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Abstract

Rubber products represent an essential and highly functional class of performance
materials required in many daily applications. However, the increasing interest in enhancing
the overall material sustainability of rubber products has accelerated the focus on compatible,
lightweight, and environmentally sustainable fillers. As part of the effort to design sustainable
rubber composites, enzymatic polymerization derived polysaccharide fillers, alpha-1,3 glucan,
with designed fibrids, platelet and spherical morphology and high crystallinity was employed
as a novel sustainable filler system in natural rubber (NR) films. The alpha-1,3 glucan is
supplied by International Fragrances and Flavors (IFF), former E.l. DuPont Industrial
Biosciences. Initially, lightly crosslinked NR films reinforced with 0 — 10 phr MCG were
fabricated using dipping and casting processes. The effect of MCG on the physicochemical
properties, chemical stability, and thermo-mechanical properties of the composite films was
investigated. In the subsequent project, colloidal alpha-1,3 glucan with spherical morphology
was employed as a functional filler of NR coating films. Coating formulations containing NR
latex and 10 — 100 phr colloidal alpha-1,3 glucan were prepared and applied to paper substrates
at three different thicknesses. The effect of various coating formulations on the barrier
properties against water vapor, oxygen, oil as well as on dry and wet mechanical properties
were investigated. In order to study the impact of alpha,1-3 glucan’s morphology on the barrier
properties of the paper coating, the following studies were conducted. This study employed
enzymatically polymerized microcrystalline glucan (MCG) as a functional additive in natural

rubber (NR)-based coating formulations. Typically, NR coating formulations containing 0-50



wt. % MCG were fabricated at a constant coating thickness with a constant solid content. The
influence of MCG on the wet and dry strength, rheology, adhesion strength, and barrier
properties such as moisture, oxygen, and grease barrier of the formulated coatings was
investigated. Also, further study on the effect of solid content and low crosslinking on the

barrier properties was conducted.

The last stage of the study involved a solvent-free, batch mixer-based reactive process
to carry out the reaction of ENR with glucan. In order to enhance the degree of dispersion and
bonding of polar filler in a nonpolar natural rubber matrix, in situ melt grafting of epoxidized
natural rubber (ENR) onto the polysaccharide was employed to achieve enhanced material
properties. The process of temperature and shear-mediated melt grafting, in the presence of
two catalysts (sodium hydroxide (NaOH) and dicumyl peroxide (DCP)), was investigated.
Analytical characterization techniques, including Fourier transform infrared spectroscopy, X-
ray photoelectron spectroscopy, and solvent swelling, were employed to confirm the formation
of covalent bonds between alphal,3-glucan and ENR. The selected ENR-glucan masterbatch
samples were then subjected to melt-mixing with NR formulations to produce NR composites.
Overall, this study aimed to develop a sustainable rubber composite with the incorporation of
alpha-1,3 glucan as a functional filler targeting dipped rubber, packaging, and footwear
applications and indicating the potential of this study in alleviating the environmental pollution

induced by traditional polymers.
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Chapter 1. Introduction

Rubbers, one of the most extensively employed elastomeric materials, have extensive
industrial applications such as tires, pipes, sealants, and cushions [1]. The application of
rubbers in their original form is very restricted due to their large free volume, inferior
mechanical strength, and poor weatherability, leaving petroleum-based polymers in the lead
[2]. Therefore, to enhance their physical, mechanical, and chemical resistance properties, it is
essential to introduce suitable fillers and reinforcing agents and employ a crosslinking
(vulcanization) process [3]. Enhancement of the physical properties can be achieved through a
vulcanization process, typically carried out by using accelerators and curing agents, which lead
to the formation of a three-dimensional network. Additionally, improvement in other
properties, such as mechanical properties, thermal properties, electrical properties, and barrier
properties, requires the incorporation of the fillers [4]. The most common reinforcing filler in
the rubber industry is carbon black, known for its ability to enhance the strength of rubber,

protect against UV degradation, and improve abrasion resistance [5-7].

The use of carbon black as a filler contributes to product weight increase in addition to
the environmental concerns associated with the feedstock and the production process [3]. The
greenhouse gas emissions linked to this specific material category are considered significant
and have been classified as materials with a high energy impact, necessitating the exploration
of alternative solutions[8]. Also, it was reported that inhaling carbon black causes some health
issues including respiratory and cardiovascular diseases[9]. Another challenge in the
preparation of the rubber composites, reinforced by rigid filler particles, is the dispersion of

the filler in the matrix. Fillers, such as carbon nanotubes[10], clay[11], silica[12], and
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graphene[13], promoted mechanical and barrier properties. However, poor dispersion of the
fillers at higher filler loading led to deteriorating mechanical as well as barrier properties of
the composites. Hence further steps, such as the modification of the fillers or employment of
innovative processing techniques, in order to improve the compatibility between the rubber

and the fillers need to be carried out [14].

Furthermore, mineral fillers in rubber composites require substantial energy during
production and contribute to an increase in the overall weight of the composite due to their
high density. The chemical modification of fillers for rubber composites, such as the silylation
of silica is extensively studied and commercialized. However, in some cases, the modification
process can be multi-step, complicated, and cost prohibitive. In other cases, the medication can
affect the structure, morphology, and overall performance of fillers[15]. Moreover, the
modification may require expensive and toxic solvents that defeat the sustainability purpose.
Thus, there is a need for a simple, robust, and green process in addition to sustainable feedstock

to construct sustainable rubber systems.

Typical polysaccharide derivatives utilized as fillers in polymers and rubbers are
derived from biomass through various refining processes. For example, cellulose nanocrystals,
microcrystalline cellulose, and cellulose powder are produced from the wood processing chain;
starch is produced from agricultural crops. On the other hand, a monomer based controlled
polymerization process to generate designed polysaccharide particles has not been developed

for commercial and large-scale material applications until recently. In this study, alpha-1,3-



glucan polysaccharide derived from the enzymatic polymerization of sucrose is put forward as

a sustainable functional filler of rubber composites.

1.1. Objectives

The goal of this research is to study the effect of highly structured polysaccharides produced
via enzymatic polymerization (alpha-1,3 glucan) as a functional filler of rubber systems
subsequently pursuing development of sustainable and eco-friendly rubber products. Alpha-
1,3 glucan has notable properties, such as colloidal stability, high modulus, high crystallinity,
high surface area, and biodegradability, which makes it a potential candidate as functional filler
of rubber composites for dipped goods, paper coating, and highly cured rubber products. The
mutual colloidal stability of the alpha-1,3 glucan filler and rubber latex are hypothesized to
provide good dispersion of the filler in the rubber matrix despite the polarity difference
between the rubber and the filler. Also, due to the various shapes and morphology of the alpha-
1, 3 glucan particles, they are expected to offer unique functional attributes, such as gas and
oil barrier properties to rubber composites. The overall goal of this thesis was to evaluate the
functional attribute of alpha-1,3 glucan as a functional filler of rubber composites. Specific

objectives include:

e To investigate the effect of alpha-1,3 glucan morphology on the physico-mechanical
and barrier properties of dipped rubber goods.

e Toevaluate the oil and oxygen barrier performance of rubber - alpha-1,3 glucan coating
formulations for paper coating applications as well as impact of different alpha-1,3

glucan’s morphologies.



e To develop robust processing approaches for incorporating alpha-1,3 glucan in highly
filled rubber vulcanizates for footwear applications. This work explores the
development of epoxidized natural rubber grafted to alpha-1,3 glucan in order to

promote the compatibility among the polar filler and non-polar rubber matrix.

1.2. Outline of Thesis Chapters

This PhD thesis comprises seven main chapters, each contributing to the overall
objective of the project. Chapter 1 serves as the introduction, providing the motivation behind
the research and outlining the core objectives of the thesis. The remaining and subsequent
chapters provide detailed literature reviewing the progress of paper coating based on
biopolymers in food packaging applications and experimental research performed to achieve

each objective.

— Chapter 2: This chapter reviews and compiles the past and current literature and aims to
provide a critical and comprehensive overview of the most impactful and important
advancements in improving the barrier properties of sustainable polymer-coated paper
packaging systems. Also, developing active paper packaging materials by incorporating
antimicrobial agents in coatings as an attractive option for protecting food from spoilage
and extending shelf-life is outlined. Biodegradability aspects, as well as future trends and
opportunities of sustainable paper packaging platforms are emphasized.

— Chapter 3: In this work, enzymatic polymerization derived microcrystalline glucan
(MCG) polysaccharides fillers were employed as novel sustainable fillers of natural rubber

(NR) films. NR films composed of 0 — 10 phr MCG were then fabricated using dipping
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and casting processes. Analytical techniques, such as tensile and tear strength study,
crosslink density study, and permeability testing, were utilized to determine the properties
of the film composites.

Chapter 4: In this chapter, the polysaccharide alpha-1,3-glucan with spherical
morphology was employed as a functional additive for natural rubber (NR) latex-based
coating films. Coating formulations containing NR and 9-50 wt% alpha-1,3 glucan were
prepared and then applied to paper substrates at different thicknesses. Tensile testing, water
vapor permeability testing, Cobb testing, and Kit testing were utilized to evaluate the
properties of the prepared paper coatings.

Chapter 5: This work employed enzymatically polymerized microcrystalline glucan
(MCG) as a functional additive of natural rubber (NR)-based coating formulations.
Typically, NR coating formulations containing 0-50 wt % MCG were fabricated at a
constant coating thickness with a constant solid content. Also, further study on the effect
of solid content and light crosslinking on the barrier properties was conducted.

Chapter 6: In this chapter, the dispersion and bonding of an inherently polar filler in a
nonpolar natural rubber matrix using an in situ melt process grafting of epoxidized natural
rubber (ENR) onto the polysaccharide, was employed to achieve enhanced material
properties. The temperature and shear-mediated melt grafting in the presence of two
catalysts (i.e., sodium hydroxide (NaOH) and dicumyl peroxide (DCP)) were studied.
Analytical characterization techniques, such as Fourier transform infrared spectroscopy,
X-ray photoelectron spectroscopy, and solvent swelling was employed to validate the

formation of covalent bonds between alpha-1,3 glucan and ENR. Subsequently, ENR-
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glucan masterbatch was employed as a functional masterbatch for general NR composite

formulations.

— Chapter 7: The final chapter of the thesis will present a comprehensive conclusion that
highlights the key findings and insights derived from the preceding chapters. It will
illustrate the interconnections between these findings, forming a cohesive framework for a
broader understanding. Additionally, this chapter will shed light on potential future

directions for further research in this field.



Chapter 2. Literature review!

2.1. Environmental aspect of Polymers

Developing alternatives to the petroleum economy that match or exceed performance
and are inherently scalable requires us to come up with sustainable ways of producing materials
from renewable resources using resource and energy-sustainable processes. Currently,
uncontrolled solid-waste generation from persistent petroleum-derived polymers is correlated
with increasingly widespread environmental pollution through the formation of microplastics
eventually ending up in the various water bodies [16]. Traditional polymers, which have been
developed over the last century are extensively used in most engineering and commodity
material applications due to their excellent chemical and mechanical properties, and more

importantly, based on the large-scale and low-cost manufacturing processes [17].

It was reported that over the past 70 years, there has been a substantial increase in both
the quantity and variety of plastics. In 1950, only 1.5 million tonnes of plastic materials were
manufactured. However, by 2017, this number had surged to 350 million tonnes, excluding
popular clothing fibers like nylon and polyester[18]. The consequence of this extensive plastic
production is the projected accumulation of around 1200 million metric tonnes of plastic in
landfills or the environment by the year 2050[16]. With further consumption of oil-based

polymers, it is inevitable to not confront problems such as a rise in the price of petroleum-

1 A version of this chapter has been published as a review peer-reviewed journal article: A. Adibi, et al. (2023). Recent
progress in sustainable barrier paper coating for food packaging applications. Progress in Organic Coatings, 181.
https://doi.org/10.1016/J.PORGCOAT.2023.107566.
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based materials and the developing environmental crisis [19,20]. Furthermore, attempts to
recycle these polymers, specifically plastics with the highest production rate, have failed as
only about 5% of polymers are successfully recovered [21]. To mitigate this challenge, there
is an increasing interest in finding more sustainable material options which may substitute or
complement conventional polymers with renewable and/or biodegradable material alternatives
[22-24].
2.2. Rubber Biocomposites

The development of sustainable bio-composite is an innovative solution to mitigate the
environmental pollution induced by conventional petroleum-based polymers. Composite
materials are a mixture of two or more materials that differ in physical and chemical properties
the combinations lead to a material with intermediate properties of the components [25].
Biocomposites are composite materials that are comprised of at least one bio-sourced and
renewable constituent [26]. The two main constituents of composites are matrix and filler.
Incorporation of the filler cause enhancement of the physical and mechanical characteristics of
the matrix [27]. Two key parameters that play the main role in preparing high-performance
particle-filled composites are strong filler-matrix interaction along with good dispersibility of
filler throughout the matrix [28]. In the process of choosing an appropriate filler for a specific

polymeric matrix, it is essential to pay the utmost attention to these two parameters.

Rubber-based composites represent an essential and high functional class of
performance materials required in many everyday applications. Natural rubber (NR) is a

widely established biopolymer produced at a large scale with extensive industrial applications



and expanding its utility in functional materials is a promising option to mitigate the
environmental impact of petrochemical-derived polymers. NR, with a chemical structure of
cis-1,4-poly(isoprene), is extracted from the Hevea brasiliensis tree in the form of milky soap
or latex [4]. Because of its appealing properties, it has widespread applications in highly
crosslinked products, such as footwear, tires, gaskets, conveyor belts as well as lightly
crosslinked goods, such as balloons, catheter tubes, condoms, and gloves. Natural rubber has
a clear benefit over synthetic rubbers in terms of its short- to mid-term bio-degradation

profile[29].

NR has an intrinsic hydrophobic structure, which makes it a valuable material in
packaging applications since it provides the desired high moisture barrier [30,31]. Though
pristine NR possesses excellent elasticity and reversible deformability, it has several
limitations, such as low modulus, hardness, durability, tear resistance, and poor barrier
performance against oil and oxygen, to effectively compete with some of the synthetic
elastomer alternatives in a range of applications [2,32]. In order to potentially address flaws
in the mechanical properties of NR, curing, as well as incorporating fillers, are typically
employed in many if not all rubber-based applications. In the rubber industry, the two most
common fillers are carbon black and silica since both present appealing reinforcing effects [3].
However, it was stated that implementing carbon black introduces major problems in terms of
environmental aspects and inflicts black color [33]. Silica is used as an alternative filler due to
its mineral source, but the production of silica requires substantial energy. Also, both carbon

black and silica tend to create agglomerates in the rubber matrix owing to their limited



compatibility with the hydrophobic elastomers [34]. Other reinforcing filler in rubber
composite systems has also been reported, such as montmorillonite clay [11], calcium
carbonate [35], and carbon nanotubes [10], etc. However, several drawbacks including
complicated production process as well as not being cost-effective are the main reasons, which
has limited their widespread applications. It is noteworthy to mention that some biobased fillers
possess unique features (e.g., low density, low abrasion impact on processing equipment,
sustainability), which make them potential candidates to complement or replace the current
petroleum-based or mineral-based fillers and to take further steps toward greener and more
lightweight composites. For instance, the utilization of polysaccharides as fillers for polymers
and rubber has received increasing attention due to their potential to provide composite
reinforcement, relatively low density compared with mineral fillers, and the overall

sustainability profile and extensive availability.

Polysaccharides, typically sourced from established renewable feedstock are
sustainable materials composed of repeating glucose monomers linked by glycosidic bonds
commonly with one primary and two secondary hydroxyl moieties[36]. Cellulose is the most
abundant polysaccharide in nature that has extensive applications, such textiles, packaging and
containment, construction materials, and engineered thermoplastic materials. Starch is another
polysaccharide that is widely utilized in various material applications, such as paper making,
component in adhesive formulations, and as a filler or functional additive in biodegradable

plastics[37].

10



Generally, most polysaccharides are highly aggregated, hydrophilic biopolymers, and
have a strong tendency to form intra and inter molecular hydrogen-bonding networks. The
water solubility of polysaccharides is highly dependent on the type of glycosidic linkages (a
or B), polymer chain branching, hydrogen-bonding networks, and other factors [38]. For
example, cellulose (B-1,4 glucan) is highly aggregated, and water-insoluble, whereas starch is
a mixture of different polysaccharide materials (a-1,4 glucans and a-1,4 / 1,6 glucans) and is
typically soluble in water when heat is applied. Within the general class of polysaccharides,
cellulose nanocrystals[39], chitin nano-whiskers [40], and starch nanocrystals[41] are reported

in the literature as potential reinforcing fillers of natural rubber and other elastomers.

2.3. Enzymatic Polysaccharides

Most polysaccharides are derived from biomass, for instance, cellulose, starch, pectin, and
carrageenan, or are derived from fermentation processes, such as xanthan, and dextran. In order
to purify polysaccharides, from their origin resources considerable processing steps are
employed. Enzymatic polymerization is a newer process to obtain highly pure polysaccharides
with minimal processing steps [42]. Alpha-1,3 glucan is a polysaccharide that is sourced from
fungal and yeast cell walls, and it was first extracted from fungal cell walls by utilizing an

aqueous alkali solution [43].

Traditionally, the design of polymer structures has relied on controlling the polymer
architecture during the polymerization processes, such as with polyolefins and polyacrylics,
through the use of tailored polymerization catalysts and adjusting process conditions.
Currently, efforts are being made to apply these concepts to the design of polysaccharide

materials using enzymes. However, there is a lack of efficient and scalable methods to employ
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a controlled polymerization protocol using an enzyme catalyst based on a monomer like
glucose from sucrose for large-scale, commercial material applications [44]. In this thesis, a
novel enzyme technology-derived polysaccharide, alpha-1,3 glucan, is utilized as a functional

filler of natural rubber (NR) composites of various forms.

International Flavors and Fragrances (IFF) Inc. (Former DuPont Nutrition and
Biosciences) has developed a scalable enzymatic polymerization process for the generation of
engineered polysaccharides, alpha-1,3 glucan with various morphologies, from glucose
derived from sucrose as demonstrated in scheme 2.1 [45,46]. In this process,
glucosyltransferases (GTFs) or commonly named glucansucrases enzymes derived from lactic
acid bacteria are utilized as catalysts [47]. The alpha-1,3 glucan was produced by contacting
an aqueous sucrose solution to GTF enzyme under a pH and temperature-controlled
environment. Since GTFs are not thermally stable, the reaction takes place in the range of 30-
50° C, and the highest activity of this type of enzyme was reported in a slightly acidic
environment, pH range of 5-7 [42]. The first step of polymerization starts with splitting the a-
1,2 glycosidic bond of sucrose by GTF followed by transforming the glucosyl of sucrose to
enzyme and formation of a covalent enzyme-glucosyl intermediate and release of fructose as
a by-product. In the next step of the process, the glycosyl group transfer from the intermediate
to an acceptor molecule, water, and consequently from the hydrolysis of the intermediate,
glucose is developed. However, depending on the type of acceptor molecules other reactions
may happen in the process. For instance, as a result of using sucrose as an acceptor, sucrose

isomers, specifically leucrose, can be generated. Developed glucose from the hydrolysis of the
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intermediate, serve as the initiator of a-glucan synthesis [42,48].

/l OH

ENZYMATIC
POLYMERIZATION

CH,OH
CH,OH
H—OH 2" 0_ H -
OH H H HO
OH o CH,OH - fructose
H OH OH H
SUCROSE

Alpha-1,3 GLUCAN

Scheme 2.1. Schematic of enzymatic reaction of alpha-1,3-glucan.

The alpha-1,3 glucan is a water-insoluble, linear, semi-crystalline polysaccharide with
a typical degree of polymerization of 800 repeat units with a polydispersity in the range of 1.7-
2.0 which can be controlled by the process conditions [49,50]. The isolated alpha-1,3-glucan
from the process is in the form of white powder that contains 60-70% water and is highly pure
(>88 wt.% purity) with a density of 1.5 g/cm® [44]. Thus, the lower density of these
polysaccharides compared to many traditional polymer fillers, presents an opportunity to
develop lightweight composites. The enzymatic polymerization to produce alpha-1,3 glucan is
carried out in water and the process allows precise control of the particle morphology. Through
this, various types of glucan morphologies can be accessed, including spherical aggregates
(wet cake), fiber-like structures (fibrids), and plate-like systems (platelet), the microcrystalline

glucan (MCG) [51].

The size of the particles varies depending on the morphology. The spherical aggregate

particles have primary particle sizes between 10-30 nm which then aggregates to secondary
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particles of 5-10 um diameter. Although the aggregate particles have a high tendency to settle
in water suspension, under shear they can form stable colloidal suspension [52]. In contrast,
fibrid morphology of alpha-1,3 glucan provides a high aspect ratio, with 10-20 um in width
and several hundred um in length. The last morphology of interest of alpha-1,3-glucan particles
is plate-like (platelet) morphology with a diameter of 200 nm that is reported to have a high

degree of crystallinity (~ 85%) [52].

The alpha-1,3 glucan polymer exhibits thermal stability up to approximately 305 °C,
surpassing the melting points of various polymer systems such as polyethylene, polypropylene,
poly(lactic acid), EVA, and polyhydroxyl alkanoates [44]. As a result, alpha-1,3 glucan can be
effectively melt compounded with polymers as an additive, such as a nucleating agent, or as a
reinforcing agent, without significant risk of process-induced thermal degradation. The
combination of high crystallinity, uniformity, purity, and excellent thermal stability makes
alpha-1,3 glucan a promising functional additive to polymer composite systems. In this work,
the alpha-1,3 glucan with t different morphologies (spherical and platelet) has been used to
explore the impact of the morphology of the reinforcing agent in the rubber composite. The
availability of large-scale manufacturing of alpha-1,3-glucan provides the opportunity for a
profound understanding of the characteristics of the polymer and comparing it with

commercial polysaccharides like cellulose and starch.

2.4. Paper Coating

The word 'paper’ originated from the plant papyrus, from which the Egyptians produced

the very first crude writing material. Papers have been manufactured from bamboo, mulberry
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barks, cottonseed hair, flax, sunflower stalk, and agricultural waste [53,54]. The quality of the
developed paper strongly depends on its raw material due to variations in fiber length and pulp
composition. Based on the smoothness and specific treatment employed to fabricate papers,
the papers are often broadly divided into two categories. The first types are fine papers, which
are made of bleached pulp and are typically used in printing, labelling, books, etc. and the
second types are coarse papers, which are comprised of unbleached pulp and are typically used

as the packaging of food and other materials [55].

The use of paper and paperboard in food packaging applications goes back to the 17
century, which gathered more popularity in the late 19" century [56]. Some characteristics of
papers, such as printability, recyclability, and biodegradability, make them one of the most
predominately utilized materials in the food packaging industry as primary (i.e. in direct
contact with food products) and secondary (i.e. for transportation and storage of primary
packages) packaging products [55]. Based on the global packaging market report in 2018,
approximately 30% of materials used in the packaging industry are paper and paper boards, as

presented in Figure 2.1(a) [57,58].

The vast majority of plastic packaging materials are considered single-use plastic
packaging, making up a great percentage of the millions of tons of annual plastic debris in
landfills and waterways [59,60]. According to the global primary waste generation in 2015,
about 141 million tons of packaging waste was generated out of 146 million metric tons of
packaging productions, which overall made up 47% of the total generated waste in 2015

(Figure 2.1(b)) [16]. The presence of plastic waste in the environment is threatening marine
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lives, freshwater, soil environment, and the entire ecosystem [61]. Ongoing studies aim to
overcome environmental concerns associated with plastic production, use and disposal. This
has encouraged the transition from typically single-use, non-biodegradable, and petroleum-
derived plastics into the design of sustainable packaging systems. Paper packaging design with
biobased and biodegradable coating can play an important role in bringing about sustainable
packaging material [62].
Global primary palstic waste generation
in 2015
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Figure 2.1. (a) materials used in the packaging market, (b) global plastic waste generation [16].

However, most papers are composed of microfibril cellulose networks, making them
inherently porous and highly hydrophilic, which impose challenges in various packaging
applications due to poor innate barrier performances against gases, water, and grease [63,64].
Currently, the most common approach to alleviate the inherent limitation of paper substrates
is to apply surface coatings onto the paper substrates [65]. Various methods can be employed
to apply either one or multiple coating layers onto the paper, including extrusion coating,

curtain coating, size press coating, bar coating, and dip coating (Figure 2.2). Extrusion coating
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is one of, if not the most, conventional processes to apply paper coating on an industrial scale.
This is because it provides many benefits, such as continuous and solvent-free operations,
uniform coating finishes, and effective elimination of pinholes and cracks. However, the
extrusion coating process also suffers from limitations induced by other material-related

factors, such as coating speed and efficiency.
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Figure 2.2. Various methods for fabricating paper coating: (a) extrusion coating, (b) curtain

coating, (c) size press coating, (d) bar coating, (e) dip coating [66].

The remaining coating techniques (Figure 2.2(b-e)) are classified under the dispersion
and solvent-based coating methods category. These methods have the advantage of requiring
low coating weights to achieve desirable barrier properties, although sometimes multiple layers
are required to remove the surface voids to achieve necessary properties. Similar to the
extrusion coating method, in the curtain coating process, a uniform high coat weight is applied

to the paper leading to complete coverage of the paper's surface [66]. In general, the size press
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coating process is one of the most industrially used methods for applying aqueous coating
formulation on the paper substrate where the solid content of the coating formulation is
maintained at less than 10% to be able to conduct the process at allowable viscosity [67].
However, because of the low solid content, most coatings cover the base paper’s surface only
partially, leading to inadequate barrier properties. On the contrary, the bar coating technique
provides better control over the coating thicknesses. Still, this method is only confined to
laboratory or pilot scale and is not considered practical for scale-up. The dip coating process
is considered a facile method for applying an aqueous coating on the paper base, but it is

challenging to control the coating thickness [66].

Presently, the paper packaging industries rely primarily on utilizing synthetic
petroleum-based polymers or metallization as coating layers, compromising the
biodegradability attribute of papers. It will also exacerbate environmental concerns of
packaging materials due to the inabilities of metalized or synthetic polymer (e.g., polyolefin)
coated papers to degrade in the environment or to be reprocessed. Common synthetic non-
biodegradable polymers that are frequently used as paper surface coatings include polyethylene
(PE), polyethylene terephthalate (PET), polybutylene terephthalate (PBT), polyvinyl alcohol
(PVOH), and paraffin wax [65,68]. A recent review by Trinh et al. provided a critical overview
of the recent progress achieved in sustainable multiphase and multicomponent packaging

materials.

Due to their biodegradability, abundance, and overall sustainability, there has been an

increasing interest in nature-derived polymers as an alternative to petroleum-based polymers.
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Examples of such nature-derived polymers or biopolymers that can be processed into coating
include proteins, polysaccharides (e.g., starch, chitin, cellulose and derivatives), lignin, natural
rubber etc. Aliphatic polyesters, such as poly(lactic acid) (PLA) and polyhydroxyalkanoates
(PHAS) (e.g., polyhydroxybutyrate (PHB), polyhydroxybutyrate valerate (PHBV), etc.), bio-
derived poly(butylene succinate)(PBS) are other biopolymers that are widely considered to be
sustainable. Synthetic polymers that display a range of compostability and biodegradation
attributes (e.g., polycaprolactone (PCL), polybutylene-adipate co-terephthalate (PBAT),
polyglycolic acid (PGA)) are other classes of polymers that attracted substantial interest as
sustainable polymer alternatives (Figure 2.3).

Developing packaging materials from biodegradable biopolymers has a clear upper
hand regarding ecological and economic contributions since they can easily be handled in
composting facilities after usage[65]. The biopolymer-based coatings can also provide
favorable environmental benefits of reusability and recyclability compared to their petroleum-
based synthetic polymer counterparts [65,66,69]. The proper design of sustainable polymer-
based paper coating should offer essential moisture, grease, and oxygen barrier properties for
packaging applications. Furthermore, sustainable polymers can serve as matrices to integrate
additives, such as antimicrobials, antioxidants, coloring agents, and nutrients, to further
enhance the functionalities without compromising the environmentally friendly aspect of the
paper packaging material [70-72]. In addition, other application of sustainable polymer-based
paper coatings can be the usage of the paper coatings in agricultural industry as stated by Bi et
al. biodegradable polyester coated paper was used for controlling release of fertilizer [73]. This

review paper aims to showcase the latest updates on the progress of modern paper coating
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technologies that incorporate renewable and biodegradable polymeric layers. Moreover, recent
progress in process and technology development for vapor, oxygen, water, and grease barrier
properties of paper packaging by employing sustainable polymers is critically reviewed.
Furthermore, comprehensive discussions on the biodegradability of paper packaging systems
are covered in detail. Lastly, the current state of affairs and potential advancement in

developing high-barrier paper coatings were also thoroughly discussed.
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bio-derived
monomers
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Figure 2.3. Classification of biopolymer types.
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2.5. Biopolymers Used in Coatings
2.5.1. Biomass-Based Coatings

2.5.1.1. Protein-Based Coatings

Proteins are macromolecules made up of amino acids which provide structure or
biological activity in plants or animals. Proteins have been successfully fabricated into films
and/or coatings, which supply nutrients, and possess good mechanical, barrier, and visual
properties [74]. Generally, protein-based coating films exhibit excellent oxygen barrier
performance, which increases the food’s shelf life and prevents food spoilage. Introducing
fillers, such as nano-clay and other additives, to the protein coatings leads to greater strength,
barrier enhancement, and toughness [75]. Protein-coated paper can be utilized as packaging
for fruits, vegetables, meats, eggs, and dry foods [75]. Proteins that have been widely used for
packaging include milk proteins (e.g., casein) [76—78], whey proteins [79,80], isolated soy
protein [81,82], wheat gluten [83], and corn zein [84,85]. However, protein-based materials
typically suffer from poor moisture resistance and lack of vapor barrier properties [86,87].
Thus, their use for liquid or high moisture content products is limited [88,89]. Furthermore,
the application of plasticizers and some active compounds can assist the enhancement of
moisture barrier performance and delay of the growth of microorganisms for protein-based
food packaging applications [89]. The mechanical strength of protein-based films are usually
inferior and in order to address this challenge, proteins can be modified via chemical, physical

and enzymatic methods [90,91].
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2.5.1.2. Polysaccharide-Based Coatings

Polysaccharides are found abundantly in nature and usually derived from renewable
feedstocks, which consist of macromolecules made up of repeating monosaccharides like
glucose or glucose derivative monomers linking together by glycosidic bonds, often with a
primary and secondary hydroxyl group [36]. Biodegradable paper coatings, thin membranes,
and standalone films are fabricated from polysaccharides for various applications, including
pharmaceutical, food, medical, and industrial processes like pervaporation [92]. Most notably,
these materials have been extensively used in the food packaging industry. Films developed
from polysaccharides have excellent barrier performance against oil, carbon dioxide and
oxygen [93]. The major drawbacks of polysaccharide films and membranes are poor water
resistance, as well as low water vapor barrier properties due to their polarity and intrinsic
hydrophilicity [94]. Polysaccharide materials that have been widely used as paper coatings are
starch [95,96], cellulose [30,97], alginate [81], carrageenan [98], and chitosan [99-101].
Moreover, polysaccharides can be incorporated in coating layers as additives or reinforcing
fillers to further enhance the barrier properties of paper coating in the form of cellulose
nanocrystals (CNC) [102-104], cellulose nanofibers (CNF) [105,106], a-1,3 glucans

[107,108], etc.

2.5.1.3. Lipid-Based Coatings

Lipid compounds, such as long-chain fatty acids and waxes, can be employed in
developing films or coating matrices owing to their hydro-repellency. Waxes are one of the
most useful natural substances to mitigate moisture permeation through packaging attributed

to their hydrophobicity and low polarity [109]. Paper packaging, which is extensively utilized
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in the food and drink packaging industry, is frequently wax-coated to enhance water and
moisture resistance in conjunction with extending the product’s shelf-life [110]. Introducing
lipids in edible films and coatings not only improve barrier performance but also promote their
flexibility, cohesiveness, and hydrophobicity, which consequently enhance the sensory
properties, such as aroma and freshness, appearance, and tenderness [111]. Despite having
excellent moisture barrier properties, lipid-based coatings have several disadvantages, such as
inadequate mechanical properties, lack of homogeneity, and brittleness which can cause
pinholes and cracks on the surface of the coating layers. Various attempts were made to address
this challenge, including applying the coatings as emulsions or in successive multi-layers
[109]. The most common lipid-based coating materials in the literature and industrial

applications are beeswax [112-115], soybean oil [116-118], and paraffin wax [77,85].

2.5.1.3. Lignin-Based Coatings

Lignin is a renewable polyphenolic macromolecule that accounts for approximately
15% to 30% of the existing biomass, making it an appealing, sustainable polymer alternative
[119]. In spite of the enormous amounts of lignin generated as a bioproduct of the paper and
pulp industry each year, only a small fraction is used in value-added material applications, such
as additives, adhesives, and dispersants, with the majority used as low-cost fuel [119]. The
inherent drawbacks of lignin, such as natural complexity, incompatibility with polymer
substrates, and high tendency to form agglomeration, often limit its applicability in the
materials market. These weaknesses can be overcome via chemical modifications of lignin
under various functionalization reactions to improve its chemical compatibility with paper

substrates [120]. Other alternative approach is transforming lignin into nanoparticles using
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various chemical strategies, such as antisolvent precipitation, solvent exchange,
ultrasonication, interfacial cross-linking, polymerization, and biological pathways (enzymes)
[121]. Lignin nanoparticles offer several advantages, such as degradability, uniform size,
dispersibility, and high surface area [122]. Despite lignin’s sustainability, very limited

literature exists that explores lignin’s potential as an additive in the paper coating formulations.
2.5.2. Aliphatic Polyesters-Based Coatings

Aliphatic polyesters are important type of biodegradable polymers. Many types of
aliphatic polyesters derived from renewable resources and other polyesters have been produced
that are either biodegradable or compostable. However, only a few are commercially available.
Examples of such sustainable polyesters that are commercialized include PGA, PLA, PCL,
PHBV, PHB, PBS, and PBAT. Among the aforementioned polymers, PLA and PHB are the
most widely used materials as aliphatic bioplastics for paper coating applications. This is
mainly because both polymers display high biodegradation attributes, biocompatibility, ease
of solvent dissolution, and low melting temperatures (between 160 to 180 °C) for melt
processing/coating technologies [123]. PHB and PHBV, derived from bacteria such as
Ralstonia eutropha, have advantages over conventional fossil-based polymers in terms of
renewability and biodegradability in various environments. As a result, it is widely considered
a suitable material for food and medical packaging applications [75,123]. However, inherent
brittleness and physical aging at room temperature of PHB and PHBV is limiting the usage of
PHB and PHBV in food packaging applications [124]. PLA is another promising bio-polyester

candidate that can act as a coating layer of paper packaging. PLA is synthesized from lactide
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monomers in which these monomers are typically obtained from the fermentation of
agricultural feedstocks, such as sugarcane, corn, and other sources through microbial
fermentation processes [125]. Among all bio-polymers, PLA is considered to have one of the
best favorable attributes toward eco-friendliness, such as low cost and abundancy of raw
materials, low energy consumption during production, and biodegradability in both water and
soil [124]. However, PLA suffers from low oxygen barrier properties and does not fulfill the
oxygen barrier performance required in food packaging applications [126]. Moreover, PLA’s
relative brittleness lowers its appeal for commercial paper coating applications. Thus, blending
PLA with other biodegradable polymers can be considered an efficient step toward improving
its barrier properties, as well as contributing to overall cost savings [127]. Also, another
approach to overcome the brittleness flaw of the prepared PLA film is solvent casting although
the release of toxic and harmful organic solvents during this process gave rise to health and
environmental issues specifically for food packaging applications [128]. Thus, Belletti et al.
reported the preparation of aqueous emulsions of PLA for coating film formation which are
non-brittle [129]. Additionally, the involvement of materials that are approved for food contact
applications in the preparation of PLA dispersions in water should be considered to make it
suitable material for food packaging applications.

2.6. Barrier Properties of Biopolymer Paper Coatings

2.6.1. Moisture Barrier Properties

The moisture permeation through a thin membrane such as a polymer film or a coating
layer occurs in three steps: at first, the vapour molecules sorb on the surface of the membrane,

followed by the diffusion of molecules through the material, and finally, the desorption of
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molecules from the other surface of the membrane (Figure 2.4) [130-132]. The permeability
coefficient, K (mol Pa* m™ s, is obtained by multiplying the diffusion coefficient, D (m? s
1y, with the sorption coefficient, S (mol m= Pa!) [131]:

K=DXxS (2.1)

The permeation (P) of gaseous particles through the membrane with a specific thickness (1) is
driven by the difference in the pressure gradient (AP), which is a steady-state property. The gas

permeability can be calculated by employing Eq. (2.2) [133]:

p=-L (2.2)

J is the flux of gas diffusion (D) throughout the membrane, which is obtained by using Fick's

law (Eqg. (2.3)) that is based on concentration gradient (AC) across the membrane sides[133]:

J=DT (2.3)
Which the combination of equations (2.2) & (2.3) provides a comprehensive equation for

permeability:

P=DT=DS (2.4)

Here S (mol.Pa’t.m?) is a thermodynamic parameter inversely related to Henry's law
coefficient. This equation is most recognizable as the "solution diffusion”™ model. Thus,
permeability takes account of thermodynamic, solubility, kinetic, and diffusion contributions.
Solubility is primarily dependent on the gas-membrane interactions, while the diffusivity is
mainly influenced by the free volume within the polymeric membrane layer and penetrant

Kinetic sizes. Thus, analyzing the characterization of a membrane could lead to the evaluation
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of the solubility and diffusion coefficient values and, consequently, the permeability

coefficient [133,134].
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Figure 2.4. Mechanism of water vapor or gas permeation through polymeric film.

Permeation of water vapor is often evaluated with three parameters: transmission rate,
permanence, and permeability. Water vapor transmission rate (WVTR) (g/m2.day) is the
volume or weight of permeant moisture conveyed through a film per cross-section area and

time under equilibrium conditions (Eg. (2.5)).

weight passed through film
WVTR = Z=52F g

(2.5)

area.time
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Water vapor permeance (g/m?2.day.kPa) is defined as the transmission rate divided by
the partial pressure difference across the film, and water vapor permeability (WVP)
(g.um/m?.day.kPa) is calculated by multiplying the water vapor permeance with the thickness

of the membranes, as indicated in Eq. (2.6).

WVP = WVTR.thickness (26)

partial pressure difference

As reported by Wang et al., a rough classification of moisture barriers of commonly
used polymeric packaging materials can be divided into five categories, as stated in Table 2.1
[130]. In general, barrier properties depend not only on the materials’ nature but are also
affected by external diffusion-controlled parameters, mainly temperature, pressure, and
relative humidity (RH) [135]. Hence, barrier properties are usually investigated under
equilibrium humidity and pressure conditions in a controlled environment as standards. The
temperature directly impacts the diffusion and solubility coefficients, in which the permeability
can get inconsistent due to the instability of temperature. Generally, an increase in temperature
leads to a slight decrease in the solubility and an increase in the diffusivity of water vapor
molecules through films. The increase in diffusivity results from the enhanced motion of
polymer segments, as well as higher energy movements of permeant molecules [135,136]. Gas
permeability also strongly depends on other parameters, such as pressure and relative humidity.
Typically, an increase in gas pressure and relative humidity would negatively impact the
overall barrier performance due to plasticization effects and swelling of the polymers

[137,138].
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Table 2.1. Moisture and oxygen barrier classifications of polymeric films [130].

Grade Water Vapor permeability Oxygen Permeability
2

(WVP) (g.nm/m?.day.kPa) (OP) (cm?®. pm /m?.day.atm)
Poor >3000 >40000
Low 1000-3000 4000-40000
Medium 400-1000 400-4000
High 40-400 40-400
Very high <40 <40

Depending on the nature of the foods, food packaging materials need to fulfil essential
moisture and oxygen transmission rate requirements [139]. Figure 2.5 summarizes the
moisture and oxygen barrier requirement ranges for some of the common food products. For
developing food packaging, some parameters need to be considered, including material
properties, thickness as well as temperature and humidity associated with its end-use to provide
the required barrier performance for a given application. Generally, for a particular food
packaging, either increasing the thickness or using high-barrier materials can meet the
requirements of gas barrier properties. However, thicker packaging is not preferable due to

increased manufacturing cost and associated weight increase that negatively affect
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transportation cost and energy use. Thus, thin packaging designs with high barrier properties

are preferred [130].
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Figure 2.5. Barrier requirements of packaging material for selected food products. Adapted

from [130] with permission from American Chemical Society. Copyright 2018.

Since packaged products are often exposed to moisture, the water vapor barrier
properties are among the most critical attributes to consider for food packaging material design.
Paper substrates, in general, have highly porous structures, which provides room for moisture
penetration. Hydrophobic coatings need to be applied to reduce the susceptibility of paper
substrate to moisture attack and enhance paper’s resistance to the permeation of water vapor
molecules. Increasing the hydrophobic properties of paper substrates and enhancing the

moisture barrier performance is of great importance and recently attracted substantial research
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interest, usually for developing sustainable packaging materials [140]. Traditionally, paper
substrates were coated with wax. This is because the wax is relatively inexpensive, abundant,
and has good moisture barrier attributes owing to its hydrophobicity. While wax coating is still
practiced and available on the market, it is largely replaced by petroleum-based synthetic
polymers such as polyolefins and polyvinyl alcohol due to superior barrier performance and

reduced cost of these polymers [117,141].

However, innovations in wax-based coatings and modifications as moisture barrier
layers are still very active simply due to their enticing attributes as biodegradable moisture-
repellant materials. Zhang et al. reported that coating paper using bilayer chitosan and beeswax
could promote the water vapor barrier property by up to 32 times more than the untreated paper
[115]. The reduced WVTR was attributed to filling the base paper pores with beeswax during
the dip coating process. The high efficiency of beeswax to enhance the WVP performance is
associated with both its chemical composition and physical structure. However, it should be
mentioned that since molten beeswax could easily penetrate through the base paper, the coating
weight grammage can increase substantially, leading to potential failure in mechanical
properties. Therefore, it was suggested to pre-coat the paper substrate with proteins or
polysaccharides to make up for the smoothness deficiency of porous paper [115]. Tambe et al.
utilized soybean oil as wax substitute for paper coating, and a significant decrease (53.1%) in
moisture permeation through the coated paper was reported [117]. This behavior was mainly

attributed to the filling up of the paper pores by the oil droplets and lodging in the paper
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substrate, which consequently provided a lengthy and obstructed path for water molecules to
transfer through.

On the other hand, coating with hydrophilic biopolymers such as cellulose,
hemicellulose, alginate, and starch increases WVP, while enhancing other gas and substrate
barrier properties [102,142,143]. Therefore, to overcome the moisture vulnerability of coated
papers with these hydrophilic biopolymer layers, the addition of a hydrophobic matrix to the
hydrophilic matrix need to be employed [144]. Some hydrophobic bioplastics like PLA can act
as moisture resistant layers of paper substrates. Song et al. stated that nano-cellulose fiber
(CNF)/polylactic acid (PLA) blend paper coating exhibits excellent moisture barrier
performance due to the hydrophobic contribution from the PLA [145]. Rhim et al. investigated
the effect of a single PLA coating layer on the WVP of the base paper. The PLA coating
reduced the WVP by two orders of magnitude compared to the untreated paper, using only 3
w/v % PLA on the paper [146]. Parris et al. also studied the water barrier property of coating
formulation composed of hydrophobic corn protein zein and paraffin wax. The WVTR of zein-
wax-coated paper was considerably lower than pure zein or wax coated paper, indicating the
synergetic benefits to the overall moisture resistance of the films. It is worth noting that
introducing 2% zein solution in paraffin wax decreased the WVTR by approximately half the
values obtained for wax-coated paper [85].Generally, base papers without coatings are highly
porous materials and impose significant challenges for packaging applications as they allow
penetrants to pass through the packaging coating [130]. Thus, it is crucial to control the coating
weight grammage to control the WVP of coated papers [77]. This trend was observed in

previous studies of cellulose-coated paper [147,148], in which increasing the coat weight of
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the cellulose-based coating induced the WVP to diminish despite being hydrophilic. This trend
can be ascribed to the higher coat weight caused by multiple layers bringing about effective
coverage of the paper substrate pores with the coating, which results in better moisture barrier
properties. Furthermore, increases in coating thickness can help extend the permeable
pathways for moisture to penetrate through the coated paper [108]. Han et al. noted that WVTR
of treated paper with a beeswax coating layer was remarkably reduced than untreated
paperboard due to beeswax’s low affinity to water vapors [112]. Moreover, the robust WVP
interfacial barrier was improved by incorporating an additional adhesive layer, such as starch-
based glue.

Interestingly, using a starch-based sticking agent for preparing compressed coated
papers allowed the researchers to obtain a 92% decrease in WVTR (from 513 to 41 g/m?.day).
It was suggested that starch gelatinization might have taken place during the heating
compression, which consequently crosslinked the polymer chains between layers and
introduced additional water barrier effects. This bilayer coating system reduced the WVTR
compared to single-layer beeswax-coated paper [112].

Wang et al. reported using oxalic acid-modified microfibrillated cellulose (OMFC) and
nanosized alkali lignin (NAL) as multilayer coating films to a paper base, which considerably
improved the moisture barrier performance. The low WVTR values can be attributed to the
synergetic effects between OMFC and NAL layers owing to an increasing number of active
groups formed by chemical modification and nanonization. Also, the formation of crosslinking
and hydrogen bonding among cellulose and lignin networks could have resulted in extremely

dense film on the paper surface, which induces as high as 93% reduction in moisture
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permeation (Figure 2.6) [149]. This result concurs well with Adibi et al. studies that explored
the influence of synergetic crosslinking of microcrystalline glucan-NR film on the barrier
properties of coated papers. The crosslinked NR-based coating exhibited better moisture
barrier performance than its non-crosslinked counterparts, which was attributed to the

formation of -S-S- bridging bonds that further hinder moisture diffusion [107].
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Figure 2.6. Mechanism of formation of crosslinking paper coating film on the paper base.
Table 2.2. Water vapor transmission rate (WVTR) and water vapor permeability (WVP) of

biopolymer coated paper.

Coating composition WVTR/WVP Type of base paper Environmental Coat weight Reference
condition (@m?)

Nanofibrillated 29.4 Unbleached kraft 23°,50% RH 3 [140]

cellulose (NFC) g/(m?.day)

NFC-alkyd resin 2.4 Unbleached kraft 23°,50% RH 20 [140]
g/(m?.day)

Chitosan-zein 39 35-liner Kraft 23°,50% RH 23.6 [150]

g-um/(m?-day-Pa)
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Chitosan-graft-castor 800 Kraft (unbleached) 23°,50% RH [151,152]
oil g/(m?.day) _
Chitosan 658.9 Kraft paper 23°, 75% RH [153]
g/(m?.day) _
Silylated soybean oil 720 Kraft paper 27°,37% RH 10.45 [117]
g.m/m2.day
Nanocellulose fiber- 200 Paper with 23°,50% RH 25 [145]
PLA g/m2.day grammage of 150
g/m?
Sodium caseinate 0.221 Paper packaging 38°,90% RH [77]
mm/m?.day.kPa with grammage of
96 g/m? )
Paraffin wax-Sodium 0.018 Paper packaging 38°,90% RH [77]
caseinate mm/m.day.kPa with grammage of
96 g/m? B
Oxalic acid modified 123 Filter paper with 23°,50% RH 8 [149]
microfibrillated g/m*.day grammage of 68
cellulose g/m?
Cellulose nanofibril 300 linerboard 23°,50% RH 10 [148]
g/m?.day
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Whey protein isolate 270 Paperboard from 30°, 90% RH [112]
2
g/m*.day Commercial
breakfast container N
Polycaprolactone diol 320 Paperboard from 30°, 90% RH [112]
2
g/m*.day Commercial
breakfast container -
Hydroxypropyl 581 Paper with 38°,90% RH 3 [154]
: 2.day-
methycellulose g pm/(m?-day-kPa) grammage of 98
g/m?
Chitosan-beeswax 52.8 Paper with 38°,90% RH [115]
2
g/m?day grammage of 76 _
g/m?
Zein 881 Kraft paper 25°,50% RH 10 [155]
g/m?2.day
PLA 9.7 Paperboard with ~ 25°,50% RH 50 [146]
2
g/m*.day grammage of 180
g/m?
PLA 1.31x100 Paperboard 25°,50% RH 89.8 [156]
g-m/(m?-s-Pa)
PHB 1.9x1010 Cardboard 25°,67% RH _ [157]
g-m/(m?-s-Pa)
Carboxymethyl 8.4x1010 Filter paper 25°, 75% RH _ [158]

cellulose (CMC)

g-m/(m?-s-Pa)
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2.6.2. Oxygen Barrier Properties

Oxygen permeability (OP) is another essential feature that dictates the applicability of
polymeric coatings in the packaging industry. The oxygen barrier is an essential property of
coating materials as it prevents detrimental contact between the product and the environment,
thereby decreasing the rate of oxidation of food or pharmaceutical products, and ultimately
protecting them from spoilage [114]. The oxygen barrier properties are typically evaluated by
permeation testing under static state flux. A partial pressure gradient drives oxygen molecules
to diffuse through materials, similar to the diffusion of water vapor molecules [97]. Polymers
have an excellent oxygen barrier performance when they possess molecular structures that
cause polar-polar interactions or hydrogen bonding interaction with oxygen. Thus, highly polar
molecular structures tend to display high oxygen barrier properties. Thus, polymers with good
oxygen barrier performance usually suffer from insufficient water vapor barrier properties
[159]. Similar to the water vapor barrier property, the OP is greatly affected by the temperature
and relative humidity of the surrounding environment. Generally, as the relative humidity
increases, the moisture molecules plasticize the polymer used as the coating membrane, which
subsequently enhances the mobility and the extensive mass transfer of oxygen molecules
across the film [160]. Aulin et al. reported that at higher humidity (70% RH), there was a
deleterious effect on the oxygen barrier properties of microfibril cellulose (MFC) paper coating
[161]. The absorption of the water molecules into the cellulose fibrils disrupted the hydrogen
bonding networks and weakened the interaction among the fibrils, which led to additional

permeable routes for oxygen molecules and increased mobility of oxygen molecules [161].
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Nevertheless, low OP at a high relative humidity of biobased paper coating materials
was also reported in several studies [108,162,163]. The formation of the tightly packed
crystallinity network within the paper fiber base can increase the tortuous diffusion paths for
molecules to transfer through the coated paper, which is attributed as one of the main reasons
for maintaining oxygen barrier performance at high relative humidity. Moreover, various
research claimed that hydrophilic polymers have a high tendency to encapsulate the moisture
around themselves, which fills up the free volumes through the paper base fibers, consequently
inducing more tortuosity to the permeation paths for oxygen molecules (Figure 2.7(a))
[108,162]. Strong hydrogen bonding mediated interlocking among the base paper fibers and

polar biobased polymers could also prevent the coated paper from swelling at high humidity.

It is noteworthy to mention that there are other factors that have significant impact on
the oxygen transmission rate, such as film composition, coating film thickness, and the type of
paper substrate [164]. Adibi et al. introduced microcrystalline glucan (MCG) to an NR-based
paper coating to enhance the oxygen barrier performance, resulting in more than 14 times lower
oxygen permeability values than pure natural rubber (NR)-coated paper. This behavior was
caused by the high crystallinity of MCG particles, which induces a packed layer through the
coating [107,165]. Similar results were observed for other polar additives, such as wheat gluten

[166], microfibrillar cellulose and shellac [167], and regenerated cellulose [151].

Several studies demonstrate a robust relationship between crystallinity and
permeability, in which a higher hierarchy of crystalline structures is associated with lower OP

values [168]. Since the crystalline regions of polymer films are considered non-permeable,
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employing coating material with higher crystallinity would increase the path length for the
diffusion of permeant and eventually enhance the oxygen barrier properties. For example, Zhu
et al. reported a substantial reduction in the OP of paper bases as they were coated with
regenerated cellulose (Figure 2.27(b))[151]. It was proposed that the formation of
intermolecular interactions between the regenerated cellulose and the base paper fibers had led
to a more compact packing and sealing of the pores of the base paper and lower the gas
permeability [151]. In another work, Li et al. reported a significant reduction of OP to
0.003 cm®.um.m2 24 h™! kPa™! for cellulose nanocrystal coated papers, which was lower than
the commercialized oxygen barrier ethylene vinyl alcohol (EVOH) under dry conditions [169].
Overall, by embedding highly crystalline and polar biopolymers in the paper coating

formulations, high resistance against the permeation of oxygen molecules can be achieved.

Increasing the thickness that comes with increasing the coat weight can result in
enhanced oxygen barrier properties, which are mainly associated with the increased tortuosity
and closure of the pores in the paper substrates. This trend was previously observed in the work
of Kjellgren et al., as shown in Figure 2.7(c), which stated that oxygen permeation of
greaseproof paper substrate decreased significantly as the thickness of the chitosan film

increased [99].
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Figure 2.7. (a) Schematic of the tortuous path of oxygen permeation through the paper coated
with MCG. Adapted from[107] with permission from American Chemical Society. Copyright
2022. (b) Oxygen permeability of uncoated paper and coated paper with different concentration
of cellulose [151]. (c) Oxygen permeability (23 °C, 0% relative humidity) at two different coat
weights, 2.4 g/m? (o) and 5.2 g/m? (m), as a function of the air permeance of the base paper

[99].

The type of paper could play a vital role in determining the oxygen barrier of coated
paper. Based on the different processes of paper fabrication, papers with varying porosity can

be manufactured. Kjellgren et al. noted varied amounts of OP of different types of base papers
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after applying coatings on them [99]. Thus, it is evident that the number of voids throughout

the paper substrate can dictate the overall permeability of paper coating since highly porous

papers impose major challenges to achieving good surface coverage of coatings. In the case of

high porosity paper substrates, multiple and greater thicknesses of the coating film are required

to fill up the pores and block oxygen molecules’ path to convey through the paper coating,

which could be more economically appealing.

Table 2.3. Oxygen permeability of biopolymers paper coating.

Coating Oxygen Permeability Type of base Environmental Coat weight Reference
composition (OP) paper condition (g/m?)/thickness
Microfibril 0.0006 Kraft (wrapping), 5 g/m? [161]
cellulose (MFC) cm3.um/(m?.day.kPa) unbleached 0% RH
sulphate
1.6 Greaseproof paper 5.2 g/m? [99]
Chitosan cm3.mm/(m?.day.atm) 37°,0% RH
Regenerated 3.8125x10712 [151]
cellulose cm3.cm/(cm2.s.cmHQ) Kraft (bleached) 50% RH _
Natural 1.5x10* [108]
rubber/Alpha-1,3 cmi.m/(m2.Pa.s) Manila paper 30% RH 20 um
glucan
Microfibril 482.49 Paper with [167]
cellulose (MFC) cmé.um/(m?.day) grammage of 45 25°,50% RH 2.62 ym

g/m?
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MFC and Shellac 407.53 Paper with [167]
cm®.um/(m?.day) grammage of 45 25°,50% RH 12.49 pm
g/m?
8328x1018 Untreated paper [166]
Wheat gluten mol/(m.s.Pa) from bleached 25°,80% RH 57.2 g/m?
pulp
0.75 Kraft paperboard [83]
Wheat gluten ml/(mm.day.m?.atm) with grammage of 23°,0% RH _
34.2 mg/cm?
0.153 Kraft paperboard [83]
Chitosan ml/(mm.day.m2.atm) with grammage of 23°,0% RH _
34.2 mg/cm?
PBAT-lignin 1.13 [120]
(50:50) cmi-m/(m?-day-Pa) Manila paper 50% RH _
Microcrystalline 1.34 Manila paper 60% 9.6 g/m? [107]

glucan-NR

cm3-m/(m?-day-Pa)

2.6.3. Grease Barrier Properties

Grease resistance is another unique and critical property for paper packaging used in

food protective applications, such as butter wrapping papers, baking papers, and wrapping

papers for the fast-food industries (e.g., burgers and meat wraps) [103]. The grease resistance

occurs as a result of the relative absence or presence of pores in the paper and it is primarily

determined by the largest pore size in the paper. There is a robust correlation between the size
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of the largest pore or pores, determining the grease resistance property, and the overall shape
of the pore size distribution, determining the air permeation. Considering the largest pore as a
simple capillary tube with length of Z (m) (thickness of the paper itself) and radius of r (m),
the movement of a viscous fluid, grease, with viscosity of n (Pa.s) and under effect of an

external pressure P (Pa) and a capillary pressure (Pa) 2ycos(0)/r is evaluated by [170]:

2 _nrt 2ycos (6)
dv = r?ndZ = 817—2(;9 + 2220 at 2.7)
or
_ ﬁ 2ycos (6)
zdz = (p + =) ar (2.8)

Integration yields the time that it takes for the oil to convey through the paper, t (s):

_ 4Z%n
- r2(p+2y cos(8)/r)

(2.9)

The relation between the grease resistance and air permeation of coated paper was
reported by Corte [171]. Kit test is one of, if not the most common tests to evaluate the grease
repellency of papers or paperboards, which is specified in TAPPI Method T559. This test has
been used to determine which coatings can impede the penetration of oil molecules through
the paper. In this test, 12 different grease solutions containing castor oil, heptane, and toluene
are dropped on the coatings, and then the coating surface is examined to observe traces of
staining. The highest number of grease solutions which do not leave a dark stain on the coating
film is reported as the Kit number (Figure 2.8). In general, a higher Kit number favors the

penetration of oil solutions. This observed trend is because of the less viscosity and
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comparatively more non-polar solutions, as the higher kit solutions comprised more hexane
and toluene solvents and less castor oil [103,172,173]. Moreover, a material that achieves a Kit
number of 8 and higher is considered grease resistance. Overall, the grease resistance of
uncoated paper is inferior due to its porous structure, which offers routes for oil molecules to
transfer through the paper despite inherent resistance against non-polar substances [99,174].
Hence by introducing coating layer(s) on the paper base and covering the voids on the surface

of the base paper, the oil barrier-resistant properties can be alleviated [175].

Kit solution that penetrate
through the paper coating which
causes sample to fail

/ /Coating layer

B S — Paper substrate

Kit solution drop

13 mm

“«-—-—>

Figure 2.8. Schematic illustration of Kit test (TAAPI method T559).

Tyagi et al. reported that after the coating of the paper base with cellulose nanocrystals
(CNC) films, the Kit number jumped from O (for the uncoated paper) to 8 and subsequently to
11 after applying multilayer coatings of CNC/cellulose nanofiber [104]. Also, Zhang et al.
investigated the grease resistance of chitosan and beeswax as a paper coating [115]. The oil-

stained spot was detected on the paper coated with only 1 wt.% chitosan; on the other hand, no
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trace of oil-stained was spotted for 1 wt.% chitosan-beeswax paper coating, indicating that
beeswax was the main contributing factors in improving the grease resistance in their paper
coating systems. Enhancement in the mechanical properties of the coated paper was noted,
which was mainly ascribed as improving surface deficiency by applying chitosan and beeswax
[115]. Additionally, the effects of the coating thickness on the grease resistance were examined
in other studies. In a recent investigation on a paper coating composed of alpha-1,3 glucan-
Natural rubber (NR), when the thickness of the coating layer increased from 20 to 100 um, the
highest Kit number (Kit value 12) was achieved. Hence alpha-1,3 glucan-NR paper coating is
comparable to commercial paper packaging or containment materials, for instance,
polyethylene (PE) coated paper [108]. Effective sealing of the voids, in addition to the
introduction of the tortuous path via alpha-1,3 glucan particles for oil molecules to convey
through the paper substrate pores, brought about appealing grease resistance performances for
the coated paper (Figure 2.10). Wang et al. reported the same trend for cellulose paper coating,
demonstrating that the grease barrier properties incrementally improved as the cellulose
deposit weight gradually increased [149]. Remarkably, Park et al. and Trezza et al. noted higher
grease barrier properties of soy protein and corn zein compared with commercially used
polyethylene-laminated paper [82,84]. Also, Wang et al. reported that using carboxymethyl
chitosan and sodium alginate as paper coating exhibited good oil barrier performance with a
Kit number of 8 [176]. Also, Fein et al. reported that NR-CNF paper coatings passed a 12 Kit
number; however, some defects were introduced after folding, which enabled grease

penetration into the coated paper [177]. NR, unlike CNF, is oleophilic and does not provide
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enough grease resistance. As shown in Figure 2.9, the introduction of NR to the coating

formulations could have disrupted the protective CNF layer against grease.

‘‘‘‘‘

CNF CNF mixture CNF initiator-NR cCNF initiator-NR  CNF crosslinker-NR cCNF crosslinker-NR

Figure 2.9. (a) Images of coating surfaces after 12 Kit-test were dropped on folds encompassing
the four center squares on each sample. Ellipses indicate regions of grease penetration. (b)
SEM Images of fold edges at 100X magnification. Adapted from [177] with permission from
Elsevier. Copyright 2020.

Waxes are widely used in food packaging and fruit preservation. Additionally, waxes
can be combined with other ingredients to generate emulsions that can be used for paper
coating applications. The employment of such wax emulsion has gained commercial interest
due to the ease of separating the cellulose fiber from the wax during the paper repulping process
thus allowing paper recycling [116,178]. Additionally, emulsions are easier to apply on the
paper base and more ecofriendly compared to conventional extruded coatings [118]. Liu et al.

investigated utilizing microcrystalline wax emulsion as paper coating material, and as the
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emulsifier dosage increased, the kit number first increased and then slightly decreased [179].
This trend highlighted the excessive addition of the oleophilic and hydrophilic emulsifiers that
could weaken the oil-resistance performance of the coated paper. Also, the effect of the
microcrystalline wax emulsion loading coat was explored in the work, in which increasing
coating weight results in the enhancement of the grease resistance from 0 (for uncoated paper)
to 8 (with a coating load of 10 g/m?). The employment of microcrystalline wax emulsion as
coating effectively fills the pores, which prevents oil molecules from permeating through it
and hence, protects the papers from oil penetration. In a different work, Li et al. developed
paper coatings with chitosan-graft-caster oil copolymer, which further supported the higher oil
resistance of coated paper [152]. Furthermore, utilizing a dual-layer of chitosan-zein as coating
layers was investigated by Kansal et al., and the hydrophilicity of the chitosan provided the
paper with high grease barrier properties (with a Kit value of 12), while zein had poor oil
resistance and was mainly introduced to the coating for water repellency [150].

Tortuous path for oil

molecules to penetrate
Permeable path for through the coated paper Coating particles
oil molecules

A%;WW L pagpRsk

Cellulose fibers
Paper substrate

Figure 2.10. Schematic illustration of the mechanism of improvement of grease barrier

performance by applying coating on the paper.
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2.6.4. Water Resistance Properties

For packaging applications, meeting the required water resistance properties is essential
for coated papers to direct contact with wet products is common. Since paper packaging
substrate is highly hygroscopic and hydrophilic as they are made from cellulose containing a
high degree of polar functional moieties, hydrophobic and/or superhydrophobic surface
coatings are often implemented to help reduce the wetting behaviors and to improve the water-
repellent traits to enhance the wettability performances of paper packaging layers. The water-
repellent attributes are usually measured by the water contact angle (WCA) between the liquid
droplets and the contact surface of coatings. For standard flat paper surfaces, the WCA
typically ranges from 0-90°, indicating inherent hydrophilic behaviours. The WCA for
hydrophobic coating surface must fall in the range of 90-150°, while the superhydrophobic
coating surface must show an almost perfect sphere with WCA greater than 150° [180].
Additionally, the coating of papers is considered hydrophobic only when they have a sliding
angle, in which the water droplets can roll off the surface when tilted at an angle. Therefore,
coated paper's wet strength is a better way to evaluate its strength when it comes in contact
with water, and this is an occasion that frequently occurs with food packaging.

An untreated paper easily loses its physical integrity when exposed to water as the
water wet the cellulose fibers and causes swelling, resulting in a disruption in the fibers
network and leaving somewhere between 3% to 10% of the original dry strength (at 50%
relative humidity) [181]. Thus, it is vital to employ coatings capable of impeding the
deterioration influence of water on the base paper. Adibi et al. examined the effect of the NR-

alpha-1,3 glucan coating film on the wet strength of the paper. The researchers submerged the
48



paper coating samples in water for a specific time and immediately conducted tensile strength
testing. It was observed that the uncoated paper experienced catastrophic mechanical strength
deterioration. On the contrary, the coated samples showed substantial tensile property
retention. Also, a progressive improvement in the paper’s wet strength was reported with
increasing the loading content of the alpha-1,3 glucan, which was owing to two main reasons;
first, occupying the fiber pores and leaving no free space for water molecules to get collected
and secondly, the high affinity of alpha-1,3 glucan to the cellulose fibers which induced strong
mechanical interlocking and hydrogen bonding that effectively hinder water molecules

penetration [108].

Enhancement in the tensile strength of coated paper was stated by Sun et al. in chitosan-
guanidine coated paper. The wet strength of treated paper was weakened as the concentration
of the chitosan decreased, which implied that chitosan introduced extra hydrogen bonding
among the fiber networks, hence better wet strength with the coated paper [182]. These results
correlate well with Rohan et al. that also demonstrated wet strength retention with the
employment of PBAT-lignin coating. Applying a layer of a relatively non-polar modified
lignin assisted the samples with extra water repellence, which led to a retention of the wet
strength of the coated samples. The filling of the micro-voids between the cellulose fibers in
the paper by the dispersed lignin particles that consequently prevent water seepage through the

pores was suggested [120].

Superhydrophobic coating is a relatively novel and advanced class of materials that can
be very useful for packaging applications owing to their self-cleaning, anti-liquid, anti-dirt,

and anti-corrosion properties. Vigorous chemical modification or surface treatments on coating
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materials are required to reduce the surface tension energy and, thus, achieve a
superhydrophobic surface for paper packaging. Zhang et al. fabricated superhydrophobic paper
with a mixture of beeswax and carnauba wax as coating, followed by annealing [113]. The
contact angle was ~160°, and water droplets rolled off easily from the paper coating surface.
In another study, Arbatan et al. reported the preparation of superhydrophobic paper in two
steps [183]. At first, the paper was dipped into aqueous suspensions of precipitated calcium
carbonate pigments and cellulose nanofibers. In the second step, the coated papers were treated
with a solution of alkyl ketene dimer in n-heptane. Contact angle measurements displayed
contact angles above 150° and rolling angles of less than 5°, as presented in Figure 2.11, which
confirmed the superhydrophobicity of the coated paper [183]. Khanjani et al. also produced
superhydrophobic paper by spin-coating a dispersion of nanostructured fluorinated cellulose
esters [184]. The contact angles post-coating was higher than 150° while the untreated paper

was super hydrophilic as the water droplets quickly penetrated through it.

| 1 ! 2 [} 3|1 4

Figure 2.11. The water rolling-off angle: figures (1-8) are images of a 5 pl water droplet being

placed on the tilted (5°) surface of superhydrophobic paper. The water droplet began to roll off
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the superhydrophobic paper surface as the tilting angle of the surface increased to 5°. Adapted

from [183] with permission from Elsevier. Copyright 2012.

2.6.5. Rheology of Coatings

Rheology of paper coating formulations is among the critical attributes that dictates the
quality of the coating applications, such as blade and extrusion coating. This is because the
rheology of the coatings could influence the flow patterns, flow rate, momentum transfer, and
subsequently influence the coating weight. In extrusion coating, the melt rheology of a
polymer has a great impact on coating speed while adhesion and melt strength dictate coating
efficiency. Cheng et al. demonstrated that due to the relatively low melting index and poor
adhesion of the pristine PLA, high-power extrusion equipment is needed for shaping PLA
products [185]. Therefore, modification of PLA is required in order to address its poor melt
flow rheology. PLA modified with animal gelatin resulted in enhancement of its adhesion
strength along with facilitating thin film and lamination fabrication process. Usually, the
concentration of the gelatin-based plasticizer for extrusion coating is in the range of 0.5-2.5
wt% depending on the extrusion equipment, type of paper base, and specific laminate

requirements Figure 2.12.
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Figure 2.12. (a) Melting Index of modified PLAs obtained at 190°, (b) modified PLA melt
curtain. Adapted from [185] with permission from Wiley. Copyright 2015.

The rheological properties of paper coating greatly affect the quality of the coated paper
too [186]. Moreover, the dynamic viscosity of the coating formulations governs the surface
uniformity and flow behavior of the coating formulations. Usually, for liquid coating systems,
the addition of a thickener or rheology modifier is vital to obtain suitable rheology [187]. For
instance, a common thickener and co-binder is carboxymethylcellulose (CMC), which alters
the rheological properties of the coating film, thereby affecting its quality [188]. Liu et al.
stated that nanocellulose (NC) can be utilized as a rheology modifier in paper coating [189]. It
was mentioned that the rheological behaviors of NC suspensions are greatly dependent on their
features, like dimensional size, particle size, surface charge, and dispersion microstructure. The
NC suspensions exhibited shear-thinning behavior due to the breaking down of the network
constructed by strong hydrogen or ionic bonds among NCs at elevated shear strength. With the
addition of NC to the coating, the viscosity considerably increased at low shear rates resulting

in more shear-thinning behavior. Therefore, when the coating containing NC is applied on the
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paper and after the shear force is applied, a highly viscous layer could be formed on the paper
base [189]. Shorey et al. studied the rheological properties of esterified lignin and PBAT blend
as a paper coating [120]. It was mentioned that with increasing the lignin content in the
formulation, the overall viscosity of the coating formulations increased, which was mainly due
to the effect of lignin on the flow characteristics by restricting the mobility of polymer chains.
Also, the presence of lignin in the coating formulation led to a shear-thinning behavior, which
is favorable in wet coating fabrications [120].
2.6.6. Other Prospective Properties

Paper packaging has also recently found applications in active packaging, one of the
most appealing sectors in the food packaging industry. Modern paper-based food packaging is
designed to be able to provide excellent barrier properties for food protection, as well as to
contain active ingredients to maintain the freshness of enclosed food products [62]. These
active packaging systems employ various technologies that can further reduce spoilage rates
and extend food products’ shelf-life. These approaches include employing oxygen and
ethylene scavengers, moisture absorbents, and antimicrobial and antioxidant agents [190,191].
While the direct addition of active compounds in food formulations is a common practice to
preserve food, it poses some significant drawbacks. Firstly the potential inactivation of active
substances and secondly having limited options as the substance must be safe enough for
consumption. On the contrary, other types of active compound incorporation, such as
embedding in the coating polymer substrates, on the surface as coatings, or in the headspace
sachets/bags can have enhanced potency and effectiveness in terms of preservation and

mitigate some of the challenges posed by direct addition [192,193]. For instance, polymer
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coating systems may serve as potential inclusion units for these active volatile and non-volatile
compounds, which promote both the barrier effect and preservation potentials of these paper-
based packaging materials [109]. Ethylene, oxygen, and moisture scavenger/inhibitor
compounds are incorporated as composite additives in coating layers to complement the
protection and safeguard properties of paper and paperboard packaging materials [62,194,195].
For instance, ethylene scavengers, such as potassium permanganate, silica, and clay mineral,
have been previously investigated as techniques to inhibit the releases of ethylene gases, which
are responsible for the ripening processes (browning, softening, weight loss) of vegetables and
fruits. Rodriguéz employed PLA-based hydrophobic coating with various clay-based ethylene
gas absorbents such as clinoptilolite, sepiolite, and sepiolite permanganate [196]. However, the
hydrophilic nature of these clay-based additives slightly reduced the water barrier
improvement provided by hydrophobic PLA coating, though the reduction was not substantial
and the sufficient water permeability level was satisfied. In another study, Ni et al. utilized a
combination of ethylene inhibitors (1-methylcyclopropen (1-MCP), ethylene captivator
potassium permanganate (KMnOgs), and antimicrobial cinnamon essential oil (CEO)
microcapsule) in ethyl cellulose-based paper coating to extend the shelf life of climatic
mushroom Agaricus bisporus (Figure 2.13) [197]. The combination of these different active
compounds successfully inhibited the mushrooms’ enzyme activities and continuously
absorbed and removed ethylene production through the packaging atmospheres, thus providing
sufficient shelf-life extension for storage and transportation periods. Since different ethylene

scavengers and inhibitors control the influence of ethylene production by different
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mechanisms, combinations of these compounds could have a more potent impact on the

preservation effects of paper packaging products.
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Figure 2.13. (a) Mechanism of scavenger, antioxidant, and antimicrobial agents to extend the
shelf-life of mushroom. (b) Preservation of mushroom with coated paper over the course of 6

days. Adapted from [197] with permission from Elsevier. Copyright 2021.

In addition to scavengers, antimicrobial and antioxidant active agents are frequently
integrated into paper-based packaging materials as they provide extra merits for preserving
fresh foods, particularly stopping microbial growth and oxidative attacks, in addition to barrier
properties. Compounds with antimicrobial and antioxidant activities can be derived from
inorganic substances (metal and metal oxide micro/nanoparticles), organic (plants, essential
oils, chitosan/chitin), or other sources (enzymes, bacteriocins) [198,199]. However, inorganic
compounds seem more dominant in paper packaging as antimicrobial and antioxidant agents

due to their effective potency. Ni et al. investigated the antimicrobial activities of incorporating
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ZnO nanoparticles in the starch-based film with carboxymethyl cellulose (CMC) used as a
bridging agent to homogeneously disperse the ZnO nanoparticles in the starch matrix to
achieve the maximum antimicrobial activity. [200] However, the use of inorganic materials
raises concerns about the biodegradability and recyclability of paper coating products. Thus,
there is upsurging research on developing organic and safe functional additives that provide

biodegradability or recyclability.

Recently, studies have shown that chitosan/chitin has been utilized in active packaging
as an “all-in-one” material due to its coating-forming capabilities, and antimicrobial,
antioxidant, and barrier properties [201-204]. Moreover, chitosan/chitin are biodegradable and
compatible with paper substrates, promoting renewability functions that are quintessential for
these biodegradable packaging materials [205]. Bordenave et al. employed chitosan-based
coatings that were modified with palmitoyl chloride and stearic fatty acid by grafting onto the
OH" moieties of chitosan, which promote excellent grease-barrier and antimicrobial properties
of the film [201]. Additionally, the WVP values of modified chitosan did not drop though the
coating became more hydrophobic, which was attributed to the porous microstructure after the
modifications. However, the antimicrobial properties of chitosan/chitin have been reported to
become less potent with time. Thus, adding other active compounds to retain the required
antimicrobial and antioxidant properties of packaging materials is required [206]. For instance,
Jung et al. developed a paper coating composite from starch-chitosan blends embedded with
silver nanoparticles (AgNPs) [206]. The additional AgNPs not only helped reduce the

antimicrobial activities in the chitosan-starch coating, but also inhibited the fungal activities
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on the paper substrates, making the bio-based coatings more appealing as active packaging
materials. Additionally, other natural active compounds such as plant extracts [207,208], citric
acid [209], and essential oil [210,211] are frequently utilized as antimicrobial and antioxidant
packaging. The use of these bio-based and biodegradable materials should be further developed
over inorganic additives to produce complete biodegradable paper packaging products for

product shelf-life extension.

2.7. Biodegradability Aspect of Bio-based Packaging

Biodegradable food packaging is becoming one of the most popular demands in the
market and an area of researchers' interest because of environmental pollution concerns
(Figure 2.3). Paper packaging made up of synthetic petroleum-based plastics, such as PP, PE,
and ethylene vinyl acetate (EVA) coating, have clear disadvantages over the new class of
biodegradable polymers owing to their non-biodegradability despite their excellent barrier and
mechanical properties as barrier layers of paper packaging. Moreover, some synthetic and non-
biodegradable plastics can pose safety concerns in addition to their substantial contribution to
the accumulating pollution problems caused by microplastic fragments and toxic additives
leaking into the food chain. It is reported that 64.3% of microplastic debris from packaging
materials has polluted the marine environment and severely affected marine ecology [212].
Other studies show that some synthetic plastics commonly used in food packaging (e.g.,
polystyrene and polyamides) can lead to severe health hazards such as cancer, allergies, and
system dysfunction [213]. Thus, the use of bio-based and biodegradable polymer options for

food packaging material design is essential.
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The term "biodegradable,” according to ASTM standard D-5488-94d definitions,
means "“capable of undergoing decomposition into carbon dioxide, methane, inorganic
compounds, and biomass.". Biodegradation occurs mainly due to microorganisms' enzymatic
actions, which can be evaluated using standard tests over a specific period, typically within 6
months in composting conditions [214]. The biodegradation process starts with the secretion
of enzymes from microorganisms that hydrolyze the corresponding polymer chain structures,
resulting in the depolymerization of macromolecules into monomers and oligomers. And then
oligomers and monomers are uptaken as biomass which induces the production of CO2 and
H>O. The reactions that take place during the degradation of bio- and fossil-based polymers

are shown through Figure 2.14[215].
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Figure 2.14. (a) Three fundamental steps involved in polymer biodegradation in soils. Adapted
from [215] with permission from American Chemical Society. Copyright 2019. (b)

Biodegradation rate of different polymers [216,217].
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Cardboard paper has been used for packaging and wrapping applications, but its
biodegradability is limited due to the fibers network density and the inclusion of chemical
additives that obstruct the biodegradation processes [218]. Kraft paper, on the other hand, is
comprised of a high-density and content of lignin, and in most cases, is produced in semi-
bleached or untreated conditions. As a result, the theoretical biodegradable fraction of kraft
paper is 36%, and currently most composting facilities do not accept kraft papers [218].

Eco-friendly food packaging, also known as green packaging, is made up of renewable
materials which are biodegradable and/or can be recycled or reused. Studies have shown that
cellulose-based packaging films exhibit low toxicity along with low environmental risks
associated with them [219]. Utilizing bio-based polymers in packaging accelerates the rate of
biodegradation, which can be counted as a step forward toward alleviating the environmental
pollution crisis (Figure 2.15). One study showed a high biodegradability rate of PBE/PBAT
bio-nanocomposite within 20 days of testing in the marine environment [220]. This behavior
can be due to the attacks on the polymeric chains by microorganisms and algae leading to
polymer chain cleavage. For instance, a review by Siracusa et al. stated that blending PET with
aliphatic polyesters results in forming weak spots that favor the degradation through hydrolysis
[221]. Also, the addition of starch into other polymeric materials has shown to increase the
disintegration percentage up to 60% [213]. Therefore, introducing bio-based polymers as a

coating to the paper packaging system could favor coated paper’s bio-disintegration rate.
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Figure 2.15. Life cycle of biopolymers [222].

2.8. Summary and Future Trends of Green Packaging Materials

The deployment of eco-friendly polymer composites for paper coating applications
offers exciting opportunities for the safety and quality of food and the sustainability of
packaging materials. Moreover, the multifunctional properties of paper packaging accrued by
sustainable coating materials in conjunction with functional additives have great merit for
society. Important considerations that need to be accounted for the development of successful
packaging materials include i) cost-effectiveness of food packaging material manufacturing,
since expensive equipment is mostly involved in the process, ii) eco-friendly additives and

agents for green packaging material, iii) regulations and legislation for packaging must be
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applied to achieve a high level of food safety and transparency for consumers [220]. Packaging
applications often require low WVP and OP, as well as being mechanically sturdy and resistant

enough against water and oil to protect the packed food for an extended time.
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Figure 2.16. (a) Comparison of WVP among bio-based and petroleum-based polymers as
paper coatings, (b) comparison of OP among bio-based and petroleum-based polymers as paper
coatings [66].

After analyzing available literature on the barrier properties of bio-based polymers and
their potential for use as paper coatings, several biopolymers were found to compete with
existing petroleum-based commercialized packaging materials (Figure2.16). Petroleum-based
materials such as PE are known to show outstanding barrier performance and can withstand
high humidity conditions without compromising mechanical and barrier properties. Thus, it is
often used as standard material for packaging applications [223]. Non-polar biopolymers such
as PLA, PHB and PHBV usually show good water barrier properties; specifically, PHB is so
far known as a biopolymer with the most comparable WVP to that of petroleum-based

polymers such as PE [66]. Nature-derived biopolymers, such as starch, protein, and cellulose,
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are inherently polar and allow water vapor permeation easily, especially at higher relative
humidity conditions where they are more susceptible to moisture attacks [224,225]. Therefore,
it is essential to improve their water-resistance performance through hydrophobic treatments
for their effective utilization in paper coating applications. Also, in order to further enhance
the barrier properties of hydrophilic biopolymers, incorporating other hydrophobically
modified biopolymers or lipid-based biopolymers as blend or filler can be conducted. For
instance, the addition of modified CNC to PHBV matrix promotes the WVP [226]. Notably,
biopolymers with high crystallinity, such as MFC and NFC, have excellent barrier properties
and perform better than conventional polymers (Figure 2.16(b)). In addition, most hydrophilic
biopolymers exhibit excellent grease resistance when covering the paper base surface
effectively. Currently, credible information on the cost of sustainable paper coating material is
not easily available partly because most sustainable polymer systems are still under intense
research and development. Nevertheless, for sustainable paper coating to succeed in the
market, their cost has to be comparable to the incumbent materials besides their performance.

Also, complete life cycle assessment needs to be established to appreciate their sustainability.
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Chapter 3. Enzymatic polymerization designed polysaccharide particle
morphology as a reinforcing filler of dipped and casted rubber films?

3.1. Introduction

Developing alternatives to the petroleum economy which match or exceed performance
and are inherently scalable requires us to come up with sustainable ways of producing materials
from renewable resources using resource and energy sustainable processes. Currently,
uncontrolled solid-waste generation from persistent petroleum-derived polymers is correlated
with increasing widespread environmental pollution through formation of microplastics
eventually ending up in the various water bodies [16]. Traditional polymer materials which
have been developed over the last century are extensively used in most engineering and
commodity material applications due to their excellent chemical and mechanical properties,
and more importantly, based on the large scale and low-cost manufacturing processes [17].
Attempts to recycle these polymers, specifically plastics with the highest production rate, have
failed as only about 5% of polymers are successfully recovered [21]. To mitigate this challenge,
there is an increasing interest in finding more sustainable material options which may substitute
or complement conventional polymers with renewable and /or biodegradable material
alternatives [22,23].

Rubber products represent an essential and high functional class of performance

materials required in many everyday applications. Natural rubber (NR) is a widely established

2 A version of this chapter has been published on peer-reviewed journal as a review article: A. Adibi, et al. (2021). Enzymatic
polymerization designed alpha-1,3 glucan particle morphology as reinforcing fillers of dipped and casted rubber films.
Carbohydrate Polymers, 267, 118234. https://doi.org/10.1016/j.carbpol.2021.118234.
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biopolymer manufactured at large scale with extensive industrial applications and expanding
its utility may be a promising option to enable the expanded use of this sustainable, and high-
performance biopolymer. NR, with the chemical structure of cis-1,4-poly(isoprene), is
extracted from the Hevea brasiliensis tree in the form of milky soap or latex [4]. Because of
the appealing properties, it has widespread applications in highly crosslinked products such as
footwear, tires, gaskets, conveyor belts as well as lightly crosslinked goods, such as balloons,
catheter tubes, condoms, and gloves. While there is a well-established market for the use of
NR in glove applications [227], it still lags behind nitrile rubber due to allergic sensitivity
concerns from the protein residues that are inherently in natural rubber. The current COVID
pandemic is already pushing the limits of PPE use, including nitrile-based gloves which is
leading to the generation of large quantities of non-biodegradable solid waste, often littered
under uncontrolled disposal conditions. Natural rubber has a clear benefit over synthetic
rubbers in terms of its short- to mid-term bio-degradation profile. The use of functional fillers
can certainly enhance its functional performance, which may justify the added cost for
removing protein impurities. Though pristine NR possesses excellent elasticity and reversible
deformability, it has several limitations, such as low modulus, hardness, durability, and tear
resistance, to effectively compete with some of the synthetic elastomers alternatives in a range
of applications [2]. In order to potentially address this market opportunity and to improve the
mechanical properties of NR, curing, as well as incorporating fillers, are typically employed
in many if not all rubber-based applications. Filler systems which can be processed into the
composite at the nano-scale such as montmorillonite clay [11], silica [228], calcium carbonate

[35], and carbon nanotubes [10] have been used to enhance the mechanical properties of NR.
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The use of such filler systems in rubber is especially appealing over micron-scale fillers as the
significantly higher surface area at lower scale enables effective interaction with the rubber
polymer at the molecular level and as a result property enhancements can be achieved at low
filler loading levels. However, at increasing filler content, the NR matrix becomes susceptible
to poor filler dispersion, which may lead to the deterioration of the mechanical properties.
Therefore, optimizing the filler concentration to maximize performance is a key design
consideration.

Polysaccharides, typically sourced from established renewable feedstock (e.g. cellulose
or starch), are sustainable materials composed of repeating glucose monomers linked by
glycosidic bonds commonly with one primary and two secondary hydroxyl moieties[36].
Generally, polysaccharides are highly aggregated, hydrophilic biopolymers, and have a strong
tendency to form intra and inter molecular hydrogen-bonding networks. The water solubility
of polysaccharides is highly dependent on the type of glycosidic linkages (o or ), polymer
chain branching, and hydrogen-bonding networks and other factors [38]. For example,
cellulose (B-1,4 glucan) is highly aggregated, and water-insoluble, whereas starch is a mixture
of different polysaccharide materials (a-1,4 glucans and a-1,4 / 1,6 glucans) and is typically
soluble in water when heat is applied. The utilization of polysaccharides as fillers for polymers
is receiving increasing attention due to the potential to provide composite reinforcement,
relative low density compared with mineral fillers, and the overall sustainability profile of a
readily renewably sourced material. Within the general class of polysaccharides, cellulose
nanocrystals[39], chitin nanowhiskers [40], and starch nanocrystals[41] are reported in the

literature as potential reinforcing fillers of natural rubber and other elastomers.
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Recently, IFF (Former DuPont Nutrition and Biosciences) has described the engineered
polysaccharide, a-1,3 glucan, from the enzymatic polymerization of glucose derived from
sucrose [45,46]. The a-1,3 glucan is a water-insoluble, linear, semi-crystalline polysaccharide
[49]. The enzymatic polymerization is carried out in water and this process allows for the
control of the particle morphology. Through this, various types of glucan morphologies can be
accessed, including spherical aggregates (wet cake), fiber-like structures (fibrids), and a plate-
like systems (platelet), the microcrystalline glucan material used in this work (MCG) [51]. The
isolated polysaccharide has a highly agglomerated structure with a higher surface area,
typically in the 2-10 micron range; however, further analysis indicates that under shear various
aggregated structures become accessible. The primary particle size range is within the 10 to
30 nm range (by AFM), but the accessible particle size range accessed in formulations
representing the MCG system are in the 0.2-1 micron range, and can also further aggregate and
form various morphologies in the microscale [229].

This study seeks to elucidate the influence of these novel engineered polysaccharides
with specific morphology on the mechanical properties, barrier properties, as well as crosslink
density of natural rubber-based composites. In this study, two different methods, casting and
dipping, were employed to produce thin films. Analytical techniques, such as tensile and tear
strength, crosslink density, and permeability analyses, were utilized to determine the properties

of the film composites.
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3.2. Materials and Methods
3.2.1. Materials

Microcrystalline glucan (MCG) derived from enzymatic polymerization is provided as
stable colloidal dispersion in water (6-10 wt.%), obtained from IFF (DuPont Nutrition and
Biosciences). Cellulose nanocrystals (CNCs) were obtained from CelluForce Inc (Montreal,
QC, Canada). Stabilized natural rubber (NR) latex (60 wt.% solid content) was supplied by
Chemionics Corporation, OH, USA. Zinc oxide powder (ZnO), potassium hydroxide pellets
(KOH), tetrahydrofuran (THF), and polyethylene glycol tert-octylphenyl ether (Triton) were
purchased from Sigma Aldrich, USA. Zinc (I1) dibutyl dithiocarbamate (ZDBC) (98 wt.%),
Calcium Carbonate, and Calcium Nitrate were obtained from Fisher Scientific Inc., Canada.
Sulfur with 99.5% purity was obtained from Acros Organics.

3.2.2. Methods
3.2.2.1. Particle Characterization

The zeta potential of the MCG was analyzed using a Malvern Zetasizer (Westborough,
MA) in an aqueous dispersion of MCG (0.1 wt. %) dispersed in deionized water. Three
measurements were conducted for each test, and a folded capillary cell (Zetasizer nanoseries,
DTS 1061) was utilized for the zeta potential test. The surface morphology of the MCG
particles was imaged using the FE SEM. The thermal stability of MCG was evaluated using
Thermogravimetric analysis (TGA) (METTLER TOLEDO TGA 2) in the dynamic mode
under nitrogen flow. Prior to the test, the MCG was dried in a convectional oven (105 °C

overnight), and heated at a rate of 5 °C/min from room temperature to 500°C. The MCG was
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also characterized by Fourier Transform Infrared Spectroscopy (FTIR, Bruker Tensor 27) and
compared with cellulose nanocrystals (CNCs). For this, 10 mg of dried MCG and 200 mg of
dried KBr were pressed together into pellets and scanned from 4000 to 400 cm™* wavenumber.

3.2.2.2. Formulation and Film Fabrication

Rubber latex formulation for preparing rubber films consisted of sulfur curing agent,
activating agent, and MCG is shown in Table 3.1. The preparation procedure was initiated by
pre-dispersing the curing agent, activating agent, and filler in water via homogenization (5 min
shear mixing at 25,000 rpm) using a PowerGen 700 homogenizer, followed by sonication. The
concentrations of MCG as fillers in the composite film formulation were varied in parts per
hundred (phr) with respect to the natural rubber with the following experimental design; O
(control), 1 phr (0.94 wt.%), 3 phr (2.8 wt.%), 5 (4.54 wt.%), 7.25 (6.46 wt.%), and 10 phr (8.7
wt.%). After adding the pre-dispersed mixture to NR, dipping and casting methods were
employed to produce prototype film specimens. For the dipping process, constant viscosity
formulations were employed to develop consistent and stable films on the film former (Scheme
1). Hence, the formulations were diluted with water to achieve the reference viscosity of 37.2
cP, which was the NR latex’s viscosity. Brookfield digital viscometer was used to monitor the
viscosity of the formulations. For the casting method, a total solids content of 40 wt.% was

maintained to obtain films with uniform thickness.
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Table 3.1. Formulation compositions for rubber latex.

COMPONENTS PARTS PER HUNDRED (PHR)
NR latex 100
MCG 0,1,3,5 725,10
3% KOH Solution 15
Sulphur 15
ZDBC 0.7
Zn0 1.3

Dipped Film Fabrication

The pre-dispersed latex formulation was mixed at 400 rpm for 2 h at 40 °C using a hot
plate with a magnetic stir bar as a maturation process. Fabrication of the rubber latex film was
initiated by dipping a rectangular glass in a coagulant solution (Table 3.2) for 10 seconds,
drying at 80 °C for 15 min, then cooling at room temperature for 1 minute. The glass coated
with the coagulant solution, as shown in Table 2, was then gently dipped in the matured latex
formulation for 40 seconds prior to curing at 100°C for 2 h, as displayed in Scheme 3.1. This

method is typically used in the industry for dipped goods production [230].
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Table 3.2. Formulation compositions for coagulant solution.

Components Parts Per Hundred
Rubber (phr)
Deionized water 100
Calcium nitrate 50
Calcium carbonate 0.8
Triton 0.06
Drying
(a) Clean Coagulant
(b)
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Scheme 3.1. Schematic demonstration of the dipping process (a) Cartoon describing the

dipping process; (b) image displaying manual dipping and the generated film.

Cast Film Preparation

The latex formulation comprised of 40 wt.% solids was casted on glass molds to

produce films with uniform thickness. After drying at room temperature, the films were cured

at 100°C for 2 h, as illustrated in Scheme 3.2.
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Scheme 3.2. Schematic demonstration of the casting process.

3.2.3. Film Characterization

3.2.3.1. THF Swelling and Crosslink Density Study

10 cm

NuVolve
1 phr MCG

Homogeneous film

15cm

The evaluation of the crosslink density of the composite films was accomplished via

the THF swelling method. Rubber films were cut into 25 mm x 15 mm pieces, which were

then immersed in THF until reaching equilibrium swelling, which was found to be 72 h. Each

sample’s weight was tracked at various time intervals by wiping the excess THF off the surface

of the films and immediately weighing. The swelling index (SI) was calculated to investigate
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the degree of swelling as described in Equation (3.1), where W1 (g) and W> (g) are the weight
of the samples before and after submerging in THF for a specific amount of time, respectively.
This test was conducted in triplicates for each sample, and the average swelling index was

reported.

si=2— W (3.1)
== _

The crosslink density (veross) Was calculated using the Flory-Rehner equation[231,232]:

(m_ol) _ In(1—v,) + v, + yv? (32)
Veross = N v, .
g 20,V (377 %)

where v, is the volume fraction of the equilibrium swollen rubber, Y is the Flory-Huggins
polymer-solvent interaction parameter (0.393), Vs is the molar volume of the solvent (81.08
m3/mol), and pr (0.908 g/cm?) is the density of rubber. To calculate vr, Equation (3.3) was
utilized:
Whoerore = Writier
Pr

B Wbefore - Wfiller + Wafter - Wfiller
Pr Ps

v, (3.3)

where Whefore (g) is the weight of the rubber films before swelling, Waer (g) is the weight of
the rubber films after swelling, Wriner (9) is the weight of the filler, and ps (0.89 g/cm?®) is the
density of the solvent.
3.2.3.2. Morphology Analysis

The degree of dispersion of the MCG in the NR latex films was evaluated by using a
scanning electron microscope (FEI Quanta FEG 250 SEM). In this test, specimens were cut

immediately after immersing in liquid nitrogen and then coated with gold.
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3.2.3.3. Tensile Testing

The rubber films were cut into strips with specific dimensions (70 mmx10 mm) in
accordance with ASTM D882-18. The tensile test was conducted on five specimens with a 500
mm/min strain rate using a Tensile Testing Equipment (AGS-X Shimadzu, Japan) using 0.5
KN load cell.
3.2.3.4. Tear Strength Testing

The tear test was conducted in accordance with ASTM D624-12 using a tensile testing
unit (AGS-X, Shimadzu, Japan). A type T trouser specimen with dimensions of 50 mm x 20
mm and an initial cut length of 10 mm were tested with a crosshead speed of 50 mm/min.
3.2.3.5. Dynamic Mechanical Analysis (DMA)

For dynamic mechanical analysis (DMA) testing, rectangular strip specimens with a
width of 6.5 mm were cut from rubber films prepared by the dipping method. The test was
conducted with an initial grip separation of 12 mm using a 50 pm amplitude, frequency of 1
Hz, and applied force of 0.01 N on TA Instruments, DMA Q800. The samples were
equilibrated at -90°C for 1 minute then heated at a rate of 3 °C/min to 20°C.
3.2.3.6. Thermogravimetric Analysis (TGA)

TGA analysis was carried out under nitrogen flow with the rate of 30 mL/min initially
in isothermal and then in dynamic mode by using a TGA instrument (METTLER TOLEDO
TGA 2). The samples were first heated to 100 °C for 5 min to remove water, then the
temperature was ramped up to 500°C at a heating rate of 5 °C/min.
3.2.3.7. Water Absorption Testing

A water absorption test was conducted in triplicates to study the effect MCG’s on the
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response of the composite films to moisture. Specimens with 25 mm x 15 mm dimensions
were dried overnight in a convection oven at 80°C prior to the test. After weighing the dry
samples, they were submerged in glass cups filled with 200 mL of water, and the weight change
was monitored at various time intervals over 7 days.
3.2.3.8. Permeability Testing

The impact of MCG on the barrier properties of the rubber composite films was
analyzed against water and ethanol as a volatile solvent, as stated by ASTM E96. Cups
containing water and ethanol were tightly sealed with the rubber composite films, and
throughout the 7 days, the weight change was tracked. This experiment was performed under
constant relative humidity in a desiccator. The water vapor transmission rate (WVTR) and
solvent transmission rate were then calculated using the following equation ASTM E96/E96M-

16:

G
WVTR = — 3.4
— (3.4)

where G is the weight change (g), t is time (hr), and A is the cross-sectional area of the cup
mouth (m?). Additionally, the water vapor permeability was calculated using the following
equation [233]:

(WVTR) x
WVP = — (3.5)

where [ is the thickness of the films (m), and A4p is the partial water vapor pressure difference
(Pa) between the two sides of the film.

3.3. Results and Discussion
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3.3.1. Engineered Polysaccharide Characterization

The engineered polysaccharide, a-1,3-glucan, was provided by IFF. The
polysaccharide is formed in an enzymatic polymerization process starting from sucrose. as
described in the literature[44,51,234]. This polysaccharide is water insoluble and is isolated
from the polymerization process as aggregated, highly associated structure. Through enzyme
catalyst and process control the formation of various particle morphologies and the degrees of
crystallinity can be adjusted [44,51,229]. Even though this semi-crystalline polysaccharide is
hydrophilic, it is not soluble in water and can form a stable colloidal dispersion in water under
shear that displays a shear-thinning behavior [235].

The a-1,3 glucan, utilized in this work is isolated with a specific microcrystalline
structure (MCG), a feature enabled directly by the enzymatic polymerization or within the
overall polymerization process. The morphology of the MCG was studied using various
imaging techniques (Figure 3.1(a-c)). The SEM images (Figure 3.1(c)) indicated the platelet
morphology of the MCG, which was rather unique for this material as compared to other
polysaccharides such as cellulose nanocrystals (CNCs), starch nanocrystals, or chitin, which
typically have either rod or spherical shape. The optical micrograph images (Figure 3.1(c))
exhibited that the MCG particles consisted of aggregated, fractal-like particles with a high
surface area. This specific particle system in addition to colloidal stability also demonstrates
consistent stability across a wide pH range, the colloidal stability and the viscosity response
are only marginally impacted. Even at a pH of 2, the MCG dispersion remains controlled and
no decomposition or hydrolysis is observed. The zeta potential of the MCG was measured,

and it has a neutral surface charge over the investigated pH range (2 to 10). This value is in
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complete agreement with the surface charge that has been previously reported by Kedzior et
al. [52]. Kedzior et al.[52] reported that MCG dispersed under the described conditions has

200 x 200 nm length by width, and 10 nm in thickness.

The variation in the primary structure, morphology, and surface area are plausible
reasons for the observed variations. The crystallinity index of the MCG calculated from X-ray
diffraction (XRD) was 85% (Figure 3.1(d)), which makes it comparable with CNCs [236]
and highly structured cellulose found in bacterial cellulose [44].The thermal stability of fillers
is an important factor that needs to be studied, as the majority of the polymer processing
operations are performed at elevated temperatures. The thermal stability/degradation of dried
MCG powder was evaluated using TGA. The onset thermal degradation temperature of the
MCG was 270°C, which was close to cellulose nanocrystals (CNCs), as shown in Figure
3.1(e). The TGA results indicated that the MCG has a slightly better thermal stability as
compared to the CNC, since the peak thermal degradation of the MCG was between 270°C to
340°C, while the CNC degraded before reaching 300°C. FTIR results presented in Figure
3.1(f) displayed that MCG and CNCs have similar spectra. It was noted that the MCG and
CNCs have similar characteristic peaks. The most prominent peaks were at 3380 cm™ (O-H
stretching), in the range of 2800-2900 cm™ (C-H stretching)[237,238], at 1360 cm™ (C-H and
C-O bending vibrations of the polysaccharides) [239], at 1430 cm™ (CH2 bending mode) [240],
at 1160 cm™ (coupling modes of C-O and C-C stretching) [241], and at 1090 cm™ (C-O-H

bending modes) [241].
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Figure 3.1. (a) Image of MCG colloid (7% solid content); (b) SEM images of MCG particles,
(c) optical micrograph images of MCG, (d) XRD patterns of the MCG, (e) TGA comparison

of MCG and CNC:s: (f) FTIR spectra of the MCG and CNC.

3.3.2. THF Swelling and Crosslink Density

The crosslink density plays a major role in the mechanical properties of rubber-based
composites and is typically determined by monitoring the swelling of the rubber in suitable
solvents, such as toluene and tetrahydrofuran. In the swelling method, solvent molecules
penetrate through the polymer chains, causing changes in the dimension and weight of the
rubber composite. Higher crosslinking levels in the films prevent solvent molecules from
diffusing through the material, resulting in a lower swelling ratio as opposed to lower
crosslinking levels. In this work, the swelling ratio of dipped and casted composite films were
evaluated, and the degree of crosslinking was calculated using the Flory-Rehner equation

(Equations 1-3), and results are presented in Figure 3.2(a-b).

77



The majority of the THF uptake occurred during the first 2 h of the test, followed by a
reduction in the sorption rate until reaching the swelling equilibrium. In general, composite
films containing fillers have a lower degree of swelling compared to the unfilled NR films in
both the casting and dipping methods. The crosslinking bonds, along with nanofiller network,
obstruct the diffusion of solvent molecules, resulting in a substantial decrease in solvent
absorption. Sinclair et al. 2019 have reported the same trend in solvent uptake by adding
cellulose nanofibers (CNF) in styrene-butadiene rubber nanocomposite, which aligns with the
MCG rubber composite film results. The incorporation of CNFs reduces the absorbency, as
well as the rate of absorption since the nanofiller particles act as a barrier against the solvent
molecules and hinder solvent penetration through the nanocomposite while also restricting the
rubber chain movement. A notable reduction in solvent uptake occurred at a higher degree of

CNFs, associated with the formation of filler-filler networks [242].

Similar enhancement in MCG-NR composite films’ crosslinking density that increases
with increasing MCG levels was noted in this study as shown in Figures 3.2(c-d). As expected,
the filler in the composite led to a higher crosslink density in the composite. However, at 10
phr MCG content, a reduction was observed, which can be attributed to the beginning of
agglomerated filler network formations. The observed results are in line with previous
findings, where the NR latex films filled with carrageenan exhibited higher crosslink density
measurement compared to the unfilled NR latex films [243]. The high tendency of carrageenan
for having physical entanglement with NR latex could hinder the chain mobility, which led to

a decrease in solvent diffusion and an apparent increase in the crosslinking density.
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Additionally, Maslowski et al. 2019 suggested that strong filler-polymer interactions in natural
rubber composites filled with crop residues could be reasons for an increase in the crosslink

density of rubber.

Comparing the dipping and casting film fabrication processes, the resulting casted films
exhibit an overall lower solvent swelling index and consequently higher crosslinking density.
This was likely attributed to the time variation during the NR curing process in the film
fabrication step. In the case of the casting process, the NR and NR-MCG films were first dried
at ambient temperature for up to 48 h prior to the high-temperature curing as opposed to the
dipped films, which were cured right after the dipping process without the need for the drying
process step. As such, the casted film formulations spent a longer time with the activators and

the curing agent sulfur to generate a comparatively higher degree of crosslinking.
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Figure 3.2. Equilibrium swelling in THF of NR and NR-MCG composites for: (a) films
prepared by dipping method, (b) films prepared by casting method. Crosslink density of NR
and NR-MCG camposites for: (¢) films prepared by dipping method, (d) films prepared by

casting method.

3.3.3. Morphology Analysis

SEM was used to evaluate the degree of dispersion of MCG in the NR latex composite
as shown in Figure 3.3. The images were generated from the cross-section of the films where
a cryogenic fracture was applied for preparing the specimens. The bright white particles,
pointed by the arrows in the pure NR films, are identified as ZnO (emitting high energy
electrons, as confirmed by energy-dispersive x-ray spectroscopy (EDX) analysis, Figure 3.4

80



and Figure 3.5. It was apparent that the incorporation of the MCG as a filler aided in dispersing
the ZnO particles homogeneously, which may contribute to the higher crosslink density of the

rubber composite films as opposed to the unfilled NR films.

These results agree with the findings from the CNC-NR nanocomposite study, which
were reported in other studies [14,244]. By mapping the Zn particles, Blanchard et al. found
that adding CNC, the amount of ZnO agglomerates decreased and eventually disappeared at a
higher loading of the CNC. Also, the potential Zn-cellulose network formation may improve
the dispersion of Zn throughout the films [14]. Since the MCG particles were not
distinguishable under the SEM analysis, EDX was employed to analyze the dispersion of
oxygen associated with MCG by capitalizing on the high oxygen content of MCG. It is
important to highlight here that the observed oxygen can be associated with the ZnO as well.
Since Zn mapping was also employed, the location of ZnO was already known; thus, it was
possible to stipulate the distribution of the MCG based on the EDX — oxygen mapping. As
illustrated in Figure 3.4 and Figure 3.5, the EDX analysis revealed that the MCG and sulfur
have uniform dispersion throughout the composite films in both the dipping and casting
methods indicating the good dispersion of the colloidal MCG in the rubber latex as well as in
the subsequent films. However, no distinction between the dipping and casting processes on

the dispersion of MCGs in the composite films were made based on the SEM and EDX studies.
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Figure 3.3. SEM images for films prepared by casting method containing: (a) 0 phr MCG, (b)
5 phr MCG (c) 7.25 phr MCG, films prepared by dipping method containing: (d) O phr MCG,

() 5 phr MCG, (f) 7.25 phr MCG.
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Figure 3.4. Dipped films EDX mapping of cured NR and NR-MCG composites for oxygen,

zinc, and sulfur.

83



Casted Films

NR

S}ﬂfﬂr_‘_‘. L

5 phr MCG

7.25 phr MCG

Figure 3.5. Casted films EDX mapping of cured NR and NR-MCG composites for oxygen,

zinc, and sulfur.
3.3.4. Tensile Testing

The mechanical properties of the films were evaluated to study the effect of the MCG
as a reinforcing filler of rubber films. Typical stress-strain curves, tensile strength, elongation
at break, modulus of elasticity, toughness calculated from the area of the stress-strain curves
for the dipped and casted films are presented in Figure 3.6 and Figure 3.7, respectively. A
notable reinforcing effect of the MCG on the rubber films was noted from the substantial
improvement in the tensile strength of both the dipped and casted film formulations, as noted

from Figure 3.6(a-b) and Figure 3.7(a-b). The maximum improvement was noted at 7.25 phr
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and 5 phr MCG loadings in the dipped and casted films, respectively. It was evident that there
was a maximum tensile strength of the films, as the strength decreases beyond a certain MCG
concentration. This reduction in the tensile strength occurred at 7.25 and 10 phr MCG for the
casting and dipping processes, respectively, which was in line with the general colloidal
behavior of particles at a higher loading agglomeration emerges that results in poor polymer —

filler interaction and thus a decrease in tensile strength.

The concentration of MCG at which the tensile strength started to decrease was higher
for the dipping method because the dipping method does not require a drying method as in the
casting method. The long drying employed in the casted films provides the particles ample
time to interact with each other and form aggregated and agglomerated structures, which led
to the observed tensile strength reduction at a relatively lower MCG loading as compared to
the dipping method. The excellent colloidal dispersion of MCG that allowed efficient stress
transfer from the elastomer to the filler in conjuncture with the high crystallinity mediated
stiffness of MCG led to the observed enhancement in the tensile strength and modulus of the
composite films [245]. Furthermore, the higher crosslinking of the MCG-filled NR films
compared to the unfilled NR could also have contributed to the higher resistance vs rupture.
The most significant improvement in tensile strength was observed with the addition of 1 phr
MCG, where the strength was improved by 178% and 145% for dipping and casting methods,
respectively. A similar improvement in tensile strength of NR was obtained after increasing

the concentration of CNCs up to 5 phr (Blanchard et al., 2020).

As expected, the elongation at break gradually reduced with the addition of MCG,

which was due to the incorporation of the rigid filler in the matrix that reduce the mobility of
85



the rubber chains. Additionally, crosslinking bonds between the chain segments prevent
untangling of some chains, consequently decreasing the elongation at break. The same results
were shown by incorporating sago starch in the natural rubber matrix, where the introduction
of a more crystalline region from the sago starch made the films more vulnerable under applied
force and thereby failed at a lower elongation percentage [246]. CNCs also caused a similar
reduction in the elasticity of a range of elastomers, such as styrene-butadiene rubber [247],

polychloroprene [248,249], nitrile rubber [244], and natural rubber [250].

A progressive enhancement of elastic modulus at 50% and 100% elongation can be
observed with increasing MCG concentration in both dipped and casted films (Figure 3.6(c)
and Figure 3.7(c)). The addition of the rigid filler, as well as the enhancement in the
crosslinking density, are the two main factors that promoted the increase in the elastic modulus
of the composite films. This is because incorporating a rigid filler within the NR matrix may
hinder the chain mobility, which leads to the observed higher resistance against deformation
when an external force is applied on the films, as also noted from the increasing slope of the

stress-strain curves (Figure 3.6(a) and Figure 3.7(a)).

The toughness of the films, which represents the films’ absorbed energy up to the point
of rupture, increased until a certain point with the addition of the MCG additive. It is
noteworthy to mention that a dramatic increase in toughness was observed in both the casting
and dipping methods. This is attributed to the high tensile strength and modulus with a slight
loss in elongation at break. The toughness was evaluated by integrating the stress-strain curve

(Figure 3.6(e) and Figure 3.7(e)). The higher energy required to rupture the films is attributed
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to the presence of the MCG making an effective network and crosslinking bonds with the
rubber matrix. At a higher loading of the MCG, the tensile strength increased while elongation
reduced, which leads to a drop in toughness. The higher crosslinking obtained with MCG fillers
could also play an important role in the observed increase in toughness. These results align
well with results by Khalid et al. for the radiated natural rubber/carbon nanotubes composite
[251]. The authors found that radiation aided in promoting the degree of crosslinking, which
provides an improvement in toughness, and with further radiation applied, a remarkable

decline was reported for toughness.
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Figure 3.6. Tensile and tear properties of dipped films (a) typical stress-strain curve; (b) tensile
strength; (c) modulus at 50% and 100 % elongation; (d) Elongation at break; (e) Tensile
toughness; (f) Die T tear strength.
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Figure 3.7. Tensile and tear properties of casted films (a) typical stress-strain curve; (b) tensile
strength; (c) modulus at 50% and 100 % elongation; (d) Elongation at break; (e) Tensile

toughness; (f) Die T tear strength.
3.3.5. Tear Propagation

For commercial applications of NR latex composite systems tear resistance is a critical
performance dimension and significant quality control requirements are typically in place to
ensure product performance in this area to ensure reliable performance the derived safety and
performance of the products. High tear resistance isneeded in dipped goods
materials, including gloves, condoms, and balloons. The effect of the MCG on
the propagation of cracks through the length of the composite films was investigated using
trouser cut specimens, commonly called Die T test. The MCG particles provided a direct

improvement in preventing tear propagation, as depicted in Figure 3.6(f) and Figure
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3.7(f) for both the  dipping and casting process generated films. A noticeable 10-
fold improvement at 10 phr MCG concentration was observed for the dipped films. This
attractive performance improvement was likely due to the excellent dispersion of the MCG
within the NR matrix and the underlying stiffness of the highly crystalline MCG with the
unique platelet-type particle morphology. At a lower concentration of the MCG (e.g. 1 phr
MCG loading), minimal improvement in tear resistance was observed as the films were easily
torn in the areas where there was not sufficient MCG incorporation. Moreover, a jump in the
tear strengthas MCG additive levels increase from3 to 5,and continuously
to 7.25 phr, confirm the possibility of filler percolation network formation in the films that can
lead to atortuous path for the tear to propagate. The same trend was displayed in other
rubber films [14,247,249]. These tear results indicate the promising attribute of using MCG in

the NR films.

For example, the tear resistance for commercially available nitrile gloves is typically
14.9 kN/m [252]. In contrast, the dipped rubber films in this research shows a tear strength of
2.5 kN/m for the baseline, unfilled NR system, while the NR-film composite containing the
MCG filler shows 36 kN/m, respectively indicating that the MCG has remarkably elevated the

tear resistance of the model film system.

3.3.6. Thermo-Mechanical and Thermal Properties of the Films

Tan delta (tan 6), damping factor curves, presented in Figure 3.8(a), were obtained from
dynamic mechanical analysis (DMA) on the pure NR and NR/MCG reinforced films, which

were prepared by the dipping method. The temperature point where tan ¢ peaks are observed
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represents the glass transition temperature (Tg) associated with the onset of long-range
segmental mobility. Factors that affect the segmental mobility, such as chain stiffness and
available free volume for segmental motion, directly impact the Tg. It is obvious from the
graph that there was a reverse relationship between the MCG loading levels and the height of
the tan delta peak. An increase in the MCG loading led to a decrease in tan o intensities which
is mainly attributed to restricting the segmental mobility of NR polymer chains around the
incorporated fillers caused by strong rubber-filler interfacial interaction[253,254].
Additionally, decreasing the concentration of matrix, which is capable of relaxation, with the
addition of the filler can be count as another plausible evidence for a reduction in the intensity
of tan delta[255,256]. Furthermore, the lower quantity of tan delta intensities in the NR/MCG
films indicating a reduction in the elasticity of the films as a result of the generation of less
deformable films from the greater crosslinking density and reinforcement by the MCG in
agreement with Das et al. [257]. However, the Tg remained unchanged at approximately -
58°C, despite the change in the MCG loading. Similar results of unchanged Tg in
nanocomposites were reported for the NR containing nano-calcium carbonate (CaCO3) [258].
The NR and MCG systems do not have any specific interactions, such as polar-polar or ionic,

along the NR chains and MCG. Therefore, the Tg of the composite remained unchanged.
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Figure 3.8. Dynamic mechanical analysis: (a) tan delta, Thermogravimetric analysis: (b)

Weight loss and (c) derivative weight loss curves of NR and NR-MCG composites.

The thermal degradation behavior of the films was investigated using TGA and the
progress of degradation is illustrated in Figure 3.8(b-c). As a result of chain cleavage, as well
as scission of the crosslinking bonds, the degradation of the rubber polymers occurred, and the
main decomposition happened in the range of 280°C to 450°C. The onset temperature of the
degradation process of the films containing MCG gradually decreased as the MCG loading
increased. Also, other peaks around 280°C were observed from the derivative curve likely
attributed to the thermal degradation of the MCG. Blanchard et al. reported a similar trend for
natural rubber composite reinforced by cellulose nanocrystals [14]. The lower thermal stability

in the presence of MCG has been observed due to the effect of early degradation of MCG. The
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same outcomes by incorporating nanocellulose were shown by Abraham et al., as maintaining
the same thermal stability as natural rubber was only possible at the lowest percentage of
nanocellulose. Also, with the further addition of cellulose, a similar thermal stability decrease

was noted [259].
3.3.7. Water Absorption

The water uptake of composite films after immersing in distilled water was investigated,
as depicted in Figure 3.9(c). Over the first 8 h, the composites with 5 and 7.25 phr MCG, along
with NR had the highest water uptake values. In contrast, during the long-term testing period,
an increase of the MCG content in the NR composite displayed an opposite trend by declining
the water uptake rate. The higher water absorption of the MCG-filled films may be due to the
general hydrophilic nature of a polysaccharide based filler system such as the MCG, which
may inherently associate with moisture via hydrogen bonding [260]. The decrease in the rate
of water absorption with the increase in the MCG additive content was noted in the longer-
term (seven days) studies. This observation may be rationalized by MCG embedded in the NR
matrix reducing the effective extend of free volume in the NR matrix, especially at these higher
concentrations, which may lead to less free volume available for the retention of water
molecules, which in turn reduces the overall water uptake. These results are consistent with
the previous study of acrylonitrile-butadiene rubber (NBR) films using a nanocellulose filler
by Ogunsona et al. [244]. This study reported that changes in the micro-voids and the increase
in the crosslinking density of the rubber chains was responsible for reducing water uptake.

Upon the addition of nanocellulose, the available micro-voids for water molecules diminished,
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which induced a denser material and made it difficult for water to diffuse. Moreover, the

crosslinking network restricted the swelling degree of the rubber films[244].

3.3.8. Permeability Testing
3.3.8.1. Water Vapor Permeability (WVP)

The water barrier performance of the prepared composite films was investigated under a
constant relative humidity environment, and results are presented in Figure 3.9(a-b). The
water vapor transmission rate values are directly proportional to the difference in relative
humidity, and the behavior can be explained with Fick’s law[261,262]. As seen from the
weight difference graphs at different time intervals (Figure 3.9(a)), the water permeation
increased with the MCG loading up to 7.25 phr, followed by a decline at 10 phr MCG. Since
higher MCG loading creates a tortuous path for penetration, the continuous permeation route
formed by the percolated MCG network is the proposed mechanism for increasing the WVP
that was observed in Figure 3.9(b). At high MCG loading levels (10 phr and above), the
platelet MCG morphology fills free volume along with a higher degree of crosslinking, creating
a more complex route for diffusion, leading to the observed drop in the WVP at 10 phr MCG.
Bras et al. reported a similar trend upon the addition of cellulose whiskers in natural rubber
[263]. In this study, a greater WVP was noted because of the cellulose whiskers’ high
hydrophilic nature. However, the formation of the cellulose network via hydrogen bonding led
to a decrease in WVP. The relatively high-water permeation of the NR-MCG composites as
opposed to the unfilled NR is appealing for glove applications, as it can prevent the buildup of

sweat inside the gloves by allowing the moisture to diffuse out.
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3.3.8.2. Solvent Vapor Permeability (SVP)

Barrier performance against solvent is of a high priority for glove applications since the
gloves should be able to protect hands from solvents. To test the barrier behavior of NR-MCG
composite films, ethanol was selected as the solvent material. Although ethanol is a volatile
solvent and travels much faster through the films than water, the results showed that the solvent
permeability decreased when the MCG content increased, as highlighted in Figure 3.9(d).This
finding is well supported by the fact that the MCG forms a network of hydrophilic fillers in
conjuncture with the increase in the crosslinking density that caused the observed difficulties
for solvent molecules to diffuse through the films [14]. The ethanol barrier property was
enhanced with the increase in the MCG loading and consequently, the crosslink density.
Likewise, the incorporation of silicate nanomaterials in NBR resulted in an improved solvent
barrier when a good filler-rubber interaction is achieved [12]. Generally, obtaining an
enhancement in the barrier properties against ethanol indicates that the MCG reinforced NR

films can be of great importance in practical applications, such as gloves.
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Figure 3.9. (a) Vapor permeation loss of water through NR and NR-MCG nanocomposites,

(b) water vapor permeability and (c) ethanol permeability, (d) water absorption of NR and NR-

MCG nanocomposites.

3.4. Concluding Remarks

The colloidal microcrystalline glucan (MCG) obtained from enzymatic polymerization
has a controlled, and specific plate-like morphology, with high surface area, high crystallinity,
low density compared with mineral fillers, and good thermal stability. This colloidal MCG
system displayed good dispersibility in rubber latex composite films prepared by both dipping
and casting processes. The physico-mechanical characterization indicates a noteworthy
enhancement in mechanical properties, such as tensile strength, modulus of elasticity, and tear

strength. The improvement in mechanical properties was achieved due to the good dispersion
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of the MCGs in the rubber latex and eventually in the cured matrices. Also, the formation of
the tortuous path by percolated MCG promoted the barrier properties, as well as tear strength
of the composite films. Overall, the incorporation of MCGs brought about appealing rubber
film properties that are desired for a range of lightly-crosslinked dipped goods, including
gloves and condoms. The rubber composite films produced using the MCG filler system
emerges as a promising candidate to provide performance enhancements for a NR-based
composite as required for typical commercial applications. At the same time, the increasing
interest in an overall more sustainable material solution that reduces the overall green house
gas impact by using composites with overall renewable content. In addition, pending the extent
of crosslinking, the overall composite will likely also show biodegradability performance to
avoid the formation of persistent micro-plastic entering the environment through uncontrolled

disposal.
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Chapter 4. Sustainable barrier paper coating based on alpha-1,3 glucan
and natural rubber latex®

4.1. Introduction

Many traditional polymers originating from fossil resources are in discussion regarding
their potential for severe environmental pollution concerns associated with the production
and disposal, especially as regulations are driving towards greenhouse gas avoidance
metrics. Nearly all plastic packaging that has been produced is sourced from petroleum
feedstock and disposed of after a short period of use which about five million tonnes of
plastic waste per year accumulating in oceans and landfills [264,265]. Furthermore, the
natural limitation of petroleum resources in some geographies and depletion concerns in
others, and the implications of some polymers, especially in packaging, coating, and
biomedical uses [266], constitute additional concerns. To mitigate these challenges, efforts
are directed towards shifting the production of polymers from petrochemical feedstock to
renewable resources (e.g., making plastics from plants), as well as the development of
biodegradable polymers [267]. Therefore, developing sustainable, ideally also biodegradable,
and safe material alternatives as new packaging materials provoked widespread attention to
mitigate the outlined challenges of conventional packaging materials [268].

Paper is extensively used in the food packaging industry in various forms [269].

However, the direct use of paper for food packaging applications is limited due to the inferior

3 A version of this chapter has been published on peer-reviewed journal as a review article: A. Adibi, D. Valdesueiro, J. Mok,
N. Behabtu, C. Lenges, L. Simon and T. H. Mekonnen. (2022) Sustainable barrier paper coating based on alpha-1,3 glucan
and natural rubber latex, Carbohydrate Polymers., 2022, 282, 119121. https://doi.org/10.1016/j.carbpol.2022.119121.
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mechanical properties (e.g., wet tensile strength and tear strength) and insufficient barrier
properties against water, oil, and oxygen. A promising technique to alleviate the inherent
limitation of paper substrates and enhance critical properties of this packing alternative is the
application of surface coatings, for example, water-based coatings which can be applied at high
speed and can be led to the use of biopolymers [270].

Fillers are used in water borne barrier coatings, are inexpensive inorganic materials,
such as kaolin, calcium carbonate [271]. Moreover, due to the morphology and high aspect
ratio of inorganic fillers, they can provide great barrier properties by introducing further
tortuosity [272,273]. Inorganic fillers can also be incorporated in the paper substrate during the
fabrication process to fill voids with a net effect of smooth surface and enhanced barrier
properties [274]. The drawbacks associated with incorporating inorganic fillers in paper
coating includes inferior compatibility and adhesion, making the use of adhesive and
compatibilizer essential [275,276]. Mineral fillers also causes embrittlement, potential for
pinholes, and generation of defects-[277]. With regard to the biodegradability of coatings, the
use of bio-based organic fillers, such as polysaccharides instead of inorganic fillers is

considered more advantageous [271].

Natural rubber (NR) is a natural biopolymer harvested from Hevea brasiliensis plant
as a milky colloidal suspension and typically provided as a water-based latex [263]. With the
typical cis-1,4-polyisoprene chemical structure of the polymer (Scheme 4.1), NR is reactive
and a natural-sourced hydrocarbon polymer which has found a wide range of industrial

applications, usually through extensive formulation and processing with typical applications
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in floor mats, hoses, belts, gloves, ropes, and most widely in vehicle tires, etc. [278]. Since NR
latex displays biological mineralization, it can be regarded as renewable, sustainable, and
inherently biodegradable polymer if further crosslinking and formulation is avoided or
significantly limited. Products made from uncured NR exhibit good biodegradation in several
environments [279]. The environmental benefits, its stable aqueous latex form, and its
hydrophobicity that may provide good moisture barrier properties may enable NR-based
formulations to provide appealing properties for paper coating applications [30,31]. Despite its
moisture barrier properties, utilizing NR as a paper coating is not common due to its low tensile

strength and typically insufficient barrier performance vs. for example, oxygen and grease/oil.
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Scheme 4.1. Structure of a) natural rubber, b) alpha-1,3-glucan.

Polysaccharides are renewably sourced materials (e.g., cellulose or starch) comprised
of monosaccharides linked by glycosidic bonds with three hydroxyl moieties on each repeating
anhydroglucose unit. Due to their hydroxyl groups, polysaccharides can form strong hydrogen
bond networks for example, within the cellulose in paper when used in paper coating
formulations[275]. Additionally, polysaccharides are generally biocompatible, biodegradable,
and non-toxic, making them appealing materials for food contact applications, such as paper
coating. However, polysaccharides are also hydrophilic and display a high water absorption

rate and poor moisture barrier properties [177,280]. Thus, it is not feasible to use widely
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commercially available polysaccharides (e.g., starch) as a sole component for high-
performance paper coating formulations

In recent years, IFF (formerly DuPont Nutrition and Biosciences) has developed a
biocatalysis process to enable access to tailored polysaccharides, for example, alpha-1,3-
glucan (Scheme 1), from enzymatic polymerization of glucose from sucrose with controlled
morphology and structure [38,49]. The alpha-1,3-glucan has high purity, is a water-insoluble,
linear, high-Tg polymer with high crystallinity (crystallinity index up to 0.70), and exhibits
stable colloidal stability in its never-dried form [44,281]. Through the engineered
polymerization processes, tailored morphologies are accessible, including spherical aggregates
(wet cake), fibrids, and platelet-type particle structures (microcrystalline glucan, MCG)
(Kedzior et al., 2021). The alpha-1,3 glucan in wet-cake form shows spherical particle
morphology and a particle size between 5-10 um in its aggregated form and is utilized as a
functional filler within an NR-latex system in this work.

This study aims to investigate the barrier performance of the combination of alpha-1,3
glucan and NR latex in paper coating applications. It is hypothesized that the mutual agueous
colloidal dispersion of alpha-1,3 glucan and NR latex forms a stable latex system that can be
applied to provide a consistent and functional barrier coating on cellulosic paper substrates.
The effect of various composition ranges on the film-forming properties and barrier
performance versus water vapor, oil, and oxygen are studied. Analytical techniques such as
tensile testing, water vapor permeability testing, Cobb testing, and Kit testing were utilized to
determine the properties of the prepared paper coatings.

4.2. Materials and Methods
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4.2.1. Materials

The alpha-1,3 glucan colloid (40 wt.% solids, 60 wt.% water) of alpha-1,3 glucan, made
from enzymatic polymerization of glucose from sucrose, with surface area of 9.7 m?/g was
provided by International Flavors & Fragrances Inc.(IFF). Stabilized natural rubber (NR) latex
(60 wt.%. solids, 40 wt.% water) was purchased from Chemionics Corporation, OH, USA.
Toluene, n-heptane, and castor oil were purchased from Sigma Aldrich. Polyvinyl alcohol
(PVOH) with a molecular weight of 72,000 g/mol was obtained from MP biomedicals and
heptane was supplied by OmniSolv. Manila papers, which are made from semi-bleached wood
fibers with a thickness and grammage of 0.24 mm and 204 g/m?, respectively is sourced from
a local stationery store (Waterloo, ON, Canada) were used as the paper substrate.
4.2.2. Characterization of alpha-1,3 glucan

To observe the morphology of alpha-1,3 glucan particles, 10 pL of dispersed
polysaccharides (10 wt.%) were spun at 6,000 rpm at room temperature. A Dimension Icon®
scanning probe Atomic Force Microscopy (AFM) (Bruker, Santa Barbara, USA) was then
employed to collect images. Alpha-1,3 glucan dispersions (5 wt.%, 7.5 wt.% and 10 wt.%)
were prepared by dispersing the wet cake in deionized water using a kitchen blender for 10
min. A Brookfield digital viscometer was then used to measure the viscosity. The particle size
of dispersed alpha-1,3 glucan particles in water was also measured using Malvern Zetasizer
(Westborough, MA). For this, the dispersion was diluted to a concentration of 0.1 wt.% in

deionized water and three measurements were conducted.

4.2.3. Coating Fabrication
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The coating formulations consist of NR, wet cake of alpha-1,3 glucan, and water while
maintaining a constant total solids content of 10 wt.% for all formulations. The fabrication
procedure was initiated by pre-dispersing the alpha-1,3 glucan wet cake in water with a
kitchen-type blender at high speed (10x) until achieving a viscous dispersion (~ 2,600 mPa.s,
15 wt.%). The alpha-1,3 glucan dispersion prepared as such was then mixed with a calculated
guantity of NR latex and distilled water to obtain the required formulations. In the
formulations, the concentration of alpha-1,3 glucan in the coating film formulations was varied
between O (control) and 100 parts per hundred rubber (phr) alpha-1,3 glucan (wet cake) as
shown in Table 4.1 while maintaining the total solid at 10 wt.% by adding water. The
formulations were then mixed on a stir plate at 500 rpm for 10 min followed by homogenization
(25,000 rpm x 3 min) to obtain a uniform dispersion. Finally, the coatings were applied on
Manila paper substrates utilizing a Doctor blade with a gap of 200 um (wet thickness) to obtain
20 pm dry thickness. It is important to highlight that the 20 pm coating thickness is a calculated
value and a slight variation from 20 um is expected to due to the penetration of the wet coating
into the paper structure. The coated papers were then allowed to dry at room temperature for
24 h prior to testing. For 100 pm thickness coating, five coating layers, each with 20 um dry

thickness. Each layer was allowed to dry for 24 h before the next layer was applied.

Table 4.1. Composition and nomenclature of coating film formulation.

Sample Parts per hundred Parts per hundred Wt.% of alpha- ~ Sample designations
labels (phr) of NR, dry (phr) of wet cake 1,3 glucan
basis (wc), alpha-1,3

glucan dry basis
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NR

NR-10wc

NR-30wc

NR-50wc

NR-70wc

NR-100wc

100

100

100

100

100

100

10

30

50

70

100

9.09

23.08

33.33

41.18

50.00

NR Control

NR+ 10 phr wc

NR + 30 phr we

NR + 50 phr we

NR + 70 phr we

NR + 100 phr wc

4.2.4. Characterization of the Coatings

4.2.4.1. Dynamic Viscosity Measurement

The dynamic viscosity of the coating formulations was investigated by a rheometer

(HAAKE MARS, Thermo scientific). The steady-state viscosity of the NR/alpha-1,3 glucan

formulations was reported at shear rates ranging from 0.03-100 s, A 35 mm stainless steel

parallel plate with a plate gap of 1 mm was utilized for the tests. The test was conducted at 27

°C.

2.2.4.2. Morphology Analysis

The uniformity of the films that were applied on the paper along with the existing voids

on the surface of the paper coatings were evaluated by using a scanning electron microscope

(FEI Quanta FEG 250 SEM). In this test, the coated papers were cryofractured and gold coated

to assess the surface and cross-sectional morphology of the specimens.
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4.2.4.3. Contact Angle Measurement

Contact angle measurements of the control and coated papers surface were conducted
using a custom-built system equipped with a programmable syringe pump (New Era Pump
Systems Inc.) and a video camera to study the interaction of water with the formulated coatings.
About 3 puL of deionized water was dropped on the surface of the coated paper and images

were captured at 0, 30, and 60 s. The contact angle was then calculated using ImageJ software.
4.2.4.4. Mechanical Properties

Dry Tensile Strength: Seven specimens were cut from the coated paper samples into
70 mm x 20 mm strips. The tensile test was conducted according to 1SO 1924-2/3 with a 100
mm/min strain rate, using tensile testing equipment (AGS-X, Shimadzu, Japan).

Wet Tensile Strength: To determine wet strength, seven specimens were dipped in
distilled water for 30 s and 1 min in accordance with ASTM D829-97. After that, the excess
amount of water on the surface of the paper coating was blotted with a paper towel, and tensile
testing was carried out immediately using the same tensile testing procedure as above.
4.2.4.5. Cobb Test

Water Cobb Test: The water Cobb test was run for 2 min as stated by TAPPI T441
using five replicate specimens. About 10 cm? of circular samples were cut, placed on the Cobb
cylinder that contained a measured quantity of water, and tightly clamped by exposing the
paper coating side towards the water. The Cobb cylinder was then reversed, and the paper

coating was allowed to contact the water for 2 min. Subsequently, the coated paper was
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weighed after removing the excess water via gentle blotting. The weight difference before and

after the test defines Cobb’s value as described by equation (4.1):
Cobb value(g/mz) =(my, —my) X 10000/Area( cm?) (4.1)

where m2 and m; are the weight of the sample after and before the test, respectively.

Oil Cobb Test: The oil Cobb test was employed in a manner similar to the water test to
evaluate the amount of oil absorbed by the sample in 1 min. In this test, canola oil was utilized,
and five measurements were carried out for each formulation in the Cobb test and the average

was reported.
4.2.4.6. Water Vapor Barrier

The effect of the coating on the barrier performance of the coated paper against water
vapor was evaluated according to ASTM E96. For this method, cups were partially filled with
water and then sealed tightly with coated paper so that the coating was exposed to the water
vapor. The change of weight of the cups was tracked for seven days. This test was carried out
in triplicates for each coating formulation. The water vapor permeability (WVP) was then

calculated by obtaining the water vapor transmission rate (WVTR) and utilizing the following

equations:
WVTR = aG (4.2)
T t. A '
(WVTR) x 1
wWyp=-———— (4.3)
Ap
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where AG is the weight change (g), t is time (hr), A is the cross-sectional area of the cup mouth

(m?), | is the thickness of the paper coatings, and Ap is the partial water vapor pressure

difference between the two sides of the film (1 Pa).
4.2.4.7. Oxygen Barrier

Oxygen permeability (OP) was investigated using a custom-made bubble flowmeter.
The specimens were cut in the shape of circles with a certain dimension (4.8 cm in diameter),
placed in the chamber with the coating exposed to pure oxygen and the other side of the paper
coating was attached to the bubble flow meter system as shown in Scheme S1. By recording
the required time for the bubble to travel 20 mL through a burette, the flow rate was calculated.
This test was conducted at a fixed pressure of 13.8 kPa and at different initial moisture contents
of the coated paper, i.e., 30%, 60%, and 99%. In order to adjust the moisture content of the
coated papers, the specimens were kept in a desiccator where the relative humidity was tracked
with a digital hygrometer immediately before the OP test. The OP was measured as using Eq.
(4.4):

!

0P = (%) X1 (4.4)

where V/ (t. A) is the flux of the oxygen flow rate (cm®mZ.s), | is the thickness of the paper
coatings (m), and AP is the oxygen gas pressure difference between the two sides of the coated
paper.

4.2.4.8. Kit Test

The grease resistance of the paper coatings was analyzed by the Kit test in accordance

with T559. In this test, 12 different grease solutions (Table Al) containing varying amounts
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of castor oil, n-heptane, and toluene were prepared and applied on the coating surface. Each
grease solution was then applied on at least five replicate samples where new samples were
used as repeats, and the surface of the coating was examined to observe any trace of staining.
The highest number of grease solutions which did not leave any dark spot on the paper coatings
was reported as the Kit number. A higher Kit number presents better grease resistance of the

sample. A sample that attained a Kit number of 8 was reported as grease resistant.
4.2.5. Effect of Coating Thickness on the Barrier Properties

Since paper is a porous substrate containing interconnected voids, which forms a
permeable porous network, the coating thickness plays an important role in blocking the voids
and bringing about barrier properties. In this study, selected paper coating formulations with
three different thicknesses (5, 20, and 100 pm) were fabricated in order to study the effect of
the thickness on the barrier properties of the paper coatings, using WVP, OP, the oil Cobb test,

and the Kit test.

4.2.6. Comparison of Coating with Commercial Material

To obtain a better perspective of the effectiveness of the NR/alpha-1,3 glucan
formulation as a viable coating, the selected formulations were compared with commercial
coatings that are widely utilized in the food-packaging industry. For this, two different
commercial polymer coatings, polyvinyl alcohol (PVVOH) and polyethylene (PE) were selected
due to the great moisture and oil barrier capability of PE, and the outstanding oxygen barrier
performance of PVOH. To prepare the PVOH coating, PVOH was dissolved in distilled water

(10 wt.%) at 90 °C under stirring (600 rpm), cooled, and applied on the paper substrate using
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a doctor blade to obtain 20 + 3 um thickness. For a PE coating example, a commercial food
container coated with PE (100 pum) was sourced from a restaurant chain and used for the study.
The WVP, OP, oil Cobb test, and Kit test were performed on these two paper coatings for
comparison with the formulated coating. The calculations were adjusted wherever required to

account for the thickness variation of the PE coating with the other formulations.

4.2.7. Statistical Analysis

All tests were replicated at least three times and results were presented as mean
+ standard deviation. Statistical evaluation of the data were conducted using Minitab version
19. To identify significant differences among means, single factor analysis of variance
(ANOVA) was employed to the data with an LSD criteria of 95% confidence level (P < 0.05).
4.3. Results and Discussions
4.3.1. Alpha-1,3 Glucan Characterization

The engineered polysaccharide, alpha-1,3 glucan, can be obtained in a biocatalysis
process from sucrose using a glucosyltransferase (GTF) enzyme. The enzymatic process can
provide the ability to control the morphology as well as the degree of crystallinity [44]. The
resultant polysaccharide is water-insoluble and has an aggregated structure. Even though this
semi-crystalline polysaccharide is water-insoluble, and it has a tendency of settling due to its
neutral surface charge, it can form stable colloidal dispersions in water under shear [165]. In
this work, the spherical morphology of the alpha-1,3 glucan wet cake systems have been
utilized for this assessment. In order to obtain a better perspective of the morphology of alpha-

1,3 glucan, an AFM and SEM imaging were employed, as shown in Figure 4.1(b - d). It was
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observed that the primary particles may be in the range of 25-35 nm within the highly
aggregated structure which are providing micrometer type systems within the dispersed water
system.

By applying high shear, the aggregated structure of the alpha-1,3 glucan forms a stable
colloidal dispersion in water with a typical particle a size of 0.2-1 um, as shown in Figure
4.1(a). Dispersions prepared as such were combined with NR latex to prepare the coating
formulations. The increase in the concentration of the rigid alpha-1,3 glucan particles in water
resulted in a higher viscosity of the suspension. At 10 wt.% concentration, a viscous colloidal
dispersion (~ 2,600 mPa.s) in a similar range as that of honey or corn syrup was noted (Figure
4.1()). This indicated that the application of high shear could break the aggregated structures

of the wet cake polysaccharides.
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Figure 4.1. a) Particle size of dispersed alpha-1,3 glucan in water, b) SEM image of dried
alpha-1,3 glucan aggregate, ¢c) SEM image of dispersed alpha-1,3 glucan in water, d) AFM
phase images of alpha-1,3 glucan particles, €) Dynamic viscosity of NR/alpha-1,3 glucan wet
cake (wc) suspensions: viscosity against shear rate, f) viscosity of alpha-1,3 glucan

dispersions in water at various concentrations.
4.3.2. Dynamic Viscosity

The dynamic viscosity of the coating formulation was investigated to understand the
flow behavior of the coating formulations and the resulting uniformity. Moreover, the effect
of alpha-1,3 glucan on the dynamic viscosity of the formulation was evaluated. In general, the
rheology of suspensions, can be dependent on particle characteristics such as particle shape
and size, surface charge, and dispersion microstructure (for example Liu et al., 2017). In the
paper formulations prepared in this study using the NR/ alpha-1,3 glucan formulation systems
unique differences are observed, the solid content of these formulations was typically 10 wt.%
in this study. The changes in the dynamic viscosity with increasing shear rate are presented in
Figure 4.1(e). The alpha-1,3 glucan loading concentration has a positive correlation with the
suspension viscosity increase due to the latex colloids mobility restrictions by the stiffer alpha-

1,3 glucan particles.

It is noted that lower levels of alpha-1,3 glucan loading (up to 30 phr) did not visibly
change the dynamic viscosity. Further increase of the alpha-1,3 glucan concentrations to 50
and 70 phr substantially increased the viscosity. While all coating formulations displayed shear

thinning behavior, higher alpha-1,3 glucan loading formulations showed severe cases. This is
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attributed to the alpha-1,3 glucan aggregate breakdown as a result of the increase in shear,
which could be favorable in the process of coating fabrication [39,282]. It is likely that this
behavior can also be affected by shear rate (Deborah number) and the particles can behave

viscoelastic (Lapasin & Pricl, 1995).

4.3.3. Morphology of Coatings

To study the change in the morphology of the paper as a result of the employed NR/
alpha-1,3 glucan coatings, scanning electron microscope (SEM) images were collected as
shown in Figure 4.2. The uncoated paper surface displayed voids and pores indicated with red
arrows (Figure 4.2(a)), and uneven surface with recognizable individual fibers intertwined
with each other. However, after applying the coating, the cellulose fibers of the paper can
hardly be distinguished and most of the voids were covered, leading to a relatively smooth
surface which is in complete agreement with previous findings [106,283]. Additionally, the
SEM images of the cross-section of the uncoated paper exhibited the physical interlocking of
the cellulose fibers, which results in the formation of pores throughout the paper. In Figure
4.2(e), which represents the cross-section of coated paper with NR, a distinguishable interface
between the paper and NR was visible. The substantial variation in the polarity of the cellulose
in the paper substrate will not typically allow an intimate interaction. On the other hand, with
the addition of the alpha-1,3 glucan, hardly any interface can be detected due to the great
compatibility between the alpha-1,3 glucan and the fibers of the paper; this result is consistent
with results obtained with other types of coatings such as better filling of pores and creating a

more uniform surface of the paper coating, as reported by previous studies. Also, in Figure
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4.2, the degree of dispersion of alpha-1,3 glucan in the NR films was evaluated. As highlighted
in Figure 4.2(j), it was observed that at lower concentration of alpha-1,3 glucan(10 phr), and

uniform dispersion of the filler particles was obtained.
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Figure 4.2. SEM images of the surface of: a) uncoated paper, b) NR coating film on the paper,
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100 phr wc coating film on the paper, i) NR film, j) NR+ 10 phr alpha-1,3 glucan film, k) NR+

30 phr wc film, ) NR+ 50 phr wc film.
4.3.4. Contact Angle

The wettability of the surface of the coatings was assessed by measuring the contact
angle with water. The variation of contact angle during a certain amount of time is shown in
Figure 4.3. The small contact angle of the paper base can be due to the hydrophilic nature of
paper and its porous structure. It was expected that, with the introduction of the alpha-1,3
glucan in the coating, the degree of hydrophilicity of the coating will increase, causing the
contact angle to drop below 90° which matches well with previous findings [148,283]. It is
noteworthy to mention that after 1 min of contact between the water droplet and the surface,
the contact angle did not change significantly (Figure 4.3), which exhibits the stability of the
coatings. On the other hand, the water droplets completely penetrate through the base paper

after 30 s.
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Figure 4.3. Contact angle of uncoated paper and coated papers.
4.3.5. Dry and Wet Tensile Properties

Tensile strength is a parameter representing the resistance against failure of the material
under tension. In general, the major determining factor of tensile strength of coated paper is
the base paper substrate [284]. While polymer coatings are typically less stiff than paper, they
can act as adhesives of the paper fibers and enhance the strength. It is evident from Figure 4.4
(a) that applying coating film on the base paper has resulted in slightly higher tensile strength
than the uncoated paper. Also, the incorporation of the alpha-1,3 glucan in the coating
formulation had a positive influence at increasing the tensile strength of the coated paper in

comparison to pure NR. This was attributed to the structural similarity of the alpha-1,3 glucan
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with the cellulose fibers constituting the paper substrate leading to an intimate physical
interlocking and hydrogen bonding. Moreover, the alpha-1,3 glucan particles are small enough
to travel through the pores and voids in the paper substrate cellulose fibers and block pores
while forming strong interactions as shown in Scheme 4.2. Afra et al. [285] reported a similar
outcome of higher tensile strength by utilizing cellulose nanofibrils (CNF) as a coating
constituent. On the contrary, the elongation at break of paper, remained almost unchanged
(below 3%) from the baseline irrespective of the coating formulation variation indicating that
the applied coating (20 um) did not noticeably affect the paper substrate’s flexibility. The
influence of formulated coatings on the foldability and flexibility of the paper was evaluated
by comparing the water Cobb of unfolded coated paper specimen and folded specimens (folded
vertically and horizontally). As shown in Figure Al, the water Cobb values of the folded
samples were not statistically significant (p > 0.05) from the unfolded samples. This indicates
that the employed coating retained the water barrier properties despite the folding and as such
the paper coatings lend their flexibility to the paper substrate.

Enhancement in the elastic modulus was observed by employing the coating layers on
the paper substrate as shown in Figure 4.4(b). This was ascribed to the adhesion and filling of
pores by the NR latex in conjuncture with the migration of the alpha-1,3 glucan particles
between the pores of cellulose fibers which lock the movement of the fibers, presenting higher
resistance against deformation under tension. Similar modulus increase of paper substrate was
reported using micro-fibrillated cellulose as a coating [286]. Furthermore, Hashemi Najafi et
al. stated that with increasing starch content in the latex-starch films, the tensile modulus

improved [287].
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Scheme 4.2. The mechanism of formation of coating film on the paper substrate.

The wet tensile test was conducted to explore the effect of the coating on the wetted
tensile properties of the coated paper, as wet contact is relevant in food packaging. While the
mechanical strength deterioration was catastrophic for the uncoated paper, it is visibly better
for the coated samples. It is known that the submersion of paper in water weakens and losses
its integrity quickly as the water disrupts the non-bonded and hydrophilic cellulose fibers apart
easily. Interestingly, a progressive improvement in the wet strength and modulus of the coated
specimens was noted with increasing concentrations of alpha-1,3 glucan for both 30 s and 1
min submersion (Figure 4.4(c) and Figure 4.4(d)). This trend was likely caused by (i) the
hydrophobic NR coating layer constituent that partially prevents water penetration; (ii) the
blocking of the paper substrate cellulose fibers pores with the micron-sized alpha-1,3 glucan
particles; (iii) the strong interactions between the alpha-1,3 glucan particles and the cellulose
fibers resulting in mechanical interlocking and hydrogen bonding during the coating process
that effectively blocks the penetration of moisture. The improvement in the tensile properties
of the coated specimens’ trend is in line with the corresponding dry strength. Also, as noted
from the SEM analysis of the cross-sectional area of paper coatings made with alpha-1,3

glucan, the interface of coating film and the paper base was undistinguishable, confirming the
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strong bonding among the coating particles and cellulose fibers. It is important to mention that
this method has limitations in that the water could penetrate through the edge as well as on the
non-coated side of the paper, which could result in debonding of the cellulose fibers in the

paper substrate and subsequently degradation of tensile properties up on wetting.
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Figure 4.4. Tensile and modulus properties of paper coatings: a) dry tensile strength, b) dry

elastic modulus, c) wet strength, d) wet modulus.
4.3.6. Barrier Properties
4.3.6.1. Water Cobb Test
The water Cobb test was employed to investigate the extent of water penetration
prevention the formulated coating could provide to the paper substrate. In this method, the
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coating was allowed to come in direct contact with the water for 60 and 120 s and the Cobb
value is calculated (Eg. 1) based on the absorbed water. As illustrated in Figure 4.5(a), the
lowest Cobb value belonged to the NR coating as a result of its hydrophobicity. By introducing
the alpha-1,3 glucan in the coating formulation, the Cobb value increased. However, the water
absorption of the NR/alpha-1,3 glucan coating has tremendously decreased, in the range of 6-
18 times, compared to the uncoated paper, which can be considered as an appealing result for
food packaging applications. These values are in agreement with a previous study on chitosan

paper coating [99].
4.3.6.2. Oil Cobb Test

The oil Cobb test was utilized to observe the oil absorption capability of paper coatings.
The oil Cobb values have a reverse relation to the water barrier performance of the coatings,
as indicated in Figure 4.5(b). The results indicated that applying any of the coatings enhanced
the oil barrier property of the substrate. Even though the coatings promoted the oil barrier
performance in general, the reduction was not remarkable as attributed to some voids
remaining after the application of the thin layer coating (20 um), which were observed on the
SEM images. It was noteworthy that the lowest oil Cobb value was recorded with 10 phr (9.09
wt.%) alpha-1,3 glucan loading. This behaviour can be associated with the well dispersed state
of the alpha-1,3 glucan in the NR as proved by the SEM images as well as possible formation
of a percolated network of alpha-1,3 glucan particles, which effectively hinders the penetration

of oil through the paper substrate.
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4.3.6.3. Water Vapor Barrier Property

The effect of the coating formulations on the water vapor permeability of coated papers
was studied and results are highlighted in Figure 4.5(c). This test was conducted at room
temperature and constant relative humidity since WVP is sensitive to environmental conditions
[135]. As noted from WVP results, applying NR on the paper led to a drop in WVP values,
which is attributed to the hydrophobicity of NR. A remarkably reduction in the WVP was
recorded by using the NR-10wc (9.09 wt.% alpha-1,3 glucan) formulation. This value is
attribute to the uniform dispersion of alpha-1,3 glucan through the coating film which led to
the formation of a more tortuous path for water molecules to penetrate through the paper. This
result strengthens the possibility of a formation of percolated network at 9.09 wt.% loading.
The same trend was observed in a study of a modified nanocellulose/polylactic acid (PLA)
coating in which better water vapor barrier properties were obtained when the content of
nanocellulose fibers (NFC) was close to the percolation threshold (5 wt.%) [145]. The decrease
in the transmission of water vapor can be associated with the homogenous and compact coating
layer, which retards the transporting of water molecules through the paper. Further increase of
the alpha-1,3 glucan in the formulation likely creates aggregates leaving a permeable route for
moisture transport. Since alpha-1,3 glucan particles are hydrophilic, they further exacerbate
moisture absorption followed by desorption, which was observed as an increase in the WVP.
This trend is consistent with a study of nano-fibrillated cellulose (NFC)/chitosan nanoparticles
for paper coating [19]. It was reported that the increase in WVP values with the incorporation

of NFC is associated with the high hydrophilicity of NFC.
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4.3.6.4. Oxygen Permeability

In food packaging, the oxygen barrier has high importance in prolonging the shell-life
of food [151]. Hence, the oxygen permeability of prepared paper coatings was investigated to
evaluate the ability of alpha-1,3 glucan and NR to act as oxygen barriers. As can be observed
from Figure 4.5(d), the pure NR coating slightly improved the oxygen barrier capabilities of
the substrate. However, introducing the alpha-1,3 glucan in the coating led to a noticeable
enhancement in the oxygen barrier by up to about 55%. The alpha-1,3 glucan particles, with a
crystallinity of up to 65% [44] accrued from intra- and intermolecular hydrogen bonding
provided high oxygen barrier. These results are consistent with previous findings for coatings
with cellulose nanocrystals [169] and regenerated cellulose as a coating [151]. Researchers
have found that hydrogen bonding among the nanocellulose, which formed a strong
nanocellulose network, induced a more packed layer of coating and resulted in lower oxygen
permeability. The high polarity of the alpha-1,3 glucan associated with the —OH functional
groups, would prevent an easy diffusion and passage of oxygen through the coating as opposed
to the NR only based coating.

While there is a good improvement in the oxygen barrier with the coating, it requires
further enhancement to achieve the superior barrier properties desired in food packaging. It is
important to mention that, based on SEM images, a coating thickness of 20 um did not seem
sufficient to cover all of the pores present in the paper substrate. Thus, increasing the coating
thickness could be a good strategy to ensure that the pores are covered (as presented in section
3.2). Similar challenges with the use of micro-fibrillated cellulose (CMF) for cardboard coating

were noted in other studies [102,130].
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The effect of humidity on the OP of the coated paper was also investigated. Results
shown in Figure 4.5(e) indicated that higher relative humidity of the surrounding environment
reduced the OP of the coating. This is rather counterintuitive, and it can be attributed to the
hydrogen bond mediated association and encapsulation of water vapor around the alpha-1,3
glucan particles and the paper substrate. Such bonded water is expected to impede the passage
of non-polar oxygen through it. Likewise, a similar trend was previously reported by Song et
al. in both polyethyleneimine (PEI)/poly(acrylic acid) and PEl/clay films [163]. Researchers
believed that hydrophilic polymers are capable of improving the barrier properties as the water
molecules fill the free volumes within the multilayer films which induce greater tortuosity to
the permeation path for oxygen molecules. Also, another plausible reason for greater oxygen
barrier property at high relative humidity, was the swelling of glucan in the film which further

blocks free volume in the rubber film to block the permeation of oxygen across.
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4.2.5. Kit Test

In order to examine the grease resistance of the coated papers, a Kit test was employed.
As can be observed from Table 4.2, the lowest Kit number was correlated with uncoated paper,
which confirmed its high porosity. By employing coating, the Kit number started to increase
as the coating films covered the pores throughout the paper and induced a tortuous path for the
oil molecules. It is noteworthy to mention that, at 9 wt.% concentration of the alpha-1,3 glucan
(NR-10wc), the highest Kit number was achieved. Further increase in the alpha-1,3 glucan
loading content reduced the Kit number to four and eventually dropped to one for NR-100wc
(50 wt.% alpha-1,3 glucan). This trend highlighted that as the concentration of the alpha-1,3
glucan increased, the performance of the coating resembled the paper substrate. Overall, the
combination of the alpha-1,3 glucan with the NR at optimal concentration provides good grease
resistance. While the NR is an important component to improve the grease resistance, without
the alpha-1,3 glucan, the resistance it offers is not sufficient. Levoine et al [102] reported a
Kit number of 2.5 for a micro fibrillated cellulose (MFC) coated paper, which is comparatively
lower than the Kit number achieved for NR/alpha-1,3 glucan coating.

Table 4.2. Kit number of NR/alpha-1,3 glucan coated papers.

Coating Uncoated NR NR-10WC NR-30WC  NR-50WC  NR-70WC NR-100WC
composition paper
Kit number 0 3 10 4 4 4 1
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4.3.7. Effect of Thickness on the Barrier Properties

Coating thickness is one of the dominant parameters in determining barrier
performance, thus in this work, the effect of thickness on barrier properties was probed. Three
different thicknesses, 5, 20, and 100 um coating films, were prepared and their barrier
performance against water, oil, and oxygen was explored. The water vapor barrier property
results (Figure 4.6(a)) displayed that as thickness increased, water vapor permeability
diminished. This trend suggested that larger thicknesses, produced from multiple layers of
applied coating films on the paper, assisted in providing a better moisture barrier due to
effective coverage of the paper substrate pores with the coating. Moreover, the thickness
increase results in an extension of the migration path length for moisture to penetrate through
and desorb from the coated paper. Similar observations were reported for chitosan-coated
paper. When the coating weight and consequently the thickness were increased, the coating
films provided lower WVP values and they were able to hinder the transmission of water vapor

molecules through the paper [288].

Furthermore, the influence of thickness on the oil barrier performance was inspected
by the oil Cobb and Kit tests. As highlighted in Figure 4.6(b), a significant reduction in oil
Cobb values was obtained by increasing the thickness of coating films on the paper. It is
noteworthy to mention that the Cobb value was reduced by more than 99% compared to the
untreated paper as coating thickness reached 100 um. Successful sealing of the pores, in
addition to the formation of a tortuous path via alpha-1,3 glucan particles for oil molecules to

penetrate through the paper voids, resulted in the appealing oil barrier performance of the
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coated paper. On the contrary, in terms of coatings with 5 um, poor barrier ability against oil
was demonstrated which was owing to the existence of voids on the surface of the coated paper.
Aulin et al. reported a similar trend upon increasing the thickness of micro-fibrillated cellulose
coating films [161]. It is important to highlight that the highest Kit number (12) was recorded
for PE coated paper with a thickness of 100 um thickness due to the excellent grease barrier
properties of PE [286] and the sufficient thickness. The Kit test result obtained for the
NR/alpha-1,3 glucan coating (Table A2) in this study is aligned with the result reported by

Wang et al. for a multilayer cellulose coating [149].

The prevention of oxygen molecule permeation in coating films is one of the important
challenges for food packaging applications. The thickness increase aided the paper coating to
effectively impede the transportation of oxygen molecules through the material, as shown in
Figure 4.6(c). The increase in tortuosity and oxygen diffusion path length increase are the
suspected reason for the enhancement of oxygen barrier with increasing coating thickness. Park
et al. noted the opposite correlation of the thickness of the protein films, corn-zein, and wheat

gluten with oxygen permeability [289].
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Figure 4.6. a) Water vapor permeability, b) oil Cobb test, and c) oxygen permeability of paper
coatings with varying the thickness of the coating films.
4.3.8. Comparison of Formulated Coating with Commercial Coatings

In order to ensure that the formulated paper coating in this study is viable in the food
packaging industry, the barrier properties of the manufactured NR/alpha-1,3 glucan coating
films were compared with commercialized PE and PVOH paper coating films. As illustrated
in Figure 4.7, the NR-wc coating with 20 pum thickness provided better oxygen barrier than
PE, but less barrier than PVOH. On the other hand, the water barrier was less than PE, but
better than PVOH. Overall, the combined oxygen and moisture barrier properties of the

NR/alpha-1,3 glucan coating was in between the PVOH and PE, adjusted for thickness. Despite
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the fact that the formulated coating contained hydrophilic alpha-1,3 glucan particles, the WVP
of the NR/alpha-1,3 glucan with 100 um thickness was just slightly higher than the WVP of
PE, which is remarkable considering that it provides much better oxygen barrier than PE.

To compare the oil barrier properties of the PE and NR-wc coating films, an oil Cobb
test was conducted. The oil Cobb results demonstrated that by increasing the thickness of the
NR/alpha-1,3 glucan coating, and similar Cobb values as PE coating films can be achieved
(Figure 4.7(d)). Furthermore, the effect of humidity on the OP of PVOH and NR-wc coating
films was studied and was compared with the formulated coating, as shown in Figure 4.7. It
is obvious that moisture has a deteriorating effect on the oxygen performance of the PVOH
due to the plasticizing effect of moisture on PVOH that subsequently led to the swelling
relaxation of polymer chains [262,290]. On the contrary, the increase in humidity has a positive
effect on the OP of the NR-wc coating. These results indicate that the formulated paper coating

can compete with the existing commercial paper coatings in the market.
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Figure 4.7. a) Oxygen and water vapor permeability comparison of NR/alpha-1,3 glucan
coating with PVOH and PE, b) oxygen permeability comparison of NR/alpha-1,3 glucan
coating at different thicknesses with PVOH and PE, c) water vapor permeability comparison
of NR/alpha-1,3 glucan coating at different thicknesses with PVOH and PE, d) oil Cobb value
comparison of NR/alpha-1,3 glucan with PE, e) effect of initial moisture content on the

NR/alpha-1,3 glucan and PE as paper coating.

4.4. Concluding Remarks

The engineered polysaccharide, alpha-1,3 glucan, is derived from enzymatic
polymerization of sucrose and provides a new sustainable and biodegradable material option
providing unique and differentiated properties. The ability to directly convert sucrose allows
for a highly feedstock efficient process that has the potential to emerge with a probable life

cycle profile. The enzymatic polymerization process has inherently enabled to provide
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materials for food contact applications in packaging. These alpha-1,3 glucan particles were
incorporated as a functional additive in natural rubber (NR) latex systems to formulate a
sustainable paper coating material. The coating performance evaluation results indicated that
these formulated coatings improved the mechanical properties of the paper substrate, including
the dry and wet strength, and modulus, without changing the flexibility and fold resistance,
attributed to the good interactions between the coating films and cellulose fibers of the base
paper substrate. At sufficient thickness, this coating system allows for successfully sealing of
the paper substrate pores. As a result, notable barrier property improvements versus oil,
oxygen, and water vapor were achieved. The NR coating formulation with 10 phr alpha-1,3
glucan (9.09 wt.%) provided an improved moisture, oxygen and grease barrier. Higher loading
levels can be detrimental to the moisture barrier properties of the coating. Overall, the
NR/alpha-1,3 glucan coating films produced in this study demonstrated high mechanical
strength and barrier properties, both of which are essential properties in the food packaging
industry. This demonstrates that the studied NR-alpha-1,3 glucan coating system may be an
appealing option for sustainable paper-based flexible packaging alternatives advancing to

commercial deployment.
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Chapter 5. High Barrier Sustainable Paper Coating Based on Engineered
Polysaccharides and Natural Rubber *

5.1. Introduction

Paper is a versatile material widely used in the food packaging industry due to its good
mechanical properties and general affordability but also more recently based on increased
interest in aspects of sustainability such as biodegradability and general
recyclability.[109,153,285] Paper is typically comprised of a physical network of cellulose
fibers in combination with other additives resulting in a composite with high porosity and
hydrophilicity. While the porosity and hydrophilicity can be beneficial in certain applications,
these properties impose challenges in packaging applications which require barrier
performance. For example, food packaging applications require viable barriers to water, oil,
and oxygen [99,161]. Therefore, special treatments are needed to improve the barrier property
of paper substrates to meet the necessary criteria for packaging applications [148]. Surface
coatings are one of the most common approaches to overcoming the lack of sufficient barrier
properties and achieving specific functionalities [291,292]. Currently, the paper packaging
industry mainly utilizes fossil-derived synthetic polymers as coating layers, and their lack of
environmental degradability, along with poor recyclability, aggravate environmental concerns

[144]. Common synthetic polymers that have been utilized as surface coatings are polyethylene

4 A version of this chapter has been published on peer-reviewed journal as a review article: A. Adibi, et al. (2022). High
Barrier Sustainable Paper Coating Based on Engineered Polysaccharides and Natural Rubber ,ACS Sustainable Chemistry and
Engineering, 10(32), 10718-10732. https://doi.org/10.1021/acssuschemeng.2c03466.
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(PE), wax, polyethylene terephthalate (PET), and polybutylene terephthalate (PBT) [68]. It is
worthwhile to mention that the majority of the aforementioned synthetic polymers are not
recovered in these applications and usually pollutes land sites and water bodies [16]. In 2015,
approximately five million tons of plastic waste was generated that ended up in landfills,
incinerators, and as litter leaking into the environment [61,98]. This alarming environmental
concern has accelerated the interest in using sustainable polymer alternatives for packaging
design to replace current petroleum-based substrates and coating materials [89].

Natural rubber (NR) is an abundant renewable biopolymer extracted from the rubber
tree (Hevea brasiliensis) in the form of a milky colloidal suspension [263]. With the typical
cis-1,4-polyisoprene chemical structure of the polymer (Scheme 1), NR is considered one of
the most utilized elastomers and has extensive applications, particularly in coatings, adhesives,
condoms, tires, gloves, and power transmission belts [14]. Properties such as excellent film-
forming ability, high moisture barrier, recyclability, and flexibility could make NR a superb
alternative as a coating for application in the packaging market. While uncured NR is capable
of slowly biodegrading in the soil [29,293,294], the incorporation of bio-fillers (i.e. starch,
cellulose, chitosan) can accelerate the disintegration to further accelerate biodegradation [295—
297]. Nevertheless, at this point the utilization of NR in paper coatings is still limited [31,32].
This is because NR has certain limitations, such as poor mechanical, oil, and weather
resistance, that need to be addressed in order to achieve the essential requirements to fulfil the
paper coating market needs. Additionally, NR latex can cause allergic reactions induced by
enzymes. Hence in order to eliminate the restriction of being directly used in the food

application, deprotonation is highly needed. Employing polysaccharides as functional
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additives can compensate for the drawbacks of NR to make it an appealing and environmental-
friendly material alternative to replace conventional polymers [15].

Polysaccharides are also among the most abundant natural polymers, originating from
plants, marine biomass, fungi, and bacteria. They are comprised of repeating monosaccharides
units connected by glycosidic bonds [298] and are typically biocompatible, biodegradable, and
non-toxic [299] and hence can be appealing components in paper coating fabrication. The most
common polysaccharides, starch, chitosan, alginate, etc., have hydroxyl moieties, which can
interact with the hydroxyl groups of cellulose fibers in paper via hydrogen bonding resulting
in strong adhesion [275]. One of the feasible approaches to making polysaccharides applicable
in food packaging is combining them with other film-forming materials [280]. However, the
principal drawbacks of polysaccharides are poor water and moisture barrier and mechanical
properties, which restrict their extensive applications [300]. Furthermore, most nature-derived
polysaccharides are not pure and display extensive variation in their molecular structure and
morphology depending on their source (geography, season, cultivar, etc.).

More recently, a novel approach was employed to produce engineered polysaccharide,
alpha-1,3 glucan, by IFF Inc. The alpha-1,3 glucan was obtained by enzymatic polymerization
of glucose derived from sucrose. This reaction is conducted with the use of an enzyme catalyst
selected from the general class of glucosyltransferase (GTF) enzymes [49,281,301]. The alpha-
1,3 glucan generated as such is a water-insoluble, linear, highly crystalline, with a high surface
area [50]. Despite their high tendency to form agglomeration, alpha-1,3 glucan can be
dispersed in water under shear to form a stable colloidal suspension. Furthermore, the

enzymatic polymerization process allows control of morphologies, including spherical
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aggregates, fibrids, and platelet particles referred to as microcrystalline glucan (MCG) [52]. In
this work, platelet morphology MCG particles were used to promote oxygen and oil barrier
properties owing to their morphology, high crystallinity, and high surface area. Therefore,
formulating MCG into NR may be able to efficiently address the flaws of NR in terms of barrier
properties and be able to generate desirable sustainable paper coating formulations.

The main objective of this work was to investigate the fabrication of a paper coating
that provides good mechanical and barrier properties while maintaining environmental
attributes. Also, it assesses the contribution of alpha-1,3 glucan in NR formulation in terms of
barrier properties. In addition, the effect of light-crosslinking on the mechanical as well as
barrier performance of formulated NR/MCG paper coatings is investigated. Analytical
techniques, such as tensile strength studies, rheology studies, permeability testing such as water
vapor and oxygen, Cobb test, and Kit test, were employed to evaluate the characteristics of the
formulated paper coatings.

5.2. Experimental
5.2.1. Materials

Enzymatically polymerized polysaccharide, microcrystalline glucan (MCG), with
surface area of 9.7 m?/g was provided by IFF Inc (Wilmington, DE, USA). The utilized MCG
was a colloidal dispersion in water (6.6 wt.%) [44]. Stabilized natural rubber (NR) latex (60
wt.% solid content) was supplied by Chemionics Corporation, OH, USA. Toluene, n-heptane,
zinc oxide powder (ZnO), potassium hydroxide pellets (KOH), and sodium hydroxide (NaOH)
pellets were purchased from Sigma Aldrich, USA. Zinc (1) dibutyl dithiocarbamate (ZDBC)

(98 wt.%) was obtained from Fisher Scientific Inc., Canada. Sulfur with 99.5% purity was
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obtained from Acros Organics. Semi-bleached Manila paper, with a thickness and grammage
of 0.26 mm and 204 g/m? respectively was sourced from a local stationery store (Waterloo,
ON, Canada) and used as the substrate.

5.2.2. Characteristics of Microcrystalline Alpha-1,3 Glucan (MCG) Platelets
5.2.2.1. Rheology of Alpha-1,3 Glucan

To explore the rheology of the MCG dispersed in water, an amplitude sweep method
was employed using a rheometer (HAAKE MARS, Thermo scientific). The dynamic viscosity
of the MCG dispersion at multiple concentrations (2 wt.%, 5 wt.%, 7.5 wt. %, 10 wt. %, 15
wt.%, and 20 wt.%), were evaluated at shear strains ranging from 0.1-100 %. Prior to
dispersing MCG in water, the water content of the MCG was reduced using a rotavapor
(BUCHI R-124) and then it was subsequently dispersed in water at the desired concentration
on astir plate (500 rpm for 2 h). Tests were conducted using a parallel plate rheometer (35 mm
diameter, 1 mm plate gap) at room temperature.

5.2.2.2. Stability of MCG in Rubber Latex

Stability test was conducted in order to study the compatibility of NR and MCG as well
as the influence of varying concentrations of the MCG on the stability of NR/MCG
formulation. In this method, the NR/MCG formulations were diluted to 20 wt.% and were
monitored for 4 days. Also, the change in the particle size of the coating formulations was
evaluated for four days using a Zetasizer (Malvern, Westborough, MA).

5.2.3. Coating fabrication
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The coating formulations comprised NR, MCG, and water. The water content of the
MCG was reduced from 93.4 wt.% (received sample) to 80 wt.% by using a rotary evaporator
(rotavapor, BUCHI R-124) at 85 °C and used as a masterbatch for all the coating formulations.
The fabrication procedure of the coating formulation was initiated by pre-dispersing the MCG
in water on a stir plate (500 rpm for 2 h). The pre-dispersed MCG was then mixed with
calculated amounts of NR latex and distilled water to achieve the required solid content. The
concentration of MCG in the coating film formulations was 0, 2, 5, 10, 25, 50 wt.% (dry weight
basis) with respect to the concentration of natural rubber in the formulation, as shown in Table
5.1. The formulation compositions were further mixed on a stir plate (500 rpm x 10 min)
followed by homogenization (20,000 rpm x 4 min) to obtain a uniform dispersion. At 50 wt.%
concentration of the MCG, the coating formulation resulted in high viscosity that prevented a
uniform dispersion of the MCG in the rubber latex. To overcome the mixing issue, 0.5 wt.%
NaOH pellets relative to the MCG was incorporated in the formulations. The coating
formulations were subsequently applied on the paper substrate using a doctor blade to get 20
um dry thickness. Afterwards, the coated paper was left to dry at room temperature for 24 h
prior to testing (Scheme 5.1). Also, the grammage of the paper coating was calculated in five

replicate samples, and the average is reported in Table 5.1.

Table 5.1. Composition and grammage of paper coating samples.

Sample label Wt.% of NR,dry  W1t.% of MCG, dry Grammage
basis basis (g/m?)*

NR 100 0 8.4+ 0.8

NR-2%MCG 98 2 84+ 11°
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NR-5%MCG 95 5 8.6 +£ 0.5

NR-109%MCG 90 10 9.6 +0.1°
NR-25%MCG 75 25 12.2 £ 0.9°
NR-5090MCG 50 50 16.9 + 4.1°

*Grammage (g/m?) = mean (n = 5) + standard deviation, varying superscript letters within a column indicate

statistically different (P < 0.05)

Pre-dispersing MCG

| MCG in water Q Q/ Natural rubber
! §/7< O: water Vi g 4 Mee
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- i | - with natural rubber
—— *_od 100

Coating formulation &Q

Applying coating formulation on
the paper using a doctor blade

- The coated paper dry at room
temperature for 24 h

/ \ Coating layer

Paper substrate Doctor blade

Scheme 5.1. Schematic illustration of coating fabrication procedure.

5.2.4. Characterization of the coatings
5.2.4.1. Rheology Analysis

An amplitude sweep method, using a rheometer, was used to evaluate the rheology of
the NR/MCG coating formulations. The viscosity, loss modulus, and storage modulus of the

NR/MCG formulations were evaluated (0.1-10 % shear strain) at room temperature.
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5.2.4.2. Morphology Analysis

A scanning electron microscope (FEI Quanta FEG 250 SEM) was used to examine the
homogeneity of the coatings as well as the voids present on the paper coatings surface. Prior
to the test, the specimens were cryofractured and coated with gold to evaluate their surface and

cross-sectional morphology.
5.2.4.3. Contact Angle Measurement

The contact angle of the control and coated paper surfaces were performed using a
custom-made optical sessile drop system. Deionized water (3 uL) was allowed to drop on the
coated paper surface and images were taken with a video camera after 0, 30, and 60 s to assess
how the water interacted with the formulated coatings. Measurements of the contact angles of
water droplets were carried out using ImageJ software.
5.2.4.4. Mechanical Properties

Dry Tensile Strength: Tensile tests were conducted using a Universal tensile testing
equipment (AGS-X series, Shimadzu, Japan) with a 100 mm/min strain rate and a 500 N load
cell according to 1ISO 1924-2/3. Specimens were cut into strips (70 x 10 mm), with a gauge
length of 50 mm. For each coating formulation, seven specimens were tested, and the average
+ standard deviation was reported.

Wet Tensile Strength: Wet tensile tests were performed according to ASTM D829-97.
In this test, at least eight test specimens were immersed in distilled water (30 s and 1 min),
followed by the removal of the excess water on the coated paper’s surface, and then tensile

testing was conducted like the dry testing method.
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Adhesion Strength Analysis: A shear test was employed to study the adhesion strength
between the coating film and the paper substrate using the tensile testing equipment (AGS-X
series, Shimadzu, Japan). The specimens were cut into strips of 10 mm in width and 40 mm in
length. Afterward, 20 mm of the length of the coated part was peeled off from the paper and
was taped to be inserted into the grips. The shear rate was tested at a crosshead speed of 20
mm/min according to ASTM F2824. For each sample, seven specimens were tested, and the

average was reported.
5.2.4.5. Cobb Test

The water Cobb test was carried out on five replicate test specimens by using custom-
built Cobb equipment in accordance with TAPPI T441. First, about 30 cm? of circular samples
were prepared, fixed underneath the Cobb cylinder so the coated surface faced upward, and
then a specific amount of water was then poured into the Cobb cylinder. After 2 min of water
exposure, the water was poured out completely, and the sample was blotted dry to remove any
excess water. Subsequently, the coated paper was weighed in order to determine the Cobb

value, which is based on weight difference (Eq. 5.1):
Cobb value (g/mz) = (m, —m,;) X 10000/Area( cm?) (5.1)

where m1 and m, are sample weights before and after the test, respectively.
Similarly, the oil Cobb test was implemented to measure the quantity of oil penetrated
through the coated paper in 1 min. Canola oil at room temperature was used in the test, in

which five measurements were taken for each sample to calculate the average value.
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5.2.4.6. Kit Test

The Kit test was conducted to evaluate the grease resistance of the paper coatings
according to T559. For this test, 12 different standard grease formulations shown in Table Al
composed of varying quantities of toluene, castor oil, and n-heptane were applied on the
coating surface. After 15 s of contacting the grease solutions with the coated samples, the
grease drop was wiped, and the coating surface was examined for traces of staining. The
strongest grease solution, represented by the highest number, that did not leave dark spot trace
on the coated paper surface is reported as the Kit value. Samples with higher Kit number are

considered grease resistant. The test was run on at least five replicate samples.
5.2.4.7. Water Vapor Barrier

The influence of the coating in enhancing the water vapor barrier performance of the
coated paper was studied as per ASTM E96. For this method, Teflon cups containing distilled
water were tightly sealed with the coated paper samples, in such a way that the coating surface
faces the water vapor. Over seven days of testing, the weight change of the samples was
tracked. This test was carried out in a constant relative humidity environment, and three
measurements was conducted for each coating formulation. Consequently, the water vapor
transmission rate (WVTR) and subsequently the water vapor permeability (WVP) was

calculated by employing Eq. (2) and Eqg. (3):

AG
WVTR = — (5.2)
(WVTR) x
WVP = 0 (5.3)
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where t is time (hr), A is the cup’s mouth cross-sectional area (m?), | is the coated paper’s
thickness (m), AG is the weight change (g), and Ap is the partial water vapor pressure difference
(1 Pa) between the film’s two sides.

5.2.4.8. Oxygen Barrier

The oxygen permeability (OP) tests were carried out using a bubble flowmeter system
(Scheme B1). For the test, circular coated paper samples (4.8 cm in diameter) were sealed in
a two-chamber cartridge attached to an oxygen source from the bottom chamber and a bubble
flow meter from the top end of the chamber. The flow rate was determined by recording the
time a soap bubble took to travel 20 mL through a burette. The pressure difference between
the two chambers was fixed at 13.8 kPa, which allowed the oxygen to permeate through the
samples. The OP test was carried out at various humidity exposure levels of the coated paper,
i.e., 15%, 30%, 60%, and 100%, to explore the effect of the humidity on the barrier
performance of the formulated coatings. To expose the samples to the specified humidity, they
were placed in a humidity adjusted desiccator equipped with a digital hygrometer and allowed
to equilibrate for 2h. The test was then immediately performed, and the OP value was

calculated using Eq. (5.4):

oP = (%) X ﬁ (5.4)

where | is coated paper’s thickness (m), V / (t. A) is the oxygen flow rate (cm®m?.s), and AP is
the oxygen gas pressure difference.

5.2.4.9. Effect of Solid Content on the Barrier Properties
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To investigate the impact of the solid content of the formulations on the barrier
properties of the paper coatings, selected coating formulations with a higher solid content of
40 wt.% were prepared. Since increasing the solid content in the formulation led to higher
viscosity, NaOH (0.5 wt.% of the solid weight of alpha-1,3 glucan) was utilized to enhance the
mixing process. The barrier property tests were carried out on these coatings and compared

with 20 wt.% solid content-based formulations.
5.2.4.10. Effect of Rubber Crosslinking on the Barrier Properties

Since crosslinking introduce a covalent bond to the network, it is expected that it will
generate additional complex diffusion path for fluids and facilitates greater barrier properties.
Therefore, lightly crosslinked paper coatings were fabricated for a fundamental investigation
of the influence of light crosslinking on the barrier properties of the coating. Formulations for
crosslinked paper coating consisted of sulfur curing agent (1.5 phr), KOH (3 wt.%), activating
agent (ZDBC, 0.5 phr), ZnO (1.3 phr), and MCG (Table 5.1). The preparation procedure was
initiated with the pre-dispersion of the MCG in water and then adding the curing agent,
activating agent, and filler to the MCG dispersion and mixing via homogenization (4 min shear
mixing at 20,000 rpm) and sonication. After adding NR to the pre-dispersed mixture, the
formulation was mixed on a hot plate (400 rpm at 40 °C for 2 h) as part of the maturation
process [165]. Then the coating formulation was applied on a paper substrate, dried at 23 °C,

and crosslinked (100°C for 2 h).

5.2.4.11. Statistical Analysis
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All experiments, unless otherwise stated, were replicated at least three times and data
were presented as mean * standard deviation. A one-way analysis of variance (ANOVA) was
carried out to identify significant changes in data followed by Tukey’ HSD multiple
comparisons for mean comparison (0.05 significance level) using Minitab statistical software.
5.3. Results and Discussions

The microcrystalline glucan (MCG) additive used in the study forms a stable dispersion
in water over a wide pH range (0-10) [165]. It has a platelet morphology with dimensions of
about 200 nm x 200 nm and 5 nm thickness based on TEM imaging estimation (Figure 5.1(a)).
Moreover, it has high crystallinity (~85%) with an average particle size in the range of 0.4 —
0.6 um [165].

5.3.1. Rheology of the MCG

To investigate the effect of varying concentrations of the MCG on the viscoelastic
properties of MCG suspensions, an amplitude sweep test was carried out over a shear strain of
0.1-100 %. As depicted in Figure 5.1(b-c), the overall moduli increased with the MCG
concentration. Also, at all the studied concentrations, the storage modulus (G’) exceeded the
loss modulus (G"), which exhibited the dominancy of the elastic behavior [302,303]. Li et al.
reported the same behavior for the cellulose nanofiber (CNF) suspensions due to the formation
of the 3D network among CNFs, which led to a solid-like structure of the CNF suspensions
[304]. Additionally, the linear moduli behavior at low shear strain corresponds to the linear
viscoelastic properties [305].

Dynamic viscosity of the varying concentration of MCG suspensions was collected as

illustrated in Figure 5.1(d). It was observed that dynamic viscosity progressively increased as
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the MCG content increased. The strong physical interlocking among the MCG particles
significantly contributed to promoting the viscosity of the suspensions [120]. At low shear
strain, a plateau was noted that indicated the independency of the viscosity against shear strain
representing Newtonian behavior [306]. Further increase in shear strain results in shear-
thinning behavior, which can be mainly associated with the disruption and break up of the

MCG networks under shear [39].
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Figure 5.1. a) TEM image of MCG, b) storage modulus of MCG dispersion in water, c) loss

modulus of MCG dispersion in water, d) viscosity of MCG dispersion in water.
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5.3.2. Stability of MCG in Rubber Latex

The stability of the MCG in the NR latex formulation was evaluated by assessing the
sedimentation behaviour of the mixtures. Images of a diluted NR/MCG formulation that shows
a change in stability over 4 days were collected and are shown in Figure 5.2(b-d). It was
evident that even after 4 days, the MCG particles were stable in the NR latex. At high loadings,
the stability of the 50% MCG formulation started to be impacted. Furthermore, a particle
distribution evaluation, as shown in Figure 5.2(a-c), did not display major changes, which
supports the visual observation that indicated the high stability of the MCG in NR formulation.
This can mainly be due to the mutual colloidal stability of the MCG and NR latex.
Nevertheless, when the concentration of the MCG is high (50 wt.%), sedimentation was
observed in these particular samples after Day 3 (Figure 5.2(c-d)). This is likely associated
with the tendency of the MCG particles, which have high surface area, to form agglomerations,
resulting in the generation of MCG clusters that may form sediments under gravity. Prior to 3
days, no aggregation was observed. The two differentiated peaks observed in Figure 5.2(c)
were attributed to separating the agglomerated and suspended particles. Similar observations

were reported when hydroxyethyl cellulose was dispersed in NR latex [307].
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diluted NR/MCG coating formulations at day 1, c) particle size of diluted NR/MCG coating

formulations at day 4, d) image of diluted NR/MCG coating formulations at day 4.
5.3.3. Rheology of Coatings

To study the effect of the MCG on the rheological properties of NR latex along with
the processability of the formulated coatings, rheology as a function of strain rate (%) was
collected. The storage modulus (G’) and loss modulus (G") versus the shear rate at a constant
frequency of 1 Hz were generated to assess the viscoelastic behavior of the NR/MCG
formulation, as indicated in Figure 5.3(a-b). The increment in concentration of MCG resulted
in higher storage and loss modulus representing a more robust gel network caused by the
MCGs [308,309]. The modulus of the suspensions mostly depended on the concentration and

the interactions between the particles, and hence as the disperse phase increases, the modulus
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Loss Modulus,G" (Pa)

became larger [310]. Also, another observation worth noting was a higher G’ than G”
throughout the strain rate range due to the gel-like behavior of NR latex with contained the
MCG additive [114,311].

Furthermore, the dynamic viscosity of the coating formulations was evaluated to shed
light on their flow behavior. As shown in Figure 5.3(c), increasing the concentration of the
MCG induced higher viscosity, which can be associated with the restriction of latex colloids’
mobility by rigid MCG particles. A steep decrease in the viscosity caused by increasing shear
strain for all formulations represented shear-thinning behavior. The formulations displayed

such behaviour due to the disruption in the MCG network resulting in a viscosity decrease

[282,312].
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Figure 5.3. a) Storage modulus of NR/MCG coating formulations, b) loss modulus of

NR/MCG coating formulations, c) viscostity of NR/MCG coating formulations.
5.3.4. Morphology of Formulated Coatings

In order to evaluate the uniformity of the coating film on the paper’s surface, the

morphology of the formulations and their ability to fully block voids on the paper was studied.
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For this, scanning electron microscope (SEM) imaging was employed, and the results are
displayed in Figure 5.4(a - f). Uncoated paper has an uneven surface, and the cellulose fibers
can be easily recognized in Figure 5.4(a). Also, the presence of the voids on the paper’s surface
was evident in the cross-sectional images of the base paper (Figure 5.4(g-J)). However, after
coating this base paper with the NR/MCG formulations, the surface becomes relatively smooth
and individual fibers are mostly covered and indistinguishable on the surface. Also, in general,
the NR/MCG formulated coatings are homogeneously distributed on the base paper, while
noticeably, the pure NR coating does cover the pores only partially, as shown in Figure 5.4(b),
which was suspected to be due to the difference in the polarity of the NR and the cellulose
fiber substrate that prevents intimate interaction.

In contrast, full coverage of the pores on the paper’s surface was accomplished by
incorporating the MCG in the NR formulations. This was due to the structural similarity of
MCG with cellulose and hence high compatibility resulting in better filling of the pores.
Overall, the MCG-based formulations enhanced the uniformity and improved the overall
coating quality, similar to other studies[30,145,151,286]. However, at the highest concentration
of the MCG (50 wt.%), the paper fibers were visible again together with the deposited MCG
particles, ascribed to the lack of sufficient NR to cover the paper fibers. The cross-section of
the coating film is indicated by a red arrow and exhibits good interaction of the coating film
and the paper, which can be attributed to the high affinity of the MCGs to the cellulose fibers

as shown in Figure 5.4(g — ).
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5.3.5. Wettability

The wettability of the coating was characterized by measuring the water contact angle
with the coated paper’s surface. Contact angle variation at 0, 30 s, and 60 s of contacting the
coating side of the coated paper with a water droplet is presented in Figure 5.5. The baseline
uncoated paper exhibited the smallest contact angle reflecting its hydrophilicity. As expected,
after 30 s, the water droplet penetrated through the baseline paper due to the paper’s porosity.

However, all the NR-MCG formulation-based coatings displayed contact angles above 90°.
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Moreover, these coated paper samples maintained their hydrophobicity over the 1 min
duration. It was noted that with the increasing addition of MCG into the coating formulation,
the hydrophilicity also slightly increased, as observed from the reduction in contact angle.
Nevertheless, the contact angle change was rather minimal indicating that the NR phase
dominates the surface-water phase interaction. This may likely be attributed to the platelet
morphology of the MCG that efficiently hinders the diffusion of water molecules.
Additionally, after 1 min of exposing the coated paper to a water droplet, the water contact

angle remained almost unchanged, indicating the coatings’ stability.

[ At.th? ] [ After 30 s ] [After il min}
beginning
Uncoated R 0-°

NOO

el et
~ —

( J 96.9°+ 0.4° 93.4°+ 0.3°
P

92.22-0:58

91321 0.3°

V_ W._%

Vs

89.9°+ 0.7° 81 e 1.2°

1.8°.0.8° 89.9°+ 0.6° 6.4° i!ﬂ°

-

NR-5%MCG }
N

NR-10%MCG

.

- 2235 9.4° 88.70+ 0.9°
NR-25%MCG

.

- §7.8°+ 120

NR-50%MCG

91 30+ 1.4° 89.6°+ O!!O !



Figure 5.5. Contact angle of NR-MCG coating formulations.

5.3.6. Mechanical Properties
5.3.6.1. Dry and Wet Strength

Tensile testing was employed to evaluate potential changes in the physical integrity of
the paper as a result of the coating. In general, the base paper has the most important
contribution in determining the mechanical properties, such as tensile strength. Applying the
series of NR-formulated coatings positively influences the tensile properties and results in a
slight improvement in tensile strength. Additionally, the incorporation of MCG in the coating
further enhanced the tensile strength, as evidenced by Figure 5.6(a). Improvement in the
tensile strength was mainly attributed to the high affinity of the MCG to the paper fibers besides
filling the paper pores, which ultimately may induce efficient stress transfer. These results are
in line with results reported by Zakaria et al. as using chitosan in paper coating examples
enhanced the paper strength and ductility [313]. On the other side, the elongation at break
remained unchanged (below 3%) for the base paper and all the coating formulations (Figure
B1). This indicates that the coating film did not have a major impact on the flexibility of the
paper substrate (Figure B2). Ture et al. also reported that wheat gluten/montmorillonite clay
as coating did not affect the elongation at break compared to the paper substrate [314]. In the
case of elastic modulus, the NR coating alone slightly reduced the modulus noted for the base
paper (Figure 5.6(b)). This is not surprising as NR has high elasticity and inferior modulus.
With the incorporation of the MCG in the formulation, improvement in modulus was noted.

This was because the MCG can interact with the cellulose paper fibers and potentially form a
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strong interlock along with covering the paper voids, consequently promoting the resistance
against deformation. Likewise, Tanpichai et al. noted an increase in the modulus after applying
chitosan to the paper substrate [315].

Wet strength provides better insight for assessing the coated paper's strength when in
contact with water, and this is a condition that food packaging undergoes frequently. Overall
substantial reduction in the wet tensile strength was noted compared to the dry tensile strength.
This can be explained by the fact that this method was carried out by submerging one side of
coated specimens in water, which allows water to penetrate, soak, and weaken the paper fiber’s
physical interlocks, disrupting the structural integrity of the paper. It was noted that both the
wet modulus and wet strength of the paper are enhanced by applying the coating, as highlighted
in Figure 5.6(c-d), respectively. This can be ascribed to the shielding of the paper fibers from
penetration via the water of the NR latex in conjuncture with strong interlocking between the
MCG and paper fibers and hydrogen bonding which preserve the paper from water damage.

Furthermore, occupying the pores via the MCG particles reduces the water diffusion
space. This is in agreement with previous results with the use of chitosan as a coating that led
to enhancement in wet strength of paper [182]. Nevertheless, a reduction in the wet strength
and modulus was observed at higher MCG loading, attributed to the hydrophilicity of MCGs.
Moreover, the agglomeration of MCGs at higher loading can leave behind unfilled spots for
water diffusion. Additionally, higher MCG loading means less NR in the formulation that
provided much of the moisture attack.

5.3.6.2. Adhesion Strength

151



The adhesion strength of the NR/MCG formulated coating to the base paper was probed
by measuring the required force to peel off the coating from the paper, as shown in Figure
5.6(e). Incorporating the MCG into the coating formulation brought about greater adhesion
between the coating film and the paper, as displayed in Figure 5.6(f). Also, increasing the
concentration of the MCG positively correlated with the adhesion strength. At 25 wt.% loading
content of the MCG, the adhesion strength almost doubled compared to the pure NR coating.
These results were attributed to the great compatibility between the MCG and the cellulose
fibers and the formation of strong bonds among the -OH functional groups. This trend is in

complete agreement with previous observations [316-318].
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Barrier Properties

5.3.7. Cobb test
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5.3.7.1. Water Cobb Test

The water Cobb value has a reverse correlation with water barrier performance, and it
was used here to assess the effect of the various coating formulations on the water absorption
of the paper after 120 seconds of exposure. As depicted in Figure 5.8(a), the uncoated paper
substrate has high water Cobb value due to the paper’s hydrophilicity. Applying the NR coating
has considerably reduced the water Cobb value. Despite the hydrophilicity of MCG and its
tendency to absorb water, a reduction in the water absorption was noted with the use of the
NR/MCG coatings. This can be attributed to the high affinity of the rigid filler particles to the
cellulose fibers filling the pores that subsequently impede water diffusion. The incorporation
of 2 — 10 wt.% MCG in the formulation dramatically reduced the water absorption by roughly
99.5% compared to the untreated paper. This trend is consistent with a study of chitosan as a
paper coating; however, the water absorption has dropped only by 12% compared to the paper
base, which is far lower than the NR/MCG formulated coating [319]. However, with further
addition of the MCG, the water absorption has increased, which can be associated with the
agglomeration of the fillers within the NR coating, leaving some areas susceptible to the
passage of water molecules. Moreover, beyond a certain critical limit of the MCG
concentration, the hydrophilicity associated with its —OH moiety will be significant and

expected to contribute to the overall water absorption of the coated paper.

5.3.7.2. Oil Cobb Test

The oil Cobb test was performed on the coated papers to determine absorption

resistance to canola oil. The coatings, which effectively blocked the paper’s pores as noted
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from the SEM images, resulted in reduced oil absorption, as shown in Figure 5.8(b).

Additionally, as the concentration of the MCG increased, a progressive enhancement in the oil

barrier property has transpired. This observation can be attributed to the high polarity of MCG

as well as the filling of the pores between the cellulose fibers, which induced a tortuous path

for oil molecules to diffuse through the paper coating. To emulate the real-life applications of

the coated papers, food boxes were made of uncoated, NR-coated, and NR-10% MCG-coated

paper samples. Then oily rice obtained from a local grocery store was placed in the boxes, and

the oil leaching towards the backside of the paper was monitored for 24h. As exhibited in

Figure 5.7, the best oil barrier performance was achieved using NR-MCG paper coating, in

which almost no stain appeared after 24h.
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Figure 5.7. Oil barrier performance of paper coating samples.
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5.3.8. Kit Test

The kit test is one of the most common methods to examine the grease resistance of
coated papers. As shown in Table 5.2, the lowest kit value belongs to the paper substrate,
which strengthens the fact that the paper base contains many voids. Also, applying NR coating
on the paper improves its grease barrier but not sufficiently since NR is an oleophobic material.
However, the introduction of MCG in the coating formulation has increased the Kit value
dramatically, and it is noteworthy to mention that it achieved the highest Kit number possible
(Kit value 12) at 5 wt.% of MCG (Figure B3). The MCG presents hydrophilic characteristics
along with great affinity towards the base paper’s cellulose fibers resulting in the effective
closure of the pores, and hence meeting the criteria for being a great grease resistance material.

Moreover, the platelet morphology of the MCG particles is the other important factor
that plays a vital role in oil barrier properties as the rigid platelet filler formed a complex route
for grease molecules to penetrate the coated paper. The trend indicated that NR alone is not
adequate to provide the required grease resistance, and its combination with the MCG has
successfully brought superior grease resistance for the coated paper. This trend agrees with the
results reported by S. M. Mazhari Mousavi et al. [283] and Fein et al. [177] where cellulose
nanofibril (CNF) enhanced the grease resistance of paper coating materials.

Table 5.2. Kit number of NR/MCG coated papers.

Coating Uncoated NR NR- NR- NR- NR- NR-
composition paper 2%MCG 5%MCG 10%MCG  25%MCG 50%MCG
Kit number 0 4 6 12 12 12 12
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5.3.9. Moisture Barrier Property

The moisture barrier is one of the most crucial features of food packaging since the
products are exposed to moisture frequently. The degree of resistance opposing the water vapor
transmission through the coated paper was investigated using the water vapor permeability test
(WVP). The temperature and relative humidity were maintained constant throughout the
experiment as these two factors dramatically affect the WVP [145]. As displayed in Figure
5.8(c), the inherently hydrophobic NR as a coating layer assisted in mitigating the moisture
adsorption and significantly reduced the WVP across the coated paper. However, as
anticipated, as the concentration of the MCG increased, the moisture diffusivity gradually
increased as well. This phenomenon is attributed to the hydrophilic nature of the MCG, which
creates permeable routes for transmission of moisture and makes the paper coating susceptible
to water vapor attack. The increment in WVP by the addition of the MCG is in line with the
previous results [320], in which utilizing thermoplastic starch as a component of a barrier film
led to significant moisture transmission, resulting in the generation of sensitive films to water

vapor attack.

5.3.10. Oxygen Permeability

The oxygen barrier is also among the most vital properties that dictate the applicability
of the coatings for food application. This is because oxygen has a deteriorating impact on the
oxidative stability and rancidity of food products. Thus, there is a great desire to prevent
oxygen permeation through packaging films and coatings to ultimately prolong the shell life

of food. Therefore, the oxygen barrier performance of the formulated NR/MCG coating was
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evaluated. As shown in Figure 5.8(d), utilizing NR as coating exhibited a minimal

improvement in the oxygen permeability (OP) of the paper substrate.

On the other hand, introducing the MCG into the coating formulation enhanced oxygen
barrier performance. It appears that 5 wt.% MCG loading is the optimal concentration, and it
has reduced the oxygen permeation more than 14 times compared to the pure NR coated paper.
This behaviour is because of the high crystallinity of MCG, with about 85% [44,165] accrued
from inter-and intramolecular hydrogen bonding, which comes with a more packed layer
within a coating (Figure 5.8(f)). These values corroborate well with previous results by using
polar additives, such as wheat gluten [166], microfibrillar cellulose and shellac [167], and
regenerated cellulose [151]. Overall, embedding the highly crystalline and polar MCG particles
in the NR formulation provided an improved oxygen barrier.

Relative humidity is one of the dominant elements in determining the OP of packaging
materials. Hence, in this approach, the OP test was carried out at varying relative humidity
levels, i.e., 15%, 30%, 60%, and 100%, to have a better perspective of its influence on the
oxygen permeation of the coated paper. As shown in Figure 5.8(e), surprisingly, increasing
relative humidity led to a statistically significant enhancement in the oxygen barrier property
(Table B1). This unexpected behavior might be attributed to the adsorption of water to the
MCG as well as cellulose fibres, resulting in the filling of the remaining voids and creating a
more complex path for oxygen molecules to diffuse through (Scheme 5.2). Also, the strong
interlock between the MCG and the cellulose fibers likely causes the reluctance of the coated

paper to swell. The unexpected behavior noted in this study is consistent with previous results
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[108], in which a higher humidity had a positive effect on the barrier performance of the
NR/alpha-1,3 glucan paper coating. It is anticipated that hydrogen bonding, as well as the
encapsulation of the water vapor around alpha-1,3 glucan particles and paper substrate, can be
the major reasons for lower OP at higher humidity. While the result is reproducible and the
observed enhancement in oxygen barrier at higher moisture is statistically significant (p <
0.05), it requires further detailed and focused investigation to confirm the suspected

mechanism.
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5.3.11. Effect of Solid Content on the Barrier Properties

To examine the effect of solid content, NR/MCG coating with 40 wt.% solid content
was prepared in selected formulation ratios. For the fabrication of the coating, one layer of
coating was applied on the paper to obtain 20 um thickness, while for 20 wt.% solid content,
two layers were applied on the paper. Also, the grammage of the high solid content formulation
was calculated and considering the standard deviation, the grammage did not change compared
to the 20 wt.% solid content samples. In spite of the application of a single coating layer of
high solid content coating samples, the samples indicated relatively similar oil Cobb and WVP
values to the lower solid content counterparts with two layers, as displayed in Figure 5.9(a-
b). However, a slight reduction in the OP results with the high solid content paper coating was
noted in comparison to the lower solid content specimens. This trend agrees well with OP

results of cellulose nanofiber/carboxymethyl cellulose blend as a paper coating[106].
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coatings with varying the solid content of coating formulations.
5.3.12. Effect of Crosslinking on the Paper Coating Properties

The effect of NR crosslinking was explored on the mechanical and barrier properties
of NR/MCG formulated coatings. The crosslinking density was kept low (~ 4 mmol/g) by
controlling the concentration of the crosslinking agent and catalysts to ensure the coating films
are only lightly crosslinked by following previously published work [165]. As expected, the
dry tensile strength of the crosslinked samples improved in comparison to the uncrosslinked
counterpart (Figure 5.10(a)). However, the crosslinking reduced the wet strength, making the
observation more noticeable at 30 s immersion (Figure 5.10(b)). This could be attributed to

the crosslinking process that involved exposing the coated paper to a reasonably high
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temperature (100 °C for 2 h) with a risk of deteriorating the integrity of the cellulose fibers and
other additives (e.g., starch additives) in the paper resulting in the observed reduction in the
tensile properties. The WVP results are displayed in Figure 5.9(c), showing that the
crosslinked coated paper enhanced the moisture barrier property compared to the uncrosslinked
sample. This is suspected to be due to the formation of -S-S- bridging bond that further hinders
moisture diffusion. It is noteworthy to mention that the degree of enhancement rises as the
concentration of the MCG increases indicating the complementary benefits of the platelet
MCG and the -S-S- bridging bonds. These results are in good agreement with previous works
of crosslinked soy, and whey-protein coated paper [80] as well as a crosslinked starch paper
coating [321].

Furthermore, both the water Cobb value and oxygen permeation dropped significantly
as crosslinking bonds were introduced in the coating films, as shown in Figure 5.10(d) and
5.10(e), respectively. Outstanding oxygen barrier performance with a permeation of only 0.16
cm®.m/m?.Pa.day was achieved in the 25 wt.% MCG formulation. This was a 99.4% decrease
from the samples coated with only NR. Herrera et al. reported the positive influence of
crosslinking of nanocellulose on the barrier properties of the paper coating [162]. Other
researches have also shown improvement in the oxygen barrier and reduction in the water
absorption of crosslinked rubbers [12,249,322,323]. Also, the Kit values of the crosslinked
coating systems exhibited excellent grease barrier properties using as low as 2 wt.% MCG
concentration, as shown in Table 5.3. These observations are suspected to be mainly due to
the reduction of the rubber free volume and lack of diffusion route due to the crosslinking

bridges. Overall, the crosslinked paper coatings revealed remarkable barrier properties, which
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makes the formulated NR/MCG a viable candidate for food packaging applications. While the

crosslinking could impact the rate of disintegration and biodegradability of a NR based

formulation, it may enhance re-pulping steps and the overall recycling of the paper-based

packaging product potentially allowing for recovery of the rubber phase. This is because the

lightly crosslinked rubber is less sticky than the green rubber making it easily separable.
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NR/MCG coating, ¢) water vapor permeability comparison of crosslinked NR/MCG and
uncrosslinked NR/MCG coating, d) water cobb test comparison of crosslinked NR/MCG and
uncrosslinked NR/MCG coating, e) oxygen permeability comparison of crosslinked NR/MCG

and uncrosslinked NR/MCG coating.

Table 5.3. Kit values of crosslinked NR/MCG coating.

Paper coating composition Kit number
Crosslinked NR 8
Crosslinked NR-2%MCG 12
Crosslinked NR-5%MCG 12
Crosslinked NR-25%MCG 12

5.4. Concluding Remarks

The MCG derived from enzymatic polymerization of glucose from sucrose have a high
surface area, low density, and high crystallinity with a typical platelet morphology. This
additive was utilized in natural rubber (NR) based coatings with the goal of assessing potential
applications as food packaging materials. The mutual colloidal stability of the MCG in the NR
phase assisted in the excellent dispersion stability and compatibility of the MCG in the NR
coating formulation. Formulated NR/MCG coatings improved both the dry and wet strength
as well as modulus compared to the uncoated paper substrate without compromising the
flexibility of the coated paper. Also, the incorporation of MCGs in the NR formulations led to

strong adhesion strength of coating films to the paper substrate due to the high affinity of the
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MCGs to the paper fibers — this suggests that only one coating will be required in this process
and avoids the need for additional adhesive layers. The series of coatings investigated in this
study indicated outstanding oil, grease, and oxygen barrier properties with a good compromise
regarding water vapor and water barrier performance. By introducing a light crosslinking in
the paper coating formulations, further enhancements in barrier properties were achieved.
Overall, the developed NR/MCG paper coating systems provide good mechanical and barrier
properties, which should meet the requirements for many product categories in the food
packaging market. This may enable the utilization of paper-based packaging formats to replace
traditional thermoplastic resin-based solutions. The approach described here may also offer a
multitude of crucial barrier performance characteristics required for the viable shelf-life
performance of packaged goods from one single coating step on the base paper substrate
compared with incumbent, multilayer complex flexible packaging solutions. This alone
provides an exciting opportunity to enable a sustainable paper-based packaging material
alternative that is inherently based on renewable feedstocks, recycle-enabled, and

biodegradable within various food-contact environments.
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Chapter 6. Sustainable natural rubber composites: masterbatch
development of epoxidized natural rubber grafted to designed enzymatic
polysaccharides °

6.1. Introduction

Rubber products are essential and high-performance materials that have extensive
industrial applications. Natural rubber (NR) is a biopolymer that occupies a substantial portion
of the high-value rubber market and continues to be essential for key industrial applications.
Tuning NR's properties and utility in composites continue to drive innovation for more
widespread utilization of this high-performance biopolymer. At the same time, sustainable
sourcing of natural rubber receives increasing attention within a bio-circular economy. The
utilization of NR, in its original, not-reinforced form, is rare and limited due to its large free
volume and inferior performance as material. Therefore, introducing appropriate
reinforcements and a crosslinking (vulcanization) process is crucial to obtain optimal physico-
mechanical properties and chemical resistance [3]. Carbon black remains dominant and has
been the pioneer of reinforcing fillers in the rubber industry [9]. However, carbon black is
typically manufactured using a high energy-consuming production process, and typically using
petroleum tar as a feedstock. The overall greenhouse gas footprint for this material category

is considered significant and has been classified as a material of high energy impact in need of

5 A version of this chapter has been published on peer-reviewed journal as a review article: A. Adibi, et al. (2023).
Sustainable natural rubber composites: masterbatch development of epoxidized natural rubber grafted to designed enzymatic
polysaccharides. Materials Chemistry Frontiers. https://doi.org/10.1039/d3gm00080;.
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alternative material solutions[8]. Other filler systems such as silicas, calcium carbonate, clay,
talcum, or titanium dioxide are also used as alternative or partial substitutes for carbon black
in rubber composites with varying success[12]. However, typically these fillers are considered
non-reinforcing, while the true performance of a reinforcing filler is achieved through direct

interaction between filler and elastomer matrix.

The rubber industry is increasingly assessing the development of rubber composites
that incorporate various sustainable fillers as alternatives without compromising reinforcement
performance, in addition providing energy savings during processing and overall composite
weight reduction. In parallel, the interest for replacing or complementing carbon black with
sustainable fillers is to improve or reduce the overall environmental footprint of the composite.
Sustainable filler systems derived from biomass or through the conversion of biomass in
biological processes are appealing alternatives to replace or complement carbon black, silicas,

or higher-density mineral-based fillers.

Polysaccharides are receiving increasing attention as sustainable filler of rubber goods
due to their potential to provide reinforcing properties, relatively low density compared with
mineral fillers, and ease of chemical modifications to create a link between the filler system
and the elastomer matrix. Several polysaccharides have been reported as reinforcing fillers of
natural rubber and other elastomers in the literature, including cellulose nanocrystals
[39,324,325], chitin nanowhiskers [40], starch nanocrystals [41], cellulose fiber [326-328],

microcellulose [329].
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IFF has developed a biocatalysis process to enable access to designed enzymatic
biomaterials such as the polysaccharide alpha-1,3 glucan (glucan). The glucan material
isolated from the enzymatic polymerization process provides access to particles with controlled
morphology. The polymerization of glucose from sucrose in the presence of an enzyme catalyst
selected from the general class of glucosyltransferase (GTF) enzymes has been developed to
industrial scale [38,49,108]. The glucan generated as such is a water-insoluble, linear, semi-
crystalline polysaccharide (50-70% crystallinity) with a typical degree of polymerization of
800 repeat units with a polydispersity in the range of 1.7-2.0 [44,281]. Also, through the
engineered polymerization processes, different morphologies are accessible, including

spherical aggregates, fibrids, and platelet particles referred to as microcrystalline glucan

< 8/(1) Fibrids

(MCG) (Scheme 6.1)[52].
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Scheme 6.1. Schematic of enzymatic polymerization of glucan and its various morphologies.
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In order for fillers in rubber to fully demonstrate their reinforcement potential, both
strong interfacial interactions and effective dispersion of the fillers in the matrix are essential
[330]. The hydrophobic NR matrix is typically incompatible with hydrophilic fillers including
polysaccharides and as a result, the weak interfacial interactions between the rubber matrix and
the fillers provide an inferior reinforcing effect [331]. Thus, in order to address the
compatibility limitation of a polysaccharide such as glucan with NR, modifying the glucan
with macromolecules that are compatible with rubber is proposed in this study. For this,
epoxidized natural rubber (ENR), obtained by epoxidizing natural rubber (NR) under acidic
conditions was selected as the modifier of glucan [331]. This is because ENR is compatible
with NR and the epoxide functional group of ENR can react with the -OH moieties of glucan
through ring-opening etherification to generate ENR — grafted glucan [332-334].

Additionally, the oxygenous groups of ENR make it more polar than NR, allowing it
to be more compatible with polar fillers, such as glucan. For instance, the improved
compatibility of ENR with polar fillers including cellulose nanocrystals [335-338], lignin
[339], silica[331,340], clay [341], starch [342], and chitosan [343] to fabricate ENR
composites is reported. In this study, a high temperature and shear-mediated reaction of the
oxirane group of ENR with the electronegative hydroxyl groups of glucans via a ring-opening

reaction to form covalent grafts is investigated.

A solvent free, batch mixer-based reactive process was employed to carry out the
reaction of ENR with glucan. The effect of the use of additives such as peroxide and alkaline
environment on the reaction efficiency was evaluated. By using the optimized processing

parameters identified in this first part of the study (temperature, shear rate, reaction time,
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catalyst level), next an ENR — glucan masterbatch was produced. Notably the temperature was
selected based on preliminary optimization work. Temperatures ranging from 115 °C to 200
°C were investigated. The higher ranges caused degradation of the material whereas the lower
temperatures were not even sufficient to cause any reaction. And since there is no solvent in
the system, high temperature in conjuncture with shear are needed to achieve the desired
grafting. Spectroscopy, rheology, mechanical properties, and solvent swelling studies were
employed to evaluate the properties of the generated masterbatch. Subsequently, the
masterbatch prepared this way (one-to-one ratio of glucan to ENR, by weight) was employed
as a modified filler for cured natural rubber formulations. The properties of such a cured and
reinforced rubber system with and without the masterbatch filler was then evaluated to
elucidate the performance of the generated masterbatch. Remarkably, an important insight of
this work is that the batch mixer-based reactive process is a solvent-free, scalable, and mature
technology broadly deployed in the rubber industry. In addition, the generated ENR — glucan
masterbatch provided excellent property enhancement in the cured NR formulation. Thus, it
can be anticipated that the masterbatch production approach to enhance the dispersion of
glucan in rubber formulations can be appealing for commercial deployment in a range of highly
cured rubber products, including conveyor belts, footwear, automotive parts, seals, and
gaskets, etc.

6.2. Materials and Methods

The alpha-1,3 glucan referred to here as glucan, that is produced via enzymatic
polymerization of sucrose was obtained from International Flavors & Fragrances Inc. (IFF,

Wilmington, DE, USA). Bale ENR, 50% epoxide content, was obtained from Muang Mai
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Company Ltd (Muang, Thailand). Sodium hydroxide (NaOH), dicumyl peroxide (DCP), zinc
oxide powder (ZnO), and stearic acid were purchased from Sigma -Aldrich (Oakville, ON,
Canada). Stabilized natural rubber (NR) latex with 60 wt.% solid content, was provided by
Chemionics Corporation (OH, USA). N-tert-Butyl-2-benzothiazolesulfenamide 97% (TBBS),
calcium carbonate (CaCO3), and Sulphur were purchased from Fisher Scientific (ON, Canada).

Silica was purchased from GELEST. INC. (Morrisville, PA).
6.2.1. Preparation of ENR-glucan Master-Batch

The ENR-glucan masterbatch was prepared in a HAAKE Rheomix 3000 batch
mixer/extruder (Thermo-Fisher Scientific Inc., Waltham, MA, USA) at a mixing temperature
and screw speed of 160 °C (across three heating zones) and 80 rpm, respectively. The batch-
mixing process was carried out using two catalysts, NaOH (7 % (w/v) solution) and DCP. The
procedure was initiated by adding 100 g of ENR into the batch mixer. Glucan powder (1009)
was then gradually added, and the blend was mixed until constant torque was developed as
depicted in Figure 6.1. Then, a specified amount of catalysts (NaOH or DCP), as shown in
Table 6.1, was incorporated into the composition, and the reaction was conducted for 5 mins
(Figure C1). After the mixing was completed, the samples were quickly removed from the
batch melt compounder and cooled with forced air to terminate the reaction. The control
formulations (neat ENR, ENR-glucan blend) were also prepared without the use of any catalyst
by utilizing the aforementioned procedure. Also, the ENR master batch was prepared with

silica and CaCOs for comparison (Table 6.1).
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Figure 6.1. (a) Torque and (b) temperature progress with the batch mixing process time for

ENR-glucan+1DCP and ENR-glucan+4.2 NaOH.

Table 6.1. Formulation of ENR-glucan masterbatch blend.

Components Glucan formulations Silica formulations CaCOsformulations
(parts per hundred (parts per hundred (parts per hundred
(phr)) (phr)) (phr))
ENR 100 100 100
Glucan 100 0 0
DCP 0,0.1,05,1 0 0
NaOH 0,14,28,4.2 0 0
Silica 0 100 0
CaCOs3 0 0 100

6.2.2. Characterization of ENR-glucan Masterbatch

173



6.2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR (Thermo Nicolet Nexus 670 FTIR-ATR) spectra were obtained by placing the

samples on the ATR and collecting an average of 32 scans.
6.2.2.2. X-ray Photoelectron Spectroscopy (XPS)

The surface chemistry of the blends, along with the influence of glucan and catalysts
on the functional groups of the blends, was investigated using a ThermoScientific ESCALab
250 X-ray Photoelectron Spectrometer (XPS). Samples prepared as small cubes (5 mm x 5
mm x 4 mm) were used for the XPS analysis. CasaXPS software was employed to extract and
analyze the collected spectra.
6.2.2.3. Toluene Swelling

The swelling index of the masterbatch blends was evaluated by the toluene swelling
method. About 0.5 g samples were taken from each formulation and were accurately weighed
and submerged in toluene for 72 h. The final weight of each sample was recorded by wiping
the excess toluene off the surface, and the level of swelling was investigated by computing the
swelling index (SI) in accordance with Equation (6.1). Where W1 (g) and W- (g) are the weight
of the samples before and after submerging in toluene, each specimen was tested in triplicates,

and the average Sl is calculated.

SI = M (6.1)
Wy

6.2.2.4. Injection Molding of ENR-glucan Samples

To prepare tensile and rheology (disc) test specimens, the various formulations were

injection molded using a Haake Mini-jet Pro (Thermo-Fisher Scientific inc., Waltham, MA,
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USA). Prior to the test, the samples were dried at 80 °C overnight to remove any residual
moisture. For all the formulations, the molding was carried out with a cylinder temperature,
mold temperature, injection pressure, injection back pressure, and injection time, 150 °C, 30
°C, 850 bar, 500 bar, and 10 s, respectively, except for ENR and ENR-glucan in which the
mold temperature was reduced to 50 °C.
6.2.2.5. Tensile Property Testing

The tensile properties of the ENR-glucan masterbatch blends were evaluated using a
tensile testing unit (Shimadzu-AGS X) equipped with 10 kN load cell. For this, the injection
molded ENR-glucan masterbatch samples were tested at room temperature and 50% relative
humidity at a crosshead speed of 500 mm/min according to the ASTM D638. At least seven
replicates were tested for each formulation, and the average was reported. Furthermore, in
order to investigate the degree of interaction and mechanical reinforcement of glucan with the
ENR system, silica, and calcium carbonate were utilized as two common reinforcing agents
for comparison.
6.2.2.5. Hardness Analysis

The hardness of the masterbatch formulations was tested using a digital durometer
(Shore D) in accordance with ASTM D2240. Stacks of specimens with a thickness of about 6
mm were placed on a flat surface and indented with the durometer. As soon as the indentor
firmly contacted the specimen, the data was collected from the digital reading. The test was
contacted at three points along the stacked samples, and the average was computed and

reported.
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6.2.2.6. Rheology Evaluation

The rheology of the ENR-glucan masterbatch blends was explored using a parallel plate
rheometer (Haake Mars I11) under a frequency sweep. Disc-shaped specimens with a diameter
and thickness of 25 mm and 2.5 mm, respectively were used for the rheology test. The
masterbatches’ viscosity, 10ss modulus, and storage modulus were reported over a frequency
range of 0.01 to 100 rad/s.

6.2.3. Fabrication of NR Composites

An ENR-glucan masterbatch blend formulation that displayed high tensile strength and
modulus was selected and employed as a filler in a typical NR composite formulation. For
comparison, glucan and ENR were also introduced to the NR composite system separately.
The NR composites were processed via batch mixing (HAAKE Rheomix 3000) with a rotor
speed and temperature of 80 rpm and 50 °C, respectively. The procedure began with adding a
specified amount of NR into the batch mixer and masticated until constant torque was achieved
which occurred within roughly 3 mins (Scheme 6.2). Then calculated amount of glucan or
glucan and ENR, or ENR-glucan masterbatch as fillers were gradually added to the NR and
mixed for another 4 mins as shown in Table 6.2. Finally, the curing agents were added into
the batch mixer and processed for 3 mins, and quenched with forced air. The total mixing time

of the procedure was 10 mins.
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Scheme 6.2. Schematic of fabrication of NR composites.
Table 6.2. Formulation composition for NR composites.
Sample label
Composition (phr) NR (control) NR-glucan-ENR NR-glucan NR-ENR
masterbatch
NR 100 80 100 80
Glucan 0 20 20 0
ENR 0 20 0 0
ENR masterbatch 0 0 0 40
Sulphur 15 15 15 15
Stearic acid 1 1 1 1
TBBS 15 1.5 15 1.5
Zinc oxide 3 3 3 3

6.2.4. Vulcanization Process
The vulcanization of all premixed samples was performed in an electrically heated

hydraulic press (Carver press, IN, USA) that has a 20 cm x 20 cm platen at 165 C and 14 t
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using approximately 22 g of samples. The optimum cure time (Tc9) of the NR composites,
was determined using a rubber process analyzer (Pioneer MDR 2000) as per ASTM D 2084 as
per a previous study [8]. Accordingly, the vulcanization of all samples was carried out on the
hot press (Tcoo = 3.9 min), and the cured sheets were removed from the hot press and dipped

into DI water to quench.
6.2.5. Characterization of the NR Composites

6.2.5.1. Crosslink Density

The crosslink density (veross) Was calculated using toluene swelling data by employing

the Flory-Rehner Equation [165,231,232]:

mol) I =v) + v+ xvf 62)

Veross (_ v
g Zper (W - 77*)

where v, is the volume fraction of the equilibrium swollen rubber, y is the Flory-Huggins
polymer-solvent interaction parameter (0.393), Vs is the molar volume of the solvent (108.56
m3/mol), and pr (0.97 g/cm®) is the density of rubber. To calculate vr, Equation (6.3) was
utilized:

Whoerore = Writier

Pr
Vv, = 6.3
" Wbefore - Wfiller + Wafter - Wfiller ( )

Pr Ps

where Whetore (g) is the weight of the rubber sheet samples before swelling, Warer () is the
weight of the rubber samples after swelling, Wriner (9) is the weight of the filler, and ps (0.87

g/cm?) is the density of the solvent.
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6.2.5.2. Scanning Electron Microscopy (SEM)

The morphology of ENR-glucan blends was explored using an Oxford Instruments
Quanta FEG 250 Environmental SEM coupled with an energy-dispersive X-ray system (EDX)
(Abingdon, Oxon, UK) without any sputter coating. And prior to the test, samples were

cryofractured, and the SEM images were taken from the cross-section.
6.2.5.3. Atomic Force Microscopy (AFM)

The surface morphology of NR composites was examined using AFM (ASYLUM
Cypher, Pacific Nanotechnology, inc.). Images of samples (10 x 10 pm?) were taken at a scan
rate of 0.5 Hz. The tapping phase mode was used to detect the degree of glucan particle
dispersion within the NR matrix.
6.2.5.4. Tensile Testing Analysis

The tensile strength, modulus, and elongation at the break of the NR composites were
evaluated via a Shimadzu-AGS X tensile testing unit equipped with a load cell of 0.5 kN and
a crosshead speed of 500 mm/min as per ASTM 412. Seven replicates were tested, and the
average was reported.

6.2.6. Statistical Analysis

All tests reported in this work are carried out in triplicate and results are reported as
mean * standard deviation. To differentiate significant differences among means, single factor
analysis of variance (ANOVA) was employed to the data with a least significant difference
(LSD) criteria of 95% (P < 0.05) confidence level.

6.3. Results and Discussions
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6.3.1. Characterization of ENR-glucan Masterbatch Blends
6.3.1.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used as a screening tool to investigate the chemical reaction between ENR
and glucan, as presented in Figure 6.2. Glucan exhibited some common characteristic peaks
at 3600-3000 cm™ (O-H stretching), 2900-2800 cm™ (C-H stretching), and 1140 cm™ (C-O
stretching) [114,165,241,344]. The control ENR showed peaks at 3000-2800 cm™ (C-H
stretching), 1650 cm™ (C=C stretching), and 1452 and 1378 cm™? (C-H deformation)
[337,345,346]. The peaks at 872 and 1250 cm™ are attributed to the asymmetrical and
symmetrical stretching vibration of the C-O-C of the epoxidized groups in ENR chains
[336,338]. For ENR-grafted glucan, an increase in the intensity of the broad peak in the range
of 3000-3600 cm™ associated with the OH peaks of glucan is observed. In addition, a new peak
at 1140 cm™ depicted an ether group that confirms the formation of chemical bonding between
ENR and glucan, which was absent in the neat ENR (Figure C2). Also, there is a successive
reduction in the intensity of the peaks associated with the epoxy groups in the ENR-glucan
blends. Compared to the neat ENR, the adsorption around 872 cm* of the ENR-glucan samples
slightly shifted to a lower wavenumber, which corroborates the formation of intermolecular
hydrogen bonds between the hydroxyl groups of glucan and oxygenous group of ENR as
illustrated in scheme 6.3 [332,336]. Similar IR intensities were observed in the study of ENR-
regenerated cellulose that indicated the chemical bonds created between ENR and regenerated

cellulose [332].
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Figure 6.2. FTIR spectra of neat ENR and ENR-glucan composites.
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Scheme 6.3. The plausible reaction between ENR and glucan.

6.3.1.2. X-ray Photoelectron Spectroscopy (XPS)
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XPS is a powerful technique to investigate the constitution, chemical structure, and the
physical and chemical interactions that occur on materials’ surfaces or interfaces. The
investigation of the C 1s and O 1s spectra of ENR and its masterbatch with glucan was
conducted in this study to investigate the interactions between ENR and glucan. Figure 6.3(a)
and Table 6.3 show the low-resolution XPS spectra and the atomic contents of different
elements in the ENR and ENR-glucan masterbatch, respectively. According to the low-
resolution XPS spectra of all samples, peaks at binding energies 103, 281, and 528 eV
correspond to Si 2p, C 1s, and O 1s, respectively. Based on the atomic composition in the
individual samples in Table 6.3, an increase in the O/C ratios for all masterbatch samples
indicates the presence of more oxygen-containing groups associated with glucan in the ENR-
glucan composites compared to the neat ENR [340,347]. For instance, in the case of ENR-
glucan masterbatch without a catalyst, an O/C ratio of 20% was noted due to the high oxygen
content of glucan and feasible hydrogen bonds which is in complete agreement with the FTIR

results.

Moreover, Figure 6.3(b-e) shows high-resolution C1s spectra of neat ENR and ENR-
glucan masterbatch, which exhibit four groups: C-C, C-H, C-O-C, C=C, and C=0. Neat ENR
showed a broad C-O-C peak, which became narrower for ENR-glucan without using a catalyst,
which could be a result of the participation of C-O-C in hydrogen bond formation. It was noted
that the C-O-C peak for the ENR-glucan using DCP and NaOH as catalysts remained broad
and convoluted. This indicated that although these groups took part in hydrogen bond

formation, more C-O-C bonds were generated from the epoxy ring opening and subsequent
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ether bond formation [337]. Therefore, these results provide further evidence that grafting has

occurred between the ENR and glucan, which was previously observed by FTIR

measurements.
——ENR
70000
—— ENR-glucan (a)
] ENR-glucan+1DCP
60000 ENR-glucan+4.2NaOH
@ 50000
o
Q
= 40000 -
z
s 30000
£
20000
B e
04 T T T T =
1200 1000 800 00 400 200 0
Binding Energy (eV)
3.0x10*
w11 (b) c=c ()
3.0%10% A 2 5x10%
2 5x10" 2 0x10°
o 20x10% o w
o 4
S 3 1.5x%10*
1,5%10* -
1.0x10% 4
1.0%10% 4 C
3
5.0%10° 5.0x10
C=C,C-H
0.0 T T T T T 0.0 +— T T T T T
280 288 286 284 282 280 278 290 288 286 284 282 280 278
Binding Energy (eV) Binding Energy (eV)
2.5x10° c=C 4.0%10*
d 3 e =
(d) aseroe] (€) c=g
2.0x10°
3.0x10% 4
1.5%10° - 25x10*
w 7]
o o N
% & 2.0x10*
1.0x10* 1.5%10%
1.0x10* o
5.0%10°
5.0%10% 4
0.0 T - T 0.0 44— T T T T
290 288 286 284 282 280 278 290 288 286 284 282 280 278

Binding energy (eV)

183

Binding energy (eV)



Figure 6.3. (a) Low-resolution XPS spectra of ENR and all ENR-glucan composites and high-
resolution deconvoluted spectra of C 1s for (b) ENR, (c) ENR-glucan, (d) ENR-glucan with

using 1 phr DCP, and (e) ENR-glucan with using 4.2 phr NaOH.

Table 6.3. Atomic compositions and O/C ratios for ENR and ENR-glucan composites.

Sample Element Constitution (%)
C 1s (%) 0 1s (%) Si 2p (%) O/C ratio
ENR 88.31 10.79 0.9 0.12
ENR-glucan 82.95 17.05 0 0.20
ENR-glucan+1DCP 82.93 17 0.07 0.20
ENR-glucan+4.2NaOH 84.6 13.48 1.92 0.16

6.3.1.3. Toluene Swelling

In order to explore the creation of insoluble gel induced by the network between the
ENR and glucan, masterbatch samples were subjected to toluene swelling analysis. Figure 6.4
indicated that the baseline ENR was fully dissolved in toluene within the first day of the
swelling test due to the absence of any network between the ENR chains to hinder the
penetration of the solvent molecules through the rubber. On the contrary, the ENR-glucan
masterbatch blends were only swollen and remained intact, revealing the grafting of ENR onto
glucan and network formation, which substantiates previous FTIR and XPS findings. The

formed networks as a result of the covalent bond grafts reduced the ENR-solvent interaction
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and hence avoided the dissolution of ENR. The ENR-glucan masterbatch (Figure 6.4(b)),
without any catalyst, was also not soluble in toluene, indicating the high-temperature and high-

shear mediated epoxy ring opening of the ENR and grafting onto the glucan structure as noted

from the FTIR spectra as well as XPS analysis.

Day 1

Day 5

Figure 6.4. Toluene swelling analysis of (a)ENR, (b)ENR-glucan, (c)ENR-glucan+0.1DCP,
(d)ENR-glucan+0.5DCP, (e)ENR-glucan+1DCP, (f)ENR-glucan+1.4 NaOH, (g)ENR-
glucan+2.8 NaOH, (h)ENR-glucan+4.2 NaOH.

Based on the swelling experiment data, the swelling index of the ENR-glucan
masterbatch was calculated and presented in Figure 6.5. It is noteworthy to mention that the
lowest swelling index belonged to the masterbatch produced with DCP catalyst indicating the
effectiveness of DCP as a catalyst for the opening of the epoxy ring, which consequently

induced more grafting of ENR on the glucan. Overall, the swelling experiments' results agree
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with the FTIR study's result (Figure 6.1) which exhibited the formation of the grafted network

between ENR and glucan owing to the creation of the ether bond.

ENR-glucan+4.2 NaOH
ENR-glucan+2.8 NaOH
ENR-glucan+1.4 NaOH
ENR-glucan+1 DCP
ENR-glucan+0.5 DCP
ENR-glucan+0.1 DCP
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Figure 6.5. Swelling index of ENR-glucan composites.
6.3.1.4. Tensile Properties

Predominant parameters which dictate the reinforcing capability of the fillers in filled
composites are the concentration and dispersion of fillers besides the interaction between the
fillers and the matrix. The tensile strength, stress-strain curve, elongation at break, and elastic
modulus of the baseline ENR and ENR-glucan masterbatch samples are displayed in Figure
6.6. The incorporation of the glucan substantially improved the tensile strength results (Figure
6.6(d)) for all the ENR-glucan composites compared to the neat ENR. The enhancement in the
tensile strength could be attributed to the robust interactions through the covalent grafting and
hydrogen bond interaction between the ENR and glucan. Considerable enhancement in the
tensile strength of ENR-glucan blend without catalyst strengthens the hypothesized grafting

between the ENR and glucan due to elevated batch mixing temperature as well as high shear
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stress. Strikingly, ENR-glucan using 0.1 phr DCP achieved the utmost tensile strength amongst
all samples of 5.5 MPa, which is 550% higher than the neat ENR. These superior reinforcement
results are induced by the grafting of ENR onto the polysaccharide backbone coupled with
hydrogen bonds, which can endure the load stresses and effectively transfer the load from the
rubber matrix to the rigid fillers. These findings are aligned with the previous study of ENR-
oxidized starch by Tong et al., in which the incorporation of the oxidized starch as filler

improves the tensile strength [342].

As expected, the elongation at break decreased by introducing high fillers loading
fillers in the rubber matrix as the rigid fillers restricted the chain mobility and suppressed strain
crystallization in the matrix. Moreover, covalent bonds among the chain segments impede the
untangling of some chains, resulting in reduced elongation at break [3]. Varghese et al. reported
the same trend as the incorporation of silicates in the ENR matrix led to a decrease in the
elongation at break [348]. Also, Nie et al. showed that as the loading of cellulose nanocrystals
as fillers in the ENR matrix increased, the elongation at break dropped because of the
continuous development of the hydrogen bonding network, which limits the movement of the

ENR chains [349].

Important factors that play an essential role in determining the modulus of filled
composites are the extent of dispersion of fillers in the matrix as well as the nature of chemical
interactions within the composite. As depicted in Figure 6.6(e), the incorporation of glucan
led to considerable improvement of elastic modulus, which can be ascribed to the formation of

filler-polymer networks in the composite. Additionally, introducing rigid filler to the rubbery
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matrix obstructs chain movement, which brings about higher resistance against deformation

under applied force, as also noted from the increasing slope of the stress-strain curve. This

result is in excellent agreement with Bhakri et al., which reported a remarkable modulus

increase of ENR by incorporating microfibrillated cellulose as fillers [350].
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The results of the hardness tests illustrate the effects of filler concentration and
chemical interactions within the composite as shown in Figure 6.6(c). The hardness
significantly increased with the introduction of a higher concentration of glucan filler into the
ENR matrix. Notably, the hardness of glucan particles was compared with cellulose
nanocrystals (CNC) using nanoindentation analysis, and the results indicated a higher modulus,
consequently, greater hardness of glucan than CNCs (Figure C3). As the filler concentration
and grafts within the composites strongly influence the hardness, the increase in hardness can
be attributed to network formation within the composite since the same level of filler was
incorporated in all nanocomposites. Additionally, elastic modulus values corroborate the trend
in hardness as the hardness tends to increase with an increase in the elastic modulus [351,352].
This trend concurs well with the previous finding of ENR-lignin composite which hardness
was substantially increased as lignin content increased for heat-treated rubber composites
[339]. The higher hardness of the ENR-lignin composite was attributed to the stronger lignin-
rubber interactions at higher lignin content [339]. A comparison of silica and calcium carbonate
with glucan was also carried out in order to examine the prospects of glucan compared with
other reinforcing materials, and the results are shown in Figure 6.7. In terms of tensile strength,
modulus, and hardness, considerably enhanced results were achieved with glucan compared to
silica and calcium carbonate. Despite silica (average particle size 780 nm) and calcium
carbonate (average particle size 1.6 um) had substantially smaller particle sizes compared to
the glucan (average particle size 15 um) used in this study (Figure C4), which could lead to
finer dispersion, the glucan displayed improved mechanical properties. This was attributed to

the temperature and shear-mediated etherification between the -OH moieties of glucan with
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the epoxy groups of ENR that led to covalent grafting. Such bonding is unlikely to happen with
clay and calcium carbonate. Furthermore, hydrogen bond interaction is expected in glucan —
ENR masterbatch (Scheme 6.3). Additionally, the density of the ENR masterbatch composites
with glucan, silica, and calcium carbonate was evaluated and presented in Figure 6.7(e). These
results indicate a higher density of composites with silica and calcium carbonate compared to
the glucan thus the volume fraction of glucan is higher, which corroborates the assumption of

finer dispersion of silica and calcium carbonate than glucan.
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6.3.1.5. Rheology

The rheology properties of the ENR-glucan composites were evaluated to investigate
the microstructure and viscoelastic properties of the composites. The storage modulus (G,
loss modulus (G"), and complex viscosity as a function of frequency are presented in Figure
6.8. As expected, a steep decrease in the complex viscosity caused by increasing frequency for
all formulations was noted that representing shear-thinning behavior. This behavior was
initiated by changes in the microstructure of the masterbatch composites, followed by the
untangling of the ENR chains, which consequently resulted in more free volume within the
ENR composite and, thus, a reduction in the viscosity[107]. Overall, the incorporation of the
glucan in the ENR system led to a higher viscosity of the composite, which can be associated
with the occupation of the free volume of the ENR matrix succeeded by restriction of the ENR
chains movement [337,353]. It was evident that using a catalyst for producing the masterbatch
composite positively correlates with the viscosity increase as composites with a catalyst
displayed greater viscosity than the samples without a catalyst. This could be attributed to the
formation of more irreversible ether bond grafting of the ENR onto the glucan with the
assistance of the catalyst. The covalent bonds in the composites led to the prevention of the

rubber chains' disentanglement.

The inclusion of glucan led to significantly higher storage and loss modulus compared
to pure ENR, representing the creation of the robust network caused by glucan within the
composites. Also, it is worth mentioning that using a catalyst in the formulation increased the

storage modulus, which validates the efficiency of the catalyst for the grafting between ENR

192



and glucan. This behavior reveals that the rigidity of the composites relies not only on the
concentration of the glucan but the presence of the network within the composites. Also,
another observation worth noting was a higher G’ than G” throughout the frequency range due
to the elastic solid-like behavior of ENR-glucan composites, implying the promoted
interactions through the composites [311,354]. Furthermore, the same trend was observed in
pure ENR, as G’ was greater than G”, indicating the prominently elastic nature of the ENR

[333].
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6.3.2. Characterization of NR Composites

Based on the obtained results from the ENR-glucan masterbatch blends, ENR-glucan
masterbatch generated using 0.1 phr of DCP displayed appealing properties. It was thus utilized
as a carrier of glucan in cured rubber formulations. Comparison of the direct blending of glucan
versus the masterbatch was compared to elucidate the benefits of utilizing the masterbatch

formulation.
6.3.2.1. Crosslink Density

Crosslink density is a critical determinant of the mechanical properties of rubber
composites, and it is typically measured by monitoring their swelling in an appropriate solvent.
Solvent molecules penetrate the rubber chains in the swelling method, causing changes in the
rubber composite's dimensions that vary on the level of crosslinking. As a general rule, the
solvent absorbency of rubbers is inversely proportional to the crosslink density for good
solvents. Rubber crosslink densities can then be calculated by using the Flory-Rehner
Equation, which relates swelling to crosslink density [355]. Rubber composite samples
containing fillers have a lower tendency to swell than those without fillers since fillers slow
down solvent diffusion into the rubber and restrain chain mobility. As noted in Figure 6.9, the
crosslink density of NR rubber increased as glucan was introduced into the NR matrix
compared to pure NR, which could be attributed to the strong filler-polymer interactions, which
led to a decrease in solvent penetration through rubber composites and an apparent increase in
the crosslink density. Increasing crosslink density by the addition of the filler was also

previously stated in NR-cellulose nanofiber and NR-crop residues [242,356].
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Figure 6.9. The crosslink density of pure NR and NR composites.
6.3.2.2. Scanning Electron Microscopy

SEM was employed to examine the morphology and degree of dispersion of glucan in
the NR matrix, as depicted in Figure 6.10. Images were generated from the cross-sections of
sheets after specimens were prepared via a cryogenic fracture. According to the energy-
dispersive x-ray spectroscopy (EDX) analysis, the bright white particles, highlighted by red
circles in the SEM images, are ZnO particles that emit high-energy electrons. It appears that
the incorporation of glucan filler helped to disperse the ZnO particles homogeneously, thereby
contributing to a higher crosslink density of the rubber composites compared with the unfilled
NR samples. Additionally, the crosslinking density results suggest that the presence of glucan
could enhance the ZnO dispersion in the rubber matrix. Similar observations were reported
for NR-cellulose nanocrystals (CNC) [14] and nitrile butadiene rubber (NBR) — CNC
composites [244]. Furthermore, by EDX mapping, Blanchard et al. found out that the amount
of ZnO agglomerates decreases as potential Zn-polysaccharide network formation and increase

torque as a result of the viscosity increase may have promoted the dispersion of Zn in the
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rubber matrix [14]. As noted in Figure 6.8(d), the formulation that contained the NR-ENR

masterbatch displayed no visible accumulation of bright particles indicating the high dispersion

of ZnO. Although Figure 6.8(b-d) exhibited good overall dispersion of glucan, the NR-ENR

masterbatch showed a more homogenous distribution and dispersion of the glucan particles.
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Figure 6.10. SEM images of (a)pure NR, (b)NR-glucan-ENR, (c)NR-glucan, (d)NR-ENR

masterbatch and EDS images of (a')-(d").
6.3.2.3. Atomic Force Microscopy

In polymer composites, phase images obtained from the tapping mode of atomic force
microscopy (AFM) imaging provide a useful way to study filler dispersion and distribution as
varying stiffness can be detected [353]. The morphology of NR composites obtained from the
tapping mode of AFM imaging is shown in Figure 6.11. It was demonstrated that stiffer
materials, in this case, ZnO and glucan particles, have a more positive phase shift and appear
as brighter regions [357]. The AFM image of pure NR composite film exhibited an
accumulation of brighter regions in a small spot, revealing poor ZnO dispersion. Additionally,
by incorporating glucan, a more uniform distribution of ZnO and glucan was accomplished,
which strengthens the possibility of the contribution of glucan in dispersing the ZnO particles

through the rubber composites, which was previously observed by SEM analysis.
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Figure 6.11. AFM phase image of (a)NR, (b)NR-glucan-ENR, (c)NR-glucan, and (d)NR-ENR

masterbatch.
6.3.2.4. Tensile Testing

The employment of ENR-glucan masterbatch in the NR composite and its impact on
the fundamental material properties was evaluated using tensile testing. The tensile strength,
elongation at break, elastic modulus, modulus at 50%, 100%, and 300% elongation, and typical
stress-strain curves are presented in Figure 6.12. There was a significant increase in the tensile
strength with the addition of glucan into the NR matrix. Notably, the NR-ENR masterbatch
provided the highest tensile strength (27 MPa) of the NR composite, which was comparable to
the tensile strength performance of commercialized nanosized carbon black-filled NR for the
same loading levels [358]. The superior tensile strength property of NR-ENR masterbatch

could be ascribed to the excellent dispersion of filler in the ENR and hence NR in conjuncture
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with the higher crosslink density, which led to higher resistance to stress. This is because the
ENR worked as an interfacial modifier which assisted in the better dispersion of glucan [331].
As expected, the strain at break decreased with the inclusion of rigid glucan particles in the NR
rubber films. Rigid filler particles as well as the crosslinking network between the chain
segments, inhibit untangling of some chains, thereby decreasing elongation at break [359].
Despite the reduction in comparison to the unfilled NR, the ENR-glucan based NR composite
formulation provided high elasticity (~840%), indicating the high toughness of such
formulations.

Moreover, the incorporation of the glucan led to the enhancement of modulus due to
the increasing stiffness of the composite induced by adding rigid fillers. Notably, the elastic
modulus of the ENR - glucan masterbatch based NR composite increased by a whopping 270%
compared to the unfilled NR samples. This result substantiates the effectiveness of utilizing
ENR-grafted glucan as a masterbatch to enhance the tensile properties of NR composites,

attributed to the compatibility of the ENR with the NR matrix.
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Figure 6.12. (a)Tensile strength, (b)elongation at break, (c)typical stress-strain curve,

(d)elastic modulus, and (e)modulus at 50,100, and 300% of pure NR and NR composites.

6.4. Concluding Remarks

The designed enzymatic polysaccharide, glucan, was processed with ENR to obtain a
chemically grafted ENR-glucan masterbatch using a one-step, scalable in situ batch melt
compounding process. As a result of this work, a significant insight was gained that batch
mixers-based reactive processes are solvent-free, scalable, and mature technologies widely
used in rubber manufacturing. The ENR-glucan masterbatch exhibited robust interactions

between the matrix and filler owing to the formation of covalent ether bonds and hydrogen
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bonds between the ENR matrix and glucan, which was validated with FTIR, XPS, and toluene
swelling. Selected ENR-glucan masterbatch samples were subsequently melt-mixed with NR
formulations to generate NR composites. The mechanical properties of the resulting composite
displayed that the employment of the ENR masterbatch leads to superior mechanical properties
equivalent to common commercial fillers, such as carbon black. This indicates that the
designed enzymatic polysaccharide, glucan, has outstanding potential for applications as a

sustainable filler in rubber and elastomer systems.
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Chapter 7. Conclusions and Future Work

7.1. Conclusions

In this research, the employment of enzymatic polymerized polysaccharide, alpha-1,3
glucan, as a functional additive and filler of rubber was studied. ~The impact of various
morphology of alpha-1,3 glucan on the physico-mechanical properties of rubber composites
and dipped rubber goods, as well as on the barrier properties of paper coating was studied. A
robust procedure was developed for the incorporation of incorporating alpha-1,3 glucan (wet
cake and MCG)ain hydrophobic NR matrix to generated various levels of filled rubber

composites.

In the first study, the incorporation of a platelet morphology alpha-1,3 glucan (MCG)
in the NR led to a remarkable enhancement in the tear strength, tensile properties, toughness,
and an increase in water vapor permeability but a decrease in alcohol permeation. This
behavior is appealing in gloves, where high sweat permeation from hands to the environment
and limited to no solvent penetration from the environment to the skin is desired. The study
indicated that the enzymatically polymerized MCG are effective reinforcing fillers for NR latex
and potentially other elastomers offering the potential for appealing physical property
improvements. The second and third experimental research studies investigated the
development of NR-alpha-1,3 glucan based paper coating for food packaging applications. It
was noted that paper coating based on NR and spherical particle alpha-1,3 glucan exhibited
outstanding tensile properties and balanced oxygen and oil barrier performance. Also, it was

revealed that at sufficient thickness, this coating system successfully seals paper substrate’s
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pores. As a result, notable barrier property improvements versus oil, oxygen, and water vapor
were achieved. However, higher loading levels can be detrimental to the moisture barrier

properties of the coating.

In a follow up study, platelet alpha-1,3 glucan, MCG, was employed in NR coating
systems. The formulated NR/MCG coatings demonstrated notable improvements in
mechanical strength without compromising the flexibility of the coated paper. Furthermore,
the incorporation of MCGs in the NR formulations resulted in strong adhesion strength
between the coating films and the paper substrate resulting in eliminating the need for
additional adhesive layers. Also, it was unveiled that NR/MCG formulated paper coatings
provided outstanding barrier properties against oil, grease, and oxygen, which was further
improved by introducing a light crosslinking in the paper coating. Overall, the developed
NR/MCG paper coating systems demonstrated favorable mechanical and barrier properties,

making them suitable for various food packaging applications.

Finally, the last study showed that by employing one-step, solvent free, mature
technology and scalable in situ batch melt compounding, chemical grafted ENR-glucan
masterbatch was successfully developed. Then formation of covalent bonds among ENR and
glucan was validated with FTIR, XPS, and toluene swelling analysis. Subsequently, the
selected ENR-glucan was utilized as reinforcing filler of NR composites, which led to superior
mechanical properties equivalent to commercial fillers, such as carbon black. These findings
suggest that the enzymatically designed polysaccharide, glucan, possesses exceptional

potential for use as a sustainable filler in rubber and elastomer systems.
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Biomass derived polysaccharides, such as cellulose, chitin, and starch, has been used
in material applications (e.g., paper) for centuries. More recently, there is a renewed interest in
utilizing them as sustainable alternative or complement to the mature petrochemical derived
polymers. However, these polysaccharides lack purity and the molecular design precision
round in designed polymers as they are mostly extracted from diverse agri-forestry feedstock.
Enzymatic polymerization of simple sugars into polysaccharides allows to develop high purity,
precise structure, desired morphology, and colloidal features. The unique characteristics of
alpha-1,3 glucan provide it with a distinct advantage in improving the mechanical and barrier
properties of rubber composites in comparison to other polysaccharides such as cellulose and
starch. It is worth mentioning that alpha-1,3 glucan demonstrates properties that are on par
with commercially available fillers. Alpha-1,3 glucan is an example of such enzymatically
polymerized polysaccharide that demonstrated appealing functional filler attribute as well as

sustainability requirements in rubber composites for a range of applications.

7.2. Future Works

A potential avenue for future research would be to evaluate the impact of alpha-1,3
glucan on the biodegradation of NR composites and the effect of crosslinking density on the
biodegradation of NR-alpha-1,3 glucan composites. Although the NR has long-term
biodegradability profile, the kinetics of NR biodegradation is a slow process attributed to the
limited progress of bacterial growth on rubber substrates [29]. It is expected that incorporating
biopolymers in rubber composites could enhance biodegradation. Additionally, investigating
the recyclability of NR-alpha-1,3 glucan composites could be proposed as another area of

future work.
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Another future research direction could involve building upon the findings of Chapter
6 by incorporating the platelet morphology microcrystalline glucan (MCG) in the preparation
of epoxidized natural rubber (ENR) masterbatch. The platelet morphology of MCG suggests
the potential for achieving outstanding mechanical properties. Since alpha -1, 3 glucan is a
relatively new polysaccharide (that is not yet commercially available), its potential for other
polymer or composite material applications is largely untapped. Thus, future research can
investigate chemical modification chemistries, structure and morphology fine-tuning during
the polymerization, and composite processing platforms to broaden the application of alpha -

1, 3 glucan in various polymer and material systems.
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Supporting Information from Chapter 4

Appendix A

Table Al. Composition of 12 solutions used in Kit test.

Composition Castor oil (g) Toluene (g) Heptane ()
Kit number

1 969 0 0

2 872 50 50
3 775 100 100
4 678 150 150
5 581 200 200
6 484 250 250
7 388 300 300
8 2901 350 350
9 194 400 400
10 97 450 450
11 0 500 500
12 0 450 550

Table A2. Kit numbers of PE and NR/alpha-1,3 glucan coated films with 100 um thickness

Coating composition

PE

NR-30wc (100 um)

NR-100wc (100 pum)

Kit number

12

12

12
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Figure Al. Water Cobb test of folded and unfolded of paper coatings.
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Appendix B

Supporting Information from Chapter 5

Sample holder

Oxygen cylinder
v % Burette

T water and soap mixture

Scheme B1. Custom-made oxygen permeability measuring system
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Figure B1. Elongation at break results of paper coatings.

232



0 Folded
&...,2.5 - O Unfolded é
£
>
o 2
=
S
215 |
Ko
S
— 1F
[}
©
;0.5 - C

o 0
0 A A A
NR NR-2%MCG NR-10%MCG NR-25%MCG

Figure B2. Water Cobb test of folded and unfolded of paper coatings.

Figure B3. Kit test of a) uncoated sample at kit solution number 1, b) NR paper coating at kit solution number
5, ¢) NR-2%MCG paper coating at Kit solution number 7, d) NR-5%MCG paper coating at kit solution number
12, ) NR-10%MCG paper coating at kit solution number 12, f) NR-25%MCG paper coating at kit solution
number 12, g) NR-50%MCG paper coating at kit solution number 12.
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Table B1. Statistical analysis of OP at higher relative humidity.

Relative

Humidity OTR at 15% RH x 10¢ OTR at 30% RH x 10¢ OTR at 60% RH x 10¢ OTR at 100% RH x 106
Paper coating (cm®.m/m2.Pa.day) (cm3.m/m?.Pa.day) (cm®.m/m?.Pa.day) (cm®.m/m2.Pa.day)
Composition
NR-2%MCG 5.87+0.29° 2.770 £ 0.15¢ 1.61 + 0.42¢ 1.18 + 0.09f
NR-10%MCG 3.11 £ 0.18° 1.53 +0.13¢ 1.34 £ 0.02¢ 0.40 £ 0.00f
NR-25%MCG 4.19 £ 0.40¢ 1.16 +7.57¢ 0.83 +0.47¢ 0.27 £ 0.00f

OP value = mean + standard deviation (n = 5), means with the same superscript letters within a column are not
significantly different at P < 0.05 level
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Appendix C

Supporting Information from Chapter 6
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Figure C1. The torque graph of ENR-glucan blends with DCP/NaOH as catalyst.
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Figure C2. FTIR spectra of neat ENR and ENR-glucan composites in the wavenumber range of 600 to 1400 cm™.
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Figure C3. Force curves obtained from nanoindentation analysis of (a),(b) cellulose nanocrystal, and (c),(d)

alpha-1,3 glucan.
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Figure S4. Particle size distribution of (a)silica and (b) calcium carbonate.
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