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SUMMARY

Cellulose nanocrystals (CNCs) and chitin nanofibers (ChNFs) are two emerging
nanomaterials that are garnering significant interest recently. CNCs and ChNFs can be
derived from trees and crab shells, respectively, and possess remarkable mechanical
properties that make them ideal for use as reinforcement materials in polymer composites.
When processed through sulfuric acid hydrolysis, CNCs are left with a negative charge
along the surface of the nanocrystals. In contrast, ChNFs produced through high-pressure
homogenization possess a positive charge due to chemical side groups along the nanofiber.
These opposite charges allow for electrostatic interactions between the particles that can
be tuned to allow for certain nanoscale structure formation. When incorporated into a water
soluble, commercially available polymer such as poly(vinyl alcohol) (PVA), there is
potential for understanding the impact of these nanofillers in a variety of polymer
constructs. PVA offers the unique ability to be formed into films, hydrogels, and aerogels
without the aid of additional chemicals, which expands the range of commercial
applications that CNCs and ChNFs can be applied. Additionally, there are certain
characterization techniques that can be applied to one construct that cannot be applied to
another, resulting in a large range of studies that can be performed in order to uncover
individual characteristics about how the nanofillers are interacting with the each other and
the polymer matrix.
Results of this study indicate that charge-matched ratios between the nanofillers
results in a reduction in properties relative to other composites, likely due to a mass
aggregation between particles destabilizing the particles and, thus, the reinforcement

xix

mechanisms. However, other ratios between CNCs and ChNFs enhance the mechanical
properties beyond that of what is capable with singular nanofillers. In addition to the
improved capabilities as a result of their interactions, the combination of these two
nanofillers also allows for certain characteristics of each nanofiller type to influence the
properties of the overall structure that cannot be achieved with the other. For instance,
while CNCs were shown to increase the elasticity of composite hydrogels, ChNFs were
shown to increase the polymer structure’s water absorption and retention capabilities. The
combination of these two materials into a tricomponent composite could then possess
several desirable qualities that are applicable in biomedical or membrane technologies.
The purpose of this research is to more fully understand the impact of these
renewable, abundant nanomaterials when used in these three PVA constructs both as
individual nanofillers and when used in conjunction. This study aims to better understand
the electrostatic interactions between different nanofillers and how these can affect the
polymer matrix to optimize customizable, high-performance polymeric composite
materials.
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CHAPTER 1.

INTRODUCTION

A composite is generated from the combination of two or more distinct components
with the intent of imparting positive qualities of one constituent material onto the other(s).
The inclusion of filler materials into a larger matrix can result in improved
biocompatibility, improved thermal stability, and greater mechanical reinforcement, in
addition to other enhancements such as greater liquid absorption or barrier properties.
While the fillers can encompass a large range of different materials with different shapes
and sizes, nanofillers are materials specifically containing at least one dimension under 100
nm that can be incorporated into a binding material matrix in order to improve the overall
properties. Additionally, polymers provide the ability to incorporate these nanofillers into
multiple constructs to expand on their range of applications. In a world where there is a
growing need for customizable materials to fit consumer needs, the generation of polymer
composites utilizing these nanofillers becomes increasingly more important.
Furthermore, there has been increased interest in the development of composites
utilizing renewable materials in an effort to reduce dependence on petroleum-based goods.
Two such renewable nanomaterials are cellulose nanocrystals (CNCs) and chitin
nanofibers (ChNFs). Derived from trees and crabs, respectively, they possess similar
chemical structures and nano-scale properties, but they possess opposite surface charges as
a result of their processing conditions. The negatively charged CNCs and positively
charged ChNFs offer potential for controlled aggregation, leading to greater capabilities
through structure formation than what is available with a singular nanofiller. In order to
assess the impact of these nanofillers' structure formation within composite materials, a

1

polymer was chosen as the binding matrix. Poly(vinyl alcohol) (PVA) is a versatile, nontoxic, biodegradable, and water-soluble polymer that offers the ability to be formed into a
variety of different polymer constructs, particularly films, hydrogels, and aerogels. Each
of these three constructs require the same two basic components, water and PVA, but
changes to the processing steps result in very different structures that do not require the aid
of additional chemicals or cross-linkers. Additionally, each of these polymer forms can be
characterized in a variety of ways unique to each construct, thus providing an opportunity
to measure CNC and ChNF interactions with each other and the polymer matrix under
different conditions. Therefore, this research is dedicated to applying these CNCs and
ChNFs to PVA films, hydrogels, and aerogels and characterizing each system in an effort
to more fully understand how the nanofillers are interacting with themselves, each other,
and the polymer matrix in order to allow for the design of customizable, high-performance
tricomponent composites. To analyze these effects, the objectives of this research were the
following:
1. Assess the impact of CNCs and ChNFs when incorporated both individually
and in conjunction in polymer composite films
2.

Assess the impact of CNCs and ChNFs when incorporated both individually
and in conjunction in porous-cross-linked polymer composite hydrogels

3.

Assess the impact of CNCs and ChNFs when incorporated both individually
and in conjunction in porous-cross-linked polymer composite aerogels

4. Valorization of cellulose and chitin nanomaterials for biomedical and
packaging applications

2

These objectives outline four distinct, yet interconnected studies that are presented in
chapters 3-6, with relevant background for this research in chapter 2. Chapter 2 will review
the current state of renewable materials, as well as the history and usage of CNCs, ChNFs,
and the chosen polymer matrix, PVA, in addition to some preliminary information on the
different polymer constructs assessed. Chapter 3 examines the combination of CNCs,
ChNFs, and low and high molecular weight PVA into bi- and tricomponent composite
films and delves into the thermomechanical properties of these materials. Chapter 4
expands these bi- and tricomponent composites to PVA hydrogels, focusing on the
mechanical performance and water absorption behavior, in addition to studies of
rheological properties in solution and light scattering properties between CNCs and
ChNFs. Chapter 5 looks at CNC/ChNF/PVA composites in PVA aerogels, providing
insight into the thermomechanical and porosity properties with the introduction of
nanofillers. Chapter 6 then analyses the utilization of these composite materials studied in
chapters 3-5 in both biomedical and packaging applications. Conclusions for each
individual chapter in addition and suggestions for future work are included in chapter 7.
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CHAPTER 2.

BACKGROUND

In this chapter, relevant information on renewable bioproducts, polymer
nanocomposites, different methods of processing polymer nanocomposites, and
tricomponent and coacervate systems are reviewed. In particular, this chapter reviews the
current state of research on cellulose and chitin, their applications to nanocomposites, and
their influence on various polymer matrices both singularly and together. Additional
background on the polymer matrix, poly(vinyl alcohol) (PVA), and its various constructs
are also discussed. Discussion of existing tricomponent composites, as well as a review of
cellulose and chitin nanomaterial mixed films, is covered at the end. Lastly, some
background of the valorization of these materials is included throughout the chapter under
the various sub-sections.
2.1

Need for Renewable Materials
Nanofillers are a type of material possessing at least one dimension under 100 nm,

which can be incorporated into a larger matrix in an attempt to impart its properties on the
overall structure. Their inclusion can improve the conductive properties,1 mechanical
properties,2-4 and/or thermal stability,5-6 among many other properties of whatever matrix
they are embedded within. Among the most commonly used nanofillers are carbon black,1,
7

graphene,8-9 silica,6 and clay.10-12 A major driving factor for this shift to these

nanomaterials is the mechanical properties that they offer. These nanomaterials allow for
strengthening of polymers and, therefore, a customization of their mechanical properties
for a variety of applications. However, there are some concerns about the environmental
impact of some of these nanomaterials.4 Therefore, there has been a growing interest in
4

renewable materials to take advantage of an abundant source for nanofillers and to improve
ecological safety of the resulting high-performance materials.13
Renewable materials are a class of materials that are derived from natural resources
and have continued to garner popularity and development into a large field of study under
materials science.4,

14-18

In a sense, “nanocomposites” are common in nature, where

materials such as nacre and bone are made up of multiscale structures that rely on ordered
microstructures and interface interactions to impart strength and stiffness on a larger
matrix.19 Scientists have tried to mimic these natural structures in part by utilizing
nanomaterials derived from natural resources and repurposing them for the same
reinforcement role in polymer matrices. These resulting nanocomposites are often called
“green materials” and they have been working to replace non-renewable nanomaterials to
improve sustainability and thermomechanical properties in multiple markets including the
automotive4, 13 and packaging industries,14, 20-21 as well as improving biocompatibility in
biomedical applications.22-23 “Green materials” also encompass polymeric materials
aiming to replace petroleum-based materials, as oil availability is continually declining and
its impact on the environment has received much scrutiny in the last few decades.4 These
replacements for petroleum-based materials encompass biobased polymers that are
biodegradable or compostable, thus reducing their overall negative impact on the world’s
ecosystem.4, 13, 16, 24
In the biomedical field, polymers and polymer composites have been a growing
material of study in the use of implants, drug delivery, and tissue engineering.25-27 Titanium
is one of the most commonly used materials for hard implants, but it is difficult to machine,
is radiopaque, and possesses strength much greater than that of human bone/tissue.28 It is
5

a common rule within biomedical device design that the utilized materials in implants
should only be as strong as the material they are replacing (i.e. bone, cartilage, etc.),
otherwise they may absorb too much of the load from the surrounding tissue, thus leading
to early failure and potential damage to the patient. Polymers, such as poly(ether ether
ketone) (PEEK), poly(lactic acid) (PLA), and PVA, have gained greater development into
a wide variety of biomedical applications because they have a closeness in mechanical
properties to natural human tissue in addition to ease of machinability and customizability,
as well as radiolucency.25,

29

Provided that renewable materials are extracted from

biological sources, their introduction into biomedical products may also allow for an
enhancement in biocompatibility and mechanical customizability without risk of inducing
a negative response from the surrounding tissue. Patient specific devices have grown
increasingly popular and the modular nature of renewable bioproduct polymer composites
allows for the ability to tune the materials to the needs of the recipient.

2.2
2.2.1

Cellulose
Cellulose Nanomaterials Structure and Production
Cellulose is the most abundant biopolymer on the planet and can be derived from

trees, other plants, and even bacteria. The cellulose molecule contains repeat units of two
anhydroglucose rings30 arranged in a linear chain that form a flat ribbon-like conformation.
Figure 2.1 shows a diagram outlining a progressive breakdown of a tree into smaller and
smaller components, which each can be utilized in different ways depending on application
size and property needs. While the whole tree is on the scale of meters, the structure
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contains cells and fibers on the order of tens of micrometers, fibrils are on the order of tens
of nanometers, and the molecular structure is on the order of Ångstroms.31

Figure 2.1 Hierarchical arrangement of cellulose nanocrystals from trees to the molecular
level.32 (f1)
Cellulosic materials have been used for millennia, specifically in the form of paper.
However, more recently, it has become much more studied due to its potential applications
in its nano and micro forms. Individual cellulose molecules are able to come together and
form cellulose microfibrils due to hydrogen bonding between the hydroxyl side groups,
which can then be broken down into cellulose nanofibers (CNFs) and cellulose
nanocrystals (CNCs).30 Cellulose nanomaterials can be produced in two primary ways: (1)
mechanically and (2) chemically, in addition to methods combining both forms of

(f1)

Reprinted from Industrial Crops and Products, 93, Nechyporchuk, O.; Belgacem, M.
N.; Bras, J., “Production of cellulose nanofibrils: A review of recent advances.” pp. 2-25.
Copyright (2016), with permission from Elsevier.
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processing. Mechanical separation of cellulose can be performed with grinders/refiners,
sonication, microfluidization, and homogenization, which shears off long cellulose fibrils
from the longitudinal axis of the cellulose, resulting in microfibrilated cellulose (MFC) and
CNFs. The mechanical processing to produce these MFCs and CNFs is repeated in order
to create finer and more homogeneous nanomaterials, often finishing with a filtration step
to remove any unfibrillated sections from the suspension.30 One method of facilitating the
mechanical separation of these fibrils includes treating the stock suspension with a 2,2,6,6tetramethyl-piperidinyl-l-oxyl radical (TEMPO) oxidation step, resulting in a charge being
imparted onto the surface of the cellulose, thus lowering the overall energy required for the
mechanical methods to separate the fibers from the surface.30, 33
In order to generate CNCs, an additional chemical treatment is necessary to dissolve
away the disordered regions of the cellulose chain. CNCs are separated into their individual
ordered forms either through an acid hydrolysis step or enzymatic step,34 though the former
is a more commonly used option performed by utilizing either hydrochloric or sulfuric
acid.30, 35 For instance, the CNCs utilized in this study were derived from wood pulp, which
was mixed with a 64 wt.% solution of sulfuric acid and heated to 45 °C for 60 minutes.
Additional processing steps can be applied to remove unwanted byproducts of the acid
hydrolysis method, which can include sonication, centrifugation, and water filtration.
However, while this is the most common way of producing the CNCs, one side effect of
the sulfuric acid hydrolysis methodology is that it leaves negative surface charges on the
CNCs as a result of hydroxyl groups being replaced with sulfate ester groups.36 These
negative charges provide a level of stabilization that allows for dispersion in water,33, 37 in
addition to the capability of interacting with other charged particles in aqueous suspension.
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An additional side effect is the thermal stability properties are also influenced by the level
of acid hydrolysis the cellulose suspension experiences, as it has a degradation temperature
range of 200-300 °C that depends on factors such as the heating rate, surface modification,
and particle type.30 For instance, an increasing number of sulfate groups on the surface of
CNCs has been previously shown to significantly decrease the degradation temperature. 38
The resulting CNCs or CNFs are often freeze-dried in order to generate a more compact
product that can be more readily transported. The appearance of these freeze-dried
materials is of a white, flaky material, though they can begin to clump into low-density
blocks if allowed to sit for extended periods of time.

2.2.2

Cellulose Properties and Nanocomposite Usage
These nanomaterials can be utilized in a variety of ways to generate materials with

specific properties for new and expanding applications. Cellulose has been used as a
reinforcement material in many polymers including polyethylene (PE),39-40 poly(vinyl
chloride) (PVC),41-42 polyurethane (PU),43-45 poly(methyl methacrylate) (PMMA),46-48
polycaprolactone (PCL),49-50 and PVA.51-54 CNCs and CNFs are stiff, have oxygen barrier
properties,55 low density, and are relatively inexpensive.56 Depending on the polymer
matrix, CNC-based composites have previously been demonstrated to be melt processed,3,
57

and CNCs also work well being dispersed in aqueous environments.33, 49 CNCs can vary

in size depending on the source, but they have been previously cited to have lengths on the
order of a few hundred nanometers and widths of only a couple nanometers.31, 58 Optically,
CNCs have exhibited a chiral nematic or cholestreric liquid crystalline behavior in both
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suspensions and in dried films, which is indicative of a liquid crystalline type structure that
is either translucent or slightly iridescent.30, 33, 59 CNCs also have good barrier applications,
as neat CNC films have demonstrated low oxygen permeability rates. Petersson and
Oksman60 demonstrated that the barrier properties of PLA increased by over three times
with the addition of 5 wt.% microcrystalline cellulose (MCC), while Li et al. demonstrated
that a 1.5 μm thick CNC coating on top of various polymer films can significantly decrease
the oxygen permeability while maintaining high transparency.61 The translates into
applications in the packaging industry, which is continually moving away from petroleumbased materials as a result of societal concerns of their impact on the environment and
general sustainability.
Cellulosic materials can also be modified to enhance particular properties. Surface
functionalization is an expanding field of study for cellulosic materials, as the hydroxyl
groups on the surface can be modified to adapt the material to certain conditions.
Specifically, they can be changed to be more compatible with hydrophobic polymers that
allow for increased dispersion and integration.39 CNC functionalization can occur through
many processes and a variety of functional groups can be attached to the cellulose backbone
including acetate, nitrate, and xanthate groups.62 This can be done to improve certain
chemical properties; one study influenced urethane linkages, silylation, and esterification
in CNCs in order to reduce hornification, increase re-dispersibility after drying, and tune
to the adsorption of different molecules.63 In addition to allowing for additional surface
functionalization, another positive aspect of the hydroxyl groups that extend from the
cellulose chain is that they allow for a higher amount of biocompatibility. This

10

biocompatibility allows for use in tissue engineering, drug delivery, wound dressing, and
other biomedical applications.64
However, in addition to the optical, chemical, and barrier properties of CNCs, the
primary interest in these nanomaterials for this work is due to their extensive use as
mechanical reinforcement in polymer matrices. These materials have a high modulus and
specific strength, which has led to cellulose being used as a reinforcing agent in polymers
since Favier began studies with the material in 1995.65 CNCs have been previously
described to be similar in strength to Kevlar, with potential to surpass even steel.31, 66
Specifically, a review by Moon et al. (2011) cites that the cellulose crystalline structure has
a theoretical axial elastic modulus of 110-220 GPa and transverse elastic modulus of 1050 GPa, with a tensile strength of 7.5-7.7 GPa30 that makes them well-suited for use in
polymer matrices for imparting strength to the overall structure. However, the difficulties
in producing consistent batches of CNCs is one of the main obstacles facing the scale up
potential of the material in markets moving forward. The variance in the size and strength
of the cellulosic materials depends on a variety of factors including source, level of
refinement, and processing conditions. Differences in cellulose source can have a dramatic
impact on length of the particles as well as the mechanical properties, though chemical
processing can be used to produce a more consistent product.30, 67
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2.3
2.3.1

Chitin
Chitin Nanomaterials Structure and Production
Chitin is another one of the most abundant biopolymers on the planet alongside

cellulose and lignin, and it shares many of the same mechanical properties. Chitin is
produced by insects, fungi, and yeast, though it is found primarily in the exoskeleton/shells
of arthropods such as crabs.68-69 The molecular structure of chitin consists of repeat units
of N-acetyl-D-glucosamine, which can be arranged to generate chitin nanowhiskers
(ChNWs) or chitin nanofibers (ChNFs).70 Figure 2.2 shows a diagram of the breakdown of
chitin from the source of a crustacean at the tens of millimeters scale to individual
molecules on the order of Ångstroms.

Figure 2.2 Hierarchal arrangement of chitin nanofibers from crustacean shell to the
molecular level.71 (f2)

(f2)

Reprinted from Acta Materialia, 53, Raabe, D.; Sachs, C.; Romano, P., “The crustacean
exoskeleton as an example of a structurally and mechanically graded biological
nanocomposite material.” Pp. 4281-4292, Copyright (2005), with permission from
Elsevier.
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Chitin has three polymeric forms: α, β, and γ, which can vary depending on where
the material is sourced. α-chitin is the most abundant variant with a highly ordered
crystalline structure, which can be found in crab and shrimp shells, as well as fungus cell
walls. The less abundant β-chitin can be found in squid ink and tubeworms and possesses
a different crystal structure to α-chitin. Lastly, γ-chitin exists as a combination between the
α and β forms.72-75 Often sourced from food industry waste, chitin can be obtained by
grinding crab shells to a powder that can then be cleaned and processed into ChNWs or
ChNFs. Due to the ease of access to source material for generation, α-chitin was chosen as
the form of study for this thesis.
As previously discussed with CNCs and CNFs, chitin nanomaterials can be
produced through chemical methods as well, resulting in a variety of different surface
chemistries. For instance, the deacylated form of chitin is called chitosan, though it is
important to note that nearly all naturally-sourced chitin is at least partially deacylated.
Therefore, chitosan is characterized by a chitin nanomaterial with a degree of acetylation
greater than 50%, which makes it soluble in aqueous acidic media.74 Polymeric chitosan
has previously been blended with PVA with lignin nanoparticles for the potential use in
packaging materials,21 as well as incorporated with gelatin for use as a potential nerve
regeneration material.76 However, one advantage that chitin has over chitosan, is that it is
more naturally occurring and can be sourced more readily. Additionally, there is less
variance and defects as it lacks the additional processing steps, and there is a removal of
any risk of introducing chemical agents that may not be compatible with certain
applications.
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2.3.2

Chitin Properties and Nanocomposite Usage
Given chitin’s ability to be formed into nanofibers, it has recently become a topic of

interest to include in polymers as a potential reinforcement material like that of cellulose
and carbon nanofibers. The crystalline regions of chitin are slightly weaker than that of
cellulose, with a reported theoretical modulus of about 41 GPa,77 though this is still strong
enough to be effectively used as reinforcement material in polymer composites. Chitin has
been used as a nanofiller embedded into various polymer matrices including unvulcanized
and prevulcanized natural rubber,78 PVA,68, 73, 75 and poly(ethylene oxide) (PEO).79 Ifuku
et al.80 demonstrated a significant increase in the Young’s modulus and tensile strength of
various nanocomposite resins utilizing ChNFs. Chitin has also shown to have useful barrier
properties, as Wu et al.81 previously produced films that exhibited oxygen and carbon
dioxide (CO2) permeabilities of 0.006 and 0.018 barrer, respectively, performing on par or
better than one of the most commonly used packaging materials, poly(ethylene
terephthalate) (PET).82 Biologically, chitin is biodegradable, biocompatible, non-toxic, and
possesses hydrating features, and it has a history of use due to its antibacterial and
antimicrobial properties.79, 83 However, despite properties that are comparable or better to
some of the most commonly used nanofillers, the history of chitin’s use in polymer
composites is less than that of its peer materials, though commercial interest in it is
growing.68-69 Despite some processing difficulties, chitin has still found development for
packaging applications,20-21 as well as biomedical applications such as sutures, wound
dressings, and in a hydrogel form for use in tissue engineering.22

14

2.4

Poly(vinyl alcohol)
PVA was first synthesized in 1924 by Hermann and Haehnel84 and it has since been

applied to a variety of industries due to many desirable properties including little to no
toxicity, the ability to be dissolved in water, and biodegradability. PVA consists of a carbon
backbone with hydroxyl group branches that allows it to react to many kinds of functional
groups.25, 68, 85-87 PVA’s chemical structure is depicted in Figure 2.3 below.

Figure 2.3 Chemical structure of (a) partially hydrolyzed PVA and (b) fully hydrolyzed
PVA.88 (f3)

PVA is unique from other vinyl polymers in that it is not produced through the
polymerization of a single monomer, instead it is generated from the hydrolysis of
poly(vinyl acetate) (PVAc).18 Polymerized PVA is processed through the partial
replacement of ester branch groups on PVAc with a hydroxyl group. However, since PVA
is not capable of achieving 100% hydrolysis, it is effectively a co-polymer of PVAc and

(f3)

Reprinted from Food and Chemical Toxicology, 41, DeMerlis, C. C.; Schoneker, D. R.,
“Review of the oral toxicity of polyvinyl alcohol (PVA).” pp. 319-326, Copyright (2003),
with permission from Elsevier.
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PVA and the degree of hydrolysis plays a role in the chemical and crystallization properties
of PVA.89 For instance, depending on the water temperature, a higher degree of hydrolysis
is associated with a lower solubility in water as shown in Figure 2.4.

Figure 2.4. Impact of degree of hydrolysis on the solubility of PVA in water.90 (f4)
PVA exists in isotactic, syndiotactic, and atactic forms, and depending on its
stereoregularity it will possess certain properties. For instance, syndiotactic PVA will not
dissolve in water, while isotactic PVA will dissolve even in cold water.89 Furthermore, in
addition to the stereoregularity and degree of hydrolysis playing a role in the overall
properties of PVA, a third molecular characteristic also impacts the properties: molecular
weight. With a polydispersity index of roughly 2 to 2.5, the molecular weight of PVA can

(f4)

Reprinted by permission from Springer: Springer, Advances in Polymer Science,153,
Hassan, C. M.; Peppas, N. A., “Structure and applications of poly(vinyl alcohol) hydrogels
produced by conventional crosslinking or by freezing/thawing methods.” pp. 37-65,
Copyright (2000), advance online publication, March 1st, 2020 (doi: 10.1038/sj.APS)
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impact the crystallinity, adhesion, mechanical properties, and diffusivity of PVA.

90-92

Additionally, the level of PVA crystallinity can influence the density of the PVA, as well
as the mechanical properties with stiffer PVA at higher levels of crystallinity. The
crystallinity also can be influenced by the molecular weight (MW) of the PVA, as a
minimum chain length is usually necessary to achieve the folded structure of the
crystallites. Additionally, a higher MW is associated with an increase in size of the
crystallites, as the longer chains are able to form more layers.90
In commercial applications, PVA has been continually growing in usage and
projects to continue growth as there is an increase in need for biodegradable products.21, 84
PVA is mostly found in the packaging industry,15, 21 but it is also used in papermaking,
construction, and electronics. For construction purposes, it can be used as an additive for
better water solubility, adsorption capacity, and particle size. In the biomedical field, PVA
has often been looked at as a replacement for fibrocartilage such as the nucleus pulposus
in an intervertebral disc.93-94

2.4.1

Polyvinyl Alcohol Composite Constructs
For composite studies with the nanomaterials of interest, PVA has previously been

successfully integrated with both chitin68, 95 and cellulose24, 96-97 independently, however,
the use of a CNC/ChNF tricomponent composite at similar weight loadings and how they
influence the overall thermomechanical properties is currently understudied. This project
aims to process and characterize three different types of PVA-based nanocomposites using
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CNCs, ChNFs, or CNC/ChNF mixtures. These three PVA forms include: (1) PVA films,
(2) PVA hydrogels, and (3) PVA aerogels.
Certain PVA constructs can be characterized in unique ways, allowing for a more
complete understanding of how the nanofillers are interacting with the polymer matrix. The
primary reason to choose PVA as the polymer matrix for this study is the similarity in
processing steps that each of the three constructs share. The preparation of the
CNC/ChNF/PVA suspension utilizes the same five materials: CNCs, ChNFs, PVA, acetic
acid, and water; and PVA’s physical crosslinking eliminates the need for additional
chemicals to transition from one construct to another. A schematic of the three polymer
constructs and how they are generated is displayed in Figure 2.5 below.

Figure 2.5 Schematic of the generation of the different PVA constructs.
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As mentioned previously, the CNC/ChNF/PVA solutions for all of the tested samples
can be produced through the same steps with only minor processing steps added to generate
films, hydrogels, or aerogels. The tricomponent composite solution processing utilized in
this study begins by dissolving PVA powder of a specific MW into deionized water. This
is performed by heating a water bath on a hot plate until the thermometer reads 100 °C,
adding the PVA powder to deionized water in a beaker suspended in the water bath by a
clamp, then mixing with a magnetic stir bar at 300 RPM for approximately 8 hours.
Throughout this process, additional water will likely be needed to be added periodically to
the water bath to account for evaporation. After the PVA powder has completely dissolved
and is no longer visible, the hot plate heat is turned off and the PVA solution is cooled
(while still mixing at 300 RPM) until the water bath temperature reads below 50 °C, after
which acetic acid is added to achieve 1 vol.% acetic acid concentration and mixed for an
additional 30 – 60 minutes. Acetic acid addition is used to protonate the suspension. Then
a desired quantity of a 0.5 wt.% suspension of ChNFs is added followed by an additional
30 – 60 minutes of mixing with the magnetic stir bar. Finally, a desired quantity of a 0.5 –
5.5 wt.% suspension of CNCs was added to the mixture and stirred once more for an
additional 30 – 60 minutes with a magnetic stir bar. Mixing of the final CNC/ChNF/PVA
suspension may require higher RPM than 300 if the surface of the suspension in the beaker
is not perturbed. If bubbles are present, the final suspension can be sonicated in a bath
sonicator for 5 minutes at 80W to remove the bubbles. The sample suspensions can then
be cast into different molds based on the desired final construct which are described in
more detail below, as well as in chapters 3-5.
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Polymer films are thin, flexible materials that are typically translucent and are
generally designed for packaging applications. PVA has excellent film forming properties
and offers many attributes including flexibility, barrier properties, and tensile strength.98
PVA films are typically generated by casting the CNC/ChNF/PVA solution into a mold
and allowing them to dry under heat or ambient conditions. The resulting films are
transparent and flexible, and they can redissolve in water if submerged. PVA
nanocomposite films have been made from a variety of different blends including starch,99
CNCs,100 ChNFs,75 and carbon nanotubes.101 The introduction of nanofillers have also
previously shown to delay the thermal degradation of PVA within the film construct. 6, 75,
100

From a characterization standpoint, they offer the advantage of being easily generated

and tested to obtain qualities such as the elastic modulus, tensile strength, strain at break,
thermal degradation, and barrier properties. In comparison to lower MW films, high MW
PVA has been previously shown to possess higher thermal stability, higher levels of
crystallinity, and increased mechanical properties.102
The second form of PVA generated in this project is a hydrogel. This form is highly
utilized in the tissue engineering applications given its closeness in structure to natural
human soft tissues. Hydrogels are three-dimensional structures primarily made up of water,
though they display solid-like properties due to the structure of the dispersed
component.103-105 Traditionally, polymer hydrogels are generated through the addition of
chemical agents to form crosslinks, but this methodology often leads to a decrease in
biocompatibility103 or the necessity of a chemical leaching step.90 Therefore, while PVA
can be crosslinked with chemicals such as glutaraldehyde,106 a common way of generating
PVA hydrogels was developed by Peppas et al. in 1975 and consists of consecutive freezing
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and thawing cycles that encourage the formation of physical crosslinks.107 This method of
physical crosslinking is the result of the freezing process driving polymer-water phase
separation from the formation of water ice crystals, which promotes a molecular mesh
entanglement between PVA chains held together by crystalline regions and yields a solid
structure containing pockets of trapped water within the hydrogel.90, 103, 108-109 Repeating
this freeze-thaw (FT) process increases the level of crosslinking, density, and modulus of
the hydrogels, resulting in progressively stiffer materials.90, 103 The properties of FT PVA
hydrogels can be influenced by water percentage, degree of hydrolysis, and preparation
methodology (i.e. freezing and thawing rates/duration), which results in a high level of
customizability.91 Solids content of PVA can be controlled through initial solutions
processing followed by subsequent drying and/or water absorption to achieve a specific
concentration. The resulting hydrogels are solid, highly elastic, and relatively insoluble in
water. These properties combined with their low protein absorption and biocompatibility110
have allowed PVA polymer hydrogels to be used in several biomedical devices including
artificial cartilage,25 contact lenses,111 and wound-dressings.12 For tissue engineering
applications, the necessity for material customizability leads to the introduction of
nanofillers as a means of providing reinforcement and tuning to the properties of patient
needs.
The third and final form of PVA addressed in this research is PVA aerogels. Aerogels
are porous materials that are extremely lightweight and thus have been applied to
insulating, barrier, and reinforcement applications aiming to reduce weight of the overall
structure. The initial steps for generating aerogels is very similar to PVA hydrogels, as a
PVA solution is placed in the freezer and allowed to cross-link for several hours. However,
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when the freezing is complete, the sample is placed in a freeze-dryer at low temperature
and low pressure where the water is sublimated out of the structure to leave behind a
porous, low-density material with high specific surface area.112 The resulting material takes
the shape of its freeze-drying container is compressible with a tunable elastic modulus
based on the PVA molecular weight, concentration, and content of nanofillers. Similar to
the other two PVA constructs, the processing method for generating PVA aerogels is
environmentally friendly and does not require the usage of any other chemicals or materials
outside of water and PVA. PVA aerogels have been previously studied with the
introduction of CNCs,108, 112 with the CNC/PVA aerogel material construct previously
developed for use as artificial meniscus replacement given its closeness to cartilaginous
tissue.113

2.5

Tricomponent Composites and Charge-Driven Complexes
Tricomponent composites are materials that utilize three different materials in an effort

to generate an overall higher performance composite structure that exhibits increases in
properties beyond that of what is possible with a single filler. These improved properties
could be mechanical, chemical, or specific to a certain application and may be the result of
enhancements afforded by the unique constituents or an interaction between the nanofillers
or matrix. For instance, in photoelectrode research, cadmium sulfide (CdS) and titanium
oxide (TiO2) devices experienced a 6-fold increase in quantum efficiency with the addition
of reduced graphene oxide (GO), which was theorized to facilitate electron transfer
between the two layers.114 Another case is the tricomponent composites may also be used
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to mimic existing natural structures, such as bone, which incorporate nanofibers into a
larger tissue matrix.115 PVA aerogels even include some tricomponent composites with
CNC/clay116 and CNC/carbon nanotubes,117 both of which exhibited drastic increases in
mechanical properties in the tricomponent composites relative to single nanofillers. One
study by Bian (2018) assessed CNF, lignin, and PVA tricomponent hydrogel composites
and found that mechanical properties increased with the addition of a small amount of
lignin to the CNF/PVA composites. The author theorized that this was the result of lignin
binding the CNF chains, which allowed for greater entanglement within the PVA matrix
and an overall increase in reinforcement.118
As discussed previously, CNCs hold a negative charge on their surface and ChNFs hold
a positive charge on their surface, which opens avenues for studies into their electrostatic
interactions. To reiterate, the negative charge on the CNCs is the result of the sulfuric acid
hydrolysis processing method that is commonly used to dissolve away the disordered
regions of the cellulose chain, which leaves anionic sulfate ester groups on the surface in
place of some of the hydroxyl groups.119 For chitin, the N-acetyl groups on the surface of
the ChNFs provide a positive charge that allows for opportunities of generating
electrostatically influenced microstructures in combination with CNCs. In colloidal
science, these combination of oppositely-charged particles are called a coacervate. Some
animals, such as snails, produce these liquid-liquid coacervates for adhesion, and
researchers have looked into replicating this natural phenomenon for applications as
encapsulants, additives, emulsifiers, and viscosity modifiers within the food science and
personal care product marketplaces. Furthermore, they have been analyzed for use in drug
delivery or biosensing, specifically for the encapsulation of proteins, RNA, DNA.120 In this
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thesis, the study of coacervates is motivated by a desire of manipulating these electrostatic
differences between oppositely-charged particles for generating structures otherwise not
possible with a single nanomaterial.
Several previous studies have assessed cellulose and chitin nanomaterials blended
together with a variety of processing methods in order to analyze the potential of their
synergistic interactions. Takegawa et al. (2010) prepared chitin and cellulose-based
hydrogels and films with ionic liquids, which had previously been shown to effectively
dissolve the nanomaterials. The results of this study showed an increase in modulus and
strength with increased loadings of cellulose measured through compression testing of the
gels and tensile testing of the films.121 Similarly, Duan et al. (2018) also used ionic liquids
to prepare chitin-cellulose films along with

a solvent sourced from lignocellulosic

biomass, γ‐Valerolactone, which demonstrated that a 4:1 ratio of chtin:cellulose produced
the highest tensile stress, elastic modulus, and breaking elongation, in addition to the
highest water absorption, compared to neat and mixed films.122 Zhang et. al (2002)
analyzed the mechanical properties of cellulose and chitin films produced from dissolving
in NaOH/thiourea and NaOH, respectively. The results of this study reported that the
tensile strength and strain at break were improved with certain ratios of cellulose to chitin
and the authors attributed the improvement to increased intermolecular hydrogen bonds
between the two nanomaterials.123 A study by Robles et al. (2016) assessed hot-pressed
antifungal films generated from CNFs produced through high pressure homogenization and
ChNCs produced through acid hydrolysis. The authors found that the addition of ChNCs
up to 10 wt.% decreased the growth of fungus and decreased the water vapor permeability
(WVP) of the CNF films.124 Additional research has been performed with chitosan as well.
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Khan et al. (2000) generated chitosan films reinforced with up to 10 wt.% CNCs and
showed that increased CNC loadings reduced WVP of the films.125
Overall, the study of cellulose and chitin nanomaterials together in polymer
nanocomposites is limited. One study by Mok et al. analyzes nanocellulose, polymeric
chitin, and PVA nanocomposites with chitin loadings up to 30% and cellulose loadings up
to 1.5%.73 Mechanically, this study found that the highest tensile strength and Young’s
modulus values belonged to the 1 wt.% CNC composites regardless of chitin loading.
These enhancements were explained by potential electrostatic and hydrogen bonding
between the cellulose and chitin components. Nakagaito et al. (2018) prepared hot-pressed
PLA films reinforced with 50 wt.% ChNFs and CNFs at different ratios to each other, in
which they reported greater mechanical properties in cellulose/chitin tricomponent films
relative to chitin or cellulose reinforcement alone. These results were attributed to the
formation of a nanoscale network made up of the CNFs where the connected ChNFs were
able to act as a bridge between the hydrophobic PLA and hydrophilic CNFs, thus allowing
for greater interaction and reinforcement between all combined components.126 However,
this study concluded that the reinforcing mechanisms for cellulose and chitin were not fully
understood and require additional study. Through the incorporation of negatively-charged
CNCs and positively-charged ChNFs into PVA, the current work aims to contribute to the
field of composite science by furthering understanding of network formation between bioderived nanomaterials and how these can influence the overall properties of a polymer
matrix, particularly mechanically. Furthermore, the utilization of PVA will allow for the
generation of tricomponent composites in a variety of polymer constructs, thus allowing
for an analysis of how nanofiller influence on the polymer matrix translates between films,
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hydrogels, and aerogels, in addition to expanding the realm of potential applications for
these customizable, high-performance materials.
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CHAPTER 3.

CELLULOSE- AND CHITIN-BASED

NANOMATERIALS INCORPORATED INTO POLYMER FILMS

This chapter was adapted from a publication in Composites Part A.
Irvin, C. W.; Satam, C. C.; Carson Meredith, J.; Shofner, M. L., Mechanical Reinforcement
and Thermal Properties of PVA Tricomponent Nanocomposites with Chitin Nanofibers
and Cellulose Nanocrystals. Composites, Part A 2019.

In this chapter, PVA films were generated and reinforced with two nanofillers,
CNCs and ChNFs, in order to analyze enhancements in the polymer composite structure.
The goal of this chapter was to analyze the effects that the nanofillers had on the
thermomechanical properties and crystallinity of the PVA polymer matrix and whether
these loadings could be tuned to allow for greater overall properties. In addition to
comparisons of composites containing only CNCs or ChNFs, composites containing
varying ratios of the two nanofillers were compared to assess the impact that differences
in aspect ratio, chemical makeup, and surface charge have on properties. Lastly, the effects
of polymer molecular weight on developing microstructures in these composites was
assessed by comparing composites prepared by using high and low molecular weight PVA.
This construct was chosen as the initial form to be studied due to the wealth of information
available on the effects of nanomaterials on the structure of PVA films. Trends observed
in this study could then be applied to the analysis of the hydrogel and aerogel systems in
later studies.
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3.1
3.1.1

MATERIALS AND METHODS
Polyvinyl Alcohol
Two different variants of PVA were used in this study: one with a weight average

molecular weight of 31,000 – 50,000 g/mol and 98-99% and was hydrolysed, and one with
a weight average molecular weight of 146,000-186,000 g/mol and was 99+% hydrolysed.
The polymer with the higher molecular weight is denoted in this study as HPVA, and the
polymer with the lower molecular weight is denoted as LPVA. These polymers were
purchased from Sigma-Aldrich (St. Louis, Missouri) and used as received.

3.1.2

Cellulose Nanocrystals
CNCs were purchased from the USDA Forest Service Forest Products Laboratory

(Madison, Wisconsin) and used as received. CNCs produced at this facility were derived
from dissolving pulp that was hydrolysed with 64% sulfuric acid, with the crystalline
regions then separated out and through a series of dilutions, filtrations, centrifugations, and
settling.127 The resulting material was freeze-dried and stored in opaque bags prior to
shipment. These freeze-dried CNCs were then redispersed in water at 5.5 wt.% solids
content using a Talboys model 134-1 overhead mixer set at 2000 RPM for at least 90
minutes.
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3.1.3

Chitin Nanofibers
For this work, ChNFs were produced mechanically through high-pressure

homogenization as previously described,81 which subjects the chitin fibrils to forces that
can strip ChNFs off the surface of a larger chitin structure. This process used crab shells
sourced from bio-waste, where different types of crabs can yield chitin of different degrees
of acetylation (DA). These shells were first thoroughly washed several times in deionized
(DI) water and then ground into a fine powder with a commercial grinder. The ground crab
shell powder was then refluxed at a temperature of 110 °C with 5 wt. % NaOH for 6 hours.
The resulting solids were passed through a filter and washed with DI water until the pH of
the water was 7. These solids were then held in a 7 wt.% HCl bath for 6 hours at lab
conditions, filtered again, and washed with DI water until the pH of the wash water was 7.
These acid-treated chitin solids were then refluxed with 5 wt.% NaOH for 48 hours at a
temperature of 110 °C, then again filtered and washed with DI water until the wash water
pH was 7. The final product of these steps was a fine, white powder of purified chitin,
which was then dried in an oven at 60 °C for 24 hours to remove any residual water. In
order to extract the ChNFs from the chitin powder, the powder was redispersed in DI water
at 0.5 wt.% and passed through a high-pressure homogenizer. Prior to the first pass, the pH
of the suspension was adjusted to 3.0 using glacial acetic acid to encourage dispersion of
the positively charged chitin molecules. Glacial acetic acid was purchased from SigmaAldrich and used as received. The homogenizer used in this thesis was a Mini DeBEE
Homogenizer (BEE International, South Easton, MA). The first 20 passes of the chitin
suspension were carried out at a pressure of 1034 bar and with a 0.2 mm nozzle. The final
10 passes were carried out at a pressure of 1516 bar and with a smaller 0.13 nozzle for a
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total of 30 passes. A water-cooled heat exchanger was utilized throughout the
homogenization process in order to cool the shear-heated nozzle and resulting ChNF
suspension to below 35 °C.

3.1.4

Nanocomposite Solution Processing Procedure
PVA powder of one molecular weight (HPVA or LPVA) was mixed with deionized

water at 300 RPM with a stir bar in a water bath at 100 °C until no visible PVA particles
were present. The amount of PVA powder mixed was consistent at 4.75 g, but the amount
of initial water it was dissolved into varied depending on the amount of nanofillers needed,
which always resulted in a final loading of 5 wt.% in suspension. If containing CNCs and/or
ChNFs, the solution was cooled to below 50 °C and 1 mL glacial acetic acid for every 100
mL of solution was added to reduce the solution’s pH and encourage dispersion of the
ChNFs. The desired amount of ChNFs suspended in water at 0.5 wt.% were then added to
the PVA solution, and the components were mixed at 300 RPM with a stir bar for at least
30 minutes. Finally, the desired amount of CNCs suspended in water at 5.5 wt.% was added
and mixed at 300 RPM with a stir bar for at least 30 minutes. The resulting nanocomposite
suspension was cast into a polystyrene Petri dish and covered with aluminum foil to prevent
contamination during drying. For neat PVA polymer samples containing no nanofillers,
PVA was dissolved in deionized water with a stir bar at 300 RPM in a 100 °C water bath.
The resulting solution was cast in a polystyrene Petri dish and allowed to dry in the same
fashion as the nanocomposite samples. Drying to a solid film took between 7-12 days
depending on the water content and PVA type. In all cases studied here, the filler loading
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in the nanocomposites was kept constant at 5 wt.%. This filler loading consisted of either
only CNCs, only ChNFs, or different mixtures of CNCs and ChNFs at weight ratios of 1:4,
1:1, and 4:1. The naming convention for samples in this study follows the template:
[wt.%]CNC/[wt.%]ChNF/[L or H]PVA. For example, a sample containing 1 wt.% CNC
and 4 wt.% ChNF in high molecular weight PVA is denoted as 1CNC/4ChNF/HPVA.

3.1.5

Polarized Optical Microscopy
Polarized optical microscopy (POM) was performed utilizing an Olympus BX51

microscope in bright field mode with images captured by an Olympus UC30 camera. A
polarizer was applied below the sample stage at an angle 90° to the analyzer so that no light
was able to propagate through the two cross polarizers. Samples were then placed on the
stage and analyzed to assess nanofiller aggregation.

3.1.6

Titration Testing and Zeta-Potential Testing
To more fully understand the nature of nanofiller interactions in suspension and the

resulting nanocomposite films, titration and zeta-potential testing was performed. For the
titration testing, a 5.5 wt.% aqueous suspension of CNCs was diluted with DI water to
approximately 1 wt.%. The resulting suspension was ion exchanged with Merck Ion
Exchanger I, a strongly acidic cation exchange resin, to remove any cations. The resin was
then washed with DI water to wash out entrapped CNCs and the resulting suspension was
titrated against a 1.5 N NaOH solution by potentiometric titration with a Mettler Toledo
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Seven Excellence S400 pH meter. A 0.5 wt.% aqueous ChNF suspension was ion
exchanged with Alfa Aesar Amberlite IRN-78, a strongly basic anion exchange resin, to
remove acetate anions. This resin was then washed with DI water to wash out entrapped
ChNFs. A volume of 20 ml of 0.25 N HCl was added to the resulting suspension which
was then titrated against a 0.5 N NaOH solution by potentiometric titration. Both titrations
were repeated three times, and the results were reported as an average ± standard deviation.
For zeta-potential testing, a series of aqueous CNC/ChNF suspensions were
prepared by mixing the 0.5 wt.% ChNF and 5.5 wt.% CNC aqueous suspensions to obtain
different ratios of ChNF to CNC by weight. The suspensions were diluted with acidified
water that consisted of 1 mL acetic acid in 100 mL water to mimic the nanocomposite
preparation conditions. Each suspension’s zeta-potential was then measured using a
Malvern Nano-ZS90 Zetasizer with an equilibration time of three minutes. Each reading
was repeated three times, and the count averaged zeta-potential of distribution was used
with the maximum-observed standard deviation of the three readings being used as the
uncertainty.

3.1.7

FTIR Characterization
Chemical structure changes were assessed using Fourier Transform Infrared

Spectroscopy with an Attenuated Total Reflectance fixture (ATR-FTIR). A Thermo Fisher
Scientific Nicolet iS50 FTIR spectrometer was utilized for this testing. Spectra were
generated based on the average of 64 scans with a resolution of 4 cm-1, then normalized to
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a C-H stretching peak around 2910 cm-1 that did not appear to shift with the introduction
of nanofillers.

3.1.8

Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was conducted on the neat PVA and

nanocomposite samples. A single witness sample for each of the neat PVA and
nanocomposite samples with a mass ranging from 8-12 mg was punched from the films
and dried for one hour at 110 °C, held at lab conditions for 40-48 hours, and then tested
with a TA Instruments TGA Q50 with platinum pans in a flowing nitrogen gas
environment. The TGA protocol heated the samples from 30 to 110 °C, held them
isothermally for one hour to remove residual water, then heated them at 10 °C/min up to
600 °C. Testing was performed to evaluate any effects the nanofillers might have on sample
degradation and to measure sample water content.

3.1.9

Modulated Differential Scanning Calorimetry

To assess the crystallinity of samples, modulated differential scanning calorimetry
(MDSC) was performed utilizing a TA Instruments Discovery DSC with standard
aluminum pans in a flowing nitrogen gas environment. Two of each of the neat PVA and
nanocomposite samples were tested. Sample masses used were 5 mg (± 0.5 mg). These
samples were dried in an oven for one hour at 110 °C prior to testing. Samples were heated
from 30 °C to 250 °C at a rate of 10 °C/min., held for five minutes at 250 °C, then cooled
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to 30 °C at a rate of 10°C/min, per ASTM D3418. The modulation rate was set to 1 °C
every 30 seconds. Enthalpy of fusion was calculated from the reversible heat flow melting
peaks and compared to a 100% crystalline PVA value of 161 J/g, to obtain the percent
crystallinity of the sample 128. In order to account for nanofiller weight percentage, sample
mass for this % crystallinity calculation was adjusted to consider the PVA mass only. An
equation outlining this calculation is shown below, where Xc represents the sample
crystallinity, ΔHm represents the enthalpy of fusion for the sample, ΔHmo represents the
100% crystalline sample value, and w is the PVA weight fraction:

𝑋𝑐 =

∆𝐻𝑚
𝑜
𝑤∆𝐻𝑚

3.1.10 Mechanical Testing
Samples were cut from the films with an ASTM D-1708 die cutter and dried for
one hour in an oven at 110 °C to remove water. Samples were held on the ends with the
center bridge suspended in air to optimize water removal uniformly from the testing region
of the sample. Samples were then kept at laboratory conditions for 40-48 hours, and
humidity levels in the laboratory were monitored. Humidity levels were observed to stay
between 35% and 52% depending on the day of measurement.
Samples were tested following the ASTM D-1708 standard for polymer microtensile
testing. An Instron 5566 Materials Testing Frame and a 1000 N load cell were used for
testing tensile properties. After drying and conditioning, each sample was placed in the
grips at a gage length of 22 mm. Samples’ thicknesses were 0.3 mm ± 0.09 mm. The tests
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were conducted at a displacement rate of 0.1 mm/minute until fracture. While the
microtensile testing standard is not designed to obtain quantitative Young’s modulus
values, the testing data were used to obtain relative modulus data. The relative modulus of
the samples was calculated by taking the slope of the stress-strain curve from 5 MPa to 30
MPa for each sample. Tensile strength was indicated as the maximum stress experienced
by the sample during testing. Strain at break values were calculated from the initiation point
of 40% drop off in recorded force within the software. All data reported in this study is
represented as an average ± standard deviation. For statistical analysis between sets, a twotailed Student’s T-Test assuming unequal variances and an alpha value of 0.05 was
performed. Statistical significance was determined by having a sample set average with a
p value of less than 0.05. Sample set averages that were statistically significantly greater
than the neat PVA film were indicated with an * in figures, while a ^ indicates a sample
set average that is statistically significantly greater than all other values. Complete
statistical maps for modulus, tensile strength, and strain at break are included in the
Appendix (Figures A.1, A.2 and A.3, respectively).

3.2
3.2.1

RESULTS AND DISCUSSION
Polarized Optical Microscopy

Neat PVA and nanocomposite films were imaged with POM to qualitatively assess the
levels of aggregation between nanofillers in each sample, and the images are displayed in
Figure 3.1. In the images, neat PVA films (Figures 3.1a and 3.1g) possessed a consistent
coloring throughout. In comparison, the 5CNC samples (Figures 3.1b and 3.1h) showed
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white features that could be birefringence from CNCs aggregates. In contrast, the 5ChNF
samples (Figures 3.1f and 3.1l) showed fewer white areas and resembled the neat polymer
films more closely, possibly indicating that there was less aggregation of ChNFs. The
tricomponent composites (Figures 3.1c-e and 3.1i-k) showed white features as well, and
the features generally were smaller and more homogeneously distributed over the area in
the images. Overall, these images indicated that some degree of nanofiller agglomeration
was present in all of the nanocomposites containing CNCs. Despite the appearance of
nanofiller aggregation in POM images, the neat PVA and nanocomposite films appeared
transparent to the naked eye (Figure A.4).
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Figure 3.1. Polarized optical microscopy images of (a) Neat HPVA, (b) 5CNC/HPVA, (c)
4CNC/1ChNF/HPVA, (d) 2.5CNC/2.5ChNF/HPVA, (e) 1CNC/4ChNF/HPVA, (f)
5ChNF/HPVA, (g) Neat LPVA, (h) 5CNC/LPVA, (i) 4CNC/1ChNF/LPVA, (j)
2.5CNC/2.5ChNF/LPVA, (k) 1CNC/4ChNF/LPVA, and (l) 5ChNF/LPVA.

3.2.2

Interactions between CNCs and ChNFs
To characterize the interactions between CNCs and ChNFs in suspension, titration

and zeta-potential testing were performed. The titration tests provided surface charge
values for CNC and ChNF in aqueous suspension, while the zeta-potential tests
investigated how these surface charges changed when CNC and ChNF suspensions were
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combined. The titration experiments yielded surface charge values of 1.4 ± 0.1 meq/g and
0.49 ± 0.09 meq/g for the ChNFs and CNCs, respectively.
The resulting equivalents for ChNFs and CNCs from these tests represented the
maximum number of cationic groups, primarily free amine groups for ChNFs, and, anionic
groups, primarily sulfate groups for CNCs that could participate in any neutralization
reactions. When CNCs and ChNFs were mixed together in suspension, the oppositely
charged surface groups could interact, leading to the formation of a ChNF-CNC complex
or aggregate. However, this assembly process would be dependent on the total number of
free groups present, which in turn would depend on the pH of the surrounding medium and
presence of ions, as governed by the screening effect. The actual aggregate formation could
be inferred from zeta potential measurements of various ChNF/CNC mixtures. The
resulting data for these tests is shown in Figure 3.2.
In CNC/ChNF mixtures, the suspensions were stabilized by strong electrostatic
repulsions between oppositely charged particles. In suspensions containing CNCs and
ChNFs, the zeta potential values were intermediate between those obtained for the
suspensions containing only one type of nanofiller. Interpolating the data in Figure 3.2
suggests that the CNCs and ChNFs neutralize one another at a CNC:ChNF mass ratio of
approximately 3:1. This ratio, while approximate, is comparable to the ratio present in the
4CNC/1ChNF nanocomposites.
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Figure 3.2. Zeta Potential of CNC and ChNF suspensions at various ratios.

3.2.3

FTIR

ATR-FTIR analysis was performed on both HPVA and LPVA for each of the five
nanofiller loaded samples and neat polymer with the aim of understanding the changes in
chemical structure as a result of the introduction of CNCs and ChNFs into the system. From
the spectra for HPVA represented in Figure 3.3 (staggered for clarity), the large peak in
the 3500-3000 cm-1 range was attributed to stretching of hydrogen–bonded hydroxyl
groups. Hydroxyl groups are present on PVA, CNC and ChNF, as well as any absorbed
water that is present. The highest intensity peak in this range belonged to
2.5CNC/2.5ChNF/HPVA, followed by 1CNC/4ChNF/HPVA, with progressively smaller
intensity

peaks

from

5ChNF/HPVA,

5CNC/HPVA,

neat

HPVA,

and

4CNC/1ChNF/HPVA. Two peaks at 1720 and 1660 cm-1 could be attributed to C=O and
C-O stretching of acetyl groups, which appeared to grow in intensity with ChNF
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composition, as expected. The medium sized peak at 1410 cm-1 was assigned to CH2 and
CH3 bending deformation. The peaks around 1380, 1327, and 1235 cm-1 were attributed to
the bending of C-H, CH2, and -OH, while the peak around 1086 cm-1 was considered to be
C-O stretching.5 There is an additional peak at 1065 cm-1 that was only present in samples
containing at least 2.5 wt. % CNCs, indicating that it may be the result of alkoxy C-O-C
group stretching or primary aliphatic alcohol stretching in CNCs.129 However, despite the
presence of alkoxy groups in ChNFs, this peak does not appear in the samples containing
higher amounts of ChNFs. Skeletal signals appeared around the 915 and 845 cm-1 bands.

Figure 3.3. FTIR analysis of (a) Neat HPVA, (b) 5CNC/HPVA, (c)
4CNC/1ChNF/HPVA, (d) 2.5CNC/2.5ChNF/HPVA, (e) 1CNC/4ChNF/HPVA, and (f)
5ChNF/HPVA.
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The spectra of LPVA represented in Figure 3.4 displayed the same structural peaks
discussed previously for HPVA. In regard to the differences in intensities of the hydrogen
bonding peak between 3500-3000 cm-1, the highest intensity peak belonged to
2.5CNC/2.5ChNF/LPVA,

followed

by

5CNC/LPVA,

5ChNF/LPVA,

1CNC/4ChNF/LPVA, 4CNC/1ChNF/LPVA, and neat LPVA. Additionally, while only
4CNC/1ChNF/HPVA and 5ChNF/HPVA experienced a small shift at this peak to higher
wavenumbers compared to neat HPVA, the entirety of the LPVA sample set experienced
a 10-20 cm-1 shift to higher wavenumbers in comparison to neat LPVA. While the peaks
were broad, a shift to lower wavenumbers is often attributed to the presence of hydrogen
bonds,130-131 which suggested the addition of CNCs/ChNFs to the LPVA caused a decrease
in the amount of hydrogen bonding within the system.72 A main difference between the
HPVA and LPVA sets was in regards to the 1720 cm-1 peak, which was much more
pronounced in the LPVA sample sets. As a peak belonging to the C=O stretching of acetyl
groups, the higher intensities of the LPVA analysis may have been the result of the higher
amount of acetyl groups present in the slightly less hydrolyzed LPVA.
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Figure 3.4. FTIR analysis of (a) Neat LPVA, (b) 5CNC/LPVA, (c) 4CNC/1ChNF/LPVA,
(d) 2.5CNC/2.5ChNF/LPVA, (e) 1CNC/4ChNF/LPVA, and (f) 5ChNF/LPVA.

3.2.4

Thermal Degradation
TGA was used to assess the thermal degradation patterns of the neat PVA and the

nanocomposites. The analysis was used to help understand the impact that the nanofillers
had on thermal stability and whether they formed structures that were more resistant to
degradation at higher temperatures. Table 3.1 outlines the onset of the two degradation
events in addition to the residual weight percentage left in the pan at the conclusion of the
test.
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Table 3.1. TGA data that provides the first and second degradation onsets and the final
residual weight percentage.

Sample Name
Neat HPVA
5CNC/HPVA
4CNC/1ChNF/HPVA
2.5CNC/2.5ChNF/HPVA
1CNC/4ChNF/HPVA
5ChNF/HPVA
Neat LPVA
5CNC/LPVA
4CNC/1ChNF/LPVA
2.5CNC/2.5ChNF/LPVA
1CNC/4ChNF/LPVA
5ChNF/LPVA

Onset Degradation
Temperature 1 (°C)

Onset Degradation
Temperature 2 (°C)

Residual Weight (%)

241
253
257
262
256
242
252
256
263
248
246
254

406
400
400
429
423
421
429
412
411
414
419
423

7.1
10.3
8.5
8.9
9.4
11.7
9.1
8.2
8.5
9.5
10.5
10.5

The samples experienced the same general thermal degradation pattern, which
consisted of three weight loss steps (Figure A.5 and A.6). The first weight loss occurred
below 110 °C and was attributed to the loss of water in the sample. HPVA- and LPVAbased samples showed a consistent water content of approximately 3%, indicating that the
drying and conditioning steps affected the samples relatively uniformly. The second weight
loss step indicated the beginning of PVA degradation, and it occurred among all samples
in the temperature range of 240 – 265 °C. It was also likely that CNC and ChNF
degradation was occurring simultaneously at different rates within this weight loss step
based on the degradation patterns for the nanofillers when not contained in a composite.
CNCs utilized in this study had a degradation temperature around 189°C and ChNFs were
measured to degrade at 285 °C (Figure A.7).
In comparison to the neat PVA, most of the nanocomposite samples, except the
2.5CNC/2.5ChNF/LPVA and 1CNC/4ChNF/LPVA samples, exhibited a higher onset
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degradation temperature for this step. This data is supported by a study performed by
Sriupayo et al. (2005).75 This work also showed that the introduction of α-chitin whiskers
caused an overall delay in thermal degradation in PVA nanocomposites compared to neat
PVA. For higher weight percentages up to 25% CNCs, thermal degradation has been shown
to be delayed by up to 80 °C for PVA nanocomposites compared to neat PVA.100 In another
study for PVA and silica nanocomposites, the initial onset of degradation temperature was
higher in the nanocomposites than in neat PVA. Additionally, using mass spectrometry,
they were able to identify that polyene structures are formed during the first degradation
step through dehydration.6 However, this behavior is not general and depends on
component interactions and the degradation temperature of the neat polymer. In a study
regarding poly(lactic acid) (PLA) composites with cellulose whiskers, the nanocomposites
were shown to degrade at a lower temperature compared to the neat PLA.132 Lastly,
Pracella et al. (2014) showed similar results of earlier degradation in non-PVA systems in
a study with PLA, PVAc, and CNCs with neat PVAc beginning degradation first, followed
by pure CNCs, 1 wt.% CNC/PLA, 1 wt.% CNC/PVAc/PLA, and neat PLA.133
The second major weight loss step, which occurred in the range of 400-430 °C.
This has been previously attributed to chain-scission reactions and resulted in products of
acetaldehyde, low-molecular-weight polyenes, benzenoid derivatives, furan, acetone and
acetic acid 6. LPVA-based samples showed that there was a progressively increased delay
in this degradation step as the amount of CNCs was reduced in the composite, but all
composites exhibited this degradation step at a lower onset temperature than the neat
LPVA. The HPVA samples did not show the same trend, but the two lowest onset
degradation temperatures for this process belonged to witness samples cut from the 5CNC
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and 4CNC/1ChNF films. This result could be related to the lower degradation temperature
of CNCs in comparison to ChNFs. Outside of these two similarities, no trend related the
behaviors of the HPVA- and LPVA-based samples. In regards to the residual solids found
at the conclusion of each test, the values were not greatly different from one another (Table
3.1). and did not show any clear trends.

3.2.5

Matrix Crystallinity
MDSC was used to assess the relative crystallinity values of each of the films in

order to more completely understand the effects of filler addition on matrix crystallinity.
The use of MDSC allowed the total heat flow to be split into its reversible and nonreversible parts. Given PVA’s propensity for thermally degrading near its melting point
due to the production of volatile products and overall dehydration above 200 °C,134 this
calorimetry method allowed for the degradation and melting to be separated,135 likely
leading to a more accurate measurement of crystallinity. Additionally, only data obtained
during the first heating ramp were analyzed since the data obtained from a second heating
step would likely be affected more strongly by polymer degradation (example heat flow
curves are given in Figures A.8 and A.9). Table 3.2 displays the melting temperature,
enthalpy of fusion, and % crystallinity values taken from the reversible heat flow signal
during melting.
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Table 3.2 MDSC data for HPVA- and LPVA- based samples.
Sample Name
Neat HPVA
5CNC/HPVA
4CNC/1ChNF/HPVA
2.5CNC/2.5ChNF/HPVA
1CNC/4ChNF/HPVA
5ChNF/HPVA
Neat LPVA
5CNC/LPVA
4CNC/1ChNF/LPVA
2.5CNC/2.5ChNF/LPVA
1CNC/4ChNF/LPVA
5ChNF/LPVA

Melting Temperature (°C)

Enthalpy of Fusion (J/g)

Crystallinity (%)

211 ± 3
200 ± 0
199 ± 8
198 ± 0
200 ± 3
200 ± 0
200 ± 8
200 ± 2
187 ± 1
188 ± 2
190 ± 3
184 ± 1

61 ± 0
68 ± 0
39 ± 9
49 ± 1
45 ± 7
40 ± 10
41 ± 3
52 ± 8
48 ± 4
51 ± 2
38 ± 4
49 ± 6

38 ± 0
44 ± 0
25 ± 5
32 ± 1
29 ± 5
27 ± 6
25 ± 2
34 ± 5
31 ± 3
33 ± 1
25 ± 2
32 ± 3

The addition of CNCs and ChNFs affected the crystal structure and crystallinity of
both PVA matrices. The crystal structure was assessed qualitatively through measuring the
melting temperature. If there is no change to the crystal form, changes in melting
temperature can be used to qualitatively understand the size of crystalline domains and/or
the level of crystal perfection. Lower melting temperatures, such as those observed here,
are associated with smaller, less perfect crystalline domains. The majority of the
composites showed lower melting temperatures than the neat polymer, and that decrease
in melting temperature was up to 10 °C. The one notable exception to this behavior was
the 5CNC/LPVA composite, which had an average melting temperature that was equal to
that of the neat LPVA. A lowered melting temperature with nanocellulose addition has
been observed previously for nanocellulose/PVA composites, and this trend was more
likely to be observed in PVA polymers with very high levels of hydrolysis, though the
melting temperature depression observed in that work was lower than that seen here.96
Melting temperature depression of PVA with a high level of hydrolysis was also observed
for montmorillonite/PVA composites with similar filler loadings. Montmorillonite
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platelets should have the ability to form hydrogen bonds with PVA. Additionally, as
loadings increased, the composites with montmorillonite had progressively lower melting
temperatures.136
For the composites made with HPVA, the crystallinity was increased in the 5CNC
composite, but the other composite samples showed lower values of crystallinity. This
trend suggested that the CNCs and ChNFs interacted differently with the HPVA. Both
types of nanofillers had hydroxyl groups on their surfaces which could form hydrogen
bonds with PVA; however, they each had different surface charges associated with other
features than the hydroxyl groups. The ChNFs contained protonated amine groups, leading
to a net positive surface charge, and the CNCs had sulfate ester groups. These groups,
which were produced during hydrolysis with sulfuric acid, result in a net negative CNC
surface charge. The presence of these different groups, hydroxyls and charged groups,
could affect the crystallization of PVA.
Hydrogen bonding between ChNFs and PVA 72-73, 75 as well as between CNCs and
PVA 5, 24, 86 has been reported in previous studies with nanocomposites and may be present
in this study as well. Results for polymer blends containing PVA and polymeric chitin, i.e.
not in nanofiber form, have shown that the polymers interact strongly through hydrogen
bonding, leading to reductions in crystallinity of both components.72 While polymeric
chitin could interact differently with PVA than ChNFs, this reported behavior in addition
to the observation that all the HPVA composites containing ChNFs had lowered matrix
crystallinity, it is likely that interactions between ChNFs and HPVA reduced crystallinity.
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Though PVA is largely an uncharged and nonionic polymer, it has previously been
used in metal ion removal through electrostatic interactions with cations, including Ag+,137
Fe(III)3+,138 and Cu2+.139 The ionic bonding required for removal occurs as cations bind to
the -OH groups of the PVA, which may also be interacting with the protonated amine
groups on the ChNF in our system. Additionally, while sulfate groups have previously been
shown to bind to PVA,110 the low amount of sulfate groups present on the CNC’s
(approximately 1 wt. %) would suggest they do not experience as much electrostatic
binding as the ChNF that possesses much more amine binding sites. Therefore, while the
amount of hydrogen bonding was found to be relatively the same between 5CNC/PVA and
5ChNF/PVA, the presence of greater electrostatic bonding for bi- and tricomponent
composites containing ChNF could be a differentiating factor in greater overall
filler/matrix interactions and, thus, a decrease in polymer crystallinity.96
The LPVA-based samples showed a different trend in crystallinity with the addition
of nanofibers. With the exception of the 1CNC/4ChNF/LPVA composite, all LPVA
composites possessed higher levels of crystallinity than the neat LPVA. The crystallinity
values for these composites were not distinct due to the experimental error. The melting
temperatures for the composites containing ChNFs were lower than those for the neat
LPVA and 5CNC composite, this trend suggested that the crystals were smaller and/or less
perfectly structured in composites containing ChNFs. The 5CNC composite is a notable
exception since it also showed higher crystallinity than the neat LPVA but a similar melting
temperature. Ultimately, the difference in molecular weight for LPVA and HPVA appeared
to have an important effect on the matrix crystallinity.
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While not necessary for improving dispersion of CNCs, acetic acid was still added
to the 5 wt. % CNC PVA solutions in order to maintain uniformity across samples. In order
to test the potential impact of the acetic acid on crystallinity, an additional test performed
on 1 vol.% acetic acid in neat HPVA sample showed a similar crystallinity of 38% in
comparison to neat HPVA.

3.2.6

Mechanical Testing
Mechanical testing data consisting of modulus, tensile strength, and strain at break

were collected from the neat PVA and nanocomposite samples that contained various ratios
of CNCs and ChNFs. These data are shown in Figure 3.5 and Table 3.3. Bar graphs and
box and whisker plots for the mechanical data are shown in Figures A.10 and A.11. These
figures also denote which sample sets had property differences that were statistically
significant, as well as any outliers.

Table 3.3. Mechanical testing data for HPVA- and LPVA-based samples.
Sample Name
Neat HPVA
5CNC/HPVA
4CNC/1ChNF/HPVA
2.5CNC/2.5ChNF/HPVA
1CNC/4ChNF/HPVA
5ChNF/HPVA
Neat LPVA
5CNC/LPVA
4CNC/1ChNF/LPVA
2.5CNC/2.5ChNF/LPVA
1CNC/4ChNF/LPVA
5ChNF/LPVA

Number of
Specimens

Modulus (MPa)

Tensile Strength
(MPa)

Strain at Break
(%)

7
7
5
6
8
9
4
6
4
6
6
6

5210 ± 1040
6540 ± 458
6420 ± 710
6570 ± 427
7430 ± 532
6320 ± 763
5200 ± 428
6550 ± 487
5670 ± 235
7470 ± 258
6600 ± 557
6510 ± 383

112 ± 15
128 ± 11
116 ± 13
121 ± 31
138 ± 7
130 ± 16
115 ± 11
107 ± 12
80 ± 11
120 ± 7
108 ± 11
117 ± 4

17.9 ± 9.2
14.3 ± 10.5
18.6 ± 25.4
3.3 ± 1.6
7.0 ± 3.3
15.8 ± 9.6
3.3 ± 1.3
2.1 ± 0.4
1.6 ± 0.3
1.9 ± 0.1
2.0 ± 0.3
2.4 ± 0.1
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Figure 3.5. Representative stress-strain curves of (a) HPVA-based samples and (b)
LPVA-based samples.

Figure 3.5a displays representative stress-strain curves of each of the HPVA-based
samples. The samples selected for inclusion in this figure most closely approximated the
average and/or median values for modulus, tensile strength, and strain at break for each
sample set. All the nanocomposite samples were found to have statistically greater average
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values of modulus than that of the neat HPVA (Figure A.1), suggesting that the addition of
cellulose- and/or chitin-based nanofillers at a 5 wt.% loading caused an increase in
resistance to deformation. Within this sample set, the highest modulus was observed for
the 1CNC/4ChNF/HPVA nanocomposite. Additionally, the 5CNC and 5ChNF
nanocomposite samples were shown to have statistically similar modulus values. This
result appeared logical provided that CNCs have a reported elastic modulus around 50
GPa140 compared to the slightly lower 41 GPa of crystalline regions of chitin.77 The short
length of the CNCs suggested there might not be a complete load transfer, possibly
explaining the similar values between the two different nanofiller types despite the slightly
higher modulus of CNCs.
The tensile strength data did not show that all of the composites had a higher tensile
strength than the neat HPVA. Three composite samples were found to have tensile strength
values that were greater than that of the neat HPVA by statistically significant amounts:
5CNC/HPVA, 1CNC/4ChNF/HPVA, and 5ChNF/HPVA, though these values were not
statistically different from one another (Figure A.2). Furthermore, a previous study by Mok
et al. (2017) compared tricomponent PVA composites containing cellulose and chitin in
nanofiber form. Results showed certain ratios between cellulose and chitin had the largest
moduli and tensile strength. The authors suggested this is the result of chitin nanofibers
binding to themselves through hydrogen bonding, creating a high strength network, with
the CNCs potentially enhancing interaction among chitin molecules and increasing the
mechanical capabilities. The authors also suggested that above certain CNC loadings
(particularly 1 wt. %) agglomeration occurs between particles which generates weak points
in the material, which could explain the relative decrease in mechanical properties with
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particular

loadings.73

Additionally,

it

is

worth

noting

that

while

the

2.5CNC/2.5ChNF/HPVA data set overall performed similarly to the other nanofiller data
sets, one sample experienced brittle failure without yield and is represented in Figure A.10
as an outlier.
Overall, the strain at break data showed that the composites had less ductility than
the neat HPVA. Some samples experienced wide ranges of breaking strain values, which
complicated the data analysis. The 4CNC/1ChNF/HPVA sample specifically experienced
relatively uniform strain at break values except for one sample that extended up to 65% of
its original length, thus skewing its distribution. Furthermore, statistical analysis showed
that all samples except for this 4CNC/1ChNF/HPVA data set were statistically greater than
the 2.5CNC/2.5ChNF/HPVA data set (Figure A.3). Generally, the mechanical property
data indicated that the addition of nanofillers caused an increase in modulus and tensile
strength with a simultaneous decrease in strain at break properties. This type of behavior
has been found previously in other polymer nanocomposites

7, 41, 141

and was not

unexpected at this nanoparticle loading.
For the LPVA-based materials, some similarities and some differences in the
mechanical properties were observed relative to the corresponding HPVA-based materials.
Representative stress-strain curves for the LPVA-based materials are shown in Figure 3.5b.
The stress-strain curves used in this figure were chosen in the same way as those used in
Figure 3.5a. All of the composites except the 4CNC/1ChNF/LPVA composite showed a
statistically significant increase in modulus in comparison to the neat LPVA control,
indicating that a 5 wt.% loading of nanofillers caused an overall increase in resistance to
deformation (Figures A.1 and A.11). Neat HPVA and neat LPVA average modulus values
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were statistically similar with values of approximately 5200 MPa, and composites
containing only one nanofiber (i.e. 5CNC or 5ChNF) were statistically similar to one
another within the LPVA sample set and to the corresponding HPVA-based samples.
However, the composites from the two different PVA sample sets with the highest modulus
value did not have the same composition. The 2.5CNC/2.5ChNF/LPVA sample displayed
a statistically significantly greater modulus average than the other LPVA samples. This
sample had a different CNC/ChNF ratio than the HPVA-based composite with the highest
modulus, which was 1CNC/4ChNF/HPVA. It was not clear why different combinations of
nanofillers achieved the highest modulus value in different PVA polymers, while the
composites containing only one type of nanofiber were more similar. This difference
suggested that the molecular weight of polymer chains and entanglement density is a factor
in the dispersion and interaction between CNCs and ChNFs.
While modulus was enhanced by the addition of nanofibers, the addition of CNCs,
ChNFs, or combinations of these nanofibers did not improve the tensile stress. None of the
composites had a statistically greater tensile strength than the neat LPVA. Additionally,
the HPVA tensile strength values were higher than their corresponding LPVA values for
all five of the nanofiller loadings by an average of approximately 20 MPa, with all but the
2.5CNC/2.5ChNF sample being statistically greater (Figure A.2).
For strain at break, the neat LPVA had the highest value, similar to the HPVAbased materials. The strain at break values for the LPVA nanocomposites appeared to have
smaller distributions and standard deviations in comparison to the HPVA nanocomposites,
though most were not statistically different from one another. One explanation could be
related to how the LPVA samples tended to break at their tensile strength value, while the
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HPVA tended to yield and break after the yield point. Therefore, differences in their
mechanical properties in this regard could be related to characteristics in the matrix
polymer such as the length of the polymer chains, entanglement density, and the ease of
generating fracture points in the shorter chains as they are pulled apart. Four of six HPVAbased samples had a statistically greater strain at break value in comparison to their LPVA
counterpart: 5CNC, 1CNC/4ChNF, 5ChNF, and neat PVA. Only the 4CNC/1ChNF/HPVA
and 2.5CNC/2.5ChNF/HPVA data sets did not provide a statistically greater value than
those given in the LPVA samples.
As a comparison to these mechanical property results, a previous study examined
cellulose/chitin composite gels and films generated by combining the two biomaterials
dissolved in ionic liquids and analyzed various properties of the bicomponent films.121
Even though these results were for gels and films produced with cellulose and chitin
solutions as opposed to the nanoscale fibers discussed here, they provide some context for
the types of interactions that could occur. The mechanical properties determined by this
previous study showed a progressive increase in relative modulus as the ratio of chitin to
cellulose increased, which agreed with the trends observed here for HPVA-based samples.
In addition, this trend agreed somewhat with the LPVA data (there was an increase in
modulus as ChNF was added with exception to the 1CNC/4ChNF/LPVA sample). Lastly,
it is worth noting that the sample with the lowest modulus average for combined nanofillers
was the same for each molecular weight at weight loadings of 4% CNC and 1% ChNF
(4CNC/1ChNF/HPVA and 4CNC/1ChNF/LPVA). While approximate, the 4CNC/1ChNF
ratio is similar to that of the charge neutral ratio presented in the zeta-potential of Figure
3.2. From this correlation, it is possible that charge-driven association of CNCs and ChNFs
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leads to less effective mechanical reinforcement through reduced nanofiber-polymer
interactions. In contrast, composites containing CNC/ChNF ratios with unbalanced surface
charges, specifically those with excess positive charge from excess ChNF content, were
shown to have better mechanical properties than singular nanofiller composites containing
only CNCs or only ChNFs.
This potential for charge-driven association was also alluded to in the FTIR results.
While it was difficult to separate different contributions to the -OH stretching peak, the
1CNC/4ChNF/HPVA and 4CNC/1ChNF/HPVA samples possessed the highest and lowest
mechanical properties of the HPVA-based composites, respectively, which correlated
roughly to their -OH peak intensities. Similarly, the LPVA-based material with the largest
modulus and tensile strength, 2.5CNC/2.5ChNF/LPVA, corresponded to the highest
intensity –OH stretching peak, while the nanocomposite material with the lowest
mechanical performance, 4CNC/1ChNF/LPVA, corresponded to the lowest intensity peak
for a nanocomposite.
Aside from component interactions, the influence of matrix crystallinity on
mechanical properties was also examined. Overall, the trends in matrix crystallinity did not
correlate to the measured modulus and tensile strength values. For both molecular weights,
the CNC/ChNF ratios that possessed the highest moduli and tensile strength did not
correlate to the largest crystallinity value, so the crystallinity did not appear to be the most
important factor influencing mechanical performance. However, while experimental error
in the crystallinity values was larger for HPVA composites containing ChNFs than the
5CNC composite and neat HPVA, the 4CNC/1ChNF/HPVA sample had the lowest
reported crystallinity of the HPVA-based composites, which corresponded to its relatively
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low mechanical performance, so the matrix crystallinity could not be completely
discounted as a contributing factor in this composite’s mechanical properties. Considering
the mechanical testing, FTIR, and MDSC data together, the results consistently suggested
a lower performance for the composites containing the nanofillers at the CNC/ChNF ratio
that was closest to a balanced charge ratio as shown by the zeta potential measurements.
The improved mechanical performance for composites containing other CNC/ChNF ratios
was not as easily deduced from these results and was likely a result of differences in
nanofiller distribution and dispersion, which were influenced by the amounts of each
nanofiller in the composite as well as the molecular weight of the polymer matrix.
While the amount of research available on tricomponent composites utilizing
cellulose- and chitin-based nanomaterials is limited, the enhancement in properties
presented in this study compare favorably to results from recent literature utilizing one of
the nanomaterials. Roohani et al. (2008) demonstrated that roughly a 25% increase in
modulus and a 18% increase in tensile strength can be achieved with 6 wt.% loadings of
CNCs in HPVA, which agrees with the 26% and 14% increase in those respective
properties found for 5CNC/HPVA in the current study. Additionally, the highest achieved
properties from this earlier study from 12 wt.% CNCs experienced roughly a 50% increase
in modulus and 23% increase in tensile strength, which is comparable to the
1CNC/4ChNF/HPVA sample set that possessed an average increase of 43% for modulus
and 23% for tensile strength while utilizing less than half of the nanofillers.96 For
comparisons to LPVA, a study by Fortunati et al. (2013) found a decrease in modulus for
1, 3, and 5 wt.% CNC loadings, with an increase of 46% for 10 wt.% CNCs. Our study
found a 26% increase in modulus for the 5CNC/LVPA samples compared to neat LPVA,
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while the 43% increase in modulus measured for 2.5CNC/2.5ChNF/LPVA is comparable
to the 10 wt.% loadings of Fortunati’s study.5 For comparing to chitin-based nanofillers,
the more common acid hydrolysis of chitin to produce chitin nanowhiskers (ChNWs) has
previously shown approximately a 36% and 28% increase in modulus and tensile strength,
respectively, compared to neat PVA for 5 wt.% ChNWs.95 These increases are greater than
that achieved by 5ChNF/HPVA (21% and 16% increase in modulus and tensile strength,
respectively) and 5ChNF/LPVA (25% and 2% increase in modulus and tensile strength,
respectively), though this discrepancy may be the result of the shorter, more crystalline
chitin nanomaterials. However, the same study reported a 46% increase in modulus for 10
wt.% ChNWs that is consistent with the modulus increases provided by
1CNC/4ChNF/HPVA and 2.5CNC/2.5ChNF/LPVA, in addition to a tensile strength
increase of 22% consistent with the 23% increase provided by 1CNC/4ChNF/HPVA.
Overall, composites containing certain CNC/ChNF ratios possessed greater values of
modulus and tensile strength than composites containing only one type of nanofiller. Many
of these differences were statistically significant, providing evidence of synergistic
interactions between CNCs and ChNFs.

3.3

CONCLUSIONS
The ability to modulate properties of water-soluble polymers like PVA by creating

nanocomposites with mixtures of cellulosic and chitinous nanomaterials is relatively
underexplored. Traditionally nanocomposites are constructed utilizing one nanomaterial as
a filler. However, this study draws attention to the possibility of allowing for further tuning
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of the mechanical properties through the introduction of a second nanofiller. Materials
generated in this study showed an overall increase in stiffness, tensile strength, and thermal
degradation in both HPVA and LPVA systems. Furthermore, CNC/ChNF mixtures at
certain ratios were able to more effectively reinforce PVA than CNCs or ChNFs alone.
Films containing nanofillers also experienced a small shift in delay of polymer degradation.
Properties appeared to be somewhat correlated to the PVA crystallinity, but with different
trends observed in the different molecular weight samples containing ChNFs. While
previous studies have shown that lower nanofiller loadings within polymers tended to
correlate with higher strain at break values compared to high nanofiller loadings,54, 142 the
reduction in strain at break for 5 wt.% nanofiller samples compared to the neat PVA
samples in this study provides a point to be improved in future work. Zeta-potential and
titration testing suggested that this behavior could be linked to charge-driven association
of ChNFs and CNCs near ratios of ChNF and CNC that achieve neutrality. This study
provides evidence that there are some physical and/or chemical interactions the nanofillers
and polymer matrix that are generating properties that extend beyond that of what can be
achieved with a single nanofiller when nanofiller ratios are chosen to avoid complex
formation. The combination of stiff, renewable biomaterials with the barrier properties of
PVA could potentially be applied to industries looking to utilize a biodegradable packaging
material that provides resistance to tear and air permeation.
This study opens questions about how polymer nanocomposites might be further
altered to allow for additional customizability through the addition of a second nanofiller.
How these materials behave when utilizing higher weight percent additions of CNCs,
ChNFs, or any other nanocomposite are additional avenues for study. Furthermore, the
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effects these fillers may have on other polymers and in other composite forms, such as
hydrogels and aerogels, may provide additional information on their interactions with one
another and surrounding polymer matrix. The materials generated in this study
demonstrated that three-component polymer nanocomposites utilizing renewable
nanofillers at relatively low loadings showed enhanced capabilities in modulus, tensile
strength, and thermal degradation, and this general methodology has the potential to be
used in applications necessitating a level of customizability.
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CHAPTER 4.

CELLULOSE- AND CHITIN-BASED

NANOMATERIALS INCORPORATED INTO POLYMER
HYDROGELS

The interactions between CNCs and ChNFs have been studied previously in a
polymer film73 and in the absence of a polymer matrix,121 but the use of cellulose and chitin
together in a tricomponent composite hydrogel has not yet been studied. Previous work on
this topic has shown that certain ratios of cellulose to chitin result in higher performance
compared to single nanofillers in mechanical and barrier properties,2, 73, 82 which provides
evidence of synergistic interactions that may be replicated in a polymer hydrogel. The aim
of this study was to incorporate CNCs and ChNFs into a PVA tricomponent composite
hydrogel and compare its properties to that of neat PVA and composite hydrogels
containing only one type of nanofiller. The surface-charge differences between these two
nanofillers lends itself to the development of polymer composites that may be able to
optimize the interactions between CNCs, ChNFs, and the PVA matrix for highperformance materials. Provided that PVA hydrogel formation is the result of phase
separation between the individual materials, the freeze-thaw process could result in greater
interactions between these components as they are pushed into contact.
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4.1
4.1.1

EXPERIMENTAL SECTION
Materials
Nanocomposite hydrogels containing PVA with CNCs and/or ChNFs were

prepared and characterized to assess the impact of nanofillers on the polymer hydrogel.
The average molecular weight (MW) of the PVA was 146,000-186,000 g/mol and it was
99+% hydrolyzed. Freeze-dried CNCs were provided by the USDA Forest Service Forest
Product Laboratory (Madison, Wisconsin) and were produced via sulfuric acid digestion
as previously described.143 CNCs had a sulfur content of around 1 wt.% and were
redispersed in water using a Talboys model 134-1 overhead mixer set at 2000 RPM for at
least 90 minutes. Suspension were produced at solids loading of 5.5 wt.% for hydrogel
production or 0.5 wt.% for characterization experiments. The chitin precursor material was
Crabshell Fertilizer from Neptune’s Harvest (Gloucester, Massachusetts), and ChNFs were
produced by the authors using high-pressure homogenization as previously described81 to
produce an aqueous suspension with a solids loading of 0.5 wt. %. The length of CNCs and
ChNFs used in this study were previously measured with atomic force microscopy (AFM):
CNC length is 154 ± 59 nm and width is 6 ± 3 nm, while ChNF length is 675 ± 384 nm
and width is 5 ± 3 nm. Densities of these materials were 1.600 g/cm3 for CNCs30 and 1.425
g/cm3 for ChNFs.144 Glacial acetic acid was purchased from Sigma-Aldrich and used as
received.
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4.1.2

Nanocomposite Hydrogel Processing Procedure
The nanocomposite hydrogel samples were produced through a series of steps.

Firstly, PVA was dissolved in deionized water in a water bath at 100 °C while stirring at
300 RPM with a stir bar until no visible PVA particles were present, typically 6 to 8 hours.
The PVA solution was covered with aluminum foil during the duration of the mixing
process to minimize evaporation and contamination. The initial content of water that the
PVA was dissolved into varied depending on the weight loadings of CNCs and/or ChNFs
to be added. The PVA solution was then cooled to below 50 °C, and 1 mL glacial acetic
acid for every 99 mL of polymer solution was added to encourage dispersion of the
ChNFs.82 Then, the desired amount of ChNF suspension was added to the PVA solution,
and the components were mixed at 300 RPM with a stir bar for at least 30 minutes. Finally,
the desired amount of CNC suspension was added, and the nanocomposite suspension was
mixed at 300 RPM with a stir bar for at least 30 additional minutes. Suspension volume
was approximately 120 mL in all cases. After suspensions were prepared, they were
sonicated in a Misonix Sonicator 3000 for five minutes at 80W in order to improve
dispersion of the nanofiller particles. For neat PVA solutions prepared for comparison, only
the first mixing step was used.
Sample

names

in

this

document

follow

the

following

structure:

[wt.%]CNC/[wt.%]ChNF. The weight percentages correspond to the loading in the solid
phase of the suspension. This naming convention was also used previously for
nanocomposite film samples produced by the authors. To demonstrate this naming
convention, a sample containing 1 wt.% CNC and 4 wt.% ChNF is denoted as
1CNC/4ChNF, while a sample containing only 1 wt.% CNC is denoted as 1CNC.
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Nanofiller loadings of 1 wt.% and 5 wt.% were prepared to test differences between
loadings of CNCs (i.e. 1CNC and 5CNC) and ChNFs (i.e. 1ChNF and 5ChNF) in addition
to two tricomponent samples of 1CNC/4ChNF and 4CNC/1ChNF chosen based on their
performance from a previous study.2 Additionally, using the sizes and densities of the
nanomaterials, it was approximated that a 1:1 number ratio between CNCs and ChNFs
would require 27% more ChNFs than CNCs. For a composite containing 5% total
nanofillers, a 1.4CNC/3.6ChNF/PVA composite would have approximately one CNC for
every ChNF. Therefore, the 1CNC/4ChNF sample would containing more ChNFs than
CNCs, and vice versa for the 4CNC/1ChNF sample.
The resulting polymer solution or nanocomposite suspension was poured into an
aluminum mold containing 20 cylindrical wells with a height of 12 mm and a diameter of
24 mm. The aqueous solution/suspension in the aluminum mold was then placed in a
freezer at -10 °C to freeze the samples and allow for the formation of physical crosslinks.
Throughout this document, any mention of crosslinks are physical in nature. Samples
remained in the freezer for approximately 16 hours before being removed and allowed to
thaw for approximately eight hours at ambient laboratory conditions. This 24-hour process
constitutes one complete FT cycle and was repeated up to seven times.

4.1.3

Water Absorption Analysis
Cylindrical hydrogel samples were divided into four parts and submerged in 50 mL

deionized water and weighed over the course of a six-hour period with timepoints at 0, 10,
20, 30, 45, 60, 75, 90, 105, 120, 180, 240, 300, and 360 minutes. At the specified time
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points, the samples were vigorously shaken for three seconds when removed from the water
bath to remove surface water then weighed. After each measurement, samples were placed
back into the water for subsequent measurements. These experiments aimed to develop
understanding of how these materials behave in specific environments and elucidate the
water retention properties of the hydrogels after various FT cycles. Statistical analysis of
comparisons between sets for this and all other analyses in this study were performed with
two-tailed Student’s T-Tests assuming unequal variances and an alpha value of 0.05.
Complete statistical maps comparing all data sets are displayed in Figure A.12 in the
Supporting Information.

4.1.4

Mechanical Testing
Mechanical properties were assessed through compression testing of the samples at

a constant displacement rate. These results were used to understand the effects of the
nanofillers, their mixtures, and the number of FT cycles on the hydrogels’ properties. While
not specific for hydrogel samples, ASTM D1621-16: Standard Test Method for
Compressive Properties of Rigid Cellular Plastics was used to specify a sample geometry.
The standard recommends a maximum height to diameter ratio of 1:1, so a height of 10
mm and diameter of 24 mm were chosen for these tests.145 Freezing would cause greater
expansion in some samples compared to others, so sample heights were slightly varied (i.e.
± 1 mm). Additionally, the cross sections of the 7FT samples were distorted to an irregular
oval shape, so diameters were reported as an average of four measurements around the
sample. Prior to testing, a preload of 0.01 N was applied to the 1FT sample, and a preload
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of 0.1 N was applied for the remaining samples. The testing speed used was 1.2 millimeters
per minute. Compression tests were run with n = 4 or 5 to 50% compression, and the
average stress achieved at 50% strain was reported with standard deviations. Average
modulus was calculated as the slope of the stress-strain curve over a strain range of 0 to
3% and reported with standard deviation. Complete statistical maps for modulus and
compression stress values can be found in the Supporting Information as Figures A.13 and
A.14, respectively.

4.1.5

Rheological Analysis
Rheology tests were performed on two types of samples. To probe nanofiber

interactions, three aqueous suspensions of the nanofibers without polymer were tested.
The first contained 0.125 wt.% CNC. The second contained 0.25 wt.% ChNF, and the third
contained a nanofiber mixture with 0.125 wt.% CNCs and 0.25 wt.% ChNFs for an overall
solids loading of 0.375 wt.%. These three samples are named CNC, ChNF, and
CNC/ChNF, respectively, within the text. In addition, to composite suspensions of
5CNC/PVA, 5ChNF/PVA, and neat PVA were tested. The neat polymer suspension had a
solids loading of 4.75 wt.%, while the composite suspensions had a total solids loading of
5 wt.%. For the composite suspensions, this solids loading was the same as that used to
produce the 5CNC and 5ChNF hydrogels. These tests were performed with an Anton Paar
MCR302 rheometer with a cone and plate geometry, both of which had smooth surfaces.
The cone was 50 mm in diameter with a 1.01 cone angle and a 0.053 mm truncation, while
the plate had a diameter of 60 mm. For all measurements, the set temperature was 25 C
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and an evaporation blocker was applied to reduce water evaporation during testing. Steady
shear experiments were performed over a shear rate range of 0.1 to 100 s-1. Frequency
sweep measurements were performed from 0.1 to 100 rad/s, and the strains used were as
follows: 20% for 0.25% ChNF, 100% for 0.125% CNC, 20% for 0.125CNC/0.25ChNF,
10% for neat PVA, 10% for 5CNC/PVA, and 3% for 5ChNF/PVA. All strains used were
within the linear viscoelastic region based on the results of amplitude sweeps that were
performed over a range of 1 to 1000% Figure A.15). Jianshan Liao of Dr. Victor
Breedveld’s group tested the prepared samples.

4.1.6

Light Scattering Analysis

Multi Angle Dynamic Light Scattering (MADLS) experiments were performed in order
to analyze the sizes and aggregation behavior of the CNCs and ChNFs both individually
and when mixed together at different ratios. The instrument used in these experiments was
a Wyatt DAWN DSP equipped with a 685 nm gallium arsenide laser. The device was
modified so that the signal from certain angles was carried by single-mode fiber optics to
an ALV-7000 series multichannel autocorrelator. Correlation functions were measured
simultaneously at 8 angles (50°, 57°, 64°, 81°, 99°, 117°, 134°, and 147°). A polarized
optic was applied to the sample vial as a beamstop to eliminate back-reflected light from
the exit window of the standard 20-mL scintillation vials used to hold the samples. Sample
preparation for these experiments involved preparing 0.5 wt.% suspensions of the CNCs
and ChNFs and transferring approximately 20 mL of each into a centrifuge tube. The two
tubes were then placed into a centrifuge and spun at 5000 RPM (5250 g) for 24 hours at 25
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°C to remove larger particles such as dust. Sample tubes were then removed without
disturbing the contents, and approximately 10 mL of the suspension was extracted from
the center of the centrifuge tube with a syringe in order to avoid use of the larger particles
at the bottom of the tube or the smaller particles at the top. Then, using a 0.45 μm filter,
the CNC or ChNF suspension was filtered into a scintillation vial and stored in ambient
laboratory conditions for at least 30 minutes. Thermogravimetric analysis was performed
on the CNC and ChNF suspensions in order to evaluate the concentrations before mixing.
In these concentration measurements, the suspensions were held isothermally at 110 °C for
one hour, and the final mass value was used as the concentration of the suspensions for
mixing. Based on four replicate experiments, the final concentration value of the CNC
suspension was approximately 0.16 ± 0.02 wt.%, while the ChNF suspension was
approximately 0.10 ± 0.3 wt.%.
Collection of the MADLS data included taking initial measurements on the CNC-only
and ChNF-only suspensions to establish the size of the individual nanofillers. Then the
suspensions were mixed at various ratios including: 1CNC:9CHNF, 1CNC:3ChNF,
1CNC:1ChNF, and 3CNC:1ChNF. The 3CNC:1ChNF mixture correlated closely to a
charge-matched ratio between the CNCs and ChNFs previously measured through titration
of these materials.2 In this previous study, the charge per mass of the CNCs was determined
to be 0.49 ± 0.09 meq/g, while the ChNFs were 1.40 ± 0.10 meq/g. These ratios indicated
that a CNC:ChNF weight ratio of 3:1 would approximately correspond to a 0 meq charge,
which was supported by additional zeta-potential measurements. The mixed ratios were
tested with MADLS for an experiment time of 30 minutes. The scattering vector amplitude

67

q was calculated with the following equation where n is the refractive index (1.33), θ is the
measured angle, and λo is the wavelength of the laser (685 nm):

𝑞=

4𝜋𝑛
𝜃
𝑠𝑖𝑛 ( )
𝜆0
2

Diffusion coefficients were calculated as /q2 where  is the average decay rate from thirdorder cumulants analysis. Hydrodynamic radius (Rh) values were then obtained from the
Stokes-Einstein equation,

𝑅ℎ =

𝑘𝑇
6𝜋𝜂𝐷

where k is Boltzmann’s constant (1.38  10-16 erg/Kelvin), T is the Kelvin temperature
(298.15 K), and η is the viscosity of the solvent (0.008904 centipoise). Graphs of q2 vs. 
and q2 vs. Rh for CNCs and ChNFs are shown in the Supporting Information in Figure
A.16. Due to signs of polydispersity in the mixed CNC/ChNF suspensions, the cumulant
method could not be utilized, so Rh values were obtained with an intensity weighted
average methodology. Specifically, for each sample angle, the average of the products of
the y-axis intensity values and x-axis radius values were obtained, then averaged across all
eight angles.
The Kirkwood-Riseman equation was used to calculate the length of the CNCs
from the resulting Rh values. A simplified form of this equation is shown below, where L
is the length and d is the diameter of the particles.
𝐿
𝐿 = 2𝑅ℎ ln ( )
𝑑
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4.2

RESULTS AND DISCUSSION
Neat and composite hydrogels were prepared and characterized to observe the

visual appearance, measure the swelling behavior, and measure the mechanical properties.
The appearance of the hydrogels was altered by repeated FT cycling, but remained similar
for neat and composite samples. After 1FT cycle, the hydrogels were gelatinous and
somewhat translucent. After 3FT cycles, the hydrogel samples became more opaque and
whiter in color and were observed to be more rigid during handling. The appearance after
5FT cycles was similar to that observed after 3FT cycles. After 7FT cycles, the hydrogel
samples began to shrink slightly in the aluminum mold, likely due to increased and/or more
robust network junctions. To represent this change in appearance, Figure 4.1 shows the
1CNC/4ChNF hydrogels after 1FT, 3FT, 5FT, and 7FT cycles.

(a)

(b)

(c)

(d)

Figure 4.1 1CNC/4ChNF hydrogels after (a) 1FT, (b) 3FT, (c) 5FT, and (d) 7FT cycles.
Each hydrogel sample had a nominal diameter of 24 mm.
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Water absorption studies were performed to qualitatively assess the level of
crosslinking within the polymer matrix and the potential influence of CNCs and/or ChNFs
on the pore structure and swelling behavior. Figure 4.2 shows the water absorption curves
for the neat PVA and 5ChNF hydrogels over the six-hour measurement as well as the final
mass change values for the hydrogels as a function of FT cycles.
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Figure 4.2 Water absorption change for (a) neat PVA and (b) 5ChNF over 360 minutes
for 1, 3, 5, and 7FT cycles; (c) water absorption in neat PVA and nanocomposite
hydrogels over 1, 3, 5, and 7 freeze-thaw cycles after six hours. * indicates statistical
difference from the neat PVA hydrogel sample set.

The water absorption values were affected by hydrogel composition and number of
FT cycles. Overall, the amount of mass change decreased or became negative as the number
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of FT cycles increased, consistent with a more rigid structure. Many of the hydrogels
exposed to higher numbers of FT cycles experienced some increase in mass at short
submersion times, even if the mass change value recorded after six hours was negative.
The hydrogels shown in Figure 4.2a and 4.2b show the range of behaviors observed.
Comparatively, the 5ChNF hydrogel (Figure 4.2b) absorbed more water after 1FT and
retained more water after 5FT and 7FT compared to the neat PVA hydrogel (Figure 4.2a).
However, the 5ChNF hydrogel did not experience as large of an initial mass change as the
neat PVA.
Figure 4.2c shows the final mass change values for the hydrogels as a function of
number of FT cycles. After 1FT cycle, all hydrogels increased in mass. It was considered
likely that the level of crosslinking would be relatively low; therefore, expansion of the
molecular network upon exposure to water was expected. The sample composition for the
1FT hydrogels affected the magnitude of water absorption, with the 5CNC hydrogel having
the smallest increase in mass and the 5ChNF hydrogel having the largest increase in mass.
The neat PVA had a mass increase value between these two extremes. The increased level
of crosslinking in the 3FT hydrogels was expected to generate a more rigid structure,
impeding their ability to absorb water and resulting in a lower maximum water absorption
compared to 1FT hydrogels. Four 3FT hydrogels had minimal or slightly negative mass
changes: 1CNC, 5CNC, 1ChNF, and 4CNC/1ChNF. For 5FT and 7FT hydrogels, mass
changes after six hours for all hydrogels except 5ChNF were negative.
The FT process for producing PVA hydrogels generated a network structure made
up of polymer chains interconnected through hydrogen bonding and polymer crystallites
along the perimeter of pores. The distance between network junction points, or mesh size,
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can be influenced by adjusting the processing parameters or adding fillers to the PVA
matrix. While it can be challenging to confirm the pore size/structure of a hydrogel,
particularly when fillers are introduced, aerogels produced through freeze-drying of PVA
hydrogels have previously demonstrated that nanofillers can lead to the pore shrinkage.112,
117, 146

Due to this, it is possible that within the hydrogel structure there is a similar

shrinkage of pores with varied levels of junction reinforcement as a result of the
interactions between nanofillers and the matrix.
The different response of the 5ChNF hydrogel in comparison to the other samples
suggested that the component interactions were different in this hydrogel. Additionally, the
similarity in behavior between neat PVA hydrogels and hydrogels containing CNCs could
indicate that intermolecular interactions were similar and stronger than those seen between
ChNFs and PVA. The expected hydrogen bonding interactions between CNCs and the
PVA molecules could result in a more rigid pore structure that would constrict and expel
water in response to changes in external pressure experience when submersed. Conversely,
the increased absorption/retention of water in ChNF-loaded hydrogels suggested that the
degree of hydrogen bonding could be less in comparison to CNC-loaded hydrogels, which
would likely result in a less rigid structure.
Regarding the cause of the mass loss over time observed for some hydrogel
samples, various studies have assessed the behavior of hydrogels produced from PVA
polymer with different molecular weights. Specifically, studies of FT hydrogels produced
with 25 kg/mol,91 35 kg/mol,90, 92 75 kg/mol,12, 92 and 92 kg/mol PVA8 have observed that
an increase in molecular weight generally results in a decrease in the water absorption
capability of PVA hydrogels. Additionally, hydrogels prepared through a FT method have
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previously been found to be relatively insoluble in water at lab conditions,12 suggesting
that polymer dissolution during submersion was not a significant factor in the mass change
values obtained. While it is possible that weaker sections of the hydrogels could be
dissolved in water, an increase in the number of FT cycles has been shown to reinforce
PVA crystalline regions, not weaken them.90 Therefore, it was likely that the loss in mass
at higher FT cycles resulted from an expulsion of water from the hydrogel caused by
changes to the pore structure in these samples. To test this assumption, the 7FT
4CNC/1ChNF hydrogel was dried and weighed, and the dry mass was not significantly
different (216 mg) than the expected solids mass from calculation (213 mg); therefore,
dissolution was not expected to play a significant role in mass loss during the swelling
studies.
In comparison to other studies, differences in PVA molecular weight, PVA
hydrolysis level, hydrogel water content, temperature, number of FT cycles, and FT
parameters can influence the overall density and crosslinking of the polymer structure.9192, 103

Other studies have shown that CNC/PVA hydrogels absorb water when exposed to a

similar number of FT cycles; however, the number of material and processing variables is
large, as indicated above. Results for composite hydrogels produced under the same
conditions were not available to assess if the results seen here would be expected.
In order to assess the influence of the nanofillers on the reinforcement of the pore
structure both individually and in tricomponent composites, compression tests were
performed up to a maximum strain of 50%. Figure 4.3 displays representative stress-strain
curves for each of the seven sample sets, while Table 4.1 displays the modulus and
maximum stress values obtained. The representative curves shown had the median
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maximum compressive stress value of the five samples tested for a given sample set or for
the case of a sample set with four samples, the representative curve was one of the two
samples with an intermediate value for the maximum compressive stress. Data are shown
for 1FT, 3FT, and 7FT hydrogels at each material composition. An incomplete data set was
obtained for the 5FT hydrogels, so those data are not shown here.
Elastic modulus was found to vary with the number of FT cycles and with hydrogel
composition. For each hydrogel composition, the modulus increased as the number of FT
cycles increased from 1FT to 3FT. Going from 3FT to 7FT, the modulus of 5ChNF,
1CNC/4ChNF, and 4CNC/1ChNF increased. Other compositions did not display
statistically significant increases when comparing 7FT samples to 3FT samples (Table
A.1). Comparing the modulus values of different compositions for a given number of FT
cycles, only the 1CNC/4ChNF was found to have a statistically larger modulus than the
neat PVA after 1 FT cycle. Additionally, the modulus of this hydrogel was larger than all
of the other hydrogels tested, demonstrating that tricomponent composite hydrogel can
have higher stiffness than composite hydrogels containing only one of the filler types at
the same overall filler loading. This result for 1CNC/4ChNF was qualitatively consistent
with the reinforcement observed for tricomponent film samples.2 However for the films,
other composites also had higher moduli than the neat PVA films, suggesting some
differences in the mechanical reinforcement between the film construct and hydrogel
construct. For 3FT cycles, all of the hydrogels had statistically similar modulus values in
comparison to the neat PVA hydrogel. This result showed that the increased phase
separation and network development had a larger impact than composition at 3FT cycles.
Considering the modulus values obtained for 7FT hydrogels, the 3FT hydrogels
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represented a transitional state in the structure development because some composite
hydrogels prepared with 7FT cycles did have higher moduli values than the neat PVA.
Specifically, 4CNC/1ChNF, 1CNC/4ChNF, and 5ChNF hydrogels had higher moduli than
the neat PVA hydrogel. This result differed from the elastic modulus results obtained for
films. In that work, all of the composites at a 5 wt.% filler loading had a higher modulus
than the neat PVA.
Like elastic modulus, maximum compressive stress was found to vary with number
of FT cycles and hydrogel composition. For a given hydrogel composition, the maximum
compressive stress increased as the number of FT cycles increased. This trend was
consistent with an increase in crosslinking within the samples, as shown previously in the
swelling studies. The hydrogels experienced larger percentage increases between 1FT and
3FT, and smaller percentage increases between 3FT and 7FT. With regard to hydrogel
composition, all hydrogels except 1CNC had a statistically different value of the maximum
compressive stress as compared to the neat PVA at 1FT, though only 1CNC/4ChNF and
5ChNF had larger values than neat PVA. At 3FT, three samples had larger values of
maximum compressive stress than the neat PVA. These samples were 1CNC,
1CNC/4ChNF, and 5ChNF. This result was different than that seen for elastic modulus at
3FT. At 3FT, the composite hydrogels had similar modulus values to neat PVA. This effect
was not seen as widely at 7FT, where only the 1CNC/4ChNF hydrogel had a larger
maximum compressive stress than the neat PVA.
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Figure 4.3 Representative curves for stress at 50% compressive strain for CNC- and
ChNF-reinforced PVA hydrogel composites for (a) one, (b) three, and (c) seven FT
cycle(s). Curves were chosen based on the median compressive stress value at 50%
strain.
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Table 4.1 Modulus and maximum compressive stress values for composite and neat PVA
hydrogels at one, three, and seven freeze-thaw cycles. Statistically greater values than the
neat PVA hydrogel are indicated with *.
1FT

3FT

7FT

Modulus (kPa)

Stress (kPa)

Modulus (kPa)

Stress (kPa)

Modulus (kPa)

Stress (kPa)

Neat PVA

0.78 (± 0.12)

2.49 (± 0.13)

6.15 (± 1.8)

23.2 (± 3.7)

5.90 (± 5.0)

53.0 (± 10.9)

1CNC

0.95 (± 0.52)

2.79 (± 0.44)

5.36 (± 0.77)

28.3 (± 1.1)*

9.37 (± 6.9)

69.5 (± 13.8)

5CNC

0.89 (± 0.48)

1.69 (± 0.43)*

8.55 (± 2.0)

21.3 (± 8.3)

10.61 (± 4.0)

60.1 (± 11.2)

1ChNF

0.91 (± 0.28)

2.01 (± 0.30)*

6.57 (± 0.69)

22.7 (± 1.1)

9.91 (± 4.4)

53.6 (± 7.0)

5ChNF

0.84 (± 0.25)

3.31 (± 0.57)*

7.11 (± 1.5)

30.0 (± 1.0)*

14.54 (± 5.2)*

58.3 (± 6.6)

1CNC/4ChNF

1.81 (± 0.15)*

5.68 (± 0.54)*

6.92 (± 1.7)

29.6 (± 1.7)*

15.38 (± 2.1)*

71.5 (± 2.2)*

4CNC/1ChNF

0.82 (± 0.39)

2.07 (± 0.17)*

6.30 (± 0.78)

20.5 (± 1.0)

12.46 (± 1.2)*

52.1 (± 1.0)

Overall, the compression testing results showed that the 1CNC/4ChNF hydrogel
was the highest performing of the composite hydrogels across the processing space
investigated. As mentioned previously, this general result is consistent with results
obtained for composite films samples with the same components.2 As seen with the
swelling test results, the mechanism for property enhancement was likely different for the
different composites. The ChNFs likely had a greater ability to reinforce PVA than CNCs
due to their longer length, even though there were stronger component interactions between
CNCs and PVA. The mechanical testing results suggested that these factors could be
working together in the 1CNC/4ChNF composite hydrogels but not as effectively in the
4CNC/1ChNF composite hydrogels.
For comparison, a study assessing 1, 2, and 3 wt.% loadings of CNCs in 85k-125k
g/mol PVA hydrogels found that there was a significant decrease in mechanical properties
as the weight loading was increased, which the authors attributed to poor dispersion of the
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nanofillers above a critical value.147 Similarly, in another study, 0.75, 1.5, and 3.0 wt.%
CNCs in 25k g/mol pre-soaked PVA hydrogels were measured and the stress achieved at
25% strain and modulus measured were significantly higher for 1.5% compared to 3.0%
and 0.75%.91 This latter study also suggested that above 1.5 wt.% loadings, CNCs may be
disturbing rather than reinforcing the hydrogel network, which agrees with the decrease in
properties of 5CNC compared to 1CNC samples shown in Figure 4.3 and Table 4.1.
Gonzalez et al. (2014) demonstrated a similar critical point in tensile testing of 89k-98k
g/mol PVA hydrogels at 3FT cycles, as the tensile strength was highest for 3 wt.% cellulose
nanowhiskers (CNWs) relative to 1 wt.% and 5 wt.%.148 In contrast to CNCs, 5ChNF
possessed a statistically significantly greater maximum stress than 1ChNF across all freezethaw cycles. The study of chitin nanomaterials in PVA hydrogels is very limited, but the
increase in stress seen for the 5ChNF samples compared to 1ChNF seem to indicate 5ChNF
did yet not exceed a specific critical point loading that limited the dispersion of the
nanofibers.
For tricomponent composite hydrogels, 4CNC/1ChNF and 1CNC/4ChNF
possessed among the lowest and highest achieved stresses, respectively, with
1CNC/4ChNF being statistically significantly greater than 4CNC/1ChNF for all three FT
cycles. The 1CNC/4ChNF set possessed a greater compressive stress than 1CNC and
5ChNF for 1FT and 7FT, indicating that a specific combination between CNCs and ChNFs
in a polymer matrix can achieve greater reinforcement than singular nanofillers at both low
and high freeze-thaw cycles. The greater stress values achieved by 1CNC/4ChNF ratio are
consistent with the previously mentioned study analyzing the relative modulus in
CNC/ChNF/PVA nanocomposite films, with the former study’s results being attributed to
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a relative charge-matched ratio between CNCs and ChNFs.2 Overall, the addition of CNCs
greater than 1 wt.% resulted in a decline in maximum stress in the 5CNC and
4CNC/1ChNF sets while the addition of ChNFs greater than 1 wt.% resulted in an increase
in stress in 5ChNF and 1CNC/4ChNF sets.
While the swelling and compression studies establish the macroscale properties of
these polymer nanocomposites, rheological experiments were performed in order to
elucidate the nanostructure formation between CNCs, ChNFs, and PVA and to more fully
understand the influence of charge-driven complexes on matrix reinforcement. To this aim,
CNC-only, ChNF-only and CNC/ChNF suspensions in both pure water and in PVA
solutions were subjected to steady shear viscosity and frequency sweep experiments.
Figure 4.4a shows the relative viscosity of the CNC, ChNF and mixed CNC/ChNF
suspensions (viscosity of suspensions normalized by the viscosity of the suspending fluid,
i.e. water) as a function of shear rate. The data clearly showed that the presence of CNC
nanoparticles in water barely raised the viscosity and maintains Newtonian behavior, while
ChNF fibers had a much greater effect on suspension viscosity and exhibit strong shear
thinning; this behavior was indicative of attractive ChNF fiber-fiber interactions, most
likely due to a heterogeneous distribution of surface charges with local regions with lower
electrostatic repulsion. Furthermore, the data show that CNC nanoparticles interacted
strongly with the ChNF nanofibers: while the addition of CNC nanoparticles barely
affected the viscosity of pure water, it substantively raised viscosity when added to a ChNF
suspension. The corresponding frequency sweeps for the suspensions (Figure 4.4c)
supported these observations: the CNC suspension showed pure liquid-like behavior (G'' ~
ω and G' was too small to be accurately detected), the presence of ChNF fibers at 0.25
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wt.% lead to slight viscoelasticity (G' was measurable, but G' < G''), and addition of CNC
to the ChNF suspension pushed the mixed suspension across the gelation threshold (G' >
G''). Figures 4.4a and 4.4c are indicative of the synergistic effect of these nanomaterials on
mechanical properties of polymer-free suspensions. The likely explanation was that the
negatively charged CNC particles bridged between the positively charged surfaces of
ChNF fibers and thus enhanced network connectivity.

(a)

(b)

(c)

(d)

Figure 4.4 Rheological measurements of 0.125CNC, 0.25ChNF, 0.125CNC/0.25ChNF,
neat PVA, 5CNC/PVA, and 5ChNF/PVA suspensions. Measurements include (a, b)
viscosity with insets of relative viscosity, (c, d) storage and loss modulus.
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To investigate the interactions between PVA and the nanomaterials, sample were
measured in which the suspending fluid is a PVA solution. Figure 4.4b presents steady
shear viscosity experiments of CNC/PVA or ChNF/PVA suspensions as well as the
corresponding neat PVA solution. The figure shows that the neat PVA solution was
roughly 100 times more viscous than water, and exhibited slight shear thinning; when CNC
was added, the viscosity only increased slightly, similar to its effect in water (compare inset
of Figure 4.4a with Figure 4.4b). In contrast, the 5ChNF/PVA sample was much more
viscous and strongly shear thinning, much like the effect of adding ChNF to water. A
careful comparison between the relative viscosities of 0.25 wt.% ChNF in water and PVA
solutions showed that the increase of viscosity in PVA is slightly lower, suggesting that
the PVA had a minor suppressive effect on attractive ChNF fiber interactions, possibly due
to polymer adsorption, but the effect is quite subtle and the behavior of CNC and ChNF in
PVA solutions is not very different from water. The corresponding frequency sweeps in
Figure 4.4d underline this conclusion: 5CNC/PVA and neat PVA did not exhibit
measurable viscoelasticity and behaved like purely viscous liquids, while 5ChNF/PVA was
a weak gel (G' > G'' values at low frequencies and a crossover occurred near 10 rad/s).
The difference in effect of CNC and ChNF on suspension viscosity (both with water
and PVA solution as suspending liquid) can be explained by the longer length of the ChNF
fibers and the lower, less homogeneous surface charges. The length led to greater fiberfiber connectivity in ChNF suspensions, while the surface chemistry allowed for local
attractive interactions between fibers, resulting in elasticity at rest and strong shear thinning
under flow. As shown in Figures 4.4a and 4.4c, adding negatively charged CNC particles
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to a ChNF suspension strengthened the interactions between ChNF fibers, which led to
increased viscosity and elasticity.
MADLS was used to further analyse the synergistic effect between CNC and ChNF in
swelling and rheology experiments and thus obtain a better understanding of how these
nanofillers may be forming structures in an aqueous suspension. Size distributions for each
of the angles for the tested samples are shown in Figure 4.5 below.

83

1

CNC

(a)

1

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

ChNF

(b)

0
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6

0
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6

Rh (nm)

Rh (nm)

1

(c)

1CNC:9ChNF

1

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

1CNC:3ChNF

(d)

0
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6

0
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6

Rh (nm)

Rh (nm)

1

(e)

1CNC:1ChNF

(f) 100000
10000

Rh (nm)

0.8
0.6
0.4
0.2

1000
100
10

0
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6

1
0

Rh (nm)

25

50

75

100

CNC Loading (%)

Figure 4.5 Multiangle dynamic light scattering displaying hydrodynamic apparent radius
distributions for suspensions of (a) CNCs, (b) ChNFs, (c) 1CNC:9ChNF, (d)
1CNC:3ChNF, (e) 1CNC:1ChNF, and (f) a plot of the average apparent hydrodynamic
radius as a function of CNC content with 0% CNCs representing 100% ChNFs. Values in
the y-axis for (a) – (e) are normalized intensities. The color legend atop the figure shows
the scattering angles.
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The Rh values for the CNCs and ChNFs as separate components were first calculated
for comparison to the literature. Extrapolations to c = 0 and q = 0 were neglected; for the
purposes of this investigation, these are both minor effects for the separate components;
nevertheless, these hydrodynamic radii should be considered apparent values. Graphs of q2
vs.  and q2 vs. Rh for CNCs and ChNFs are shown in the Supporting Information in Figure
A.16. For the CNC-only suspension, Figure 4.5a, the estimated size distribution does not
depend strongly on scattering angle, with only the two lowest angles displaying significant
response at high Rh values. This observation suggests particles of reasonably good size
uniformity because in a system of large scatterers with a broad size distribution, DLS
under-represents large particles at high angles. Across the measured angles, the intensityweighted average Rh was 28.5 ± 3.8 nm. A previous study by Mukherjee and Hackley
(2018) using asymmetric field flow field fractionation (AF4) measured the light scattering
properties of CNCs produced by sulfuric acid hydrolysis and reported a similar average Rh
values that varied from 18.3 to 48.8 nm depending on the level of refinement of CNCs.149
Using Kirkwood-Riseman’s equation, the lengths of the CNCs were calculated to be
between 188 – 215 nm (depending on width between 5-7 nm), which falls within a similar
range as AF4 analysis of CNCs.149-150 The apparent Rh of the ChNF-only suspension was
much larger, 202 ± 30 nm, which is attributed to the larger lengths of the ChNFs. The size
distributions now exhibit greater angular dependence; scattering by the larger particles in
the distribution is being suppressed at the higher scattering angles. Previously, Mushi et al.
(2019) showed the Rh of α-chitin nanofibers produced by high pressure homogenization to
be 350-1300 nm with a curve exhibiting a shape similar to that reported by the different
angles in Figure 4.5b.151 Despite their larger size compared to Mushi’s samples, the ChNFs
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reported here experienced more passes through the homogenizer (30 passes compared to
10 for Mushi). These results obtained in this study for the CNC- and ChNF-only
suspensions suggested that most particles were suspended individually and not assembled
into large aggregates.
While CNCs and ChNFs exhibited little aggregation on their own, the mixtures
between the CNCs and ChNFs showed increased apparent Rh values, suggesting
aggregation. The addition of 10% CNCs in the 1CNC:9ChNF ratio showed a similar Rh
value to ChNFs with 482 nm, but when the loadings were increased to 25 and 50% CNCs,
the 1CNC:3ChNF and 1CNC:1ChNF ratios showed an increase in average Rh value to 708
nm and 1120 nm, respectively. These are very large particles for investigation by DLS;
while the accuracy of the Rh values could be questioned, the distinct difference between
these mixtures and the CNC and ChNF components taken separately cannot. Additionally,
while the 1CNC:3ChNF and 1CNC:1ChNF suspensions were slightly cloudier than the
pure CNC or ChNF suspensions upon visual inspection, they were still translucent. At CNC
loadings greater than 50%, there was evidence of larger scale aggregation between CNCs
and ChNFs. A vial containing a 2CNC:1ChNF ratio exhibited long wisps of white
aggregates connected throughout the water in a web-like formation, but the mixture still
acted as a fluid and moved freely inside the vial. With an increased addition of CNCs to
75% loading for the 3CNC:1ChNF charge-matched mixture, the suspension quickly began
to form large aggregates only minutes after combining the CNCs and ChNFs. After 30
minutes, the mixture generated aggregates of approximately 1 mm in diameter, which
appeared as white globules within the suspension. Because these particles were too large
to analyze with light scattering methods, additional filtration steps were necessary in order
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to analyze some of the unbound mixture at this ratio. Therefore, the visible aggregated
components were separated from the suspension and the still-liquid components were
placed in a separate vial. Despite separating out the largest solid aggregates that formed in
the 3CNC:1ChNF mixture, the experiment resulted in an average apparent Rh value that
exceeded 23,000 nm (Figure A.17). While this large Rh value for the charge-matched
mixture was unreliable as a definitive measurement of particle size due to the limitations
of the light scattering method, the visual observations of gel-like formation and the large
shift to higher Rh measured by MADLS in Figure 4.5 indicate a type of “critical point” at
which the smaller collections of CNC/ChNF particles destabilized. Additional analysis of
these large particles may require ultralow angle light scattering methods to accurately
capture size values for comparison to other mixtures. It can be concluded that electrostatic
bonding drives the interactions between these two particles and that network formation can
be controlled by using different ratios between the relative charges on the surface of two
oppositely-charged nanofillers. These results suggest that aggregate formation could also
be occurring in tricomponent composite hydrogels and that aggregate structures formed in
composites hydrogels containing CNC/ChNF mixtures containing CNCs at loadings where
the CNC loadings were less than the ChNF loading could have aggregate sizes that were
disproportionately larger, consistent with observations by the authors in a previous study
with tricomponent composite films. Additionally, using particle number measurements, the
1CNC/4ChNF ratio was calculated to have approximately 0.7 CNCs for every ChNF, while
the 4CNC/1ChNF sample contained 10.8 CNCs for every ChNF. It is possible that the
reinforcement mechanisms proposed are achieved only when there are more ChNFs in the
composite than CNCs, which could influence the aggregation and structure formation
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behavior of the nanomaterials. When considering the MADLS results together with the
other results presented here, it may be possible for CNCs adhered to ChNFs to serve as a
compatibilizing agent between the nanofiber assembly and the polymer, allowing for more
efficient stress transfer.

4.3

CONCLUSIONS
This work explored the use of bio-based nanofiber mixtures as the reinforcing phase

in PVA hydrogels. The two nanofiber types, CNCs and ChNFs, behaved differently in the
PVA-based hydrogel, so the use of nanofiber mixtures provided an additional pathway to
tune properties and, in some cases, improve properties beyond what was achievable with a
single type of nanofiber. The results of the swelling studies suggested that the interface
between the CNCs and the PVA was stronger than the interface between the ChNFs and
the PVA. However, compression testing results suggested that in general the 5ChNF/PVA
hydrogels had better mechanical performance than neat PVA and 5CNC/PVA, presumably
due to the longer length of the ChNFs. Additionally, the compression testing results
indicated that the composite hydrogel containing a nanofiber mixture with more ChNFs
than CNCs (1CNC/4ChNF) showed mechanical property improvement more consistently
across the FT conditions studied here than the other hydrogel compositions, including those
hydrogels containing only one type of nanofiber. These results were somewhat
contradictory, but the trends could be explained through a synergistic interaction between
the CNCs and ChNFs. Since these nanofibers possessed opposite surface charges, it was
possible for them to form assemblies when mixed.
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The rheological and light scattering studies provided some information about the
possible nanofiber structures that were present in the hydrogels. These results showed that
while nanofiber aggregation was occurring when the CNCs and ChNFs were mixed, the
size scale of the aggregates was the same order of magnitude as than the particle size scale
observed in the ChNF suspensions. As the CNC/ChNF ratio approached the chargematched ratio, the aggregate size became much larger, which would not likely be effective
as a reinforcing phase in composites. These trends were also observed in tricomponent
composite films in a separate study,2 suggesting that the phenomena was not unique to
hydrogel structures. Together the characterization results from swelling studies,
mechanical testing, rheological testing and light scattering studies provided insight into the
structure of the hydrogels and how mixtures of nanofibers may be useful in composite
constructs. If the aggregates contained a relatively small number of nanofibers where CNCs
were adhered to ChNFs, the CNCs could serve as a compatibilizer between the ChNFs and
the PVA, allowing for a stronger component interface that allows for more effective stress
transfer to the longer ChNFs. Overall, these results provide insight into how nanofiber
mixtures and their interactions may be used in composite constructs to produce better
properties than can be achieved with a single nanofiber type.
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CHAPTER 5.

CELLULOSE AND CHITIN-BASED

NANOMATERIALS INCORPORATED INTO POLYMER
AEROGELS

The combination of CNCs and ChNFs together in tricomponent polymer composites in
the aerogel or foam construct has not previously been studied. The generation of these
materials is beneficial to the study of CNC-ChNF interactions in that the freeze-drying
process restricts the mobility of the nanofillers during the composite formation process,
which therefore allows for the analysis of the three materials in a moment of stasis before
any rearrangement that may occur in the formation of the film and hydrogel constructs.
Additionally, these aerogel materials possess low levels of water content, which provides
opportunities for study with mechanical and chemical characterization techniques that
might be influenced by water.

5.1

MATERIALS AND METHODS
PVA with an average MW of 146-186 kg/mol and 99+% hydrolysis was used. Freeze-

dried CNCs provided by the USDA Forest Service Forest Product Laboratory (Madison,
Wisconsin) were produced through sulfuric acid digestion as previous described143 and
redispersed in water at 0.5 wt.% loadings. The sulfuric acid hydrolysis method left
approximately 1% sulfur content on the surface of the nanocrystals resulting in a negative
surface charge. The ChNFs were produced from a precursor material of Crabshell Fertilizer
from Neptune’s Harvest (Gloucester, Massachusetts). The ChNFs were produced by
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grinding the crab shells and redispersing in a 1 vol.% acetic acid solution, which was then
generated into nanofibers using high-pressure homogenization as previously described.81
Glacial acetic acid was obtained from Sigma-Aldrich and used as received.

5.1.1

Neat and Nanocomposite Aerogel Processing Procedure

To generate the nanocomposite and neat polymer aerogels, PVA was first dissolved in
deionized water while being mixed with a stir bar at 300-750 RPM in a water bath at 100
°C for eight hours or until no visible PVA particles were present. For nanocomposite
samples, the solution was cooled to below 50 °C and acetic acid was added to achieve a 1
vol.% concentration to protonate the solution and encourage the dispersion of ChNFs.82 A
0.5 wt.% ChNF suspension was next deposited into the solution and mixed at 750 RPM
with a stir bar for at least 30 minutes. Lastly, for composites containing CNCs, a 0.5 wt.%
solution of CNCs was added to the PVA solution or ChNF/PVA suspension and mixed at
750 RPM with a stir bar for at least 30 minutes. The final total solids loading of all
suspensions was 5 wt.%. Nanocomposite solutions were sonicated in a Misonix Sonicator
3000 for five minutes at 80W to break up larger aggregates and encourage nanofiller
dispersion. 20 mL of the prepared solutions were syringed into 20 mL cylindrical glass
scintillation vials of approximately 24 mm in diameter and 45 mm in height. The glass
vials were placed in a -10 °C freezer and frozen overnight for approximately 18 hours
before being removed. The glass vials were then wrapped and broken, with the intact
hydrogels removed in order to expose all parts of the sample and maximize the amount of
surface area available for sublimation. Lastly, the frozen samples were placed in individual
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glass beakers in a freeze-dryer at approximately -50 °C and 0.1 mBar pressure for three
days to sublimate water out of the neat and composite samples. Resulting aerogels were
cut with a razor blade to generate cylindrical samples of approximately 10 mm in height
for compression testing, with 5 mm portions from the center cut out and set aside for
scanning electron microscopy (SEM) analysis. The naming convention for samples in this
study use the following structure: [wt.%]CNC/[wt.%]ChNF. Nanocomposite samples were
kept at a consistent 1 wt.% loading with five total sample groups: 1CNC, 1ChNF,
0.2CNC/0.8ChNF, 0.8CNC/0.2ChNF, and Neat PVA. Tricomponent ratios were chosen to
be consistent with 1:4 and 4:1 ratios analyzed in previous studies on polymer films 2 and
hydrogels.

5.1.2

SEM Imaging
The neat polymer and composite aerogels were analyzed with SEM in order to

assess the influence of the nanofillers on the pore structure. To prepare the samples for
SEM, the 5 mm tall sample section cut from the center of the aerogel cylinder was
submerged in liquid nitrogen until the sample was completely frozen, then it was removed,
cryo-fractured, and positioned on an SEM sample holder with the broken end facing
upward. This preparation was used to minimize damage to the internal structure. Aerogel
samples were then mounted on carbon tape covered SEM stubs and were sputter coated
with gold-palladium alloy using a Quorum® Q150T ES sputter-coater coating
approximately a 10 nm layer on the surface. SEM was performed on a Hitachi SU8010.
After acquiring the SEM images, the pore size and structure were analyzed using ImageJ
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software. No additional modifications were applied to the images and size scales were
based on the number of pixels along the length of the image scale bars. Pores were analyzed
using an image of each sample at 100x magnification. Average pore area was calculated
based on the length and width of 20 selected pores and they were compared to each other
statistically using a two-tailed Student’s T-Test assuming unequal variances and an alpha
value of 0.05.

5.1.3

FTIR Characterization
Chemical structure changes were measured with FTIR with an ATR fixture. A

Shimadzu Prestige 21 Infrared Spectrometer was utilized for this testing. Each spectra
curve generated was based on the average of 64 scans with a resolution of 4 cm-1, then each
curve was normalized to the 2910 cm-1 C-H stretching peak that did not shift between
samples. The curves were staggered for clarity.

5.1.4

Compression Testing
Neat and nanocomposite aerogel samples approximately 10 mm in height and 18

mm in diameter were used for compression testing to assess the impact of the CNCs and
ChNFs on the mechanical behavior. The samples were cut from the as prepared aerogels
from the top to the bottom with a single cylinder yielding up to three samples. The
individual samples were then weighed, and the diameter was taken from the average of
four measurements. The height was determined from the Instron prior to running the
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compression testing by lowering the compression head until a 0.1 N force was registered.
These measurements were used to calculate the density of the samples with the following
equation:

𝜌=

𝑚
(𝑑𝜋ℎ)

In this equation, ρ is the density, m is the mass, d is the diameter, and h is the height of the
sample. The samples were assumed to be cylindrical for volume measurements, and the
density of each sample set was compared to one another.
Compression testing was performed by applying a 10 N preload to the samples and
then compressing at 10% strain per minute up to 80% strain. The modulus was measured
as the slope of the stress-strain curve over the initial 1% strain, and the energy associated
with deformation was measured as the area under the stress-strain curve. The solids
modulus and solids stress were also calculated in order to adjust the measured values to the
differences in densities of the neat and composite materials. The values were calculated
from a method described by Gibson and Ashby (1982) and were based on the relative
density of the materials, or the ratio of aerogel density to solid density.152 Below is the
formula for calculating these two values:
𝐸∗
𝜌∗ 2
=( )
𝐸𝑠
𝜌𝑠
3

∗
𝜎𝑝𝑙
𝜌∗ 2
= 0.3 ( )
𝜎𝑦𝑠
𝜌𝑠
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In these equations, E* is the aerogel modulus, Es is the moduli for cell wall material, ρ* is
the aerogel density, ρs is the solids density, σ*pl is the aerogel stress at yield, and σys is the
solids yield stress. The density of the solids was calculated as a ratio of the individual
weight loadings and densities of the components in each sample set. To compare values of
each set, the median was chosen from the data sets. The yield stress was determined by
calculating the stress value at the intersecting strain value between the elastic modulus and
the linear trend line calculated from the 20-23% plateau range of the curves. Yield stress
values calculated with this methodology that either occurred at strain values larger than
20% or less than 0% strain were not considered and those curves’ values were manually
chosen based on the point of greatest slope change between 0-20%.

5.2
5.2.1

RESULTS AND DISCUSSION
Aerogel Appearance and Densities
Neat and composite PVA aerogels were generated and characterized in order to

more fully understand the influence of the nanofillers on the structure both individually
and in conjunction. After the sublimation process, the aerogels possessed a white, opaque
appearance with no discernible visual differences between samples of different nanofiller
loadings. An image of aerogel samples after freeze-drying are shown in Figure 5.1.
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Figure 5.1 Images of (a) whole neat PVA aerogel, (b) whole 1CNC aerogel, and (c) cut
1ChNF aerogel sample. All samples are approximately 17-19 mm in diameter.

Density was first measured in order to assess the level of macro-scale structural
shrinkage that the nanofillers may have caused during the freeze-drying process. Neat PVA
had the highest average density of the sample sets at 138 kg/m3, which was evident by the
smaller diameters of the neat PVA aerogels relative to the nanocomposite samples.
Conversely, 1CNC had the lowest density of the tested samples at 99 kg/m3, while samples
containing any amount of ChNFs had density values that were between neat PVA and
1CNC aerogels at about 110 kg/m3.
The shrinkage of aerogel structures with the freeze-drying methodology is
generally attributed to surface tension arising from the liquid to gas transition of residual
water,153-154 which can be reduced through with the introduction of a highly crystalline and
high modulus nanofiller to reinforce the cell walls of the matrix.155 For instance, Liu et al.
(2014) reported that the density of freeze-dried PVA aerogels drastically decreased with
loadings of CNFs at 20 wt.%, and continued to decrease up to 30 wt.%.156 Liu noted that
the pore sizes of the PVA aerogels changed when the solutions were stored in colder
temperatures, which was attributed to the impedance of ice crystal growth with increased
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cooling rates. Mueller et al. (2015) similarly reported that CNCs suppressed the shrinkage
of PVA aerogels, and that the level of suppression was dependent on the source of the
CNCs and loadings relative to the polymer matrix.155 Mueller also reported that PVA
aerogels reinforced with the longer microfibrillated celluloses (MFCs) possessed larger
densities than the shorter CNCs. The authors attributed this effect to the lower crystallinity
of the MFCs, which would result in a lower stiffness and a lower ability to restrict pore
shrinkage during sublimation. While the study of ChNF-reinforced PVA aerogels is
limited, this reasoning for higher density MFC-reinforced PVA could explain why the
composites containing ChNFs had larger shrinkage/densities than that of 1CNC. For
composites utilizing a different nanofiller, Víctor-Román et al. (2015) prepared PVA
aerogels with carbon nanofibers as the nanofiller and similarly showed a progressive
decrease in density of the aerogels with increased loadings from 0.5 to 3 wt.%.157

5.2.2

SEM Imaging
SEM images were taken of the neat PVA and composite samples, and pore sizes

were measured with ImageJ image analysis software. Images at 100x and 1000x
magnification are shown in Figure 5.2 and these images were utilized to compare the size
and structure of the pores within the neat and composite aerogels.
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(j)

Figure 5.2 SEM images at 100x (left) and 1000x (right) magnification of cryo-fractured
aerogel surfaces. (a, b) Neat PVA, (c, d) 1CNC, (e, f) 1ChNF, (g, h) 0.2CNC/0.8ChNF,
and (i, j) 0.8CNC/0.2ChNF.
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SEM images of neat PVA showed a relatively uniform lamellar sheet-like porous
structure, which is typical of the PVA aerogel construct.158 All sample set average pore
areas were statistically different from one another unless otherwise mentioned. Pore areas
for neat PVA were approximately 255 ± 66 μm2 and have a “plate-shaped” pore structure
previously described,116 with long PVA wisps stemming from the sharp edges of the cryofractured surface. 1CNC samples had a similar plate-shaped pore structure, though the pore
areas were larger at 972 ± 320 μm2. The 1ChNF samples possessed a pore area between
1CNC and neat PVA at 575 ± 200 μm2. The 0.2CNC/0.8ChNF and 0.8CNC/0.2ChNF
aerogels possessed the largest pore areas at 1240 ± 420 μm2 and 1190 ± 320 μm2,
respectively, but were not statistically different from each other. Additionally, the
0.2CNC/0.8ChNF aerogels exhibited a more equiaxed structure with pore widths more
similar to their lengths, where large pores clearly appeared interconnected and large PVA
bridges extended from one pore edge to another. This effect was supported by previous
studies that suggested that strong gel-like structure formation between nanofillers can
promote a more 3D structure.116, 159 Another observation from these SEM images was the
appearance of nanosized bridges extending from one end of the pore to the other in each of
the samples, which was an observation seen previously in CNF/PVA aerogels.117 The
changes in pore size can be connected to the differences in growth of ice crystals within
the polymer matrix. In general, a higher freezing rate typically leads to the formation of
smaller ice crystals.160 Mueller et al. (2014) compared CNC/PVA aerogels produced
through fast freezing (-196 °C) to slow freezing (-20 °C) cross-link procedures and showed
that the slow freezing aerogels had much larger, cube-like pores as ice crystals were
allowed to expand further over time.113 Therefore, the statistically larger pores of
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nanocomposite samples compared to neat PVA inferred that nanofillers encouraged the
nucleation and growth of ice crystals within the PVA matrix.

5.2.3

FTIR-ATR Characterization
FTIR-ATR analysis was utilized in order to measure any chemical bonding

differences between the neat and composite samples. This analysis was similar to what was
studied previously with the CNC/ChNF/PVA films,2 though the presence of water in those
samples complicated data analysis. The results of this analysis are shown below in Figure
5.3.
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Figure 5.3 FTIR analysis of neat and composite PVA aerogels and spectra are staggered
for clarity.
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The spectra shown in Figure 5.3 show a large peak in the 3500-3000 cm-1 range
which was attributed to the stretching of hydroxyl groups. The intensities of these peaks
were slightly lower for samples containing ChNFs, which indicated ChNFs may have
increased dehydration leading to lower amounts of water relative to neat PVA or 1CNC
aerogels. An additional peak intensity difference can be seen at 1640 cm-1, which is greatest
in samples containing higher amounts of ChNFs. This peak is attributed to C=O stretching
in the ChNFs and is an indicator of their presence within the tested aerogels. However, no
significant peak shifts could be observed, which implied there was no observable increase
or decrease in hydrogen or electrostatic bonding with the differences introduction of CNCs
or ChNFs.

5.2.4

Mechanical Analysis
To analyze the effects of the nanofillers on the mechanical properties of the

aerogels, samples were compressed between two plates to a total strain of 80% and various
values were extracted from the resulting stress-strain curves. Representative curves were
chosen based on the median stress at 80% strain value measured and are shown in Figure
5.4, which also exhibits the three distinct phases of the aerogel compression described
previously.113, 117, 146
The first stage consisted of linear elastic deformation before plateauing around 10%
strain. In this stage, neat PVA possessed the highest slope between 0% and 10%, followed
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by 1CNC, 1ChNF, 0.2CNC/0.8ChNF, and 0.8CNC/0.2ChNF. The second stage involved
plastic yielding as a result of pore cracking in which the pores of the sample would
continually collapse under the force of the compression and limit any increase in recorded
stress. This stress plateau would continue until about 40% strain at which point the pore
structure would be completely collapsed. The neat PVA, 1CNC, and 1ChNF curves exhibit
a clear yield point and transition between phases 1 and 2, whereas the tricomponent curves
appear to experience a lesser difference in slope change as they hit their plateau. This
qualitative difference can be inferred as the tricomponent samples quickly experiencing
pore cracking in response to compression with little elastic response. The third stage
consisted of an exponentially increasing stress-strain curve as the collapsed pores would
densify the polymer structure. All samples exhibited similar shapes here, though the pore
cracking plateau differed as they appeared to end around 50% for 1CNC, 60% for neat
PVA and 1ChNF, and 65% for the tricomponent composites. This implied that despite
entering the pore cracking stage at an earlier point than 1CNC, 1ChNF, and neat PVA
aerogels, the tricomponent samples possessed a greater volume of pores as their
densification was slowed.
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Figure 5.4 Representative curves of aerogel samples that experienced three distinct
compression phases identified by a red (phase 1), blue (phase 2), and green (phase 3) box.

While the bulk property values provided information about the overall structure of
the PVA aerogels, the density could be used to adjust mechanical properties for a more
complete understanding of how the nanofillers may be reinforcing or weakening the PVA
matrix structure on the nanoscale. In order to adjust the density, the solids density of the
constituent materials first needed to be calculated. The solids densities of each material
were calculated based on the volume and densities of the constituent materials where the
density of PVA was 1260 kg/m3, the density of CNCs was 1600 kg/m3, and the density of
ChNFs was 1425 kg/m3. The resulting solids densities were 1260 kg/m3 for neat PVA,
1263 kg/m3 for 1CNC, 1261 kg/m3 for 1ChNF, and 1262 kg/m3 for both 0.2CNC/0.8ChNF
and 0.8CNC/0.2ChNF. The average density, pore size, and mechanical properties for each
sample set are reported in Table 5.1, while median mechanical values and their
corresponding solids properties are reported in Table 5.2.
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Figure 5.5 Mechanical properties of neat and composite aerogels including (a) modulus,
(b) yield stress, (c) stress at 40% strain, and (d) stress at 80% strain.

Table 5.1 Density, pore size, and mechanical properties of neat PVA and composite
samples. Values are reported as averages ± standard deviations. Statistically different
properties from neat PVA are denoted with a *.

Density (kg/m3)

Pore Area (nm2)

E (MPa)

σy (kPa)

Energy of
Deformation (kPa)

Neat PVA

138 ± 15

255 ± 66

6.98 ± 4.3

225 ± 64

620 ± 120

1CNC

99 ± 9.9*

972 ± 320*

4.11 ± 2.8

255 ± 54

509 ± 91

1ChNF

113 ± 8.0*

575 ± 200*

4.45 ± 1.5

203 ± 81

614 ± 130

0.2CNC/0.8ChNF

109 ± 6.3*

1240 ± 420*

0.860 ± 0.21*

90.6 ± 38*

234 ± 44*

0.8CNC/0.2ChNF

113 ± 13*

1190 ± 320*

0.985 ± 0.68*

91.3 ± 40*

224 ± 51*
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From Figure 5.4, it can be observed that each of the representative curves possessed
the same general three stage stress-strain shape previously described, though differences
in each region can describe changes in structural properties of the materials. For instance,
the reported moduli for each of the aerogel samples (Table 5.1) reflect the pore structure
of the materials, as the larger pores can be expected to crack at lower strains than that of
smaller pores. As shown previously in the SEM images, neat PVA had a much lower
average pore size, which could be a primary factor in the largest measured modulus values.
Conversely, it was seen that the initial slope of the tricomponent composite curves was
low, which was the result of the larger pores beginning to crack quickly under the initial
pressure of the compression plate. While 1CNC and 1ChNF also possessed larger average
pore sizes than neat PVA and correspondingly lower moduli values, their stress-strain
curves more closely resembled that of neat PVA rather than the two tricomponent samples.
This similarity in stress response indicated that the pore walls had been reinforced with the
introduction of singular nanofillers, while the aggregated nanofillers in the tricomponent
composites

may

be

weakening

them.

Statistically,

0.2CNC/0.8ChNF

and

0.8CNC/0.2ChNF had lower yield stress, solids yield stress, modulus, solids modulus, and
toughness values than 1CNC, 1ChNF, or neat PVA sample sets, while not being
statistically different from each other. Furthermore, while 1CNC possessed a larger solids
yield stress than that of neat PVA and 1ChNF, no other statistical differences were found
between all other data sets.
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Table 5.2 Median aerogel and solids mechanical properties of neat and composite data
sets. Solids properties are denoted with a subscript s.
E (MPa)

σy (kPa)

Es (MPa)

σys (MPa)

Neat PVA

5.91

214

460

19.1

1CNC

3.27

255

629

39.1

1ChNF

4.27

204

540

26.1

0.2CNC/0.8ChNF

0.818

82.5

114

10.5

0.8CNC/0.2ChNF

0.881

85.5
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11.1

In order to account for the effects of density, median values for modulus and yield
stress were chosen and used to convert to solids property values previously described by
Gibson and Ashby (1994).152 While the median 1CNC aerogel possessed a 45% lower
modulus and 19% greater yield stress than neat PVA, the density-adjusted 1CNC solids
modulus and yield stress were 37% and 105% greater than neat PVA, respectively.
Similarly, the 1ChNF aerogel possessed a 28% lower modulus and 5% lower yield stress
than neat PVA, but the solids modulus and yield stress were 17% and 37% greater than
that of neat PVA, respectively. This increase in solids mechanical properties with singular
nanofiller addition is attributed to the reinforcement of the cell wall between pores that
generates a greater resistance to collapse.116-117, 146 For tricomponent composites, the solids
properties were still lower than that of neat PVA. This reduction in mechanical properties
for charge-matched ratios (i.e. 0.8CNC/0.2ChNF) relative to other composites was
consistent with what has been previously observed in PVA films2, 73 and hydrogels, though
these previously discussed constructs also showed an improvement in mechanical
properties for a 1CNC:4ChNF ratio that is inconsistent here. To better understand the
relationship between constructs, a 0.2CNC/0.8ChNF hydrogel was produced and compared
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to the hydrogels from chapter 4 (Table A.2). After 1FT cycle (most similar processing to
the aerogels), the 0.2CNC/0.8ChNF hydrogel possessed the lowest modulus and second
lowest compressive strength relative to all other hydrogels and this reduction in properties
is consistent with what is observed with the aerogel data. However, for 3FT, 5FT, and 7FT
cycles, the 0.2CNC/0.8ChNF hydrogel was among the three highest modulus and
compressive strength values relative to other hydrogels, indicating a potential influence of
increased physical crosslinking on nanofiller ratio performance.
Simón-Herrero et al. (2016) analyzed the effects of carbon nanofibers and different
processing conditions on the structure of PVA aerogels and demonstrated that long freezing
times above 8 hours would lead to nanofiber agglomerates, which the authors attributed to
a reduction in reinforcement capacity and resulting lower mechanical properties.161 The 16
hour freezing times of the aerogels in the present study would understandably allow for a
great amount of phase separation between the water and oppositely-charged nanofillers,
thus encouraging larger amounts of agglomerates. While aggregates may still be forming
within the 1CNC and 1ChNF compositions, the repulsion forces from the like-charged
nanofillers may be mitigating this effect. As discussed previously in the pore size
measurements, Mueller et al. (2014) showed that slow freezing aerogels had much larger
pore sizes than that of fast freezing aerogels, which demonstrated the inverse relationship
between ice crystal growth rate and ice crystal size.155 Furthermore, it is well documented
within food science that increases in suspension viscosity retard ice crystal growth rates
due to lower molecule mobility,162-164 which would suggest that the ice crystal growth
would be slowest in tricomponent composite samples. This may explain the increased pore
size of tricomponent composites relative to 1CNC, 1ChNF, and neat PVA, as well as the
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resulting difference in pore structure. Liu et al. (2017) studied 50:50 montmorillonite clay
and PVA aerogels reinforced with cellulose nanofibers loadings between 2-19%, where
lower loadings of CNFs (2% and 4%) were shown to slightly decrease total compressive
strength relative to neat MTM/PVA composites. This was attributed to cell wall defects
represented by noncontinuous cell wall edges, which limits the load transfer within the
aerogel.116 Therefore, the larger noncontinuous 3D cell wall structure of the tricomponent
composites as a result of the slower freezing rates and larger ice crystals could explain the
reduction in mechanical reinforcement.

5.3

CONCLUSIONS
Neat and composites PVA aerogels were generated from the mixture of CNCs, ChNFs,

PVA, and water, which resulted in stiff materials with properties that could be modulated
with nanofiller type and ratio. SEM analysis showed that the pores of the aerogel expanded
with the introduction of CNCs and ChNFs, which was largest for the tricomponent
composites and formed a 3D structure with the 0.2CNC/0.8ChNF loading. This shift in
pore structure may be attributed to changes in suspension viscosity, which would allow for
larger ice crystals after the 16-hour freezing period. Mechanical properties measured
through compression demonstrated that CNCs and ChNFs were able to increase the
strength of the PVA aerogel, but the tricomponent composites resulted in a reduction in
aerogel strength. This differs from results previously discussed in PVA tricomponent films
and hydrogels, which showed an increase in mechanical properties with the 1CNC:4ChNF
ratio beyond that of individual nanofillers. However, while the larger pores of the
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tricomponent aerogels may produce a weaker bulk structure, it has been previously shown
that these sizes of pores are better for oil absorption160 and could be further investigated
for those applications. The work in this study generates greater fundamental understanding
of the interactions between CNCs and ChNFs both on their own in an aqueous suspension
and in a polymer matrix.
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CHAPTER 6.

VALORIZATION OF CELLULOSE AND CHITINBASED NANOMATERIALS

The last component of this study aimed to combine the knowledge gathered of the
previous three chapters on tricomponent composite films, hydrogels, and aerogels,
respectively, and explore new applications of CNCs and ChNFs as reinforcement materials.
In addition to individual efforts, this chapter utilized the resources and advice of groups in
other disciplines through a designed collaboration initiative to develop a more complete
understanding of the process-structure-property relationship of the developed materials and
their applications. While these materials have a high level of versatility and potential for
many different fields, biomedical and packaging industries were the primary focus. The
goal was to expand on the usage of renewable biomaterials in commercial applications and
drive towards developing customizable environmentally friendly and bioinert materials
that possess similar levels of long-term mechanical performance as the industry standard.

6.1
6.1.1

Intervertebral Disc Replacement
Background of IVDs
Back pain is a very common modern day ailment that has been reported in 80% of

the world’s population with 75% of these cases being attributed to degenerated
intervertebral discs (IVD).23 Artificial IVDs are becoming a more often utilized solution
that seeks to replace the damaged fibrocartilage discs to supplant the more common spinal
fusion procedure. The IVD is a relatively simple structure composed of two major
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components: (1) an outer fibrous set of lamellar rings called the annulus fibrosus (AF) and
(2) a gel-like material at the center called the nucleus pulposus (NP). The stiffer AF takes
the bulk of the load in most situations, while the NP acts a kind of shock absorber for
instant-impact forces. A diagram for the location and structure of this organ is shown below
in Figure 6.1.

Figure 6.1 IVD diagram showing a (A) a side view between two vertebrae in the spine
and (B) an alternate three dimensional view showing the nucleus pulposus (NP) and
annulus fibrosus (AF).165 (f5)

The NP sits at the center of the disc and is a material of high water content, often
characterized as a hydrogel. The main components of this structure are proteoglycan,
collagen type II fibrils, and water, with the water taking up approximately 90% of the
weight that decreases to 70% with age. Collagen makes up approximately 5-20% of the

(f5)

Image taken from Figure 2 of Tsouknidas et al. (2012) in Journal of Applied
Biomechanics. DOI: https://doi.org/10.1123/jab.28.4.448
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dry weight of the NP, while proteoglycans, which enable water binding to the collagen,
make up approximately 35-65%. The remaining components are elastin and proteins. The
outer AF is constructed of approximately 15-25 concentric layers, with increasing layer
thickness between 0.05 – 0.5 mm as you progress towards the center. About half of these
layers do not form a complete circle, however, and the number of complete layers decreases
with age. Similarly to the NP, the AF is made up of collagen fibers, both type I (found in
bones and skin) and type II (found in cartilage). The increased amount of collagen type II
as you move radially towards the center of the IVD allows for the structure to take larger
amounts of compressive forces. Also similar to the NP, the AF is made up mostly of water,
which accounts for approximately 65-70% of its mass. The dry components then consist of
about 20% proteoglycan for water binding, 50-70% collagen, and a small amount of elastin.
The NP and AF are connected through collagen fibers rooted in between the two
components.166
Mechanically, the loads needed for proper support for the IVD and its two sections
depend on the location, size, gender, and age of the patient, in addition to the levels of
activity. For instance, Wilke et al. (1999) implanted a pressure transducer into the L4-L5
lumbar region of the spine of a 45-year-old male weighing 70 kg and measured the forces
present on the NP during different activities. These researchers found that activities such
as laying prone applied 0.1 MPa to the NP, standing provided 0.5 MPa of pressure, and
lifting a 20 kg weight produced the maximum recorded 2.3 MPa of pressure.167 In
measurements of a total IVD, Stemper et al. (2010) measured thoracic IVDs that possessed
compressive moduli of 17.7 MPa for 20 – 36 year old men and 21.3 MPa for 20 – 36 year
old women, with a much lower 9.7 MPa and 11.5 MPa for 63 – 77 year old men and
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women, respectively.168 In finite element analysis of cervical IVDs (C3 – C6), Ha et al.
(2006) reported a Young’s modulus of 1.0 MPa for NP and 4.2 MPa for AF, which was
then used to validate the usage of a 5.9 MPa polyurethane elastomeric material as an IVD
replacement.169 However, Umehara et al. (1996) demonstrated that the larger lumbar discs
(L3 – L5) tested through indentation tests possessed a compressive elastic modulus of 5.8
kPa for NP and 110.7 and 75.8 kPa for anterior and posterior AF, respectively. 170
Interestingly, the modulus of the IVD increases if it is degenerated. Literature shows that
healthy and degenerated AF possess moduli of 2.56 and 12.29 MPa, respectively, while
healthy and degenerated NP possess moduli of 1.0 and 1.66 MPa, respectively. These
results highlight the importance of using reinforcement materials to tune the mechanical
properties to whatever is necessary for the patient. If the strength of the implant is too low
there is risk of failure under pressure, but if it is too high it may bear too much of the load
on the spine and deteriorate much more quickly.
PVA composites for biomedical applications has been previously studied with a
heavy focus placed on their application to biomedical cartilage, wound dressing, and tissue
engineering applications.171-174 Regarding their applications to tissue engineering, PVA
hydrogels have a documented history of being generated as an artificial replacement for
the NP in intervertebral discs.27, 93, 171, 175 Additionally, as previously mentioned, cellulose
and chitin have excellent mechanical properties, high levels of biocompatibility, little to no
toxicity, and they encourage cellular growth given their natural role in cellular systems.121
Therefore, their incorporation into PVA hydrogels and aerogels tunes mechanical
performance and provides potential point of growth for cells without concern for a negative
response from the surrounding tissue. Utilizing nanofillers within these different constructs

113

makes it possible to mimic the natural structure of the IVD, as it serves the role of the
natural reinforcement fibers of collagen dispersed throughout the cartilaginous tissue.
More specifically, the outer fibrous ring can take advantage of the PVA aerogels in a
similar way that other studies have generated PVA/CNC aerogels for meniscus implants,113
while PVA hydrogels can mimic the inner gel-like shock absorber.
This study aimed to generate these structures with a combination hydrogel/aerogel
hybrid system made up of CNCs, ChNFs, and PVA. The most important aspects of
generating an artificial IVD are to use biocompatible materials that will not cause medical
complications and to match the mechanical capabilities of a natural IVD. Also, another
important component is generating a material that can retain its water content and absorb
the surrounding fluid so that it will increase material longevity within the application space.
Regarding biocompatibility, it was previously mentioned that cellulose, chitin, and PVA
have all been shown to be biocompatible and used in tissue engineering applications, so
these materials are expected to operate without biological complications. However, this
aspect of performance could be of interest in a future study.

6.1.2

IVD Construction and Characterization

In this study, a prototype of an artificial IVD was constructed with a composite aerogel
serving as the AF and a composite hydrogel served as the NP, which was then mechanically
characterized. To construct this aerogel/hydrogel hybrid and shape it to the dimensions and
properties necessary of a natural IVD, the knowledge garnered from the film, hydrogel,
and aerogel studies was utilized. Firstly, a 1CNC/PVA solution with 95% water was
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prepared as outlined in chapter 2, with the suspension being poured into a 75 mm diameter
and 26 mm high Teflon mold and frozen for 16 hours as described previously in chapter 5.
1CNC/PVA was chosen due to its high-performing mechanical properties in compression
relative to the other tested composite and neat samples outlined in in this chapter. The
frozen 1CNC/PVA hydrogel was then placed into a freeze-dryer and allowed to sublimate
for three days to remove water. After the freeze-drying process was completed, a one-inch
diameter die was used to cut out a hole from the center of the aerogel. This hole was filled
with a prepared solution of 1CNC/4ChNF/PVA at 95% water, which was chosen due to its
performance in both compression tests and water absorption hydrogel studies from chapter
4. This sample was then placed in the freezer and subjected to up to five freeze-thaw cycles
as described in chapter 4. This number of FT cycles was chosen given its similarity to the
measured mechanical properties of natural NPs. The resulting structure is shown in Figure
6.2 below, which mimics the structure of a natural human IVD.

TOP

SIDE

Aerogel (AF)

Hydrogel (NP)

Figure 6.2 CNC/ChNF/PVA hydrogel/aerogel hybrid.

115

The resulting 10 mm tall and 56 mm wide hydrogel/aerogel hybrid sample was
compressed between plates in order to mechanically characterize it and compare to the
average human IVD. After compression, the plates were then reversed at the same strain
rate in order to generate hysteresis curves and demonstrate the recovery behavior of the
material. Compression was performed at a strain rate of 2 mm per minute to 50%
compression. The stress-strain data obtained from the compression test is shown in Figure
6.3.
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Figure 6.3 Stress-strain curve of an artificial intervertebral disc.

The tested sample shown in Figure 6.3 displays an exponential increase in stress with
increased strain, which then quickly relaxed on the return curve. This behavior was similar
to that of natural IVDs166 with mechanical properties summarized in Table 6.1. The peak
stress achieved at 50% compression was 691 kPa, which was within the reasonable range
of pressure expected for an IVD. The stress value for this hybrid material was nearly 10x
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larger than the highest stress achieved by the 1CNC/4ChNF hydrogel of chapter 4 (71.5
kPa), indicating a high level of support provided by the aerogel construct. Interestingly, the
shape of the stress-strain curve was more similar to those of the hydrogel samples of
chapter 4 and did not possess the three-stage compression shape of the stress-strain curves
for aerogels outlined in chapter 5. It was possible that the introduction of the hydrogel may
have led to increased flexibility of the aerogel struts, resulting in a more hydrogel-like
mechanical response. Though the volume of the hydrogel and the aerogel components were
approximately 5,070 and 19,600 mm3, respectively, and the density measurements from
previous chapters for 5FT 1CNC/4ChNF hydrogels (0.97 mg/mm3) and 1CNC aerogels
(0.099 mg/mm3) lead to a hydrogel:aerogel mass ratio of 2.5:1. Therefore, the mass
majority hydrogel component may be dominating the mechanical behavior in response to
the compressive stress. The elastic modulus of this hybrid material after the first 5% of
compression was 94 kPa, which was within the range reported for the larger lumbar discs’
annulus fibrosus (75.8 – 110.7 kPa).170 However, it was worth noting that these values were
much lower than that of the thoracic168 and cervical169 moduli of 9.7 – 21.3 MPa and 1.0 –
4.2 MPa, respectively, reported earlier. Additionally, the energy associated with
deformation of the material upon loading and unloading was 100 kPa and 24.1 kPa,
respectively, indicating a total loss of approximately 76 kPa of energy. This energy loss
was attributed to some plastic deformation of the hybrid material, which could be
investigated further in fatigue testing for long-term performance.
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Table 6.1 Mechanical property summary of IVDs. Hydrogel/Aerogel hybrid material
highlighted in grey for comparison.
NP or AF
Both
AF
Both
Both
NP
AF

Men or Women
NA
M
W
NA
NA

Spinal Region
Lumbar
C3 – C6
Thoracic
Thoracic
L3 – L5
L3 – L5

Modulus (MPa)
0.094
1.0 – 4.2
9.7 – 17.7
11.5 – 21.3
0.0058
0.0758 – 0.1107

Reference
Hybrid Hydrogel/Aerogel
Ha (2006)169
Stemper (2010)168
Umehara (1996)170

The development of a hybrid aerogel/hydrogel biomimetic IVD replacement
prototype reinforced with CNCs and ChNFs helped display how these nanomaterials can
be used to mimic the properties of body tissue with highly tunable mechanical properties.
Previous studies on PVA aerogel and hydrogels reinforced with these nanofillers allowed
for the selection of different nanofiller types and loadings, ultimately resulting in a hybrid
material that was able to achieve the mechanical properties necessary to perform in its
application space. However, while the measured modulus of the device was within range
of that of lumbar discs, smaller thoracic and cervical IVDs require a much larger modulus
to operate. Therefore, additional testing on smaller aerogel/hydrogel hybrid artificial IVDs,
as well as hybrids incorporating different compositions of CNCs and ChNFs, is necessary
to evaluate the mechanical viability of these devices in different regions of the spine.

6.2

IGER Collaboration Packaging Materials
Flexible packaging is an additional application area for these materials. Petroleum-

based multilayer polymer films currently dominate the packaging material market as a
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result of their barrier properties and cost-effective production, but environmental concerns
have encouraged the industry to investigate alternative options with lesser environmental
impact. Cellulose and chitin-based materials offer a potential option in this area as a coating
due to their transparency and mechanical and barrier properties. In order to evaluate these
types of high-performance packaging materials, a greater collaboration effort called the
Integrated Graduate Education and Research (IGER) program was formed involving a
multidisciplinary team of researchers from Georgia Tech. The following section identifies
key points within the two studies that tie to the research discussed in chapters 3-5. The
studies discussed here were led by Chinmay C. Satam of Professor J. Carson Meredith’s
group, where Satam is credited as the first author on the two resulting publications. C. W.
Irvin, among others, contributed to these studies in the form of sample preparation and
characterization of the materials, as well as discussion of the results.

6.2.1

CNC and ChNF Spray-Coated PLA Films

The first study titled “Spray-Coated Multilayer Cellulose Nanocrystal-Chitin
Nanofiber Films for Barrier Applications” was published in 2018 in ACS Sustainable
Chemistry & Engineering.82 In this study, the thermomechanical and transmission
properties of CNC-ChNF spray-coated PLA were assessed and compared to neat PLA
films. CNCs and ChNFs were produced as described in previous chapters and utilized in
0.5 wt.% aqueous suspensions. Using a 1.52 mm spray nozzle, 30 mL of CNC or ChNF
suspensions were sprayed onto a PLA film affixed to a heated plate held at 60 °C with 2
minutes drying between added layers. The degree of acetylation of the ChNFs was
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measured to be 92.6%, which possessed a similar magnitude, but opposite surface charge
to that of the CNCs. Single nanofiller sample sets included PLA films spray-coated with
one layer of CNCs, one layer of ChNFs, five layers of CNCs, or five layers of ChNFs.
Films with alternating layers of CNCs and ChNFs were generated for two, three, four, and
five layers, with the ChNFs always applied first. Therefore, for the odd numbered layers,
there was one more layer of ChNFs compared to CNCs. Uncoated control films were
prepared by spray-coating PLA with water. The films were then characterized with TGA,
DSC, light transmission, atomic force microscopy (AFM), high-throughput mechanical
characterization (HTMECH), oxygen permeability (OP), and water vapor transmission
(WVTR) testing.
The main results from this study demonstrated advantages to using both cellulose and
chitin as spray-coated layers. Firstly, all films, regardless if they were coated or uncoated,
were transparent and exhibited little haze. This result was attributed to close packing
between the CNC and ChNF layers through electrostatic interactions that provide fewer
voids for light scattering. It was also theorized that the repulsion forces between likecharged layers promotes rearrangement of the layer in between, thus leading to a more
efficiently packed structure. Thickness measurements further supported this where five
alternating layers between CNCs and ChNFs (3.7 μm) were thinner than that of five layers
of just CNCs (6.4 μm) or just ChNFs (7.7 μm), providing additional evidence of the
electrostatically-driven effective packing of the alternating layers.
In measurements of oxygen permeability at 50% relative humidity (RH), single layers
and five layers of CNCs or ChNFs were found to not be statistically different from that of
the PLA film. However, two alternating layers of CNCs and ChNFs showed a significant
120

70% decrease in OP compared to neat PLA, dropping from 70 cm3-μm/m2/day/kPa to 20
cm3-μm/m2/day/kPa. This improvement in OP did not increase further with additional
layers of CNCs or ChNFs and was a relatively consistent value between the two, three,
four, and five-layer coated films. This improvement in OP over the neat PLA films was
also consistent when alternating layer films were measured between 10-80% relative
humidity, but not above 80%. These oxygen permeability results provided further evidence
of close packing of the CNCs and ChNFs alternating layer films as a result of their
electrostatic interactions. These results demonstrated that alternating CNC/ChNF layers
can be used to drastically improve the OP of the films beyond that of what is capable by
PLA on its own or with the aid of CNCs or ChNFs alone, which largely agree with the
results outlined in chapters 3 and 4, which demonstrated that ratios between CNCs and
ChNFs can provide improvements in certain properties not possible with singular
nanofillers.
Lastly, the mechanical properties were measured with an HTMECH device and the
ultimate tensile strength (UTS) and strain at break were reported. Layers of CNCs or
ChNFs in any combination were found to decrease both the UTS and strain at break values,
but the five-layer samples experienced the largest decrease. This reduction in strength was
suggested to be the result of stress points that developed where there is thermal contraction
as the layered sheets cooled in addition to volumetric contraction during the film drying
phase, which caused fracture in the coated layers first and then propagated down to the
PLA layer. These brittle materials were consistent with the decrease in strain at break
properties found in CNC/ChNF/PVA films outlined in chapter 3, which were considerably
more brittle than the neat PVA films.
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6.2.2

CNC and ChNF Blended Films

The second study titled “Barrier Materials Based on Direct Blending of Cellulose
Nanocrystals and Chitin Nanofibers” was published in Biomacromolecules in 2019 and
assessed the properties of CNC/ChNF blended films generated with varying ratios of CNCs
to ChNFs.55 This study also analyzed ChNFs with different levels of deacetylation, denoted
as LChNFs for low and HChNFs for high deacetylation. It is worth noting that the ChNFs
utilized in the tricomponent composites from chapters 3-5 were the LChNFs for
comparison purposes. The titration results showed that CNCs had a charge of -0.49 ± 0.09
meq/g, as previously reported, while HChNFs possessed a 0.35 ± 0.12 meq/g charge and
93% deacetylation and LChNFs possessed a 1.37 ± 0.08 meq/g charge and 74%
deacetylation. These charges governed the mixing ratios, resulting in 1:3, 1:1, and 3:1 ratio
for CNCs:LChNFs and a 1:1 ratio for CNCs:HChNFs. These films were tested and
compared to neat films of only CNCs, LChNFs, or HChNFs. After mixing, the suspensions
were then cast into molds where they were dried for 10-14 days. The characterization of
these films included analysis of the thickness, light transmission, oxygen permeability
(OP), mechanical, and structural and ordering properties of the materials.
Like the previous study, these experiments further supported the generation of
cellulose- and chitin-based materials. In appearance, the CNC films were iridescent due to
the chiral nematic nature of the CNCs after drying, which did not occur in films containing
ChNFs. Polarized optical microscopy (POM) was able to confirm the presence of
birefringent domains that resulted in the CNC film iridescence. These domains were
represented by large, bright white regions on the order of 200 μm, which were broken up
into smaller and smaller sizes while ChNF loadings were increased down to approximately
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50 μm in the 1CNC:3LChNF film. This decrease in nematic ordering and improved
dispersion were attributed the higher amounts of interfibrillar hydrogen bonding of ChNFs,
which lowers the long-range orientation of the nanomaterials and disrupts CNC ordering
through electrostatic binding. Furthermore, 1CNC:1HChNF films possessed nearly no
evidence of CNC agglomerates, which were suggested to be due to the lower surface charge
of the HChNFs leading to less CNC aggregation and subsequent ordering along the chitin
surfaces. These results were similar to that found in the CNC/ChNF/PVA film study of
chapter 3, with birefringent CNC domains appearing as bright spots that became smaller
and more homogeneous with increased ChNF loadings (Figure 3.1). Furthermore, CNCs
were shown to increase the haziness of both the LChNF and HChNF films, which was
attributed to aggregation between the two oppositely-charged particles and agrees with
light scattering results discussed previously in chapter 4. In thickness measurements, the
addition of ChNFs was shown to decrease the thickness compared to the neat CNC films,
which was the result of more efficient packing with the introduction of higher aspect ratio
nanofibers and the repulsion forces between them.
In oxygen permeability studies, CNC films possessed a high OP of 14.1 cm3μm/m2/day/kPa, LChNFs possessed an OP of 1.0 cm3-μm/m2/day/kPa, and HChNFs
possessed an OP of 4.4 cm3-μm/m2/day/kPa. The addition of ChNFs to CNCs in blended
films was found to significantly improve the barrier properties compared to CNCs alone,
though there was little difference between the CNC/ChNF films regardless of ratio that is
indicative of an “all-or-nothing” type effect. It is believed that the larger aspect ratio and
structure formation exhibited by ChNFs produced a longer diffusion path for oxygen and,
thus, reduced the permeability to that gas. These results were supported by SEM analysis
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that showed lamellar and honeycomb structure formation between ChNFs, which were
encouraged by the addition of CNCs that act as binding particles between parallel ChNF
layers, thus creating a more tortuous path for oxygen transportation.
Mechanically, the 1CNC:3LChNF ratio had the highest median ultimate tensile
strength (UTS) and second highest median breaking strength, though it was not statistically
different from the other blended films similar to the OP results. These experiments
demonstrated the dominance of the ChNFs over the CNCs in improving UTS and strain at
break properties as a result of greater capacity for physical entanglement, though the CNCs
provided reinforcement to these ChNF films to achieve mechanical properties not possible
with ChNFs alone. Additionally, though it is not statistically different than the other
blended films, the 1CNC:3LChNF ratio exhibited the highest UTS of the measured neat
and blended films, which agrees with the ratio found to outperform the others in modulus
and UTS for HPVA composites discussed in chapter 3.2
Lastly, analysis of AFM images was used to measure the surface properties of the
CNC/ChNF films. Both the LChNF and HChNF films were shown to possess little
apparent ordering in the images, though the CNCs were visually shown to be highly
ordered. In the blended films, the charge-matched 3CNC:1LChNF and 1CNC:1HChNF
ratios exhibited ChNF fibers with CNCs aligned along their surfaces, where CNC ordering
appeared to decrease with increased ChNF loadings. This evidence of CNCs along the
surface of the ChNF supported a theory proposed in chapter 4, where it was suggested that
CNCs could act as a compatibilizer between the PVA and ChNFs while adhered to both.
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6.2.3

IGER Collaboration Conclusions

This multi-disciplinary IGER project worked to characterize the individual nanofillers
and how we could use their synergistic differences to develop better packaging materials.
The study of the CNC/ChNF-coated PLA films demonstrated the aggregation behavior of
CNCs and ChNFs and how they could effectively pack together and create effective oxygen
barriers. The results showed that the combination of these two nanomaterials can surpass
the capabilities of single nanofillers, which agrees with results discussed in previous
chapters regarding tricomponent composite materials. The study on CNC/ChNF blended
films provided insight into the structure formation of the CNCs and ChNFs, which
developed a greater understanding of how they may be interacting within the PVA
tricomponent composites. Particularly, the observation that CNCs are aggregating along
the surfaces of the ChNFs provided credence the theory that CNCs act as a compatibilizer
that increases the affinity of ChNFs for the PVA matrix in tricomponent composite
materials, thus leading to an overall enhanced reinforcement of the network structure.
Altogether, these two studies developed potential in packaging applications by producing
high-performance barrier materials that can improve renewability and sustainability in an
industry looking to move away from petroleum-based plastic products. Both studies
demonstrated valorization of CNCs and ChNFs and provided value-added products that
take advantage of their synergistic interactions for enhanced levels of performance beyond
singular nanofillers.
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CHAPTER 7.

CONCLUSIONS AND FUTURE WORK

In this chapter, the major conclusions from each of the preceding chapters will be
summarized in a series of bullet points with discussion at the end on how they contribute
to the overall project goals of understanding how the nanofillers influence the polymer
matrix and how their synergistic interactions can be manipulated to create highperformance materials beyond that of singular nanofillers. Based on the findings of this
thesis, recommended future work is included at the end of this chapter.

7.1

Chapter Conclusions

7.1.1
•

Chapter 3 Conclusions
Mechanical analysis of CNC/ChNF/PVA films demonstrated that 5 wt.% CNCs
and 5 wt.% ChNFs possessed similar modulus and tensile strength values for both
high

and

low

MW

PVA,

though

the

1CNC/4ChNF/HPVA

and

2.5CNC/2.5ChNF/LPVA films were capable of surpassing singular nanofillers and
achieving mechanical improvement over neat HPVA and LPVA, respectively. In
contrast, the charge-matched nanofiller ratio of 4CNC/1ChNF decreased the
modulus and tensile strength relative to singular nanofillers.
•

Polarized optical microscopy (POM) indicated that aggregation and ordering
between CNCs was decreased with the introduction of ChNFs, with ordered CNCs
represented as bright white regions in the microscopy images.
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7.1.2
•

Chapter 4 Conclusions
Water absorption/retention of PVA hydrogels containing ChNFs was higher than
that of neat PVA and CNC-only hydrogels across various freeze-thaw cycles.

•

The compressive stress of 1CNC/4ChNF hydrogels was higher than that of neat
PVA, singular nanofillers, and 4CNC/1ChNF hydrogels, which shows that
particular ratios of CNCs and ChNFs can lead to a greater overall mechanical
reinforcement of a polymer hydrogel.

•

Rheological analysis showed that the addition ChNFs to water resulted in a great
increase in viscosity and elasticity, while there were little changes to these values
with only CNCs. Furthermore, the combination of CNCs/ChNFs resulted in even
greater values of viscosity and elasticity relative to ChNFs alone. Additionally,
there is little change in properties of the PVA solution with the addition of CNCs,
though there is a small increase in the elasticity of the system indicated by a slightly
higher storage modulus. However, the addition of ChNFs into the PVA solution
caused a drastic increase in viscosity and storage modulus.

•

Light scattering analysis indicated that there is aggregation between the CNCs and
ChNFs that reaches a relative plateau in hydrodynamic radius between 10 to 50%
loadings of CNCs. However, when loadings surpassed 50% CNCs, there is visual
evidence of network formation in the CNC/ChNF mixtures, which reached a critical
point of mass aggregation and hydrogel formation at the charge-matched
3CNC:1ChNF ratio that is indicative of a destabilization of the particles.
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7.1.3
•

Chapter 5 Conclusions
PVA aerogels incorporating 1 wt.% CNCs and 1 wt.% ChNFs do not increase the
modulus and compression strength relative to neat PVA. However, tricomponent
PVA aerogels have decreased the mechanical properties relative to neat PVA,
which is indicative of the weakening of the internal pore structure.

•

SEM images indicated that the average size of the pores increased with the
introduction of nanofillers compared to that of neat PVA aerogels, while
tricomponent composites appeared to change the structure of the aerogel from a 2D
lamellar assembly of sheets to a 3D interconnected network.

7.1.4
•

Chapter 6 Conclusions
An artificial intervertebral disc replacement was generated that possessed similar
mechanical properties to that of natural human fibrocartilage. The utilization of
different CNC/ChNF ratios in the aerogel and hydrogel components of this
biomimetic hybrid device allow for a level of customization in the mechanical
properties to a potential patient’s needs, while also potentially providing cell
growth points along the highly biocompatible CNCs and ChNFs.

•

Materials generated for packaging applications including multilayer CNC/ChNFcoated PLA films and CNC/ChNF films without a polymer substrate exhibited
increases in barrier and mechanical properties beyond that of what is capable by the
utilization of single nanofillers. POM and atomic force microscopy results from
these two studies provided evidence that electrostatic interactions between CNCs
and ChNFs drive the formation of ordered CNCs along the surface of the ChNFs.
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The goal of analyzing the three polymer constructs was to characterize each fully and
piece together their collective information to generate an overall picture of how the
nanofillers are interacting with one another within a selected polymer matrix, how this
mechanism may be controlled, and how the impact on the polymer matrix changes across
each construct. A series of characterization techniques including titration, zeta-potential,
and multi angle light scattering experiments all indicated that the CNC/ChNF complexes
were driven by electrostatic interactions and that CNC aggregation and ordering could be
influenced by controlling the ratios of the two nanofillers. In the film and hydrogel studies,
both systems showed an increase in mechanical properties with the 1CNC/4ChNF ratio
that was not able to be achieved using singular nanofillers alone (i.e. 5CNC or 5ChNF).
Specifically, the 1CNC/4ChNF films possessed a 43% increase in modulus compared to
neat PVA, while 1CNC/4ChNF hydrogels possessed a 131% and 161% increase in
modulus for 1FT and 7FT, respectively.
The reason for this increase in mechanical properties can be linked to the formation of
CNC/ChNF/PVA complexes generated by physical and electrostatic interactions. In the
preparation of the tricomponent composites, the PVA solution was always first protonated
with acetic acid in order to encourage the dispersion of the ChNFs that were always added
prior to the CNCs. Rheological studies provided evidence that the longer ChNFs possessed
a greater amount of entanglement with the PVA molecular chains than the shorter CNCs.
Additionally, the ChNF/CNC film paper showed through AFM imaging that the CNCs
align themselves along the surface of the ChNFs, and that this alignment and ordering
decreases at lower ratios of CNCs, particularly lowest at the 1CNC:3ChNF ratio. This
reduction in CNC aggregation and ordering with the use of ChNFs was also previously

129

shown with polarized optical microscopy (POM) in both the tricomponent PVA films2 and
CNC/ChNF mixed films.55 Nakagaito et al. (2018) previously showed that the
tricomponent composites of CNFs, CHNFs, and PLA mechanically outperformed CNFs or
ChNFs alone, where they suggested that ChNFs act compatibilizer between hydrophobic
PLA and the hydrophilic CNFs.126 A similar mechanism could be occurring in this work,
where CNCs bound along the surface of the ChNFs, which then allow for a connection
between the hydrophobic ChNFs and the hydrophilic PVA. Another study by Bian et al.
(2018) showed that physically entangled CNFs within a PVA matrix could be partially
linked by lignin molecules, thus increasing the interconnectivity between the CNF chains
and increasing the mechanical properties beyond that of CNFs alone. 118 Again, this
mechanism could also be taking place between the oppositely charged CNCs and ChNFs,
where bound CNCs may be able to allow additional structure formation between the ChNFs
while in the PVA solution, allowing for additional degrees of entanglement. Altogether,
these mechanisms may explain the high-performance ratio of 1CNC/4ChNF for both the
films and hydrogels, where nanostructure formation between the CNCs, ChNFs, and PVA
matrix allow for increased compatibility and reinforcement. Furthermore, the large scale
aggregation behavior at the charge-matched 3CNC:1ChNF ratio suggested that this
aggregation creates a poor dispersion in PVA composites, which may generate points of
failure within the composite that negatively impacts the properties relative to other
composites as shown in both PVA films2 and in the hydrogels. However, while the films
and hydrogels exhibited an increase in mechanical properties with the 1CNC:4ChNF ratio,
the aerogels saw a reduction in properties relative to neat PVA and single nanofiller
composites. These results were explained by the larger pores of the tricomponent
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composites that generated a 3D network structure that potentially allowed for easier
collapse under force, which may have been the result of higher viscosities slowing the ice
crystal growth rates thus increasing overall ice crystal size during freezing. The difference
in results may be also linked to the inability for nanoparticle rearrangement due to the
freeze-thawing process. It is possible that the air-drying and thawing aspects of the film
and hydrogel constructs, respectively, is essential for allowing for the formation of
nanofiller network structures described with the light scattering, POM, and AFM analyses.
In conclusion, these highly customizable and biodegradable film, hydrogel, and aerogel
structures were constructed, which opens avenues in the applications towards packaging
materials, biomedical devices, or any industry aiming to decrease their environmental
impact. Additionally, this work contributed to the understanding of the processingstructure-property relationship between multiple materials and how the electrostatic forces
within a composite system can be manipulated to achieve more desirable properties. Lastly,
this work contributes to developing applications for nanocellulose and nanochitin
composites, further advancing the potential for these renewable, abundant, and highperformance nanomaterials.
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7.2
7.2.1

Recommendations for Future Work
Additional Characterization of CNC/ChNF/PVA Tricomponent Composites
Additional characterization techniques could be utilized in order to more fully

understand the interactions between the CNCs, ChNFs, and PVA matrix. Cryogenic
Electron Microscopy (cryo-EM) is currently being conducted in order to freeze the
hydrogels and PVA solutions and study the internal structure of the materials more directly.
Provided that the constituent materials do not degrade under the electron beam, it could be
possible to see the formation of the CNC/ChNF aggregate structures and how the particles
disperse throughout the PVA matrix. Another characterization technique could include
asymmetric flow field flow fractionation measurements, which would allow for the
measurement of aggregate mass coupled with light scattering measurements. This type of
analysis was previously performed on CNCs alone,149-150 though the characterization of
ChNFs or CNC/ChNF aggregates utilizing this technique has yet to be performed.
In addition to physical characterization techniques, computational modelling could
be used to assess the movement of the molecular components of the composites while in
solution. It would be possible to model the PVA molecular chains within a confined water
chamber, followed by the addition of charged acetic acid particles, then ChNFs with an
assigned cationic charge, and then CNCs with an assigned anionic charge. This type of
analysis could lead to a sophisticated simulation tool for analyzing different processing
conditions and their effects on the overall system. For instance, through this modelling it
would be possible to computationally simulate how different surface charges influence the
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aggregation behavior of the individual particles or how the particles may react to different
ratios or acid treatments.

7.2.2

Modifying Processing Steps
The development of each of the constructs started with the same processing steps

to maintain uniformity across all the tested samples. To briefly reiterate the tricomponent
composite solution steps outlined in previous chapters, the PVA solution was prepared by
dissolving PVA into water, cooling to below 50 °C, then adding 1 vol.% acetic acid to
protonate the solution, followed by ChNFs addition, and finishing with CNCs addition.
There was no variation in this process throughout the generation of the different construct
composites, therefore it is recommended that future work include changing the order of the
steps or slightly changing the methodology of each step. For instance, adding the CNCs
prior to the ChNFs may result in a worse dispersion of the CNC particles where there are
no ChNF particles to electrostatically bind to. Additionally, as discussed in chapter 6, it is
possible to generate ChNFs of different degrees of acetylation (DA) which impact the
charge on the surface of the particles, so varying the source and DA of ChNFs could be a
potential avenue for further tuning the aggregation behavior of CNCs and ChNFs. Another
potential change could include maintaining the elevated temperature of the PVA solution
during the addition of nanofillers or adding a stronger acid than acetic acid to the solution
to lower the pH even further.
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7.2.3

Additional IVD Generation and Characterization
The artificial IVD developed in chapter 6 acts as a proof-of-concept that artificial

fibrocartilage can be generated from a PVA hydrogel and aerogel interconnected material
that is highly tunable with the addition of renewable nanofillers. However, due to
processing limitations regarding freeze-dryer complications, additional artificial IVDs of
different shapes and sizes could not be generated and tested. Therefore, it is recommended
that changes in the processing of the IVDs be made that are suggested to improve the
mechanical capabilities. And while decreasing the size of the aerogel/hydrogel composite
material may increase the mechanical properties to that necessary for thoracic and cervical
IVD devices, additional processing changes may be necessary. Therefore, it is
recommended that the PVA content of the aerogels be increased above 5 wt.%, which
would create a stiffer outer structure.
Additionally, the viability of any medical device would require time-intensive
testing including rotational studies, fatigue testing, and cell studies, among other tests.
Additionally, any further mechanical testing would have to be performed under proper
body conditions, particularly with the compression plates submerged in a water or other
aqueous solution held at 37 °C. This would mimic the conditions that the IVD would be
expected to perform, which may be influenced by the surrounding liquid. Additionally, cell
studies on the hydrogel/aerogel complex with and without the nanofillers should be
performed in order to assess the level of cell growth possible and whether or not the
addition of the nanofillers aids in the development of cell growth. The importance of the
material properly adhering to the surrounding tissue after implementation is paramount and
would ultimately drive whether the device could be applied in its current state.
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7.2.4

Further Studying Multi-Construct Materials
The multi-construct hybrid aerogel/hydrogel material described in chapter 6 for the

development of an artificial IVD appears to be the first of its kind for its application.
Therefore, the further study of multi-construct materials and how one construct positively
influences the other could potentially lead to a variety of unique devices. For instance, it is
possible that applying the proper film-like coating along the surface of the aerogel/hydrogel
could provide additional biocompatibility or slow bacterial growth, in addition to
potentially slowing dehydration of the hydrogel component of the IVD. Another possibility
is combining separate polymers (one for the aerogel, another for the hydrogel) to generate
a stiffer outer aerogel region for larger loads. Additionally, materials consisting of
alternating layers of films, hydrogels, and/or aerogels may be of interest to generate shock
absorption materials, where each layer can incorporate different types or amounts of
nanofillers to modulate the overall properties.
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APPENDIX A. PVA FILM, HYDROGEL, AND AEROGEL
SUPPLEMENTARY DATA

Figure A.1 Modulus statistical map showing comparisons between all data sets using a
two-tailed Student’s T-Test (alpha = 0.05).
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Figure A.2 Tensile strength statistical map showing comparisons between all data sets
using a two-tailed Student’s T-Test (alpha = 0.05).

Figure A.3 Strain at break statistical map showing comparisons between all data sets
using a two-tailed Student’s T-Test (alpha = 0.05).
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Figure A.4 Disks of approximately 7 mm in diameter of neat PVA and nanocomposite
samples.

138

Figure A.5 Thermogravimetric Analysis of HPVA at various 5 wt.% loadings of
CNC/ChNF.

Figure A.6 Thermogravimetric Analysis of LPVA at various 5 wt.% loadings of
CNC/ChNF.
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Figure A.7 Thermogravimetric Analysis of CNC and ChNF.

Figure A.8 Differential Scanning Calorimetry analysis of the largest melting peak for
each of the six HPVA samples.
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Figure A.9 Differential Scanning Calorimetry analysis of the largest melting peak for
each of the six LPVA samples.
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Figure A.10. (a) Modulus, (b) tensile strength, and (c) strain at break of HPVA-based
samples. In box plots of (b) and (c), individual values marked by a circle, while an X
indicates the average value, and the upper, middle, and lower lines of the box indicate
third, second (median), and first quartile, respectively. Sample set averages that are
statistically significantly greater than the neat PVA film are indicated with an *, while a ^
indicates a sample set average that is statistically significantly greater than all other
values.
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(b)

(c)

Figure A.11 (a) Modulus, (b) tensile strength, and (c) strain at break of LPVA-based
samples. In box plots of (b) and (c), individual values marked by a circle, while an X
indicates the average value, and the upper, middle, and lower lines of the box indicate
third, second (median), and first quartile, respectively. Sample set averages that are
statistically significantly greater than the neat PVA film are indicated with an *, while a ^
indicates a sample set average that is statistically significantly greater than all other
values.
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Figure A.12 Water absorption after 6 hours statistical map for (a) 1FT, (b) 3FT, and (c)
5FT, and (d) 7FT PVA hydrogels showing comparisons of all data sets using a two-tailed
Student’s T-Test (alpha = 0.05).

(b)

(a)

(c)

Figure A.13 Modulus statistical map of (a) 1FT, (b) 3FT, and (c) 7FT PVA hydrogels
showing comparisons of all data sets using a two-tailed Student’s T-Test (alpha = 0.05).
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(a)

(b)

(c)

Figure A.14 Compression stress at 50% strain statistical map of (a) 1FT, (b) 3FT, and (c)
7FT PVA hydrogels showing comparisons of all data sets using a two-tailed Student’s TTest (alpha = 0.05).

Table A.1 Compressive modulus and stress at 50% strain statistical comparisons of 1FT,
3FT, and 7FT PVA hydrogels showing comparison p-values calculated using a two-tailed
Student’s T-Test (alpha = 0.05). Red coloration indicates no statistical difference, while
green coloration indicates statistical difference between sets.

Neat PVA
1CNC
5CNC
1ChNF
5ChNF
1CNC/4ChNF
4CNC/1ChNF

Modulus
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1FT vs. 3FT
3FT vs. 7FT
Stress @ 50% Strain Modulus Stress @ 50% Strain
0.00
0.92
0.00
0.00
0.26
0.00
0.00
0.35
0.00
0.00
0.17
0.00
0.00
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
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(b)
(a)
Figure A.15 Amplitude sweeps were performed on (a) nanofiller suspensions and (b)
composite suspensions to determine the linear viscoelastic region.
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Figure A.16 Graphs showing q2 vs. Gamma values for (a) CNCs and (c) ChNFs, as well
as q2 vs. Rh for (b) CNCs and (d) ChNFs.
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Figure A.17 Multiangle dynamic light scattering displaying hydrodynamic radius curves
for suspension of 3CNC:1ChNF. Y-axis is a normalized intensity.

Percolation Threshold Measurements
In order to calculate the percolation threshold, the following equation was used:

𝑉𝑐 =

0.7
𝑙/𝑑

In this equation, Vc is the volume fraction percolation threshold, l is the particle length, and
d is the particle diameter, in which l/d represents the aspect ratio. The length of the CNCs
are approximately 138 nm ± 22 nm with a width of 6.4 nm ± 0.6 nm as determined by a
previous study,58 for upper and lower aspect ratios of 28 and 17, respectively, and a
resulting percolation threshold range of 2.5 – 4.1 vol.%. The width of the ChNFs produced
through high-shear treatment is approximately 10 – 20 nm, while the literature reported
lengths of ChNFs can vary from hundreds of nanometers to several microns.81-82 Due to
this, a length range of 200 nm to 2000 nm was chosen for the purpose of these calculations.
These lengths and widths resulted in a wide range of aspect ratios of approximately 10 to
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200 and a resulting percolation threshold range of 0.35 – 7 vol.%. In order to assess whether
the prepared samples fell above or below this threshold, the following equation was used
to convert their mass fractions to volume fractions:

𝑉𝑓 = (

𝜌𝑚
1
𝜌𝑓 ∗ (𝑚 − 1) + 𝜌𝑚

)

𝑓

In this equation, Vf is the volume fraction, ρm is the matrix density, ρf is the filler density,
and mf is the filler mass fraction. The densities used were 1.6 g/cm3 for CNCs,30 1.425
g/cm3 for ChNFs,144 and 1.26 g/cm3 for PVA.176 The following were the mass to volume
fraction values: 1CNC was 0.79 vol.%, 5CNC was 3.9 vol.%, 1ChNF was 0.88 vol.%, and
5ChNF was 3.5 vol.%. This resulted in 1CNC falling below the percolation threshold
range, while 5CNC was within the range. This indicates that it was above a critical value
where the CNCs were beginning to come in contact, which could explain the decrease in
mechanical properties with the increase from 1CNC to 5CNC. However, given the wide
variance in possible fiber lengths, 1ChNF and 5ChNF both fell within their wide
percolation threshold range indicating they may be contacting each other within the
hydrogel matrix.

0.2CNC/0.8ChNF Hydrogel Generation for Aerogel Comparison
Given the disparity between 1CNC:4ChNF ratio’s improvement in properties in
films and hydrogels and decrease in properties in aerogels, a 0.2CNC/0.8ChNF hydrogel
sample was prepared and tested, then compared to 1CNC and 1ChNF hydrogels. The
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results are displayed in Table A.2 below. For 1FT, 0.2CNC/0.8ChNF was shown to have
a lower modulus value than both 1CNC and 1ChNF, which was also lower than any other
hydrogel sample set from chapter 4. However, for 3FT, 5FT, and 7FT, 0.2CNC/0.8ChNF
had a larger modulus than both 1CNC and 1ChNF, as well as the 3rd highest, highest, and
2nd highest modulus of the tested 3FT, 5FT, and 7FT hydrogel sets, respectively. For
compressive stress at 50% strain, 0.2CNC/0.8ChNF never had a larger value than 1CNC,
though it was higher than 1ChNF for 3FT, 5FT, and 7FT. The 1FT samples are closest to
the methodology that produced the low-performance aerogel samples, so their 2nd lowest
compressive stress (ahead of 5CNC) and lowest modulus for this FT cycle is consistent
with these properties.

Table A.2 Mechanical properties of 0.2CNC/0.8ChNF hydrogel relative to 1CNC and
1ChNF. * indicates statistical difference from 1CNC, while ^ indicates statistical
difference from 1ChNF.

1FT
3FT
5FT
7FT

Modulus (kPa)
Stress (kPa)
Modulus (kPa)
Stress (kPa)
Modulus (kPa)
Stress (kPa)
Modulus (kPa)
Stress (kPa)

1CNC
0.95 (± 0.52)
2.79 (± 0.44)
5.36 (± 0.77)
28.3 (± 1.1)
10.5 (± 5.0)
63.8 (± 9.6)
9.37 (± 6.9)
69.5 (± 13.8)
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1ChNF
0.91 (± 0.28)
2.01 (± 0.30)
6.57 (± 0.69)
22.7 (± 1.1)
8.66 (± 2.4)
41.2 (± 3.7)
9.91 (± 4.4)
53.6 (± 7.0)

0.2CNC/0.8ChNF
0.68 (± 0.28)
1.78 (± 0.24)*
6.91 (± 1.4)
24.1 (± 2.7)*
13.6 (± 3.7)^
51.1 (± 7.3)*^
15.1 (± 4.6)
64.6 (± 9.6)
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