ABSTRACT
PINER, EMILY VALLERY. Fully Bio-Based Barrier Films and Coatings for Use in the
Packaging Industry: Understanding the Interactions Between Composite Components. (Under
the direction of Dr. Nathalie Lavoine and Dr. Lucian A. Lucia).

The accumulation of solid plastic waste in the environment is one of many environmental
concerns in the public conscious today. Plastic packaging is the single biggest contributor to this
waste. Biopolymers offer a potential solution in that they are abundant, sustainable, and potentially
biodegradable. Of particular note are cellulose and lignin as they have many unique properties that
could be leveraged into a packaging application. This work aims to develop use combinations of
different biopolymers to develop fully bio-based sustainable alternatives to petroleum-based
packaging films and coatings.

This work is divided into two main sections the first of which is the development of
bacterial nanocellulose composite films. Bacterial nanocellulose has many properties that are of
use in the food packaging industry including high oxygen barrier and mechanical strength.
However, the water sensitivity of the cellulose must be circumvented for it to be a practical
material for use as food packaging. Thin, translucent, and flexible films of bacterial nanocellulose,
alginate, and zein were formed by solvent casting of an alkaline aqueous suspension containing
different weight ratios of each material. Alginate was chosen to enhance the mechanical properties
of the films, especially in wet state, as well as its unique ability to be crosslinked with divalent
metal cations. Zein was chosen because it is an amphiphilic protein and was potentially able to
increase the water barrier properties of the resulting films. The study of bi-component films of
bacterial nanocellulose and either alginate or zein showed that the addition of 10 w% of the alginate

zein to the bacterial nanocellulose suspension improved the film performance. Further



improvement of the overall performance of the composite films, and in particular, a 100% increase
in the elongation at break was obtained by crosslinking of alginate using calcium chloride.

These results allowed for the creation of three component films with 80 w% bacterial
nanocellulose, 10 w% alginate, and 10 w% zein that showed a synergistic action by increasing the
water contact angle to 75°, while increasing the water vapor permeability and water absorption as
well. A conceptual model of the arrangement of the three biopolymers within the films was
developed with the aid of SEM and XPS to explain the mechanical and water barrier performance
of the films. In this model, the bacterial nanocellulose and alginate form an interpenetrating
network and the zein adheres to the surface of the bacterial nanocellulose via ion-dipole
interactions between the polar groups at the surface of the cellulose and the carboxylate ions on
the zein. Crosslinking of the system with calcium chloride alters the model with the formation of
ionic bonds between the alginate and the calcium ions, and between the calcium ions and the
carboxylate ions on the zein, resulting in spherical zein aggregates throughout the film structure.

The second section of this thesis is the development of a lignin-based coating for moisture
barrier applications. A bio-based coating was formulated by chemically bonding kraft lignin to
epoxidized soy lecithin via a combination of ester and sulfide bonds. The water vapor permeability
was assessed at different solids contents as well as with the addition of a plasticizer. The
application of this coating to a porous, rough cellulosic surface such as one side coated paperboard
greatly reduced its water vapor permeability by 57%, but when applied to a non-porous, flat surface
such as a commercial plastic film, such a reduction was not observed. These results show that the
lignin-based coating has potential as a water barrier layer in multilayer packaging for enhanced
sustainability. Further optimization is still required to advance the commercialization of the

proposed solution as the water vapor permeability is 19% higher than that of the uncoated films.
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CHAPTER 1: Introduction

1.1 Motivation

Plastic pollution is among the most visible issues facing our environment. Mitigating the
amount of plastic waste that enters our terrestrial, freshwater, and marine ecosystems has been a
major talking point at the global level for more than a decade'>. Many companies have responded
to this pressure with sustainability initiatives®, and recently more than 180 countries agreed to ban
the international trade of plastic waste in an attempt to stem the tide of plastic pollution*. In a 2021
report, the United Nations found that the COVID-19 pandemic exacerbated this issue by driving
demand for disposable plastics up and the prices for plastic resins down. Furthermore, the impact
of plastic waste disproportionately effects low-income and marginalized communities®. The need
for an answer to these challenging issues becomes more obvious with each passing year.

Plastic is a ubiquitous part of modern life with global production increasing from 2 million
metric tons in 1950 to over 380 million metric tons in 2015°. As production has increased, the
ultimate fate of the plastic waste has also changed. Before 1980 all plastics were discarded after
use but as recycling technology has developed that number has decreased to between 55 and 75%
depending on the location and type of plastic waste generated®’. The packaging industry is the
largest contributor of plastic waste, producing approximately 141 million metric tons (47%) of
plastic waste in 2015 (Fig. 1.1). These values include all solid plastic waste including coatings and
sealants from the most commonly used, petroleum-derived, resins (e.g. polyethylene,
polypropylene, polystyrene, polyvinylchloride, polyethylene terephthalate, and polyurethane as
well as polyester, polyamide and acrylic fibers). The large amount of waste generated is due in

part to the single-use nature of most plastic packaging products. As such, there exists a need for



sustainable plastic alternatives that can be used as packaging that does not persist in the

environment.

B Packaging
B Textiles
1 Other
Consumer Products
B Transportation
H Building & Construction
B Electrical/Electronic

Figure 1.1. Plastic waste generated by market sector in 2015. (Adapted from Geyer et al., 2017.)

1.2 The Unique Challenges of Plastic Packaging

The high-performance nature of many plastic packaging materials presents an interesting
sustainability challenge. Depending on the intended use, packaging plastic may need varying
levels of strength, flexibility, and permeability, among others®. For example, soft drink bottles are
frequently made of polyethylene terephthalate (PET) which is clear, lightweight, and strong
enough to withstand the pressure of the carbonated beverage. However, PET is susceptible to heat
degradation and has a glass transition temperature of approximately 70 °C; therefore it cannot be
used in hot applications like coffee cups or cookware’. This wide variety of applications for plastic
materials implies that there may not be a single solution to match the performance of all plastics.

Plastic films are frequently used as standalone packaging like Saran Wrap, but are also
often combined with other plastic films, metals, and paper to create multilayer packaging

substrates with greater performance than single material packaging (Fig. 1.2). In multilayer

2



packaging, each thin layer fulfills a specific role (e.g., oxygen barrier, structural layer, etc.),
resulting in a final material that has multiple beneficial properties without being too heavy or
bulky'®. The multiple-component nature of this packaging makes it difficult if not impossible to

recycle with current, mechanical recycling infrastructure'".

1. Plastic - contains liquid
2. Plastic - adhesive

3. Metal - gas and light barrier

4. Plastic - seal in metal

5. Paper - provides strength

6. Plastic - protects from moisture

Figure 1.2. Schematic of a Tetrapak multilayer package. (Adapted from Bekhta et al., 2016)

Fortunately, plastic products are becoming more sustainable. Between legislative efforts to
eliminate plastic waste and pressure from consumers, many companies have made changes to the
types of plastics they are using. Unilever has started incorporating more recycled plastic resins in
its products in an effort to halve its use of virgin plastic by 2025'2. The market for biodegradable
plastic resins is growing at a rate of 13.3%!3. Polylactic acid (PLA), polybutylene adipate
terephathalate (PBAT), polybutylene succinate (PBS), and polyhydroxyalkanoates (PHAs) are all
considered biodegradable and/or compostable plastics. The most widely used bioplastic is PLA
however, this material does not degrade any more quickly than conventional plastics in marine

14,15

conditions'™'”. As such, there is a need for multilayer packaging components that have



performance similar to (if not exceeding) their traditional, petroleum-based counterparts while

being more sustainable and potentially biodegradable.

1.3 Biopolymers as a Solution

The utilization of biopolymers offer a unique solution to the plastic waste problem.
Biopolymers are polymeric materials that are either produced naturally by living organisms such
as proteins and polysaccharides or synthesized from chemicals derived from organisms such as
PLA. Wood itself is principally made of three different biopolymers: cellulose, lignin, and
hemicellulose. The cellulose extracted from wood was first used as paper in ancient China and at
first was considered a luxury good. Paper was not used to make structural packaging until the early
1800s in the form of a paperboard box. The modern corrugated box was not developed until the
1850s'6. While many modern plastics were discovered in the 1800s, they did not get used as food
packaging materials until the mid-20™ century and from here, the industry boomed eventually
leading to the plastic waste crisis we face today.

Given the history of paper in combination with the accumulation of and reliance on
petroleum-based plastic packaging, it is natural that researchers would return to the realm of
biomaterials for a solution. One of the first biomaterials intentionally combined with plastic
packaging films to improve its biodegradability was starch. By the early 1990s there were at least
twelve commercially available petroleum-based plastic films that had at least some added starch

content!’

. Research from this time shows concern with the biodegradability of these films,
concluding in many cases that only the starch component was subject to any kind of degradation!’~
19 Other researchers looked at developing synthetic polymers from renewable resources. PLA is

among the best and most widely used examples of a synthetic, bio-based plastic. It is formed from

the ring-opening polymerization of lactide that can be synthesized from lactic acid sourced from



the fermentation of sugar cane or other high-sugar-content crops?’ (Fig. 1.3). Unfortunately, both

of these solutions rely heavily on crops that are used as food and feed sources, which hinders their

O
0 H0 0
oY o
o 0 Catalyst

OH atalys )

Lactic Acid Lactide Polylactic acid

Figure 1.3 PLA synthesis from the ring-opening polymerization of lactide

sustainability. This among other limitations, including the slow and/or incomplete biodegradation

of both PLA and starch-doped traditional plastics, forces us to look elsewhere for solutions.

1.3.1 Biopolymers as Water Barriers
One of the most important purposes of food packaging is to protect the food product from

outside moisture both in liquid and vapor form. There are many biopolymers that are water
resistant (e.g. beeswax), but they suffer from being in limited supply, mechanically weak, or
otherwise inappropriate for food packaging. A composite materials approach allows researchers
to combine biopolymers and other materials in such a way that they behave synergistically.

The most abundant biomaterial on the planet is cellulose and it is extracted in a relatively
pure form through the paper making process. Within wood, cellulose exists in fibers that exhibit a
hierarchical structure. The individual cellulose chains are combined in elementary fibrils with a
diameter of 3-4 nm. These elementary fibrils are then combined into cellulose microfibrils that are
embedded in a lignin and hemicellulose matrix to form the cell walls within the wood. It is possible
to break down this hierarchal structure of cellulose fibers and obtain nanoscale cellulose. This class
of nanomaterials is referred to as cellulose nanomaterials. To be considered a cellulose
nanomaterial at least on dimension of the cellulose particle must be nanoscale (<100 nm)>2!.

Cellulose nanomaterials are an expanding area of research due to the unique properties cellulose



exhibits on the nanoscale. Many cellulose nanomaterials meet the requirements of a new food
packaging material (availability, mechanical strength, oxygen barrier, etc.) however they have a
critical flaw—water resistance?’. Cellulose is highly hydrophilic. The large concentration of
hydroxyl groups at the surface of the cellulose allows for extensive interaction with water. This is
further exacerbated at the nanoscale as the surface area of the cellulose is so greatly expanded
allowing for the creating of hydrogels with greater than 99% water content by weight?!. Bacterial
nanocellulose is a type of cellulose nanomaterial that is particularly interesting for food packaging
applications because it is generally recognized as safe by the FDA and is approved for food
contact®.

Bacterial nanocellulose (BC) is produced by many different species of aerobic bacteria.
The bacteria excrete a series of nanofibrils which aggregate into ribbons that are approximately 70
— 150 nm wide?*. The reason that bacteria produce this cellulose is still not completely clear with
explanations including protection from UV radiation and a network through which the bacteria can
more easily access oxygen at the air-liquid interface?. While BC is structurally different from
plant-based cellulose it is chemically identical in that it is made up of B-d-glucopyranose repeat
units connected by B-1,4-glycosidic linkages****?’. In contrast to plant-based cellulose, BC is
produced in a pure form and therefore does not contain the lignin, hemicelluloses, and other
compounds that are typically removed during the pulping process. As such the only purification
needed to obtain pure cellulose is the removal of any remaining dead bacteria and growth medium
which can be accomplished by treatment with a dilute alkaline solution such as sodium hydroxide
(NaOH)*28.

BC is a byproduct of many common fermentation processes including that of kombucha

and many different types of vinegar. It is also commonly eaten as a dessert in the form of nata-de-



coco throughout Southeast Asia. BC has also found non-food uses including as wound dressings°,
acoustic membranes®®, and more recently as a leather alternative in the fashion industry*’. The use
of BC as in the packaging industry is a growing field of research due to its unique properties>*.

Researchers are using both native BC membranes and disintegrated BC in combination with

31-33 34-36

petroleum-based polymers®!™33, other biomaterials**>¢, and minerals’’>° to make films and
coatings. As is the case with plant-based cellulose, the inherent hydrophilicity of cellulose is one
of the biggest challenges that must be overcome for BC to be practically used as a packaging
material. I[f BC is going to be used as a food packaging films, they must be combined with another
material to achieve the required water barrier properties.

In multilayer packaging, a single component is not responsible for the entirety of the barrier
properties of the packaging as a whole. The addition of coatings between layers provide not only
adhesion but can contribute to the water barrier properties as well. A fully bio-based coating that
can attach to an existing multilayer component would reduce the total amount of petroleum-
derived materials in the packaging. Furthermore, with the biodegradation potential of biomaterials,
a bio-based coating could improve the separability of layers with incompatible recycling pathways.
Lignin is another readily available biopolymer that has attractive qualities for use as a barrier layer
in multilayer packaging.

Lignin exists within woody biomass alongside cellulose and is extracted during the pulping
process at paper mills. Kraft lignin is of interest in the realm of packaging for many reasons
including its water resistance*’. However, lignin is a brittle solid and if used as a barrier layer alone
would develop cracks and flaws that would allow moisture and gasses into the package. The

answer again may be the development of a composite material that endows some beneficial

mechanical properties to the lignin such that a continuous coating is possible.



Lignin is an exceptionally complex network polymer found in trees and other sources of
plant-based cellulose. Lignin is removed from the cellulose fibers during the pulping process and
the final chemistry of the lignin is dependent on both the species of wood and the pulping process
used. As such, lignin, in both its native and technical forms, as a heterogeneous material with a
structure that is variable and difficult to define*!. The repeat units of lignin are phenylpropanoids
that are derived from three precursors, sinapyl, coniferyl, and p-coumaryl alcohols (Fig 1.4).
The presence and relative amounts of each of these phenylpropanoids vary widely from species to

species. The lignin used in this work was obtained from a kraft pulping process of a single species

A B c
OH OH OH

HsCO OCHs OCH,
OH OH OH

Figure 1.4. Lignin precursors A) sinapyl alcohol, B) coniferyl alcohol, C) p-coumaryl alcohol
of southern pine. The kraft pulping process has endowed the lignin with thiol groups in various
locations.
Currently, most of the lignin extracted during the pulping process is burned for energy.
However, lignin and lignin valorization has been the subject of extensive research of late. Lignin
is being investigated for use as a source of high-value commodity chemicals, as a packaging

material, as a nanomaterial and many other potential applications**#>43,

1.4 Current Bacterial Nanocellulose and Lignin Barrier Layers
Hereinafter is a brief literature review of recent research related to bacterial nanocellulose
composite films and lignin composite barrier coatings. The scope of the review is limited as

follows:



1. No synthetic or inorganic components are present in the films/coatings. Exceptions are
made for small additions intended for antimicrobial properties (i.e., silver ions).
2. Bacterial Nanocellulose is the main component of the films (>50%).

3. Impact on water barrier properties is reported in the study.

1.4.1 Bacterial Nanocellulose Composite Films
In the literature, there are three main categories of fabrication of composite films. One, the

other components are incorporated into the growth medium. Two, other components are absorbed
into the bacterial cellulose membrane by soaking. Three, the bacterial cellulose membrane is
disintegrated before forming the composite.

Many of the films that were modified via changes to the culture medium showed increased
water absorption indicating an increased affinity for water. When water vapor permeability was

assessed, the permeability increased which follows an increased affinity for water. These studies

144 4546 4748

include the addition of aloe-vera gel™, chitin/chitosan™"°, alginate™’**, and chemically modified
cellulose*”*. All of these materials contain or are polysaccharides with a high concentration of
polar hydroxyl groups within them. The types of materials used when altering the culture material
are limited as they must be water soluble to be incorporated into the growing film. One study of
note showed that the addition of curcumin to a bacterial cellulose/cotton composite showed
decreased the water absorption of the films®. In this study, a three-layer film was formed with
cotton fibers in the center and bacterial cellulose grown around it. The curcumin was added by
soaking the films in an ethanol/curcumin solution at various w/v ratios. As the curcumin content
increased, the films were less soluble and swelled less. As curcumin is hydrophobic, it follows that

the addition of a hydrophobic substance to the BC films, even if it simply absorbed rather than

grafted, can improve the water barrier properties of the film.



Similarly, the studies where the membrane was soaked after biosynthesis focused on the
addition of a secondary biopolymer to the BC network with the goal of increasing the wet-strength
and water retention of the BC films. The goal of this is to develop films for wound healing, not
food packaging. However, understanding the interaction between these biopolymers may shed
light on behaviors that could make the films more suitable for a water barrier application. Soaking

5153 gelatin®, and alginate® universally showed an increase in

existing BC films in chitosan
swelling and water-holding capacity. In the cellulose-alginate system, the addition of the alginate
improved the mechanical properties of BC in the wet state. In this case, the alginate was added in
the form of calcium alginate. Alginate has been shown crosslink in the presence of divalent metal
cations like calcium so the increase in wet strength are likely due to this behavior’®-%,

The type of materials used in combination with BC were more varied when the BC was
disintegrated rather than kept in its native state. Of note was the addition of several different types
of protein and protein derivatives including gelatin®® and zein® as well as polysaccharides like
pectin®!, cashew gum® and modified cellulose®*®®. Of interest is the addition of zein as it
drastically increased the contact angle even at very small (<2 w%) additions®’. As was noted above
the addition of curcumin, a small hydrophobic molecule, improved the barrier properties of the BC
films. Zein is similarly hydrophobic but is a much larger protein. The authors show that this

increase in contact angle is due primarily to an increase in surface roughness due to the formation

of uniformly dispersed zein aggregates.

1.4.2 Lignin Coatings
Lignin valorization is a popular area of research, but its application can be limited due to

its mechanical properties. As such, much work has gone into the chemical functionalization of
lignin for different purposes. In terms of fully bio-based modification, this has been primarily in

the form of esterification with fatty acids to produce barrier coatings®’. This esterification is
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typically performed on organosolv lignin rather than kraft lignin due to its solubility. However,
kraft lignin esterified with acetate, laurate and palmitate fatty acids show decreasing water vapor
permeability and oxygen permeability with increasing fatty acid chain length®®. Similarly, kraft

lignin was esterified with tall oil fatty acids resulting in decreased water vapor transmission rates®’.

1.4.3 Identified Research Gaps
BC composite films have been studied but the goal of these studies is typically to increase

water uptake and retention for use in the biomedical field. When studies were found that did show
an increase in water resistance, (even when not the goal of the study) did so by the addition of
hydrophobic molecules to the BC matrix (e.g., curcumin and zein). The addition of these
hydrophobic components is always accomplished using an organic solvent. Multiple studies
showed that the addition of alginate to a BC film changed the mechanical properties but this change
was always accompanied by an increase in water uptake.

Fully bio-based BC composite film for food packaging applications without the use of an
organic solvent have not developed. No studies consider a system with more than two non-
synthetic biopolymer components. Furthermore, while the studies do attribute the observed
properties to the structure and arrangement of the components within the film, none were found
that developed a cohesive model of arrangement that could be used to predict the properties of
future films.

Very little research has been done on the application of kraft lignin as the main component
of a barrier coating and of these, none were found that focused on food packaging applications®®
0 The combination of lignin with purified fatty acids did decrease the water vapor permeability
of an applied coating but these fatty acids require an extraction process that can be expensive.
There are no studies that attempt to develop lignin-based coatings with more readily available

biomolecules for food packaging applications.
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1.5 Research Goals

Chapter 2 of this thesis investigates the structure-property relationships within composite

films containing bacterial nanocellulose, alginate and zein. The guiding questions of this project

were as follows:

1.

How does the addition of a predominantly hydrophobic biopolymer (zein) influence the
mechanical and water barrier properties of BC films?

Can alginate be used to improve strength of BC while avoiding detrimental impacts on the
water resistance of the film — potentially through ionic crosslinking?

Does a ternary system of BC, alginate, and zein behave synergistically with or without
ionic crosslinking?

Can a conceptual model of assembly of BC, alginate, and zein be developed to explain the
observed properties of the ternary composite films?

Chapter 3 of this thesis focuses on the augmentation of the water barrier properties of

commercial plastic packaging films with a bio-based coating of lignin soy lecithin. The guiding

questions of this project were as follows:

1.

2.

Can lignin and soy lecithin be chemically linked rather than simply mixed?

Does coating with a lignin/soy lecithin formulation reduce the water vapor permeability of
a coated packaging substrate?

How does the solids content of the coating formulation influence the water vapor
permeability of the coated packaging substrate?

Does the addition of a plasticizer enhance the modification of water vapor permeability?

12



1.6 Additional Selected Materials
In this research alginate, zein, and soy lecithin are combined with either BC or kraft lignin
to form barrier layer. The properties and structure of these three additional materials are detailed

below.

1.6.1 Zein
Zein accounts for approximately 50% of the protein in corn and is extracted from the

endosperm of the corn kernels. Zein is a globular, amphiphilic protein and possess many
interesting properties due to its high levels of non-polar amino acid residues. This high level of
hydrophobic character makes zein insoluble in water. It is however soluble in aqueous alcohol
mixtures, anionic detergents, high concentrations of urea, and at elevated pH values (pH 11 and
above)’!"”2. The conformation and aggregation of zein changes based on the solvent system used.
This self-assembly within solution as well as the self-assembly upon evaporation can expose
hydrophobic or hydrophilic surfaces of the zein structure and therefore impact the properties of

the resulting material”®

. This research presented in this work solubilizes the zein by increasing the
pH of the system to approximately 12. It is suggested that this allows the zein to solubilize by

converting the asparagine and glutamine residues to aspartic and glutamic acid via a deamidation

reaction’* (Fig 1.5).

0] (0] (0] 0
H,N woﬁ - 'OWOP’”
NH ~NH
Glutamine Glutamate

Figure 1.5 Gultamine to glutamine deamidation at alkaline pH.
Zein is not typically used as a food product, but can be found in edible coatings for pills as
well as adhesives and other coating applications. Zein does naturally form films, but without the

addition of a plasticizer or cross-linking agent, these films are exceedingly brittle’’:”, This film
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forming ability has prompted research into the use of zein and zein composites as petroleum-based

plastic alternatives.

1.6.2 Alginate
Alginate is a water-soluble linear polysaccharide produced by seaweed. It consists of a-L

guluronic acids and f-D mannuronic acids connected via glycosidic linkages. There is no specified
order to the sequence of guluronic acid and mannuronic acid within the alginate chain resulting in
“G-blocks” where there are only a-L guluronic acids, “M-blocks” where there are only B-D

mannuronic acids, as well as sections of more random, alternating arrangements (Fig. 1.6).
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0

G-Block M-Block

Figure 1.6. G-Block and M-Block of alginate.

Alginate exists in nature as described above, but is typically purchased as alginic acid
sodium salt (i.e., sodium alginate). This molecule is largely the same with the carboxylic acid
groups having sodium as the counter ion rather than hydrogen. Alginate is particularly interesting
because it can be ionically crosslinked in the presence of divalent cations. This crosslinking can

be explained via the egg-box model (Fig. 1.7) in which the divalent cations nest within G-blocks
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o Ho o HO
HO o o) HOO o C')
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Figure 1.7. Ionic crosslinking of two adjacent alginate G-Blocks with divalent calcium ions.
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on neighboring alginate molecules’. It should be noted that this model, while elegant in its

explanation, is not universally accepted’®"’.

1.6.3 Soybean Lecithin
Soybean lecithin is a mixture of phospholipids, triglycerides and small amounts of other

natural products’®. The phospholipid portion of lecithin, specifically phosphatidylcholine, is of
interest to the work presented in this thesis. Soybean lecithin is obtained from the degumming
process of crude soybean 0il’®”°. It must be removed from the oil product because its emulsifier
properties negatively impact oil yields and its thermal instability causes the oils to darken®’.
Phosphatidylcholine is interesting from a chemical perspective because of the classical
surfactant nature of its structure. It has a zwitterionic phosphatidylcholine polar head-group and
long, non-polar, fatty acid tails with varying degrees of unsaturation (Fig.1.8). The reported fatty
acid content of soybean lecithin varies between sources, but all agree that it contains significant

amounts of palmitic (16:0), stearic (18:0), oleic (18:1), and linoleic (18:2)788!82,

Figure 1.8. A) Phosphatidylcholine head-group where R1 and R; are the fatty acid tails and B)
common fatty acid tails of soy lecithin.

Soy lecithins have a litany of commercial uses including as emulsifiers, food additives,

release agents, adsorbents, coatings, and many more’’. Modified soybean lecithins are being

86-88
5

researched for use as dispersants for oil spill remediation® 3, drug absorption aids and

89-91

diluents for cryopreservation among other things.
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CHAPTER 2: Ternary Bacterial Nanocellulose Composite Films
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2.1 Abstract

Bacterial nanocellulose (BC) has been of interest in the field of sustainable packaging
because of its advantageous properties such as mechanical strength. However, as a cellulosic
material, BC’s hydrophilicity is a roadblock to many packaging applications. In this work, ternary
composite films of BC, alginate, and zein were created to increase the water barrier performance
of BC while maintaining its mechanical performance. To accomplish this, the mechanical and
barrier performance of two-component systems of BC/alginate and BC/zein were studied with and
without ionic crosslinking. Thee-component films were developed at the weight ratios that showed
the best performance. The three-component films showed improved elongation at break and water
contact angle along with an increase in absorption while maintaining strength of neat bacterial
cellulose films. The performance of the three-component system with ionic crosslinking was
similar, however the crosslinking also increased the water vapor permeability and returned the
absorption to that of neat BC. These properties can be explained with a model of assembly that
includes an interpenetrating network of BC and alginate with the protein either adhering to the
cellulose surface or aggregating into spheres in a void filling capacity depending on the presence

of the ionic crosslinker.
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2.2 Introduction

In 2018 almost 14.5 million tons of plastic container and packaging waste was produced in
the United States alone. Of this 14.5 million tons, nearly 70 % was sent to the landfill”. Much of
this landfilled plastic packaging waste is in the form of thin films as they are not easily recycled
by the recycling technologies available at the municipal level and are often considered a
containment in bulk recycling streams'!. These plastic films can be stand-alone products or part of
multilayer packaging. The role that plastic films fill in packaging is unique in that they augment
mechanical and barrier properties while remaining lightweight and flexible. As such, there is need
for a more sustainable alternative to plastic packaging films.

Biomaterials are an interesting solution to this problem. Bacterial nanocellulose (BC) in
particular has garnered significant research interest recently due to its unique properties including
its ability to augment the mechanical strength of composite films. BC is chemically identical to
vegetal cellulose in that it consists of B-D-glucose repeat units linked by 1,4-glycosidic bonds?®.
Since BC is synthesized by bacteria, it is free of other molecules that are often present in plant-
based nanocellulose, namely lignin and hemicelluloses, and could potentially require a less
chemical and energy intensive process to obtain®2.

Although BC has many properties that are promising for use in packaging, the bulk of
current research is on the potential use of BC in biomedical applications?*. This is most likely due
to the challenge presented by the inherent hydrophilicity of the material, which is less of a concern
in the biomedical field. In an attempt to develop a material that can be used in packaging

applications, BC has been used as a component in composite films containing other

36,93,94 31-33

biomolecules , petroleum based polymers®' 3, and inorganic materials®’=°. However, if the

goal is to create a sustainable material, petroleum-based polymers and inorganic materials are not

the best options due to the environmental impact of resource extraction. A fully bio-sourced film
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based on BC has the potential to serve as an environmentally friendly, high performance, plastic-
like film. This work concentrates on the addition of two other biomolecules, alginate and zein, to
a primary matrix of BC.

Alginate is an algal polysaccharide consisting of B-D-mannuronic acid (M) and a-L-
guluronic acid (G) residues connected by 1,4-glycosidic linkages™. It is extracted from seaweed
using an alkaline process and is commonly used as alginic acid and alginic acid salts®®.
Nanocellulose and alginate composite films have been found to have improved mechanical and
barrier performance when compared to nanocellulose films alone, especially when the alginate is

crosslinked with divalent ions>’”’

. It has been hypothesized that this is due to a dual
interpenetrating network formed between the nanocellulose fibers and the alginate that is then
locked into place with the divalent ions>”*’. This ionic crosslinking is commonly explained using
the “egg-box” model wherein the divalent ion forms a coordination complex with the carboxylic
acid groups present in the GG blocks of alginate”. It has been suggested that, as a load is applied
to the nanocellulose and alginate composite, the crosslinked egg-box portion of the alginate
disconnects and reforms allowing for the load to be transferred over a greater distance’’.

Zein and nanocellulose composites have also been developed and studied for potential
application in the packing industry. Zein is an amphiphilic, amorphous polymer that can be found
in the endosperm of corn’!. It has been found that soaking BC films in low concentration solutions
of zein protein (<1 wt%) greatly increased the water contact angle. The authors of the study
hypothesized that this was due to an increase in the surface roughness of the films®®. However,
given the amphiphilic nature of the protein with greater that 50% hydrophobic amino acid residues,

it is possible that the use of zein in a film could increase the net hydrophobic character and augment

the water barrier properties in this manner.
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The present study investigated binary systems of BC and alginate as well as BC and zein.
From the results of this investigation, a ternary system of BC, alginate, and zein was developed at
the weight ratios with the most promising mechanical and water barrier properties. These
properties in combination with the behavior of the new the three-component films prompted the
study of the chemical interplay between the three biomolecules within the films and the
development of a cohesive model of arrangement of the three biopolymers. By understanding these
interactions, the advantageous properties of the molecules (i.e. strength, water resistance, etc.) can

be leveraged to develop a more ideal packaging substrate.

2.3 Experimental

2.3.1 Materials
Bacterial cellulose was purchased as hydrogels of nata de coco (Thai Agri Foods,

Thailand). The zein and alginic acid sodium salt were purchased from Sigma Aldrich.

2.3.2 Suspension and Film Production
The sugars and preservatives were removed by first mechanically processing the hydrogels

in a blender and the heating them for 20 min at 80 °C in a 0.1 M sodium hydroxide (NaOH)
solution. The resulting suspension was then filtered and rinsed until the rinse water had a
conductivity of less than 2 uS/cm. The BC suspension was transferred to dialysis tubing with a
molecular weight cut off of 10 kD (Repligen, USA) and allowed to sit in deionized (DI) water until
the pH of the water remained at 5.5 and the conductivity remained below 2 uS/cm for two
consecutive water exchanges. The dialyzed suspension was passed through an aqueous counter
collision system (Sugino, Japan) three times using a 100-micron nozzle with an outlet pressure of
180 MPa for further homogenization and individualization of the BC nanofibrils.

Aqueous suspensions of varying ratios of BC, alginate, and zein, such that the total solids

content of the suspension remained at 0.4 w%. The pH of each suspension was elevated to 12 by
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the dropwise addition of NaOH to solubilize the protein. Crosslinked films were prepared by
soaking the dried films in a 1 w9% solution of calcium chloride (CaCl,) for 24 h. After crosslinking
the films were soaked in DI water for 24 h to remove any excess salt solution. Once the films were
rinsed, the excess liquid was poured out of the dishes and the films were allowed to dry at room

temperature and pressure.

2.3.3 Film Characterization
The water contact angle of the composite films was measured using an SEO-Phoenix

Contact Angle Analyzer (Kromtek, Malaysia) equipped with an 18-G needle. The FTA32 software
(First Ten Angstroms, USA) was used for image analysis and calculation of the water contact
angle. The reported values are an average of a minimum of 6 measurements across two different
films.

The water vapor permeability of the films was determined according to ASTM E96.
Approximately 5g of anhydrous calcium chloride (CaClz) was used as the desiccant. This process
was conducted over eight hours with the change in mass being recorded every hour. For all the
films, the rate at which water traversed the film became constant within the first two hours. The
reported values are an average of three different films.

The water uptake of the films was determined using the Cobb method (ISO 535, TAPPI T-
441). The films were conditioned for a minimum of 72 h at 23 °C and 50% RH before testing.

The mechanical performance of the films in tensile mode was obtained with a Universal
Testing Machine (Instron, USA) with a crosshead displacement rate of 2 mm/min with an original
displacement of 20 mm. The films were stored at 23 °C and 50% RH for a minimum of 72 H
before testing under the same conditions. Film specimens were cut into 15mm x 60mm strips after

conditioning but before testing. The Young’s modulus, tensile strength, and elongation at break of
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the films were normalized by the basis weight of each strip. The reported values are the average
of a minimum of five measurements across two separate films.

The surface chemistry of the films was analyzed using a SPECS X-Ray Photoelectron
Spectrometer (XPS) equipped with a PHOIBOS 150 analyzer. Survey scans were obtained for
each film sample and high-resolution scans were taken of the carbon, nitrogen, and oxygen peaks
of each film. Peak fitting and analysis were performed with the CasaXPS software. Cross-section
images of the self-standing composite films were obtained using an FEI Veios 460L field emission
scanning electron microscope (FE-SEM) using a through-the-lens low energy electron detector.
The films were sputter coated with a thin layer of gold (ca 0.5 nm) prior to analysis. The working
distance and acceleration voltage were 3.5 mm and 2 kV, respectively. Images were obtained at
1,500, 5,000, 10,000 and 15,000 times magnification.

The thermal stability of the composite films and controls was assessed by
thermogravimetric analysis (TGA) (TA instruments, TGA Q500). The mass of each sample was
held constant at 10 + 0.5 mg. The samples were heated from 25 to 500 °C in a nitrogen atmosphere
at a ramp of 10 °C/min. The flow rates of the nitrogen purge gas at the balance and sample were
40.0 mL/min and 60.0 mL/min, respectively. When heated in an air atmosphere the same
conditions were used with only the identity of the sample gas being changed to air.

To test the ability of the bio-based films to withstand a commonly used industrial aseptic
sterilization process, small pieces of the bio-based films were submerged for three seconds in 32
w% hydrogen peroxide (H20>) that had been heated to 90°C. The films were immediately removed
and placed on a Teflon surface and dried with warm air. These treated pieces were then subjected

to the same thermogravimetric analysis method described above in an air atmosphere.
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The statistical significance of the results of the mechanical testing, water contact angle,

water absorption, and water vapor permeability results were confirmed via ANOVA followed by

a Tukey’s range test.

2.4 Results and Discussion
The films produced by the method described above were thin (ca. 30 um) and translucent.
SEM micrographs of the film cross sections show a generally featureless surface with some cracks

or other defects that expose the internal structure of the films (Fig. 2.1).

—— 30 pm——

Figure 2.1. SEM micrographs of composite films at 15,000x magnification. Insets are of the

same films at 1,500x magnification. (A) neat BC, (B) neat alginate, (C) 90:10 BC/A, (D) 90:10
BC/Z.

This indicates some degree of repulsion between film constituents, likely between the
carboxylic acid groups on the alginate and zein and the general negative surface charge of BC. The

delamination on the 90:10 BC/A films was particularly severe again likely due to the large

23



concentration of carboxylic acid groups on alginate. The neat alginate film does not show any fibril
structure within the defects. Additionally, it is the only film to show cracks in a perpendicular
direction through the film. It should be noted that the dark, spotted discoloration on the surface of
the alginate films is due to over sputter coating and is not part of the alginate®®.

The addition of alginate to the BC composite films did not have a statistically significant
impact on the tensile index of the films (Fig. 2.2). Increasing alginate content did however reduce
the specific young’s modulus (49%) resulting in films that are more elastic. The lack of impact on
tensile index is likely due to the formation of hydrogen bonds and other weak intermolecular forces
between the BC and the alginate that to replace the hydrogen bonds that are being interrupted
within the BC network. The addition of zein in quantities at or above 30 w% resulted in a more

Zein Content (w%)
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Figure 2.2. Tensile Index of uncrosslinked films at different alginate or zein content.

elastic (80%) and weaker film (68%). Furthermore, both the specific young’s modulus and tensile
index plateau at this point. This can be explained by understanding the method through which the
zein is interacting with the cellulose. In these systems, the zein was solubilized by increasing the

pH which resulted in a deamidation of the glutamine and asparagine amino acid residues the end
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result of which is the presence of a new carboxylic acid group’?. The presence of these carboxylic
acid groups along with the partial unfolding of the globular protein are what allows the zein to
solubilize®®. These new carboxylic acid groups and the newly exposed hydrophilic amino acid
residues from the interior of the protein allow the zein to adhere to the BC fibrils. It is likely that
at 30 w% addition of zein the film is no longer being held together with the hydrogen bond
interactions between adjacent BC fibrils but rather interactions between the zein adhered to the BC
fibril surface. Zein is a much weaker biopolymer so the mechanical performance of the films
suffers from this change. However, neat zein films were not tested because it was not possible to
obtain sufficiently large samples due to its weak nature.

This proposed mechanism of assembly is further supported by the XPS data for the
uncrosslinked composite films (table 2.1). While there is no significant change in the C/O ratio
between the neat BC and 90:10 BC/Z films, high resolution C 1s scans of the films show a 30%
shift from C-O bond concentration at the surface to C=0O bond concentration at the surface.

Table 2.1. XPS data for representative uncrosslinked composite films.

Film %C %0 %N  C/Oratio C-C C=0 C-O/C-N
Neat BC 62 34 4 1.8 39 17 44
Neat Alginate 68 31 - 1.2 57 15 28
90:10 BC/A 66 34 --- 1.9 56 8 37
90:10 BC/Z 62 32 5 1.9 40 47 14

* Concentration values have been corrected for carbonate contamination at the surface
This suggests that the hydroxyl groups within the cellulose are being covered by the
protein, which is exposing its carbonyl functionalities at the surface. The XPS data also shows a

reduction in carbonyl functionality at the surface from the neat alginate film to the 90:10 BC/A
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film. This supports the idea that the carboxylate ions in the alginate are forming ion-dipole
interactions with the BC and rearranging away from the surface of the film. This interaction is
making up for the loss of hydrogen bonding between BC fibrils and preserving the mechanical
performance of the neat BC films. It should be noted that the nitrogen content in the neat BC films
is from a source of contamination on the film surface as there are no nitrogen containing groups
on cellulose.

The addition of zein has no statistically significant impact on the water vapor permeability

(WVP) of the films (Fig. 2.3).
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Figure 2.3. Water vapor permeability of uncrosslinked films at different alginate or zein content.

This observation fits the proposed fibril coating model as there is no aggregation of the
protein in the voids that would reduce the porosity of the films. The porosity of the films does not
change with the addition of zein. The addition of alginate however did significantly reduce the
WVP at 10 w% as hydrophilic functional groups on the alginate form hydrogen bonds with the BC
network. As more alginate is added, the WVP begins to increase again because of the increasing

concentration of hydrophilic groups from the alginate within the film.
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The addition of zein only significantly influences the water contact angle of the films at
the 50 w% addition level and at this point the contact angle is drastically lowered. As was
hypothesized above, the addition of high levels of zein may eventually be forming a continuous
coating of each BC fibril. This could be resulting in a smoother surface and therefore lower contact
angles. The addition of alginate immediately lowers the contact angle to that of the neat alginate
films. This is caused by the presence of many free hydrophilic functional groups available to

interact with water at the surface of the films.

2.4.1 Crosslinked Films
The crosslinking process influenced both the mechanical and barrier properties of the

films. In general, the trends present in the uncrosslinked films remained but the values at which
these trends occurred changed. Of note is the dramatic increase (ca. 100%) in the elongation at
break for all of the films. For films containing alginate, this is predominantly due to the formation
of a secondary interpenetrating network of alginate within the BC matrix that is “fastened” into
place by interactions between the calcium ions and the carboxylate ions within the alginate. The
presence of this secondary network maintains the tensile index seen in the uncrosslinked films, but
results in more elastic films with greater elongation. It has been suggested that the ionic
crosslinking slowly unzips which dissipates large amounts of energy while allowing the material
itself to stretch before failing®’-1%.

It is plausible that the change in the mechanical properties of zein is due to a similar
phenomenon. The deamidation reaction of the zein resulted in an increased number of carboxylic
acid groups, which would be deprotonated at the elevated working pH. These groups should be
able to form ionic interactions with nearby calcium ions and form inter- and intramolecular ionic

crosslinking!'®!. It should be noted however that the crosslinking process also influenced the

mechanical properties of the neat BC film. The specific young’s modulus of the neat BC film
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reduced by 67%, the tensile index reduced by 22%, and the elongation at break increased by 221%
from the uncrosslinked to the crosslinked neat BC films (Supporting Information). It is unlikely
that this change can be attributed to the presence of ionic crosslinking within the films as that
should enhance the mechanical performance of the films. Instead, it is plausible that this change
in performance is due to the drying and rewetting that occurred during the crosslinking process.

The ionic crosslinking of zein containing films severely increased the water vapor permeability

(Fig. 2.4).
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Figure 2.4. Water vapor permeability and water contact angle of crosslinked films at different
alginate or zein content.
This is caused by a large increase in porosity. Since the ionic crosslinking is done after the original
film is formed, the zein protein had already adhered to the surface of the cellulose fibrils. It is
plausible that the introduction of calcium ions caused the zein to pull away from the cellulose in
places and thereby increase the porosity. The SEM images of the crosslinked films containing zein
show a spherical structure at the surface of the films (Appendix A). These spheres may be zein

aggregates that formed by after ionic crosslinking. This is further corroborated by a 17% reduction
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in density between the 90:10 BC/Z films and the 90:10 BC/Zx films as well as the increase in

porosity (39%). This suggested arrangement is also supported by the XPS data for the crosslinked
films (table 2.2).

Table 2.2. XPS data for representative crosslinked composite films.

Film %C %0 %N C/O ratio | C-C Cc=0 C-0/C-N
Neat BC 53 47 --- 1.1 8 22 71
Neat Alginate 64 35 - 1.8 51 16 33
Neat Zein 67 23 7 2.9 84 6 11
90:10 BC/A 72 28 --- 2.5 49 13 38
90:10 BC/Z 55 44 1 1.3 16 23 61

* Concentrations have been corrected for carbonate contamination. Calcium content is excluded.
In the uncrosslinked films the addition of zein to the neat BC film resulted in a shift from
C-O/C-N at the surface to C=O at the surface. In the crosslinked films the C=0O concentration
remains roughly the same (23%) while there is a small shift from C-O/C-N to C-C. This shift
accompanies a slight increase in C/O ratio showing that the total oxygen concentration at the
surface is reduced. If, as suggested, the carboxylate ion is being crosslinked with the calcium and
the zein is reforming into a spherical aggregate within the film then it follows that the carbonyl
groups would be toward the interior of the aggregated zein rather than at the surface. This also can
be supported by the low (6%) C=O concentration in the neat BC film.
The increase in contact angle with the addition of zein can be attributed to an increase in
surface roughness from the aggregated zein spheres as there is still a large concentration (>61%)
of hydrophilic functional groups at the surface of the 90:10 BC/Zx films. The increase and

subsequent decline in contact angle with the addition of alginate can be attributed to an initial
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increase in hydrophobic functionality at the surface as the C/O ratio increases to 2.5. However as
more alginate is added eventually there are more free hydrophilic functional groups with which

the water can interact.

2.4.2 Three Component Films
After analysis of the data for the two component films, two component films were made at

the BC/A/Z weight ratio that corresponded to the most ideal performance — 80:10:10 BC/A/Z. 10
wY% alginate was chosen because it resulted in the lowest WVP values (1.82 £ 0.04 (g/Pa*d*m)*10
%). The choice of 10 w% zein was more complex. The WCA is the highest for 70:30 BC/Z films,
but there was a noticeable negative impact on tensile index at this value. Ultimately, a compromise
of 10 w% zein was chosen to increase the WCA while mitigating the loss of mechanical
performance. The 80:10:10 BC/A/Z and 80:10:10 BC/A/Zx films were prepared in the same
manner as the two-component films.

The 80:10:10 BC/A/Z films had a reduced tensile index (1.9 = 0.4 MPa*m?/g), reduced
specific young’s modulus (0.92 + 0.4) and increased elongation at break (5.8 + 0.9) when
compared to the analogous films. Both the 80:10:10 BC/A/Z and 90:10 BC/Z films had increased
elongation at break (ca. 130%). These changes in mechanical performance can be attributed to the
overall reduction in the amount of BC in the films. It was hypothesized while studying the two-
component films that the zein was coating the BC fibrils and that the alginate was forming an
interpenetrating network with the BC. Assuming this model of assembly is also followed in the
ternary film there are fewer locations in which the alginate can form ion-dipole interactions or
hydrogen bonds with the BC as portions of the BC are obscured by the zein coating. This reduction
in intermolecular forces results in a less mechanically robust film.

The water vapor permeability of the three component film remained similar to that of neat

BC (3.6 £ 0.6 (g/d*m2))*10-6). Meaning that the beneficial influence of the alginate was negated
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by the zein. This is again likely caused by the zein interfering with the hydrogen bond formation
between the BC and alginate. If these bonds do not occur, then the amount of free hydrophilic
functional groups within the film increase and are able to interact with water as it diffuses through
the film. This explanation also accounts for the high absorption value of the 80:10:10 BC/A/Z
films (68 + 13 g/m?). The addition of alginate and zein to the BC matrix had a synergistic impact
on the water contact angle of the films increasing the angle more than either component did alone
(75 £ 1 °). The XPS data shows an elevated C/O ratio when compared to the neat BC films (2.5
vs. 1.8) indicating less oxygen at the surface of the film as well as a high concentration of C-C
bond character at the surface (72%).

A cohesive model of self-assembly for the 80:10:10 BC/A/Z films consists of an

interpenetrating network of BC and alginate with zein adhered to the BC (Fig. 2.5).

Figure 2.5. Model of self-assembly of 80:10:10 BC/A/Z films.

The BC and alginate are interacting via hydrogen bonding and ion-dipole interactions from

the carboxylate ions of alginate. Similarly, since zein has undergone a deamidation reaction, the
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zein is interacting with the BC via its carboxylate ions. The model of self-assembly for the
80:10:10 BC/A/Zx films differs from the uncrosslinked system in the arrangement of the zein.
Rather than exist coating the BC fibrils, the zein has aggregated around calcium ions and has
created voids within the films.

Ionic crosslinking with divalent calcium ions also had an impact on the performance of the
three-component system. The elongation at break was similar to that of the analogous crosslinked
films (6.09 + 0.02 %). However, the tensile index (1.4 £ 0.2 MPa*m?*g) and specific young’s
modulus (0.7 £ 0.1 MPa*m?/g) decreased. This is likely caused by the reduction in the amount of
BC within the system as was explained above. The WVP increased to 7.7 £ 0.6 (g/(d*m?))*10°¢
which can be attributed to an increase in porosity (47%) as the zein aggregates within the system.
This WVP value is still lower than that of the 90:10 BC/Zx film which suggests that the presence
of alginate in the system is mitigating the effect of the increase in porosity. Unlike the
uncrosslinked 80:10:10 BC/A/Z films, the absorption of the 80:10:10 BC/A/Zx does not increase.
This could be caused by a net reduction in the amount of free hydrophilic functional groups within
the films as they are occupied by the crosslinking calcium ions. Similarly, to the uncrosslinked
conditions, the addition of alginate and zein elevated the contact angle of the 80:10:10 BC/A/Zx
films to 76 £ 3 °. Again, this is due to the high C/O ratio of 3 for the three-component films as well

as a high concentration of C-C bond character at the surface (65%).

2.5 Conclusion — Cast Films

The three component films developed from the strategic combination of BC, alginate, and
zein showed promising synergistic behavior in terms of water contact angle and were far more
stretchable, especially when ionically crosslinked. The hypothesized model of self-assembly

within the films allows for a deeper understanding of the forces driving the performance of the
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films. Within the films, the BC and alginate form an interpenetrating network and the zein adheres
to the surface of the cellulose. This arrangement shifts in the presence of a calcium ion crosslinker
to one where the zein is instead forming aggregates centered around calcium ions. This shift
increases the porosity of the system and affects both the mechanical and water barrier properties
of the resulting films. This research demonstrates that a ternary system of BC, alginate, and zein

has potential to be used as a more sustainable alternative to petroleum-based packaging films.

2.6 Vacuum Filtered Films

Composite films were also prepared via vacuum filtration as described below. Vacuum
filtration was chosen to mimic the well-established paper making process. However, since the
alginate and zein were completely solubilized they were not entirely caught by the membrane
resulting in significant alginate and zein content in the filtrate of each film. As such, the reported

weight ratios of the following films are derived from the slurry rather than the film itself.

2.6.1 Vacuum Filtered Film Preparation
Composite films were made combining BC, alginic acid sodium salt (Sigma Aldrich), and

zein (Sigma Aldrich) in different weight ratios (w%). The aqueous suspensions were mixed at a
total solids content of 0.4 w% and then homogenized using an Ultra-Turrax dispersing device
(IKA), prior to being vacuum filtered through a hydrophobic, 0.22 um, polyvinylidene difluoride
(PVDF) membrane (Thermo Scientific). The pH of the suspensions was elevated to 12 by the
dropwise addition of NaOH to allow zein to dissolve. After filtration, the films were dried under
pressure at room temperature, then moved into storage at 23 °C and 50 % relative humidity (RH)
for a minimum of two days prior testing (Fig. 2.6). Crosslinked films were prepared by pouring a

1 w% solution of calcium chloride (CaCl,) over the 70:30 BC/A films and allowing it to filter

33



through the films (and PVDF membrane) before it was removed from the filtration assembly and

allowed to dry as described above.

o="Zein
— = Alginate
— —Cellulose

A

Figure 2.6. Film formation process (A) Homogeneous aqueous composite suspension, (B)
Filtration process resulting in a wet cake, (C) Drying at room temperature under a mass.

2.6.2 Results and Discussion — Vacuum Filtered Films

Physical and Surface Properties
The films produced by the methods described above were translucent and flexible (Fig.
2.7). The films containing only BC or BC and alginate were entirely white in color, while the films

containing zein had a slight yellow cast.

1cm

Figure 2.7. Photographs of the vacuum filtered composite films.

34



Figure 2.8 shows SEM images of the cross sections of the composite films. The images
show dense and featureless films apart from the 70:30 BC/A film (Fig. 2.8C) which depicts a
horizontal structure with a small degree of delamination between the layers. The 70:30 BC/A film
also has a visible fiber structure at greater magnifications (Appendix A). The films containing zein
show a lobed structure at the surface of the film. This lobed structure indicates that zein may be

increasing the surface roughness of the films.

Lobed Structures
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Figure 2.8. SEM micrographs of film cross sections at 1500x magnification (A) BC, (B)
60:30:10 BC/A/Z, (C) 70:30 BC/A, (D) 90:10 BC/Z.

The XPS data shows the presence of O-H bonds at the surface of all films. The films
containing zein, namely the 90:10 BC/Z and 60:30:10 BC/Alginate/Zein films, also showed small

nitrogen peaks (<2%) confirming the presence of the zein protein at the surface of the films
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(Appendix A). This relatively low nitrogen content is evidence that not all of the zein is retained

within the films during the filtration process.

The high-resolution scans of the carbon peaks show significant changes between the films.

The relative amount of carbon and oxygen at the surface of the films as well as the amount of C-

C, C-0O, and C=0 bonds are given in (table 2.3).

Table 2.3. XPS data for representative vacuum filtered composite films

Film Cls % O1s % C/Oratio [ C-C% C-O% C=0%
Neat BC 44 55 0.80 22 60 18
70:30 BC/A 60 40 1.50 34 45 21
70:30 BC/Ax 60 40 1.50 27 54 19
90:10 BC/Z 43 56 0.77 13 65 22
60:30:10 BC/A/Z 62 37 1.68 34 52 14

Of particular interest is the increase of C-C bond character and reduction of C-O in the

70:30 BC/A, 70:30 BC/Ax and 60:30:10 BC/A/Z films. This indicates that the hydrophilic -OH

groups are being pulled away from the surface. This is most likely due to hydrogen bond

interactions between the alginate and cellulose (Fig. 2.9).
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Figure 2.9. Hydrogen Bonding between Cellulose and Alginate
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This is further corroborated by the decrease in oxygen at the surface of the films. The 90:10 BC/Z
films show an increase in the amount of hydrophilic functional groups at the surface, especially
the C=0. This, combined with the relatively low nitrogen levels at the surface (<2%), supports the
idea that some of the amino acid residues in the zein are undergoing a deamidation reaction at the
elevated pH here, 12. The deamidation reaction converts the primary amine (-NH2) on the
glutamine and asparagine amino acid residues into a carboxylic acid (-COOH) and allowing the
zein to solubilize’*!%?. An additional point of interest is the synergistic effect of the addition of
both zein and alginate in the 60:30:10 BC/A/Z films. The C/O ratio is the highest in these films
and the concentration of C-C bonds at the surface is the same as that of the 70:30 BC/A films. The
structures of alginate and zein allow for hydrogen bonding and ion-dipole interactions to form

which would allow the zein to adhere to the surface of the alginate within the films.
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Mechanical Performance of Composite Films
Table 2.4 shows the impact of the addition of both alginate and zein on the tensile strength,

Young’s modulus, and elongation at break of the BC-based films.

Table 2.4. Mechanical properties of vacuum filtered films

Film Tensile Index Specific Young’s Modulus Elongation at Break
(MPa.m?/g) (MPa.m?/g) (%)

Neat BC 2.06 +£0.38° 0.74 £0.27° 11.83 +£1.78*

70:30 BC/A 3.26 £ 1.00° 1.86+0.81° 8.40 + 1.75°

90:10 BC/Z 1.76 £0.21*¢ 0.97 £ 0.16*¢ 7.28 +1.23%¢

60:30:10 BC/A/Z 2.55+0.70*"¢ 1.58 +0.23°¢ 6.95 + 2.15%¢

70:30 BC/Ax 1.21 £0.24¢ 0.40+0.15 14.03 + 1.85%

“f Values with the same superscript in the same column indicate values that are not statistically

different from one another (p > 0.05, t-test)

Overall, there is very little difference in tensile index between the three-component films
and the other films. The three-component films containing BC, alginate, and zein had the highest
specific Young’s modulus (1.58 = 0.23 MPa.m?*g), while the 70:30 BC/Ax films had the highest
elongation at break (14.03 + 1.85 %)).

The mechanical performance of the 90:10 BC/Z films was similar to that of neat BC films
in both tensile index and specific Young’s modulus. This supports the idea that the zein self-
assembled into small particles'® rather than forming any kind of continuous supporting network.

The small particles may be adhered to the surface of either polysaccharide via hydrogen bonding
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or aggregating in the voids between the polysaccharides. Both the tensile index and the specific
Young’s modulus were higher for the 70:30 BC/A films when compared to the neat BC films by
58% and 151% respectively, while the elongation at break was lower by 29%. This reinforcing
effect suggests that a secondary alginate network may have formed within the films as a support
of the existing BC network>37:104.105,

The three-component films generally behaved as an average of the impact of the addition
of zein and alginate. The tensile index that is not statistically different from that of neat BC, but
the specific Young’s modulus was higher (113%) and the elongation at break was lower (41%).
The lack of impact on the tensile strength of the films may be due to BC remaining the primary
component of the films while the change in Young’s modulus and elongation at break arise out of
the interruption or reinforcement of the hydrogen bonding within the cellulose itself.

The 70:30 BC/Ax films exhibited unique performance among all the films. The ionic
crosslinking resulted in a lower tensile index (62%), lower specific Young’s modulus (78%), and
higher elongation at break (67%) when compared to its uncrosslinked counterpart. This
crosslinking resulted from ionic interactions between the divalent calcium ions from the calcium
chloride (CaCly) solution and the carboxylic acid groups on the alginate chains!®. As the load was
applied to the films, these linkages slowly break and dissipate the applied load rather than

snapping, which resulted in the gradual elongation of the material®’

. However, this crosslinking
occurs at one of the major sites of intermolecular attraction (ion-dipole) between the cellulose and
alginate chains. The interruption of this connection between the materials reduces the overall
tensile strength.

The goal of this work is to develop a replacement for current commercial aseptic films, and

as such the properties of two commonly used commercial polymer films, low density polyethylene
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(LDPE) and ethylene vinyl alcohol (EVOH), were tested and compared to the properties of the

neat BC and the 60:30:10 BC/A/Z films (table 2.5).

Table 2.5. Comparison of mechanical properties of commercial films and BC composite films

Property LDPE EVOH Neat BC 60:30:10
BC/A/Z

Tensile Index (MPa*m?/g) 4.8+0.7 5.6+£0.2 2.1+0.38 2.6+0.7

Specific Young’s Modulus 2.1+£0.2 0.6 =0.04 0.7+£0.3 1.6 0.2

(MPa*m?/g)

Elongation at Break (%) 1278 + 117 162 +7 12+ 1.78 T+2

While the current films do not currently meet the performance of the commercial
comparisons, significant progress has been made toward a competitive film. The 60:30:10 BC/A/Z

films already outperforms the EVOH films in terms of specific Young’s modulus.
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Barrier Properties
The presence of zein in the films may have increased the water repellency of the films, as

shown by the increase in water contact angle (Fig. 2.10).
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Figure 2.10. Water contact angle for films with increasing zein/alginate content
The presence of non-polar amino acids, namely leucine, alanine, and proline, in the amphiphilic
structure of zein can increase the bulk water repellency of the films containing zein’"’2. The
contact angle of the zein containing films may also be increased by increasing the surface
roughness of the films as was visualized on the SEM micrographs. The addition of alginate also
increased the water contact angle, but since alginate is a water-soluble biopolymer, this cannot be
attributed to the innate hydrophobicity of the material. The XPS data indicated an increase in the
C-C bonds at the surface of the material for the 70:30 BC/A films, and a lack of the carbonyl peak
one would expect given the structure of alginate. This corroborates the trend in contact angle
observed. The interactions between the hydroxyl groups on the BC and the alginate result in an
overall lack of hydroxyl groups on the surface as is supported by the 15% drop in oxygen

concentration at the surface between the neat BC and the 70:30BC/A films. This drop in
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hydrophilic surface functionality is likely responsible for the overall increase in water repellency
of the composite films.

While the addition of both zein and alginate notably increased the water contact angle of
the films from 37° in the neat BC films to a maximum of 78° in the 90:10 BC/Z films, the overall
goal is to increase the water contact angle to beyond 90° to compete with films currently in use in
aseptic packaging (e.g., polyethylene).

The water vapor permeability (WVP) data also shows improvement of the water vapor
resistance of the films (Fig. 2.11). The decrease in water vapor permeability is likely due to the
chemical and physical interaction between the three components, as described earlier. The alginate
is forming a secondary interpenetrating layer with the BC in which the most hydrophilic functional
groups, namely —OH, are turned toward the interior of the films rather than at the surface. These —
OH groups are then occupied and not available to interact with the water vapor to facilitate its

movement through the film!%.
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Figure 2.11. Water vapor permeability of various films.
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The zein is self-assembling into particles that fill the voids within the films or adhere to the
polysaccharide surface via hydrogen bonding and other intermolecular forces. This may be
reducing the porosity of the films making it more difficult for the water vapor to pass through.
However, the WVP of the 70:30 BC/Ax films was the same as that of the neat BC films. According
to the XPS data, the crosslinked films show a smaller concentration of carbonyl groups on their
surface (3%) when compared to their uncrosslinked counterpart. This supports the idea that an
ionic bond has been formed during the crosslinking process between the carboxylate groups of the
alginate (-COOH") and the divalent metal ions (Ca*") of the CaCl, solution. However, this ionic
crosslinking occurs at the same locations within the films that the hydrogen bonding is theorized
to occur in the 70:30 BC/A films that have not been crosslinked (i.e. the carboxylic acid groups on
the alginate). As such, this ionic crosslinking may prevent the hydrogen bonding the BC and the
carboxylic acid groups on the alginate resulting in more hydrophilic hydroxyl groups being free to
interact within the bulk of the films. This may contribute to the higher WVP values because as
water enters the bulk of the films it is able to interact via hydrogen bonding with these groups!'%.

The water resistance properties of the neat BC and the 60:30:10 BC/Alginate/Zein films
were compared to both LDPE and EVOH (table 2.6). While the addition of zein and alginate to
the BC matrix does improve the water resistance when compared to the neat BC films, more
progress must be made to meet the performance of current commercial films.

Table 2.6. Comparison of barrier properties of commercial films and BC composite films

Property LDPE EVOH Neat BC 60:30:10 BC/A/Z
Water Contact Angle (°) 90+ 3.0 91+2.0 38+3.0 59+7.0

Water Vapor Permeability  0.17 0.24 54+£1.2 3.9+£0.46
(g/(Pa*s*m))*10!!
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Heat Resistance

Thermogravimetric analysis was conducted to determine the ability of these composite
films to resist the high temperatures (ca. 160 °C)!%7 used in the aseptic sterilization process. BC,
alginate, and zein have been shown to decompose at the fastest rate at temperatures above 200°C,
thus above 160°C7!9>1%8 Table 2.7 shows the degradation temperatures for the composite films,

as well as zein and alginate standards.

Table 2.7. Thermogravimetric analysis of the composite films and controls, in an air atmosphere

Films Ts% (°C) T10% (°C) DTG* (°C)

Neat BC 139 261 299
Zein powder 70 225 277
Alginic acid sodium salt 48 80 222
70:30 BC/A 74 251 299
90:10 BC/Z 101 233 295
60:30:10 BC/A/Z 94 249 295
70:30 BC/Ax 59 194 237

*The DTG is the derivative of the weight change with regard to temperature
The temperature at which the maximum degradation occurred did not significantly change
with the addition of zein and alginate to BC. However, all composite films performed better than
either zein or alginate alone, remaining near the degradation temperature of neat BC (apart from
the crosslinked films). This preservation of thermal integrity is possibly due to chemical and
physical interactions between the composite components that bind thermally sensitive functional
groups (e.g., carboxylic acids)!?. This could be the formation of ion-dipole interactions between

the carboxylic acid groups on the alginate and zein and the hydroxyl groups on the BC. The 70:30
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BC/Ax films showed a large decrease in maximum degradation temperature, potentially indicating
a lesser degree interaction between the BC and alginate due to the replacement of the hydrogen
ion on the carboxylic acid with the calcium ion from the crosslinking solution. This is supported
by the reduction in the C=0 concentration at the surface of the films (2%) in the XPS data.

Most interestingly, each film type displayed only one degradation step which suggests that
the biopolymers are chemically interacting with one another rather than simply existing as a
mixture!'’ (Appendix A).
Aseptic Resistance

The TGA data for the aseptic resistance test can be found in Table 2.8. In general, the
temperature at maximum degradation decreased after aseptic sterilization, but remained above the
temperatures used in the process (ca. 160 °C). To replicate the industrial aseptic sterilization
process, films were briefly exposed to heated hydrogen peroxide and dried with hot air before

further testing.

Table 2.8. Maximum degradation temperatures of films with and without aseptic treatment

Film Type DTG before sterilization* (°C) DTG after sterilization* (°C)

Neat BC 299.4 287.5
70:30 BC/A 298.6 2943
90:10 BC/Z 295.0 286.1
60:30:10 BC/A/Z 294.6 306.5
70:30 BC/Ax 237.2 287.5

*The DTG is the derivative of the weight change with regard to temperature
Hydrogen peroxide is commonly used in the bleaching process by the paper industry, thus

its use with bacterial cellulose was expected to alter the properties of the BC-containing films. The
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sterilization process investigated in this project did change the maximum degradation temperature
for both the three-component films and the cross-linked films, confirming that bacterial cellulose,
alginate and zein chemically interacted with one another, in turn, creating a synergy in the film
properties.

2.6.3 Conclusion
The composite films developed show enhanced water contact angle, water vapor

permeability, mechanical, and thermal performance compared to neat BC, but further
improvements are required to match the performance of current aseptic films. The films also show
some resistance to the aseptic sterilization process. However further investigation is required to
determine the impact of this process on the mechanical and barrier properties of the films.
Understanding the arrangement of the three biopolymers within the system is crucial to

understanding how the properties of the films can be enhanced. As such, there are two proposed

mechanisms of arrangement (Fig. 2.12).

e Cellulose

 —
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Zein

Figure 2.12. (A) Adhesion model and (B) Void filling model of film composition

Both arrangements show BC and alginate forming a dual interpenetrating network as this
has been well established in the literature. The mechanism A shows the zein self-assembling into

particles and adhering to the surface of the polysaccharides via hydrogen bonding and ion-dipole
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interactions. The second shows the zein aggregating via those same interactions and acting in a
void-filling capacity. Both of these arrangements explain the changes seen in both water barrier
and mechanical performance of the films. More work will need to be done to determine the method
of assembly including investigating the impact of solvation method on the conformation of zein
and therefore the properties of the films. While the results from the cast and vacuum filtered films
cannot be directly compared, the results for both the mechanical performance and water resistance

show similar trends.
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CHAPTER 3: Lignin-Based Barrier Coating for Multilayer Food Packaging Films
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3.1 Introduction

Multilayer packaging has been used for decades to aid in the preservation of foods and
beverages. These multilayers can consist of paper, coatings, petroleum-derived plastics, and
metallic foils that work together to protect the contents while remaining lightweight and flexible.
This combination of multiple types of material however is difficult to recycle due to technological
limitations at the municipal level'!. Researchers have taken many different approaches to solving
this issue including developing new recycling methods, making the layers of the packaging more
easily separable, and using more sustainable sources for the plastics'!!"!!3, Each of these
approaches offers valuable improvement to the sustainability of multilayer packaging however
none of them fully address the problem. How can multilayer packaging be made more sustainable
in a way that will be easily implemented at the municipal level and reduce the use of petroleum-
derived chemicals?

Biopolymers offer a unique solution to the presented challenge as a sustainable and
potentially biodegradable tie layer between incompatibly recyclable components (namely plastic
and metal) would result in simpler recycling and would not increase petrochemical usage. If this
bio-based layer is sealed between the plastic and metal until the time of recycling it may be possible
to delay pre-mature biodegradation. Lignin in particular has been the center of recent research due
to the unique properties its predominantly aromatic structure provides. Lignin is an amorphous,
thermoplastic-like, highly-branched polymer that is byproduct of the pulping process of plant-
based cellulose!!'. It has an ill-defined structure due to its polydispersity, complexity, the severity
of the extraction process, and that its exact makeup varies based on species and environment.

The properties of the extracted lignin vary depending on the method of pulping used. The

kraft pulping process using sodium hydroxide and sodium sulfide at elevated temperatures and
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pressures to break down the cellulose fibers and remove the lignin. The lignin obtained via process
is a fine, brown, water-insoluble powder that is typically burned as a fuel source at the paper mill.
Recent research has attempted to use lignin and lignin derivatives in packaging materials. It’s
ability to act as an antioxidant has made it attractive for light sensitive applications!'>"!'7 and it’s
insoluble nature has been used by many to decrease the water sensitivity of some packaging
materials. On its own however, lignin lacks the mechanical strength to act as a packaging material
or even as a component of a multilayer as it would easily crack as the packaging was
manipulated''®. This work uses lignin in combination with soy lecithin to create a barrier coating
for use in multilayer food packaging.

Soy lecithin is a phosphatidylcholine obtained from the degumming process of soybean
oils. It is a natural surfactant consisting of a polar phosphocholine head group linked to two non-
polar fatty acid tails via a glycerol backbone ’® (Fig 1.8). Soy lecithin contains varying amounts
of palmitic, stearic, oleic, and linoleic acids. Of these four both oleic and linoleic acid have at least
one unsaturated double bond. It is commonly used in the food industry as an emulsifier and

viscosity modifier’’, but has seen more recent use as a dispersant for oil spill remediation®>%. The

combination of soybean lecithin and lignin has not been investigated as a packaging material.
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3.2 Experimental Methods

3.2.1 Materials
Kraft lignin (Biochoice™, BCL) was kingly supplied by Domtar (US) and used as

received. Soybean L-a-Lecithin was purchased from Sigma Aldrich (US) and used in the
epoxidation reaction. Soy lecithin that was used as a plasticizer was purchased as Performix™ E
from Archer Daniels Midland (US). The formic acid, hydrogen peroxide, deuterated
dimethylsulfoxide (DMSO-d6), and p-toluenesulfonic acid were purchased from Sigma Aldrich
(US). The 2-butoxyethanol that was used as a solvent was purchased from VWR (US). The plastic

films used as coating substrates were provided by an industry partner.

3.2.2 Soy Lecithin Epoxidation
The soy lecithin was epoxidized by peroxyformic acid that was formed in situ via the

reaction of formic acid with concentrated hydrogen peroxide in the presence of a catalytic amount
of p-toluenesulfonic acid (PTSA) (Fig. 3.1)!"°. The reaction was performed with a small
stoichiometric excess of formic acid to unsaturated C=C bonds in the lecithin and with a 1:1
stoichiometric ratio of formic acid to hydrogen peroxide (Appendix B).

H,O
Water

0 f 0 0 0
)J\ + H’O\O/H JJ\O,OH L A + H)J\

H OH PTSA H OH
Formw Hydro gen Peroxyformic Unsaturated Epoxide Formic
Acid Peroxide acid Fatty Acid Acid

Figure 3.1. Reaction scheme of epoxidation reaction

The PTSA was dissolved in formic acid in a round bottom flask in a water bath held at
70°C. Once dissolved, the soy lecithin was added while stirring. Once the contents had reached

70°C, the hydrogen peroxide was added dropwise to the reaction vessel. This reaction is highly
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exothermic so careful attention was paid to keep the temperature of the reaction below 90°C to
avoid the ring-opening of the newly formed epoxide groups!!'®. After the addition of the hydrogen
peroxide, the reaction was continued for an additional 20 minutes to ensure complete reaction.
Lastly, the reaction vessel was removed from the water bath and the contents were allowed to cool

before storing in a glass vial at room temperature.

3.2.3 Epoxidized Soy Lecithin (ESL) and Lignin (BCL) Coating Formulation
Coating formulations of varying solids content, with or without the addition of plasticizer

were created by reacting the ESL with BCL in a 1:1.1 stoichiometric ratio with the assumption
that the product of the soy lecithin epoxidation reaction was 100% ESL and that the reaction would
take place exclusively at the phenolic alcohol moieties within the BCL (Appendix B). The BCL
was dissolved in 2-butoxyethanol such that a total of 20 g of coating formulation would be
generated and was placed in a small beaker. The ESL was added along with a small magnetic stir
bar before placing the beaker into a water bath held at 70°C for five minutes. The resulting
formulations (ESL+L) were stored in plastic vials at room temperature until used.

The addition of the 2-butoxyethanol solvent modifies the viscosity of the ESL+L to a point
where it can be easily coated at room temperature. The ESL+L formulation behaved in a thermoset-
like fashion, only flowing at elevated temperatures. At room temperature, the ESL+L formulation

without the solvent quickly cures into a hard solid hindering the coating process.

3.2.4 Coating Procedure
The plastic films were coated using a road coater and the threaded bar #8 corresponding to

a coating thickness of 16um. The coated films were dried for two days in a fume hood at room

temperature.
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3.2.5 Water Barrier
The water contact angle (WCA), the water vapor transmission rate (WVTR), and the water

vapor permeability (WVP) were measured for each set of coated and uncoated films as well as
coated and uncoated paperboard. The WCA was determined via the sessile drop method using an
SEO-Phoenix Contact Angle Analyzer (Kromtek, Malaysia) equipped with an 18-G needle. The
image analysis and calculations of the WCA were completed using the FTA32 software (First Ten
Angstroms, USA). The reported values are the average of six measurements taken from two
different places within the tested material.

The WVTR and WVP were determined according to ASTM E96. Anhydrous calcium
chloride (CaCl») was used as a desiccant. The experiment was conducted for a minimum of 8 h
with measurements being taken approximately every hour. Time was kept with a stopwatch and
recorded down to the second. The experiment was stopped when the rate of change between
measurements changed less than 5% across three different measurements. The WVTR and WVP

were calculated as follows:

WVTR = 7% x §71 (1)
WVP = WVTR x 1 (2)
P

where Am is the change in total mass in g, At is the elapsed time in sec, S in the tested
surface area in m?, 1 is the average thickness of the tested material in m, and P is the vapor pressure
of water at testing conditions in Pa. The reported values are the averages of at least two

measurements.
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1D "H NMR spectra were obtained using a Bruker AVANCE 500 MHz spectrophotometer.
NMR data were processed with Bruker TopSpin software. The samples were prepared by
dissolving approximately 30 mg of the solid sample material in 500 pL of DMSO-d6 and then

transferred to a 5 mm NMR tube with a glass pipette.

3.3 Results and Discussion

3.3.1Reaction Characterization
The epoxidation reaction was characterized via 1D 'H NMR (Fig. 3.2).
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Figure 3.2. 1D 'H NMR spectra of crude epoxidized soy lecithin and unreacted soy lecithin
in in deuterated dimethyl sulfoxide (DMSO-d6)

The NMR spectra show the disappearance of the vinylic hydrogens ~5.5 ppm and a small
epoxide hydrogen peak ~2.8 ppm. The NMR spectra also shows a broad new, broad peak in the
aliphatic alcohol region (~3.2 ppm) which is evidence of the ring-opening of the newly formed

epoxide groups. Isolated spectra of the regions of interest are available in the supporting
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information (B.?). Because of this observation, subsequent epoxidation reactions were conducted
at lower temperatures. The ring-opening occurs when the epoxide group continues to be oxidized
by the peroxyformic acid in the solution. The epoxide group is preferred for the reaction with
lignin as the strained ring conformation is more reactive. By lowering the temperature the over
oxidation of the epoxide into the alcohol should be limited.

It should be noted that the NMR was taken of the crude product. Since the crude product
had a high salt and acid content, the baseline of the NMR is not smooth. The decision not to purify
the product was made to maintain atom economy and minimize the use of solvents in accordance
with the principles of green chemistry'2’.

The ESL and BCL linking reaction between was characterized via NMR (Fig. 3.3).
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Figure 3.3. 1D 'H NMR spectra of ESL and BCL formulation and BCL in DMSO-d6

It was originally hypothesized that the ESL would form ether linkages with the phenol
groups within the BCL. While the NMR did show some evidence of the reduction of phenolic

functionality in the formulation there was a much more prominent reduction in the aliphatic
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alcohol region (~3.2 ppm). Most notably the thiol peak from the BCL completely disappeared.
This indicates that the epoxide groups likely reacted with the thiol groups within the BCL and
forming sulfide linkages. This is particularly interesting from the application standpoint as the thiol
group is in large part responsible for the distinctive odor of Kraft lignins'?!. The conversion of this
group to a sulfide linkage may reduce the odor and make the formulation more desirable in food

packaging or other applications in which an odor would be problematic.

3.3.2 Barrier Properties
The viability of the ESL+ BCL as a water barrier coating was first assessed by applying

the coating to paperboard (Table 3.1). This formulation varies from the one used to coat the plastic
films in that it does not contain the 2-butoxyethanol solvent. Instead, the formulation was applied
to the paperboard immediately after removing it from the water bath so that it did not have time to
cool and harden.

Table 3.1. Impact of ESL+L coating on the water barrier properties of paperboard

Material WVTR WVP WCA Thickness
(g/(d*m?)) (g/(Pa*d*m))*10" ©® (um)
6
Paperboard 3.55 £0.03 1.18 £0.01 58.72 +£3.00 466 + 2
ESL+L coated 1.6 £0.08 0.52 £0.02 20.59 +£2.97 458 +£ 5

Grammage of WestRock paperboard is 313 + 2 g/m?

The application of the coating to the paperboard significantly reduces the WVTR, WVP,
and WCA by 55%, 56%, and 65% respectively. The reduction is WVTR and WVP is likely caused
by a combination of added hydrophobic character and a reduction in porosity. The application also
reduced the thickness of the paperboard. This could be caused by the pressure applied during
coating collapsing the network or the coating causing adjacent fibers. The reduction in WCA is

interesting in that the low contact angle indicates an increase in wettability of the surface. It is
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possible that this reduction is caused by a decrease in surface roughness. On visual inspection, the
lignin formulation was smooth and glossy both as a coating and as the cured coating alone. While
this data cannot be directly compared to the coated plastic films, it does indicate that the
combination of ESL and BCL can act as a barrier layer.

The coating as formulated above was too viscous to evenly coat the thin plastic films of ca.
20 pwm thick. To remedy this 2-butoxyethanol was added as a solvent. The solubility of kraft lignin
alone is complicated and the use of various organic solvents is frequently used to fractionate kraft
lignins into more homogeneous fractions'??. Traditional solvents like DMSO and acetone were
able to solubilize the formulation, but are inappropriate for coating. 2-butoxyethanol has both polar
and non-polar character. Its successful solvation of the ESL+L formulation is likely due to different
fractions of lignin having affinities for either the polar or the nonpolar end of the solvent. The
addition of 2-butoxyethanol resulted in a pourable formulation that could be developed at different
formulation mass content. This formulation was used to coat the commercial plastic films that
were then tested for water resistance (table 3.2).

Table 3.2. Impact of ESL+L coating on commercial plastic films.

Material WVTR WVP WCA Thickness
(g/(d*m?) (g/(Pa*d*m))*10°¢ ) (um)
Commercial Film 71+3 0.96 + 0.04 67+3 19+1
Film + 10 w% 63+3 1.33+0.08 49+3 29+1
Film + 20 w% 59+15 1.35+0.34 26+5 32+1
Film + 50 w% 50+4 1.28 £0.10 n/a 36 £1

The WVTR of the coated films decreased with increasing solids content. However when
the thickness is accounted for as it is the case in the calculation of WVP the permeability increased

by an average of 38% with the application of the coating, regardless of solids content. This may
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indicate that the coating is mildly absorbent and traps water vapor within the structure as it diffuses
through. This may be occurring at the polar (ionic) head group of the soy lecithin portion of the
ESL+L formulation (Fig. 3.5). The water is likely able to hydrate the phosphatidylcholine
zwitterion'?®. Like what was seen with the coated paperboard, the application of the coating
decreased the contact angle. This could still be from a decrease in surface roughness, but given the
corresponding increase in WVP, there is most likely some hydrophilic character at the surface.
The ultimate application of this formulation will be coated onto a plastic film and then metalized,
as the metal does not adhere well to the plastic itself. It is conjectured that the polar head group
will coordinate with the aluminum ions and therefore not be able to interact with water potentially

negating this issue.
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Figure 3.4. Hypothesized chemical structure of ESL+L formulation.
If the lignin is forming sulfide bonds as indicated by the NMR result, there are still free
alcohol groups within the lignin that can interact with the water. However, kraft lignin on its own

is water insoluble so interaction with these hydroxyl groups are likely minimal from the outset.
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The coating formulation made of ESL and BCL alone demonstrated a highly brittle nature
and tended to crack and flake off the coated plastic substrate. To address this issue 1 w% of
unreacted soy lecithin was added as a plasticizer to increase the flexibility of the coating. The water

resistance properties of these coating applied to the clear plastic films can be found in table 3.3.

Table 3.3. Impact of ESL+L with 1 w% plasticizer coating on commercial plastic films.

Material WVTR WVP WCA Thickness
(g/(d*m?)) (g/(Pa*d*m))*10°¢ ) (um)
10 w% one coat 66.1+3.3 1.05+0.05 32+5 22+1
20 w% one coat 594+14 1.14 £ 0.06 33+£5 27+1
50 w% one coat 479+ 1.7 1.31 £0.02 265 38+2

The 10 w% ESL+L that was applied had similar performance to the uncoated films. This
very well may be due to how little coating was applied. When compared to the coatings without
plasticizer the plasticized films have lower WVP, but it still increases with increasing solids

content. This again is likely caused by small amounts of water trapped within the coating itself.

3.4 Summary

This preliminary work shows the potential of an ESL+L formulation to act as a bio-based
barrier coating. The application of a single layer of formulation without plasticizer drastically
lowers the water vapor permeability of the paperboard substrate, but this effect is less pronounced
when coating the commercial plastic films. This is likely due to the already low permeability values
of the uncoated films in combination with the limitations of the formulation itself and the
inconsistency of lab-scale coating methods. The addition of 1 w% plasticizer lowered the water
vapor permeability by an additional 10% indicating that flaws within the coating are likely
artificially increasing the measured permeability. Suggestions for further work can be found in

Chapter 4.
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CHAPTER 4: Summary and Future Work
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4.1 Chapter 1

The motivation for this work was to investigate possible solutions to the plastic waste crisis
with the goal of finding a sustainable alternative to multilayer packaging components. To achieve
this goal five different biopolymers, (bacterial nanocellulose, alginate, zein, lignin, and soy
lecithin) were combined to form composite films and coatings for water barrier applications.

This chapter also provides background information on the scale of the plastic waste
problem and on how the packing industry is responsible for nearly half of all plastic waste
produced. The benefits and drawbacks of multilayer packaging were covered to emphasize the
need for a sustainable solution. A brief history of biopolymer packaging was provided before
delving into current biocomposite film and coating research. Lastly, details on the five chosen

biopolymers was given.

4.2 Chapter 2

Chapter 2 detailed the development of ternary biocomposite films of bacterial
nanocellulose, alginate and zein. Two-component systems of bacterial nanocellulose with either
alginate or zein were carefully studied with and without the addition of divalent calcium ions and
an ionic crosslinking agent. The mass ratio of the three components in the ternary films were
determined from the best performing two component films. Using mechanical performance and
water barrier data in conjunction with SEM and XPS cohesive models of arrangement for both the
crosslinked and uncrosslinked films were developed.

Both models depict an interpenetrating network of bacterial nanocellulose and alginate.
Without the presence of the crosslinker the zein adheres to the surface of the cellulose via ion-
dipole interactions between carboxylate ions within the zein and polar groups on the cellulose fibril

surfaces. When the ionic crosslinker is added the g-blocks of alginate coordinate with the ion
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according to the egg-box model reinforcing the interpenetrating bacterial nanocellulose network.
The zein reacts to the presence of the calcium ions similarly, forming spherical aggregates within
and at the surface of the films. This detailed knowledge of the method of assembly within the films

could allow for the strategic development of a high-performance film for use in food packaging.

4.3 Chapter 3

Chapter 3 covers the preliminary work done on developing a lignin-based barrier coating
for commerecial plastic films. Soy lecithin was epoxidized at the unsaturated C=C bonds in the fatty
acid tails. These highly strained epoxy groups were then reacted with unwashed BioChoice kraft
lignin resulting in ester and sulfide bonds between the lecithin and lignin. This coating was applied
to paperboard to confirm its ability to lower water vapor permeability. The viscosity of the coating
was modified with 2-butoxyethanol resulting in a formulation of appropriate for bar coating.

The influence of the solids content of the coating slurry as well as the presence of a
plasticizer on both water vapor permeability and water contact angle were measured. The results
were mixed. The coating resulted in a large drop in permeability for the paperboard, but this was
not shown for the commercial plastic films. Since the permeability of the plastic films is already

very low the small amount of water absorbed into the coating itself was detectable.

4.4 Suggestions for Future Study

Both the bacterial nanocellulose films project and the lignin coating project show potential
for further study and application. Suggestions for each project are found below.

The distribution and conformation of zein within the films deserves further study,
particularly zein’s aggregation behavior in the presence of calcium ions. Surface roughness should

be analyzed via atomic force microscopy. This in combination with elemental mapping via EDS
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for nitrogen would allow for confirmation that the addition of zein increases the surface roughness
of the films and that the zein was evenly distributed throughout as micro-scale aggregates. A zeta
potential experiment may also be able to give information about zein’s behavior in the presence of
calcium ions. The zein shows a negative zeta potential due to the exposed carboxylate ions from
the deamidation reaction. If the zein aggregates around the calcium ions by forming ionic bonds
with the carboxylate ions the zeta potential should move in the positive direction with the addition
of calcium to a zein solution.

Alternative solvents should also be considered for the bacterial nanocellulose films. Zein
is soluble in aqueous alcohol solutions without undergoing a deamidation reaction, preserving the
surface hydrophobicity of the zein protein. However, alginate is not soluble in alcohol. Different
solvent conditions including aqueous alcohols and 2-butoxyethanol may be able to dissolve both
the zein and alginate allowing for the study of the system with zein in a different conformation.

The bacterial cellulose obtained from nata de coco needs to be characterized to determine
size distribution and aspect ratio. It may be possible to determine the scale of the bacterial cellulose
via XRD. Determining the crystallinity before and after homogenization with the aqueous counter
collision system would be worthwhile, as others have reported a change in crystal conformation
of bacterial cellulose after ACC!?*,

The preliminary work done with the lignin-based coatings should be continued, and the
coating formulation should be further optimized. A second layer of coating should be applied to
obscure the flaws in the first layer which may result in a lower water vapor permeability even with
the increased thickness. Large plasticizer content along with other plasticizers should also be
considered to reduce the brittleness of the lignin and create a coating with fewer flaws that

artificially inflate the measured water vapor permeability. TGA experiments should be conducted

63



on the coating formulation before and after conditioning at TAPPI standard conditions the water
content. The lignin-based coating should also be applied to cellulosic surfaces, potentially
including nanocellulose films, to show its water barrier properties in an environment with higher
tolerance for defects.

Outside of using the lignin-ESL formulation for coating, it is possible that with enough
plasticizer self-standing films could be formed. Testing the water barrier properties of these films
would likely show a very low water vapor permeability on the scale of commercial PLA. Given
the thermoplastic nature of lignin, these may be able to be extruded for use in multilayer packaging

on its own.
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Appendix A — Supporting Information Chapter 2

Figure A1. SEM images of film cross sections at 10000x magnification. (A) BC, (B) 90:10 BC/Z, (C) 70:30 BC/A, (D) 60:30:10 BC/A/Z
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Figure A2. (A) High resolution XPS nitrogen scan and (B) high resolution XPS oxygen scan of vacuum filtered film surfaces.
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Figure A3. TG curve for vacuum filtered films in an air atmosphere

84



25
——— 3 compoenent air.001

1--—-- 70_30 BC_A air.001

—— - 70_30BC_Axair.001

——— 90_10BC_Z air.001

—— —— Alginic Acid Sodium Salt air.001
———— BCair.001

20- ———  Zein Powder air.001

1.5

222.02°C

Deriv. Weight (%/°C)

294.99°C
294 61° 298.58°C
299.35°C

381.50°C

,..___\\

QI‘"=::——-

T
300

Temperature (°C)
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Figure A5. SEM micrographs of cast films at 1500x and 15000x magnification (A) 90:10 BC/Ax; (B) 80:10:10 BC/A/Zx; (C) 90:10 BC/Zx;
(D) 80:10:10 BC/A/Z
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Figure A6. SEM micrographs of cast films at 1500x and 15000x magnification (A) neat BCx; (B) neat Zein x; (C) neat Alginate x
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Appendix B — Supporting Information Chapter 3

Sov Lecithin Epoxidation

1:1.1 soy lecithin to formic acid:

25 g soy 62 g linoleic 1 mol ‘ 1.1 mol formic | 46.03 g

lecithin acid!® linoleic 2 mol C=C | acid formic
100 g soy 200 g 1 mol ‘ 1 mol C=C 1 mol
lecithin linoleic linoleic formic

=7.84 g formic acid
1:1 formic acid to hydrogen peroxide:

7.84 g formic acid | 1 mol formic acid | 1 mol H,O, | 37.01 g H,0,
| 46.03 g formic acid | 1 mol formic acid \ 1 mol H20:

=6.30 g H2O2

ESL and BCL Linkage

Determination of ESL content in reaction mixture:

25g soy lecithin + 7.84 g formic acid + 6.30 g H2O2 + 0.15 g PTSA = 39.29 g reaction mixture
(25 g soy lecithin / 39.29 g reaction mixture) * 100 = 63.6% Soy Lecithin

1:1.1 ESL/BCL assuming 100% conversion of epoxidation reaction:

10g 63.6¢g 1 mol 2 mol 1.1 mol 100 mol C9 1 mol 6772 g
ESL ESL ESL epoxy phenol on on lignin'?® lignin lignin
mix lignin
100 g 462.51 g | 1 mol 1 mol epoxy | 66 mol 39mol | 1 mol
ESL ESL ESL phenol C9 lignin
mix

=7.96 g lignin
Accounting for 2% ash content in lignin:

7.96 g lignin | 100 g unwashed lignin
| 98 g lignin

= 8.12 g unwashed lignin
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3.3 3.2 3.1 3.0 2.9 2.8 2.7 [ppm]

Figure B.1. 1D 'H NMR Spectra of ESL and soy lecithin showing the ring-opening (~3.2 ppm) and
epoxide hydrogens (~2.86 ppm)

T T T T . T T T . . T T . T T T T .
5.7 56 55 54 5.3 ppm]

Figure B.2. 1D "H NMR Spectra of ESL and soy lecithin in d-toluene showing the reduction of
vinylic hydrogens (~5.5 ppm).
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Figure B.3. 1D 'H NMR spectra of ESL+L formulation and lignin in DMSO-d6 showing the aliphatic
alcohol reduction (~3.4 ppm).
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Figure B.4. 1D '"H NMR spectra of ESL+L formulation and lignin in DMSO-d6 showing the phenolic
alcohol reduction (~6.7 ppm).
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Figure B.5. 1D '"H NMR spectra of ESL+L formulation and lignin in DMSO-d6 showing the
disappearance of the thiol peak (~2.08 ppm).
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Poster Presentations

“A Bio-Based Alternative for Aseptic Packaging”
American Chemical Society Green Chemistry and Engineering Conference

Poster Session - Virtual, 2021

“Tensile Properties of Bacterial Cellulose Composite Films for Potential Applications in
Aseptic Packaging”
NCSU College of Natural Resources Graduate Research Symposium

Poster Session - Virtual, 2021

Oral Presentations

“Tunable Barrier and Mechanical Properties of Bacterial Nanocellulose Composite Films”
American Chemical Society Spring Meeting

Oral Presentation - San Diego, CA, March 2022
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Publications
Roman Sarder, Emily V Piner, David Cruz Rios, Lisandra Chacon, Mirela Angelita Artner,
Nelson Barrios, and Demitris Argyropoulos. “Copolymers of starch , a sustainable template for

biomedical applications: a review.” Carbohydrate Polymers, vol. 278, 2022, 118973

Martin A Hubbe, Emily V Piner, Nathalie Lavoine, and Lucian A Lucia. “Barrier Properties of

Bionanocomposite Films.” in Polymer Based Bio-nanocomposites - Properties, Durability and

Applications, edited by Chandrasekar Muthukumar et al. Springer Singapore, 2022
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CNR Graduate Research Symposium — 2021
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Department of Forest Biomaterials
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Forest Biomaterials Analytical Team, Responsible User, 2020- present
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