIR)

Amidated nanocrystalline cellulose (CNCox-NH) displays a distinct spectrum with
several notable absorption bands (Figure 21), each corresponding to specific vibrational
modes of the functional groups in its structure. The band at 3340 cm™ is attributed to the
stretching vibration of the hydroxyl (OH) groups in cellulose. A broad band around 2900
cm™' is due to the stretching vibration of the methyl (-CH;) and methylene (-CH,-)
groups, which are part of the modified cellulose's organic structure. The band at 1640
cm™' corresponds to the stretching vibration of the C=O double bond from the amide
group formed during the amidation reaction. Lastly, the band at 1550 cm™ is associated
with the bending vibration of the N-H bond, characteristic of the amine group introduced

into the cellulose structure.
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Figure 21 — FTIR spectrum of nanocrystalline cellulose functionalized by amidation



Solid state NMR (SSNMR)

To verify the amidation of the samples, a nuclear magnetic resonance analysis was

performed, which resulted in the acquisition of the *C CP MAS spectra.

PPmM
Figure 22 —3C CP/IMAS spectrum of (a) animated cellulose (CNCox-NH) and (b) nanocrystalline cellulose
(CNC Box shows the numbering scheme of the carbon atoms of the 6-loop anhydroglucopyranose unit)

As seen in Figure 22, both spectra exhibit characteristic cellulosic carbon signals in their
respective spectral regions: C1 signals between 104 and 106 ppm, C2, C3, and C5 signals
between 71 and 76 ppm, C4 signals between 82 and 90 ppm, and C6 signals between 62
and 66 ppm. In the NMR spectrum of CNCox-NH, compared to the pure CNC, the
signals appear with lower intensity, suggesting a lower degree of functionalization. The
relative intensities of the crystalline (inner) and amorphous (surface) signal components
can be used to estimate the proportions of these different regions and determine the
crystallinity index (CI). To assess the contributions of the crystalline and amorphous
components, the spectra were fitted using the non-linear least squares method available

in the SPORT-NMR software (Geppi & Forte, 1999).

i1} \

Figure 23 — Fitting of the ¥C CP/MAS spectrum of starch cellulose (CNCox-NH). On the left are the experimental
(black) and calculated (red) spectra, on the right are the experimental spectrum (black) and the peaks for fitting
(blue).




Table 8 — Best fit values of chemical shifts and relative peak areas obtained from analyst of the ¥C CP/MAS spectrum of

CNCox-NH
CHEMICAL SHIFT | ASSIGNMENT AREA AREA %
(PPM)

106.08 CARBON 1 25.10 2.8

105.25 CARBON 1 75.4 8.5

104.30 CARBON1 60.90 6.9

89.90 CARBONA4 10.70 1.2
(CRYSTALLINE)

89.23 CARBON 4 19.50 2.2
(CRYSTALLINE)

88.44 CARBON 4 47.20 5.3
(CRYSTALLINE)

84.70 CARBON 4 12.80 1.4
(AMORPHOUS)

84.20 CARBON 4 38.60 4.3
(AMORPHOUS)

83.00 CARBON 4 8.20 0.92
(AMORPHOUS)

76.00 CARBON 2,3,5 76.40 8.6

75.25 CARBON 2,3,5 41.80 4.7

74.48 CARBON 2,3,5 123.8 14

72.70 CARBON 2,3,5 120.3 14

71.65 CARBON 2,3,5 99.00 11

65.90 CARBON 2,3,5 33.60 3.8

65.19 CARBON 6 37.60 4.2
(CRYSTALLINE)

63.80 CARBON 4 58.20 6.6
(AMORPHOUS)

The integration and relative intensities of the C4 signal components can be used to
estimate the crystallinity index (CI) and lateral dimensions of cellulose fibrils (LFDs),

respectively (Newman; 1999).
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Table 9 — Crystallinity index (CI) and lateral fibril size of starch cellulose from spectra analysis and signal

integration
Sample Sl Probe Method Cl LFD
CNC-NH 5kHz dmm Integration 58% 4.8nm
CNC-NH 5kHz dmm Fitting 56% 45nm

The reaction was confirmed by the expansion of the peaks around 40 and 175 ppm where
the signals of CH: and CO carbons can be observed, indicating that the CNC
functionalization reaction had taken place (Fig. 24) (Kumar et al.;2020; Pettignano et al.;

2019).

CONH

55 50 45 40 35 30 25 20 200 190 180 170 160
ppm ppm
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4.3. Results of the reaction between CNC and dodecyl succinic anhydride (DDSA)

Fourier Transform Infrared Spectroscopy (FTIR)

The characteristic profile of CNC is recognizable in all the spectra, where the vibration

bands already discussed in paragraph 4.1 (Trinh et al.; 2022) are clearly visible.

Following the reaction of CNC with DDSA, new bands appear in the region between
1750 and 1500 cm™. The band at 1712 cm™ is attributed to the stretching vibration of the
ester carbonyl group from the anhydride, formed after reacting with the primary alcohol
group of cellulose. The bands at 1568 cm™ and 1550 cm™ are related to the stretching
vibrations of the carboxylate COO- group in CNC/DDSA. The peak at 2960 cm™ visible
in the FTIR spectrum of CNC/DDSA is due to the stretching vibrations of the CHs group
from the methylene chain introduced by DDSA. The absence of the bands at 1790 cm™!
and 1860 cm™, characteristic of anhydrides proves that no unreacted anhydrides are

present in the product (Leszczynska et al.; 2019).
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Figure 25 — Spectroscopic comparison between CNC and CNC-DDSA
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5. Conclusions

The results highlight the success in optimizing the cellulose functionalization processes,
with particular attention to oxidation. The oxidation of cellulose allows the introduction
of carboxyl groups, which modify the chemical reactivity. Thanks to the optimization of
oxidation parameters, we were able to achieve a satisfactory yield, with results ranging
from 3% to 12% in the degree of oxidation. Furthermore, regarding the reaction times,
we successfully optimized the duration, achieving times that strike a balance between
reaction efficiency and good product yield. This means we managed to reduce the time
required to obtain the desired results without compromising the quality and
effectiveness of the reaction. The optimization of parameters has therefore allowed us to
make the process faster and more efficient while maintaining control over the results

obtained.
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Chapter 2

DEVELOPMENT OF NATURAL POLYSACCHARIDES AND
SUBSEQUENT ADDITIVATION WITH ANTIOXIDANT
COMPOUNDS FOR PACKAGING FIELD

1. Abstract

The second chapter focuses on the formulation of new biodegradable materials based on
natural polysaccharides, presented in the form of films with enhanced barrier properties

towards oxygen and moisture.

For the formulation of the films, three polysaccharides were selected: chitosan,
glucomannan, and galactomannan, known for their film-forming ability and their
potential to interact with other polysaccharides or biopolymers to create blends. The
films were analyzed through swelling degree, contact angle, and FT-IR spectroscopy to
assess their chemical and physical characteristics. After identifying the polysaccharide
with the best performance, it was combined with cellulose nanocrystals and
microfibrillated cellulose, known for their reinforcing properties, to obtain blends. The
blends were further characterized to study the interactions between functional groups
and to analyze their wettability, thermal properties, and barrier properties to oxygen and

water vapor.

In parallel, membranes based on cellulose nanocrystals (CNC) and microfibrillated
cellulose (CMF) were developed, to which antioxidant compounds such as oregano
essential oil and Vitamin C were added to create active packaging. The use of antioxidant
compounds combined with natural materials like cellulose, has been studied to develop
packaging that better protects products from oxidative agents, thus improving their
longevity and quality. In this study, the ability of crystalline nanocellulose (CNC) and
microfibrillated cellulose (CMF) to encapsulate the antioxidant agents was evaluated. In
detail, the films added with oregano essential oil were studied to observe the absorption

of the oil into the film as the CNC concentration varied.
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2. Experimental

2.1. Materials

The solvents used were: Distilled water, alcohol vinegar (brillaceto).
The reagents used were: Cellulose nanocrystals (CelluForce NCC®; production no. 2015-
011) purchased from CelluForce (Canada); microfibrillated cellulose (90%) in the form of
a thick white paste purchased from the Brazilian company Suzano; high molecular
weight chitosan (290 - 320 kDa) (Sigma-Aldrich); galactomannan from carob seed flour
(LBL) (Sigma-Aldrich); glucomannan (KGM) (Vita Natura); vegetable glycerol with
>99% purity (Farmalabor); oregano essential oil purchased from the Italian company
Fontana S.r.l.; ascorbic acid (Molecular weight 176.13 CAS-No: [50-81-7]) (RIEDEL-DE
HAEN).

2.2. Formulation of films and blends based on natural polysaccharides

The sol-gel technique was used for the preparation of the films and blends (Grimaldi et
al., 2022b). The formulation protocol adopted is the same for all films and blends: the
reagents were precisely weighed, and then a solution in water and glycerol was prepared
using a thermostatically controlled mechanical agitator. The temperature was varied
depending on the polysaccharide, and the stirring lasted for 1 hour. The resulting
suspensions were poured into plates and left to dry under a fume hood at room

temperature (RT) for 48 hours.

Tables 10 and 11 show the formulations used for the preparation of the films and blends

shown in Figures 26 and 27, respectively.
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Table 10 — Formulations for films

Film Solvent |Temperature |Plasticizer|Polysaccharides
("O) Glycerol (%P/V)
(%P/P)
Chitosan Water/acetic 65 2.5 1.7
acid (80:20)
Galactomannan Water 85 2.5 1.4
Glucomannan Water 25 2.5 0.3
Table 11 — Formulation of the blends
Blend Solvent | Temperature | Plasticizer | Polysaccharides
@) Glycerol (%P/V)

(%P/P)

Chitosan/CNC Water/acetic 65 2.5 1.7

acid (80:20) 1.7

Chitosan/CNC/CMF Water 85 2.5 1.4

14

14
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Figure 26 — Images of the films a) Chitosan; b) Glucomannan; c) Galactomannan

Figure 27 — Image of blends a) Chitosan/CNC; b) Chitosan/CNC/CMF
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2.3. Formulation of films added with antioxidants

The films additivated with oregano essential oil (OEO) and ascorbic acid (Vit C) were
prepared by formulating solutions based on nanocrystalline cellulose (CNC) and
Microfibrillated cellulose (CMF) (which, despite its low hydrophobicity, has excellent
film-forming properties), obtained through mechanical stirring at room temperature for
one hour. Subsequently, the additives, namely oregano essential oil (OEO) or ascorbic
acid (Vit C), were incorporated into the solutions, maintaining stirring for an additional
hour. The prepared solutions were then poured into Petri dishes and left to dry under a

fume hood for 24 hours.

In the case of the films added with OEQO, the concentrations of CNC and CMF were
varied to evaluate whether these changes would affect the absorption of the essential oil.
The choice to vary the ratio of the two polymers was made to understand if the amount
and arrangement of CNC and CMF had an impact on the efficiency with which the OEO
was incorporated into the film. This variation in concentrations allows for the study of
the interaction between the polymers and the essential 0il, and how these affect the film's

ability to retain and release the OEO over time.

For the films added with Vit C, both the absorption and release of ascorbic acid were
evaluated. In this case, the goal was to understand how the solubility and distribution of
ascorbic acid in the films were influenced by the polymer composition. Additionally, the
release behavior of Vit C over time was studied to assess its ability to be released in a
controlled and prolonged manner, an aspect particularly important for packaging

applications that require continuous antioxidant protection.

The formulations of the added films are shown in tables 12 and 13 and in figure 28.
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Table 12 — Formulation of films added with oregano essential oil (OEQO)

Film Solvent Temperature | Polysaccharides Additive
O [Concentrations] | [Concentrations]
CMF/CNC/OEO Water RT 1:1 0,5
CMF/CNC/EOE Water RT 1:2 0,5
CMEF/OEO Water RT 0,5
Table 13 — Formulation of films added with ascorbic acid (vit. C)
Film Solvent Temperature | Polysaccharides Additive
O [Concentrations] | [Concentrations]
CNC/CMEF/Vit C Water RT 1:1:1 0,5

Figure 28 — On the left, photo of the film added with oregano essential oil, on the

right, photo of the added with ascorbic acid
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3. Characterization of films, blends and active packaging film

3.1. Degree of swelling

The films were cut with a puncher with a diameter of 20 mm, obtaining 5 samples from

each film.

Each sample was weighed (Initial weight T0), dried in an oven at 60 °C, and reweighed
(Dry weight: T1). Each dry sample was immersed in 25 mL of distilled water for 10
minutes, weighing it every 60 seconds (Wet weight). The degree of swelling was

calculated using the following equation:

. wet weight - dry weight T1
Degree of swelling = ¢ g Y weight T)

dry weight T1

3.2. Surface contact angle

The contact angle was measured using the OCA system from Dataphysics.

The measurement parameters were set as follows:
e Syringe: DS-D 1000 SF
e Needle: SNS-D 051/025 (Jo = 0.51 mm)
e Liquid: water
e Dosage volume: 5 uL
e Dosage speed: 5 puL/s
e Measurement: sessile drop
Automatic calculation of the contact angle with the dpiMAX 20P software, vprofessional.

The substrates are placed on a support provided by Dataphysics and positioned on the
mobile linear table. Using direct input from the software, the drop is dosed. The table on

which the sample is placed is then moved upward until the drop is captured.
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3.3.Fourier Transform Infrared Spectroscopy (FTIR)

The FT-IR analysis was performed as described in Chapter 1 section 3, sub-section 3.3.

3.4.Thermal properties

The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
performed on the samples using the PerkinElmer Thermogravimetric Analyzer TGA

8000 and the PerkinElmer Differential Scanning Calorimeter DSC  6000.

The analysis parameters set for both tests are:
e Temperature range: RT - 300°C
e Heating rate: 10°C/min

e Gas flow: nitrogen

3.5.Permeability measurement (WVTR, OTR)

The water vapor transmission rate (WVTR, g/m?-d) was evaluated under ambient
conditions of temperature T = 23°C and relative humidity RH = 50%, according to the
standard method ASTM F1249, using samples with a surface area of 50 cm?. The relative
humidity of the opposite chamber was conventionally considered to be 0%. Water vapor
permeability (WVP) was calculated from the obtained WVTR values using the following
formula: WVP = WVTR x 1/ (g'mm/m?-d-kPa), where | represents the film thickness (in
mm) and the partial pressure difference between the two sides of the sample is expressed
in kPa. Specifically, the partial pressure of the permeating vapor was considered based
on the test conditions, with a saturated vapor pressure of 2.810 kPa at 23°C and a relative

humidity of the external side of 50%.

Regarding the oxygen transmission rate (OTR, cm3/m?-d), this was evaluated under the
same temperature (T =23°C) and relative humidity (RH =50%) conditions, using samples

with a surface area of 50 cm?. Oxygen permeability (OP) was calculated from the
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obtained OTR values according to the formula: OP = OTR x 1/ (cm®mm/m?-d-atm), where
1 represents the film thickness (mm) and the partial pressure difference between the two
sides of the sample is expressed in atm. For the test, a pressure difference of 1 atm
between the sides of the sample was considered, with the partial pressure of oxygen in
nitrogen equal to zero, as the permeated oxygen through the film was continuously

transported by the system to be analyzed at the end.

The thickness of each individual sample was determined by averaging 7 measurements
taken with a micrometer at various points on the surface. Two samples for each

composition were characterized.

For the barrier property characterization, the TotalPerm permeabilimeter (ExtraSolution)
(PermTech srl, Italy) was used, which is equipped with two different sensors, one for
oxygen (O2TR) and one for water vapor (WVTR), allowing the measurement of barrier
properties for two distinct gases on the same surface. The samples were modeled and
placed in the diffusion chamber, where the analysis was performed on a circular surface

of 50 cm? (with a diameter of 8 cm).

The test conditions for the oxygen analysis were T = 23°C, RH = 50%, elevated
conditioning level, and a minimum conditioning time of 6 hours. The conditions for the

water vapor analysis were the same, with an elevated conditioning level.

The barrier properties of the produced samples were analyzed, specifically the variations
in permeability (normalized based on the film thickness) for both oxygen and water

vapor.

3.6. Chemical analysis

For the qualitative and quantitative analysis of the films added with oregano essential
oil (OEO) and ascorbic acid (Vit C), the HPLC-UV-DAD technique (High-Performance
Liquid Chromatography with UV-DAD detector) was used. The qualitative analysis
identifies the presence of specific compounds in the film, while the quantitative analysis

provides a measure of the concentration of these compounds. In particular, HPLC-UV-
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DAD is useful for analyzing and quantifying compounds such as essential oils and
vitamins present in the films, leveraging the UV-DAD detector's (dual wavelength
detector) ability to monitor absorbances at specific wavelengths, providing accurate data
on the sample composition.

To construct the calibration curve, samples were prepared from a solution of oregano
essential oil in MeOH. The samples were then analyzed in triplicate using HPLC-UV-
DAD, following the external standard method.

The aromatic film samples for targeted analysis of carvacrol and ascorbic acid were
prepared by cutting squares, weighing them with an analytical balance, and placing
them in a 100 mL sample container. To simulate ‘worst-case’” extraction conditions, 20
mL of 96% EtOH was added to the flask. The flask was then placed in a sonic bath for 30
minutes. The fragments were left in contact with the solvent for 24 hours to maximize
extraction. Carvacrol and ascorbic acid extraction tests were set for 24 and 72 hours for
carvacrol and 24, 48, and 240 hours for ascorbic acid.

At the end of the different time periods, the supernatant was collected from the flask and
transferred to another flask, with 20 mL of ethanol added. After these steps, the solutions
were filtered with a 0.45 um PTFE filter the first time and then a second time with a 0.2
um PTFE filter.

The filtered solutions were analyzed with HPLC-UV-DAD in duplicate.

The HPLC-UV-DAD is equipped with a C18 column. The selected method and

separation parameters are set as follows:
e Isocratic mode with 60% A1 (MilliQ H20) and 40% B2 (ACN)
¢ Injection volume =100 puL
e Flow rate = 0.5 mL/min
e Stop time =20 minutes

e The UV-DAD detector is set to a wavelength of 274 nm, and the reference is at 360

nm.
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4. Results and discussion

4.1. Results obtained from the characterization of the films
Degree swelling of films
The swelling degree is a measure that quantifies the expansion or swelling of a material,
in this case, a film, as a result of water absorption, and is typically expressed as the
percentage change in the volume or mass of the sample compared to its initial state. In
the context of the analysis of glucomannan, galactomannan, and chitosan films, the
swelling degree was calculated to evaluate the swelling of the films when immersed in

water.

Figure 29 shows the histograms related to the swelling degree of the films based on

glucomannan, galactomannan, and chitosan, respectively.

Time {sec ﬁme {sec ime |secj

Figure 29 — Histograms relating to the degree of swelling of Glucomannan, Galactomannan
and chitosan

As shown in Figure 29, the swelling degree of the glucomannan film (A) increases
linearly over time. This indicates that the glucomannan film absorbs water in a
continuous and progressive manner, swelling gradually. The galactomannan film (B)
also shows the same linear pattern for water absorption, but after 420 seconds, it becomes
completely dissolved. In contrast, the chitosan film exhibits a swelling degree that
remains constant over time, without showing any swelling in water. This behavior

indicates a greater hydrophobicity of the material (Silva et al., 2024).
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Surface contact angle

The contact angle analyses reported confirm the hydrophobicity of chitosan, which was
already shown by the swelling degree measurements and is also supported by the
literature. Table 14 presents the estimated contact angle values for each film, along with
the respective standard deviation. Figure 30 shows the image of the contact angle of the

chitosan-based film.

Table 14 — Contact angle values for each film with their respective
standard deviation

FILM A ()= Dev.St.
Galactomannan 69+ 1.3
Glucomannan 22+ 3.3
Chitosan 107+ 0.8

Figure 30 — Contact angle of the Chitosan film
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Fourier Transform Infrared Spectroscopy (FTIR)

The FT-IR analysis (Figure 31) was performed on the chitosan film, which was found to
be the most promising due to its good hydrophobic properties. This type of analysis was
carried out to evaluate the chemical bonds present in chitosan and to observe how they
might evolve as a result of the physicochemical interactions between the molecules
during film formation. Specifically, the FT-IR spectrum of the chitosan film was

compared with that of chitosan powder.

From the comparison of the FT-IR spectra, it is evident that in the film, the polysaccharide
adopts a more ordered structure compared to the non-crosslinked chitosan powder. This
structural change is due to the fact that, in solution, chitosan forms intramolecular
interactions between its polar groups and intermolecular interactions with water
molecules. In particular, the band at 3300 cm™, corresponding to the vibration of the
amide and water, appears much more intense and defined in the film compared to the
chitosan powder. Additionally, a characteristic band between 1100 and 1200 cm,

corresponding to the symmetric stretching of the glycosidic bond, is observed.
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Figure 31 — Spectroscopic comparison between Chitosan powder (left) and Chitosan film
(right)
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4.2. Results obtained from the characterizations performed on the blends

Surface contact angle

Contact angle analyses on the Chitosan-CNC and Chitosan-CNC-CMF blends were
performed to evaluate the variation in hydrophobicity values following the
incorporation of cellulose matrices into the chitosan film. The analysis and calculation of
the contact angles of the blends were carried out using the same equipment, software,

and parameters already used for the film analyses.

In Figure 32 (left, right), a comparison of the contact angle images for the Chitosan-CNC
blend (left) and the Chitosan-CNC-CMEF blend (right) is shown. The value is higher for
the Chitosan-CNC film (left), which has a contact angle greater than 90°, whereas the
Chitosan-CNC-CMF blend (right) is hydrophilic and was therefore discarded from the

subsequent characterizations.

This difference is due to structural differences and the surface properties of the two
materials. Microfibrillated cellulose (MFC) is made up of larger and less ordered
cellulose fibrils compared to nanocrystalline cellulose (CNC). The fibrils in MFC consist
of microfibrils that are not fully crystalline, whereas CNC is composed of highly
crystalline cellulose crystals. Additionally, both microfibrillated and nanocrystalline
cellulose contain hydroxyl groups (-OH), which are hydrophilic. However, in CNC, the
higher crystallinity reduces the exposure of these groups, promoting a less hydrophilic
behavior. Microfibrillated cellulose has higher porosity than nanocrystalline cellulose,
which means it can absorb more water, further reducing its hydrophobic properties
compared to CNC, which has a more compact and less porous structure (Abbasi Moud,

2022; Ahankari et al., 2021).

Figure 32 — Contact angles of the Chitosan/CNC blend (left)
and the Chitosan/CNC/CMF blend (right)
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Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR-ATR analysis was performed to evaluate the types of chemical bonds present
within the blends and the possible establishment of physicochemical interactions

between the molecules. In this regard, a spectroscopic comparison was made between

the chitosan film (left) and the chitosan/CNC blend (right).

Chitosan film Chitosan/CNC blend
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Fiqure 33 — FT-IR comparison between the Chitosan film and the Chitosan/CNC blend

As shown in the figure 33, the chitosan/CNC blend exhibits new bands at 1369, 1319, and
1053 cm™", corresponding to the stretching of the C-O bonds of CNC. Additionally, the

1

band in the region between 3200-3400 cm™, related to the stretching of O-H bonds, is
much sharper and more intense, suggesting the formation of hydrogen bonds between
CNC and chitosan. Finally, the band at 1557 cm™', corresponding to the stretching of the
N-H bond, appears less intense, suggesting the formation of electrostatic interactions and
hydrogen bonds by the amine group. The obtained data are consistent with those

reported in the literature for chitosan-CNC blends (Costa et al., 2021a; Kusmono et al.,
2021; Yadav et al., 2020b).



Thermal analyses

To thoroughly assess the thermal stability of the Chitosan/CNC blend using TGA and
DSC, a comparison was made between this blend and the chitosan-only film. The DSC
results (Table 15) show that for all the films, two thermal transitions occur: the first
related to the evaporation of water and glycerol, and the second related to the
degradation of the chitosan chains. The Chitosan/CNC blend also presents a third

transition due to the decomposition of CNC (342.72 °C).

It can be observed that the transition temperatures are higher in the Chitosan/CNC film
compared to the chitosan-only film, suggesting that the presence of CNC improves the

thermal stability of the film (Grzabka-Zasadzinska et al., 2017).

Table 15 — DSC results

DSC
Phenomenon 1 Phenomenon 2 Phenomenon 3
FILM T o —
Chitosan 153.47 287.20 /
Chitosan/CNC 14067 290.82 342.72

The TGA results (Table 16) show that for all the films, three phenomena occur that lead
to a weight loss: the first (30-100 °C) related to the loss of water/acetic acid, the second
(100-250 °C) related to the degradation of glycerol, and the third (250400 °C) related to

the decomposition and depolymerization of chitosan.

Table 16 — TGA results

TGA
Phenomenon 1 Phenomenon 2 Phenomenon 3 Phenomenon 4
Fl LI I T(°C) | Loss T(°C) Loss T(°C) Loss T(°C) Loss
weight weight weight weight
Chitosan 30-100 | 23% 100-250 | 44% 250-400 | 21% / /
Chitosa I’I/CNC 30-100 | 19% 100-250 | 33% 250-400 | 12% 300-400 | 18%

64



In the Chitosan/CNC film, a fourth phenomenon (300—400 °C) is present, related to the

loss of CNC due to its degradation, confirming its presence in the polymeric matrix.

Furthermore, the peak corresponding to the degradation of CNC (300—400 °C) overlaps

with the same temperature range of chitosan degradation (250-350 °C). The obtained

data are in perfect agreement with those reported in the literature for Chitosan/CNC

blends (Costa et al., 2021b).

Permeability measurements (WVIR/WP; OTR/OP)

For the permeability analysis, the thickness of the samples was measured first, as the

permeability values are normalized based on the film thickness. The thicknesses of the

samples are reported in table 17.

Table 17 — Average thickness value of the two samples

Samples Average thicknesses [mm]
Chitosan 0.423
Chitosan/CNC 0.534

Table 18 reports the data related to the permeability tests, specifically the values of

oxygen permeability (OP) and water vapor permeability (WVP), both normalized along

with the corresponding standard deviation.

Table 18 — Results of the oxygen permeability and water vapor permeability tests

Sample sample Carrier flow OopP* WVPp**
surface[cm?] [mU/min] [cm3mm/ [g mm/
m2d atm] m?2d kPa]
Chitosan 50 11.6 20.99+1.12 15.55+0.2
Chitosan/CNC 50 11.6 11.49+0.38 13.52 £ 0.01
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It is observed that the chitosan-only film shows higher values of OP and WVP; thus, the
addition of CNC to the composition improves the barrier properties, both for oxygen and
moisture. Regarding oxygen permeability (OP), the Chitosan/CNC blend shows a

decrease in the permeability value of about 45% compared to the chitosan-only film.

Water vapor permeability is also improved, with a reduction from a value of 15.55 + 0.2
g-mm/m?-d-kPa for the chitosan-only film to a lower value of 13.52 + 0.01 g-mm/m?2-d-kPa
and 0.52 + 0.12 g'mm/m?d-kPa for the Chitosan/CNC sample, resulting in a 15%

improvement in moisture barrier properties.

Overall, the data indicates that the inclusion of CNC results in an increase in barrier
properties, and in general, the measured barrier properties are promising and show

significant improvements compared to the chitosan-only film.

Some studies in literature highlight the relationship between crystallinity and
permeability, indicating that higher crystallinity is associated with lower permeability.
The crystalline regions in a polymer film are less permeable, extending the path through
which the permeant diffuses. Numerous studies have shown that intermolecular
interactions (mainly hydrogen bonds and van der Waals interactions) lead to a more
compact packing, higher cohesive energy density, and lower free volumes, which results
in lower gas permeability. This could partly explain the very low permeability values

observed (Babaei-Ghazvini et al., 2024; Salim et al., 2022).

4.3. Results obtained from the characterization of films added with oregano essential oil

Fourier Transform Infrared Spectroscopy (FTIR)

In the comparison between pure oil and the film doped with oregano essential oil (OEO)
the characteristic signals of the oil (such as the peaks at 1465 cm™ and 1426 cm™,
associated with Carvacrol) and the aromatic peaks at 1622 cm™" and 1591 cm™ (associated

with the C=C aromatic stretching vibration) are indicative of the presence of OEO in the
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film. These peaks were also identified in relation to the study by Solano Valderrama et

al. (2017), which reported similar frequencies for pure OEO.
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Figure 34 — FT-IR comparison between OEO and CNC/CMF/OEQ film

The peaks at 1458 cm™ and 1420 cm™ are associated with Carvacrol. The absence or
weakness of these peaks in the films may suggest a change in the interactions between
OEO molecules when encapsulated in the film, or a partial alteration in the chemical
structure. In the nanocrystalline, microfibrillated and oregano essential oil
(CNC/CMEF/OEOQ) doped film, the peaks are shifted to 1465 cm™ and 1426 cm™. These
shifts to higher wavenumbers could indicate changes in the interaction forces between

Carvacrol and the polymer or other components in the film.

Chemical analysis

This section presents the results obtained from the HPLC-DAD data, derived from the
extraction tests performed on the films loaded with OEO. A chromatogram of the
CMF_CNC_1:1_OEO after 24 hours is shown as an example in Figure 35, where the

Carvacrol peak is visible at 12 minutes.
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Figure 35 — Chromatogram of CMF/CNC_1:1_OEQO after 24 hours

The experimental UV spectrum of Carvacrol is shown in Figure 35, and by comparing it

with the literature (Figure 36) (Lopes Jesus, et al., 2021), it can be observed that there is

good agreement between the two spectra.
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Figure 36 — (left): UV spectrum of Carvacrol in acetonitrile solution (5*107° mol dm™3) (Lopes Jesus,
Et. AL, 2021); (right): Experimental UV spectrum of Carvacrol

Using the calibration curve, calculated with a standard OEO solution in a range from 10

to 100 mg/L, the average amount of Carvacrol (ug) absorbed per cm? of film was

determined.
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Figure 37- Calibration curve of OEO

From the experiments involving CMF_OEQ, after 24 hours and 72 hours of contact
between the fragments and 96% EtOH, which was used for the extraction to perform the
analysis, it can be stated that: the average amount of this active component retained

within a film is 11.9 pg/cm? (+ 1.3).
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Fiqure 38- Histogram of the OEO absorption degree in the various samples

Since the same amount of oregano essential oil (OEO) was added to each polymeric
matrix, the extraction tests show that: the CMF_OEO sample retains the least amount of
essential oil, while the CMF_CNC_1:2_OEO sample absorbs more OEO compared to the
previous preparation, and the CMF_CNC_1:1_OEOQ is the type that can retain the highest

amount of essential oil.

The fact that the presence of CNC leads to an increase in the retention capacity of the

matrix could be due to the arrangement of these nanocrystals between the CMF fibers.

Indeed, through physical interactions, CNC reduces the free volume present between the

fibers, which is the main cause of OEO diffusion.

This behavior is confirmed by the literature (Mascheroni, et al., 2011), which states that

the addition of nanoparticles improves the retention of active components, such as
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essential oils. However, as mentioned above, the CMF_CNC_1:2_OEO sample retains
less oil than the CMF_CNC_1:1_OEO. Considering that the amount of nanocrystals in
the CMF_CNC_1:2_OEO sample is double that in CMF_CNC_1:1_OEOQ, this particular
result can be explained by the possible formation of CNC aggregates (Isogai, et al., 2011),
which have larger dimensions than the nanocrystals contained in CMF_CNC_1:1_OEO.
Consequently, this could lead to an increase in free volume, and thus, easier diffusion of

the OEO.

4.3. Results obtained from the characterizations of ascorbic acid-added samples

Chemical analysis

HPLC-UV-DAD analyses were also performed on the samples doped with Vitamin C.
The analyses were conducted on both control samples and doped samples that were in
contact with a simulant to observe the possible migration of ascorbic acid over a period
of 1 day, 2 days, and 7 days. After extraction, the samples were analyzed. The
chromatogram results were processed through a quantitative analysis based on a
calibration curve. The calibration curve, shown in Fig. 39, was obtained using a standard

ascorbic acid solution at different concentrations in a range from 10 to 100 mg/L.
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Figure 39- Ascorbic acid calibration curve
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The areas of the chromatographic peaks were calculated, and then a histogram was
constructed, showing that the concentration of ascorbic acid (in mg/L) in the films
decreases as the contact time with the simulant increases, suggesting that there is

migration of this molecule from the cellulosic film to the simulant.
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Figure 40- Histogram of the Ascorbic Acid absorption trend

The study on the integration and qualitative and quantitative evaluation of antioxidants
in biodegradable films has proven to be very effective. In fact, it offers a promising
outlook for the production of active packaging using exclusively biodegradable
materials. This type of research is crucial for the development of sustainable solutions,
as it enhances the protective properties of biodegradable films without compromising
their biodegradability, thus helping to reduce the environmental impact of materials

used in packaging.
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5. Conclusions

In conclusion blends based on chitosan and crystalline nanocellulose (CNC) proved to
be particularly promising due to their significant oxygen and water vapor barrier
properties and good hydrophobicity. These blends combine the favorable characteristics
of both polymers, with chitosan providing good hydrophobicity and CNC enhancing the
material's rigidity and stability. Moreover, the good affinity between the two polymers
lies in their ability to interact effectively at the molecular level. Chitosan, being a
polysaccharide with free amine groups, can form hydrogen bonds and electrostatic
interactions with CNC, another polysaccharide with hydroxyl groups. This affinity

allows for a good blend and homogeneity between the two materials.

Moreover, the doped films have proven promising for their effectiveness in retaining
active substances, which are incorporated into the crystalline nanocellulose (CNC) and
remain anchored there. This is a very positive aspect, as it means that the active
substances are not prematurely released during the use of the film, ensuring more

efficient and long-lasting control over their activity.

CNC's ability to incorporate and retain active substances not only optimizes the
functionality of the packaging but also contributes to improving the sustainability of the

final product by reducing the use of non-biodegradable plastics.

These results open the way for future applications of these materials in the sustainable
packaging sector, where it is essential to find solutions that combine product protection
with a low environmental impact. The synergy between CNC and active substances in
doped films represents a significant advancement in the research and development of
new eco-friendly and functional materials, designed to meet the growing sustainability

needs in the industrial sector.
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Chapter 3

COATING ON PAPER SUBSTRATES USING BIO BASED
MATERIALS

1. Abstract

The third part of this research focused on the development of polysaccharide-based coatings
aimed at enhancing the barrier properties of lignocellulosic materials, particularly paper.
The goal was to achieve uniform coatings using spin-coating and slot-die coating
techniques. The combination of cellulose nanocrystals (CNC) and cellulose nanofibrils, both
in their native and surface-modified forms (CNF, CMF), combined with polysaccharides
such as chitosan, starch, pectin, and alginate, has been thoroughly studied for its potential
as high-performance barrier coatings, due to its strong interaction with oxygen molecules.
Spin coating is a technique in which a small amount of polysaccharide solution is spread on
the paper surface, which is then rapidly rotated to ensure even coverage across the entire
surface. This method is typically used in laboratories for preliminary studies. Slot-die
coating, on the other hand, is a method that uses a thin-film deposition head to apply a
polysaccharide-based solution onto the paper. This technique was employed to create
thicker and more uniform coatings on larger paper surfaces, making it suitable for industrial
or pilot plant applications. Part of the research, specifically related to slot-die coating, was
carried out at the Mechanical Engineering Laboratory at the University of Maribor, under
the supervision of Professor Vanja Kokol. I spent six months there, initially focusing on
optimizing the process parameters and later applying bio-based coatings to paper. This
work resulted in the publication of the article titled "Slot-die coating of cellulose

nanocrystals and chitosan for improved barrier properties of paper" (Ruberto et al., 2024).
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2. Experimental
2.1. Materials

The solvents wused were: Distilled water, alcohol vinegar (brillaceto).
The reagents used were: Cellulose nanocrystals (CelluForce NCC®; production no. 2015-
011) purchased from CelluForce (Canada); TEMPO-oxidized cellulose (3%) produced in our
laboratory; high molecular weight chitosan (290 - 320 kDa) (Sigma-Aldrich); vegetable

glycerol with purity > 99% (Farmalabor).

2.2. Bio-based coatings formulation and paper substrates used

Bio-based coatings

The coatings were formulated using CNC and chitosan. The polysaccharides were weighed
and then mixed with the solvents in a beaker. The solutions were mechanically stirred
overnight. A 20% by weight plasticizer was added to the suspensions to improve their
viscosity. The pH of the suspensions was measured and adjusted in the case of chitosan,
increased with the addition of NaOH to prevent possible acid hydrolysis of the cellulose
fibers and acid-induced paper aging. The compositions of the solutions used for the coating

are listed in table 19.

Table 19- Suspensions used for coating paper substrates

Suspension Solvent Temperature | Plasticizer | Polysaccharides pH
(°C) Glicerole (%)
(%P/P)
Chitosan Water/acetic RT 2.5 2 5
acidi (90:10)
CNC Water RT 2.5 11 5
CNC+Cht Water RT 2.5 6 5
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Substrates used

The substrates used for coating deposition are paper (non-pretreated) (44+2 g/m?, 65+2
um) and pigment-pretreated paper (hot-pressed formulation containing CaCO:s particles,
starch as a binder, and carboxymethyl cellulose as a co-binder) (51+2 g/m?, 78+3 um). The

papers were produced by Papirnica Vevcée d.o.o. (Slovenia).

Deposition of coatings

Deposition by spin coating

To optimize the deposition process, several preliminary tests were conducted on
Whatman filter paper (Tab. 20). These tests were essential for correctly setting the

deposition parameters, in terms of speed, time, deposition method (static/dynamic) and

the amount of solution deposited.

Table 20- Parameter optimization tests

Test Suspensions Velocity (rpm - s) Deposition Amount of
method suspension (mL)

1 Cht 2% 1300/1950-18 Static 2mL
1800/2200-18
1900/2880-18

2 Cht 2% 1300/1950-18 dynamic 3mL
1800/2200-18
1900/2880-18

3 CNC 11% 1300/1950-18 Static 2mL
1800/2200-18
1900/2880-18

4 CNC 11% 1300/1950-18 dynamic 3mL
1800/2200-18
1900/2880-18

5 CNC+Cht 6,5% 1300/1950-18 Static 2mL
1800/2200-18
1900/2880-18

6 CNC+Cht 6,5% 1300/1950-18 dynamic 3mL
1800/2200-18
1900/2880-18
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Following the preliminary tests and analyzing the results obtained, depositions were
made on the Paper 44 and 51 substrates. Table 21 shows the deposition conditions used,

and Figure 41 shows the equipment used for the depositions.

Table 21- Deposition conditions used for the Paper 44 and Paper 51

Substrate suspension Velocity suspension
volume
44- 51 Cht2% 1300/1950-18 2 mL
CNC11 1800/2200-18

CNC/Cht6,5% 1900/2880-18

44-51 Cht2% 1300/1950-18 2 mL
CNC11 1800/2200-18

CNC/Cht6,5% 1900/2880-18

Figure 41- Image of the Spin Coating in the SCVSA department

Deposition by slot-die coating

To optimize the deposition process and achieve high-quality results, several preliminary
tests were required to establish the ideal operational parameters. In particular, it was

essential to fine-tune the injection rate, coating speed, shim thickness, and gap distance,
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as these factors directly influence the quality, uniformity, and precision of the deposited

film.

The injection rate controls the amount of material applied, while the coating speed
impacts the distribution and uniformity of the film on the substrate surface. The shim
thickness governs the distance between the coating head and the substrate, which in turn
affects the thickness of the film, while the gap distance significantly influences the

material flow during deposition.

All these parameters had to be carefully optimized through preliminary testing, as even
slight changes could lead to coating defects, such as streaks or inconsistencies in
thickness. It was only after adjusting these parameters that a stable and reproducible

deposition process was achieved, producing uniform and high-quality films.

Figure 42 presents the Slot-Die Coating system. On the left, we can see the photo of the
equipment in the mechanical engineering laboratory at the University of Maribor. On the

right, the system and some of the key parameters used during deposition."

Additionally, two-layer deposition tests were conducted to assess the performance

further.

Slot-die coating
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Fiqure 42- Slot-die coating system of the University of Maribor
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3. Methods
3.1. Measurement of suspension viscosity

The viscosity of the suspensions was measured using an NDJ-8S Digital Rotational
Viscometer with a measurement range from 10 mPa-s to 2,000,000 mPa-s. The device is
equipped with a backlit ultra-bright LCD display that allows for clear viewing of the test

data.
Measurement range: 10 mPa-s~2,000,000 mPa-s
Spindles: No.1~No.4, a total of four spindles

Rotational speeds: 0.3 RPM, 0.6 RPM, 1.5 RPM, 3 RPM, 6 RPM, 12 RPM, 30 RPM, and 60
RPM, a total of 8 speeds

Measurement accuracy: +3% (F-S)
Power supply: AC 220 V+10%, 50 Hz+10%; or AC 110V, 60Hz

Ambient temperature: 5 °C~35 °C

3.2.  Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of both the uncoated and coated paper samples were recorded using a
Spectrum One FTIR spectrometer (Perkin-Elmer Inc., USA), equipped with a Golden
Gate ATR attachment and a diamond crystal. Measurements were carried out under
ambient conditions, with 16 scans collected at a resolution of 4 cm™ over a wavelength
range of 4000 to 600 cm™, and the air spectrum was subtracted as the background. FTIR
mapping of the surface of selected samples was performed in a 2x2 mm area with 100
measurement points, each measuring 100x100 pm, and a depth of 6.5 pm, to analyze the
spatial distribution of components using the Spotlight 200i Spectrum3 FTIR microscope
(Perkin-Elmer Inc., USA). The data were processed using Spectrum 5.0.2/10 software. All

measurements were repeated in duplicate.
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3.3.  Scanning electron microscopy (SEM) imaging

All samples were analyzed using scanning electron microscopy (SEM). The samples
coated using the Spin Coating technique were examined in collaboration with the
Materials Science and Technology research group from the Department of Systems and
Industrial Technologies Engineering at the University of Parma, utilizing a Nova
NanoSEM 450 — FEI Scanning Electron Microscope (SEM). For the samples coated using
the Slot-Die Coating method, high-resolution images of both uncoated and variously
coated paper samples were captured with a FEG SEM JSM IT800 SHL (JEOL Ltd., USA)
microscope, available at the Mechanical Engineering Laboratory of the University of

Maribor.

3.4. Grammage, thickness, density, and coating weight

In accordance with the ASTM D646-96 standard, 4 to 6 samples of both uncoated and
coated papers were cut into 1 cm? squares (1 cm x 1 ¢cm), conditioned at 23+2 °C and
65+2% relative humidity for a minimum of 24 hours, and weighed using an analytical
balance (AE 240 Analytical Balance, Mettler Toledo). The grammage (G, g/m?) was
calculated using the formula M/A, where M is the weight of the paper sample in grams
and A is the area in square meters. Thickness measurements were taken using a Kafer
Prec 0.001 mm F 1000/30 micrometer (Kafer Messuhrenfabrik GmbH & Co. KG,
Germany), and the density (oV, g/cm®) was determined accordingly. The results
presented are the arithmetic mean of 4 to 6 independent measurements, along with the
corresponding standard deviations. The coating weight (g/m?) was calculated
theoretically, based on the total coating mass applied (CNC and Cht, including sorbitol)

to the application area.
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3.5.  Air fow rate and permeability

The air flow rate (g, mL/min) was measured at 23+2 °C and 65+2% relative humidity
using a Bendtsen air permeability tester (Rycobel, Belgium) in accordance with ISO 5636-
3:2014, applying a pressure of 1.47 kPa at the measurement head. The reported values
are the arithmetic means and standard deviations of at least ten independent
measurements. The air permeability (AP, nm/Pa s) was calculated using the formula: P =
0.0113 x q, where q denotes the average air flow rate passing through the test area of 1000

mm? at the specified pressure.

3.6.  Surface contact angle

The contact angle analyses were performed using the same equipment and parameters

described in Chapter 2, Section 3, Subsection 3.2.

3.7.  Water vapour transmission rate (WVTR) and permeability (WVP)

The water vapour transmission rate (WVTR, g/m?-d) was measured in duplicate at 23+2
°C and 50+5% relative humidity, following the ASTM F1249 Standard, using an Extra
solution MultiPerm 050 instrument (PermTech srl, Italy). The surface area analyzed was
2.01 cm®. The water vapour permeability (WVP, g mm/m*d Pa) was subsequently
calculated from the WVTR values using the equation: WVP = WVTR x 1/Ap, where |
represents the thickness of the coated paper, and Ap is the partial water vapour pressure

difference between the two sides of the paper (21.1 mmHg*0.85).

3.8. Oxygen transmission rate (OTR) and permeability (OP)

The oxygen transmission rate (OTR, cm?/m?-d) was measured on a surface area of 7.069
cm? at 23%1 °C and 50+2% relative humidity, using the Oxygen Transmission Rate System

PERME® OX2/230 (Labthink Instruments Co., Ltd, China), following the ASTM D3985

Standard. The reported values are the average results from 2-3 measurements, with an

oxygen flux rate of 10 mL/min and a pressure of 80 kPa. The upper limit of the OTR tester
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used is approximately 65000 cm®/m*d. The oxygen permeability (OP, cm®

mm/m?*-d-kPa) was calculated based on the thickness of the coated paper.

3.9. CIE whiteness and CIELAB colour measurement

The color of both coated and uncoated paper surfaces was measured using a CIE-Lab*
system with a portable spectro-densitometer, Spectrodens B110040 (Techkon GmbH,
Germany). The measurements included the L* value (ranging from 0 for darkness to 100
for lightness), the a* value (where negative values indicate greenness and positive values
indicate redness), and the b* value (where negative values indicate blueness and positive
values indicate yellowness). Additionally, the whiteness index was determined in

accordance with UNI-EN 15866:2010, using a D65 illuminant.

4. Results and discussion
4.1. Results of the coating tests with Spin Coating

Viscosity of the suspensions

The table shows the viscosities measured for the suspensions used as coating for

deposition.

Table 22- Viscosity of the suspensions

Suspension/solution Viscosity
(dPas)
CNC 11 Wt% 50+2
Cht 2W1t% 52+1
CNC+Cht 6,5 Wt% 25+1
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Coating efficiency and correlation with the decrease in air permeability

To assess the efficiency of the coating process, the thicknesses of Paper44 and Paper51
substrates were measured before and after coating using a precision micrometer. As
shown in the graphs in Fig. 43, all Paper44 substrates displayed an increase in thickness
after coating. Additionally, substrates coated with 2 mL of any suspension exhibited a
greater thickness increase compared to those coated with 3 mL, likely due to the stronger
cohesive forces between the particles in suspension, which hindered adhesion to the
paper substrate. The greatest thickness increase for Paper44 (38%) was observed when it

was coated with 2 mL of a 11% CNC suspension at 1300/1950 rpm.

An unexpected observation was that the coatings did not adhere to the pretreated
Paper51 substrates. The thickness variation measurements for all suspensions used
yielded unsatisfactory results. This can be explained by the pretreatment of the Paper51
substrates, which likely inhibited the suspension from adhering to the paper surface. For
instance, Fig. 44 shows a graph of the percentage thickness variation for Paper51
substrates treated with chitosan, where the thickness changes are even negative
(suggesting measurement errors). Consequently, further characterizations were

performed using the Paper44 substrates.

Paper 44
m2ML
Cht 2Wt%
w 2ML 3L CNC+Cht 6,5Wt%
nfl Es  m
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Figure 43- Results of the paper thickness measurements 44
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Figure 44- Results of the paper thickness measurements 51

The results observed through thickness measurements are consistent with the
permeability measurements. For all the coated substrates, a decrease in air permeability
was recorded. The values went from being unmeasurable for the control papers to

excellent permeability values, with the best result obtained for the paper coated with the

11%Wt CNC mixture.

84



Table 23- Air permeability measurements

Solution Air  permeability
[ML/min]

Control sample /

CNC 11 Wt% 5.35+0.5

CNC+Cht 6 Wt % 90£3.3

Chitosan2 Wt % 78.5%£1.5

Fourier Transform Infrared Spectroscopy (FTIR)
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As shown in Fig. 45, the IR spectra of the Paper44 substrates are quite similar due to the

dominant presence of the cellulose matrix. However, some differences are noticeable

across the spectra, which are summarized as follows:

* A weak signal at 874 cm™ is present in all the samples, except for the one treated with

the 11% CNC-based suspension. This band is associated with the amorphous component

of cellulose, suggesting that it is less pronounced in the sample enhanced with crystalline

nanocellulose from the coating.
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¢ For the sample treated with the Cht-based suspension, a low-intensity band at 1554
cm! is observed, which is attributed to the bending vibration of the N-H bond of

chitosan.

Scanning electron microscopy (SEM) imaging

All the samples were analyzed using scanning electron microscopy. The treated papers
exhibit a smoother surface compared to the control paper, which clearly shows a three-
dimensional network formed by cellulose fibers (Fig. 46). The papers treated with the
chitosan-based suspension have an even smoother surface than those treated with CNC
and CNC+Cht suspensions, likely because chitosan fills the pores of the paper's three-
dimensional fiber network. On the other hand, the CNC and CNC + Cht suspensions
appear to adhere to the substrates uniformly and continuously, following the alignment

and length of the paper fibers.

Cht 2Wt% CNC+Cht 6Wt% CNC 11Wt%

Figure 46- SEM analysis on the coated papers
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Permeability measurements

To evaluate the water permeability properties of the samples before and after treatment,
the water vapor transmission rate (WVTR) was measured. The results revealed that, in
contrast to the control samples, where the permeability was too high to be measured, the
Paper 44 samples treated with 11% CNC and CNC+Cht 6.5% exhibited notable
improvements. The WVTR value increased from "non-measurable” in the control
samples to 136 g/m2d and 65 g/m?2d for the 11% CNC and 6.5% CNC+Cht treated samples,
respectively. Even the Paper 44 sample treated with the 2% Cht suspension showed a
measurable WVTR value of 79 g/m2d. However, unlike the WVTR measurements, the
oxygen transmission rate (OTR) results from the spin-coated samples were

unsatisfactory and did not yield significant findings.

Table 24- Water vapour (WVP) and oxygen (OP) permeabilities of differently coated papers

SAMPLE sample Carrier flow oP* WVP**
surface [MU/min] [cm®* mm/ [g mm/
[cm?] m2d atm] m? d kPa]
CNC11Wt% 50 11.6 Non 136.02+ 0.01
measurable
CNC+Cht 6,5Wt% [ 50 11.6 Non 65.60+ 0.2
measurable
Chitosan2W1t% 50 11.6 Non 79.00+ 0.6
measurable

Surface contact angle

This section presents the results of the contact angle measurements performed on the
Paper44 sheets before and after the coating deposition. The untreated substrates are

completely hydrophilic, and the drop is immediately absorbed by the paper (Fig. 47).
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The contact angle analyses performed on the papers treated with the 11Wt% CNC
suspension also yielded contact angle values lower than 90°, highlighting the hydrophilic

nature of the cellulose nanocrystals.

The results for the papers coated with the CNC+Cht 6Wt% and Cht 2Wt% suspensions
are more promising, especially for the papers coated with Cht 2Wt%, which show a
contact angle higher than 90° (Fig. 48).

Figure 47- Example of contact angle for the papar coated with the CNC 11 Wt% suspension

Figure 48- Example of contact angle for the paper coated with the CNC 2 Wt% suspension
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4.2.  Results of the coating tests with Slot-Die Coating

Coating efficiency and correlation with the decrease in air permeability.

Figure 49 ((a) for Paper 44; (b) for Paper 51) presents the results of Slot-Die Coating tests,
showing the relationship between the increase in thickness of the coated substrates and

the reduction in air permeability, based on adjustments to the coating parameters.

For Paper 44 (Fig. 49a), the thickness increased slightly with higher injection speeds,
directly corresponding to a rise in dry thickness (5, 7, 10, and 15 um) and the applied
coating weight after drying. The most significant thickness change occurred with the
CNC+Cht (6.5 wt%) mixture, where the thickness increase compared to the control
ranged from 27.6% (with an injection speed of 19 mL/min and a 5 um dry thickness) to
39.3% (with an injection speed of 38 mL/min and a 10 um dry thickness), resulting in a

76.7% reduction in air flow rate.

For the highly concentrated CNC suspension (11 wt%), the air flow rate decreased by
approximately 51.1% (from 51.8 to 25.3 mL/min), with a further reduction of about 99.8%
(from 8.47 to 0.013 mL/min). Similarly, a coating of about 4 g/m? (2 wt%) Cht solution,
achieved with a lower injection speed of 9.5 mL/min and a 10 pum dry thickness, resulted
in a 3 mL/min air flow rate, demonstrating Cht's ability to form a uniform coating when

proper parameters are used.

In the case of Paper 51 (Fig. 49b), the coating performance was similar, although the
reduction in air permeability was more pronounced due to the paper's relatively higher
permeability, likely from the porous CaCOs mineral particles. The air flow rate was
reduced by approximately 97.8% (from 1724.2 to 37.6 mL/min), with a further 99%
reduction (to 13.3 mL/min) after applying a 4 g/m? Cht coating. A 99.6% reduction in air
flow rate (to 4.7-6.2 mL/min) was achieved with a 22 g/m? CNC coating (applied with an
injection speed of 47.5 mL/min and a 10 pum dry thickness setting), and air permeability
dropped below 1 mL/min for a 33 g/m? coating (applied with higher injection speeds of
57-85 mL/min and a 15 pum dry thickness setting).
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The results also highlighted that a high-viscosity CNC suspension could be applied more
uniformly at higher injection speeds (up to 80 mL/min, corresponding to a substrate
speed of 2.4 m/min), compared to the Cht solution, which was limited to around 30
mL/min with the same shim width. This difference is attributed to the distinct surface
tensions and visco-capillary forces of the two liquids, which influence their operational
conditions and coating efficiency (Ding et al. 2016). Additionally, for both Paper 44 and
Paper 51, the CNC coating on untreated paper (with a 20% thickness increase) was more
superficial than on pre-treated paper (with a 15% thickness increase), even with the same
10 um dry coating thickness and varying injection speeds. For both papers, a two-layer
coating (22 g/m? of 11 wt% CNC, followed by 3 g/m? of 2 wt% Cht, resulting in a total
coating weight of 24-25 g/m?) made the paper almost impermeable to air. The air flow
rates for these samples were reduced to about 0.01 mL/min for Paper 44 and 0.5 mL/min

for Paper 51.

90



(a) CNC-based suspensions
50
E 40
=
2
2 » 2425 g/m?
2 L]
<20 i
4 22 g/m? ’
g 10
0
0 20 40 60 80
Injection speed (mL/min)
-8 -CNC7.5 —e—CNC-10
~@-CNC+Cht-5,7.5,10 @ 2-layers (CNC/Cht)
Cht solution
50
T 40
H
-
§ 30
=]
£=
w20
c
- a
S0 R .
w St 4 —p
P e _‘_,/' B Y
0 5 10 15 20 25 30
Injection speed (mL/min)
-o-ChtS + Cht-75
-o-Cht-10 +-Cht-12.5
(b) CNC-based suspensions
50
- 9.5-12
§9 1 ym
7 73 2425 g/m?
.E - ¥ . g/
4 g/m’
z 63g/m’ ]
w20 1 2e/m? b '
£ e te + s
S0 Hioeg
8 1“;+ *r,‘ ’+
0
[} 20 40 60 80 100
Injection speed (mL/min)
® CONGS -9--CNC-7.5 -® -CNC-10
—a-CNC-15 o CNC+(Cht-S ~® -CNC+Cht-75
~#-CNC+Cht-10 @ 2-ayers (CNC/Chy)
Cht solution
S0
";" 40
I
g 30
z
= 20
-
S0 28/’
i = (KT
> .
o
0 5 10 15 20 25
Injection speed (mL/min)
-o-Cht-5 v ht-15 -o-Cht-10

CNC-based suspensions
300 °
=250 Air permeability
E eduction
= 200
£
£ 150
e
100
5 50 Injection I
speed ] * + ‘
o incre . - ' wvo
0 5 10 15 20 25
Coating weight (g/m?)
® - CNC2,5 —e—(NC-10 ® CNC+Cht-5,7.5,10
@ Uncoated i 2 layers (CNC/Cht)
Cht solution
e
250 \ Air permeability
3 reduction
£ 200
E
£ 150
e
§ 100 I
2 Injection |
0 speed | ’
o L J
0 increasing ‘ :
0 1 2 3 4
Coating weight (g/m’)
-o-Cht-S o+ Cht-75 -o-Cht-10
»-Cht-12.5 @ Uncoated
CNC-based suspensions
1800 .
1500

g

Air permeability
eduction

Air flow rate (mL/min)

600
Injection
speed
0 Incruw’ Y N o oo o
0 5 10 15 20 25 30 35
Coating weight (g/m?)

e ONGS -#--CNC7.5 ~®-CNC-10
~o-CNC-15 ® ONC+Cht-5 ~ @ -CNC+Cht-75
~o—CNC+Cht-10 @ 2-ayers (CNC/Cht) @ Uncoated

Cht solution
1800
@

T 1500
g Air permeability
E 1200 reduction
=
[ ]
é 600
< Injection

300 speed

increasing

0 ) .

0 1 2 3 Kl 5
Coating weight (g/m7)
-o-Cht5 »-Cht-75 ~o-Cht-10 ® Uncoated

Figure 49 - Effect of slot-die coating of different CNC-based suspensions and CHT solution
on increasing the coating weight (g/m?) and coating thickness (um), and reducing the airflow
rate (mL/min) for (a) plain and (b) pre-treated paper, depending on the coating parameter
settings (i.e., injection speed 5-80 mL/min and dry thickness 5-12.5 um) (Ruberto et al.,

2024)
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Fourier Transform Infrared Spectroscopy (FTIR)

Figure 50 ((a)for Paper 44 and (b) for Paper 51) presents the FTIR spectra for both
uncoated papers and those coated with CNC, Cht, and a two-layer (CNC/Cht) coating,
displayed for both the coated (top) and uncoated (bottom) sides. The spectra highlight
the differences between the uncoated and coated papers, with the uncoated side showing
no evidence of coating penetration. The spectra of uncoated papers and CNC-coated
papers did not exhibit significant differences, except for a slight peak between 1311 and
1376 cm™ for the CNC-coated papers, which can be attributed to the S=O band from the
stretching vibrations of sulfate groups present in the CNC. This peak was diminished in
the two-layer CNC/Cht coatings. A band around 1644 cm™, corresponding to the C=O
vibration in the glucose ring of cellulose, was observed in all spectra and overlapped
with the carbonyl stretching in amides, becoming more pronounced in the Cht-coated
papers. Additionally, a band around 1561 cm™, attributed to the bending vibration of the

N-H bond in amine groups, was present only in the Cht-coated papers (Zakaria et al.

2015).
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Scanning electron microscopy (SEM) imaging

Figure 51 provides a clear comparison of the surfaces of the papers before and after
coating. The coated paper exhibits a noticeably smoother and more uniform surface than
the uncoated ones. This change in surface morphology is due to the application of the
coatings, which form a protective layer that fills in the paper's natural porosity and

imperfections.

Uncoated papers generally have a rougher texture with more irregularities, resulting
from the arrangement of visible cellulose fibers, which can be felt easily. In contrast, after
applying the coatings, the surface becomes much smoother, indicating that the coatings
enhance the material’'s homogeneity and compactness. This effect is particularly
prominent in the papers treated with CNC (cellulose nanocrystals) and the CNC + Cht
(chitosan) mixture, which, due to their ability to form thin and even films, significantly

reduce surface roughness.

2-layers (CNC-10/Cht-7.5

L

(a) Uncoated _ CNC-10/15

Plain

Pre-treated

Pre-treated

o P — e

Figure 51- SEM images of the uncoated and differently coated papers: (a)
surface and (b) cross-sections (Ruberto et al., 2024)
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Whiteness, surface wettability, and water vapor permeability

For surface wettability and water properties, contact angle (CA) and water vapor
transmission rate (WVTR) tests were conducted. Figure 52 illustrates the relationship
between surface wettability (evaluated through contact angle measurement) and WVTR
values for papers coated with various suspensions, showing a clear correlation with their
moisture retention characteristics. Both uncoated Paper 44 and Paper 51 were found to
be highly permeable to water vapor, causing the WVTR tests to fail. However, the contact
angle (CA) of Paper 51 was notably higher (118°) compared to Paper 44 (85°), indicating
a distinct hydrophilic nature of the surface that could influence the spreading,

absorption, and adhesion of the CNC and Cht suspensions.

As a result, Paper 51 was expected to have higher suspension retention, leading to faster
absorption of the water-rich suspensions/solutions and improved adhesion, which also
impacted the WVTR values. For papers coated with the 11 wt% CNC suspension, the CA
decreased to about 40°, and the WVTR dropped from unmeasurable values (for the
uncoated Paper 51) to 136-128 g/m?2d, due to the high-water retention of the hydrophilic
CNCs.

The Cht solution penetrated more deeply into the paper, slightly lowering the WVTR
values (48-67 g/m2d), with moderate hydrophobicity (increasing the CA to 102° for the
uncoated paper with a maximum deposition of 5 g/m? and reducing it to 88° for the pre-
treated paper). In contrast, the CNC-Cht mixture did not significantly affect any
properties due to the formation of aggregates and their uneven distribution on the paper
surface. Previous studies have indicated that up to three layers of Cht (with a coating
weight of 13.7-20 g/m?) were necessary to fully fill the paper’s surface pores, saturating
the paper matrix and reducing the WVTR to 49 g/m2d by controlling interactions with
water molecules (dos Santos et al., 2022; Bordenave et al., 2007). In contrast, the two-layer
coatings resulted in a CA between 84-93° (associated with the hydrophobic nature of
chitosan) and a WVTR of 68-70 g/m?d, due to the controlled interactions with water

molecules.
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Both CNCs and Cht contributed to the reduction of air permeability, where the CNCs
generated a highly hydrogen-bonded network with the paper, while electrostatic
interaction with the Cht applied on top reduced the paper surface wettability and WVTR.
The random orientation of the Cht polymer chains, their free volume, and swelling by

water, reduced moisture permeation by absorbing vapor molecules (Trinh et al., 2023).

The whiteness measurement further confirmed the uniformity and homogeneity of the
coatings. A slight reduction in lightness (L*), redness (a*), and yellowness (b*) was
observed for the CNC-coated papers compared to the uncoated ones, while no changes
were found for the Cht-coated papers. The average color values between the coated and
uncoated papers for all samples were less than 3, a value that is not perceptible to the
naked eye. Whiteness, on the other hand, increased significantly for the CNC-coated
papers (up to 23% for a 20 um thick coating of 22-33 g/m?; from 78 to 94 for the plain

paper, and from 80 to 99 for the pre-treated paper), giving a glossy effect.
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Figure 52- Whiteness, contact angle (CA), and water vapour transmission rate (WVTR) values for (a)
uncoated and (b) pre-treated paper, depending on the coating parameters and applied coating weights
(Ruberto et al., 2024)

Oxygen permeabilities

Coatings based on chitosan (Cht) and cellulose nanocrystals (CNC) greatly enhanced the
oxygen and water vapor barrier properties of the papers. Specifically, the Cht coating (with
a weight of 3-4 g/m?) resulted in a marked improvement in both air and oxygen
permeability, making these values measurable (in contrast to the uncoated papers, which
were too permeable to measure). The addition of CNC further boosted the oxygen barrier
properties, owing to its crystalline structure and hydrogen bonding, which help reduce
oxygen permeability. However, the effectiveness of CNC and Cht coatings also relies on
various factors such as coating thickness and paper pre-treatment. For instance, CNC
coatings led to a substantial reduction in oxygen permeability, with values even lower than
those of common oxygen barrier materials like ethylene vinyl alcohol (EVOH) (Li et al.,

2013).
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Table 25- Water vapour (WVP), air (AP), and oxygen (OP) permeabilities of papers
with different coatings (Ruberto et al., 2024)

Paper Coated suspension/ Coat WVTR* [j_!)rl'(ll d) WvP* AP (nm/Pas) OTR** (cm?/m®d) OP**
solution weight (g mm/ {cm® mm/
(g/m?) m®d Pa) m® d kPa)
Plain i.JI'ﬁlﬂln}ga“l'(]1 CNC (11 wi%) 22 131.96 0421 4.18+0.2 2702 +45 270005
Cht (2 wi%) 4 50.67 0.141 33.9+1.3 21792454 2179404
2-layers CNC (11
W)
Cht (2 wt%) 24 71.16 0256 0.11x£0.1 478+ 12 048 +0.01
Cht (2 wt%) 25 70.26 0237 0.11+0.1  257+8 0257+0
Pigment pre- CNC (11 wt%) 22 68.17 0249 531.1+10  Overrange Over range
treated of 33 nd nd 150403 100629 1.07+003
S1g/m Ch (2 wi%) 3 69.89 0228 3763512 21464784 22814078
2-layers CNC (11
wi%)
Cht (2 wt%) 24 68.82 0288 6.65+0.5 16,713+ 282 16.71£0.15
Cht (2 wt%) 25 68.21 0278 5.78+0.4 8220497 8.73+0.10

5. Conclusions

In conclusion, it can be stated that the slot-die coating proved to be more efficient
compared to the spin-coating treatment, as it showed a significant reduction in oxygen
and water vapor permeability, thus improving the barrier properties of the papers. This
treatment led to greater uniformity in the coating distribution, contributing to a
reduction in surface porosity and enhancing protection against external factors like

humidity and oxygen, which can compromise the quality of packaged products.

The papers, after coating, exhibited good permeability values, meaning that the process
had a positive effect on their ability to resist water vapor and oxygen transmission. The
coating contributed to greater surface density and compactness, reducing permeation
pathways and improving barrier properties, without compromising the material's
functionality. This makes the treated papers more suitable for applications where
protecting the contents from environmental factors is essential, such as in the packaging

of food or pharmaceutical products.

Additionally, the use of the slot-die coating further improved the aesthetic appearance of
the papers, giving them a glossy effect and enhancing their whiteness, which is also
beneficial from a visual and commercial standpoint. Therefore, the combination of good
oxygen and water vapor barrier properties, along with an aesthetic enhancement, makes

the coated papers more competitive in various application sectors.
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