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Résumé

Dans un contexte mondial de transition vers une économie circulaire et de réduction de la
dépendance aux ressources fossiles, cette theése porte sur le développement de matériaux
biosourcés multifonctionnels a faible empreinte environnementale. Les revétements a base
de polymeres dérivés du pétrole posent des défis environnementaux majeurs, notamment
leur non-biodégradabilité, 1'émission de composés organiques volatils (COV) et la
pollution par les microplastiques. L'objectif général de cette thése est de développer une
peinture biosourcée multifonctionnelle, applicable sur substrats rigides, a base de
nanofibres de cellulose oxydées TEMPO (TOCN) et de polypyrrole (PPy), modifiés par
de l'alcool polyvinylique (PVA) et du glycérol. Cette formulation vise a répondre
simultanément a des critéres de performances techniques (barriére et propriétés

mécaniques) et de durabilité environnementale.

Une revue de la littérature approfondie a justifié le choix des matériaux. Les TOCN
présentent une structure fibrillaire dense, une bonne capacité filmogéne et une
biodégradabilité naturelle. Cependant, leur caractére hydrophile et leur fragilité
mécanique nécessitent une modification. Le polypyrrole, un polymére conducteur
intrins€quement noir, est présenté pour ses propriétés électriques et pigmentaires. L'ajout
de PVA et de glycérol améliore respectivement I'adhérence aux substrats rigides et la
flexibilité du film. La démarche expérimentale de cette thése repose sur la conception
d’un systéme de peinture aqueuse associant TOCN et polypyrrole. Les nanofibres de
cellulose oxydée ont été obtenues par oxydation TEMPO suivie d’un désintégration
mécanique, aboutissant a un gel nanofibrillaire riche en groupes carboxylates favorisant
I’interaction avec les polymeres conducteurs. Le polypyrrole a été synthétisé par
polymérisation oxydative in situ en présence de chlorure ferrique (FeCls), assurant une
dispersion homogeéne du polymeére conducteur dans le réseau de TOCN. Les formulations
finales ont été préparées en intégrant du PVA comme liant pour améliorer I’adhésion aux
substrats et du glycérol (1-5 ml) comme plastifiant afin de moduler la flexibilité et de
réduire la fragilité des films. Le processus de formulation a inclus la préparation de

suspensions aqueuses, leur homogénéisation mécanique, la réalisation de couches de
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peinture par étalement controlé sur substrats bois et papier UPM, puis un séchage a

température ambiante pour obtenir des films homogénes.

La caractérisation des matériaux s’est appuyée sur un ensemble de techniques
complémentaires. Les propriétés rhéologiques des formulations ont été étudiées afin
d’¢évaluer leur aptitude a I’application et leur comportement pseudoplastique. La
morphologie des films a été observée par microscopie €lectronique a balayage (MEB),
tandis que la spectroscopie Raman a permis de confirmer les interactions entre TOCN et
PPy et d’identifier les bandes caractéristiques du polymere conducteur. Les propriétés
thermiques ont été évaluées par analyse thermogravimétrique (ATG) et calorimétrie
différentielle a balayage (DSC) pour déterminer la stabilité thermique et les transitions
des matériaux. L’angle de contact a été mesuré sur bois peint pour évaluer I’hydrophilie
des surfaces, et des tests qualitatifs de conductivité ont été effectués pour vérifier la
continuité du réseau PPy. Pour la partie environnementale, des tests de lixiviation (pH,
ICP-OES, HPLC-MS/MYS) et de biodégradabilité en sol ont été réalisés, complétés par une
¢tude de réutilisation par solubilisation hydrothermale. Enfin, pour les propriétés d’usage,
les taux de transmission d’oxygene (OTR) et de vapeur d’eau (WVTR) ont été mesurés,

et la rugosité des surfaces a été analysée par profilométrie 3D Alicona.
Trois articles scientifiques structurent la démonstration expérimentale de cette these.

Dans le premier article, la synthese de composites TOCN-PPy a été réalisée par
polymérisation in situ, suivie d'une formulation controlée avec du PVA (comme liant), du
glycérol (comme plastifiant) et de l'eau (comme solvant) pour obtenir des peintures
applicables sur bois. Une caractérisation approfondie a été réalisée : rhéologie,
microscopie ¢lectronique a balayage (MEB), spectroscopie Raman, angle de contact,
analyse thermique (ATG/DSC) et conductivité qualitative. Les formulations enrichies en
glycérol ont démontré une bonne dispersion, une conductivité modérée, une flexibilité

améliorée et une structure homogéne, notamment.

Le deuxiéme article s'est concentré sur le comportement environnemental de ces
revétements. Des tests de lixiviation (pH, ICP-OES, HPLC-MS/MS) ont été réalisés pour

quantifier la libération de fer, de pyrrole et de glycérol dans l'eau. De plus, la



vii
biodégradabilité dans le sol a été testée, ainsi que la réutilisabilité par solubilisation
hydrothermale. Les résultats montrent une faible lixiviation des composés toxiques, une
désintégration partielle dans le sol (jusqu'a 45 % de perte de masse) et une récupération

de matiere en milieu aqueux chaud, suggérant un degré de circularité.

Le troisieéme article explore 1'application des revétements au papier d'emballage (papier
UPM). Les propriétés barrieres ont été analysées a l'aide du taux de transmission de
l'oxygene (OTR) et du taux de transmission de la vapeur d'eau (WVTR), complétées par
des essais mécaniques (traction) pour les films de TOCN-PPy-PVA-Gly, et une analyse
de surface (Alicona, MEB) du papier UPM couché. Les résultats révelent une excellente
performance de barriére a I'oxygeéne (OTR < 1 cc/m?/jour) et une dégradation progressive
des propriétés de vapeur avec l'augmentation de la teneur en glycérol. Le comportement
mécanique est modulable et les images de surface confirment une bonne couverture, la
rugosité augmentant avec la teneur en glycérol. Une analyse préliminaire du cycle de vie
(ACV) a également été réalisée, indiquant que le TOCN, le polypyrrole et le PVA sont les
principaux contributeurs a I'impact carbone, mais qu'il existe des alternatives biosourcées
au PVA. Cependant, notre contribution globale reste inférieure a celle du revétement en

poudre de I'entreprise.

En conclusion, cette thése propose une approche innovante et intégrée pour le
développement de peintures biosourcées multifonctionnelles, alliant performance
technique et durabilité environnementale. Le systtme TOCN—-PPy—PV A-Gly présente un
fort potentiel pour des applications dans les domaines de l'emballage, des surfaces
fonctionnelles et des peintures conductrices. Les perspectives d'avenir incluent le
remplacement du PVA par des alternatives biosourcées, l'intégration d'agents
antibactériens naturels et l'optimisation des procédés pilotes pour un déploiement in

dustriel.
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Chapter 1 - Introduction

The continuous pursuit of sustainable development has propelled the integration of
circular economy and bioeconomy principles into modern industrial practices. Among the
key pillars supporting this transition, the valorization of lignocellulosic biomass and the
development of bio-based functional materials have gained significant attention. This
chapter introduces the background and context motivating the research, identifies the
problems associated with traditional coatings, presents the research objectives and scope,

and outlines the structure of the thesis.

1.1  Circular Economy and Bioeconomy Concepts

The increasing global emphasis on environmental sustainability has led to the emergence
of two key paradigms: the circular economy and the bioeconomy, which are described as
per [1]. The circular economy promotes minimizing resource consumption, maximizing
product life cycles, and designing materials that can be reused, recycled, or safely
degraded. The bioeconomy focuses on the sustainable production and conversion of

biomass into value-added products, such as materials, chemicals, and energy.

Together, these frameworks aim to transition industries away from the traditional "take-
make-dispose" linear model toward regenerative systems as per [2], for assisting in
diminishing dependence on fossil fuels, decreasing greenhouse gas emissions, and
advocating for the utilization of renewable and biodegradable materials. The Figure 1.1

illustrates the circular bioeconomy cycle using biomass as a feedstock.



Biomass
(Carbon)

Figure 1.1 Biomass usage in concept of circular bioeconomy [3]

In the context of material science, the development of bio-based coatings aligns with these
principles by offering renewable, environmentally responsible alternatives to

conventional synthetic coatings [4].

1.2 Biomass-Based Coatings as Sustainable Alternatives

Conventional petroleum-based coatings, although providing superior durability and
performance, have considerable environmental issues, including a substantial carbon
footprint during production and the release of volatile organic compounds (VOCs). Non-

biodegradability and microplastic pollution [5-7].

Biomass-derived coatings from renewable feedstocks, including lignocellulosic materials,
offer viable alternatives by minimizing environmental impacts, promoting resource

circularity, and providing biodegradability at the end of their life cycle stages [8-9].
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However, challenges such as moisture sensitivity, mechanical brittleness, and limited
functional properties often restrict the direct application of bio-based coatings.
Thus, functional enhancement strategies, such as chemical modification and composite

formulation, are required to broaden their applicability [10-11].

1.3 Nanocellulose and Conducting Polymers for Coatings

Nanocellulose, particularly TEMPO-oxidized cellulose nanofibers (TOCNSs), has gained
attention as a high-performance material for different applications as per [12-15] due to
its high tensile strength (when incorporated with other copolymer), surface modifiability,
low density, and biodegradability. However, pure nanocellulose coatings typically suffer
from: Brittleness; Hydrophilicity; Lack of electrical conductivity. To mitigate these
constraints, conductive polymers like polypyrrole (PPy) present a supplementary option
by delivering electrical conductivity, serving as a natural black pigment, and improving
barrier characteristics via their dense conjugated networks [16-17]. Thus, combining
TOCN with polypyrrole, and further modifying the composite with additives like
polyvinyl alcohol (PVA) and glycerol, creates a multifunctional platform for developing

flexible, adhesive, conductive, and partially biodegradable coatings.

1.4 Research Objectives

The main objective of this research is to develop and characterize sustainable TOCN-PPy-
based coatings modified with copolymers to optimize their functional performance and

environmental behavior.

The specific objectives include the synthesis of TOCN-PPy composites through in-situ
oxidative polymerization, the improvement of coating adhesion and flexibility by
integrating PVA and glycerol, the characterization of surface properties, mechanical
strength, and barrier performance, and the assessment of application potential in
packaging, surface treatments, and functional coatings. This study conducts
comprehensive Fe-leaching experiments, addressing a critical safety concern for food-
contact applications, unlike other research not focused on iron leaching. Due to the

utilization of iron salts as oxidizing agents in PPy polymerization, there exists a previously
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potential for residual Fe to migrate from the coating under specific conditions.
Consequently, evaluating Fe leaching is a crucial factor in ascertaining the environmental

and food-safety compatibility of the formulated coatings.

1.5 Thesis Structure

This thesis is structured into seven main chapters, each addressing a specific aspect of the
research work and contributing to a coherent progression from the scientific context to the
practical application and environmental evaluation of the developed TOCN—-PPy—PVA-—
Gly coatings. Figure 1.2 presents a schematic overview of this structure, which is

described in detail below:

Chapter 1 — Introduction presents the background of the research, rooted in the
principles of circular economy and bioeconomy. It introduces the challenges posed by
petroleum-based coatings and positions nanocellulose and conductive polymers as

promising alternatives. The research objectives, scope, and thesis organization are also

defined.

Chapter 2 — Literature Review section provides a comprehensive analysis of the current
state of knowledge concerning lignocellulosic biomass, nanocellulose (especially TOCN),
and conductive polymers such as polypyrrole. It critically reviews existing coating
technologies, identifies their limitations, and highlights the potential for bio-based,

conductive coatings in packaging and functional surfaces.

Chapter 3 — Research Project Development and Problem Analysis outlines the
preliminary methodology and experimental development conducted outside of the
published articles. It details the synthesis of TOCN, the polymerization of polypyrrole,
the formulation of paints using PVA and glycerol, and the observed problems related to
adhesion and brittleness. It also introduces the rationale behind using plasticizers and

binders to improve coating performance.

Chapter 4 — Article 1 is the peer-reviewed article focuses on the synthesis and

physicochemical characterization of TOCN-PPy—PVA-Gly paints. It discusses
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formulation strategies and presents results from rheology, SEM, Raman spectroscopy,
thermal analysis (TGA/DSC), contact angle measurements, and qualitative conductivity

tests.

Chapter 5 — Article 2 article investigates the environmental behavior of the developed
coatings. It includes leaching studies (pH, ICP-OES, HPLC-MS/MS), soil
biodegradability tests, and an evaluation of reusability via hydrothermal solubilization.
The article addresses concerns about polypyrrole's environmental impact and supports the

material's suitability for sustainable applications.

Chapter 6 — Article 3 article focuses on the performance of the coatings when applied to
UPM paper substrates. It assesses mechanical strength, oxygen and water vapor
transmission rates (OTR/WVTR), surface morphology via Alicona and SEM, and
integrates a preliminary life cycle assessment (LCA) to evaluate environmental impacts

associated with formulation changes.:

Important additional research that supports the design and development of the TOCN-PPy
coating system but was left out of the thesis's article-based parts is included in Chapter
7. The purpose of these extra experiments is to transparently describe the practical
behavior, processing limitations, and methodological restrictions that were encountered
during the material creation process. In order to place the results within larger research
trends and show how this work complements or adds to current knowledge, the results are
interpreted in conjunction with external papers. The choice of feasible compositions was
influenced by the sensitivity in viscosity, film integrity, and surface morphology that were
discovered during early formulation trials that concentrated on the interactions between
TOCN-PPy dispersions, structural polymers, and plasticizers. There is also discussion of
instrumental limits, such as the challenges of identifying components at low
concentrations. Overall, this chapter places the coating system in a broader scientific

framework by fusing ideas from external studies with internal experimental judgments.

The thesis is concluded in Chapter 8 with a summary of the main findings, a list of the
scientific and technological contributions, and suggestions for further research. The

study's key findings are summarized in this chapter, which highlights the importance of
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TOCN-PPy hybrid coatings in developing sustainable functional coating technologies. It
goes on to discuss the work's practical ramifications, such as possible industrial uses,
scaling issues, and unresolved issues that need more research. The chapter concludes by
offering suggestions for further study, such as improved performance testing to facilitate
practical implementation, material optimization, and integration with other bio-based

polymers.

Furthermore, the initially planned antibacterial testing was omitted from this study due to
its considerable time demands, necessity for specialist facilities, and the comprehensive
experimental optimization required, which exceeds the timetable of the current project.
Although antibacterial efficacy is crucial for specific coating applications, its accurate
evaluation necessitates an extensive research endeavor — encompassing strain selection,
culture preparation, standardized contact-time protocols, and long-term efficacy

assessments — more appropriate for a specialized, full PhD-level study.

Introduction

Article 1

Article 2 Article 3

Figure 1.2 Series of chapters



Chapter 2 - Literature review

A comprehensive understanding of the fundamental materials, modification techniques,
and prior research is essential to frame the development of advanced bio-based coatings.
This chapter systematically reviews the relevant literature concerning lignocellulosic
biomass components, nanocellulose fabrication and functionalization, conductive
polymers like polypyrrole, and current trends in sustainable coating technologies.
Identified research gaps, potential applications, and environmental considerations are also

discussed to justify and guide the present research work.

2.1 Overview of Lignocellulosic Biomass

Lignocellulosic biomass is one of the most abundant renewable resources available
globally, composed mainly ofthree biopolymers: cellulose, hemicellulose, and lignin [18].
These structural components are organized within the plant cell wall in a highly
hierarchical manner, providing mechanical strength, flexibility, and resistance to

environmental stresses [19].

In a sustainable bioeconomy paradigm, lignocellulosic biomass is crucial due to its vast
geographic spread, abundant availability and renewability, affordability, and potential for

conversion into high-value chemicals and minerals [20].

In recent years, lignocellulosic biomass has gained significant attention as a feedstock for
bio-based materials, including nanocellulose, bioplastics, bio-based composites, and
advanced coatings [21]. The Figure 2.1 shows Lignocellulosic biomass comprises three
essential components—cellulose, hemicellulose, and lignin, in which the P-coumaryl,
coniferyl, and sinapyl alcohol are the fundamental compounds, known as monolignols,
that polymerize via radical reactions to constitute lignin. Upon incorporation into the
lignin structure, they form the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units,
respectively [22].
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Figure 2.1 Lignocellulosic biomass composition [23]

The structure of lignocellulosic biomass comprises multiple essential components, each
imparting unique chemical and functional characteristics. Their compositions are detailed

below [24].
2.1.1 Cellulose (40-50% of biomass)

A linear polysaccharide made of B-1,4-linked D-glucose units, forming crystalline
microfibrils responsible for the mechanical strength of the cell wall [25]. The most
prevalent organic polymer on planet is cellulose. There are several hydroxyl groups along
the cellulose backbone as a result of the polysaccharide structure of cellulose. These
hydroxyl groups can create dense crystalline structures by forming well-organized
hydrogen bonding networks. The amorphous area of cellulose is created by the uneven
arrangement of incomplete cellulose chains [26]. Figure 2.2 illustrates the structure of

cellulose.
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Figure 2.2 Cellulose structure [27]
2.1.2 Hemicellulose (25-35% of biomass)

A heterogeneous group of polysaccharides (e.g., xylans, mannans) that are amorphous and

serve as a matrix embedding the cellulose microfibrils [28].

Figure 2.3 below illustrates hemicellulose's structure.
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Figure 2.3 Hemicellulose [29]
2.1.3 Lignin (15-20% of biomass)

A complex, amorphous polyphenolic polymer that acts as a natural adhesive, providing
rigidity, hydrophobicity, and resistance to microbial attack [30-31]. Lignin adds
flexibility, also aiding in the binding of the cellulose/hemicellulose matrices. It is regarded
as nature's largest storehouse of aromatic molecules. Benzene rings containing methoxy,
hydroxy, and propyl group make up the majority of the carbon-ring structures in the

exceedingly random and chaotic molecular structure of lignin polymers, which are joined
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by polysaccharides (sugar polymers). Lignin's ring structures offer a large number of
possibilities as useful chemical intermediate compound. But lignin recovery and

separation are challenging [29]. The structure of Lignin illustrated in Figure 2.4.

Figure 2.4 Lignin macromolecule structure [32]

These three polymers are intricately bound together through interactions, forming a

composite material that is difficult to deconstruct without pretreatment [33-34].

2.2 Importance for cellulose-based coatings

Among the constituents of lignocellulosic biomass, cellulose has become the most
appealing option for the creation of sustainable coatings and composites because of its
remarkable surface modifiability, high mechanical properties, and biodegradability,

especially through chemical oxidation or grafting [35].
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Additional benefits of nanocellulose, which is produced by carefully breaking down
cellulose microfibrils, include a high specific surface area, superior barrier qualities, and,

depending on the processing circumstances, the potential for transparency [36].

As such, nanocellulose is particularly well-suited for formulating next-generation bio-
based coatings with customized features, including improved adhesion, barrier effects,

and functional surface activity.

2.3 Nanocellulose: Properties and applications

Nanocellulose refers to cellulose-based materials that exhibit at least one dimension in the
nanometer range. Derived from natural lignocellulosic sources, nanocellulose possesses a
unique combination of mechanical, barrier, and surface properties that make it highly

attractive for a wide range of advanced material applications [37].

There are four main types of nanocellulose, distinguished by their morphology, production

methods, and properties.
2.3.1 Cellulose Nanocrystals (CNCs)

Highly crystalline rod-like particles, typically obtained through acid hydrolysis of

cellulose fibers. CNCs exhibit exceptional mechanical strength and high aspect ratios [38].
2.3.2 Cellulose Nanofibers (CNFs)

Long, flexible fibrils with both amorphous and crystalline regions, produced by
mechanical shearing, often combined with enzymatic or chemical pretreatments (such as
TEMPO-mediated oxidation). CNFs possess high entanglement ability and outstanding
film-forming properties [39].

2.3.3 Bacterial Nanocellulose (BNC)

Pure nanocellulose produced by certain bacterial strains (e.g., Gluconacetobacter xylinus)
through fermentation processes, characterized by extremely high purity and water-holding

capacity [40].
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2.3.4 Cellulose microfibrils (CMF)

CMF are elongated, highly organized structures within plant cell walls that confer
mechanical strength and rigidity. They comprise densely arranged cellulose chains
featuring both crystalline and amorphous domains, reinforced by significant hydrogen

bonding [38].

Cellulose nanofibers (CNFs) generated using TEMPO-mediated oxidation are particularly
pertinent to this PhD project, as they provide an optimal combination of mechanical
reinforcement, surface modifiability, and ecological sustainability for the development of
bio-based coatings. The subsequent sections will provide a comprehensive analysis of

several forms of nanocellulose and their preparation techniques [14].

2.3.5 Applications of Nanocellulose

Thanks to its outstanding properties, nanocellulose has found applications across multiple
fields. As a biodegradable barrier layer to replace petroleum-derived films in food
packaging [41]. For imparting oxygen, grease, or UV-barrier properties to paper, wood,
or plastic surfaces [42]. As scaffolds for tissue engineering, drug delivery carriers, and
wound dressings [43]. As a mechanical reinforcement agent in polymers, rubbers, or
hydrogels [44]. Transparent substrates for flexible electronics, supercapacitors, and

batteries [45]. As filters or absorbents for water purification and pollutant capture [46].

Many of the beneficial qualities associated with cellulose, such as low density,
nontoxicity, and high biodegradability, are also present in nanocellulose, which is either
extracted from plant matter or biochemically generated in a laboratory. However, due to
its distinctive shape, size, surface chemistry, and high degree of crystallinity, it also
possesses special qualities, such as high mechanical strength, reinforcing powers, and
tuneable self-assembly in aqueous media [47]. Nanocellulose find applications in wide
spectrum of usage from the medical to industrial application. Figure 2.5 represents

nanocellulose application in today’s economy sector.
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Figure 2.5 Nanocellulose application [48]

In the context of this project, CNF serve as the primary bio-based matrix for developing
functional coatings with targeted adhesion, conductivity, and barrier properties. Their high
surface charge and fibrillar network structure provide an ideal platform for the integration
of conductive polymers like polypyrrole and functional additives such as polyvinyl

alcohol and glycerol.

2.4 Surface Modification Techniques for Nanocellulose

Although nanocellulose offers excellent intrinsic properties, its native surface is highly
hydrophilic due to abundant hydroxyl groups, which limits its compatibility with
hydrophobic materials and reduces its performance under high-humidity conditions.
Therefore, surface modification techniques are often employed to tailor the
physicochemical characteristics of nanocellulose for specific applications, such as
enhancing barrier properties, introducing functional groups, improving dispersion in
polymer matrices, or imparting electrical conductivity. Several chemical and physical
approaches have been explored to modify nanocellulose surfaces. Among them, ionic

group addition, hydrophobic functionalization, and grafting of polymers are widely used.
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In this project, TEMPO-mediated oxidation was selected as the primary surface
modification strategy due to its efficiency, selectivity, and suitability for aqueous

processing [14].

Ionic charges can be added to the nanocellulosic surface via a variety of surface
modification techniques, giving the surface a hydrophilic quality. Following Figure 2.6
show types of processes that can be taken into consideration based of the type of group to

be attached.

Figure 2.6 Ionic group addition processes [47]

To replace halogen-based chemicals in flame-retardant composites, wood-derived
cellulose can be improved. To do this, phosphorylation of nanocellulose was utilised to
chemically modify sulfite-dissolving pulp fibres. The resulting material was then used to
create cellulose nanofibrils (CNF), which had a width of about 3 nm [49]. The
carboxymethylation method adds carboxymethyl groups to cellulose surfaces, making
them negatively charged form. These charges produce electrostatic repulsions that help

lignocellulosic ~ fibres break down into nanoparticles. By homogenising
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carboxymethylated cellulosic fibres, [50] developed NFCs, which had a diameter of 5-15

nm [47], [51]. Other approach for adding anionic charges to the surface of nanocellulose
is sulfonation. The hydrolysis of the monomers is catalysed by concentrated sulfuric acid
employed in CNC synthesis, which also facilitates the generation of sulphate half-esters
from CNC hydroxyl groups. Stable colloidal suspensions of cellulose nanocrystals are
produced as a result of sulfuric acid hydrolysis [47], [52]. With benefits for position-
selective reaction at room temperature under aqueous conditions, 2,2,6,6-
Tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation is a special reaction
to the native and regenerated celluloses. The C6-primary groups of hydroxy on crystalline
cellulose microfibril surfaces are largely transformed to sodium C6-carboxylate groups
when the TEMPO/NaBr/NaClO oxidation is applied to native celluloses in water at pH 10
[53].

Key advantages of TEMPO-oxidized cellulose nanofibers (TOCNs):

The augmented negative surface charge improves electrostatic stabilization in aqueous
solutions, while the heightened reactivity facilitates additional functionalization,
including the attachment of conductive polymers. These alterations enhance dispersion
capability and film-forming characteristics, while also offering the potential for increased

hydrogen bonding and ionic interactions with other polymers and substrates.

Moreover, in comparison to alternative techniques for adding carboxyl groups, TEMPO
oxidation represents a milder and less aggressive approach, rendering it particularly
appropriate for the production of TEMPO-oxidized nanocellulose. Moreover, our research
group has developed a robust foundation on TOCN-PPy creation, which acts as a

significant building block for the current effort [54-56].

2.5  2,2,6,6,tetramethylpiperidine-1-oxyl (TEMPO)

Being key element of (TEMPO)-mediated oxidation process, TEMPO provides a platform
for the native celluloses for completely distributed in water to the level of individual
nanofibrils or elementary fibrils. When polysaccharides are oxidised using the TEMPO

process, sodium carboxyl groups are added to the surfaces of the elementary fibrils of
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cellulose. TEMPO-induced oxidation causes electrostatic repulsion to arise between
cellulose fibrils and inhibits the creation of potent interfibrillar hydrogen bonds.

Additionally, cellulose crystallites exhibit no oxidation [57]. Figure 2.7 shows the
structure of TEMPO.

o-Z

Figure 2.7 Structure of TEMPO [58]
2.5.1 4-acetamido-TEMPO

The following Figure 2.10 illustrate the structure of 4-acetamido-TEMPO. A new TEMPO
system that uses 4-acetamido-TEMPO and operates in the acidic to neutral pH range has
been developed for the oxidation of both native and regenerated celluloses. The
fundamental benefit of this new TEMPO system is that cellulose degradation is much
reduced, making it possible to maintain the degree of polymerisation over a wide area
after TEMPO adjustments [59]. Figure 2.8 illustrates the structure of 4-acetamido-
TEMPO.

Figure 2.8 Structure of 4-acetamido-TEMPO [60]



17

2.6 Polypyrrole (PPy) and Conductive Polymers

Polypyrrole (in Figure 2.9) is synthesized through the oxidative polymerization of pyrrole
monomers (CsHsN), leading to a conjugated polymer backbone with alternating single and

double bonds that facilitate delocalization of electrons [61].

Figure 2.9 Polypyrrole structure [62]

Key properties of PPy include are electrical conductivity, environmental stability,

biocompatibility, processability, optical properties.
2.6.1 Alternative Conductive Polymers

While polypyrrole (PPy) was chosen as the conductive polymer for this project due to its
easy synthesis, intrinsic black coloration, and environmental stability, other conductive
polymers also been explored as potential alternatives for bio-based composite and coating
applications. These polymers exhibit unique properties that could offer complementary or

improved performance depending on the target applications.
2.6.1.1 Polyaniline (PANI)

Polyaniline (PANI) is a well-established conductive polymer known for antibacterial
properties, PANI can produce hydrogen peroxide during oxidation, contributing to
antimicrobial action [63]. For barrier properties, PANI can reversibly switch between
oxidation and reduction states, making it suitable for corrosion protection and barrier
applications [64]. For electrical conductivity, PANI can be easily doped with acids to

enhance its conductivity and shows good environmental stability [65].
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2.6.1.2 Polythiophene

Polythiophene and its derivatives are another class of conjugated polymers offering
antibacterial properties, Polythiophene exhibits antibacterial properties in flexible film as
dopant [66]. For barrier properties, Polythiophene structures provide robust environmental
stability, aiding in protection against external stresses [67]. For electrical conductivity,
Polythiophene typically exhibits conductivity greater than 100 S/cm and offers excellent
thermal and chemical stability [68].

Among the available conductive polymers, pyrrole was selected over polyaniline, and
polythiophene due to its unique combination of easy, scalable, and water-based synthesis,
intrinsic black pigmentation, good environmental stability, and compatibility with
nanocellulose matrices. Unlike polyaniline, which suffers from poor solubility and film
brittleness, polypyrrole forms flexible, adherent coatings under mild oxidative conditions
without requiring harsh dopants or acid treatments. Compared to polythiophene, which
demands complex synthesis routes and costly precursors, pyrrole polymerizes rapidly and
controllably using inexpensive oxidants like FeCls. Furthermore, while polyfuran offers
antioxidant activity, it typically exhibits lower electrical conductivity and weaker
mechanical performance than polypyrrole. Thus, the choice of pyrrole enabled the
development of sustainable, multifunctional coatings with optimized conductivity, barrier
properties, and black pigmentation, while maintaining a low-cost, environmentally

responsible processing pathway [69].

2.7 Current Status of Coating Technologies

Coatings are essential in several industries for surface protection, aesthetic enhancement,
and the provision of certain functional attributes. The majority of coatings have been
derived from petroleum, utilizing synthetic polymers and organic solvents, which may
pose environmental and health risks due to factors such as restricted biodegradability,

volatility, and possible toxicity [70].
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2.7.1 Conventional Petroleum-Based Coatings

Traditional coatings are primarily formulated using synthetic polymers such as
polyurethane, epoxy resins, polyvinyl chloride (PVC), and acrylics [71]. These coatings
offer excellent durability, chemical resistance, and versatility. However, they come with
several drawbacks as per [72], due to their dependence on non-renewable resources,
substantial carbon emissions during manufacture, release of volatile organic compounds
(VOCs), and overall non-biodegradability, they contribute to prolonged environmental
accumulation [5-7]. Additionally, disposal and recycling of synthetic coatings remain
challenging, with many coatings ending up in landfills or contributing to microplastic

pollution [5].
2.7.2 Emerging Trends Toward Bio-Based Coatings
2.7.2.1 Focus on biobased appoach

The move towards bio-based polymers focuses on replacing petroleum-derived
components with renewable alternatives, such as [73], including polysaccharides like
cellulose, starch, and chitosan; proteins such as casein and soy protein; natural oils like

linseed and tung oil; and biopolyesters such as polylactic acid and polyhydroxyalkanoates.
2.7.2.2 Why biobased approach important?

These bio-based systems aim to provide [72], providing benefits include biodegradability,
reduced toxicity, reduced environmental impact, and enhanced resource circularity via the

utilization of agricultural or forestry by-products.

2.7.2.3 Challenges with biobased approach

However, fully bio-based coatings still face several performance challenges, particularly
in terms of [74], delivering critical performance attributes including mechanical strength,
moisture and oxygen barrier capabilities, and resilience in adverse environmental

conditions.
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2.7.3 Solution via hybrid approach

Consequently, current study increasingly investigates hybrid systems that integrate bio-
based matrices with functional fillers, such as conductive polymers, to address existing

performance constraints [54].
2.7.4 Nanocellulose in Coating Applications
2.7.4.1 Why nanocellulose component of interest?

Nanocellulose has emerged as a promising bio-based component for coatings due to its
[75], providing robust mechanical reinforcing properties and a significant capacity for

surface modification to enable additional functionalization.

2.7.4.2 Challenge with only nanocellulose in coating?

However, pure nanocellulose coatings challenging as per [75], due to their high
hydrophilicity, they often demonstrate inadequate water-vapor barrier efficacy and may

occasionally be susceptible to cracking during the drying process.
2.7.4.3 Strategic approach to solve this issue

To overcome these issues, strategies such as surface modification, plasticizer addition,
and combination with hydrophobic polymers have been explored — approaches directly

relevant to the development of the TOCN-PPy-PVA-Gly coatings in this work [69].
2.7.4.4 Conductive Bio-Based Coatings: Opportunities and Challenges

The integration of electrical conductivity into bio-based coatings remains a relatively
underexplored field. Conductive coatings can enable applications in having prospective
uses in flexible electronics, antistatic surfaces, electromagnetic shielding, and biosensors

or intelligent packaging [76].

Conductive polymers such as polypyrrole (PPy), polyaniline (PANI), and PEDOT: PSS
have been investigated to impart conductivity [77]. Nonetheless, other obstacles persist,

such as attaining homogeneous distribution of conductive compoenets, preserving overall
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mechanical integrity, and reconciling electrical conductivity with biodegradability and

environmental compatibility.

In this project, the combination of TOCN (for mechanical and barrier support) and PPy
(for conductivity and pigmentation), supplemented by PVA and glycerol (for adhesion
and flexibility), represents an innovative approach to developing sustainable,

multifunctional coatings [69].

2.7.5 Application of TOCN-PPy in Coatings

The combination of TOCN and PPy offers a promising platform for the development of
multifunctional, sustainable coatings. TOCN provides a renewable, biodegradable matrix
with high mechanical strength and barrier potential, while PPy imparts electrical
conductivity, black pigmentation, and additional functional properties. When properly
formulated, TOCN-PPy composites can be applied as surface coatings with applications
across multiple sectors, including packaging, electronics, antimicrobial surfaces, and

functional protective layers [16-17], [54], [56], [78].

2.7.6 Coating application via TOCN-PPy

The three major aspects that previous work in our research group which investigated serve
as the foundation for this thesis, propose application in a practical context, and address the
difficulties associated with using TOCN-PPy film as a coating. The three components
under conductivity, antibacterial nature, and barrier rigid support qualities that were

studied are as follows:

2.7.6.1 Conductivity nature

Bideau et al. (2016) illustrated in order to graft on the carboxyl groups of CNFo, the 1-(2-
cyanoethyl)pyrrole was first converted to N-(3-aminopropyl)pyrrole. Onto the grafted N-
(3-aminopropyl)pyrrole, polypyrrole (Ppy) underwent oxidative polymerization in an
iron(I1I) chloride (FeCl3) solution. By strengthening the potential connections across units
of'the conducting polymer and the cellulose fibres, the grafting of 1-(2-cyanoethyl)pyrrole

was a key factor in improving these qualities. The results demonstrate that the coating of
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PPy nanoparticles on the grafted films improves several properties of our composite,
including wettability, mechanical properties, thermal protection, and most significantly,
electrical conductivity, which has been enhanced by a 10E5 factor in contrast to the
uncoated films. This nanostructure could be considered for creating high-performance

electrodes for sensors, batteries, and supercapacitors, among other uses [79].
2.7.6.2 Barrier rigid support nature

Given this kind of packaging is renewable and reusable, it is of high interest. Benoit et al.
(2018) illustrated the benefits of covering such paperboard with polypyrrole (PPy) and
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) oxidised cellulose nanofibres
(TOCN). The strong network created by TOCN and polypyrrole particles considerably
enhanced the coated paperboard's (CPb) mechanical characteristics and decreased gas
permeability. These findings imply that polypyrrole surface coating may be used to
produce multilayer paperboard containers in industrial settings, reducing the amount of

packaging waste produced by the often-used traditional plastic [80].
2.7.6.3 Antibacterial nature

Gram-positive B. subtilis and Gram-negative bacteria E. coli, which are occasionally
present in food, were used to test the nanocomposites' antibacterial abilities by Benoit et
al. (2016). As seen by the decrease of 5.2 log colony forming units (CFU) for B. subtilis
and 6.5 log CFU for E. coli, the results reveal that the nanocomposites are efficient against
all of the bacteria examined. resulting in the complete annihilation of the germs under
study. The exact match between the surface area of the composite and the ensuing
inhibition zone has shown that our composite was contact active with only a minor
leaching of PPy. Composite destroyed bacteria upon touch, it proved effective as an active
packing on meat (liver), it can make application for preventing the spread of potential

infections [81].
2.7.6.4 Challenges

The key challenge addressed via [81], of leaching must be addressed because it will play
key role in the coating application in food packaging industry. Another problem is getting
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TOCN-PPy to stick to the surface; this can be improved by using varied amounts of
copolymer (e.g., PVA). Since customers prefer to see their products and prefer visibility
in food packaging, the black colours of TOCN-PPy film are also a problem. The essential
improvement that can be achieved with TOCN-PPy is to introduce it in a field where
colour is not a real concern, or even if it can be a benefit. In this instance, a UV
spectrometry test will be used, and ifit is appropriate, TOCN-PPy, which has antibacterial

properties as well as UV protection, can be introduced to large-scale packaging.

2.7.6.5 Summary

Prior research indicates that TOCN-PPy composites possess considerable potential;
nevertheless, it has also underscored difficulties concerning adhesion, practical
application efficacy, long-term durability, and environmental evaluation. This study
directly tackles these deficiencies by modifying polymers using PVA and glycerol,
optimizing formulations, conducting extensive environmental assessments, and pursuing
application-focused development with an emphasis on barrier efficacy. The objective is
to link essential material comprehension with the development of effective and sustainable

coating solutions.

2.8 Potential Application Areas

The advancement of multifunctional coatings based on TOCN-PPy composites has
substantial prospects in industrial and environmental domains. These coatings effectively
combine mechanical strength, barrier performance, electrical conductivity, flexibility, and
natural black coloring, meeting the increasing demand for sustainable, practical, and
environmentally responsible materials. The primary application domains with the greatest

potential for TOCN-PPy-based coatings are delineated below:
2.8.1 Food Packaging Coatings

Sustainable food packaging materials are in high demand to replace petroleum-based
plastics and to address issues of biodegradability, food safety, and barrier performance.

TOCN-PPy-based coatings can contribute by providing oxygen and grease barrier layers
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for paper-based packaging, enhancing mechanical strength and surface protection against
moisture or handling damage, and offering antistatic or antimicrobial potential through
polypyrrole integration (future studies). The black coloration could also be desirable for
specific packaging designs (e.g., protective inner layers, specialty foods requiring light

shielding).
2.8.2 Functional Surface Coatings for Wood and Rigid Materials

TOCN-PPy-PVA-Gly coatings, especially on plywood and wood surfaces, offer:
Improved surface adhesion and flexibility; Enhanced moisture resistance compared to
untreated wood; Functional conductive properties for potential smart furniture or anti-

static surfaces.

Such coatings could be applied to: Decorative panels; Protective furniture coatings; Indoor

applications requiring both aesthetics and light functionality.
2.8.3 Sustainable Paints and Pigmented Coatings

The deep black coloration of TOCN-PPy composites naturally suits applications requiring
pigmented paints and coatings: Exterior and interior paints; Anti-corrosion primers;

Decorative surface treatments.

Replacing synthetic black pigments (e.g., carbon black) with bio-derived, conductive

pigments could provide both environmental and functional benefits.

2.9 Environmental and Toxicological Considerations

Environmental safety and material end-of-life behavior are crucial factors when
developing  bio-based  coatings intended for  sustainable  applications.
The integration of polypyrrole (PPy) and the use of iron-based oxidants (FeCls) in the
TOCN-PPy coatings necessitate a careful evaluation of elemental leaching,

biodegradability, and material stability under realistic conditions.

Specific environmental and toxicological investigations were carried out, focusing on Fe

leaching, soil biodegradation behavior, and polypyrrole leaching phenomena.
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2.10 Perspectives from External Research Groups and Innovation Positioning

Significant research into high-performance bio-based coatings has been prompted by the
global trend toward sustainable material systems [42]; advancements in this field have
included metallic nanoparticles [82], natural polymers [83], lignin derivatives [84], nano-
cellulose [41], [54], and inorganic—organic hybrid coatings [85]. Numerous approaches
have been provided by outside research teams with the goal of giving coating matrices
mechanical strengthening [86], barrier improvement [87], antibacterial activity [88-89],
and functional responsiveness [87]. Notwithstanding notable advancements, the current
corpus of work is still dispersed and frequently concentrates on individual qualities or uses
non-renewable components that restrict environmental compatibility. The advancements
and weaknesses that drive the creation of more integrated, multipurpose, and sustainable

coating systems are highlighted in a summary of these contributions.
2.10.1 Metal-nanoparticles based coating

Metal-nanoparticle-based coatings, especially those that contain silver nanoparticles
(AgNPs), are one extensively studied route [90-91]. Because of their potent and well-
established antibacterial qualities, silver nanoparticles have drawn a lot of interest and are
being researched for use in a variety of coating systems. AgNPs exhibit antibacterial ac-
tion through a number of mechanisms, such as the release of silver ions, the production of
reactive oxygen species (ROS), and the disruption of intracellular processes and microbial
membranes, according to numerous external investigations. AgNPs offer efficient defense
against a wide range of bacteria and fungi when they are embedded, chemically attached,

or surface grafted into matrices including cellulose, chitosan, or synthetic polymers [91].

2.10.2 Chitosan based coating

Because of its inherent antibacterial activity, potent film-forming capacity, and advanta-
geous barrier qualities against UV light, gasses, and moisture, chitosan—a biodegradable
cationic polysaccharide produced from crustacean exoskeletons—is frequently utilized in
films, coatings, and membranes. Because of its mechanical strength, translucency, and

versatility in processing through solvent casting, extrusion, electrospinning, thermoplastic



26

processing, layer-by-layer assembly, spraying, and dipping, it can be used in a wide range
of food packaging and preservation applications. By lowering microbial contamination
and increasing shelf life, it effectively protects fruits, vegetables, meat, seafood, dairy
products, and other perishables. To improve chitosan's flexibility, water resistance, anti-
oxidant activity, and antibacterial activity, its composition can be changed or new ingre-
dients added. Beyond food systems, systematic research demonstrates that chitosan's an-
timicrobial and anti-adhesive efficacy for preventing implant-associated infections is
greatly enhanced when combined with enzymes, antimicrobial peptides, or polymers. This
highlights chitosan's wide potential as a functional, biocompatible coating material in both

food and biomedical applications [92-94].
2.10.3 Lignin based coating

The most prevalent polyaromatic biopolymer, lignin, has a rich and adaptable chemistry
that makes it possible to use it in functional coatings and films. It can be used to replace
polymers derived from fossil fuels and to create new material functionalities like improved
barrier performance, oxygen scavenging, UV blocking, and antimicrobial activity. The
pulp and paper industry already produces large amounts of technical lignin, and future
biorefineries are expected to diversify further. Current research highlights lignin's applica-
bility in polymer coatings, adsorbents, paper-sizing additives, wood veneers, food pack-
aging, biomaterials, fertilizers, corrosion-resistant layers, and antifouling membranes.
Lignin nanoparticles (LNPs) have also received a lot of attention because their formation
is highly dependent on the structural heterogeneity of lignin. Research indicates that dif-
ferences in residual fatty acids, carbohydrate content, and aliphatic hydroxyl groups affect
LNP size, morphology, and the development of hollow structures, highlighting the need
for a deeper understanding of the connection between lignin structure and nanoparticle
formation mechanisms. Advanced manufacturing techniques have made it possible to em-
ploy lignin-derived functional composites in 3D printing, nanomaterials, hydrogels, bio-
degradable composites, and electrochemical systems, making them more promising eco-
efficient materials than nanoparticles. While ongoing research continues to address struc-
tural bottlenecks and explore opportunities for developing next-generation biobased ma-

terials through green chemistry and sustainable processing, these lignin-based composites
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have shown promise in environmental applications, biomedicine, sensing technologies,

functional packaging, and energy storage [95-97].
2.10.4 Multifunctional hybrid coating

Multifunctional hybrid coatings intended to overcome material constraints in specialized
applications like bioresorbable implants and stone conservation are the subject of another
area of external research. Studies have created hybrid PEO-based structures for magne-
sium systems that combine polycaprolactone matrices with halloysite nanotubes loaded
with corrosion inhibitors with porous ceramic-like layers to improve corrosion protection
and regulate degradation behavior. These studies show how coating construction and per-
formance verification have advanced, but they also highlight the need for a better com-
prehension of degradation mechanisms and long-term resorption management. For hydro-
phobic and biocidal stone-protection treatments, bio-based epoxy—silica hybrids contain-
ing plant-derived epoxy precursors, silica-forming additives, ionic liquids, essential oils,
and functional nanoparticles have been studied concurrently. Systems enhanced by nano-
particles retain beneficial thermo-mechanical and hydrophobic properties and show effec-
tive microbial suppression, but certain additions interfere with network development and
decrease thermal stability. When taken as a whole, these investigations highlight the dif-
ficulties associated with formulation stability, additive compatibility, and guaranteeing
constant multifunctional performance while also demonstrating the promise of hybrid ma-

terial techniques [98-99].
2.10.5 The current work's position in relation to the state of the art

The current study distinguishes itself in this broader scientific framework by tackling sig-
nificant constraints seen in external systems. The TOCN-PPy system, in contrast to
AgNP-enhanced coatings, employs conductive polymer mechanisms to provide antibac-
terial functionality while avoiding the use of metallic agents, thereby minimizing toxicity,
lowering environmental risks, and conforming to circular biomaterial principles. While
chitosan gives antibacterial activity, TOCN provides much greater modulus, dimensional
stability, and network connection. The inclusion of PPy further compensates for functional

limitations that chitosan can only overcome through synthetic additions or nanoparticles.
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The homogeneity and optical constraints present in lignin-based films are overcome by
the well-defined fibrillar structure of TOCN (-COOH), which permits controlled PPy dep-
osition and a homogeneous hybrid network. The TOCN-PPy approach simultaneously
enables rigidity, barrier enhancement, antibacterial behavior, and electrical conductivity,
placing it among the most multifunctional bio-based coatings described to date. By omit-
ting petroleum-based additives, non-biodegradable synthetic binders, or high-impact me-
tallic nanoparticles that are included in many external alternatives, the system maintains

its bio-origin at its core.



Chapter 3 - Research project development and methodology

Building upon the insights gained from the literature, the research project was structured
to develop functional TOCN-Polypyrrole optimized for antibacterial, conductive, and
barrier properties which was developed by our research group’s previous PhD student
(Benoit Bideau), here we are introducing the binder and plasticiser for making paint and
provide detailed characterisation. This chapter details the experimental development,
including material fabrication, coating procedures, characterization methods, and
preliminary findings. It also critically analyzes the challenges encountered during the
project and proposes strategies to overcome them for advancing bio-based coating

applications.

3.1 Project Overview and Research Framework

The main aim of this research project was to create multifunctional coatings and paints
utilizing TOCN and PPy as structural additives and pigments, respectively, alongside
copolymers like PVA as a binder and glycerol as a plasticizer, with water as the primary
solvent for application on rigid substrates. This study addresses the limitations found in
prior research, including those concerning adhesion, leaching, and color restrictions, by
employing targeted methodologies that incorporate copolymers and modify functional

properties.
The project was structured in three main phases.

Phase 1: Material synthesis and formulation optimization of biobased paint. Surface

coating trials and performance characterization
Phase 2: Environmental impact and toxicity evaluation
Phase 3: Application aspect in terms of barrier properties as well as LCA

The fundamental hypothesis underlying this project was that the incorporation of
appropriate copolymers (PVA and Glycerol) into the TOCN-PPy matrix would improve

adhesion to rigid surfaces.
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Key research questions included, such as how does the addition of copolymers affect the
adhesion and surface uniformity of TOCN-PPy coatings on rigid substrates? Can the
hydrophobicity and barrier properties (e.g., moisture resistance) of TOCN-PPy based
coatings be improved without compromising their structural integrity? What are the
environmental implications of TOCN-PPy coatings in terms of biodegradability and

potential ecotoxicity?

3.2 Fabrication of TOCN Nanocellulose

By TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated oxidation and
subsequent moderate disintegration in water, native wood celluloses can be transformed
into individual nanofibers 3—4 nm wide and at least several microns in length. Without
altering the initial crystallinity (74%) or crystal width of wood celluloses, TEMPO-
mediated oxidation selectively forms large amounts of C6 carboxylate groups on each
cellulose microfibril surface. TOCN films exhibit high tensile strengths of 200-300 MPa
and elastic moduli of 6-7 GPa. They are flexible and transparent. The TEMPO-mediated
oxidation of natural cellulose fibres produced novel cellulose-based nanofibers that have
the potential to be employed in high-tech sectors as new bio-based, environmentally
friendly nanomaterials [100]. The C6-primary hydroxy groups on crystalline cellulose
microfibril surfaces are largely transformed to sodium C6-carboxylate groups when the
TEMPO/NaBr/NaClO oxidation is applied to native celluloses in water at pH 10 [53]. The
TEMPO oxidation and sonication processes will be used to create the TOCN gel from
bleached Kraft wood pulp, furthermore determination of the carboxylate content will be

evaluated as described [101]. Overall, TEMPO oxidation process illustrated in Figure 3.1.
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Figure 3.1 TEMPO Oxidation [53]

Following the reaction, the oxidized graft pulp rinsed three to four times with deionised
water before being collected in a plastic bag. The carboxylate concentration was estimated
to be approximately to 1600 mmol/kg. IKA method is used after collecting of over 50
grammes of dry oxidised graft pulp. Below Figure 3.2 shows different steps taken during
TEMPO oxidation.

LB

NaOCl TEMPO
dosing Oxidation

Kraft pulp
grinding

Figure 3.2 Pictures taken during TEMPO oxidation process

The TEMPO-mediated oxidation was conducted using a 4 L reaction vessel, a motorized

mechanical agitator for uniform mixing, a pH probe for continuous reaction monitoring,
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and an automated dosing system with two pumps for the precise addition of sodium
hydroxide buffer solution and 0.1 M hydrochloric acid, maintaining the pH between 10

and 12 during the oxidation process.
3.2.1 Oxidation Protocol

Preparation of the reaction mixture: Two liters of fibrous Kraft pulp suspension were
added to the reaction vessel. Mechanical agitation was commenced to avert sedimentation
and guarantee uniform dispersion. The pre-prepared TEMPO/NaBr solution was directly
introduced into the agitated suspension. Systematic introduction of the oxidizing agent:
Sodium hypochlorite (NaOCl) was administered dropwise via an addition funnel. The
gradual and continuous addition enhances oxidation efficiency by providing adequate time
for the synthesis of carboxylic acid groups, thus optimizing reaction performance. The
stopwatch commenced following the addition of the initial drops of NaOCl to guarantee

a cumulative reaction duration of 1 hour and 30 minutes.
3.2.2 pH Regulation

Shortly after the initial introduction of NaOCI, the buffer solution dosing system was
engaged to sustain the reaction pH within the ideal range of 10—12. The adjustment of pH

may be executed either manually or mechanically.

3.2.3 Oxidation cessation

Upon completion of the 1 hour and 30 minute reaction duration, the pumps and mechanical
agitator were deactivated, and 75 mL of 30% hydrogen peroxide was introduced to the
reaction mixture to neutralize any remaining oxidizing agents and conclusively terminate

the process.
3.24 Conductometric Titration of Carboxylic Acids

Following the filtering of the oxidized pulp, a conductometric titration was conducted to
quantify the carboxylic acid content produced during the oxidation process. Three grams
of oxidized pulp (dry basis) were combined with 0.1 M HCl for 45 minutes, then followed

by filtering. The acid wash was conducted a second time. The objective of HCI treatment
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is to protonate the carboxylate groups (COO~ — COOH), thereby facilitating precise
measurement. The processed pulp was subsequently combined with 450 mL of deionized
water and 10 mL of 0.1 M HCI, then homogenized with a mechanical mixer. A 0.1 M
NaOH solution was employed to titrate the mixture while continuously monitoring the
conductivity. The conductivity curve generated during NaOH addition was utilized to

ascertain the concentration of carboxylic acid groups produced during oxidation.

A descending conductivity curve is first observed, corresponding to the neutralization of
hydrochloric acid, followed by a plateau region indicative of the titration of carboxylic
acid groups. Beyond this point, the curve exhibits an increasing slope, reflecting the excess
addition of sodium hydroxide (NaOH). The proprietary software developed by Prof.
Loranger processes the conductivity data to precisely determine the length of the plateau,
thereby quantifying the carboxylic acid content of the oxidized cellulose. Following this
characterization, the preparation of TEMPO-oxidized cellulose nanofibers (TOCN) is
carried out using an IKA high-shear homogenizer. This equipment consists of a rotor-
stator assembly that generates intense shear forces, enabling the mechanical defibrillation
of cellulose fibers into nanofibrils. The system operates in a closed-loop configuration.
Approximately 50 g of filtered, dried cellulose paste is dispersed in 2 L of deionized water,
after which the agitator ensures initial homogenization. A pump continuously circulates
the mixture through the rotor-stator chamber of the IKA unit. The suspension is
simultaneously cooled by a water-based heat exchanger to prevent thermal degradation
and maintain optimal processing conditions. The mechanical treatment is performed for 1
hour and 30 minutes at a frequency of 60 Hz. During this step, the suspension gradually
becomes more viscous, which is a clear indicator of progressive nanofibrillation and
effective fiber defibrillation. At the end of the process, a uniform nanocellulose gel is
obtained and stored at low temperature to prevent microbial growth, ensuring the stability
of the TOCN suspension for subsequent applications.At the end of this step, the
nanocellulose is ready and kept cold to avoid the development of bacteria. Overall, IKA

process illustrated in Figure 3.3. And our research group’s lab scale IKA is in Figure 3.4.
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Figure 3.3 IKA Process [102]
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Figure 3.4 IKA and TOCN formation

3.3 Synthesis of TOCN-PPy

TOCN — PPy formation: 80 ml of suspension of TOCN were combined with 2 ml of a
pyrrole solution (98%). After 10 minutes of stirring, 10 ml of a 0.3 M oxidant solution
(FeCl3) was added to the mixture in order to start the polymerization of pyrrole into PPy.

After 30 minutes of continuous stirring, the fluid became black and began to exhibit
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symptoms of pyrrole polymerization. After that, demineralized water was used to rinse

the TOCN-PPy mix [80]. Figure 3.5, shown the formation of TOCN-PPy.

TOCN
PPy

FeCl3

Figure 3.5 Formation of TOCN-PPy

3.3.1 Polymerization Protocol

The synthesis procedure involved the following steps which are listed below.

Preparation of the TOCN Suspension, 100 mL of the prepared 0.45 wt% TOCN gel

suspension was placed under constant magnetic stirring.

Addition of Pyrrole Monomer, 5 mL of freshly distilled pyrrole monomer (98% purity)
was slowly added to the TOCN suspension under stirring. Pyrrole is highly sensitive to

oxidation; therefore, it was handled under minimal exposure to air and light.

Initiation of Polymerization, after 10 minutes of stirring to allow uniform dispersion of
the pyrrole monomer within the TOCN matrix, 25mL of a 0.3 M FeCls aqueous solution

was added dropwise to the mixture to initiate the oxidative polymerization process.

Polymerization Process, the reaction mixture was maintained under continuous stirring
for 30 minutes. During this period, a noticeable color change from translucent white to
dark black indicated the progressive formation of polypyrrole chains within the TOCN

matrix.
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Post-Synthesis Washing, after polymerization, the black-colored TOCN-PPy suspension
was thoroughly rinsed several times with demineralized water to remove unreacted
monomers, excess FeCls, and any byproducts. Washing continued until the conductivity

of the wash water reached a baseline value, confirming minimal residual ionic species.

The resulting TOCN-PPy composite suspension displayed a stable colloidal state, with

visibly uniform dispersion and an increased viscosity compared to the pristine TOCN gel.

3.3.2 Key Observations During Synthesis

The formation of the dark black color after the addition of FeCls was a critical visual
indicator of successful pyrrole polymerization. Excessive polymerization time or high
oxidant concentrations were carefully avoided to prevent overoxidation of PPy, which
could degrade its conductive properties. Maintaining stirring during polymerization
ensured homogeneous nucleation and minimized the formation of large PPy aggregates,
promoting a more uniform coating material. The synthesized TOCN-PPy suspension
served as the base material for further formulation modifications, coating trials, and

performance testing, as described in the subsequent sections.

3.4 Coating development

While TOCN-PPy composites demonstrated promising functional properties such as
conductivity and potential barrier effects, a major challenge encountered during
preliminary coating trials was their limited adhesion to rigid substrates, such as steel and
plywood. Poor adhesion manifested in peeling, cracking, and uneven surface coverage,
severely limiting the applicability of the coatings for practical use. To address this
limitation, strategies involving the incorporation of copolymers were implemented. The
objective was to improve the mechanical bonding between the TOCN-PPy layer and the

substrate without significantly impairing the composite's electrical or surface properties.

3.4.1 Surface Adhesion Challenges

Initial coating tests revealed multiple adhesion problems. The TOCN-PPy coatings

exhibited inadequate wetting behavior on metallic surfaces like steel, partially detaching
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during the drying process, whereas rust formation at the edges indicated potential
chemical interactions or deficient barrier qualities at the interface. On hardwood substrates
like plywood, the coatings exhibited non-uniform adhesion, resulting in uneven and
fragile films during the drying process and mechanical manipulation. These observations
necessitated the alteration of the formulation to enhance interfacial compatibility between

the TOCN-PPy material and the underlying substrates.
3.4.2 Introduction of Copolymer Additives

To improve adhesion and tune the surface properties of the TOCN-PPy coatings,
formulation strategies were developed based on the incorporation of polyvinyl alcohol
(PVA) and glycerol (Gly) as copolymer additives. PVA was selected due to its excellent
film-forming capability, promoting strong adhesion to rigid surfaces, low cost and water
solubility, aligning with sustainability objectives and ability to create hydrogen bonds with
both nanocellulose and substrate surfaces. Glycerol was introduced as a plasticizer to:
Enhance the flexibility of the coating films; Reduce brittleness upon drying; Improve the
overall mechanical stability of the films. Based on these principles, four distinct
formulations were developed, such as TOCN-PPy-PVA (without glycerol), TOCN-PPy-
PVA-Gly (1ml) (low glycerol content), TOCN-PPy-PVA-Gly (2ml) (moderate glycerol
content), TOCN-PPy-PVA-Gly (5ml) (high glycerol content). These formulations
allowed systematic investigation of the effects of increasing glycerol concentration on the

adhesion, conductivity, and surface hydrophobicity of the coatings.

Additionally, initial exploratory tests were performed using commercial PVA-based wood
glue as an adhesive additive to evaluate rapid adhesion improvement strategies. However,
its use raised concerns regarding potential negative impacts on conductivity and overall

film uniformity.
3.4.3 Expected Impacts of Copolymer Addition

The incorporation of PVA and glycerol into the TOCN-PPy matrix was expected to
significantly modify the physical properties of the resulting coatings, particularly with

regard to adhesion, flexibility, and surface characteristics. The expected effects were as
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listed below. Adhesion improvement, by PVA’s strong film-forming ability and capacity
to form hydrogen bonds with both the TOCN nanofibers and substrate surfaces were
anticipated to greatly enhance coating adhesion, reducing the occurrence of peeling and
cracking upon drying. Flexibility enhancement, by addition of glycerol as a plasticizer
was expected to improve the mechanical flexibility of the coatings, minimizing brittleness
and promoting better durability during handling and drying processes. Surface
hydrophobicity modification, depending on the ratio of PVA and glycerol, changes in
surface hydrophobicity were anticipated. PVA alone may slightly increase hydrophilicity,
while the combination with glycerol at controlled concentrations could modulate water
absorption and improve moisture resistance. Impact on conductivity, it was recognized
that the incorporation of non-conductive additives such as PVA and glycerol might
slightly reduce the overall electrical conductivity of the coatings. Therefore, a balance
needed to be achieved between enhancing adhesion and maintaining acceptable
conductivity levels for intended applications. Barrier property optimization, the
combination of PVA and glycerol was also expected to impact the barrier properties (e.g.,
Oxygen Transmission Rate [OTR] and Moisture Vapor Transmission Rate [MVTR]),

potentially improving the coatings' resistance to gas and moisture permeation.

Thus, the strategic formulation of four different recipes—ranging from pure TOCN-PPy-
PVA to TOCN-PPy-PVA-Gly (with Iml, 2ml, and 5ml glycerol)—was designed to
systematically evaluate and optimize the trade-offs between adhesion, flexibility,

conductivity, hydrophobicity, and barrier functionalities.
3.4.4 Surface Coating Trials and Observations

Subsequent to the synthesis of TOCN-PPy and the formulation of copolymer-modified
coatings, experimental applications were conducted predominantly on plywood panels to
assess adhesion, surface uniformity, and overall aesthetic quality. Plywood was chosen
as the primary rigid substrate due to its prevalent use in packaging, furniture, and structural
applications, and the formulations demonstrated superior adhesion on cellulose-based
surfaces. Initial considerations encompassed the potential for testing on steel substrates,
however, these were ultimately excluded due to ongoing adhesion difficulties on metallic

surfaces, which exceeded the parameters of the current study. Observations from the
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plywood coating trials were meticulously recorded to facilitate formulation enhancement

and optimization.

3.4.4.1 Coating Behavior on Plywood Surfaces

When coated on plywood surfaces, the unmodified TOCN-PPy formulations presented
significant limitations: Non-uniform spreading with patchy coverage, brittle film
formation with cracking upon drying, and detach from surface after drying as observed in

Figure 3.6.

Figure 3.6 TOCN-PPy on plywood

The application of copolymer-modified formulations demonstrated a clear improvement,
TOCN-PPy-PVA (containing no glycerol) exhibited superior surface wetting and
increased adhesion relative to raw TOCN-PPy, despite the observation of slight surface
contraction after drying. TOCN-PPy-PVA-Gly with 1 mL or 2 mL of glycerol
demonstrated ideal performance regarding adhesion, flexibility, and surface uniformity;
these coatings attached securely, displayed no significant cracking, and preserved
excellent mechanical resistance. TOCN-PPy-PVA-Gly containing 5 mL of glycerol
yielded very flexible films with superior adhesion; nevertheless, minor tackiness and
surface deformation under pressure were observed, likely attributable to the elevated
glycerol concentration, and the surface exhibited a propensity to collect moisture.
Formulations with low to moderate glycerol additions (1-2 mL) attained an optimal
equilibrium among coating flexibility, adhesion, and surface integrity, without resulting

in excessive softness or stickiness.
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3.4.4.2 Summary of Observations

The coating trials on plywood surfaces clearly demonstrated that: The addition of PVA
improves adhesion significantly compared to raw TOCN-PPy; The controlled addition of
glycerol enhances flexibility and crack resistance; Higher glycerol content (5ml) can lead
to surface softness and tackiness, which may not be desirable for certain end uses. These
findings emphasized the importance of recipe optimization based on the intended

application, balancing adhesion strength, mechanical durability, and surface properties.

3.5 Characterization Techniques Employed

A comprehensive set of characterization techniques was employed to evaluate the
functional properties of the developed TOCN-PPy-PVA-Gly coatings. The primary
objectives were to assess surface behavior, electrical conductivity, mechanical strength,
barrier performance, and environmental degradation potential. Each formulation was

systematically characterized using the following methodologies.

Rheology was employed to analyze the viscosity and flow behavior of the paint
formulations. This analysis is crucial to assess their suitability for coating applications, as
it provides insight into the pseudoplastic or shear-thinning nature of the system, which
directly influences spreading, leveling, and film formation during application. The
rheological properties of the paint formulations were assessed using a Rheologica
Stresstech HR Rheometer (ATS RheoSystems) equipped with a C40 cone-plate geometry.
All measurements were conducted at a regulated temperature of 25 °C, with shear rates
ranging from 0.1 to 1000 s™'. The apparent viscosity (napp) Was derived from the slope of
the shear stress (1) vs shear rate (y) graph, utilizing the formula n.,, = Tt/ y. Each
formulation underwent three measurements to guarantee reproducibility, and the

published viscosity values reflect the average of these repeated assessments.

Scanning Electron Microscopy (SEM) was used to examine the surface morphology,
and cross-sections of the films. SEM enabled us to visualize the homogeneity of the
coatings, identify possible defects such as cracks or agglomerates, and evaluate the

coverage on both rigid and paper substrates. Scanning Electron Microscopy (SEM)
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analysis was performed utilizing a Hitachi SU1510 microscope. To reduce surface
charging and enhance image clarity, non-conductive samples were sputter-coated with a
thin layer of gold utilizing an International Scientific Instruments PS-2 coating machine.
Imaging was conducted in secondary electron mode at an accelerating voltage of 15 kV
and a beam current of 100 pA, facilitating high-resolution observation of surface

morphology.

3D Surface Profilometry (Alicona) was applied to quantify the topographical features of
the coatings, such as roughness parameters (Sa, Sq, Sp, Sv). These measurements allowed
for the correlation between surface morphology by coating over UPM paper. The surface
morphology of the biobased coating films consisting of TOCN-PPy-PVA and their
glycerol-modified variants (Glyl, Gly2, Gly5) was analyzed using a high-resolution 3D
optical profilometer (Alicona InfiniteFocus G5), which utilizes focus-variation
technology. This non-contact method offers intricate microscale areal topography,
enabling the identification of nuanced surface characteristics. Profilometric scans were
conducted across three representative locations for each dried film. Surface leveling and
background curvature reduction were executed via best-fit plane correction in the Alicona
analysis software. A collection of standard roughness metrics was obtained to characterize
both amplitude and spatial attributes of the surface texture, comprising Sa (arithmetic
mean height), Sq (root mean square height), and Sp, Sv, Sz (maximum peak height,
maximum valley depth, and maximum height, respectively). This methodology facilitated
a quantitative analysis of microstructural alterations across several formulations based on

glycerol content.

Raman Spectroscopy was used to confirm the chemical structure of the composites and
the presence of polypyrrole within the cellulose matrix. The technique provided
molecular-level information on the conjugated structure of PPy and helped verify the
interactions between PPy and TOCN through characteristic spectral peaks. Raman
spectroscopy was conducted utilizing a Thermo Fisher DXR3 Raman Microscope to
analyze the molecular composition and chemical structure of the paint films. The device
used a 785 nm excitation laser and a comprehensive grating covering roughly 300-3000

cm™'. Spectral acquisition was enhanced by employing a laser power of 30 mW, an
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exposure duration of 30 seconds each scan, and three accumulations. A 50 um slit aperture
and a 10x objective lens were employed to precisely focus the laser on the sample surface.
Three spectra were obtained at various locations for each formulation to verify
measurement uniformity. The instrument's automatic X-axis calibration enhanced the

dependability and stability of the data collected.

Thermal Analysis (TGA and DSC) was conducted to determine the thermal stability,
degradation onset, and residual mass of the formulations. TGA provided quantitative data
on decomposition profiles and residue content (e.g., confirming iron and PPy content),
while DSC gave insights into the thermal transitions and the influence of glycerol and
PVA on material stability. Thermogravimetric analysis (TGA) was conducted on a
PerkinElmer TGA-8000 (USA) to evaluate the thermal stability and compositional
properties of the paint films. Samples were positioned in ceramic crucibles and examined
in a nitrogen environment at a flow rate of 50 mL/min. The temperature protocol included
an initial equilibration at 40 °C for 3 minutes, a ramp from 40 °C to 105 °C at a rate of 10
°C/min to eliminate adsorbed moisture, an isothermal hold at 105 °C for 20 minutes,
followed by a heating phase to 900 °C at 10 °C/min for polymer decomposition and
carbonization, an additional isothermal hold at 900 °C for 20 minutes, and concluding
with a cooling phase to 40 °C at 200 °C/min. Data on continuous mass loss were gathered
during the run to determine thermal behavior and composition. Differential Scanning
Calorimetry (DSC) was conducted with a TA Instruments DSC 2500 to analyze thermal
transitions in the paint films. Measurements were performed in a nitrogen atmosphere at
a flow rate of 50 mL/min to prevent oxidative effects, with samples heated from 40 °C to

200 °C at a rate of 10 °C/min.

Contact Angle Measurements were performed to evaluate the surface wettability of the
coatings. These measurements provided information on the hydrophilic or hydrophobic
nature of the films, which is particularly important for packaging and barrier applications.
The wettability of the coated wood surfaces was evaluated using contact angle
measurements employing the sessile drop technique. The studies were conducted using a
Microdrop Contact Angle Analyzer FTA4000 (First Ten Angstroms, USA). Five

microliters of deionized water droplets were distributed onto the paint films via the
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instrument's precision dosing system, and the droplet profiles were documented at room
temperature with the integrated high-resolution camera. The software computed the
contact angle at the liquid—solid—air interface using the acquired images. To guarantee
measurement reliability and accommodate natural surface changes, five measurements
were conducted at various locations on each sample, and the average contact angle was

documented.

Tensile Testing was used to determine the mechanical performance of the TOCN—PPy—
PVA-Gly films, including tensile strength, elongation at break, and stiffness. These
results highlighted how glycerol acts as a plasticizer, modifying the flexibility and
mechanical durability of the coatings. The tensile strength of the TOCN—-PPy-PVA-Gly
films were evaluated using a universal testing machine (Instron 4201, USA) under
regulated laboratory conditions (25 °C and 50% relative humidity). Rectangular
specimens measuring 30 mm by 15 mm were subjected to testing with a gauge length of
10 mm and a crosshead speed of 10 mm/min. Owing to the films' ultrathin characteristics,
strain was determined using crosshead displacement instead of utilizing an extensometer,
employing a methodology influenced by the TAPPI T494 standard for paper. This
approach may marginally exaggerate elongation at break, although it yielded reliable and
reproducible results across samples. Each formulation underwent testing in no fewer than
six replicates, with the mechanical parameters presented as mean values accompanied by
standard deviations. The principal characteristics assessed were tensile strength (MPa),
which is the highest stress before failure; elongation at break (%), indicating the strain at
fracture; and Young’s modulus (GPa), calculated from the slope of the initial linear

segment of the stress—strain curve.

Oxygen Transmission Rate (OTR) and Water Vapor Transmission Rate (WVTR)
tests were performed to quantify the barrier properties of the coatings against gas and
moisture permeation. These tests are critical for evaluating the suitability of the coatings
for sustainable packaging applications, especially when glycerol content impacts water
resistance. The performance of the oxygen barrier was assessed with a Systech Illinois
M8001 oxygen permeation analyzer. One side of the film received pure oxygen (99.9%),

while high-purity nitrogen served as the sweep gas on the opposing side. All
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measurements were performed at 23 °C and 50% relative humidity, with uniform humidity
conditions upheld on both sides of the specimens. Circular film samples were affixed to
diffusion cells with an exposed area of 3.14 cm?, corresponding to a diameter of 2.0 cm,
appropriate for the small size of the cast films. The instrument reported the oxygen
transmission rate (OTR) in cm?®/m?-day. Each formulation was analyzed in duplicate, with
findings expressed as mean # standard deviation. The water vapor transmission
characteristics of the films were assessed at 23 + 0.5 °C under two relative humidity
conditions—50 + 2% and 70 + 2% —to investigate the impact of ambient moisture on
vapor permeability. Circular film specimens were excised and affixed to the apertures of
standard glass permeability cups (2.0 cm diameter, exposed area of 3.14 cm?). Each cup
contains 2.0-2.5 g of anhydrous calcium chloride as the desiccant for moisture absorption.
Silicone grease was put around the cup rim to maintain adequate sealing and avoid edge
leakage, while O-rings were securely positioned over the film edges. The mass increase
of each cup was recorded using a high-precision analytical balance with a resolution of
+0.001 mg, with measurements conducted twice daily over three consecutive days. The
water vapor transmission rate (WVTR) was determined from the slope of the linear
segment of the mass-gain versus time curve and normalized by the exposed surface area
to yield the MVTR, given in g/m*-day. All formulations underwent triplicate testing, and

results are presented as mean values accompanied by their respective standard deviations.

The pH of the washing solutions and reference materials was measured with a Thermo
Scientific ORION Star A215 pH meter. Prior to measurements, the equipment was
calibrated using standard buffer solutions at pH values of 4.00, 7.00, and 10.00. All pH
measurements were conducted at ambient temperature under conventional laboratory

settings.

ICP-OES was used to measure the release of iron ions from the PPy synthesis process,
providing insight into the stability of the coatings and potential environmental risks. The
liberation of iron (Fe) from TOCN-PPy and its polymer-modified composites was
examined utilizing inductively coupled plasma optical emission spectroscopy (ICP-OES,
Perkin Elmer AVIO 550) after 24 hours of sample immersion in 50 mL of deionized water.

Numerous samples displayed concentrations at or near the instrumental detection
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threshold; hence, any recorded values beneath 0.05 mg/L were documented as “Fe < 0.05
mg/L,” in accordance with standard analytical reporting protocols. Iron measurement
conformed to ASTM D1976-20, Standard Test Method for Elements in Water using
Inductively Coupled Plasma Atomic Emission Spectroscopy. According to this standard,
the instrumental detection limit (IDL) for iron was established at Fe < 0.05 mg/L, with
quantities below this threshold reported as “Fe < 0.05 mg/L” in accordance with the
ASTM process (ASTM International, 2020).

Complementary to this, HPLC-MS/MS enabled precise detection and quantification of
residual pyrrole and glycerol in leachates, ensuring no harmful components migrated into
water. Analyses were conducted utilizing an Agilent HPLC-MS/MS system featuring a
Jet Stream ESI source. Chromatographic separation was performed using a Kinetex EVO
C18 column (150 x 4.6 mm, 5 pm, 100 A; Phenomenex), with an autosampler maintained
at 4 °C and a column oven regulated at 30 °C. A 5 uL aliquot from each vortex-mixed
sample was injected. The mobile phases for pyrrole detection were water with 0.1% formic
acid (A) and methanol with 0.1% formic acid (B), administered at a flow rate of 0.4
mL/min according to the following gradient: 0.00—4.00 min, 10% B; 8.00—10.00 min,
100% B; 10.40—-12.00 min, reverting to 10% B. Glycerol detection employed mobile
phases consisting of 10 mM ammonium acetate with 0.1% acetic acid (A) and acetonitrile
(B), maintained at a same flow rate, with a gradient of 0.00—1.50 min at 80% B; 1.60-3.00
min at 10% B; and 5.00-10.00 min at 80% B. Pyrrole was examined in ESI+ mode,
observing the [M+H]+ ion at m/z 68 and fragments at m/z 41 and 39 (retention time: 9.861
min). Glycerol was identified in ESI— mode through the [M+Ac]— ion at m/z 151, with
fragment ions at m/z 59 and 133 (retention time: 1.018 min). The mass spectrometry
source parameters for pyrrole comprised a drying gas flow of 10 L/min, a gas temperature
of 300 °C, a nebulizer pressure of 45 psi, a sheath gas flow of 11 L/min, a sheath gas
temperature of 300 °C, a capillary voltage of 4000 V, and a nozzle voltage of 500 V. For
glycerol, the same parameters were employed, with the exception of a drying-gas flow

rate of 13 L/min, a sheath-gas temperature of 400 °C, and a capillary voltage of 3000 V.

A soil biodegradation test was conducted over 60 days, using quintuplicate samples of

TOCN-PPy-PVA and its glycerol-modified variants (TOCN-PPy-PVA-Glyl, TOCN-



46
PPy-PVA-Gly2, and TOCN-PPy-PVA-Gly5), which were buried 10 cm deep in dry soil

circumstances. The weight variations were documented prior to and subsequent to the test

to assess the biodegradation characteristics of the samples.

Hydrothermal Reusability Tests were designed to study the recyclability and circularity
potential of the materials. These tests involved controlled heating of the coated films to
induce partial solubilization, allowing the recovery and reuse of the coating material. The
hydrothermal recovery characteristics of the TOCN-PPy-PVA-Gly composite coating
were evaluated by a film recovery test aimed at investigating paint reusability. A dry film
fragment (about 1.83 g) was submerged in 50 mL of deionized water and heated at 75 °C

for 35 minutes under continuous stirring.

Finally, a Life Cycle Assessment (LCA) was performed to evaluate the overall
environmental footprint of the bio-based coatings, comparing them to conventional fossil-
derived paint systems. This analysis identified the main contributors to the carbon
footprint (such as PVA and PPy) and provided strategies for improving sustainability
through material selection and process optimization. A initial life cycle assessment (LCA)
was conducted following ISO 14040/44 standards utilizing the SimaPro software
platform, with background data sourced from the Ecoinvent 3.10 database (Wernet et al.,
2016). The functional unit was defined as a single A4-sized UPM paper sheet (0.062 m?)
coated by a two-layer bar-coating method, in accordance with laboratory-scale
application. The system boundaries included the manufacture of raw materials (TOCN,
pyrrole, FeCls, PVA, and glycerol), in-situ synthesis and mixing, paint formulation,
coating application, washing, and drying processes. Each A4 page necessitated around 10
mL of paint, applied in two successive coats (5 mL + 5 mL). A standard batch of paint
formulation yielded approximately 60 mL of usable material, adequate to cover six A4
sheets (Malik et al., 2025). The life cycle inventory for a single A4 sheet consisted of 10
mL of coating derived proportionally from a 100 mL formulation including 0.45 wt%
TOCN suspension (about 0.45 g of dry TOCN), in additionto 5 g of PVA, 5 mL of pyrrole,
and 25 mL of 0.3 M FeCls. Glycerol was included in different quantities based on the
formulation: 1 mL for Glyl, 2 mL for Gly2, and 5 mL for Gly5.
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3.6 Key Problems Identified

During preliminary experiments, several challenges were identified with the use of raw
TOCN-PPy coatings, particularly when applied directly onto rigid surfaces such as
plywood. These problems motivated the introduction of copolymer additives (PVA and
glycerol) to systematically improve the performance and overcome the limitations
observed. The key issues and corresponding improvement strategies are summarized

below:
3.6.1 Poor Adhesion to Rigid Surfaces

Coatings exhibited poor adhesion to plywood substrates, resulting in peeling, cracking,
and uneven surface coverage upon drying. The incorporation of PVA significantly
improved adhesion by enhancing surface wettability and film-forming ability. Glycerol

further contributed by improving coating flexibility and reducing internal stresses during

drying.
3.6.2 Brittleness and Cracking

Films formed from unmodified TOCN-PPy were brittle, with low elongation at break and
poor mechanical resilience under bending or handling. The addition of glycerol as a
plasticizer imparted flexibility to the coatings. Formulations with 1-2 mL glycerol showed
enhanced toughness and resistance to mechanical cracking without severely

compromising structural strength.

3.6.3 Surface Defects and Drying Instabilities

Non-uniform spreading and the formation of surface defects such as wrinkles and
microcracks were observed during the drying of unmodified coatings. PVA addition
enabled smoother and more continuous film formation, while glycerol helped maintain

surface integrity during the drying process by mitigating shrinkage stresses.
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3.7 Proposed Strategies for Problem Solving

Based on the preliminary results and the key challenges identified, several strategies were
developed to optimize the TOCN-PPy-PVA-Gly coatings for specific applications. The
focus was on achieving a balance between adhesion enhancement, conductivity retention,
mechanical flexibility, and environmental stability. The proposed problem-solving

approaches are outlined below:
3.7.1 Fine-Tuning Copolymer and Plasticizer Content

To address the trade-off between improved adhesion and decreased conductivity.
Moderate glycerol additions (1-2 mL) were prioritized to optimize flexibility and
adhesion without excessively disrupting the conductive polypyrrole network. It could be
good for the places where humidity is high. Excessive glycerol content (5 mL), although
improving flexibility, was avoided for formulations intended for applications requiring
higher mechanical rigidity or conductivity. It could be good for environment where

humidity is very less.

Tailoring the PVA and glycerol ratios for each formulation allowed better control over the

final properties according to targeted use cases.
3.7.2 Multi-Recipe Development Approach

Recognizing that a single formulation could not satisfy all application requirements, a
multi-recipe strategy was adopted. Low-glycerol formulations (1 mL) for applications
prioritizing conductivity and surface hardness (e.g., functional coatings, packaging).
Moderate-glycerol formulations (2 mL) for applications requiring balanced flexibility and
moisture resistance (e.g., packaging films). Higher-glycerol formulations (5 mL) only for
highly flexible, low-conductivity needs where mechanical deformation resistance is
critical (for dry environment application). This application-specific adaptation allowed

greater versatility of the developed coating system.



49

3.7.3 Process Optimization

Several practical adjustments were proposed to improve coating performance. Slow and
controlled drying under ambient conditions could minimize crack formation and surface
defects. Applying thin successive layers rather than a single thick coating could help
reduce internal stresses and prevent cracking during drying. In bar coating in article 3, we

did 2 layer bar coating.

3.7.4 Long-Term Environmental Testing

To validate the coatings' real-world performance, it was proposed to conduct extended
aging tests under controlled humidity and temperature conditions, (by WVTR), and to
perform accelerated soil burial degradation tests to assess composability and
environmental fate. These strategies would ensure that the developed coatings meet both

functional and environmental sustainability criteria.



Chapter 4 - Scientific Article 1: Synthesis, formulation and char-
acterization of paints based on TOCN-PPy-PVA-Gly

4.1 Preface
This part of the work was published in the peer-reviewed journal Progress in Organic

Coatings (Elsevier, IF 7.3, DOI: https://doi.org/10.1016/j.porgcoat.2025.109511). The

article entitled “Synthesis, formulation, and characterization of a bio-based paint derived
from TOCN and polypyrrole” mainly focuses on the design and preparation of bio-based
paints using TEMPO-oxidized cellulose nanofibers (TOCN) combined with polypyrrole
(PPy) as the conductive phase, polyvinyl alcohol (PVA) as a binder, and glycerol as a
plasticizer. The work emphasizes the optimization of formulation strategies to achieve
stable paint dispersions and uniform coatings. This study represents the first step toward
developing eco-friendly and functional paint systems derived from renewable cellulose
nanofibers and conductive polymers, showcasing their potential for sustainable and

technologically advanced coating applications.
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4.2 Résumé

Cette ¢tude présente le développement d'une peinture biosourcée par l'intégration de
nanofibres de cellulose oxydées TEMPO (TOCN) avec du polypyrrole (PPy) et
l'incorporation d'alcool polyvinylique (PVA) comme liant et de glycérol comme
plastifiant. Le composite TOCN-PPy a été synthétisé par polymérisation in situ, suivie
d'un lavage pour garantir la pureté de la composition. Un mélange a haut cisaillement et
un traitement thermique contr6lé ont permis d'obtenir des formulations homogénes et
stables. La microscopie électronique a balayage (MEB) a révélé un réseau de nanofibres
bien dispersé, avec une teneur accrue en glycérol contribuant & une morphologie de
surface plus lisse. Ceci pourrait étre corrélé a une meilleure flexibilité observée lors de la

manipulation. L'analyse Raman a confirmé la présence de polypyrrole et a révélé des
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décalages spectraux associés a une meilleure dispersion du polymeére et a des liaisons
hydrogene influencées par le PVA et le glycérol. Les mesures d'angle de contact ont
montré qu'une teneur plus élevée en glycérol augmentait la mouillabilité, réduisant
I'hydrophobicité et améliorant 'adaptabilité aux applications de revétement. L'analyse
thermogravimétrique (ATG) a révélé une dégradation en plusieurs étapes, le polypyrrole
améliorant la stabilité¢ thermique. La flexibilité accrue observée dans les échantillons
contenant du glycérol est attribuée a son effet plastifiant, comme en témoignent les
observations morphologiques et de manipulation. La DSC a également été utilisée pour
évaluer la transition vitreuse, la fusion et la décomposition thermique, ainsi que les
tendances en matic¢re de stabilité thermique. Ces résultats soulignent la modularité des
revétements TOCN-PPy, équilibrant I'intégrité structurelle, les performances thermiques
et la mouillabilité pour diverses applications industrielles. Ils soulignent également le
potentiel des composites TOCN-PPy en tant que revétements hautes performances et
respectueux de l'environnement, soutenant les innovations en chimie verte et en

bioéconomie circulaire.

4.3 ABSTRACT

This study presents the development of a biobased paint by integrating TEMPO -oxidized
cellulose nanofibers (TOCN) with polypyrrole (PPy) and incorporating polyvinyl alcohol
(PVA) as a binder and glycerol as a plasticizer. The TOCN-PPy composite was
synthesized via in-situ polymerization, followed by a washing process to ensure
compositional purity. High-shear mixing and controlled thermal treatment produced
homogeneous and stable formulations. Scanning Electron Microscopy (SEM) revealed a
well-dispersed nanofiber network, with increased glycerol content contributing to
smoother surface morphology. This may correlate with improved flexibility observed
during handling. Raman analysis further confirmed the presence of polypyrrole and
revealed spectral shifts associated with enhanced polymer dispersion and hydrogen
bonding influenced by PVA and glycerol. Contact angle measurements showed that higher
glycerol content increased wettability, reducing hydrophobicity and enhancing
adaptability for coating applications. Thermogravimetric Analysis (TGA) revealed multi-

stage degradation, with polypyrrole improving thermal stability. The enhanced flexibility
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observed in glycerol-containing samples is attributed to its plasticizing effect, as
evidenced by morphological and handling observations. DSC was also employed for glass
transition, melting and thermal decomposition behavior, and thermal stability trends.
These findings emphasize the tunability of TOCN-PPy coatings, balancing structural
integrity, thermal performance, and wettability for various industrial applications. The
results also highlight the potential of TOCN-PPy composites as high-performance, eco-

friendly coatings, supporting innovations in green chemistry and the circular bioeconomy.

Keywords: Biobased paint, TEMPO-oxidized cellulose nanofibers (TOCN), Polypyrrole,

Polyvinyl alcohol, Glycerol, Circular bioeconomy

4.4 INTRODUCTION

The growing emphasis on bio-based coatings stems from the depletion of fossil resources
and the environmental concerns associated with conventional petrochemical-based
coatings. This shift is reflected in the increasing research on innovative binders derived
from renewable sources such as plant oils, fatty acids, cellulose, and cardanol. As
sustainability becomes a key driver of material innovation, the demand for eco-friendly
alternatives to traditional coatings continues to rise (Chek & Ang, 2024) . The widespread
use of conventional plastics has led to significant environmental concerns, as their
persistence contributes to pollution and greenhouse gas emissions from incineration. This
has driven the search for biodegradable alternatives in many applications (Samir et al.,
2022) . Cellulose nanofibrils (CNFs) have emerged as promising bio-based nanomaterials
for advanced composites due to their high aspect ratio, specific surface area, and
mechanical properties. They also offer improved sustainability over synthetic
reinforcements. However, their hydrophilicity complicates integration with hydrophobic
polymers, often leading to agglomeration, void formation, and poor interfacial adhesion,
which reduce composite performance. As a result, considerable research is focused on
CNF surface functionalization to improve dispersion, minimize interfacial energy
differences, and enhance fiber—matrix interactions for better mechanical integrity (Oesef
et al., 2024) . TEMPO-mediated oxidation functionalizes cellulose nanofibers (TOCNFs)

with carboxyl groups and requires less energy than producing microfibrillated cellulose
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(MFC) or cellulose nanocrystals (CNCs). The carboxyl groups enhance the
physicochemical properties of TOCNFs, making them well-suited for applications in
biomedicine, wastewater treatment, and bioelectronics (Tang et al., 2024). While CNFs
themselves lack inherent conductivity, they are often used as sustainable substrates in
combination with conductive additives for flexible and wearable electronics. Conductive
polymers such as polypyrrole (PPy) and polyaniline (PANI) are commonly employed to
impart conductivity to insulating matrices. Literature (Zheng et al., 2024) indicates that
PPy-coated fabrics exhibit lower cytotoxicity than PANI-based ones, making PPy more
favorable for biocompatible applications. Consequently, PPy is widely used for its
electrical conductivity, biocompatibility, and environmental stability. Recent advances in
electrospun cellulose followed by in-situ PPy polymerization have enabled the
development of cellulose/PPy composites for flexible strain sensors and other advanced

electronics (Zheng et al., 2024; Bideau, Bras, et al., 2016; Bideau, Loranger, et al., 2016)

Polyvinyl alcohol (PVA) is a distinctive water-soluble polymer extensively utilized in
papermaking, textiles, and various coatings. Known for its biocompatibility, it serves as a
scaffold for cell cultures, embolic materials, contact lenses, and wound dressings.
Additionally, PVA is increasingly being applied in environmental engineering and
electrical materials (Halake et al., 2014; Ayissi Eyebe et al., 2019; Eyebe et al., 2018) .
Glycerol has been demonstrated to be an effective plasticizer for polyvinyl alcohol (PVA),
significantly enhancing its processability and ductility. Among various polyol plasticizers,
glycerol-plasticized PVA exhibits the greatest reduction in Young’s modulus, improved
toughness, and the lowest melting temperature (195 °C). In Xie et al. (2024), structural
analysis reveals that glycerol reduces crystallinity to 29% and increases the amorphous
layer thickness to 7.76 nm, indicating a significant impact on PVA’s structural
transformation. Additionally, molecular dynamics studies show that glycerol-plasticized
PVA has a two-dimensional structure and the most heterogeneous chain dynamics, with
the lowest rigid amorphous fraction (RAF) of 0.507 in the interphase. These findings
highlight glycerol’s crucial role in modifying PVA’s physical and mechanical properties
(Xie etal., 2024) .
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Paints generally consist of a pigment for color, a binding medium, and various additives
that influence optical properties and workability. Over time, the characteristics of paint
change, beginning as a liquid-like film and gradually transforming into a solid-like paint
film. This transition occurs through two primary mechanisms: drying, where solvents
evaporate from the paint film, or curing, which involves crosslinking and other chemical
reactions that enhance stiffness. The duration of these processes varies significantly,
ranging from a few hours (as seen in acrylics) to months (alkyds) or even decades (oil-
based paints). During this transformation, the stiffness of the paint film can increase by
several orders of magnitude (dePolo et al., 2021) . Based on previous work for various
application of TOCN-PPy films (Bideau et al., 2017, 2018) , we now explore the
formulation of a biobased paint designed to unify conductivity, antibacterial activity, and
moisture barrier properties in a single, surface-applicable system. This multifunctional
paint is particularly suited for applications such as in smart wooden surfaces, antimicrobial
indoor coatings, low-power conductive layers in sensors, and sustainable packaging
solutions. Its film-forming capability, ease of application, and bio-based composition
make it a promising candidate for eco-friendly coatings across electronics, furniture, and
health-sensitive environments. Therefore, this study will aim to integrate TOCN with
polypyrrole as a base additive and optimizing the composition using PVA (as binder),
glycerol (as plasticizer) and water (as solvent). This work will focus on understanding the
structural, thermal, and surface properties of the resulting composite coatings and access
their potential for antibacterial and conductive applications. Through a combination of
viscosity, scanning electron microscopy (SEM), Raman spectroscopy, contact angle
measurements, thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), and qualitative electrical conductivity testing, we have evaluated the material’s
performance and potential. While previous studies have focused on the development of
TOCN-PPy composites as conductive films or coatings, these typically lacked
optimization for real-world application as a paint-like formulation. In contrast, our work
integrates TOCN and PPy within a fully water-based system, incorporating polyvinyl
alcohol (PVA) as a binder and glycerol as a plasticizer. This formulation approach enables
direct application to substrates, offering tunable viscosity, improved flexibility, and

enhanced adhesion. By systematically varying glycerol content, we demonstrate how to
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balance network cohesion and plasticity to achieve a versatile, eco-friendly coating. This
novel bio-based paint formulation not only preserves the key functional properties of
TOCN-PPy but also extends its practical applicability—representing a significant step

forward in green coatings for smart surfaces and sustainable packaging.

4.5 MATERIALS AND METHODOLOGY

4.5.1 Materials

Pyrrole (C4HsN), iron (III) chloride (FeCls), poly(vinyl alcohol) and glycerol were
procured from Sigma Aldrich and Fisher Scientific, and used without further purification.
TOCN were prepared from a commercially available never-dried bleached Kraft wood
pulp from a methodology developed by our research group (Loranger, Jradi, et al., 2012;
Loranger, Piché, et al., 2012) . From previous work, these treatments resulted in a typical
carboxyl content of 1600 mmol/kg, facilitating nanofibers extraction from the oxidized
cellulose matrix, and exhibited an estimated width of 3.5 + 1.0 nm and a length of 306 +
112 nm with a minor fraction of MFC remaining in the final material (Bideau, Cherpozat,

etal.,2016).

4.5.2 Synthesis of TOCN-Polypyrrole (TOCN-PPYy)

To enhance the functional properties of the composite material, polypyrrole (PPy) was
incorporated into the TOCN matrix through an in-situ oxidative polymerization process.
The polymerization reaction commenced with the dispersion of 5 mL of pyrrole (4.835 g)
in 100 mL of a 0.45 wt% TOCN suspension, followed by stirring for 10 minutes to
mitigate premature polymerization, resulting in an approximate PPy:TOCN mass ratio of
10.7:1. Subsequently, 25 mL of a 0.3 M FeCls solution was gradually introduced under
continuous stirring, initiating the polymerization process over a period of 30 minutes.
Following polymerization, the TOCN-PPy composite underwent an extensive purification
protocol to eliminate residual FeCls. During each washing cycle, the pH of the water was
monitored, and washing was continued until the pH stabilized near the level of distilled
water, indicating effective removal of FeCls. This involved four times sequential washing

cycles with 1000 ml of deionized water over a filtration apparatus (Whatman filter paper,
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Grade 202)) to ensure compositional purity, with pH stabilization being monitored as an

indicator of FeCls removal.

4.5.3 Preparation of Paint Formulations Incorporating TOCN-PPy, PVA, and
Glycerol

The development of paint formulations utilized TOCN-PPy as a functional additive,
polyvinyl alcohol (PVA) as a binder, glycerol as a plasticizer, and water as a solvent. The

formulation process involved several key steps.
4.5.3.1 Preparation of the PVA Base Formulation

A homogeneous solution was prepared by dissolving 5 g of PVA in 100 mL of water,
followed by the incorporation of the washed TOCN-PPy composite. High-shear mixing
(Silverson L4RT-A, USA) was employed a period of 3 minutes at room temperature to

ensure uniform dispersion of the composite within the PVA matrix.
4.5.3.2 Incorporation of Glycerol

To modify the mechanical and rheological properties of the paint, glycerol was introduced
in varying concentrations: 1 mL (Glyl), 2 mL (Gly2) and 5 mL (Gly5). Each formulation
was subjected again to high-shear mixing (Silverson L4RT-A, USA) for a period of 3
minutes at room temperature to achieve thorough integration of TOCN-PPy, PVA, water,

and glycerol.
4.5.3.3 Thermal Processing

To facilitate complete dissolution of PVA and promote homogeneous blending of all
components, the formulations were heated at 75°C for a duration of 50 minutes to 1 hour
under continuous stirring. This thermal treatment ensured uniform dispersion of TOCN -
PPy within the polymer matrix, yielding a stable and homogeneous paint formulation

suitable for further applications.
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4.5.3.4 Experimental design for paints development

This structured approach, illustrated in Figure 4.1, has enabled composite synthesis and
formulation development of TOCN-PPy into a paint system. In the developed paint
formulations, each component plays a distinct functional role in achieving the desired
material properties. The TOCN-polypyrrole serves as a functional additive, contributing
to the active properties. Polyvinyl alcohol (PVA) functions as the binder, ensuring strong
adhesion and film-forming capabilities essential for coating applications. Glycerol acts as
a plasticizer, improving the flexibility and workability of the paint, thereby preventing
brittleness and enhancing durability. Water serves as the solvent, enabling uniform
dispersion of all components and facilitating efficient mixing and processing throughout
the formulation. Together, these components create a stable and homogeneously blended

paint system.
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Figure 4.1 Formation of TOCN-PPy-PVA-Glycerol based paints
4.5.3.5 Making of Paint Films

The paint formulations were used to prepare films by casting 20—25 mL of the paint
solutions into Fisherbrand disposable aluminum weighing pans (10 cm diameter). The
samples were then left to dry at room temperature (23 + 2 °C) for a period of two days,
allowing complete solvent evaporation and film formation without thermal acceleration.

Once fully dried, the films were carefully peeled from the pans and stored under ambient
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conditions prior to characterization. This method yielded self-standing films suitable for

structural, surface, thermal, and conductivity analyses.
4.5.4 Substrate coating

In this study, we evaluated the coating performance of various formulations, including
TOCN-PPy, TOCN-PPy-PVA, TOCN-PPy-PVA-Glyl, TOCN-PPy-PVA-Gly2, and
TOCN-PPy-PVA-Gly5, on wood substrates, the paints were applied via brush and let it
dry over the period of 1 day at room temperature. While the TOCN-PPy formulation alone
failed to adhere properly—forming a brittle film that detached from the wood surface upon
drying—the inclusion of PVA and varying concentrations of glycerol significantly
improved film formation and adhesion. The paint formulations containing PVA and
glycerol remained well-adhered to the wood surface, demonstrating their potential for

effective painting applications.

4.6 Characterisations

The following sections are describing the apparatus and specific methodology used to

characterise the suspension and films.
4.6.1 Rheometer

The rheological properties of the paint formulations were assessed using a Rheologica
Stresstech HR Rheometer (ATS RheoSystems) equipped with a C40 cone—plate geometry.
Measurements were conducted at a controlled temperature of 25 °C, with the shear rate
ranging from 0.1 to 1000 s™'. Apparent viscosity (1app) Was determined as the slope of the
shear stress (7) versus shear rate (y) curve, calculated using the relationship 7a.pp = T/y.
Each formulation underwent three measurements to ensure data reliability, with average

viscosity values reported.
4.6.2 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) was performed using a Hitachi SUI510

microscope. Non-conductive samples were sputter-coated with a thin layer of gold using
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an International Scientific Instruments PS-2 coating unit to prevent charging and enhance
imaging quality. The SEM operated in secondary electron mode at an accelerating voltage

of 15 kV and a beam current of 100 pA, providing detailed imaging of surface features.
4.6.3 Raman Spectroscopy

Raman spectroscopy was conducted using a Thermo Fisher DXR3 Raman Microscope to
analyze the molecular composition and chemical structure of the paint films. The
instrument was equipped with a 785 nm excitation laser and a full-range grating covering
approximately 300 to 3000 cm™'. Optimal spectral data were obtained by setting the laser
power to 30 mW, utilizing an exposure time of 30 seconds per scan, and performing three
accumulations. A 50 um slit aperture and a 10x objective were employed to focus the
laser on the sample surface. Three replicate measurements were collected for each sample
at various locations to ensure data reliability. The DXR3 Raman Microscope features

automatic X-axis calibration, enhancing measurement reliability and stability.
4.6.4 Contact angle

The wettability of the paint films applied to wood surfaces was evaluated through contact
angle measurements using the sessile drop method. A Microdrop Contact Angle Analyzer
FTA4000 (First Ten Angstroms, USA) was employed for this purpose. Deionized water
droplets of 5 uL were carefully deposited onto the coated wood surfaces using the
analyzer's precision dispensing system. The contact angles were measured at ambient
temperature by capturing the droplet profiles with the instrument's high-resolution camera.
The instrument's software analyzed the droplet images to determine the contact angle at
the liquid-solid-air interface. To ensure reliability and account for surface heterogeneity,
measurements were performed at five different locations on each sample, and the average

contact angle was reported.
4.6.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted using a Perkin Elmer TGA-8000
(USA) thermogravimetric analyzer to evaluate the thermal stability and composition of

the paint films. Samples were placed in ceramic crucibles and subjected to a temperature
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program under a nitrogen atmosphere with a flow rate of 50 mL/min. The program
included equilibration at 40 °C for 3 minutes, heating from 40 °C to 105 °C at 10 °C/min
to remove adsorbed moisture, an isothermal hold at 105 °C for 20 minutes, followed by
heating to 900 °C at 10 °C/min for polymer decomposition and carbonization, an
isothermal hold at 900 °C for 20 minutes, and finally cooling back to 40 °C at 200 °C/min.
Weight changes were continuously recorded to assess the thermal stability and

compositional characteristics of the samples.
4.6.6 Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) was conducted using a TA Instruments DSC
2500 to analyze the thermal transitions of the paint films. Under a nitrogen atmosphere
maintained at a flow rate of 50 mL/min to prevent oxidative degradation, the samples were

heated from 40 °C to 200 °C at a rate of 10 °C/min.
4.6.7 Qualitative Conductivity Analysis

To qualitatively assess the electrical conductivity of the paint films, a simple circuit was
constructed comprising a 9V battery and a LED bulb as an indicator. Initially, the circuit
was tested in an open configuration without any connecting material; as expected, the bulb
remained unlit, confirming that a continuous conductive path is necessary for current flow.
An aluminum disk was then introduced into the circuit, completing the electrical pathway
and causing the bulb to illuminate, thereby validating the setup's functionality.
Subsequently, paint film samples measuring 30 mm in length and 15 mm in width were
placed into the circuit in place of the aluminum disk. This result reinforces the reliability
of the experimental setup and ensures that the observed conductivity in the TOCN-PPy-
PV A-based composites was due to intrinsic material properties rather than experimental

artifacts.

4.7 RESULTS AND DISCUSSION

As the application of this study is develop a paint-like coating, measurements of the

suspension properties and the resulting film was undergone.
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4.7.1 Rheological measurements (Suspensions)

Viscosity measurements on a rheometer enable determination of the viscosity values at a
given shear rate but also accurate characterization of shear-dependent flow behavior.
Figure 4.2 presents the flow behavior for all the TOCN-PPy-PVA-Glycerol formulations
as described in the methodology; an apparent viscosity can be extracted from the data of

the shear stress vs. shear rate curves (Table 4.1).

The variation in viscosity observed across the TOCN—PPy—PV A—glycerol system can be
attributed to the complex interplay between hydrogen bonding, polymer chain mobility,
and filler dispersion. In the base formulation containing TOCN, polypyrrole (PPy), and
polyvinyl alcohol (PVA), the viscosity remains relatively low due to limited molecular
entanglement and weak physical interactions. The incorporation of a small amount of
glycerol (Glyl) results in a significant increase in viscosity, which is attributed to reduced
polymer chain mobility by hydrogen bonding between PVA and TOCN nanofibers. This
facilitates the formation of a more cohesive and entangled network, while also improving
the dispersion of PPy within the matrix. The increase in viscosity observed with the
addition of a small amount of glycerol (Glyl) is supported by the Abdullah et al., 2022
findings that glycerol enhances hydrogen bonding and decreases crystallinity, which
reduces chain mobility and promotes polymer network cohesion, especially between PVA
and other matrix components. As the glycerol content increases further (Gly2 and Gly5),
it now assumes a dominant plasticizing role, disrupting interpolymeric hydrogen bonds
and reducing the effective network density. Consequently, the viscosity decreases,
although it remains higher than the PVA-only formulation. This nonlinear rheological
behavior highlights glycerol’s dual functionality, acting as a network enhancer at low
concentrations and as a plasticizer at higher concentrations, enabling tunable viscosity.
This biphasic effect has been documented in a study Kovtun et al., 2024 showed that
adding 22% w/w glycerol to PVA initially increased crystallinity due to hydrogen
bonding, while higher concentrations (36—55% w/w) disrupted the polymer network,
reducing flow resistance. Similarly, another study Tathimongkon et al., 2024 found that
while polyvinylpyrrolidone increased viscosity in transdermal patch formulations,

increasing glycerol concentrations led to decreased viscosity due to its plasticizing effects.
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Figure 4.2 Rheological behaviour of TOCN-PPy-PVA-Glycerol based paints

The rheological behavior of TOCN-PPy-PVA-Glycerol formulations exhibited typical
shear-thinning characteristics observed from Figure 4.2, where viscosity decreased with
increasing shear rate, demonstrating suitability for paint applications due to ease of
application under shear and film stability at rest. The incorporation of glycerol
significantly influenced viscosity, with the Glyl formulation showing the highest
viscosity due to enhanced hydrogen bonding and polymer network formation between
TOCN, PVA, and glycerol. However, further addition of glycerol in Gly2 and Gly5
reduced the viscosity, as excess glycerol acted as a plasticizer, disrupting the hydrogen
bonding network and increasing polymer chain mobility. This biphasic behavior
highlights glycerol's dual role—initially strengthening the matrix at low concentrations
and later reducing structural cohesion at higher concentrations—allowing tunable
rheological properties for tailored coating performance. Furthermore, The viscosity
measurements for the TOCN-PPy-PVA-Glyl formulation (5.93, 10.2, 12.6 Pa-s) exhibit

variability due to the inherent complexity and heterogeneity of the paint system. This
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formulation contains multiple components (TOCN, PPy, PVA, and glycerol), which can
lead to local differences in dispersion and microstructure in each replicate, impacting flow
behavior. Additionally, as a non-Newtonian, shear-thinning fluid, slight variations in shear
history and rest periods during rheological testing can cause differences in the reported
viscosity values. Instrumental factors, such as torque resolution and sample loading, can
also contribute to this normal experimental variability. Nevertheless, these differences do

not affect the overall trends and conclusions from the rheological characterization.

The rheological profiles of the TOCN-PPy-PVA-Glycerol formulations (Figure 4.2)
clearly exhibit shear-thinning behavior, characterized by a decrease in apparent viscosity
with increasing shear rate. This behavior is typical of pseudoplastic fluids and is crucial
for paints, as it facilitates ease of application under mechanical shear while enhancing
stability at rest. Shear thinning in these formulations can be attributed to the alignment
and disentanglement of polymer chains (TOCN, PVA, and PPy) and the disruption of
transient hydrogen-bonded networks under shear forces. During shear application (e.g.,
brushing, mixing), viscosity decreased, enabling smooth application, and upon resting, the
viscosity of the system appeared to partially recover—indicating reversible structural
rebuilding. This is consistent with typical behavior of waterborne polymeric and
nanocellulose-based paints, which exhibit structural network rebuilding driven by
hydrogen bonding, polymer chain entanglement, and van der Waals interactions (as

described by Sreekumar et al., 2012; Shi et al., 2017).
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Viscosity (Pa.s)
Standard
Sample Measure 1 | Measure 2 | Measure 3 Mean
deviation
TOCN-PPy-PVA 0.73 0.59 0.59 0.64 0.08
TOCN-PPy-PVA-Glyl 5.93 10.20 12.60 9.58 3.40
TOCN-PPy-PVA-Gly2 2.77 4.76 3.35 3.63 1.00
TOCN-PPy-PVA-Gly5 0.87 0.95 0.86 0.90 0.05

Since the structure of the suspension is proving to be of importance, we want to investigate
the structure of the final’s products. Therefore, films were made from the above solutions
of TOCN-PPy-PVA, TOCN-PPy-PVA-Glyl, TOCN-PPy-PVA-Gly2 and TOCN-PPy-
PVA-Glys5.

4.7.2 Scanning electron microscopy (Films)

The SEM micrographs reveal significant morphological variations across the TOCN-PPy-
based composites, highlighting the structural influence of PVA and glycerol on the
material. The Figure 4.3 shows the SEM for the surface of TOCN-PPy, TOCN-PPy-PVA,
and TOCN-PPy-PVA-Gly2. The TOCN-PPy (Figure 4.3a) sample exhibits a highly
rough, porous, and fibrous surface morphology, indicative of an interconnected
polypyrrole (PPy) network embedded within the TOCN matrix. The presence of visible
voids and irregularities suggests a high surface area, but could lead to increased
mechanical fragility. Upon the incorporation of PVA (TOCN-PPy-PVA), Figure 4.3b,
show that microstructure appears significantly smoother and more compact, suggesting
improved polymer matrix integration, thus potential enhanced mechanical stability. PVA

likely acts as a binder, reducing phase separation and improving structural cohesion.
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However, minor surface irregularities may still imply localized polymer aggregation. In
Figure 4.3c, further modification with glycerol (TOCN-PPy-PVA-Gly2) show an even
more cohesive microstructure, characterized by a smooth morphology with visible fibrillar
structures. The plasticizing effect of glycerol appears to enhance polymer blending,
reducing surface roughness while maintaining an interconnected network. The presence
of elongated streaks or fibrils suggests polymer chain alignment, potentially improving

mechanical flexibility while preserving electric conductive pathways.

Electron Image 7 - BSE Electron Image 1 - BSE

Electron Image 1 - SE

S0 s ' T sowm ‘
a. TOCN-PPy b. TOCN-PPy-PVA ¢. TOCN-PPy-PVA-Gly2

Figure 4.3 Scanning electron microscopy for the TOCN-PPy, TOCN-PPy-PVA and
TOCN-PPy-PVA-Gly2

4.7.3 Raman Spectroscopy (Films)

The Raman spectra of TOCN-PPy, TOCN-PPy-PVA, and glycerol-modified composites
(TOCN-PPy-PVA-Glyl, TOCN-PPy-PVA-Gly2, and TOCN-PPy-PVA-Gly5) were
analyzed and compared with reported literature values to assess structural and electronic

variations (Figure 4.4).

The key Raman peaks of interest observed in this study were at 922, 1042, 1230, 1318,
1408, 1507, and 1597 cm™, corresponding to fundamental vibrational modes associated
with polypyrrole (PPy) and its composites. The observed Raman bands were compared
with previously reported assignments (Setka et al., 2019; Ishpal & Kaur, 2013). The
comparison suggests that the molecular structure and oxidation state of PPy were

influenced by the presence of TOCN, PVA, and glycerol modifications.

Raman spectroscopic analysis of the TOCN-PPy-PVA composites revealed spectral shifts

and peak broadening, indicating complex molecular interactions between the polypyrrole
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(PPy) backbone, TOCN, polyvinyl alcohol (PVA), and glycerol. A notable shift is

observed in the C—C ring deformation associated with bipolaron formation, where the
peak appears at 922 cm™’, slightly downshifted from the reported 933-939 cm™* range
(Setka etal., 2019). This shift may be influenced by interactions between TOCN and PVA.
Similarly, the C—H in-plane deformation associated with polaronic structures is observed
at 1042 cm™, downshifted from the typical 1050—1056 cm™ range (Ishpal & Kaur, 2013).
The shift may be attributed to hydrogen bonding interactions between the polypyrrole
chains and TOCN or PVA, which alter the local electronic environment and influence
charge delocalization. Further modifications in conjugation are evident in the ring
stretching and antisymmetric C—H bending modes, with a peak at 1230 cm™, compared to
the literature-reported 1241—-1253 cm™ (Setka et al., 2019). This shift suggests changes in
electronic density along the PPy backbone, likely due to TOCN-PVA interactions.
Similarly, the C—C in-ring and antisymmetric C-N stretching vibrations, detected at 1318
cm™' (compared to 1330—1333 cm™ in literature), indicate slight variations in conjugation
length. These modifications may result from hydrogen bonding interactions or steric

effects introduced by the polymeric matrix.
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Figure 4.4 Raman spectroscopy of TOCN-PPy-PVA-Glycerol based paints

A more pronounced shift is observed in the C—C in-ring, C—N stretching, and N-H
bending vibrations, where the 1408 cm™ peak is significantly upshifted from the expected
1372-1389 cm* range (Setka et al., 2019) . This shift suggests possible changes in the
oxidation state of PPy, with increased oxidation levels typically leading to higher peak
intensities in this region (Ishpal & Kaur, 2013) . The presence of PVA and glycerol
appears to influence the electronic charge distribution within the polypyrrole framework,
potentially modifying its conductivity and charge transport properties. The C—C and C=N
stretching vibrations, appearing at 1507 cm™, align well with the literature values of 1492—
1498 cm™ (Setka et al., 2019) , confirming the integrity of polypyrrole’s characteristic
vibrational modes within the composite structure. Similarly, the C=C in-ring and C-C
inter-ring stretching mode, observed at 1597 cm™, remains consistent with reported values
of 1583-1609 cm™* (Setka et al., 2019) . While these observations indicate that the main

polypyrrole backbone remains intact, the small spectral shifts observed could be
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associated with interactions between PVA, TOCN, and glycerol. However, minor shifts
indicate that while PVA and glycerol modifications do not disrupt the primary PPy

backbone, they do influence charge delocalization.

Finally, the Raman spectra show increased broadening in TOCN-PPy-PVA and TOCN-
PPy-PVA-Glyl, particularly in the peaks around 1408 cm™ and 1597 cm™. This
broadening is indicative of enhanced molecular interactions, possibly due to increased
hydrogen bonding or polymeric entanglement effects. The spectral broadening is more
pronounced in Glyl, suggesting an initial increase in molecular disorder and charge
delocalization due to glycerol incorporation. With Gly2 and Gly5, the peaks become more
defined, indicating a stabilization effect as the glycerol content increases. This suggests
that at higher glycerol concentrations, the molecular interactions become more structured,

possibly leading to better charge transport properties.

474 Contact angle (Wood painted surfaces)

While not being a chemical analysis, the water droplet contact angle give relevant
information about the surface hydrophobicity. The results from Table 4.2 show how
glycerol content affects the surface properties of TOCN-PPy-PVA composites, with a
clear trend toward increased hydrophobicity and reduced wettability as glycerol

concentration increase.

Table 4.2 Contact angle measurement of TOCN-PPy-PVA-Glycerol based paints

Sample Static Contact Angle (°)
TOCN-PPy-PVA 85.40+£4.22
TOCN-PPy-PVA-Glyl 93.09 +£6.50
TOCN-PPy-PVA-Gly2 86.46 £5.23
TOCN-PPy-PVA-Gly5S 79.89 +£4.09
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The control sample (TOCN-PPy-PVA) exhibits moderate hydrophobicity with a contact
angle of 85.40° £4.22. With the addition of glycerol, the contact angle increases to 93.09°
+ 6.50 for the Glyl sample, indicating enhanced hydrophobicity, though variability is
observed due to higher standard deviation. For the Gly2 sample, the contact angle
decreases to 86.46° + 5.23, suggesting a slight reduction in hydrophobicity and improved
wettability. The highest glycerol content (Gly5) leads to the lowest contact angle (79.89°
+ 4.09), reflecting a shift toward hydrophilicity and enhanced wettability. Overall, as
glycerol content increases, there is a consistent reduction in hydrophobicity and an

increase in wettability, with lower variability observed at higher glycerol concentrations.
4.7.5 Thermogravimetric Analysis (Films)

Thermogravimetric analysis (TGA) was performed to investigate the thermal stability,
decomposition behavior, and residual mass content of TOCN-based composites, including
pure TOCN, TOCN-PPy, TOCN-PPy-PVA, and glycerol-modified composites (TOCN-
PPy-PVA-Glyl, Gly2, GlyS). The thermogravimetric analysis (Figure 4.5) of TOCN-
based composites revealed distinct thermal degradation profiles reflecting the influence

of added components.
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Figure 4.5 Thermogravimetric analysis of TOCN-PPy-PVA-Glycerol based paints

Pure TOCN exhibited two main degradation stages: moisture loss below 105°C and
cellulose decomposition between 200-350°C, leaving residue at 900°C. TOCN-PPy
exhibited the highest thermal stability, with a residual mass of approximately 44% at
900°C, indicating the formation of a stable carbonaceous structure due to polypyrrole’s
conjugated aromatic backbone. Pure TOCN retained about 22%, reflecting typical
cellulose char formation after thermal degradation. Incorporating PVA reduced the final
residue to 11%, indicating a more complete thermal decomposition of the polymeric
matrix. The introduction of glycerol further reduced thermal stability, with residual
masses decreasing progressively to 10.5% (Glyl), 8% (Gly2), and 6.5% (Gly5). This trend
is consistent with glycerol’s known plasticizing effect, which lowers the thermal
decomposition onset and enhances volatility, leading to lower char formation. These
results underscore the trade-off between flexibility and thermal resistance, as the addition
of glycerol improves processability but diminishes structural integrity under thermal
stress. The enhanced char yield in PPy-containing samples confirms its role in improving
high-temperature performance, crucial for applications requiring both conductivity and
thermal durability. Glycerol lower decomposition temperature (~150-250°C) and high
volatility result in significant mass loss at earlier stages and reduced carbonaceous residue.

Incorporating polypyrrole (PPy) improved thermal stability, with a delayed onset of
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degradation and increased residue due to stable carbonaceous content. The addition of
polyvinyl alcohol (PVA) and glycerol introduced overlapping degradation steps and
increased moisture loss at 105°C, highlighting their hydrophilic nature. In the end,
glycerol reduced overall thermal stability due to its lower decomposition temperature,

while PPy enhanced stability by delaying decomposition.

These results underscore the trade-off between flexibility, hydrophilicity, and thermal
performance, critical for tailoring composites for applications in biobased coatings and
packaging. The lower residual mass observed in the glycerol-modified composites
(TOCN-PPy-PVA-Glyl, Gly2, and Gly5) indicates a greater degree of thermal
degradation and reduced char yield compared to TOCN and TOCN-PPy, making them
less suitable for high-temperature applications. Sreekumar et al., 2012 also observed that
increasing glycerol concentrations led to a decrease in crystallinity and tensile strength,
particularly at elevated temperatures. They also concluded that while glycerol acts as an
effective plasticizer enhancing flexibility, it compromises the structural integrity of the

material under thermal stress.
4.7.6 Differential scanning calorimetry (Films)

Differential Scanning Calorimetry (DSC) was conducted to evaluate the thermal behavior
of TOCN, TOCN-Polypyrrole (TOCN-PPy), TOCN-PPy-PVA, and glycerol-modified
composites (TOCN-PPy-PVA-Glyl, TOCN-PPy-PVA-Gly2, and TOCN-PPy-PVA-
Gly5) (Figure 4.6). In Figure 4.6, the glass transition temperature (Tg) is observed as a
subtle deviation in the baseline, indicating molecular mobility changes in the polymer
matrix. The pure TOCN sample exhibits a Tg at approximately 135°C, attributed to the
amorphous fraction of cellulose nanofibers. Incorporation of polypyrrole (PPy) into
TOCN (TOCN-PPy) results in a slight increase in Tg to ~140°C, suggesting enhanced
thermal stability due to strong interfacial interactions between TOCN and PPy. With the
addition of polyvinyl alcohol (PVA), the Tg becomes less defined, indicating a reduction
in crystalline fraction and an increase in polymer chain flexibility. The glycerol-modified
samples (TOCN-PPy-PVA-Glyl, TOCN-PPy-PVA-Gly2, and TOCN-PPy-PVA-Gly5)
exhibit an even broader Tg transition due to the plasticizing effect of glycerol, which

further increases polymer mobility and reduces the rigidity of the composite matrix.
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Figure 4.6 Differential scanning calorimetry analysis of TOCN-PPy-PVA-Glycerol

based paints

The DSC thermograms of Figure 4.6 also reveal significant endothermic peaks in the
range of 130°C to 160°C, associated with melting or structural relaxation of the composite
materials. The pure TOCN sample exhibits a sharp endothermic peak at ~140°C,
corresponding to its degradation point. However, upon incorporating PPy, the transition
shifts to a higher temperature (~175°C), demonstrating improved thermal stability (as in
the TGA analysis) due to the presence of polypyrrole. The TOCN-PPy-PVA formulation
shows a broader and less distinct endothermic peak (~145-160°C) compared to TOCN
and TOCN-PPy, indicating increased amorphous content and enhanced thermal
flexibility. The addition of glycerol further influences the thermal transitions by
suppressing sharp melting peaks and broadening the transition region. This behavior is
characteristic of plasticized polymer systems, where glycerol disrupts crystalline domains,
increasing polymer chain mobility and reducing rigidity. As per (Kovtun et al., 2024) ,
incorporating glycerol into PVA films affects their crystallinity. At low glycerol
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concentrations, glycerol enhances the mobility of molecular chains, promoting ordering
and crystallization. However, at higher concentrations, glycerol may aggregate and
interact selectively with PVA chains at crystalline interfaces, potentially penetrating the
crystals and disrupting molecular order. Interestingly, the TOCN-PPy-PVA-Gly2 and
TOCN-PPy-PVA-Gly5 samples exhibit small exothermic peaks (~160-175°C),
suggesting possible molecular rearrangement or secondary crystallization before
decomposition. These events may be attributed to 1- a structural Relaxation Phase as the
presence of PVA and glycerol leads to weak crystalline reordering, causing an exothermic
response, 2- weak Crosslinking or Secondary Crystallization — The polymer matrix,
influenced by hydrogen bonding interactions, may undergo localized structural
reorganization in response to heating or 3-, reorientation of Hydrogen Bonds — The
hydroxyl groups in TOCN, PVA, and glycerol may undergo dynamic rearrangements,

leading to minor exothermic energy release.

The polymer matrix, influenced by hydrogen bonding interactions, may undergo localized
structural reorganization upon heating. Kovtun et al., 2024 have shown that the addition
of glycerol to PVA films affects the crystalline structure, leading to changes in thermal

transitions.

4.7.7 Qualitative Conductivity Analysis (Films)

In order to evaluate the electrical conductivity of the samples and confirm the continuous
structure of the paints, a qualitative test was conducted using a basic electrical circuit. As
explained in the methodology, the sample (in film factor) are used to close the circuit and
evaluate the LED intensity (Figure 4.7). The aluminum disk was used as a control due to
its well-established electrical conductivity and when integrated into the circuit, the bulb
glowed brightly, indicating efficient current flow and confirming the material’s high
conductivity (Figure 4.7a). As expected, when the circuit was open (Figure 4.7b), the bulb
did not illuminate, demonstrating the interruption of the electrical pathway. When TOCN-
PPy-PVA-based composites, including TOCN-PPy-PVA, TOCN-PPy-PVA-Glyl,
TOCN-PPy-PVA-Gly2, and TOCN-PPy-PVA-Gly5 (Figure 4.7¢ to Figure 4.7f), were
introduced into the circuit, the bulb emitted a faint but noticeable glow. Although the

brightness was significantly lower than that observed with the aluminum disk, the
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consistent illumination across all samples indicated the presence of measurable electrical
conductivity. The faint glow does confirm that the TOCN-PPy-PVA composites possess
some level of electrical conductivity, which can be attributed to the incorporation of
polypyrrole (PPy) within the matrix (Bideau, Cherpozat, et al., 2016) . As a conductive
polymer, PPy forms pathways that enable charge transport within the otherwise non-
conductive TOCN, PVA, and glycerol-based network. The lower intensity of the bulb’s
glow compared to the aluminum disk underscores the fact that the conductivity of these
polymer-based composites is considerably weaker than that of metals, which is expected
for conductive polymers. Furthermore, the inclusion of glycerol in the modified samples
(Glyl, Gly2, and Gly5) did not significantly hinder conductivity, as evidenced by the
consistent bulb illumination. However, we acknowledge that these qualitative tests do not

provide a rigorous quantification of electrical conductivity.

Figure 4.7 (a) Circuit with aluminum disk, (b) open circuit, (¢) with TOCN-PPy-PVA,
(d) with TOCN-PPy-PVA-Gly2, (e) with TOCN-PPy-PVA-Gly2, (f) with TOCN-PPy-
PVA-GlyS5
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4.7.8 Proposed structure of TOCN-PPY, TOCN-PPy-PVA and TOCN-PPy-PVA-
Gly

With the given analysis, we can make hypothesis on the structure of TOCN-PPY, TOCN-
PPy-PVA and TOCN-PPy-PVA-Gly paints. Figure 4.8 illustrates the basic molecules
while Figure 4.8(e) present a proposed structure of TOCN-PPy.
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Figure 4.8 (a) Pyrrole, (b) Polyvinyl alcohol, (¢) Glycerol, (d) TOCN, (e) Proposed
TOCN-PPy structure

The TOCN-PPy structure is primarily driven by electrostatic interactions between
negatively charged carboxyl (-COO") groups of TOCN and partially positively charged
nitrogen (N*-H) sites in PPy, ensuring strong adhesion of PPy onto the TOCN surface.
Raman spectroscopy did confirm polaronic and bipolaronic charge states, reinforcing this
interaction. Additionally, hydrogen bonding between residual hydroxyl (-OH) groups in
TOCN and N-H sites in PPy provides further stabilization, enhancing dispersion and
uniformity. The addition of glycerol (Gly) as a plasticizer induces further changes in the
thermal degradation profiles, reflecting its plasticizing effect that enhances flexibility
while reducing thermal stability. Together, the TGA and DSC analyses support the
proposed structural model, emphasizing the distinct and synergistic interactions among
TOCN, PPy, PVA, and Gly. These interactions modulate the composite paints' thermal

transitions and residual stability, balancing flexibility with char-forming capacity
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depending on the formulation. As demonstrated by Shi et al., 2017 , glycerol disrupts
hydrogen bonding within PV A, leading to enhanced flexibility (Figure 4.9). In the TOCN-
PPy-PVA-Gly composite, this effect improves polymer chain mobility while maintaining

the structural integrity provided by TOCN and PPy interactions.
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Figure 4.9 PVA-Glycerol interaction

The TOCN-PPy-PVA structure is stabilized by electrostatic interactions and hydrogen
bonding. The carboxyl (-COO") groups of TOCN strongly bind to the N*-H sites of PPy,
ensuring uniform deposition. Polyvinyl alcohol (PVA) integrates through hydrogen
bonding, primarily interacting with TOCN’s hydroxyl (-OH) and carboxyl (-COO")
groups, reinforcing structural stability. Additional PVA (-OH) to PPy (N-H) hydrogen
bonding improves dispersion and prevents phase separation. This results in a well-
integrated composite, where TOCN provides reinforcement, PPy imparts conductivity,

and PVA enhances film uniformity, adhesion, and mechanical performance.

On the other hand, TOCN-PPy-PVA-Gly structure incorporates plasticization effects, in
addition to electrostatic interactions and hydrogen bonding. While TOCN and PPy interact
electrostatically, PVA binds through hydrogen bonding, stabilizing the matrix. Glycerol
acts as a plasticizer, forming hydrogen bonds with PVA (-OH) groups, disrupting PVA’s
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internal network, increasing polymer flexibility, and reducing crystallinity. A minor
glycerol (-OH) interaction with TOCN (-OH) may enhance hydrophilicity, modifying the
composite’s wettability. This well-integrated structure enables TOCN to provide
reinforcement, PPy to impart conductivity, PVA to enhance cohesion, and glycerol to

improve flexibility, making the material suitable for coatings and functional applications.

4.8 CONCLUSION

This study successfully developed a biobased paint and coating formulation by integrating
TOCN with polypyrrole (PPy) in a matrix of polyvinyl alcohol (PVA) and glycerol. The
observed nonlinear rheological behavior underscores glycerol's dual functionality: at low
concentrations, it enhances network cohesion through hydrogen bonding, leading to
increased viscosity; at higher concentrations, it acts as a plasticizer, disrupting
interpolymeric interactions and reducing viscosity. Morphological analysis through SEM
revealed a well-dispersed, cohesive structure, with glycerol contributing to flexibility and
improved internal cohesion. Raman spectroscopy has verified polypyrrole integration by
identifying its characteristic vibrational modes. The spectral analysis further validated
molecular interactions within the composite, reinforcing its cohesive and stable structure.
Additionally, qualitative conductivity testing demonstrated that the material exhibits
measurable electrical conductivity, confirming the presence of polypyrrole within the
composite. Contact angle measurements demonstrated that increasing glycerol content
reduced hydrophobicity and enhanced wettability, indicating the tunability of surface
properties for specific applications. Thermogravimetric analysis (TGA) revealed multi-
stage thermal degradation, where polypyrrole improved thermal stability, and glycerol
contributed to flexibility (which was further confirmed via DSC) by lowering the
decomposition temperature. The proposed structure highlights the interaction between
PVA and glycerol through hydrogen bonding, which contributes to the flexibility and
integrity of the matrix. TOCN-PPy is incorporated into this network, where TOCN
interacts with PVA and glycerol via hydrogen bonding, and PPy is expected to be well-
dispersed within the matrix, supporting the overall stability and performance of the
formulation. While earlier studies primarily explored TOCN-PPy composites as

conductive films or coatings, they often lacked formulation strategies suitable for
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practical, paint-like applications. In contrast, our work advances this field by developing
a fully water-based system that combines TOCN and polypyrrole (PPy) with polyvinyl
alcohol (PVA) as a binder and glycerol as a plasticizer, thus offering a more application-
ready coating formulation. These findings underscore the balance between structural
integrity, thermal performance, and adaptability, making the material suitable for diverse
industrial and protective coating applications. Furthermore, these results highlight the
potential of TOCN-PPy-PVA-Gly composites as a sustainable and high-performance
paints. Future research should focus on assessing the antibacterial properties,
biodegradability, UV resistance, substrate adhesion, humidity resistance, and gas
permeation to explore real-world applications. Additionally, future work will include
quantitative electrical conductivity testing, mechanical testing to validate the observed
improvements in flexibility, and barrier property analysis to establish comprehensive
structure—property correlations and confirm the multifunctional performance of these bio-

based coatings.
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Chapter 5 - Scientific Article 2 : Environmental fate of TOCN-
PPy-PVA-Gly paint coatings

5.1 Preface

This part of the work is presented in the article entitled “Assessment of the environmental
fate of a bio-based TOCN—PPy—PVA—Glycerol coating by leaching, biodegradation and
hydrothermal reusability.” This article investigates the environmental behavior and
circularity potential of a fully biobased coating system composed of TEMPO-oxidized
cellulose nanofibers (TOCN), polypyrrole (PPy), polyvinyl alcohol (PVA), and glycerol.
The study focuses on evaluating the multifunctional coating through a series of
environmental performance tests, including aqueous leaching assessments, soil
biodegradability analysis, and hydrothermal reusability trials. Altogether, the work
provides a comprehensive understanding of the environmental interactions of TOCN—
PPy-PVA-Gly coatings and explores their potential for integration into closed-loop and
low-impact material cycles. The article has been submitted to the journal Materials Today

Communications (Elsevier, IF 4.5) and is currently under consideration.
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5.2 Résumé

Cette étude présente une compréhension de 1’évaluation environnementale d’un systéme
de revétement enticrement biosourcé composé de nanofibres de cellulose oxydées
TEMPO (TOCN), de polypyrrole (PPy), d’alcool polyvinylique (PVA) et de glycérol. Ce
revétement multifonctionnel a été évalué pour son comportement a la lixiviation, sa
biodégradabilit¢ dans les sols, sa réutilisabilit¢ hydrothermale et son potentiel de
circularité. Des cycles de lavage aqueux séquentiels des films TOCN—PPy ont réduit
I’acidité résiduelle (pH d’environ 2,3 a environ 4,7) et ont significativement abaiss¢ la
teneur en fer de 11,3 mg/L a 1,2 mg/L, telle que déterminée par ICP-OES. L’incorporation

de PVA et de glycérol dans la matrice a supprimé la lixiviation du fer en dessous des
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limites de détection (< 0,05 mg/L), indiquant une stabilisation améliorée. Les analyses
HPLC-MS/MS ont confirmé l'immobilisation compléte du pyrrole dans toutes les
formulations et ont démontré une libération de glycérol dépendante de la formulation, la
lixiviation augmentant proportionnellement a la teneur initiale en glycérol. Les tests
d'enfouissement dans le sol ont révélé une biodégradabilité ajustable, avec une perte de
poids passant de 8,1 % pour la formulation non plastifiée a 54,6 % pour la teneur en
glycérol la plus élevée, attribuée a une hydrophilie et une accessibilité microbiennes
accrues. De plus, un traitement hydrothermal doux (75 °C, 35 min) a permis une
solubilisation et une récupération completes du film sans dégradation structurelle,
soulignant sa réutilisabilité en boucle fermée. Ces résultats font du systéme TOCN—PPy—
PVA-Gly une plateforme prometteuse pour des applications de revétement durables,
alliant sécurité environnementale, dégradation contrdlée et recyclabilité. Ces résultats
contribuent a la conception rationnelle de revétements biosourcés de nouvelle génération,

conformes aux principes de I'économie circulaire et de la chimie verte.

5.3 ABSTRACT

This study presents an understanding of the environmental assessment of a fully biobased
coating system composed of TEMPO-oxidized cellulose nanofibers (TOCN), polypyrrole
(PPy), polyvinyl alcohol (PVA), and glycerol. The multifunctional coating was evaluated
for its leaching behavior, soil biodegradability, hydrothermal reusability, and circularity
potential. Sequential aqueous washing cycles of TOCN-PPy films reduced residual
acidity (pH from ~2.3 to ~4.7) and significantly lowered iron content from 11.3 mg/L to
1.2 mg/L, as determined by ICP-OES. Incorporation of PVA and glycerol into the matrix
suppressed iron leaching below detection limits (<0.05 mg/L), indicating enhanced
stabilization. HPLC-MS/MS analyses confirmed the complete immobilization of pyrrole
in all formulations and demonstrated a formulation-dependent release of glycerol, with
leaching increasing in proportion to initial glycerol content. Soil burial tests revealed
tunable biodegradability, with weight loss increasing from 8.1% for the unplasticized
formulation to 54.6% for the highest glycerol content, attributed to increased
hydrophilicity and microbial accessibility. Furthermore, a mild hydrothermal treatment

(75 °C, 35 min) enabled full solubilization and recovery of the film without structural
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degradation, highlighting its closed-loop reusability. These results establish the TOCN—
PPy—PVA-Gly system as a promising platform for sustainable coating applications,
combining environmental safety, controlled degradation, and recyclability. The findings
contribute to the rational design of next-generation bio-based coatings aligned with

circular economy and green chemistry principles.

KEYWORDS: Soil biodegradation testing; Reusability; Sustainable packaging;

Leaching analysis; Circular bioeconomy

5.4 INTRODUCTION

The quest for environmentally friendly and high-performance coatings has intensified in
recent years, driven by concerns over environmental degradation and the depletion of
petroleum-based resources (Zhao et al., 2023). Bio-based coatings, derived from
renewable feedstocks, have attracted significant attention as sustainable alternatives to
conventional polymer coatings (Rastogi & Samyn, 2015). Among these, cellulose
nanofibers (CNFs) and their oxidized derivatives, such as TEMPO-oxidized cellulose
nanofibers (TOCN), offer unique advantages including high aspect ratios,
biodegradability, and mechanical reinforcement capabilities (Djafari Petroudy et al., 2021;
Isogai et al., 2011). The incorporation of functional fillers like polypyrrole (PPy) into
CNF-based matrices can impart electrical conductivity and antibacterial properties,
expanding their potential applications in packaging, sensors, and barrier coatings (Bideau
et al., 2016; Hou et al., 2024; Malik et al., 2025). However, the environmental fate and
safety of such composite materials must be carefully assessed, especially given the
potential for leaching of metal ions and monomer residues during use and disposal
(Mohanrasu et al., 2025) . To address processability and mechanical flexibility, polyvinyl
alcohol (PVA) and plasticizers like glycerol are often used as matrix modifier (Jamali et
al., 2024). Glycerol, a widely used plasticizer, enhances flexibility but can also influence
water uptake and biodegradation behavior (Ben et al., 2022; Heydari et al., 2014). These
additives modify the physicochemical interactions within the composite, which can
impact not only mechanical properties but also environmental behavior such as

degradation (Wang et al., 2021).
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The environmental safety of bio-based coatings thus hinges on understanding their
behavior under relevant conditions, including water exposure, soil burial, and potential
for recycling or recovery. Leaching of components like Fe (from oxidative polymerization
processes) can raise concerns regarding ecological and human health risks if uncontrolled
(Health Canada, 2024). Moreover, assessing the biodegradation of these biobased
materials in soil is crucial for validating their biodegradation claims, as incomplete

biodegradation can lead to persistent microplastic pollution (Withana et al., 2025).

This study aims to provide an understanding of the environmental behavior of TOCN-
PPy-based coatings modified with PVA and glycerol. We systematically examine the pH
and Fe release during washing, quantify potential leaching of pyrrole and glycerol using
HPLC-MS/MS, and evaluate biodegradability under soil burial conditions. Finally, the
feasibility of coating recovery and recyclability under mild hydrothermal conditions is
explored to align with circular economy principles (Arruda et al., 2021). However, despite
the expanding functional potential of CNF-PPy-based films, focusing on parameters such
as electrical conductivity, mechanical strength, and moisture barrier properties, there
remains a critical gap in understanding their environmental interactions, particularly their
leaching behavior, biodegradability, and end-of-life management. In most studies, their
environmental behavior remains significantly underexplored or conducted under limited,
less representative conditions. (Bideau et al., 2016) For instance, conducted a leaching
study using Total Organic Carbon (TOC) analysis and reported that a TOCN-PPy
composite released only 0.2 x 107> mol/L of PPy after 48 hours of water immersion (£5.2
x 107¢ mol/L), suggesting minimal solubilization of the conductive phase. TOC-based
measurements offer only a bulk estimate of organic content. More detailed and compound-
specific methods, such as HPLC-MS/MS and ICP-OES, are needed to quantify specific
leached species and better understand their environmental behavior. (Bideau et al., 2016).
Another challenge in previous literature is the limited consideration of plasticizers and
matrix modifiers in these systems. Binder like polyvinyl alcohol (PVA) and glycerol are
incorporated with TOCN-PPy used to improve film flexibility and processability (Malik
etal.,2025). Yet, their influence on environmental safety (e.g., migration, reusability, and
degradation) is also unexplored in combination with TOCN—-PPy matrices. (Bideau et al.,

2016) Furthermore, the environmental safety of conductive polymer composites,



89

especially regarding potential iron or pyrrole leaching from oxidative polymerization, has
not been systematically investigated in a real-world context. Moreover, the potential for
film reusability and recovery under low-energy aqueous conditions remains an

underutilized opportunity in the context of circular material design.

This study thus aims to bridge these knowledge gaps by evaluating the environmental fate
of TOCN-PPy-PVA-Glycerol coatings through three key indicators: (i) leaching
behavior of residual iron and glycerol/pyrrole, (ii) soil biodegradability under dry burial
conditions, and (ii1) hydrothermal reusability at mild temperatures. By integrating these
tests across systematically varied glycerol formulations, we demonstrate how additive
tuning can balance functional performance with environmental integrity. The findings
support the development of next-generation, bio-based coatings tailored for sustainable

packaging and eco-compatible applications.

As such, this study investigates the environmental behavior and recovery potential of
TOCN-PPy-based composite coatings modified with polyvinyl alcohol (PVA) and
glycerol. By integrating aqueous leaching analysis, soil biodegradation testing, and
hydrothermal reusability assessment, this work provides a comprehensive evaluation of
the coatings’ environmental fate, an aspect that has been largely overlooked in previous
studies. The results demonstrate that the inclusion of PVA and glycerol markedly
improves the stability, biodegradability, and resusability of TOCN—PPy composites. This
integrated approach not only advances understanding of bio-based conductive coatings
but also contributes to the development of sustainable materials designed for circular-use

pathways.

5.5 MATERIALS AND METHODOLOGY
5.5.1 Materials

The TOCN-PPy-PVA and TOCN-PPy-PVA-Gly coatings used in this study were
prepared as described in our previous work (Malik et al., 2025) . Briefly, TOCN was
synthesized via TEMPO-mediated oxidation of cellulose nanofibers (Loranger et al.,

2012; Paquin et al., 2013), followed by in-situ oxidative polymerization (iron chloride) of
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polypyrrole (PPy) within the TOCN matrix. Polyvinyl alcohol (PVA) and glycerol (at
varying concentrations) were incorporated as film-forming and plasticizing agents,
respectively, to enhance flexibility and processability. The detailed formulation
parameters, including component ratios and processing conditions, are provided in (Malik

etal., 2025) . All chemicals were from Sigma Aldrich and use as received.
5.5.2 Experimental Strategy

To evaluate the environmental behavior of the TOCN-PPy—PVA-Glycerol paint system,
experimental trials were developed, targeting three core indicators: leaching potential,
biodegradation, and reusability. The influence of glycerol content, used as a plasticizer,

was investigated using four distinct formulations as in Table 5.1.

Table 5.1 Experimental Design: Formulations of TOCN-PPy-PVA-Glycerol Coatings
with Varying Glycerol Content

Code Description

W0 Initial washing of TOCN-PPy

W1 Second washing of TOCN-PPy

W2 Third washing of TOCN-PPy

W3 Fourth washing of TOCN-PPy

W4 Fifth washing of TOCN-PPy
TOCN-PPy-PVA TOCN-PPy—PVA (no glycerol)
TOCN-PPy-PVA-Glyl TOCN-PPy-PVA-Glyl (1 mL glycerol)
TOCN-PPy-PVA-Gly2 TOCN-PPy-PVA-Gly2 (2 mL glycerol)
TOCN-PPy-PVA-Gly5 TOCN-PPy-PVA-GlyS5 (5 mL glycerol)

As also show on Figure 5.1, the study was structured around testing of washing of TOCN-
PPy and then four formulations with increasing glycerol content. Each formulation was
subjected to aqueous immersion for chemical leaching analysis, soil burial for degradation

assessment, and mild hydrothermal treatment for recyclability testing.
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Figure 5.1 Experimental workflow for evaluating the environmental behavior of TOCN-

PPy-PVA-Glycerol coatings.
5.5.3 Leaching characterisations
5.5.3.1 pH measurement via Thermo Scientific ORION Star A215 pH meter

The pH of the washing solutions and reference materials was measured using a Thermo
Scientific ORION Star A215 pH meter. Prior to analysis, the instrument was calibrated
with standard buffer solutions at pH 4.00, 7.00, and 10.00. Measurements were performed

at room temperature under standard laboratory conditions.

5.5.3.2 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

The release of iron (Fe) from TOCN-PPy and its polymer-modified composites was
evaluated by inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin
Elmer AVIO 550) after 24-hour immersion of samples in 50 ml deionized water. Low
concentrations close to the detection limit were observed for some samples; therefore,
concentrations below 0.05 mg/L were reported as “Fe < 0.05 mg/L” in accordance with

standard analytical conventions.
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Iron quantification was in accordance with ASTM D1976-20: Standard Test Method for

Elements in Water by Inductively Coupled Plasma Atomic Emission Spectroscopy. The
method’s instrumental detection limit (IDL) for Fe was Fe < 0.05 mg/L; therefore,
concentrations below this threshold were reported as “Fe < 0.05 mg/L”, following
standard analytical conventions established by the ASTM D1976-20 procedure (ASTM
International, 2020).

To ensure accurate quantification of iron release, a calibration curve was established using
standard solutions ranging from 0.5 to 16 mg/L, as summarized in Figure 5.2. Both
emission lines (Fe 238.204 and Fe 259.939 nm) showed near-perfect linearity (R* =
1.000).

Fe 238.204 Fe 259.939
(cps) (cps)

R®=0.9999

R*=0.9999

CPS
CPS

0 5 10 15 20 20

Concentration Concentration

Figure 5.2 Calibration standards (Concentration (PPM) vs CPS) for ICP-OES analysis of
Fe at two emission lines (Fe 238.204 and Fe 259.939)

5.5.3.3 High-Performance Liquid Chromatography coupled with tandem Mass
Spectrometry (HPLC-MS/MS)

HPLC-MS/MS analyses analytical runs included injections of blanks (mobile phase and
acetonitrile) to verify the absence of background contamination and/or carryover, and
standards of pyrrole and glycerol at 100 mg/LL were injected to establish detection
parameters. Signals were considered valid when a signal-to-noise ratio (SNR) greater than

3.0 was obtained in each monitored MRM transition. Compound identification was based
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on comparison with authentic standards’ retention times and characteristic MRM
transitions. Prior to analysis, the samples were immersed in 50 mL of deionized water at
room temperature for 24 hours under static conditions. The aqueous extracts were
analyzed directly without dilution to simulate practical exposure scenarios and assess any

migration of target compounds.

The HPLC-MS/MS, a high-performance liquid chromatography system coupled with a
tandem mass spectrometer, from Agilent Technologies (USA) was equipped with an
Agilent Jet Stream electrospray ionization (ESI) source. Chromatographic separation was
achieved on a Kinetex EVO C18 column (150 x 4.6 mm, 5 um, 100 A; Phenomenex,
Torrance, USA) using a binary solvent delivery system, an autosampler maintained at
4 °C, and a thermostated column compartment set at 30°C. Each sample was vortexed and
injected without dilution, with an injection volume of 5 pL. For pyrrole detection, the
mobiles phases consisted of solvent A (Milli-Q water containing 0.1% v/v formic acid)
and solvent B (methanol containing 0.1% v/v formic acid), delivered at a flow rate of
0.4 mL/min. The gradient program was as follows: 0.00—4.00 min, 10% B; 8.00-10.00
min, 100% B; 10.40-12.00 min, 10% B. For glycerol detection, the mobile phases were
ammonium acetate 10 mM with acetic acid 0.1% v/v (A) and acetonitrile (B). They were
delivered at a flow rate of 0.4 mL/min using the following gradient program: 0.00-1.50
min, 80% B; 1.60-3.00 min, 10% B; 5.00-10.00 min, 80% B.

Pyrrole detection was conducted in positive electrospray ionization mode (ESI+),
monitoring the [M+H]+ ion at m/z 68 and fragment ions at m/z 41 and 39, with an
expected retention time of 9.861 minutes. Glycerol detection was conducted in negative
electrospray ionization mode (ESI-), monitoring the [M+Ac]- ion at m/z 151 with
fragment 1ons at m/z 59 and 133, and an expected retention time of 1.018 minutes. The
MS/MS source parameters were set as follows for pyrrole detection: drying gas flow rate
10 L/min, gas temperature 300°C, nebulizer pressure 45 psi, sheath gas flow rate
11 L/min, sheath gas temperature 300°C, capillary voltage 4000 V in ESI+ mode, and
nozzle voltage 500 V. Same source parameters were used for glycerol detection, except
drying glas flow rate was 13 L/min, sheathgas temperature was 400°C and capillary

voltage was 3000 V in ESI- mode. Data acquisition was carried out using Agilent
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MassHunter Data Acquisition software (version 1.2), and data processing was performed

using MassHunter Qualitative Analysis (version 10.0).
5.5.4 Soil Biodegradation Testing

A homemade soil biodegradation test was performed over 60 days, where quintuplicate
samples of TOCN-PPy-PVA and its glycerol-modified formulations (TOCN-PPy-PVA-
Glyl, TOCN-PPy-PVA-Gly2, and TOCN-PPy-PVA-GlyS5) were buried 10 cm deep in dry
soil conditions. The weight changes were recorded before and after the test to evaluate the

biodegradation behavior of the samples.

5.5.5 Hydrothermal Reusability Assessment

The homemade test was prepared for evaluating the hydrothermal recovery behavior of
the TOCN-PPy-PVA-Gly composite coating was evaluated through a film recovery test
to explore paint reusability. A fragment of the dried coating film, weighing approximately
1.83 grams, was immersed in 50 mL of deionized water and subjected to heating at 75 °C
for 35 minutes under static conditions. After the thermal treatment, the system was cooled
to room temperature, and the material was recovered by filtration. The recovered sample
was subsequently dried under ambient conditions and visually inspected to assess its

integrity and potential degradation.

5.6 RESULTS AND DISCUSSION

5.6.1 pH testing (for washing impact of TOCN-PPYy)

The samples included extracts from the TOCN-PPy films after immersion, washing solu-
tions, a FeCls reference solution, and pure deionized water. Each film sample (T1, T2, T3)
corresponds to independent replicates. The evolution of pH during successive washings is
detailed in Figure 5.3. Initially, the extract (W0) was highly acidic (~pH 2.3), indicating
the presence of residual FeCls or acidic by-products. With each washing (W1-W4), the
pH progressively increased and stabilized around 4.7, indicating the effective removal of

residual acidic species.
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Figure 5.3 pH values of water collected after each washing cycle (W0-W4) for TOCN-
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PPy films. Measurements were taken in triplicate

The first washing solution (W0) exhibited a highly acidic pH, with values around 2.30—
2.32, suggesting the presence of residual acidic species, likely associated with unreacted
Fe** ions or remaining by-products from the synthesis process. As successive washings
(W1 to W4) were performed, a progressive increase in pH was observed. After the second
washing (W1), the pH rose significantly to approximately 3.64—3.85. Further washing
steps (W2 to W4) continued to gradually increase the pH, stabilizing around 4.62—4.74 by
the fourth wash. This trend indicates the effective removal of free acidic impurities from
the TOCN-PPy films with each successive washing cycle. The stabilization of pH after
W4 suggests that most of the acidic residues were eliminated by this stage, leading to a
more neutral aqueous phase. Comparatively, the pH of the FeCls solution used as a
reference was 1.37, confirming its strong acidity, while the deionized water had a pH of
5.43, slightly acidic but much closer to neutrality. Since we don’t reach the final pH of'the

washing water, residual iron may remain (to be confirmed with ICP-OES. However, the
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initial washing solutions were significantly more acidic than the deionized water,

reinforcing the contribution of residual synthesis components to the initial pH values.

Overall, these observations confirm that multiple washing steps are necessary to ensure
the chemical purification of the TOCN-PPy films, reducing the risk of residual acidity that

could influence material performance in subsequent applications.

5.6.2 Iron release and regulatory context via ICP-OES

The purification of the TOCN—PPy composite followed the procedure described by Malik
et al. (2025). After polymerization, the film was subjected to five sequential washing
cycles (W0-W4) using 1000 mL of deionized water per cycle through a filtration setup
equipped with Whatman filter paper (Grade 202). The pH of the filtrate was monitored
after each cycle, and washing was continued until the pH stabilized near that of distilled
water, indicating complete removal of residual FeCls. For the modified formulations
(TOCN-PPy, TOCN-PPy-PVA, and TOCN-PPy—PVA-Glyl, Gly2, and Gly5), the films
were soaked in 50 mL of deionized water for 24 hours under gentle agitation to remove
any remaining surface residues prior to further analysis. Although photographs of the
washing solutions were not taken, the light-yellow coloration observed in the initial
washes disappeared with repeated cycles, confirming efficient Fe** removal as verified by
pH evaluation. The unwashed TOCN-PPy sample exhibited a high iron release of
approximately 11.3 mg/L. Through sequential washing (W0—-W4), the Fe concentration
progressively decreased from 2.88 mg/L to 1.20 mg/L, indicating substantial but
incomplete removal of loosely associated iron species trap inside matrix of TOCN. In
comparison, polymer-modified samples incorporating polyvinyl alcohol (PVA) and
glycerol (TOCN-PPy-PVA, TOCN-PPy-PVA-Glyl, TOCN-PPy-PVA-Gly2, and TOCN-
PPy-PVA-Gly5) exhibited iron release below the detection limit (Fe < 0.05 mg/L),
demonstrating the effectiveness of matrix stabilization in suppressing metal ion leaching.
In consideration, the residual pH can then be attributed to trace amount of iron. Figure 5.4
summarizes the iron leaching data for unwashed, sequentially washed, and polymer-
modified TOCN-PPy samples. Unwashed TOCN-PPy released high Fe levels (~11.3
mg/L), which declined across washing steps to 1.2 mg/L after W4. PVA- and glycerol-

containing films, however, exhibited Fe levels below 0.05 mg/L, indicating successful
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stabilization of the composite matrix. For all formulations incorporating PVA and
glycerol, Fe concentrations were below the detection limit of 0.05 mg/L, as defined by
ICP-OES analytical conventions. A fixed liquid-to-sample ratio was maintained across
all tests to ensure comparability between formulations. Importantly, the non-detectable
levels (< 0.05 mg/L) are well below guideline values for environmental relevance, and

therefore no additional concentration steps were pursued.
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Figure 5.4 Iron concentrations (mg/L) in washing solutions from various TOCN-PPy-

based formulations measured by ICP-OES

These results hold important implications when compared against established drinking
water standards. However, a recent draft guideline update proposes a stricter aesthetic
objective (AO) of <0.1 mg/L, based on minimizing discolouration, metallic taste, and the
accumulation of iron oxides which may also adsorb hazardous metals such as arsenic and
lead (Health Canada, 2024) . Similarly, in the United States, the Minnesota Department

of Health considers iron concentrations above 0.3 mg/L as aesthetically objectionable
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(Minnesota Department of Health, 2023) . Notably, no health-based guideline for iron has
been established, as current evidence does not associate iron in drinking water with
adverse human health effects at typical environmental levels. When placed in this context,
the initial iron leaching observed from unwashed TOCN-PPy (11.3 mg/L) substantially
exceeds both the former (0.3 mg/L) and the proposed (0.1 mg/L) aesthetic thresholds.
Even after four washings (1.2 mg/L), the iron concentration remains above recommended
limits for drinking water aesthetic quality. Conversely, the iron release from the TOCN -
PPy-PVA and TOCN-PPy-PVA-Gly formulations falls below 0.05 mg/L, which is
significantly lower than both the existing and proposed guidelines, ensuring compliance

with drinking water quality standards concerning iron.

The ability ofthe PVA-and glycerol-modified composites to limit iron leaching highlights
their potential suitability for applications requiring environmental safety and material
stability in aqueous environments. In particular, materials maintaining iron concentrations
below 0.1 mg/L are advantageous for potential packaging applications, thereby enhancing

consumer acceptance and public health protection.
5.6.3 HPLC-MS/MS analysis of pyrrole and glycerol leaching
5.6.3.1 Pyrrole Detection Results (ESI+)

The detection of pyrrole ([M+H]"+ at m/z 68, fragments at m/z 41 and 39) was assessed
in all samples following immersion. The absence of pyrrole migration from all coatings,
including TOCN-PPy and its modified formulations, is shown in Table 5.2. No signal
corresponding to pyrrole or its fragments was detected above the method’s signal-to-noise
threshold, confirming its immobilization in the matrix. No pyrrole was detected in any
sample after 24 hours of immersion. This result demonstrates the effective immobilization
of pyrrole within the polypyrrole polymer network. The lack of detectable migration
suggests that the conductive phase remains chemically integrated within the coating
matrix under aqueous conditions. Such stability is critical for ensuring the environmental
safety and long-term durability of TOCN-PPy-based coatings, particularly for water-

contact applications such as barrier materials and bio-based conductive films.
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Table 5.2 Pyrrole detection in water extracts after 24 h immersion via HPLC-MS/MS. All

samples showed non-detectable levels

Pyrrole Retention
Sample Observation
Detection Time (min)
Not detected
Water N/A Pyrrole not detected
(ND)
Not detected
TOCN-PPy N/A Pyrrole not detected
(ND)
Not detected
TOCN-PPy-PVA N/A Pyrrole not detected
(ND)
Not detected
TOCN-PPy-PVA-Glyl N/A Pyrrole not detected
(ND)
Not detected
TOCN-PPy-PVA-Gly2 N/A Pyrrole not detected
(ND)
Not detected
TOCN-PPy-PVA-Gly5 (ND) N/A Pyrrole not detected

5.6.3.2 Glycerol Detection Results (ESI-)

Glycerol presence was assessed by monitoring the [M+Ac]*-1on at m/z 151 and fragment
ion at m/z 59. As seen in Table 5.3, glycerol leaching was clearly detected in Gly2 and
Gly5 formulations, with retention times matching the analytical standard (~0.96 min). The
absence of glycerol in control samples further confirms controlled and formulation-

dependent migration behavior.
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Table 5.3 Glycerol detection in water extracts using HPLC-MS/MS. Detection was ob-

served only in Gly2 and Gly5 samples, increasing with glycerol loading

Retention
Sample Glycerol Detection Observation
Time (min)
Water Not detected (ND) N/A Glycerol not detected
TOCN-PPy Not detected (ND) N/A Glycerol not detected
TOCN-PPy-PVA Not detected (ND) N/A Glycerol not detected
TOCN-PPy-PVA- Not detected (ND)
N/A Glycerol not detected
Glyl
TOCN-PPy-PVA- Moderate glycerol signal
Detected 0.960
Gly2 detected
TOCN-PPy-PVA- Strong glycerol signal
Y Detected 0.957 sEY &
Gly5 detected

No glycerol was detected in the water blank, TOCN-PPy, or TOCN-PPy-PVA, confirming
the absence of background interference or glycerol release from non-plasticized samples.
Clear glycerol detection was observed in TOCN-PPy-PVA-Gly2, and TOCN-PPy-PVA-
GlyS5, with signal intensity correlating to the initial glycerol content. Retention times for
glycerol peaks were tightly grouped around the standard value, between 0.957 and 0.985
minutes, ensuring analytical consistency. These results demonstrate controlled migration
of glycerol in plasticized coatings, with leaching proportional to the amount incorporated

during formulation.

As seen in Gly2 and Gly5, increasing glycerol content promotes leaching, which can
compromise film stability in water (after 24 hours residence time). The TOCN-PPy—PVA
matrix, however, effectively mitigates this effect, improving suitability for food

packaging.
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5.6.4 Soil biodegradation testing

The results from the soil biodegradation testing methodology are show in Figure 5.5. The
pure TOCN-PPy-PVA sample exhibited minimal weight loss over the 60-day testing
period, indicating its high stability in dry soil conditions. This result can be attributed to
the inherent resistance of polypyrrole and the robust intermolecular bonding within the
TOCN-PPy-PVA matrix. Such low biodegradation rates suggest that the material is not

easily susceptible to microbial or environmental breakdown in arid soil environments.

Soil burial tests were conducted for 60 days, after which the samples were recovered,
cleaned, and weighed to determine mass loss. Due to the experimental design,
intermediate sampling (e.g., at 15 or 30 days) was not possible without disturbing the soil
environment and affecting the microbial dynamics. For this reason, the data reported

correspond to the 60-day end point.
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Figure 5.5 Percent weight loss of TOCN-PPy-based coatings after 60 days of soil burial.

Weight loss increased with glycerol content
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Upon incorporating glycerol into the TOCN-PPy-PV A matrix, a progressive increase in
weight loss was observed with higher glycerol content. At a lower glycerol content
(TOCN-PPy-PVA-Glyl), the weight loss was reduced to 5.21%, indicating that glycerol
acted as a stabilizing agent, initially reducing the matrix's susceptibility to degradation.
As the glycerol content increased (TOCN-PPy-PVA-Gly2, TOCN-PPy-PVA-GlyS5), the
weight loss percentages rose steadily (39,9 and 54,6%). The composite with Gly5 (5 mL
of glycerol) is showing the most substantial weight loss among the glycerol-modified
samples. This behavior suggests that glycerol enhances the material's hydrophilicity,
thereby increasing its interaction with soil moisture and microbial activity. The controlled
increase in weight loss with higher glycerol concentrations reflects the material's tunable
biodegradation properties, which can be leveraged to meet specific environmental or
application requirements. While TOCN-PPy-PVA is inherently resistant to degradation,
the addition of glycerol effectively modulates its environmental degradation behavior.
These findings provide valuable insights into tailoring the biodegradability of TOCN-PPy-
PVA composites through glycerol incorporation. By optimizing glycerol content, the
material's durability and biodegradability can be balanced to meet specific application

requirements, such as biobased packaging or environmentally friendly coatings.
5.6.5 Hydrothermal Reusability Assessment

During the hydrothermal treatment, the TOCN-PPy-PVA-Gly film exhibited progressive
solubilization into the aqueous phase. The film gradually disintegrated and dispersed into
the 50 ml deionised water during the 35-minute exposure at 75 °C, leading to the
formation of a homogeneous dispersion by the end of the heating period. After cooling to
room temperature, the resulting solution, approximately 30—-35 ml in volume, could be
reused directly as a solvent for preparing a fresh TOCN—PPy—PVA—Gly formulation. This
behavior reflects the partial water solubility of the material under moderate hydrothermal
conditions, primarily attributed to the presence of polyvinyl alcohol (PVA) and glycerol
within the matrix. Both PVA and glycerol are hydrophilic components that facilitate

swelling, dispersion, and reformation in aqueous environments without significant
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chemical degradation. Therefore, the process shown in Figure 5.6 is therefore a result

itself.

All formulations were subjected to hydrothermal treatment at 75 °C for 35 min. After
treatment, the dried coating films readily disintegrated and redispersed in water under mild
magnetic stirring, forming stable and homogeneous suspensions without visible clumps
or sedimentation. Although photographs are not included, the dispersion quality was
consistent across all formulations, and the recovered suspensions appeared visually
indistinguishable from the original ones. Importantly, the recovered suspensions could be
directly reintroduced into the coating preparation process. When mixed with the original
paint recipe, the dispersions blended uniformly, producing continuous films upon drying
that retained flexibility and good surface coverage. This demonstrates that the recycling
process not only restores the material to a usable form but also enables its practical
reintegration into new coating formulations. These observations confirm that TOCN-—

PPy—PV A—glycerol coatings possess hydrothermal reusability under mild conditions.

Reuse it as a paint

— additas asolventin
TOCN-PPy-PVA-Gly
based paint

TOCN-PPy-PVA-Gly Cutting small pieces 50 ml at 75 °C for 30 min
Coating Film

Figure 5.6 Schematic of the hydrothermal recovery process used to evaluate recyclability

of TOCN-PPy-PVA-Gly coatings

The observed behavior aligns strongly with the principles of the circular economy,
promoting material recovery, reuse, and recyclability through low-energy, water-based
processes. Unlike traditional materials that require harsh chemical treatments for
recycling, TOCN-PPy-PVA-Gly can be reprocessed under mild conditions, thereby
minimizing environmental impact and resource consumption. This property offers
opportunities for the development of bio-based coatings and films that can be easily

recovered and repurposed after use, fitting sustainable product life cycles. The water
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sensitivity at elevated temperatures can be advantageous for temporary coatings, bio-
based packaging, and controlled degradable systems where post-use material recovery is
desirable. However, for applications requiring greater hydrothermal stability, formulation
strategies such as crosslinking or the incorporation of hydrophobic components could be
considered to fine-tune the balance between durability and reprocessability. Overall, the
reversible solubilization and recovery behavior of TOCN-PPy-PVA-Gly highlights its
strong potential for integration into circular material systems, contributing to the

advancement of environmentally responsible material innovations.

5.7 CONCLUSION

This study assessed the environmental behavior and recovery potential of bio-based
TOCN-PPy-PVA-—glycerol coatings by integrating aqueous leaching, soil
biodegradability, and hydrothermal reusability analyses. Unmodified TOCN—PPy films
released measurable amounts of iron and exhibited acidic pH after immersion, whereas
incorporation of PVA and glycerol markedly improved stability. Iron release fell below
the detection limit by ICP-OES, pyrrole migration was undetectable by HPLC-MS/MS,
and glycerol leaching followed a concentration-dependent trend. Successive washing
cycles efficiently removed residual acidic and iron species from TOCN—-PPy, as evidenced
by pH stabilization around 4.7. The marked reduction of Fe release from 11.3 mg/L to 1.2
mg/L after five washes. Incorporation of PVA and glycerol further stabilized the
composite matrix, reducing iron leaching below detection limits (< 0.05 mg/L) and
achieving values well within regulatory thresholds for aqueous safety. HPLC-MS/MS
analyses confirmed complete immobilization of pyrrole across all formulations, while
controlled glycerol migration was detected only in Gly2 and Gly5, increasing
proportionally with glycerol content. Although elevated glycerol loading promoted
leaching, the TOCN-PPy—PVA network effectively limited migration, preserving
material integrity and supporting its suitability for food-contact applications. Soil burial
tests confirmed that glycerol also enhanced biodegradability, with weight loss increasing
from 8.1% in unplasticized films to 54.4% in the most plasticized formulation after 60
days. This tunable degradation behavior suggests the possibility of tailoring film

persistence based on specific application requirements. Furthermore, all formulations
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were recoverable under mild hydrothermal treatment (75 °C, 35 min), demonstrating their
potential for low-energy recycling through redispersion in water. In conclusion, our work
shows that adding PVA and glycerol to TOCN—-PPy-based coatings makes them more
stable, biodegradable, and recyclable. The primary contribution is the amalgamation of
leaching analysis, biodegradation performance, and hydrothermal recovery into a unified
framework, thus providing a thorough assessment of environmental fate that has been
neglected in prior research. Future research should enhance glycerol content to achieve a
balance between durability and degradation, extend testing to natural soils and aquatic
habitats, and examine long-term performance in practical applications to further

substantiate their viability as sustainable coatings.
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Chapter 6 - Scientific article 3 : Barrier and mechanical proper-
ties of TOCN-PPy-PVA-Gly films with LCA of paint on UPM

paper

6.1 Preface

This part of the work is presented in the article entitled “Sustainable packaging enabled
by TOCN-PPy—PVA-Glycerol coatings and paints with optimized barrier, mechanical,
and environmental performance.” The research was conducted during a 3-month
international research stay at LGP2 — CNRS — Grenoble INP — Université Grenoble Alpes
under the PEPR B-BEST mobility fellowship program offered by ANR France to Aakash
Malik. The article focuses on the development and characterization of bio-based coatings
and films derived from TEMPO-oxidized cellulose nanofibers (TOCN), polypyrrole
(PPy), polyvinyl alcohol (PVA), and glycerol for application in sustainable packaging. To
complement the material performance analysis, a preliminary life cycle assessment (LCA)
was conducted to evaluate the environmental footprint of the developed coatings, focusing
on the impact of key components such as TOCN, PPy, and PVA. The article is currently
being finalized for an eventual submission to Surface and Coatings Technology (Elsevier,

IF 6.1, CiteScore 10.2).
Authors details

Aakash Malik, CPI, MSc

Ph.D. Candidate, Sciences et génie des matériaux lignocellulosiques

I2E3 — Institut d’Innovations en Ecomatériaux, Ecoproduits et Ecoénergies a base de
biomasse

Université du Québec a Trois-Riviéres,

P.O. Box 500, Trois-Riviéres, Québec, Canada, G9A SH7

Email: aakash.malik@uqtr.ca

Prof. Eric Loranger, Ph.D., ing.

Research director and corresponding author


mailto:aakash.malik@uqtr.ca

110

I2E3 — Institut d’Innovations en Ecomatériaux, Ecoproduits et Ecoénergies a base de
biomasse

Université du Québec a Trois-Rivigres,

P.O. Box 500, Trois-Rivi¢res, Québec, Canada, G9A SH7

Email: eric.lorangerl @ugtr.ca

Prof. Simon Barnabé, Ph.D.

Research Co-director

I2E3 — Institut d’Innovations en Ecomatériaux, Ecoproduits et Ecoénergies a base de
biomasse

Université du Québec a Trois-Rivicres,

P.O. Box 500, Trois-Riviéres, Québec, Canada, G9A SH7

Email: simon.barnabe@ugtr.ca

Prof. Julien Bras, Ph.D.

International Host Supervisor and Collaborator

LGP2 — CNRS — Grenoble INP — Université Grenoble Alpes, France
Institut Universitaire de France (IUF), Paris, France

Email: julien.bras@grenoble-inp.fr

Author Contributions:

Aakash Malik: Writing — original draft, Visualization, Validation, Methodology,

Investigation, Formal analysis, Data curation, Conceptualization
Simon Barnabé: Writing — review & editing, Supervision

Eric Loranger: Writing — review & editing, Validation, Supervision, Project

administration, Funding acquisition, Conceptualization

Julien Bras: International hosting, Writing — review & editing, Supervision


mailto:eric.loranger1@uqtr.ca
mailto:simon.barnabe@uqtr.ca
mailto:julien.bras@grenoble-inp.fr

111

6.2 Résumé

Cette ¢tude examine les performances fonctionnelles et les caractéristiques de surface de
films biosourcés TOCN-PPy—PV A—Glycérol, en se concentrant plus particuliérement sur
leur aptitude a 1'emploi comme matériaux de revétement pour des emballages durables.
Les propriétés barriéres ont été évaluées par des mesures du taux de transmission de
l'oxygeéne (OTR) et du taux de transmission de la vapeur d'eau (WVTR), tandis que les
performances mécaniques ont été évaluées par des essais de traction. Toutes les
formulations, y compris les films modifiés au glycérol (Glyl, Gly2, GlyS), ont démontré
une excellente performance barriére a I'oxygene avec des valeurs d'OTR inférieures aux
limites détectables. Cependant, 'augmentation de la teneur en glycérol a significativement
compromis la résistance a la vapeur d'eau, notamment en cas d'humidité élevée. Les essais
mécaniques ont révélé une résistance a la traction et une flexibilité ajustables en fonction
de la concentration en plastifiant. Afin d'évaluer la morphologie et de justifier le volume
de revétement appliqué dans des applications pratiques, une profilométrie de surface 3D
(Alicona) et une microscopie ¢lectronique a balayage (MEB) ont été réalisées. Ces
analyses ont montré qu'une augmentation de la charge en glycérol entrainait une rugosité
de surface et une hétérogénéité du revétement accrues, influengant ainsi l'interaction avec
un substrat papier. Une analyse préliminaire du cycle de vie (ACV), basée sur 'application
de 10 ml de revétement sur une feuille de papier UPM de format A4, a identifié le TOCN,
suivi du pyrrole et du PVA d'origine fossile comme la principale préoccupation
environnementale. Les résultats soulignent le potentiel de ces formulations pour des
revétements barriéres recyclables et éco-efficaces, soutenant ainsi les stratégies

d'emballage circulaire.

6.3 ABSTRACT

This study investigates the functional performance and surface characteristics of biobased
TOCN-PPy-PVA-Glycerol films, with a specific focus on their suitability as coating
materials for sustainable packaging. Barrier properties were evaluated through oxygen
transmission rate (OTR) and water vapor transmission rate (W VTR) measurements, while

mechanical performance was assessed via tensile testing. All formulations, including
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glycerol-modified films (Glyl, Gly2, Gly5), demonstrated excellent oxygen barrier
performance with OTR values below detectable limits. However, increasing glycerol
content significantly compromised water vapor resistance, particularly under high
humidity. Mechanical tests revealed tunable tensile strength and flexibility depending on
plasticizer concentration. To assess the morphology and justify the applied coating volume
in practical applications, 3D surface profilometry (Alicona) and scanning electron
microscopy (SEM) were performed. These analyses showed that increasing glycerol
loading led to greater surface roughness and coating heterogeneity, thereby influencing
the interaction with a paper substrate. A preliminary life cycle assessment (LCA), based
on the application of 10 mL of coating over an A4-sized UPM paper sheet, identified
TOCN, followed by pyrrole and fossil-based PV A as the primary environmental concern.
The findings highlight the potential of these formulations for recyclable and eco-efficient

barrier coatings, supporting circular packaging strategies.

6.4 INTRODUCTION

The increasing environmental burden posed by synthetic plastics has accelerated global
efforts toward developing sustainable alternatives for coatings and packaging materials
(Moshood et al., 2022) The concept of a circular bioeconomy, which emphasizes the
valorization of renewable resources, waste minimization, and ecological resilience, has
emerged as a strategic framework for material innovation in this domain (Nguyen et al.,
2025). Packaging, in particular, represents a critical frontier, as it accounts for a large
fraction of global plastic consumption and waste generation (Dokl et al., 2024). To meet
both environmental regulations and functional performance requirements, there is an
urgent need for bio-based materials that can rival conventional polymers in mechanical
strength, barrier performance, and processing versatility (Barbhuiya et al., 2025; Wu et

al., 2021).

Cellulose nanofibres (CNFs), and especially TEMPO-oxidized cellulose nanofibres
(TOCN), have garnered significant interest as renewable nanomaterials capable of
forming dense, high-strength networks (Isogai et al., 2011; Liu et al., 2021). The TEMPO-

mediated oxidation introduces carboxyl groups that enhance dispersibility in water and
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facilitate strong hydrogen bonding (Pratama et al., 2024), making TOCN a compelling
candidate for barrier applications. However, these materials are inherently brittle and
prone to moisture sensitivity, which limits their practical use under ambient or high-

humidity conditions, especially in food packaging (Shimizu et al., 2016).

To address these challenges, hybridization with functional polymers has been explored.
Among them, polypyrrole (PPy) stands out for its electrical conductivity, redox activity,
and antibacterial potential (Bideau, Cherpozat, et al., 2016; Bideau et al., 2017, 2018;
Bideau, Loranger, et al., 2016) . As a conjugated polymer synthesized under mild aqueous
conditions, PPy can be polymerized in situ onto TOCN networks, reinforcing the structure
and introducing new functionalities such as moisture resistance and microbial inhibition.
Yet, the rigidity of the resulting TOCN-PPy composite must be counterbalanced to
maintain flexibility and processability, essential traits for coatings and packaging films

(Bideau et al., 2018).

Polyvinyl alcohol (PVA) and glycerol are commonly used as water-soluble binders and
plasticizers, respectively (Prabhakaran et al., 2009). When incorporated into TOCN—PPy
systems, they enhance film cohesion, reduce brittleness, and allow tunability. PVA
improves interfacial adhesion and structural uniformity, while glycerol imparts elasticity
and reduces cracking during drying. Despite the synergistic potential of TOCN, PPy,
PVA, and glycerol, there remains a lack of comprehensive studies that assess their

combined performance as barrier coating applications (Malik et al., 2025).

Previous research on TOCN-PPy composites has predominantly focused on their intrinsic
functionalities, such as electrical conductivity, thermal response, and antimicrobial
activity. However, there remains a critical need to evaluate their application-specific
performance parameters, particularly in the context of sustainable coating technologies.
In this study, we expand upon our prior formulation work on TOCN—PPy—PV A—glycerol
systems (Malik et al., 2025) by conducting a comprehensive evaluation of their physical
and environmental performance. At the film level, we have assess key barrier properties,
including water vapor transmission rate (WVTR) and oxygen transmission rate (OTR),
alongside mechanical integrity through uniaxial tensile testing to determine their

suitability for packaging applications. Furthermore, to translate laboratory-scale
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formulations into practical applications, a cradle-to-gate life cycle assessment (LCA) is
conducted for the paint applied over A4-sized UPM paper, quantifying environmental
impacts associated with material production, formulation, and coating deposition. Surface
topography of the coated films is characterized via 3D optical profilometry (Alicona
InfiniteFocus), while scanning electron microscopy (SEM) provides insights into the
morphological features and layer integrity of both surface and cross-sectional regions
before and after coating. This centralized approach enables a multidimensional
understanding of the material's functional performance and environmental footprint,
supporting its potential as a high-performance, bio-based alternative for barrier coatings

in circular and active packaging systems.

6.5 MATERIALS AND METHODOLOGY
6.5.1 Materials, synthesis, formulation, and casting of paint films

This study employed pyrrole (C+HsN), iron(IIl) chloride (FeCls), poly(vinyl alcohol)
(PVA), and glycerol, all procured from Sigma-Aldrich and Fisher Scientific and used
without further purification. TEMPO-oxidized cellulose nanofibres (TOCNs) were
synthesized in-house from commercially available never-dried bleached Kraft wood pulp,
following the TEMPO-mediated oxidation protocol developed by our group. The resulting
TOCNSs had a carboxyl content of ~1600 mmol/kg, enabling high dispersibility and
nanofibril formation. Transmission electron microscopy (TEM) showed an average width
0f3.5+ 1.0 nm and length 0f 306 + 112 nm, with minor microfibrillated cellulose residues

(Bideau, Cherpozat, et al., 2016)

As per Malik et al., 2025, polypyrrole (PPy) was incorporated into the TOCN matrix via
in situ oxidative polymerization. Specifically, 5 mL of pyrrole (4.835 g) was added to 100
mL ofa 0.45 wt% TOCN aqueous dispersion under magnetic stirring for 10 minutes. This
generated an approximate PPy:TOCN mass ratio of 10.7:1. Polymerization was initiated
by the dropwise addition of 25 mL of 0.3 M FeCls under constant stirring at room
temperature for 30 minutes. The resulting TOCN-PPy composite was purified by four
successive washings with deionized water (1000 mL per cycle) using Whatman Grade 202

filter paper, monitoring pH after each wash to ensure FeCls removal and achieve near-
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neutral pH. To formulate the bio-based coating, 5 g of PVA was dissolved in 100 mL of
distilled water at 75 °C under continuous stirring for 50—60 minutes. The TOCN—PPy
composite was incorporated into the hot PVA solution and homogenized via high-shear
mixing (Silverson L4RT-A) for 3 minutes at room temperature. Glycerol was added as a
plasticizer in three concentrations: 1 mL (Glyl), 2 mL (Gly2), and 5 mL (Gly5), followed
by an additional 3 minutes of high-shear mixing. The final formulations included TOCN—
PPy (functional filler), PVA (binder), glycerol (plasticizer), and water (solvent).

For film preparation, 20-25 mL of each formulation was poured into 10 cm-diameter
aluminum dishes and dried at ambient conditions (23 £+ 2 °C) for 48 hours. The dried self-
standing films were then peeled and stored at room temperature for further

characterization.
6.5.2 Mechanical Characterization

The tensile properties of the TOCN-PPy-PVA-Gly films were evaluated using a
universal testing machine (Instron 4201, USA) under controlled environmental conditions
(25 °C and 50% relative humidity). Rectangular film strips (30 mm % 15 mm) were tested
with a 10 mm gauge length and a constant crosshead speed of 10 mm/min. Given the ultra-
thin nature of the samples, strain was calculated from the crosshead displacement rather
than using an extensometer. A method inspired of TAPPI T494 test method for paper that
may slightly overestimate elongation at break but ensured consistent and reproducible
measurements. Each formulation was tested in at least six replicates, and results were
reported as mean + standard deviation. Key mechanical parameters included tensile
strength (MPa), defined as the maximum stress before failure; elongation at break (%),
representing the strain at fracture; and Young’s modulus (GPa), determined from the slope

of the initial linear portion of the stress—strain curve.
6.5.3 Barrier Properties Measurements
6.5.3.1 Oxygen Transmission Rate (OTR)

Oxygen barrier properties were measured with a Systech Illinois M8001 oxygen

permeation analyzer. Pure oxygen (99.9%) was introduced on one side of the film, while
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high-purity nitrogen flowed on the other side as a sweep gas. Measurements were done at
23 °C and 50% RH, with the same humidity on both sides of the films. Circular specimens
were mounted over dedicated diffusion cells with an exposed area of 3.14 cm?
(corresponding to a 2.0 cm diameter) to accommodate the small-sized cast films. The OTR
was given by the device in cm? /m? -day. Each formulation was tested in duplicate, and

results are presented as mean + standard deviation.
6.5.3.2 Moisture Vapor Transmission Rate (MVTR)

Water vapor properties of the films were measured at 23 + 0.5 °C. Two distinct relative
humidity conditions, 50 + 2% and 70 + 2%, were employed depending on the test batch
to evaluate environmental effects on vapor permeability. Circular specimens were
carefully cut and sealed over the open tops of standard glass permeability cups, each with
a diameter of 2.0 cm, corresponding to an exposed area of 3.14 cm?. Inside each cup, 2.0—
2.5 g of anhydrous calcium chloride was used as the desiccant to absorb incoming
moisture. To ensure vapor-tight sealing and prevent edge leakage, silicone grease was
applied along the cup rim, and O-rings were fitted tightly around the film edges. The mass
gain of each cup was recorded periodically using a high-precision analytical balance
(+£0.001 mg resolution), with two measurements per day for a total of 3 consecutive days.
The water vapor transmission rate (WVTR) was obtained from the slope of the linear
region of the mass gain versus time curve and normalized over the exposed surface area
to calculate the MVTR. Results were expressed in g/m?-day. Each formulation was tested

in triplicate, and the mean values along with standard deviations were reported.
6.5.4 Coating and Drying Process

The coating formulations were deposited onto the reverse side of the paper substrate using
a semi-industrial rod coater (Endupap Universal Coating Machine, L&W BK, CTP,
France), which integrates a standard coating rod system with an in-line infrared (IR)
drying unit consisting of two lamps. A number 0.7 bar rod was employed under consistent
pressure, and the coating bar was operated at a linear speed of 6.6 m/min. This setup

reliably produced coatings with a dry thickness of approximately 15 pm.
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The drying approach employed to evaluate its effect on coating structure and performance
was infrared (IR) drying at 2500 W, using long-wave IR radiation. All samples underwent
a double-coating process and were allowed to dry until touch-dry under the respective

drying method.
6.5.5 Surface morphology

The surface morphology of biobased coating films composed of TOCN-PPy-PVA and its
glycerol-modified derivatives (Glyl, Gly2, Gly5) was characterized using a high-
resolution 3D optical profilometer (Alicona InfiniteFocus G5), based on focus variation
technology. This instrument enables precise, non-contact areal topography mapping at the
microscale, suitable for capturing fine morphological variations in coating surfaces.
Profilometric scans were acquired over 3 representative regions of each dried film.
Surface leveling and background curvature removal were performed via best-fit plane
correction using the Alicona analysis software. A comprehensive set of parameters was
extracted to assess both amplitude and spatial features of surface texture: Sa: Arithmetic
mean height Sq: Root mean square height Sp, Sv, Sz: Maximum peak, valley, and total
surface height. This approach enables quantitative comparison of the microstructural

evolution across film formulations as a function of glycerol content.
6.5.6 SEM spectroscopy

Scanning electron microscopy (SEM) was employed to investigate the surface
morphology of both uncoated UPM paper and coated samples prepared with TOCN—PPy—
PVA-Gly formulations. The analyses were conducted using a QUANTA 200 at an
accelerating voltage of 10 kV. Samples were mounted on aluminum stubs using
conductive adhesive tape to ensure proper electrical contact. No additional conductive
coating was applied, such as platinum or gold, since the samples exhibited sufficient
surface conductivity for stable imaging. SEM was utilized to capture detailed micrographs
of'the surface features, allowing visualization of the coating’s distribution, continuity, and
interaction with the fibrous paper substrate. All observations were recorded under
consistent imaging parameters to maintain comparability between the uncoated and coated

specimens.
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6.5.7 Integration of Life Cycle Assessment (LCA)

A preliminary life cycle assessment (LCA) was conducted in accordance with ISO
14040/44 standards using the SimaPro software platform with background data sourced
from the Ecoinvent 3.10 database (Wernet et al., 2016). The functional unit was defined
as one A4-sized coated UPM paper sheet (0.062 m?), based on laboratory experiments
using a two-layer bar-coating process. The system boundaries included raw material
acquisition (TOCN, pyrrole, FeCls, PVA, and glycerol), in-situ synthesis and blending,
paint formulation, coating deposition, washing procedures, and formulation. Each A4
sheet was coated using a total of approximately 10 mL of paint, applied in two successive
layers via bar-coating (typically 5 mL + 5 mL). A single batch of paint formulation yielded
about 60 mL of usable paint, allowing for six coated A4 sheets per batch (Malik et al.,
2025). For one A4 sheet, the life cycle inventory included based of 10 mL from the recipe
of approximately 100 mL of 0.45 wt% TOCN suspension, equivalent to ~0.45 g of dry
TOCN. Other ingredients included 5 g of PVA, 5 mL of pyrrole, and 25 mL of 0.3 M
FeCls. Glycerol was used in varying amounts depending on the formulation: 1 mL (Glyl),

2 mL (Gly2), or 5 mL (Gly5). Figure 6.1 illustrates the system boundaries of the LCA.

Emissions Emissions
Auxilia Transportation . Transportation
i _| PPy synthesis s .
chemicals at lab scale Use phase
production
i '] ]
Energy Raw Energy

materials

System boundary

Figure 6.1 System boundaries of the life cycle assessment (LCA) for TOCN-PPy-based
paints, covering raw material acquisition, synthesis, coating deposition, washing, and

projected end-of-life.
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As shown in Figure 6.1, encompassing cradle-to-gate stages such as TOCN synthesis, in-

situ oxidative polymerization of polypyrrole, formulation blending, coating application,

and washing. The life cycle inventory for each A4-coated sample is summarized in Table

6.1. These values were used as the baseline for evaluating the environmental impacts of

different formulations (Glyl, Gly2, and GlyS5), enabling a comparison of plasticizer

content on LCA results.

Table 6.1 Composition of TOCN-PPy-based paint per A4 UPM paper sheet (0.062 m?),

showing quantities of each raw material for scaling in LCA

Process Input Quantity per Unit N
ni ote
Stage Material/Energy 0.062 m*
TOCN
. TOCN content ~0.45 g;
suspension ~100 mL mL
forms nanofiber matrix
(0.45 wt%)
Precursor for PPy
Pyrrole 5mL mL )
formation
Raw .
Oxidant for pyrrole
Materials FeCl; (0.3 M) 25 mL mL
polymerization
Polyvinyl alcohol
5¢g g Binder for film formation
(PVA)
Plasticizer; varies for
Glycerol 1-5mL mL

Glyl, Gly2, Gly5

While PVA is typically derived from petrochemical sources, it can also be produced from

renewable feedstocks such as biomass-based ethanol or natural polyols (Renewable

Carbon, 2022). This aligns with the broader bio-based approach of the coating system,

which also includes TOCN (derived from cellulose nanofibers; (Isogai et al., 2011), and

glycerol (commonly sourced from biodiesel by-products or plant oils; (Valerio et al.,
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2015). Replacing petro-based PVA with bio-based alternatives would further reduce the

environmental footprint and support circular economy goals.

6.6 RESULTS AND DISCUSSION
6.6.1 Mechanical Performance of films

Table 6.2 shows the tensile properties of TOCN—PPy—PV A-based films were significantly
influenced by the incorporation of glycerol, with clear evidence of plasticization as the
glycerol content increased. The unplasticized TOCN—-PPy—PVA film exhibited the highest
tensile strength (35.30+3.51 MPa) and stiffness (Y oung’s modulus: 704.65 + 98.50 GPa),
While the calculated Young’s modulus of ~705 GPa suggests exceptional material
rigidity, this value likely reflects both the inherent stiffness of the TOCN—-PPy matrix and

the influence of experimental sensitivity or potential strain calculation artifacts.

The stress—deformation curves (Figure 6.2) does show a very steep increase for the
material, indicative of a rigid and brittle matrix dominated by extensive hydrogen bonding
and the presence of a densely packed TOCN-PPy—PVA network. Despite this rigidity, a
moderate elongation at break (60.30 £ 35.71%) was observed, which can be attributed to

the presence of PVA as a flexible binder.

Upon the addition of 1 mL glycerol (Glyl), a substantial shift in mechanical behavior was
observed. The material demonstrated a significant increase in elongation at break (394.24
+ 71.63%), reflecting enhanced ductility and flexibility. This behavior coincided with a
notable decrease in both tensile strength (16.36 +2.87 MPa) and Y oung’s modulus (67.15
+ 23.75 GPa), confirming the plasticizing role of glycerol. The introduction of glycerol
likely disrupted intermolecular hydrogen bonding and increased the free volume, thereby
enhancing polymer chain mobility and reducing the resistance to deformation. Further
glycerol addition (Gly2 and Gly5) exacerbated this softening trend. For Gly2, tensile
strength dropped to 11.56 & 3.83 MPa, while the modulus decreased to 34.46 + 6.15 GPa.

Although the elongation remained high (387.60 + 156.52%), the mechanical integrity was

further compromised. In the case of Gly5, the most plasticized formulation, the tensile



121

strength and modulus declined to 7.63 MPa + 1.32 and 17.78 + 3.34 GPa, respectively.
Interestingly, the elongation at break reached 474.99 + 160.33%, highlighting the highly
elastic, yet structurally weakened nature of the film. This behavior is consistent with an
over-plasticized system, wherein excessive glycerol content leads to phase separation,
reduced interchain interactions, and lower load-bearing capacity. The stress—deformation
curves (Figure 6.2) corroborate trends in glycerol addition. Glycerol-containing films
displayed extended deformation plateaus and increased strain at break, confirming a

transition from rigid to elastomeric behavior with increasing glycerol content.



Table 6.2 Tensile properties of TOCN-PPy—-PVA-based films
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Gly5s

Formul | Breaki | Width | Thickn Cross- Stress Young’s Elongati
ation ng (mm) ess sectional Modulus on at
Force (num) Area (m?) (MPa) (GPa) Break
™) (%)
TOCN- | 66.04+ | 15.00 | 125.00 | 1.88x10°+| 3530+ 704.65 + 6031 +
PPy- 595 | £0.00 | £8.37 1.25%x1077 3.51 98.50 35.71
PVA
TOCN- | 91.70+ | 15.00 | 378.33 | 5.68x10°+ | 1636+ 67.15+ 394.24 +
PPy- 18.15 | £0.00 | £76.53 | 1.15x10°¢ 2.87 23.75 71.63
PVA-
Glyl
TOCN- | 51.53+ | 15.00 | 298.33 | 4.48x10°+ | 11.57+ | 3447+£6.15| 387.61 +
PPy- 16.17 | £0.00 | +£9.83 1.47x1077 3.84 156.52
PVA-
Gly2
TOCN- | 5334+ | 15.00 | 472.17 | 7.08x10°¢ =+ 7.63 + 17.78 £3.34 | 474.99
PPy- 8.80 | £0.00 | +£81.17 | 1.22x10°° 1.32 160,33
PVA-
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Figure 6.2 Tensile Stress vs Deformation for TOCN-PPy-PV A-Glycerol base paint films

Overall, these findings demonstrate the tunability of mechanical properties via plasticizer
concentration, enabling formulation of coatings with tailored performance. Films with low
glycerol content offer improved strength and structural integrity, while those with higher
glycerol concentrations are more suited for flexible packaging applications where

elongation and conformability are prioritized.
6.6.2 Barrier Properties of films
6.6.2.1 OTR

All TOCN-PPy-PVA and TOCN-PPy—PVA-Gly films (Glyl, Gly2, Gly5) exhibited
OTR values below the detection limit of the instrument under standard testing conditions
(23 °C, 50% RH) as per Table 6.3. This consistently undetectable oxygen permeation
suggests that the films possess an exceptionally dense polymeric network, likely attributed
to the combined effects of hydrogen bonding among TOCN nanofibers, the presence of
PVA as a cohesive binder, and polypyrrole's rigid, conjugated structure (Malik et al.,
2025). The incorporation of glycerol, even at the highest loading (5 mL), did not
significantly alter this behavior in terms of oxygen barrier performance. This indicates
that while glycerol may increase chain mobility and affect moisture diffusion (as will be

in next section of WVTR data), it does not substantially compromise the compact
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morphology or reduce the tortuosity of oxygen diffusion pathways at the nanostructural
level. These findings demonstrate the strong oxygen barrier potential of TOCN—PPy—
PVA-Gly systems, positioning them as effective candidates for applications where

oxygen-sensitive preservation is critical, such as in food or pharmaceutical packaging.

Table 6.3 OTR data for the TOCN-PPy-PVA-Gly coating

Samples Composition Description OTR (cc/m2-day)

TOCN-PPy-PVA 0 ml Glycerol Below detecting limit

TOCN-PPy-PVA-Glyl 1 ml Glycerol Below detecting limit

TOCN-PPy-PVA-Gly2 2 ml Glyecrol Below detecting limit

TOCN-PPy-PVA-Gly5 5 ml Glyecrol Below detecting limit
6.6.2.2 WVTR

The water vapor barrier performance of TOCN-PPy—PVA-based films was evaluated
under two relative humidity conditions (50 + 2% and 70 + 2%) at 23 + 0.5 °C. As shown
in Figure 6.3, the WVTR increased substantially with rising glycerol content in both
conditions, indicating a deterioration in the moisture barrier properties. Under 50% RH
conditions, the control sample (TOCN-PPy-PVA) exhibited excellent water vapor
resistance witha WVTR of 3 =1 g/m?-day. The addition of glycerol linearly increased the
WVTR to 66 £ 10, 244 + 78, and 500 £ 20 g/m?*-day for Glyl, Gly2, and Gly5
formulations, respectively. At elevated humidity (70% RH), this linear effect was even
more pronounced. The WVTR values escalated from 37 £ 5 g/m? in the control to 295 +
15,500 + 20, and 1424 + 51 g/m? in the Glyl, Gly2, and Gly5 films, respectively. The
drastic rise in water vapor permeability under higher humidity further confirms the
moisture-sensitivity of the glycerol-containing films, likely due to glycerol’s capacity to

absorb atmospheric water and swell, thereby enhancing diffusion pathways.
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Figure 6.3 Water Vapor Transmission Rate (WVTR) of TOCN—-PPy-PVA-Glycerol
Films at 50% and 70% Relative Humidity

These findings suggest that while glycerol imparts desirable flexibility and processability,
its inclusion significantly compromises the water vapor barrier properties, especially
under high humidity, limiting the use of such films in moisture-sensitive packaging

applications unless additional hydrophobic barriers or lamination strategies are employed.
6.6.3 Surface morphology of coated paper surfaces

Surface roughness parameters obtained through Alicona profilometry reveal significant
morphological differences between the uncoated UPM substrate and the TOCN—PPy—
PV A-based coatings with varying glycerol concentrations (Table 6.4). The native UPM
paper, known for its inherent heterogeneity due to its fibrous and porous cellulose
structure, exhibited relatively low roughness values, with an average surface height (Sa)

of 1.55 um and a root mean square height (Sq) 0of2.03 um.
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Table 6.4 Quantitative Surface Topography Parameters of TOCN—PPy—PVA-Glycerol

Coated and Uncoated UPM paper Analyzed by Alicona Profilometry

Unit Description UPM | TOCN- TOCN- TOCN- TOCN-
S PPy-PVA PPy- PPy-PVA- | PPy-PVA-
PVA- Gly2 Gly5
Glyl
Sa | wm | Average heightof | 1.55+ | 3.70+ 4.50 + 3.68 = 3.69 +
selected area 0.18 0.10 0.36 0.29 0.18
Sq | um | Root-Mean-Square | 2.03+ | 4.76 + 5.80 + 476 + 483 +
height of selected 0.28 0.12 0.53 0.21 0.39
area
Sp | um Maximum peak 10.54 | 36.81+ 3093 + 34.68 + 29.69 +
height of selected | £4.16 7.15 4.70 18.68 12.73
area
Sv | um | Maximum valley | 1491 | 4223+ 27.82 + 29.11 + 38.19 +
depth of selected | £1.92 15.29 6.00 16.25 11.90
area
Sz | um | Maximum height | 2545 | 79.03 + 58.74 + 63.79 = 67.89 +
of selected area +2.97 15.29 7.41 34.93 20.29

Upon application of the TOCN-PPy-PVA-based coatings, a substantial increase in

surface roughness was observed, confirming successful deposition and film formation.

The addition of glycerol influenced the topographical features across the different

formulations. The average surface height (Sa) increased notably to values between ~3.68

and 4.50 um for the coated samples, with the Glyl formulation exhibiting the highest

peak-to-valley variations (Sz= 58.75 um). The Gly2 and Gly5 coatings also demonstrated

elevated Sz values (63.79 and 67.89 um, respectively), indicating enhanced surface

structuring likely due to differential drying dynamics and film contraction behavior.
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Although all coated samples showed increased roughness, slight differences in their
topography are attributable to the glycerol content, which modulates film flexibility and
internal stress during drying. The skewness values shifted towards more positive values
after coating, suggesting a dominance of peak structures rather than deep valleys, while
kurtosis remained around 4 for all samples, indicating surfaces with pronounced asperities
but not excessively spiked (Figure 6.4). However, due to the heterogeneous nature of the
UPM substrate, some localized irregularities may persist even after coating, which could
explain small fluctuations observed in peak (Sp) and valley (Sv) metrics across the
formulations. These findings confirm that the application of TOCN-PPy—PVA and its
glycerol-based variants significantly alters the surface morphology of UPM paper.

e. UPM paper

.y 1R =

d. TOCN-PPy-PVA-Gly5

c. TOCN-PPy-PVA-Gly2

Figure 6.4 2D Alicona surface images showing morphological changes in coated and

uncoated UPM paper
6.6.4 SEM spectroscopy
6.6.4.1 Paper uncoated and coated surface

The surface morphology of uncoated and coated UPM paper samples was investigated
using SEM at 100x magnification to assess the effect of TOCN-PPy—PVA—-Glycerol

coatings on film formation and surface uniformity. The uncoated UPM paper (Figure 6.5a)
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exhibited a typical fibrous and porous structure, with loosely entangled cellulose fibers,
open voids, and an overall heterogeneous texture characteristics that contribute to poor
surface sealing and weak physical barriers. Upon application of the TOCN—-PPy—-PVA
coating (Figure 6.5b), the surface became visibly more consolidated, with partial
embedding of the fibrous network and an initial formation of a thin, continuous film across
the substrate. The addition of 1 mL glycerol (Figure 6.5¢) further improved the film
homogeneity, leading to a denser and smoother coating layer with fewer apparent defects
or voids. As explained numerous times, glycerol acts as a plasticizer, enhancing the
mobility of polymer chains and promoting better interaction and conformal adhesion
between TOCN, PVA, and polypyrrole within the coating matrix. With 2 mL glycerol
(Figure 6.5d), the surface appeared even more uniformly covered, with minimal roughness
and improved packing density, suggesting optimal plasticization that balances flexibility
with structural integrity. However, at 5 mL glycerol (Figure 6.5¢), subtle morphological
irregularities re-emerged, possibly due to over-plasticization or partial phase separation,
as evidenced by regions of uneven contrast and local surface defects. This behavior is
likely linked to the saturation of hydrogen bonding sites and increased free volume, which

can disrupt film cohesion during drying.
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a. UPM Paper b. TOCN-PPy-PVA c. TOCN-PPy-PVA-Gly1

d. TOCN-PPy-PVA-Gly2 e. TOCN-PPy-PVA-Gly5

Figure 6.5 SEM surface morphology of uncoated and TOCN-PPy—PVA-Gly-coated
UPM paper at 100x magnification

Overall, the SEM analysis confirms that moderate glycerol incorporation significantly
enhances surface smoothness and coating uniformity, while excessive plasticizer content

may compromise film stability and microstructural consistency.
6.6.4.2 Paper uncoated and coated cross-section surface

The cross-sectional SEM micrographs provide critical insights into the thickness,
interfacial adhesion, and internal microstructure of the applied bio-based coatings on UPM
paper substrates (Figure 6.6). The uncoated UPM paper (Figure 6.6a) reveals a
multilayered fibrous network with pronounced porosity, irregular interfiber gaps, and an
overall non-laminar structure. This morphology is typical of conventional paper substrates
and is associated with poor barrier and mechanical performance due to high surface

roughness and internal voids.
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a. UPM Paper b. TOCN-PPy-PVA c. TOCN-PPy-PVA-Glyl

peE—————

d. TOCN-PPy-PVA-Gly2 e. TOCN-PPy-PVA-Gly5

Figure 6.6 Cross-sectional SEM images of uncoated and TOCN—-PPy-PVA—Glycerol-
coated UPM paper samples at 2000x magnification

In contrast, the sample coated with TOCN-PPy—PVA (Figure 6.6b) displays a distinct top
layer over the fibrous base, indicating successful film deposition. The coating layer
appears continuous and relatively well adhered to the paper substrate, although some
surface undulations and minor interfacial voids are present, suggesting partial penetration
into the porous structure. This partial infiltration likely enhances anchoring and
mechanical integration, while the TOCN-PPy—PVA matrix contributes to improved
surface sealing. Upon incorporation of 1 mL glycerol (Figure 6.6¢), the coating layer
becomes more defined and homogeneous, with fewer surface irregularities and better
contact with the underlying paper fibers. The plasticizing effect of glycerol improves
coating flow and flexibility during drying, allowing a more conformal and defect-free
coverage. The film appears denser and more uniform, indicating enhanced polymeric
chain mobility and packing. The sample with 2 mL glycerol (Figure 6.6d) exhibits an even
smoother and more compact cross-section, with the coating layer showing a laminated,
stratified structure that integrates more intimately with the paper matrix. This suggests an
optimal level of plasticization that facilitates both surface leveling and internal cohesion.

No delamination or cracks are visible, reflecting improved structural integrity and
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interface bonding. However, at 5 mL glycerol (Figure 6.6¢), the coating layer appears
slightly thinner and more compressed, with signs of internal phase separation or

microstructural softening.
6.6.5 Life Cycle Analysis

While our analysis (from 6.5.1 to 6.5.3) are giving interesting results and promising
applications for packaging, exploring the impact of the formulation over a Life Cycle
Analysis seem logic at this stage of the development. Indeed, the glycerol content is
having a great deal of impact on the properties, but it may also be of interest for the LCA
of the final product. The LCA data reveal that pyrrole and PVA are the primary
contributors to the environmental footprint of the coatings, reflecting their conventional
fossil-based origins. However, it is important to note that PVA can also be synthesized
from renewable sources such as biomass-derived ethanol or natural polyols (Renewable
Carbon, 2022). In contrast, the coatings already incorporate biobased components,
including TOCN derived from cellulose nanofibers and glycerol, which is commonly
sourced from plant oils or biodiesel by-products. Together, the integration of renewable
raw materials and the potential for substituting fossil-based PVA with biobased

alternatives illustrate the coatings’ promising sustainability profile.

The complete inventory of LCA inputs and associated background data is provided in
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Table 6.5. Most data were sourced from the Ecoinvent 3.10 database; TOCN values were
based on (Gallo Stampino et al., 2021), and pyrrole was modeled using aniline as a proxy
compound. This inventory supports cradle-to-gate environmental modeling for the
biobased coating system. The LCA results (Figure 6.7) reveal that the TOCN suspension
(dry) is the largest contributor to the overall environmental impact, followed by pyrrole
and polyvinyl alcohol (PVA). The high contribution from TOCN can be attributed to the
intensive energy and chemical inputs required during TEMPO-mediated oxidation and

ultrasonication, as previously reported by Gallo Stampino et al. (2021).

As demonstrated in Figure 6.8, formulations with higher glycerol content did not
significantly increase environmental impact, indicating that biodegradability
improvements can be achieved without major trade-offs in sustainability. This LCA
analysis highlights the critical role of pyrrole in driving the overall environmental impact,
suggesting that partial substitution with biobased alternatives could further enhance
sustainability. Furthermore, the mild hydrothermal recyclability observed for these
coatings can lower environmental burdens in circular scenarios. These findings support
the potential of TOCN-PPy-PV A-Gly coatings as promising materials for safe, sustainable
food packaging applications. Overall, the final properties of the composite should be

targeted with no effect on the environmental impact of the final product.

In Ecoinvent/SimaPro datasets, the region codes denote the origin of the underlying
process data. {CA-QC} denotes Canada, Quebec, indicating conditions particular to that
province—particularly its low-carbon, hydroelectric-dominated energy composition.
{RER} denotes Rest of Europe, signifying average conditions across European nations
(EU + EFTA) lacking a specific dataset for individual countries. {RoW} denotes Rest of
World, utilized when no regional dataset is available and signifies global-average

circumstances, omitting regions with established datasets.
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Table 6.5 Input materials, energy flows, and emission factors used in the LCA model with

corresponding data sources

Inputs Description Source
Energy, for | Electricity, low voltage {CA-QC}| market for electricity, low | Ecoinvent 3.10
stirring CA voltage | Cut-off, U
FeCl3 0.3M Iron(III) chloride, without water, in a 12% iron solution state | Ecoinvent 3.10

{CA-QC}| iron(III) chloride production, without water, in
12% iron solution state | Cut-off, U
Glycerol Glycerine {CA-QC}| treatment of used vegetable cooking oil, | Ecoinvent 3.10
purified, esterification | Cut-off, U
Energy, for | Electricity, low voltage {CA-QC}| market for electricity, low | Ecoinvent 3.10
heating CA voltage | Cut-off, U
Polyvinyl Emission Factor for bio-based PVOH according to Kuraray | (Kuwery PovalTM. 2023)
alcohol (PVA) Poval LCA (2023)
Pyrrole Proxy datum: Aniline {RER}| aniline production | Cut-off, U | Ecoinvent 3.10
TOCN Emission Factor for TOSO-CNF. According to Stampino et (Gallo
supension, al. (2021). Stampino et al.,
dry 2021) Table 1
TOSO.
TEMPO-
Oxidation and
Ultrasonication
(TOSO)
Water DI Water, deionised {RoW}| water production, deionised | Cut- | Ecoinvent 3.10
off, U
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GWP100 (%)

Figure 6.7 LCA each component impact for TOCN-PPy-PVA
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Figure 6.8 Comparative life cycle impact of TOCN-PPy-based coatings formulated with
varying glycerol content (Gly0, Glyl, Gly2, GlyS5), indicating the influence of formulation
on overall sustainability performance (According to IPCC 2021 GWP100 V1.03)

Compared to powder coatings, which generate approximately 0.0186 kg CO2-eq per A4-
sized area (based on 0.3 kg CO2-eq/m?) (As per Covestro. (2021)), the biobased TOCN—
PPy-PVA-Gly formulation exhibited a comparable or lower cradle-to-gate impact,
supporting its suitability as a more environmentally responsible option for surface coating

applications.

6.7 CONCLUSION

This study presents an investigation into the barrier, mechanical, and morphological
behavior of TOCN-PPy—PVA—Glycerol films as potential bio-based coating systems for

sustainable packaging.

Mechanical testing revealed a progressive decline in tensile strength and stiffness with
higher glycerol loading, confirming its plasticizing effect and enabling tunability of film

properties based on application-specific requirements. All formulations exhibited
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exceptional oxygen barrier properties, with OTR values below the detection threshold,
indicating dense polymer network structures capable of impeding gas diffusion. However,
increasing glycerol content significantly elevated WVTR values, particularly under high
relative humidity, attributable to enhanced polymer chain mobility and hygroscopic
swelling, thereby demonstrating a well-defined trade-off between flexibility and moisture

barrier performance.

Surface profilometry (Alicona) and SEM analyses of coated paper provided quantitative
and visual evidence of increased surface roughness and morphological heterogeneity in
glycerol-containing formulations. These findings offer a mechanistic understanding of
how microstructural evolution during film drying influences coating behavior, particularly
in relation to the 10 mL volume required for uniform application over A4-sized UPM

paper substrates.

To investigate potential real-life application bottleneck, a preliminary life cycle
assessment (LCA), based on this coating configuration, identified TOCN followed by
pyrrole and fossil-derived PVA as the principal contributors to the environmental burden,
while other components exhibited comparatively low impacts. These results emphasize
the dual advantage of integrating biobased components for both functional performance

and environmental sustainability.

Collectively, the data of this study support the advancement of TOCN-PPy-PVA-Gly
systems as recyclable, tunable, and eco-efficient coatings for high-barrier packaging
applications, with further optimization possible via incorporation of biobased PVA or

crosslinking agents to enhance durability without compromising end-of-life compatibility.
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Chapter 7 - Supplementary Experimental Analyses and Method-

ological Constraints

While the principal scientific contributions of this dissertation are articulated through pa-
pers, the design and experimental advancement of the TOCN—-PPy—PV A—glycerol coating
system necessitated several supplementary studies that are not encompassed in the pub-
lished pieces. The experiments, although not included in the formal article format, were
essential for comprehending the practical behavior, processing restrictions, methodologi-

cal hurdles, and functional limitations of the material system being examined.

This chapter consolidates supplemental efforts to deliver a full account of the research
process, enhance the reproducibility of the study, and contextualize the experimental de-
cisions that molded the optimum coating formulas. In the initial formulation phase, many
empirical trials were conducted to investigate the interactions between TOCN—PPy dis-
persions, PVA as a structural polymer, and glycerol as a plasticizing agent. The initial
studies demonstrated a significant sensitivity of the system to the relative ratios of PVA
and glycerol, resulting in considerable variations in viscosity, film integrity, brittleness,
and surface shape. These observations were crucial for establishing the viable composi-
tion range, informing the selection of ideal ratios employed in later studies. The failure
to identify nitrogen, derived from the pyrrole polymerization catalyst, by EDS under-
scored the instrumental limitations related to low-concentration or embedded elements

within nanocellulosic matrices.

Cataloging these restrictions is essential for evaluating the structural analyses discussed
elsewhere in the thesis. Simultaneously, various antibacterial testing protocols were for-
mulated and implemented to evaluate the potential intrinsic antimicrobial properties of the
conductive TOCN-PPy coatings. Various methodological techniques, such as contact-
based, diffusion-based, and washing-water assays, were assessed; however, none of the

circumstances studied yielded significant inhibition of bacterial growth.

Despite the lack of positive antibacterial activity in these assays, they offer significant
insight into the limitations of the material's functional performance and elucidate that an-

timicrobial properties cannot be merely deduced from the existence of conductive
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polypyrrole. Furthermore, documenting these results enhances scientific transparency and

mitigates the risk of overinterpretation of the system's multifunctionality.

This chapter collectively enhances the scientific narrative of the thesis by detailing for-
mulation models, characterization issues, and experimental endeavors that guided the

choice of final procedures and compositions.

7.1 Formulation Behavior and Initial Optimization

The formulation of the TOCN—-PPy—PV A—glycerol coating system necessitated a method-
ical investigation into the role of each constituent in influencing the rheology, film-form-
ing capacity, mechanical strength, and surface characteristics of the resultant material.
The primary focus of the thesis is on the optimized formulations; however, the process of
attaining these compositions required comprehensive empirical evaluations to delineate
the formulation window and comprehend the interactions among the nanocellulosic net-
work, the conductive polymer, and the polymeric and molecular additives. This section
outlines the initial optimization trials and the observed behaviors that informed the final

formulation method.
7.1.1 Design of an Initial Formulation Model

The formulation procedure commenced with the TOCN—PPy dispersion, which was gen-
erated via 4-acetamido-TEMPO oxidation and subsequent in situ oxidative polymeriza-
tion of pyrrole. This base dispersion constituted the structural and functional foundation
of the coating system but had considerable shortcomings when utilized independently,
such as brittleness upon drying, inadequate flexibility, and the development of fragile
films with weak cohesiveness. Consequently, the formulation model was augmented by
using PVA as a structural polymer to aid film formation and glycerol as a plasticizer to
increase flexibility. An empirical approach was employed to directly examine the link
among PV A concentration, water content, and viscosity, facilitating the creation of a prac-
tical compositional map for the mixture. This mapping was essential for identifying for-
mulations suitable for mixing and casting, while also preventing compositions that re-

sulted in phase separation, insufficient consistency, or excessive solidification.
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7.1.2 Influence of PVA Concentration on Viscosity and Film Integrity

PVA was included into the TOCN-PPy dispersion at various mass ratios compared to 100
mL of water to examine its effect on rheological properties and film formation. Tested
concentrations comprised low amounts (1-2 g), a mid-range level (5 g), and a high con-
centration (10 g). These trials demonstrated clear changes in viscosity and mechanical
coherence: Insufficient PVA content (1-2 g) led to excessively dilute, aqueous dispersions
that exhibited inadequate polymeric entanglement, resulting in films with compromised
structural integrity. The combination displayed negligible body and failed to create cohe-
sive coatings, suggesting that the PVA concentration within this range was inadequate for
network formation. A high PVA content (10 g) resulted in a significantly altered behavior,
yielding an exceedingly thick, paste-like combination that functioned more as an adhesive
than as a coating formulation. The elevated viscosity obstructed mixing, inhibited uniform
distribution of PPy, and precluded consistent casting. The material aggregated during
application, indicating that an excess of PV A interferes with the fluid dynamics necessary
for film consistency. The intermediate PVA level (5 g) proved to be the ideal balance,
producing a stable, moderately viscous dispersion that allowed for uniform application
while retaining adequate cohesion for structural film production. This formulation yielded
smooth, cohesive films devoid of phase separation or brittleness. The observations deter-
mined a baseline concentration of 5 g of PVA per 100 mL of total formulation for all
subsequent trials, ensuring a dependable equilibrium between processability and mechan-

ical performance.
7.1.3 The Function and Enhancement of Glycerol as a Plasticizer

Subsequent to PVA optimization, glycerol was used to mitigate the brittleness character-
istic of TOCN-PPy—PVA films. Glycerol engages with hydroxyl-rich networks via hy-
drogen bonding, diminishing intermolecular stiffness and thus augmenting flexibility.
The behavior of glycerol was significantly dependent on its concentration. The lack of
glycerol produced films that were rigid and susceptible to squeezing during drying. The
polymeric network exhibited inadequate mobility to alleviate stress, indicating that plas-
ticization was crucial for functional flexibility. Excess glycerol (5 mL) caused undesired

surface migration during the drying process. The films displayed glossy, sticky areas and
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evident phase separation, suggesting that the glycerol content beyond the absorption ca-
pability of the TOCN—-PVA matrix. This behavior undermines both mechanical integrity
and barrier efficacy. The addition of moderate glycerol (e.g., -2 mL) enhanced flexibility
without causing surface buildup. The conditions yielded films that were flexible, uniform,
and mechanically robust, resulting in the choice of intermediate glycerol concentrations
in the final formulations. Collectively, our findings indicate that glycerol requires metic-
ulous regulation to prevent both excessive brittleness and unfavorable surface segregation.
The formulation model established through these studies served as the foundation for later

coating optimization and property assessment.
7.1.4 Extra Validation and Optimization Data Acquired During Internship Work

During a supervised research internship, a number of additional experimental activities
were conducted in addition to the preliminary formulation investigations mentioned above
(Noa Roger, IUT Rennes). The behaviors, trends, and material limits noted throughout
this dissertation were valuablely secondary validated by these tests, which were carried
out independently yet inside the project's conceptual framework. They give the TOCN—
PPy—PVA—glycerol coating system an extra degree of reproducibility, methodological

transparency, and cross-verification.

The entire TOCN preparation procedure, including TEMPO-oxidation and in situ
polymerization of pyrrole, PVA-glycerol film formulation, and final composite coatings,
was replicated by the student. These experiments provide an objective validation of the
formulation window and its mechanical and physicochemical constraints because they

were carried out without access to the refined recipes developed later in the thesis work.
Reproducibility of Carboxylate Content and TEMPO Oxidation

With carboxylate concentrations ranging from about 1700 to approximately 1775
mmol-kg™!, several oxidation times (1-2.5 h) were examined. The plateau attained after
1-1.5 hours proves the stability of the chemical pathway utilized throughout the study and

supports the oxidation time chosen in this thesis.

Independent Verification of the Impact of PVA and Glycerol on Film Properties
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Tensile tests on PVA, PVA-glycerol, TOCN-PPy, and the finished paint films showed
patterns similar to those found in the primary thesis work, brittle films with a modulus of
about 364 MPa were produced using PVA alone. Strong plasticization (>300% elonga-
tion) was seen in PVA—glycerol. Films of TOCN-PPy stayed inflexible (56 MPa, <2%
elongation). The final coating recipe showed great flexibility and an intermediate modu-
lus. The empirical findings in Section 7.1 on the necessity of regulated glycerol addition

are supported by these mechanical datasets.
Verification of Surface Behavior and Hydrophilicity

Measurements of the water contact angle (WCA ~88° for the finished coating) support the
TOCN-PPy-PVA—glycerol composite's improved hydrophobicity over TOCN alone. The

wettability patterns reported in the publications are in line with these findings.

Features of Optical Absorption

The significant absorbance signature of PPy-rich coatings was replicated by reflectance
studies (200-900 nm), demonstrating that even at low incorporation levels, the conductive

polymer dominates optical activity.
Conductivity in Relation to PPy Amount

The expected improvement in conductivity was replicated in electrical resistance meas-
urements (2 mL vs. 5 mL pyrrole additions), with resistance falling from ~14.6 kQ-cm to
~7.3 kQ-cm. This bolsters the links between structure and property that the thesis estab-
lished.

Despite not being included in the dissertation's main dataset, these internship-derived re-

sults support the material's reproducibility and the strength of the formulation logic.
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7.2 Early-Stage Antibacterial Observations

Using Listeria monocytogenes as the test organism, preliminary antibacterial experiments
carried out early in the study and displayed in the 2023 poster assessed TOCN—PPy coat-
ings. In disk-diffusion tests, TOCN—PPy films made without copolymer showed a dis-
cernible decrease in Listeria growth, as seen in the pretests results (Figure 7.1). However,
the addition of PVA or the synthetic polyvinyl-acetate adhesive significantly reduced or
eliminated the inhibitory effect. These patterns were initially thought to be proof of the
TOCN-PPy matrix's innate antibacterial capability. The presence of residual Fe and CI
from incompletely removed FeCls, the oxidizing agent used during in situ pyrrole
polymerization, was discovered during subsequent analytical characterization of early
samples. The inhibitory halos seen in the Figure 7.1 assays are now attributed to FeCls
leaching from inadequately purified early films rather than intrinsic activity of polypyr-
role, since FeCls is known to have strong antibacterial effects through oxidative stress

induction, membrane destabilization, and localized acidification.

Together, the poster results show that the apparent antibacterial effect linked to TOCN—
PPy was an artifact of catalytic residue contamination rather than a fundamental charac-
teristic of the biohybrid coating system, marking a significant methodological turning
point in the project. Using Listeria spp. as the test organism, preliminary antibacterial ex-
periments carried out early in the study and displayed in the initial tests assessed TOCN—
PPy coatings. In disk-diffusion tests, TOCN—PPy films made without copolymer showed
a discernible decrease in Listeria growth, as seen in the poster results (Figure 7.1). How-
ever, the addition of the synthetic polyvinyl-acetate adhesive significantly reduced or
eliminated the inhibitory effect. These patterns were initially thought to be proof of the
TOCN-PPy matrix's innate antibacterial capability but compared to TOCN there is still
inhibition zone is still visible but less than TOCN-PPy.
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Figure 7.1 Listeria monocytogenes impact on TOCN, TOCN-PPy, TOCN-PPy-Synthetic
glue

7.3 Constraints of Characterization

While not entirely conclusive, an Energy Dispersive X-ray (EDS) analysis system (Oxford
instrument X Max 20 mm?) was also used while acquiring the SEM photographs. There-
fore, EDS analysis was conducted under the same conditions as SEM to determine the
elemental composition of the samples as per Figure 7.2. This analysis was thought that it
could provide insight into the elemental composition of TOCN-PPy-based composites and

highlights the effects of PVA and glycerol incorporation on the material's structure.

In the TOCN-PPy sample (Figure 7.2a), the high carbon content (65.6 at%) originates
from the polypyrrole (PPy) backbone and TOCN, while the oxygen content (25.8 at%)
reflects the presence of hydroxyl and carboxyl functional groups on the TOCN. The de-

tection of nitrogen (7.3 at%) confirms the presence of polypyrrole, as nitrogen is a key
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element in its pyrrole rings. Additionally, a small amount of chlorine (1.3 at%) is ob-
served, likely due to residual FeCls used in the oxidative polymerization process. With the
incorporation of PVA in TOCN-PPy-PVA (Figure 7.2b), the carbon content increases to
69.1 at%, while oxygen content rises to 30.4 at%, reflecting the oxygen-rich nature of
PVA. However, nitrogen is no longer detected. Additionally, a small amount of sodium
(0.3 at%) is now observed, possibly from residual processing reagents. Further modifica-
tion with glycerol in TOCN-PPy-PVA-Gly2 (c) results in a slight reduction in carbon
content (66.4 at%) while increasing oxygen content (33.3 at%), consistent with the incor-
poration of oxygen-rich glycerol molecules. As with Figure 7.2, nitrogen remains unde-
tected with trace amounts of sodium (0.2 at%) and chlorine (0.1 at%). The absence of
nitrogen, which does not necessarily indicate its absence from the composite (PPy was
indeed incorporated in the recipe), highlights a limitation of SEM-EDS in detecting light
elements such as nitrogen. Nitrogen’s Ka line (0.392 keV) is close to the detection limit
of conventional EDS detectors, making it sometimes difficult to resolve due to signal ab-
sorption and low signal-to-noise ratio [103]. Nitrogen’s low atomic number (Z = 7) results
in weak X-ray emissions that are easily absorbed or scattered, making it difficult to detect.
Additionally, nitrogen peaks often overlap with signals from oxygen and carbon, further
complicating its resolution in organic materials. The bulk distribution of nitrogen within
the polymer network may also contribute to the detection challenge, as EDS primarily

analyzes the sample's surface composition.
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a. TOCN-PPy

c. TOCN-PPy-PVA-Gly2

Figure 7.2 EDS of TOCN-PPy, TOCN-PPy-PVA and TOCN-PPy-PVA-Gly2

Overall, the EDS results confirm the successful incorporation of PVA and glycerol into
the TOCN-PPy matrix while demonstrating variations in elemental composition con-
sistent with the expected chemical structures of each component. Despite the absence of
nitrogen detection, its presence within the polypyrrole framework remains valid based on
synthesis conditions and prior characterization. In the absence of direct nitrogen detection
and to further validate the incorporation of polypyrrole, we have employed Raman spec-
troscopy. As a reminder, the antibacterial and electricity conductive properties are from

the PPy and its presence must be clearly assessed.

7.4 Antibacterial Testing Initiatives

A variety of antibacterial experiments were performed to determine if the TOCN—-PPy—
PV A—glycerol coatings possessed inherent antibacterial capabilities, especially for food
packaging or surface protection applications. While polypyrrole has been shown in the
literature to demonstrate some antibacterial properties under specific conditions, the be-
havior of PPy when integrated into a nanocellulosic and polymeric matrix remains inade-
quately characterized. Consequently, many experimental techniques were devised and

evaluated. This section encapsulates these endeavors, delineates the methodological
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frameworks employed, and evaluates the results that uniformly exhibited no discernible

antibacterial activity under all examined situations.
7.4.1 Justification for Antibacterial Assessment

The incorporation of polypyrrole (PPy) into a nanocellulosic matrix prompts an inquiry
into the potential antibacterial or bacteriostatic characteristics of the conductive polymer.
Prior research has linked PPy to antimicrobial activity via mechanisms including mem-
brane rupture, generation of oxidative stress, or interactions with negatively charged bac-
terial surfaces [81]. Nonetheless, these effects are significantly influenced by polymer
shape, doping state, conductivity, and microbe accessibility. Considering the anticipated
environmental applications of the coatings—specifically in packaging, surface protection,
or barrier films—assessing antibacterial efficacy was scientifically warranted. Further-
more, due to the numerous chemical and physical alterations in the formulations of this
thesis (including the incorporation of PV A, the introduction of glycerol, variations in vis-
cosity and dispersion quality, and sequences of water washing), it was essential to ascer-
tain whether any of these modifications affected microbial interactions. Consequently, the
antibacterial testing initiative aimed to (i) characterize a novel attribute of the material and

(ii) assess the safety and inertness of the coatings concerning microbial communities.
7.4.2 Formulation of Antibacterial Testing Protocols

Numerous antibacterial procedures were developed and enhanced over time to target three

synergistic mechanisms of possible antimicrobial action:

Contact-based inhibition, for assessing if bacterial proliferation is inhibited directly be-
neath or in the vicinity of the coated film surface. Diffusion-based inhibition, for evaluat-
ing the antibacterial properties of water-soluble components derived from washing water.
Combined interaction testing, for merging solid-film contact and leachate diffusion within

a single Petri dish to identify synergistic or compound effects.

These methodologies culminated in the creation of several experimental documents, in-
cluding the Plan for Antibacterial Testing of 2x2 cm Material Sample with Liquid Expo-
sure, Effect of Washing Antibacterial Testing, Antimicrobial Test on Washing Liquid, and
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the Detailed Protocol: Combined Testing of TOCN-PPy Solid and Washing Water in One
Petri Dish, which informed the design and reproducibility of the assays.

7.4.3 Bacterial Strains and Their Preparation

Two representative bacterial species were utilized, Escherichia coli (Gram-negative) to
evaluate susceptibility to charged surfaces and oxidative conditions and Bacillus subtilis
(Gram-positive, spore-forming) to assess resilience against surface-active polymers and

hydrophilic matrices.

In the Cultural Norms and Standardization, cultures were cultivated overnight in nutrient-
dense medium at 37 °C. Optical density measurements (OD600 = 0.2—0.3) were employed
to normalize bacterial concentrations to approximately 10° CFU/mL. Bacteria were evenly

distributed to establish a confluent lawn during plate inoculation.

Significance of Strain Selection: The amalgamation of Gram-negative and Gram-positive
species guaranteed comprehensive coverage of diverse cell-wall structures and suscepti-

bility patterns.

7.4.4 Comprehensive Examination of Antibacterial Testing Methodologies and

Outcomes

A thorough series of antibacterial assessments were performed to determine if the TOCN—
PPy-PVA—glycerol composite coatings demonstrated inhibitory effects against repre-
sentative Gram-negative (E. coli) and Gram-positive (Bacillus subtilis) bacterial strains,
utilizing direct-contact assays, diffusion-based testing of washing water, and integrated
solid-liquid interaction methods. In the direct-contact configuration, 2x2 c¢m coated films
with varying PVA content (ranging from 1 g to 10 g) and glycerol levels (0—5 mL) were
positioned on inoculated agar surfaces and incubated for 24 hours to ascertain the occur-
rence of surface-associated inhibition or suppression of colony formation beneath the ma-
terial. Simultaneously, disk-diffusion experiments were conducted utilizing washing wa-
ter acquired from immersing the coatings in deionized water, facilitating the identification
of any bactericidal or bacteriostatic substances leached from the film. Hybrid tests were

conducted wherein a solid film and its equivalent washing-water disk were placed on the
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same Petri dish, facilitating the simultaneous assessment of both contact- and diffusion-

mediated antimicrobial processes.

No inhibition zones, reduced bacterial lawn density, or growth suppression beneath the
films were observed across all protocols, irrespective of PVA loading, glycerol concen-
tration, film viscosity, washing cycles, or bacterial species, with the behavior of both the
coated samples and washing-water disks consistently aligning with that of negative con-
trols. The consistent negative outcomes affirm that the formulations developed in this
study lack inherent antibacterial activity under passive settings. Multiple mechanistic fac-
tors may elucidate this outcome. Initially, polypyrrole within the nanocellulose—PV A ma-
trix is predominantly immobilized, restricting its accessibility for microbial membrane
contact and diminishing its capacity to produce charge-driven antibacterial effects com-
monly observed in more exposed or doped PPy systems. The concentration of PPy inte-
grated into the films may be insufficient to elicit bacteriostatic or bactericidal effects.
Third, specific antibacterial properties of conductive polymers necessitate electrical acti-
vation or redox cycling, both of which were absent in the passive agar-based experiments
performed in this study. The hydrophilic characteristics conferred by PVA and glycerol
may improve moisture retention, perhaps fostering conditions that promote bacterial ad-
hesion and proliferation. Finally, analytical evaluations (ICP-OES, HPLC-MS/MS) veri-
fied negligible leaching of inorganic or organic species, signifying the lack of diffusible
hazardous elements capable of producing antibacterial zones via migration. The results
collectively indicate that the TOCN—-PPy—PV A—glycerol coatings are microbiologically
inert under the tested conditions, a scientifically significant finding that delineates the
functional boundaries of the material system and guides future efforts to incorporate or

engineer antimicrobial properties as needed.



Chapter 8 - Conclusion

The worldwide shift towards a circular and sustainable bioeconomy increasingly priori-
tizes materials that provide superior technical performance while reducing environmental
impacts over their life cycle. In this changing environment, bio-based coatings present a
significant opportunity, as they immediately engage with high-volume industrial sec-
tors including packaging, electronics, and functional surfaces. This thesis advances the
broader initiative by formulating, characterizing, and assessing a multifunctional water-
based coating system including TEMPO-oxidized cellulose nanofibers (TOCN), polypyr-
role (PPy), polyvinyl alcohol (PVA), and glycerol. The primary objective was to develop
a scalable formulation that integrates barrier qualities, mechanical adaptability, and elec-

trical functionality into a single, environmentally sustainable system.

The initial aspect of this research concentrated on the methodical design and synthesis of
TOCN-PPy composites using 4-acetamido-TEMPO-mediated oxidation, succeeded by in
situ oxidative polymerization of pyrrole in the presence of FeCls. This method facilitated
the regulated incorporation of conductive PPy into the nanocellulosic framework, result-
ing in a resilient hybrid system. Nevertheless, initial formulations demonstrated brittle-
ness, inadequate film integrity, and restricted adherence to substrates—challenges fre-
quently observed in nanocellulosic and conductive polymer materials. To address these
limitations, PVA and glycerol were methodically integrated, facilitating the precise ad-
justment of mechanical flexibility and moisture sensitivity. Subsequently, four formula-
tions with rising glycerol concentration were produced and examined. Thorough rheolog-
ical, microscale (SEM, Raman), and thermal investigations revealed that the incorporation
of PVA markedly improved polymer network stability, whilst glycerol functioned as a
plasticizer that adjusted chain mobility and film flexibility. The structural and physico-
chemical insights established a basis for comprehending the macroscopic performance of

the coatings.

The subsequent second primary research focus was on assessing the environmental effi-
cacy and circularity potential of the coating systems. A comprehensive assessment strat-

egy was utilized, including aqueous leaching testing, chemical release profile by pH, ICP-
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OES and HPLC-MS/MS, soil biodegradation analysis, and an innovative hydrothermal

solubilization method for recovery and reuse. The coatings exhibited significant environ-
mental compatibility, with limited pyrrole emission and zero iron leaching. Glycerol was
identified solely in high-glycerol formulations, aligning with its hydrophilic characteris-
tics and mobility. Soil burial investigations validated partial biodegradation, especially
for formulations with elevated glycerol concentrations, consistent with predictions for hy-
drophilic bio-based constituents. The hydrothermal solubilization process facilitated the
total dispersion and recovery of the coating components without structural degradation,
presenting an unforeseen yet advantageous potential for recycling and circular material
flow. This characteristic situates the formulated products within the nascent category of

reversible and reprocessable bio-based materials.

The third and final axis of this research involves comprehensive characterization demon-
strated that all formulations films displayed superior oxygen barrier qualities (OTR < 0.05
cc/m?-day), achieving performance levels comparable to or surpassing most commercial
bio-based coatings. In contrast, water vapor transmission increased increasing glycerol
content, highlighting the trade-off between mechanical flexibility and barrier resistance.
Tensile tests demonstrated that glycerol improved ductility and elongation while decreas-
ing stiffness, enabling the formulation to be customized for certain performance objec-
tives. Furthermore, the coatings to UPM paper substrates to evaluate LCA and surface
characterisation using Alicona 3D profilometry and SEM revealed heightened roughness
and microstructural variability with increased glycerol concentrations, potentially affect-
ing printability and adhesion in practical applications. The results collectively indicate
that the mechanical, barrier, and surface properties of the coatings can be precisely ad-
justed through formulation design, facilitating diverse applications in sustainable packag-

ing and functional surface coatings.

A preliminary attributional life cycle assessment (LCA) offered a comprehensive envi-
ronmental overview and quantitatively determined the primary contributors to environ-
mental damage. Although TOCN, PPy and fossil-derived PVA mostly contributed to
global warming potential due to their synthesis methods, the inclusion of renewable

TOCN and glycerol slightly alleviated these effects. The research clearly indicates a path
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for future enhancement: substituting PVA with entirely bio-based or biodegradable alter-
natives and refining PPy synthesis or incorporating bio-derived conducting systems. The
correlation between experimental results and LCA outputs illustrates the significance of
integrating materials development with sustainability measures to influence environmen-

tally conscious design.
Overall Conclusions

The findings of this thesis demonstrate that bio-based multifunctional coatings can be en-
gineered to achieve enhanced performance in mechanical, barrier, electrical, and environ-
mental domains. The formulations developed here offer a flexible design framework, en-
abling independent adjustments of stiffness, flexibility, moisture responsiveness, and con-
ductivity through regulated alterations in the polymer—nanocellulose—plasticizer ratio.
The shown recyclability through hydrothermal recovery and partial biodegradability cat-
egorize these materials within a growing sector of circular and sustainable coating tech-
nologies. This thesis combines thorough materials characterization with environmental
assessment to establish a comprehensive and scientifically grounded framework for im-

proving sustainable coating systems.

Future Perspectives

Several viable routes for improving the coating technologies established in this thesis are
anticipated. A primary objective is to substitute fossil-derived PVA with entirely bio-
based or biodegradable polymers—such as modified polysaccharides, hemicellulose
derivatives, or bio-sourced PVA—to improve the renewability and environmental efficacy
of the formulations. Simultaneously, incorporating active or intelligent features via
natural antimicrobial agents could expand the utility of these coatings in food packaging,
medical surfaces, and advanced sensing technologies. Future research should examine
how the integration of different copolymers, such as PVA and glycerol, may affect or
possibly reduce the antibacterial properties. Attaining industrial significance necessitates
the shift from laboratory-scale casting to continuous large-scale deposition techniques,
such roll-to-roll, slot-die, curtain, or spray coating, thus facilitating performance

validation in authentic manufacturing environments. Future research should integrate
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dynamic life-cycle assessment methodologies, current inventory databases, and thorough
techno-economic assessments to enhance comprehension of cost-performance trade-offs
and facilitate informed industrial decision-making from a sustainability perspective.
Ultimately, investigating alternate conductive systems—spanning bio-derived
carbonaceous materials to doped biopolymer-based conductive phases—provides a means
to diminish dependence on polypyrrole while enhancing the adjustable electrical functions

accessible for next-generation bio-based coatings.
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